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Abstract: The combustion characteristics and kinetics of food solid wastes (FSW), pulverized coal
(PC), and their mixtures were studied by a non-isothermal thermogravimetric method. In the co-
combustion of FSW and PC, with the increase in FSW content in the mixture, the initial decomposition
temperature, burnout temperature, and ignition temperature of the mixture decreased, and the
flammability index and comprehensive combustion characteristic index gradually increased. The
co-combustion of FSW and PC showed an inhibitory effect in the devolatilization stage but exhibited
a combustion-promoting effect in the fixed carbon combustion stage. The interaction between FSW
and PC while co-combusting them appeared to be dominated by thermal effects. On one hand, FSW
combusted first and released heat that was partially absorbed by the PC, which hence suppressed the
devolatilization stage of the co-combustion process. On the other hand, the PC absorbed the heat
released by the combustion of the FSW, which increased the combustion rate of the PC in the fixed
carbon combustion stage of the co-combustion process. The activation energy of the devolatilization
stage and the fixed carbon combustion stage of the co-combustion process was calculated to be
34.16-74.52 k] /mol and 15.04-36.15 k] /mol, respectively. In general, the combustion performance of
FSW is better than that of PC. The mixed injection of FSW and PC can improve the overall combustion
efficiency and reduce CO, emissions in the iron-making process.

Keywords: food solid wastes; pulverized coal; blast furnace injection; co-combustion; combustion
characteristics; kinetics

1. Introduction

With the rapid development of the global economy and the continuous increase in
the population, the consumption of fossil fuels (coal, oil, and natural gas) is increasing. A
large amount of greenhouse gases (CO,) produced in the combustion process promote global
warming, and sea level rise, and the survival of glacial organisms and terrestrial plants and
animals are facing a serious threat. Therefore, it is urgent to find and develop new green energy
to replace fossil energy and solve the energy and natural life crisis. At present, researchers all
over the world have replaced some fossil energies by developing and utilizing a variety of new
energy sources such as wind energy, solar energy, tidal energy, and biomass [1,2]. Biomass
energy is recognized as the fourth largest energy after coal, oil, and natural gas, and has a
great development potential. Since biomass energy is the energy provided by plants, and
the energy in plants is solar energy stored through photosynthesis, it will not cause carbon
emissions [3]. As one of the main by-products in human daily life, food solid wastes (FSW) is
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rich in organic substances such as protein, starch, fat, and cellulose [4]. It is a kind of biomass
energy with high additional utilization value.

The average annual output of food waste in China is more than 180 million tons, the
water content of food waste is about 80%, and the dry weight of food waste is about 36
million tons per year [5,6]. Therefore, how to reasonably deal with and utilize FSW is
a major challenge for mankind. At present, the treatment technologies of FSW mainly
include incineration, landfill, feed treatment, aerobic composting, and anaerobic diges-
tion. The incineration method is to concentrate the FSW in the incinerator and use the
high-temperature environment to oxidize and decompose the organic substances in the
FSW [7]. The heat generated in the combustion process can be used for power generation
or heating [8]. However, in the incineration process, the lipid substances in FSW will form
dioxins under the catalysis of heavy metals, causing serious secondary pollution to the
environment. The landfill method is a traditional treatment method of FSW [9]. It is applied
because of its simplicity, convenience, and low treatment cost. However, its disadvantages
are also quite obvious. It occupies a lot of land, has a limited treatment capacity, and pol-
lutes the surrounding air, soil, and groundwater. Especially now, land resources are tight,
and green sustainable development is advocated. In Japan and South Korea, 35.9% and
42.5% of FSWs are recycled for feed treatment, respectively [10]. However, feed processing
is difficult to avoid the problem of protein homology, and animal-derived feed will enrich
the toxins produced by pathogenic microorganisms in livestock and enter the human body
through the food chain compost that can be divided into anaerobic compost and aerobic
compost [11,12]. Song et al. studied new heat-resistant compound bacteria to improve
the efficiency and quality of composting in the treatment of FSW under high temperature
conditions [13], However, FSW is complex, the harmful substances and heavy metals cannot
be effectively solved, and too long a composting time will cause soil salinization. Anaerobic
digestion is a technology that uses microorganisms to decompose complex high molecular
organic matter into small molecular organic matter and inorganic matter under anaerobic
conditions. The addition of biochar and zero-valent iron alone can promote the anaerobic
digestion of FSW to produce methane [14,15]. Yuan et al. used both biochar and zero-valent
iron for the anaerobic digestion of FSW and found that the advantages of both could be
used to complement the methane produced by anaerobic digestion [16]. However, the
disadvantage of this technology is that microorganisms have high pH requirements, and
excess ammonia and volatile fatty acids will seriously affect the pH value of the reaction
environment and inhibit the reaction process [17].

As the main reactor for ironmaking [18], the blast furnace is provided with a reducing
agent and heat by pulverized coal (PC) and coke and emits a large amount of CO, while
producing molten iron. Due to the limited coke resources and the high cost, PC injection
is usually used to replace some coke in order to reduce the coke ratio [19]. In recent years,
considering low-carbon emission reduction and the comprehensive utilization of resources,
researchers have adopted injecting combustible solid waste instead of part of PC into blast
furnaces. It has played a beneficial role in reducing the cost, increasing the efficiency, and the
low-carbon emission reduction of blast furnaces, and realized harmless treatment and resource
utilization of combustible solid waste. However, there are few studies on the injection of FSW
into blast furnaces, and the combustion characteristics and reaction mechanism of FSW mixed
with PC are not clear. The injection of FSW into blast furnaces is a relatively new way of solid
waste treatment. On the one hand, compared with traditional combustion, the theoretical
combustion temperature of blast furnaces is usually above 2000 °C, and no polluting gas will be
produced in the combustion process [20]. On the other hand, at the blast furnace tuyere, the
products of fuel combustion are usually CO and Hy. The H/C of FSW is higher than that of PC,
so it produces more hydrogen than PC, which is conducive to the reduction of iron ore in blast
furnaces. In addition, the ash content and sulfur content of FSW are low, so the injection of FSW
into blast furnaces has a broad prospect. Zhou et al. studied the combustion performance of
single component FSW and their mixtures. It was found that the order of ignition temperature
is waste vegetable < waste meat < waste rice < waste steamed bread < coal, and the order of
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burnout temperature is waste vegetable < waste steamed bread < waste rice < waste meat
< coal [21]. Therefore, the combustion performance of solid waste from different kitchens is
different, but it is better than that of PC. Moreover, there is a promoting effect between the
mixed FSW, so the mixed FSW is very suitable for blast furnace injection.

However, the demand for injection fuel in blast furnace ironmaking is huge. The
annual consumption of blast furnace injection coal in China is about 133 million tons [22],
while the annual dry weight of food waste is about 36 million tons. Therefore, FSW is
only a supplement to blast furnace injection fuel. The mixed injection of FSW and PC is an
inevitable choice for blast furnaces to treat FSW. Therefore, it is very important to study the
co-combustion characteristics of FSW and blast furnace injection coal. However, most of the
previous studies focused on the combustion characteristics of the FSW mixture, while the
research on the combustion characteristics of FSW mixed with blast furnace coal injection
is rarely mentioned. In previous studies on the mixture of biomass and PC as blast furnace
injection fuel, thermogravimetric analysis was often used to study the thermal conversion
performance and combustion kinetics of biomass and PC [23,24]. Thermogravimetric
analysis is also recommended by the Kinetics Committee of the International Confederation
for Thermal Analysis and Calorimetry (ICTAC) to study the combustion properties of
biomass and PC [25]. In this paper, the co-combustion characteristics of FSW and PC are
studied by a non-isothermal thermodynamic method, and the combustion kinetics of the
FSW and PC mixture are analyzed by the Coats—Redfern calculation. It is expected to
provide theoretical support for the mixed injection of PC and FSW in blast furnaces.

2. Materials and Methods
2.1. Materials

The experimental FSW samples were taken from the campus restaurant of Anhui
University of technology, China. It is mainly composed of waste meat (WM), waste
steamed bread (WSB), waste rice (WR), and waste vegetables (WV). WV is composed of
waste cabbage (WC), waste cauliflower (WCF), and waste banana peel (WBP). The material
distribution proportion of WV and mixed samples is shown in Table 1. The type of PC
used in the experiment is mixed coal for blast furnace injection, which comes from Baosteel.
Before the test, the sample is dried in an oven with a temperature of 378 K for 24 h, and
then crushed and screened with a micro pulverizer to obtain a dry basis sample with more
than 120 mesh, which is then sealed in a self-sealing bag for test. The industrial analysis
standard of FSW is the National Standard of the People’s Republic of China GB/T 28731-
2012 ‘Proximate analysis of solid biofuels’ [26], and the analysis standard of coal powder is
the National Standard of the People’s Republic of China GB/T 212-2008 ‘Proximate analysis
of solid biofuels” and GB/T 31391-2015 ‘Ultimate analysis of coal’ [27,28]. The industrial
analysis and elemental analysis of the above experimental samples are shown in Table 2.
The particle size of FSW was detected by a laser particle size analyzer (Bettersize 2600). The
results are shown in Figure 1. It can be seen from Figure 1 that the particle size of 90% of
the FSW is less than 327.9 um.

Table 1. The mixing ratio of different food solid wastes (wt.%).

S ) WV Mixture
ampie WC WCF WBP WM WSB WR WV
Content 53.6 118 34.6 15 15 15 55

Table 2. Proximate and ultimate analysis and low heating value of data food solid wastes (wt.%).

S I Proximate Analysis Ultimate Analysis LHV(M]J/kg)
amples
P PG As Va G Hg 04 Ny S Q
FSW 10.19 0.77 79.06  46.02 17.2 33.57 2.81 0.40 29.39
PC 61.55 7.43 31.02 75.33 3.98 13.82 1.02 0.42 28.06

Note: FC—fixed carbon; A—ash; V—volatile matter; d—dried basis; LHV—lower heating value.
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Figure 1. Particle size distributions of FSW.

2.2. Method
2.2.1. Experimental Setup

The micro surface morphology of FSW and PC was observed by scanning electron
microscope (SEM) (JSW-6510LV, Jeol Ltd., Akishima, Japan). The molecular structure was
identified by infrared spectrum analyzer (Nicolet 6700 FT-IR, Thermo Electron, Waltham,
MA, USA). The thermogravimetric characteristics of FSW, PC, and their mixtures at dif-
ferent heating rates were studied by non-isothermal thermogravimetric analysis (TG)
and high temperature thermogravimetric analyzer (Setsys 2400, °C SETARAM instru-
mentation, Caluire-et-Cuire, France). In previous experiments using thermogravimetric
analysis to study the combustion characteristics of biomass, the gas flow rate was generally
30-60 mL/min [21,29,30]. In this experiment, the gas flow rate of 30 mL/min was selected.
Before the experiment, 30 mL/min of air was introduced for 30 min, and then the thermo-
gravimetric experiment was carried out. During the experiment, on the basis of the blank
experiment, put approximately 9 mg of sample in a crucible with a height of 7 mm and a
diameter of 3 mm, and the heating rates are 2.5 K/min, 5 K/min, 10 K/min and 20 K/min,
respectively. The program automatically records the mass change of the sample from 323 K
to 1050 K. The weight loss rate of the sample is expressed as follows:

moy — mg
= ot M
where mg represents the initial mass of the sample; m; is the instantaneous mass of the
sample at that time; ., is the final mass of the sample. The reaction rate is calculated
according to the decomposition degree of the sample and the change with time, which is
recorded as dx/dt.

2.2.2. Determination of Combustion Characteristic Parameters

Determine the initial decomposition temperature (T;,), peak temperature (Tyax),
burnout temperature (T,) and ignition temperature (T;) of the sample according to the
thermal weight loss TG and DTG curves. After the initial moisture evaporation peak
on the DTG curve, the temperature corresponding to the weight loss rate of the sample
reaching 1% /min is Tj,, and the temperature corresponding to the maximum weight loss
rate on the DTG curve is Tj;qx. When the sample is completely oxidized and the weight loss
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rate decreases to 1 %/min, it is Tp. Ignition temperature T; is calculated and determined
according to TG-DTG tangent method [31,32].

Flammability Index Cy:

dx/dt
02/ ) o

Cp =
Cp mainly reflects the reaction ability of the sample in the early stage of combustion.
The larger the ratio, the better the flammability.
Integrated combustion characteristic index Sy:

N = (dx/dt)max (dx/dt)ave (3)

2
T2T,

where: (dx/dt),,, is the average burning speed of the sample. The larger the Sy ratio, the
better the combustion characteristics of the sample [33].

2.2.3. Kinetics Model

Assuming that the combustion process of the sample is a gas—solid non catalytic
heterogeneous reaction, the combustion rate can be expressed as [33,34]:

— =kf(x 4
= k() @
where: k is the apparent gasification reaction rate constant, which depends on the tem-
perature T, and the relationship between k and reaction temperature T (thermodynamic
temperature) can be expressed by the famous Arrhenius equation:

E
k= Aexp(—RT) (5)
Since the heating rate § = % is constant, the above formula is changed to:
dx A E
aT = ﬁexp(_RT>f(x) (6)

Take f(x) = (1 —x)", so according to the law of conservation of mass in chemical
reaction and the derivative method, combined with the above Arrhenius, it can be simplified
by the Coats—Redfern method [35,36]:

Whenn =1, In )
—In(1—x AR 2RT E
l”[ﬂ }_m[ﬁE(l_E)]_RT @
Whenn # 1,
1-(1-x"] _, [AR 2RT E
| | =[5 ()| - = ®

Since formost E/RT > 1,1 — % ~ 1, the first term on the right end is almost constant.
Let Y be the left end, the first term on the right end is b, and the first term on the right end is
—E/Risa, 1/T is X, make a straight-line Y = b + aX, and obtain the E and A of the burning
sample through the slope and intercept of the straight line.

3. Results and Discussion
3.1. Analysis of Physical and Chemical Characteristics

The elemental analysis and industrial analysis results of FSW and PC are shown in
Table 2. The fixed carbon and ash content of FSW are lower than that of PC, and the ash
content of FSW is only 10.36% of that of PC. The volatile content of FSW is 2.55 times that of
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PC, the hydrogen content is 4.32 times that of PC, and its LHV is slightly higher than that
of PC. The sulfur contents of FSW are similar to those of PC. Through the FTIR analysis
of the original sample in Figure 2 and the comparison with the corresponding functional
group parameters in Table 3, it can be seen that FSW is mainly composed of different
functional groups such as benzene stretching ring, alkyl, aliphatic, aromatic, and amine
groups, while PC is mainly composed of aromatic hydrogen, alkyl, aliphatic, aromatic, and
different functional groups. The infrared characteristic peaks of FSW and PC have a large
difference in peak shape between 900-700 cm !, and the peak intensity of PC is higher and
the content of C-H bonds is higher. The characteristic peaks of FSW and PC are between
1700-900 cm ™!, indicating that the content of C-O, C=C and C-O-C is high in both. The
peak shapes of FSW and PC between 2970-2860 cm ™! are basically similar, but the peak
intensities are different, and the peak intensity of FSW is larger, indicating that the C-Hn
bond content of FSW is high. The position deviation of the infrared spectral characteristic
peaks of the coal powder and FSW mixture from that of the coal powder and FSW mixture
was not large, and no characteristic peak combining the two was found, indicating that the
two belonged to the physical mixing state. Figure 3 shows the SEM images of FSW, PC,
and their mixtures. Zhou et al. found that the surface of PC is smooth, and the surface of
FSW has wrinkles and a large number of holes [21]. With the increase in FSW content in the
mixture, it can be seen that the number of particles with wrinkles and holes is increasing
and the number of particles with a smooth surface is decreasing.

100%FSW

3425
8096FSW-+2006P
i/ 2925 1633 1036

60%FSW+40%RC
40%FSW+60%PC

100%PC 870 538
748 471

Transmittance (%)

3417 2918 1599 1034
1 " 1 " " 1 " 1

4000 3500 3000 2500 2000 1500 1000 500

Wavenumbers (cm™)

Figure 2. Fourier infrared spectra of FSW and PC and their different mixtures.
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Table 3. The main functional groups.
Wave Number (cm—1) Functional Grops Compounds
3600-3000 OH stretching Acid, methanol
2860-2970 C-Hn stretching Alkyl, aliphatic, aromatic
1700-1730 C=0 stretching Ketone and carbonyl
1632 Cc=C Benzene stretching ring
1613,1450 C=C stretching Aromatic skeletal mode
1470-1430 O-CH3 Methoxyl-O-CH3
1440-1400 OH bending Acid
1402 CH bending -
1232 C-O-C stretching Aryl-alkyl ether linkage
1215 C-O stretching Phenol
1170,1082 C-O-C stretching vibration Pyranose ring skeletal
1108 OH association C-OH
1060 C-O stretching .and C-O C-OH (ethanol)
deformation
700-900 C-H Aromatic hydrogen
700-400 C-C stretching -

20%FSW+80%PC 864
L h

SEl 2
100%

OFSW ' 50
. "
wils

o 1 *y '4 "‘ 4

Figure 3. SEM of PC, FSW, and their different mixtures.

3.2. Combustion Analysis
3.2.1. Effect of Heating Rate on PC and FSW Combustion

The TG curve records the quality change of the sample during combustion in real time,
and the DTG curve of the sample can be obtained by differentiating it. Figure 4 shows
the thermogravimetric (TG) and differential thermogravimetric (DTG) curves of FSW and
PC combustion at the heating rates of 2.5 K/min, 5 K/min, 10 K/min, and 20 K/min,
respectively. From the curves of FSW and PC in Figure 4, it can be seen that under the
constant heating rate of 2.5 K/min, 5 K/min, 10 K/min, and 20 K/min, the heating rate
will affect the weight loss process of FSW and PC. Due to thermal hysteresis, the TG and
DTG curves of FSW and PC shifted to a high temperature with an increasing heating rate.
However, the changing trends of the respective curves of PC and FSW are basically the same.
The weight loss process of PC can be divided into two stages. The temperature range of the
first stage is in the range of room temperature to 550 K, and the weight loss rate in this stage
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is low. When the temperature exceeds 550 K, until the end of the sample combustion, this is
the second stage. Due to the combustion of volatile substances in PC, a large amount of heat
is released, resulting in the combustion of fixed carbon. When the weight of the PC is not
changing, the combustion process ends. The weight loss rate of PC at this stage is relatively
large (84%). There is a small peak at 872-1027 K, which is due to the decomposition reaction
caused by inorganic substances in PC at high temperatures. The combustion process of
FSW is divided into three stages. The first stage is water evaporation. The second stage
is the volatile analysis stage, in which the weight loss is the largest (about 60%). At this
stage, the protein peptide bond breaks, releasing gas CO and CO,. Lipid compounds and
starch will volatilize and decompose, and cellulose, hemicellulose and lignin will undergo
oxidative decomposition [37]. The combustion rate of FSW increased significantly. The
third stage is fixed carbon combustion. In this stage, small molecules formed by protein
peptide bond breaking are further decomposed, cellulose and hemicellulose are almost
completely decomposed, and the remaining lignin continues oxidative decomposition and
fixed carbon combustion [38].

12
100 | —— FSW-2.5 K/min —— FSW-2.5 K/min
= —— FSW-5 K/min —— FSW-5 K/min
—— FSW-10 K/min wr —— FSW-10 K/min
80 L \ —— FSW-20 K/min —— FSW-20 K/min
sl
60 5
o 0F E
S S 6f
o e
= oot 2
o 4L
20
2k
ok
1 1 1 1 1 1 or 1 1 1 1 1 1
300 400 500 600 700 800 900 1000 300 400 500 600 700 800 900 1000
Temperature (K) Temperature (K)
7
——PC-2.5 K/min —— PC-2.5 K/min
100 - ——PC-5 K/min ¢ L—— PC-5 K/min
—— PC-10 K/min —— PC-10 K/min
wl —— PC-20 K/min 5 ||~ PC-20 K/min
a4t
L 60t %
< S
Y] 3k
= 2
40 a
2L
20| r
ol

0 L L L L L L L L L L L L L L
300 400 500 600 700 800 900 1000 300 400 500 600 700 800 900 1000

Temperature (K) Temperature (K)

Figure 4. TG-DTG curves of FSW and PC at different heating rates.

Table 4 shows the characteristic parameters of FSW and PC combustion at different
heating rates. It can be seen that at the same heating rate, the ignition temperature, the initial
decomposition temperature, the burnout temperature, and the second peak temperature
of FSW are lower than PC. This is because FSW has a high volatile content, while PC has
a high fixed carbon content. When the heating rate increases, the initial decomposition
temperature of FSW and PC shifts to low temperature, and the burnout temperature shifts
to a high temperature. There is no obvious change in the law of ignition temperature. It
can be seen from Table 2 that the ash proportion in PC is greater than FSW. From the TG
curve of combustion, it can be seen that the residual specific gravity of PC after burnout is
10%, while the specific gravity of FSW after burnout is 0.7-0.8%. The co-combustion of PC
and FSW can reduce the ash-specific gravity after combustion.
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Table 4. Combustion characteristic parameters of FSW and PC.

Sample B (K/min) Ty, (K) T, (K) T;(K) Tipax K) DTGy (%/min)  Topax (K)  DTGopay (%/min)
2.5 515.69 72944  497.35 531.9 143 707.12 1.35
W 5 48766 7642 50312 54535 3.05 720.41 25
10 44476 80358  513.87  566.44 7 743.05 32
20 43731 85638 50148 54577 11 754.69 46
25 65112 73114  653.02 - - 704.85 1.81
pC 5 62714 7631  667.63 - - 728.95 3.88
10 60414 83616  641.66 - - 738.62 55
20 59027  967.61  657.24 - - 787.35 6.4

Note: B, heating rate; T}, Initial decomposition temperature; T, Burnout temperature; T;, Ignition temperature;
Tinax, Peak temperature; DTG4y, Peak rate.

3.2.2. Effect of Different Proportions of FSW and PC on Combustion

It can be seen from the TG curve in Figure 5 that the combustion process of different
proportions of FSW and PC has the same change trend. With the increase in FSW content
in the mixture, the residual mass ratio of the mixture after combustion decreases gradually.
Compared with the single TG curve, the DTG curve can more accurately analyze the
combustion characteristics of FSW and PC mixture. With the increase in FSW content in
the mixture, the peak rate in the first stage of the DTG curve gradually increases and the
peak rate in the second stage gradually decreases. This is because the volatile content
in FSW is relatively high, and the fixed carbon content is relatively small. The volatile
content in PC is opposite to the fixed carbon content and FSW. When the FSW content in the
mixture increases, the volatile content of the mixture increases and the fixed carbon content
decreases, resulting in the increase in the volatile combustion peak rate and the decrease in
fixed carbon combustion peak rate. It can be seen from Table 5 that with the increase of
FSW content in the mixture, the peak temperatures of the first stage and the second stage
move towards low temperature. This is because the ignition temperature of FSW in the
mixture is low, and the heat generated by volatile combustion will promote the combustion
of fixed carbon in the mixture, so that the DTG curve of the mixture shifts towards a
low temperature. With the increase in FSW content, the ignition temperature, the initial
decomposition temperature, and the burnout temperature of the mixture decrease, while the
flammability index and comprehensive combustion characteristic index gradually increase,
which shows that co-combustion can effectively improve the combustion characteristics of
mixed fuel.

100 - —— 100% PC —— 100% PC

20% FSW+80% PC 20% FSW+80% PC|
40% FSW+60% PC| 40% FSW+60% PC
60% FSW+40% PC 10 60% FSW+40% PC
80% FSW+20% PC

100% FSW

80 -

80% FSW+20% PC
100% FSW

60 -

TG (%)

a0t

300 400 500 600 700 800 900 1000 300 400 500 600 700 800 900 1000
Temperature (K) Temperature (K)

Figure 5. TG and DTG curves of different mixtures of FSW and PC.
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Table 5. Co-combustion characteristic parameters of FSW and PC.

FSW First Stage Second Stage
Content T;, (K) T, (K) T; K) Cpx10~5 S,x109 T Rate T Rate
peak peak
(%) TR 4y omin RO G ©%/min)
0 590.27 967.61 657.24 1.48 6.26 - - - 757-817  787.4 6.4
20 516.56 942.83 502.22 2.69 10.64 539-599  569.73 2.93 750-810  780.8 6.79
40 482.58 923.7 504.58 243 9.89 535-595  565.68 5.1 746-806  776.1 6.19
60 457.11 893.69 503.19 29 12.48 535-595  565.03 7.34 723-783  753.1 5.58
80 447.08 877.34 509.1 3.54 15.64 526-586  556.6 9.17 748-808  778.7 4.84
100 437.31 856.38 499.26 4.49 16.63 520-580 550.01 11.18 681-741 7114 4.81

Note: Tj,, Initial decomposition temperature; T),, Burnout temperature; T;, Ignition temperature; TR, Temperature
range; Cp, Flammability index; S, Integrated combustion characteristic index; Tpeq, the temperature of the peak
reaction rate; Rate, the burning rate at the peak.

3.2.3. Synergy of Different Proportions of Mixing

In order to study the synergy of the FSW and PC combustion process under different
proportions, the separate weight loss rates of FSW and PC combustion is used to calculate
and simulate according to the experimental mixing proportion, and the calculated curve is
compared with the experimental measured curve. The obtained curve is shown in Figure 6.
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Figure 6. Calculated and experimental values of mixtures with different proportion.

It can be seen from Figure 6 that the DTG curve of different mixture ratios, that the
volatile matter release combustion phase of the experimental curve shifts to the high tem-
perature direction relative to the calculated fitting curve, and the fixed carbon phase of the
experimental curve moves to the low temperature direction relative to the calculated fitting
curve. This shows that the co-combustion of FSW and PC has an inhibitory effect in the
volatilization phase and has a combustion-promoting effect in the fixed carbon combustion
phase. Since the experimental curve of the DTG curve is similar to the calculated fitting
curve, the interaction between FSW and PC is dominated by thermal effects. In the process
of the co-combustion of FSW and PC, FSW burns first and releases heat. Part of the heat
released by the combustion of FSW is absorbed by PC, which reduces the reaction rate of
FSW in the volatilization phase, resulting in the suppression of the volatilization phase
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of the co-combustion process. Since PC absorbs the heat released by the combustion of
FSW and increases the reaction rate of PC, FSW promotes the combustion of PC in the
fixed carbon stage of the co-combustion process [39,40]. This synergy due to the thermal
effect is easily affected by the oxygen concentration and the heating rate. The lower oxygen
concentration will reduce the combustion reaction rate of FSW, and then the heat release
rate will also decrease, while the lower heating rate will make the temperature difference
between FSW and PC smaller. Both of these conditions will slow down the heat transfer
rate between the FSW and the PC, weakening the thermal effect [29].

3.3. Kinetics Analysis

Generally, the first-order reaction model and the second-order reaction model are used
to describe the combustion process of PC particles [41,42], and the third-order reaction
model is used to describe the combustion process of FSW [21]. Therefore, the first-order,
second-order, and third-order reaction models are used to analyze PC, FSW, and their
mixtures. The analysis results are shown in Figures 7 and 8. Different models have different
linear fitting relationships for the kinetic equations of different substances. The greater
the R? value, the better the linear fitting relationship. According to R?, the third-order
reaction model is suitable for the first-stage combustion of the mixture, and the first-order
reaction model is suitable for the second-stage combustion of the mixture. The first stage
is mainly the precipitation and combustion of volatile content, and the second stage is
mainly the combustion of fixed carbon. Therefore, the first-order reaction is more suitable
to describe the samples with a high fixed carbon content, and the third-order reaction is
more suitable to describe the samples with a high volatile content. The above two stage
models are selected for calculation, and the calculation results are shown in Table 6.

Table 6. Kinetic energy parameters obtained by Coats-Redfern.

The First Stage The Second Stage
FSW Content (%)
E (kJ/mol) A (min~1) R? E (kJ/mol) A (min~1) R?
0 - - - 40.92 52.73 0.9998
20 34.16 4.01 x 10 0.9944 36.15 28.76 0.9999
40 40.61 3.46 x 102 0.9909 30.21 11.69 0.9997
60 48.76 4.05 x 10> 0.9906 24.76 5.52 0.9986
80 57.70 527 x 10*  0.9968 26.71 9.79 0.9952
100 74.52 427 x 10° 0.9927 15.04 1.11 0.9853

It can be seen from Table 6 that when PC is mixed with FSW, the activation energy
of the first stage is 34.16-74.52 kJ/mol. With the increase in FSW content, the volatile
content in the mixture increases. Therefore, the release of volatile content in the first stage
requires more external energy and the activation energy increases. In the second stage, as
the content of FSW increases, the content of fixed carbon in the mixture decreases, and the
combustion of volatile content will provide part of the energy required for the combustion
of fixed carbon, so the required activation energy gradually decreases. According to the
analysis in Section 3.2.3, the co-combustion of FSW and PC has a synergistic promoting
effect in the second stage, so the activation energy required for combustion in the second
stage is less.

Fitting the InA and E of mixtures with different proportions shows that there is a
linear relationship between InA and E, as shown in Figure 9. According to the fitting
results, the first stage relationship is InA = 0.2847E — 5.753, the correlation coefficient is
R? =0.9975, and the second stage relationship is InA = 0.1475E — 1.946, and the correlation
coefficient R? = 0.9855. From the above two relations, it can be seen that there is a dynamic
compensation effect between InA and E. This shows that the two kinetic models have
obvious kinetic compensation effects in their respective co-combustion stages, which
proves the effectiveness of the two kinetic models in describing the complex co-combustion
process [30].
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3.4. Superiority of FSW Injection into Blast Furnace

The combustion performance of FSW is better than that of PC. It can be seen from
Table 5 that the ignition temperature, initial decomposition temperature, and burnout
temperature of FSW are 157.98 K, 152.96 K, and 111.23 K lower than those of PC, respectively.
As can be seen from Figure 10a,b, that the order of the rate peak temperature in the first
stage from low to high is FSW (550.01 K) < 60% FSW + 40% PC (565.03 K). The order of
activation energy in the second stage is FSW (15.04 kJ /mol) < FSW—60% (24.76 k] /mol) <
PC (40.92 k] /mol). Therefore, FSW burns faster than PC and requires less activation energy.
Mixing FSW and PC to inject, while reducing the ignition temperature, the two will also
promote combustion and improve the overall combustion efficiency, so that the PC will
pass through the high temperature area of the tuyere for a longer time and avoid potential
clogging of the tuyere.

In fact, there is excess carbon in the tuyere of the blast furnace, and its combustion
temperature is very high. The theoretical combustion temperature of the tuyere generally
exceeds 2000 °C, so the fuel combustion produces CO and Hj [43]. According to Figure 10c,
the H element content of FSW is 17.2%, while that of PC is 3.98%, and the H element content
of FSW is more than four times that of PC. CO and H; produced by the co-combustion
of PC and FSW at the blast furnace tuyere reach the upper part of the blast furnace for
an indirect reduction reaction as shown in W®@@®) in Figure 11. The excess carbon in the
tuyere and the lower part of the blast furnace is subjected to (9 a direct reduction reaction.
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Generally, the reduction capacity of H; in the upper part of the blast furnace is greater than
that of CO. When the FSW in the injection mixture increases, the H; in the combustion
gas increases and the reaction M@ (@) increases, which is more conducive to the indirect
reduction reaction of iron ore, but the reaction (@ is reduced, the direct reduction degree is
reduced, the coke ratio is reduced, and the carbon dioxide emission is reduced [44].

Reaction rate (a.u.)
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Figure 10. Reaction rate peak temperature (a), activation energy (b), and H element content (c) of
FSW, PC, and mixture (60% FSW + 40% PC).
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Mixed grinding Injecting tank
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Figure 11. Process of mixed injection of FSW and PC into blast furnace and its main reactions.

FSW is a kind of biomass energy. Its initial source is the photosynthesis of plants, and
its net CO, emissions from combustion are zero, which is a renewable clean energy [45]. Its
use in blast furnaces can reduce the CO, emissions of blast furnace ironmaking, which is of
great significance to the development of low-carbon ironmaking technology. In addition,
FSW is solid waste produced in daily life, with wide sources and low a treatment cost,
which can reduce the fuel cost of blast furnace ironmaking.

In addition, the industrial application of FSW injection into blast furnaces still needs a
lot of work to be carried out in the future, such as its transportation, storage, drying costs,
fluidity, and industrial operation. The composition of FSW will be different according to
the eating habits of various regions, so it needs to be classified.

4. Conclusions

The combustion characteristics and kinetics of FSW, PC, and their mixtures were
studied by thermogravimetric analysis, and the following conclusions were obtained:

(1) The co-combustion of FSW and PC has an inhibitory effect in the volatilization
stage and has a combustion-promoting effect in the fixed carbon combustion stage. The
interaction between FSW and PC is dominated by thermal effects.

(2) The average activation energy in the volatile phase of PC and FSW combustion
is 54.34 k] /mol, and the average activation energy in the fixed carbon combustion phase
is 27.98 kJ/mol, which is lower than the activation energy of PC in the fixed carbon
combustion phase.

(38) Compared with direct coal injection, the mixed injection of FSW and PC will reduce
the ignition temperature of PC and improve the overall combustion efficiency. Injecting
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FSW into a blast furnace can promote the indirect reduction of iron ore, reduce the coke
ratio, reduce the ironmaking process, and reduce CO, emissions.
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