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ABSTRACT

This study investigates the co-pyrolysis of low-rank, high-alkaline coal with phosphorite to enhance resource
utilization and mitigate equipment corrosion caused by alkali metal emissions during the thermal processing of
high-sodium coal. Pyrolysis experiments were conducted in a fluidized bed reactor, with different temperature
and phosphorite ratios. The results demonstrate that the interaction between phosphorite and coal macromol-
ecules can promote the decomposition of aromatic compounds. At 700 °C, after adding 15 % phosphorite, the
yields of char and gas of Naomaohu coal (NM coal) increased by 3.14 % and 0.65 %, and the yield of tar
decreased by 5.29 %. Meanwhile, compounds such as calcium, aluminum, and silicon contained in phosphorite
react with Na and Cl to inhibit the release of corrosive substances. At 900 °C, after adding 15 % phosphorite, the
release ratios of Na and Cl decreased by 15.67 % and 16.05 %, respectively. The changes in the pyrolysis
products of Hami coal (HM coal) are consistent with those of NM coal. Calcium fluorophosphate and calcium
phosphate in phosphorite can react with alkali metal chlorides and sulfides to form phosphates that are more
easily reduced. The use of recycled phosphorite enhances both the conversion ratio and product quality in yellow
phosphorus production. This method not only improves the quality of pyrolysis products but also optimizes the
thermal utilization of high-alkali coal and phosphorite, providing a cost-effective and efficient approach for
resource utilization.

1. Introduction

resources and mitigating the release of corrosive substances during
thermal utilization are critical research areas [13-15]. Investigating the

With ongoing economic development and population growth, global
energy demand is rising sharply. Coal, with its abundant reserves in
China, remains pivotal for ensuring energy security [1,2]. Pyrolysis
technology stands out as a crucial method for the efficient and envi-
ronmentally friendly utilization of coal resources, offering high resource
utilization efficiency and economic viability [3-6]. Post pyrolysis,
products such as char, tar, and syngas are obtained, which find diverse
industrial applications based on their properties [7,8]. In China, the
Zhundong and Hami regions of Xinjiang hold significant low-rank,
high-alkaline coal reserves, accounting for 17.7 % of the country’s
predicted coal reserves [9]. Low-grade and high-alkali coal will release a
large amount of greenhouse gas CO;, and corrosive substances such as
NaCl during its utilization, which will cause serious pollution to the
environment [10-12]. Enhancing the utilization efficiency of these coal

pyrolysis mechanisms, optimizing conditions, and enhancing product
quality are paramount for industrial efficiency and cost-effectiveness.
At present, many scholars have explored different coal pyrolysis
technologies [16] and various factors affecting coal pyrolysis [17],
including temperature [18], heating rate [19], pressure [20], coal type
[21], and particle size [22]. Some scholars have studied the pyrolysis
mechanism of low-rank coal [23-25], and some scholars have also made
significant discoveries in the study of adding external additives during
the pyrolysis process [26]. Oztas and Yiiriim [27] demonstrated that
metal compounds containing Mg, Ca, and Fe can enhance coal pyrolysis
conversion ratios. Yang and Cai [28] discovered that adding transition
metal catalysts enhances char reactivity. Franklin et al. [29] reported
that CaO suppresses tar production and catalyzes the cracking of func-
tional groups and aromatic components. Wu et al. [30] investigated the
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effects of CaCl, on fine particle formation during pyrolysis. Franklin
etal. [31] and Murakami et al. [32] found that CaO or CaCOs3 reduces tar
and hydrocarbon yields, with CaO having a greater catalytic effect on
aromatic components. Despite these advances, most studies have used
pure compounds such as CaCl,, CaO, CaCO3, MgO as additives for ex-
periments, and few studies have used natural minerals. The high cost of
these pure compounds limits their industrial applicability and scalabil-
ity. Moreover, the treatment of these pure compounds after pyrolysis is
also a serious issue. The selection of additives with easier post-treatment
processes is the focus of this study. In addition, most studies have used
fixed bed reactors, and fewer studies have used fluidized bed reactors.
Therefore, this study used a fluidized bed reactor and selected phos-
phorite, a natural calcium-containing mineral with a lower cost, as the
additive. This study mainly studies the effect of phosphorite on the py-
rolysis of high-alkali low-rank coal, and explores the changes in its
product characteristics and the release of Na and Cl. This can provide a
new method to improve product quality and reduce the cost of coal
pyrolysis process.

China, holding 3.22 billion tons of phosphorite resources, ranks
second and is the largest producer globally [33]. Only 7 % of these re-
serves are high-grade (P2Os content >30 %), while 80 % are
medium-grade and low-grade (P2Os content <25 %) [34]. The
thermal-process method is the main process for yellow phosphorus
production due to its applicability for various grades of phosphorite,
though it has a low conversion ratio and high cost [35-38]. Improving
the conversion ratio and reducing the production cost of thermal-process
phosphoric acid are urgent issues that need addressing. Phosphorite
contains substantial calcium-based components, AloO3, and SiO9, which
can participate in coal pyrolysis and affect the products [39]. These
components facilitate higher yields of char and pyrolysis gas while
reducing emissions of alkali metal chlorides and sulfides, improving
boiler operation safety.

In summary, this study provides a new method to maximize the
utilization of phosphorite and low-rank high-alkali coal. Phosphorite is
abundant in Guizhou, Yunnan, and Xinjiang province, and has low
mining and transportation costs compared to other calcium-containing
additives. Although high-alkali low-rank coal is abundant and low-
cost, it faces limitations due to its high sodium and chlorine content,
which leads to equipment corrosion. Co-pyrolysis of phosphorite and
low-rank high-alkali coal can improve the quality and value of pyrolysis
products, reduce Na and Cl emissions, and reduce equipment mainte-
nance costs. In addition, phosphorite can be recycled for phosphoric acid
production, thereby reducing post-processing costs and improving the
conversion ratio of phosphorite. This method is both economically
feasible and sustainable, and has strong potential for industrial
application.

2. Experimental method
2.1. Pyrolysis experiments

This study investigated the effects of phosphorite on pyrolysis
products using Hami coal (HM coal) and Naomaohu coal (NM coal) from
Xinjiang A fluidized bed reactor with 99 % pure quartz sand as the bed
material was utilized. The coal, phosphorite, and quartz sand were dried
at 105 £ 5 °C for 12 hours and then sieved: coal (0.900-2.50 mm),
phosphorite (0.425-0.700 mm), and quartz sand (0.250-0.350 mm).
The samples were ashed according to GB/T 212-2008. The ash
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composition of phosphorite and the two types of coal are shown in
Table 1, while Table 2 presents the proximate and ultimate analysis.

The pyrolysis experiments were conducted on a small-scale bubbling
fluidized bed reactor (Fig. 1), constructed entirely of 310 s stainless steel
and capable of heating up to 1000 °C. This equipment includes the
fluidized bed reactor body, an air supply system, a screw feeder, a
cyclone separator, a tar condensation and collection system, a gas
collection system, and a control system. The reactor has an internal
diameter of 30 mm and a height of 700 mm, with a 5.5 m long pre-
heating section. Three pressure measurement points and five thermo-
couple sheaths provide real-time monitoring of pressure and
temperature.

During pyrolysis, the temperature in the fluidized bed reactor re-
mains uniform, with a difference within 20 °C across different regions.
Ar was selected as the pyrolysis atmosphere. 150 g of quartz sand was
fed through the top inlet, while 15 g of coal was introduced through a
side-mounted screw feeder, cooled by circulating water to prevent
premature pyrolysis. The particle size of the selected quartz sand ranges
from 0.25 to 0.35 mm, with a corresponding static bed height of
143.90 mm for 150 g of quartz sand. The measured critical fluidization
carrier gas flow rate is 3.0 L/min. To ensure complete fluidization of the
material, facilitate the full collection of tar, and maintain the gas volume
within the collection range of the gas collection bag, the carrier gas flow
rate is set at 1.3-1.5 times the critical fluidization flow rate, resulting in
a selected flow rate of 4.2 L/min [40-42]. Preliminary experiments have
shown that the yields of the four products still vary before 20 minutes of
pyrolysis, but their yields vary very little after 20 minutes. Therefore,
the pyrolysis time was selected to be 20 minutes. Tar and pyrolysis water
were collected using a serpentine quartz glass tube in an alcohol ther-
mostatic bath at —40 °C. Pyrolysis gas was collected in gas bags for
subsequent analysis. After the reaction, the bottom carbon hopper was
opened to collect the resulting char and bed material, which were
allowed to cool before being discharged to avoid oxidation by air. In
industrial production, 500-900 °C is a common temperature range for
low-rank coal pyrolysis. This is based on the precipitation characteristics
of tar and volatile matter at different temperatures. 500 °C is the tem-
perature at which the coal pyrolysis reaction begins to occur violently.
At this temperature the volatile matter in the coal begins to be released.
As the temperature increases, the distribution of tar, gas and char
changes significantly. 900 °C is the upper limit of the high-temperature
pyrolysis process. At this temperature, the volatile matter is basically
completely released, the solid carbon gradually becomes stable, and the
pyrolysis reaction proceeds almost completely. There is little point in
raising the temperature any further. Therefore, the temperature range of
500-900 °C was selected to comprehensively investigate the evolution
and characteristics of the products during the pyrolysis process.

The solid products were cooled to room temperature, discharged
from the air-isolated hopper, and sieved (0.700 mm and 0.350 mm) to
separate char from co-pyrolyzed phosphorite. The char was weighed to
determine its mass (Mchar). The range of the balance used in this
experiment is 0-120 g, which can be accurate to 0.0001 g. When
repeatedly weighing the same sample, the relative standard deviation
can usually be kept below 0.01 %. The pyrolysis gas was analyzed using
a gas chromatograph, with its volume calculated using the argon tracer
method. Eq. (1) was used to calculate the mass of the pyrolysis gas
(Mgas).

Table 1

Ash composition of coal and phosphorite.
Sample Composition SiO, Al,03 Fe,03 CaO MgO K,0 Na,O P,0s5
NM coal wt% 38.79 9.21 7.35 25.81 4.22 0.45 4.90 ~
HM coal wt% 19.44 13.20 12.89 31.04 3.72 0.23 5.63 ~
Phosphorite wt% 36.42 7.7 1.19 23.1 5.27 0.86 0.16 21.53
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Table 2
Proximate analysis and ultimate analysis of coal.
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Sample Industrial analysis w/% Elemental analysis w/% Calorific value(J-g ")
Mad Aad Vad FCad Cad Had Nad Sad Oad
NM coal 6.18 11.32 31.46 50.92 60.61 3.78 0.95 0.24 16.27 22436
HM coal 4.50 6.91 36.03 52.56 67.87 4.46 1.06 0.30 14.90 26763
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Fig. 1. A fluidized bed reactor.
M, Var-t-c-M, (4) and Eq. (5).
Mas: Ar' 17NAr :M 17NAr (1) q
TN VN,
Ar mSYAr e = Ny Mehar ( 4)
. . . . Na ™
In the Equation, Vy, is the volume of Ar (L), Ny, is the mass fraction TNa Mol
of Ar, t is the pyrolysis time (min), c is the inflow rate (Lomin’l), Vi is 1y M,
[ — . T
the molar volume at standard conditions (22.4 Lemol ™), M; is the Na = ﬁ 5)
Cl*/Tlcoal

relative atomic mass of Ar (40 gomol’l). The contents of CO, CO5, CHy,
and H; were determined by multiplying the gas mass by the mass frac-
tions measured by the gas chromatograph. In this experiment, the Agi-
lent 8860 gas chromatograph was used to measure the gas product
components. In the repeatability test, the device showed a low relative
standard deviation (usually within the range of + 1-2 %), ensuring the
consistency and reliability of the analysis results.

The liquid condensation and collection system, consisting of a quartz
serpentine condenser, gasoline filter core, glass fiber filter cartridge, and
connecting ducts, was weighed before and after the experiment to
determine the total mass of the mixed liquid (M,). The system was rinsed
with pure acetone, and the liquid was collected and weighed (Mijquia)-
The water content (a) was determined using an SF-5 type coulometric
Karl Fischer moisture meter and the mass of pyrolysis water (Myater) Was
calculated using Eq. (2). The mass of tar (M) was determined by the
difference method shown in Eq. (3). The SF-5 type coulometric Karl
Fischer moisture meter can achieve a moisture measurement accuracy of
+ 0.1 % under standard conditions. Through repeatability experiments,
it was found that its standard deviation is usually between 0.01 % and
0.03 %.

Mwater = Mliquid'a (2)

Moy = My — Myater (3)

The yields of char, tar, pyrolysis water, and pyrolysis gas for each
sample are calculated by dividing their mass by the initial coal mass. The
collected char was ground to below 200 mesh. A 0.1 g sample was
digested, and diluted to 100 mL, and the sodium content (n;, gogfl) was
determined using ion chromatography. The total sodium content in the
char was then calculated. The content of chloride in the char was
determined using the silver nitrate titration method with potassium
thiocyanate solution, as specified in GB/T 3558-1996. The release ratios
of Na (na) and Cl (5¢p) during pyrolysis were calculated using Equation

In the Equations, ny, (geg™!) and n¢ (geg ™) represent the relative
content of sodium and chlorine in the coal, mcpq, (g) is the mass of char,
and Mg, (g) is the mass of coal.

2.2. Phosphorite reduction experiments

Phosphorite reduction was conducted using a thermal reduction
process in a fixed bed reactor that can be heated up to 1400 °C. The co-
pyrolyzed phosphorite was ground to below 0.150 mm. Based on pre-
vious studies [33,35,43], 5g of phosphorite was weighed for each
experiment, with carbon and high-purity SiO, added according to the
P,05 content of the phosphorite. The carbon excess coefficient was 1.6
and the silicon-calcium molar ratio was 2.0. The reactor was heated at
10 °C/min, and nitrogen gas was introduced at a flow rate of 500 L/h.
Samples were thoroughly mixed and introduced for reaction once the
reactor reached the set temperature. After the reaction, the reactor
cooled naturally, and the residual slag was collected and weighed. The
P20s content in the residue was determined using GB/T 1871.1-1995.
The phosphorite conversion ratio was calculated using Eq. (6).

mpx; — MaXs
mx,

x 100% (6)
In the Equation, 7 (%) is the conversion ratio of phosphorite, x1 (%) is

the mass fraction of P2Os in the phosphorite, x (%) is the mass fraction

of P05 in the residue. m; (g) is the mass of phosphorite, my (g) is the

mass of the slag.

3. Results and discussion

3.1. Kinetic analysis of co-pyrolysis with phosphorite

For the kinetic analysis of co-pyrolysis, an automatic simultaneous
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thermal analysis system (TGA/DSC 3 +) was used. This system operated
at a heating rate of 10 °C/min under a nitrogen flow rate of 50 mL/min,
increasing the temperature from room temperature to 1000 °C. Mixtures
of two types of coal with varying amounts of phosphorite were prepared
in the following ratios (coal to phosphorite): 100:0, 100:3, 100:6, 100:9,
100:12, and 100:15. Each mixture (10 mg) was used for each ratio,
ensuring a consistent mass of coal per experiment. Approximately 1 g of
three different phosphorite samples were heated in a fixed bed under a
nitrogen atmosphere up to 1000 °C. The phosphorite samples showed
negligible weight loss, all less than 1.5 %, which was disregarded in the
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calculation of the thermogravimetric curves due to their minimal
contribution.

Fig. 2 shows the pyrolysis TG-DTG curve of the samples. The weight
on the thermogravimetric curve indicates the mass of the coal, and the
mass of phosphorite has been subtracted. Fig. 2(a) and (c) depict the TG
curves of NM coal and HM coal, respectively, where the process before
100 °C primarily involves the removal of moisture from the coal. Fig. 2
(b) and (d) show the corresponding DTG curves for NM coal and HM
coal. From these figures, it is evident that the TG and DTG curves exhibit
similar trends for both types of coal. Regardless of the presence of

(a) NM coal —=—NM + 0% phosphorite 0.0 (b) NM coal
100 —o—NM + 1% phosphorite ~ YL
—4—NM + 2% phosphorite =
~¢—=NM + 3% phosphorite & 0.5
~ 90k —>—NM + 4% phosphorite o\°
X —v—NM + 5% phosphorite =
E ‘5 -1.0
= 2
= 80F .15 . ;
g = —=—NM + 0% phosphorite
g ~—o—NM + 1% phosphorite
70 L 5 -2.0F —4—NM + 2% phosphorite
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~
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Fig. 2. TG-DTG curves of coal co-pyrolyzed with phosphorite.
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phosphorite during pyrolysis, the coal decomposition process can be
divided into three stages. In the temperature range from room temper-
ature to 350 °C, there is minimal weight loss, indicative of desorption
processes involving weak molecular bonds and adsorbed gases from
pores. During this phase, gases such as CHy4, CO5, and CO are released.
Between 350 °C and 550 °C, the TG curve shows a significant decrease,
with a corresponding peak in the DTG curve around 450 °C. This sig-
nifies deeper pyrolysis reactions with faster reaction rates, resulting in a
substantial generation of pyrolysis gases and tar. It can also be seen from
Fig. 2 that different phosphorite addition ratios have a significant effect
on the pyrolysis weight loss process of low-rank coal. The maximum
weight loss rate of NM coal and HM coal pyrolysis process occurs in the
range of 400-500 °C. With the increase of phosphorite addition ratio,
the weight loss of coal pyrolysis decreases slightly, and the maximum
weight loss rate gradually decreases. This effect is attributed to the
presence of calcium-based compounds in phosphorite [44], where Ca
acts as cross-linking points within the coal’s macromolecular structure,
hindering the decomposition of char into smaller molecular tar com-
ponents [45,46]. At temperatures exceeding 550 °C, the TG curve con-
tinues to decline, while the DTG curve flattens out, indicating
predominant cross-linking reactions and condensation processes of char.
Around 690 °C, a peak appears in the DTG curve due to intermolecular
reactions of functional groups within coal, leading to the release of small
molecular gases such as Hy and CO. This peak is more pronounced when
phosphorite is added, as calcium compounds react with carboxyl and
hydroxyl groups in coal, releasing volatile components such as CO, and
H»0 [47]. Upon heating, calcium fluorapatite in phosphorite reacts with
SiO4 to produce significant amounts of CaO and CaCOs, enhancing the
release of gases during coal pyrolysis around 690 °C and thereby
amplifying the reduction in weight loss observed in the TG curve.

The reactions involved in these processes are represented by (R1-8).
A detailed analysis of the TG and DTG curves reveals the thermal
decomposition behaviors of NM coal and HM coal, emphasizing the role
of phosphorite in influencing the kinetics and mechanisms of coal
pyrolysis.

4Cas(PO4)sF + SiOy — 6Cag(PO4)y + SiF4 + 2Ca0 (R1)
Ca0 + CO, — CaCOs (R2)
R-OH + CaCO3 + R’-OH — R-0-Ca-O-R’ + CO, + Hy0 (R3)
R-0-Ca-O-R’ + CO, — R-O-R’ + CaCO; (R4

R-COOH + CaCOs + R’-COOH — R-COO-Ca-COO-R’ 4+ CO3 + Hy0(R5)
R-COO-Ca-COO-R’ — R-CO-R’ 4 CaCO3 (R6)
R-COOH + CaCO3 + R’-OH — R-COO-Ca-O-R’ + CO2 + H20 (R7)
R-COO-Ca-O-R’ + CO2 -»R-COO-R’ + CaCO3 (R8)

Coal pyrolysis involves multiple parallel and competing reactions
internally. Conducting kinetic analysis of coal pyrolysis helps in un-
derstanding the process, calculating reaction rates, and assessing the
difficulty of various reactions [48]. Based on different temperature
ranges and their characteristics, coal pyrolysis can be divided into stages
including drying and degassing, intense pyrolysis, and char consolida-
tion [49,50]. This study categorizes the pyrolysis process into three
stages: 200 °C to 350 °C, 350 °C to 550 °C, and 550 °C to 900 °C. To
better reflect the characteristics of pyrolysis reactions within each stage,
kinetic analysis was conducted in each temperature range and the main
kinetic parameters were calculated.

my — My

a= ()
m; — My

da n E

E:A(l —-Q) -exp<7ﬁ> (8)
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1-a"™  JAR 2RT E
o) = o ()] ©
—In(1-a)] ., [AR 2RT E
In T] = ln{ﬁ—E (I—Tﬂ “RT 10)

This study employed the widely used Coast-Redfern integral method
[51] for kinetic analysis. This method utilizes a single scan rate
approach, primarily for the kinetic analysis of samples under constant
heating rate conditions in thermogravimetric experiments [52]. During
the thermal reaction process, the initial mass of the sample is my, the
mass at a given time is m;, and the final mass after the reaction is m,.
The mass conversion ratio « at that time can be calculated using Eq. (7).
According to the Arrhenius equation, the reaction rate of coal pyrolysis,
da/dt, is expressed by Eq. (8), where E (kJ .mol~1) denotes the activation
energy, T (K) is the temperature, and R (8.314 Jomol’loK’l) is the
universal gas constant. By substituting the program heating rate =
dT/dt into Eq. (8) and integrating concerning temperature using a
first-order approximation, and considering that E/RT is significantly
greater than 1, the simplified equations derived are shown in Eq. (9) and
Eq. (10). Eq. (9) is applied to calculate the reaction order n # 1, while
Eq. (10) is used for n =1 reactions. Previous studies [53,54] have
indicated that coal pyrolysis typically exhibits first-order kinetics
(n = 1). Therefore, plotting 1/T as the x-axis and In[-In(1-a)/ TQ] as the
y-axis, fitting the data points yields a straight line. The slope of this line
provides -E/R and the intercept provides In(AR/SE). These fitted pa-
rameters enable the calculation of the activation energy E (kJ-mol™H)
and the pre-exponential factor A (min~1). The calculated results are
presented in Table 3.

From Table 3, it is evident that the trends in activation energy during
the pyrolysis process of NM coal and HM coal are similar. The temper-
ature ranges of 200-350 °C, 350-550 °C, and 550-900 °C correspond to
the first, second, and third stages of pyrolysis, respectively. Both coals
exhibit apparent activation energies between 35 and 100 kJ-mol %, As
organic matter begins to participate in pyrolysis [55], the increase in
reaction temperature from the first stage to the second stage leads to an
increase in activation energy. For NM coal, the activation energy in-
creases from 39.20 kJ-mol ™! to 93.40 kJ-mol~!, while for HM coal, it
increases from 39.78 kJ-mol~! to 96.86 kJ-mol~!. The carbon on the
surface of both coals undergoes gas-solid reactions with CO, generated
during pyrolysis at high temperatures. This reaction rate increases
significantly at higher temperatures, transitioning from kinetic control
to diffusion control in the third stage [56], thereby resulting in lower
activation energies in the third stage compared to the second stage.
According to Table 3, the activation energy for NM coal decreases from
93.40 kJ-mol ! to 68.71 kJ-mol !, whereas for HM coal, it changes from
96.86 kJ-mol ! to 68.12 kJ-mol .

Upon adding phosphorite to the samples, it was observed that
phosphorite has a similar effect on the pyrolysis of both coals. The
addition of phosphorite slightly lowers the activation energies of the
first and second stages of pyrolysis for NM coal. Specifically, adding
15 % phosphorite relative to the coal mass decreases the activation
energy of the first stage by 1.98 kJ-mol~!, and the second stage by
0.74 kJ-mol ! for NM coal. However, phosphorite has minimal impact
on the first and second stages of pyrolysis for HM coal, with activation
energies decreasing by only 0.22 kJ-mol~! and 0.34 kJ-mol !, respec-
tively. During the pyrolysis of both coals, phosphorite significantly af-
fects the third stage. Adding 15 % phosphorite increases the activation
energy of the third stage by 13.43 kJ-mol™! for NM coal and by
10.90 kJ-mol~! for HM coal, indicating that phosphorite addition in-
hibits the third-stage pyrolysis reactions. This results in some large
molecular groups that would normally decompose into tar and carbon
on the coal surface being oxidized by Ho0 and CO», reducing the release
of volatile components and thereby increasing the yield of char. This
observation aligns with the trend observed in Fig. 2, where the final
mass of samples with added phosphorite is higher than that of samples
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Table 3
Kinetic parameters of co-pyrolysis of coal and phosphorite at 10 K/min.
Type of coal Temperature Range (°C) Mass ratio of phosphorite to coal (%) Linear Fitting Equation E (kJ-mol 1) A (min™ 1) r
NM coal 200-350 0 y = —4714.42x—4.49 39.20 13.19 0.987
1 y = —4450.35x—4.85 37.00 8.683 0.982
3 y = —4464.63x—4.83 37.12 8.931 0.982
5 y = —4477.25x—4.80 37.22 9.185 0.983
350-550 0 y = —11233.6x+ 1.85 93.40 442.1 0.979
1 y = —11149.7x+ 1.70 92.70 507.4 0.981
3 y = —11165.5x+ 1.72 92.83 498.7 0.981
5 y = —11144.7x+ 1.69 92.66 512.4 0.981
550-900 0 y = —8264.72x—-5.59 68.71 7.755 0.961
1 y = —8988.70x—4.92 74.73 16.35 0.961
3 y = —9307.84x—4.59 77.39 23.62 0.957
5 y = —9879.45x—4.03 82.14 44.01 0.954
HM coal 200-350 0 y = —4785.02x—4.59 39.78 11.85 0.987
1 y = —4767.32x—4.45 39.64 13.98 0.988
3 y = —4744.50x-4.48 39.45 13.40 0.987
5 y = —4758.22x—-4.4 39.56 13.83 0.987
350-550 0 y = —11650.0x+ 2.42 96.86 259.5 0.979
1 y = —11654.4x+ 2.43 96.89 257.3 0.979
3 y = —-11621.2x+ 2.38 96.62 268.9 0.979
5 y = —11609.2x+ 2.36 96.52 273.7 0.979
550-900 0 y = —8193.00x—-5.59 68.12 7.679 0.962
1 y = —8588.09x—-5.17 71.40 12.21 0.966
3 y = —9080.97x—4.69 75.50 20.86 0.964
5 y = —9504.56x—4.28 79.02 32.77 0.963
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Fig. 3. Yield of pyrolysis products at different temperatures and mass ratios of phosphorite to NM coal.
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without phosphorite.

3.2. The impact of co-pyrolysis on the pyrolysis products

This experiment conducted three parallel experiments for each
condition, and the experimental results are summarized in Fig. 3 and
Fig. 4. The mass loss of coal mainly comes from the decomposition of
macromolecular organic matter or functional groups in coal, generating
tar, pyrolysis water and pyrolysis gas, and the remaining solid product is
char. The sum of the yields of the four products collected in each
experiment is usually less than 100 %. This is because some experi-
mental errors occur when collecting the products. Tar and water may be
lost in small amounts in the transmission pipeline. The capture effi-
ciency of pyrolysis gas may be insufficient. Meanwhile, the sensitivity
and accuracy of the measurement system will also affect the final results.
Therefore, this study performed a material balance calculation for the
pyrolysis products. The total amount of products measured in the
experiment deviated from the mass of the original coal sample by less
than 2.5 %, which is still within the acceptable error range.

Fig. 3 and Fig. 4 illustrate that in the low temperature stage, the
initial mass loss is small because the coal contains more moisture and
volatiles. As the pyrolysis temperature increases, the release of volatiles
in the gas phase and liquid phase increases, and the mass loss of the coal
will increase. In the high temperature stage, the pyrolysis reaction is
more intense and the mass loss increases significantly. Under an inert
atmosphere, the yields of pyrolysis products (char, tar, pyrolysis water,
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and pyrolysis gas) for both NM coal and HM coal undergo significant
changes as the pyrolysis temperature increases from 500 °C to 900 °C. As
the temperature rises, the pyrolysis reactions intensify, releasing more
volatile components, which increases the production of pyrolysis gas
and tar while reducing char yield. Specifically, the char yield for NM
coal decreases from 67.81 % to 54.03 %, and for HM coal, it decreases
from 67.83 % to 51.32 %. Pyrolysis gas primarily originates from the
direct decomposition of organic functional groups (or side chains) in
coal, as well as from gas-phase radical polymerization of volatiles [57].
With rising temperatures, components of coal that are more difficult to
decompose start undergoing cracking reactions, leading to increased
formation of char and tar. Consequently, pyrolysis gas is released in
greater quantities at higher temperatures. The yield of pyrolysis gas
from NM coal increases from 9.89 % to 25.27 %, while for HM coal, it
increases from 13.79 % to 31.37 %.

At lower temperatures, the yield of tar increases with rising pyrolysis
temperature. However, at higher temperatures, the secondary reaction
rates of tar also increase, leading to more intense condensation and
cracking reactions. At a certain temperature, the rate of secondary tar
reactions surpasses its generation rate, resulting in a peak tar yield.
Beyond this temperature, the tar yield decreases. The maximum tar
yields for NM coal and HM coal are observed at 600 °C, with 12.37 %
and 12.77 %, respectively. Among the four pyrolysis products, pyrolysis
water exhibits the smallest variation in yield with temperature. As the
temperature increased, the yield of pyrolysis water increased from
9.96 % to 11.68 % for NM coal and from 7.64 % to 10.30 % for HM coal.
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Fig. 4. Yield of pyrolysis products at different temperatures and mass ratios of phosphorite to HM coal.
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Adding phosphorite significantly impacts the pyrolysis products of
both NM coal and HM coal. Calcium fluoride phosphorite, rich in
phosphorite, decomposes into CaO and CaCOj3 at high temperatures.
Since these calcium-containing compounds promote the interaction
between mineral components and organic matter in coal during the
pyrolysis process and react with some functional groups to form
macromolecular groups, this makes some carbon-based substances more
difficult to volatilize, thereby reducing the mass loss rate of coal. CaO,
with active sites on its surfaces, catalyzes tar condensation [58]. CaCO3
bonds with oxygen-containing groups in coal, producing organic salt
structures [59,60]. These interactions increase the pore volume and
specific surface area of char, enhancing its activity [61,62], and facili-
tating tar condensation. Consequently, larger molecular groups remain
in the char, and more small molecular gases are released.

Fig. 3 shows that as the amount of phosphorite increases, the yields
of char and pyrolysis gas slightly increase, while the tar yield decreases
significantly for both NM and HM coal. For NM coal, char yields
increased by 1.76 %, 3.14 %, and 0.87 % at 500 °C, 700 °C, and 900 °C,
respectively. Pyrolysis gas yields increased by 2.17 %, 0.65 %, and
1.01 %, respectively, while tar yields decreased by 2.83 %, 5.29 %, and
1.99 %, respectively. This indicates that the addition of phosphorite has
a more significant effect at lower temperatures, with its influence
diminishing as the temperature increases. Fig. 4 indicates a similar trend
for HM coal.

The variation in pyrolysis water yield with phosphorite addition is
minor, showing a slight overall increase. The increase is primarily due to
CaO promoting the interaction of hydroxyl groups in coal, resulting in
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water removal. Additionally, phosphorite promotes polymerization re-
actions between molecular groups, generating CO5 and Hp, with the
reversible reaction (CO + Ho0 = CO; + Hp) proceeding in the reverse
direction, slightly increasing the pyrolysis water yield. After adding
15 % phosphorite by coal mass, the pyrolysis water yield of NM coal and
HM coal increased by 0.51 % and 0.83 %, respectively, at 700 °C.

Fig. 5 and Fig. 6 illustrate the variations in four pyrolysis gas com-
ponents (CO3, CO, Hy, and CH4) of NM coal and HM coal with different
amounts of added phosphorite at various temperatures. During pyroly-
sis, COz primarily originates from the decomposition of oxygen-
containing functional groups in coal and carbonate minerals. When
the pyrolysis temperature increased from 500 °C to 700 °C, the mass of
CO,, produced by NM coal increased by 310.51 mg-g~'. However, its
relative content decreased by 6.80 %. At higher pyrolysis temperatures,
the change in CO, mass generated by NM coal was minimal. Compared
to a pyrolysis temperature of 700 °C, the relative content of COg in the
pyrolysis gas from NM coal decreased by 14.31 % at 900 °C. The mass of
CO generated by HM coal during pyrolysis is less affected by the py-
rolysis temperature. When the pyrolysis temperature increased from 500
°C to 900 °C, the mass of CO, generated by HM coal increased by only
47.22 mg-g ™!, while its relative content decreased by 35.39 %. As the
pyrolysis temperature increases, the stable oxygen-containing func-
tional groups in coal decompose to form CO [63,64]. With the increase
in pyrolysis temperature, both NM coal and HM coal show an increasing
trend in the mass of CO generated. Between 500 °C and 900 °C, NM coal
and HM coal produced 646.01 mgeg™! and 751.91 mgeg ™! of CO,
respectively, with their relative contents increasing by 15.55 % and
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Fig. 6. Content of pyrolysis gas at different temperatures and mass ratios of phosphorite to HM coal.

19.28 %, respectively. Higher pyrolysis temperatures promote cracking
and condensation reactions, leading to the generation of more Hy and
CH4 [65]. When the coal is pyrolyzed at 500 °C, the generation of H is
almost negligible, indicating incomplete pyrolysis at this temperature.
As the pyrolysis temperature increases, there is a significant increase in
the generation of Hy. At 900 °C, 152.22 mg-g ! and 153.53 mg-g~* of H,
are produced by NM coal and HM coal pyrolysis, respectively, with their
relative contents being 6.26 % and 6.01 %, respectively. Both NM coal
and HM coal show a significant increase in the mass of CH4 generated
during pyrolysis. When the pyrolysis temperature increases from 500 °C
to 900 °C, the mass of CO produced by NM coal and HM coal pyrolysis
increases by 202.97 mgeg ™! and 352.79 mgeg !, respectively.

Fig. 5 and Fig. 6 illustrate that the addition of phosphorite similarly
affects the pyrolysis of both NM coal and HM coal. Irrespective of the
pyrolysis temperature, adding phosphorite increases the generation of
CO; and decreases the generation of CO. Calcium-based compounds can
reduce the temperature at which gases such as Hy and CH, are released
[66]. At elevated temperatures, CaO derived from phosphorite not only
promotes the dehydrogenation of methyl side chains from aromatic
rings, forming char and Hy [67], but also facilitates the dealkylation of
aromatic components to form CH4 [68]. Therefore, the addition of
phosphorite increases the yields of Hy and CH4. CaO generated from
phosphorite at high temperatures undergoes reactions as shown in
(R3-8). According to existing research [69,70], during pyrolysis, the
addition of alkali metals including calcium causes non-carboxyl oxy-
gen-containing functional groups that would normally decompose into
CO or remain in char and tar to react with the alkali metals, forming
carbonates. Due to the small amount of added calcium-containing alkali

metals, a small amount of CO undergoes the above reaction, resulting in
a slight decrease in CO generated during pyrolysis. The formed car-
bonates spontaneously decompose at high temperatures, releasing CO»
and thereby increasing the yield of CO,.

3.3. The impact of co-pyrolysis on tar

This experiment utilized a Shimadzu GCMS QP2010 Plus gas
chromatography-mass spectrometry (GC-MS) system to analyze small to
medium-sized organic molecules in tar solutions. Quantitative analysis
was conducted using area normalization. The injection volume of the tar
sample was 1 pL, with a high-purity He atmosphere, a split flow rate of
6 mL/min, and a split ratio of 5:1. The temperature program was set as
follows: an initial temperature of 50 °C held for 3 minutes, followed by a
ramp at 10 °C/min to 300 °C, and held for 10 minutes. Fig. 7 presents
the total ion chromatograms of tars produced from NM coal and HM coal
under various conditions. Fig. 8 shows the relative proportions of
different carbon chain lengths in the tar produced from NM coal and HM
coal pyrolysis. Fig. 9 illustrates the relative proportions of fatty hydro-
carbon (FH), fatty hydrocarbon derivative (FHD), monocyclic aromatic
hydrocarbons (MAH), polycyclic aromatic hydrocarbons (PAH), and
phenols (PH) in the tar produced from NM coal and HM coal pyrolysis. It
is evident from these figures that both temperature variations and the
addition of phosphorite influence the composition of tars generated
during the pyrolysis of NM coal and HM coal.

At 500 °C, NM coal tar contains 28.52 % of components with carbon
chain lengths shorter than Cqg. This proportion increases to 43.12 % at
800 °C. As the pyrolysis temperature increases from 500 °C to 800 °C,
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the proportions of components with carbon chain lengths of C;5-Cy and
greater than Cy decrease by 3.86 % and 6.85 %, respectively. This in-
dicates that higher pyrolysis temperatures intensify the pyrolysis re-
promoting the decomposition of longer carbon chain

actions,
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components into shorter molecules, and increasing the proportion of
shorter chain components. The proportion of longer chain components
decreases significantly due to enhanced cracking and secondary
cracking reactions at higher temperatures. HM coal tar exhibits a similar
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trend during pyrolysis, where the proportions of components with car-
bon chain lengths C;5-Cgo and longer than Cy decrease by 26.14 % from
500 °C to 800 °C. The addition of phosphorite results in a change in the
composition of the tar derived from both the NH coal and HM coal. At
800 °C, NM coal tar shows a 4.91 % increase in components with carbon
chain lengths shorter than C;5, while the proportion of components with
carbon chain lengths longer than Cy decreases by 6.77 %. In HM coal
tar, the proportion of components with carbon chain lengths shorter
than C; increases by 10.16 %, while those longer than Cyo decrease by
4.15 %. This demonstrates that the introduction of calcium-containing
compounds catalyzes cracking, facilitating the transformation of long-
chain macromolecules in tar into shorter-chain molecules during py-
rolysis. Generally, in industrial production, tar containing more short
carbon chain components (especially carbon chains between Cs and C;5)
is considered to be a more ideal product. Short carbon chain components
are smaller in size and exhibit weaker intermolecular forces, making
them more chemically reactive and easier to convert into gaseous
products. Their higher volatility and superior combustion characteristics
contribute to lower emissions of harmful substances during coal com-
bustion, thus mitigating environmental pollution. Therefore, adding
phosphorite during pyrolysis can effectively improve the quality of tar.

Fig. 9 shows that varying the pyrolysis temperature significantly
affects the composition of tar from both NM coal and HM coal. At higher
temperatures, heteroatom-containing hydrocarbon derivatives become
less stable and more prone to decomposition, and larger molecular
weight fatty hydrocarbons are more susceptible to thermal cracking into
smaller molecules [71]. Therefore, compared to pyrolysis at 500 °C, the
proportion of fatty substances in tar decreases, while the proportion of
aromatic substances increases at 800 °C. At 500 °C, NM coal tar consists
of 53.76 % FH and FHD, with PAH accounting for 2.29 %. By 800 °C, the
proportions of FH and FHD decrease by 19.76 %, while PAH increases by
16.64 %. The variation in HM coal tar composition with pyrolysis
temperature is similar to NM coal. From 500 °C to 900 °C, FH and FHD
decrease by 36.01 %, PAH increases by 27.12 %, and PH increases by
4.24 %. This indicates that higher pyrolysis temperatures favor the
production of aromatic substances, especially polycyclic aromatic hy-
drocarbons. At the same pyrolysis temperature, adding 15 % phospho-
rite relative to coal mass reduces the proportion of fatty hydrocarbons
and their derivatives in NM coal tar. The most significant change in tar
composition is observed in aromatic compounds. The proportion of PH
decreases from 29.16 % to 12.50 %, and PAH decreases from 18.94 % to
14.60 % with phosphorite addition. Meanwhile, the proportion of MAH
increases significantly when phosphorite is present, showing a 23.47 %
increase compared to pyrolysis without phosphorite. This indicates that
calcium-containing compounds catalyze the cracking of polycyclic aro-
matic hydrocarbons into monocyclic aromatic hydrocarbons or other
smaller molecular compounds, thereby altering the tar composition.
These findings are consistent with studies by Zhu et al. [72] and Chang
[73] regarding changes in tar composition with the addition of CaO
during coal pyrolysis. Phosphorite-assisted pyrolysis also affects HM
coal tar composition. After adding phosphorite, the proportion of MAH
in HM coal tar increases by 3.04 %, while PH decreases by 7.01 %.
Despite these changes being relatively minor, the pattern aligns with
that observed in NM coal, confirming that calcium-containing com-
pounds catalyze the cracking of aromatic compounds and reactions of
phenolic substances during pyrolysis. During the pyrolysis process, PAH
and PH in tar are difficult to burn completely due to their high molecular
structure, and the combustion residues are easy to accumulate in the
environment, causing persistent pollution. In addition, these compounds
are corrosive and toxic. The addition of phosphorite promotes their
cracking, generating MAH and small molecular substances with higher
reactivity and easy to further decompose. These components are highly
volatile and degrade quickly, reducing pollution to the environment.
Therefore, co-pyrolysis of phosphorite and low-rank coal helps to
lighten tar, improve its ability to be separated into high-quality chem-
icals, and reduce the emission of impurities and heavy components

11
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during combustion, reducing toxicity and pollution.

3.4. The impact of co-pyrolysis on the functional groups of char

Fig. 10 presents the FTIR spectra of NM coal and HM coal co-
pyrolyzed with varying amounts of phosphorite at 700 °C. According
to the Beer-Lambert law, the intensity or area of absorption peaks in the
infrared spectra is directly proportional to the concentration of com-
ponents in the sample [74,75]. Li et al. [76] provided detailed de-
scriptions of the peak assignments in the FTIR spectra. In the spectra, the
region from 3600 to 3000 cm ™! primarily corresponds to the stretching
vibration peaks of hydroxyl groups (OH). The range from 1800 to 1300
cm ! exhibits absorption peaks of oxygen-containing functional groups
such as carboxyl (COOH) and carbonyl (C—=O0). The region from 1300 to
1000 cm™! shows absorption peaks of ethers (alkyl ether C-O-C and
aromatic ether R-C). The range from 900 to 700 cm ™! mainly represents
the absorption peaks of aromatic hydrocarbon C-H bonds.

Fig. 10 illustrates that the infrared spectra of the pyrolyzed char from
NM coal and HM coal exhibit pronounced peaks in the 3600-3000 cm
region. This is attributed to the strong bond energy of the -OH group,
which undergoes minimal functional group cleavage during moderate to
low-temperature pyrolysis [77]. Upon the addition of phosphorite, a
notable decrease in the intensity of the -OH peaks is observed in both
coal samples. This phenomenon occurs as a result of the calcium-based
compounds in the phosphorite reducing the bond energy of the -OH
group, which in turn facilitates the cleavage of these functional groups.
Additionally, CaO released from the reaction of Cas(PO4)s with SiO; can
react with -OH, further reducing the content of the -OH group.

R-C-OH + CaO + R’-C-OH — R-C-O-Ca-O-C-R’ 4+ HxO (R9)
R-COOH + CaO + R’-COOH — R-CO0O-Ca-COO-R’ + H0 (R10)
R-C-0-Ca-O-C-R’ + CO2 — R-C-O-C-R’ + CaCOs3 (R11)
R-COO-Ca-COO-R’ — R-C-O-C-R’ + CaCO3 (R12)

The infrared spectra of the pyrolyzed char demonstrate that the
characteristic peaks of both coals in the 1800-1300 cm ™! region grad-
ually decrease in intensity with increasing phosphorite addition. This
indicates that the addition of phosphorite facilitates the cleavage reac-
tion of -COOH functional groups during coal pyrolysis, resulting in a
lower content of -COOH functional groups in the char. In the absence of
phosphorite addition, the characteristic peaks in the 1300-1000 cm ™!
region are weaker in the char derived from both coals. However,
following the addition of phosphorite, these peaks demonstrate an in-
crease in intensity, indicative of an elevated content of the C-O-C
functional group. CaO reacts with carboxyl and hydroxyl groups to
undergo dehydration, forming unstable structures such as O-Ca-O and
COO-Ca-COO at high temperatures. These structures readily decompose
into ether groups (C-O-C) when subjected to further thermal processing.
Therefore, during pyrolysis with phosphorite addition, the content of
hydroxyl (-OH), carboxyl (-COOH), and analogous functional groups in
the char decreases, while the content of ether groups C-O-C increases.
This phenomenon also explains why the addition of phosphorite to coal
enhances the yield of water during pyrolysis, corroborating the pre-
ceding analysis.

In conclusion, CaO produced from the decomposition of phosphorite
at high temperatures reacts with the coal in a manner consistent with the
proposed reactions (R9-12). The characteristic peaks of the char from
co-pyrolysis of phosphorite with coal in the 900-700 cm™! region
exhibit a slight elevation in comparison to those of char directly derived
from the coal. This elevation is observed to increase with an increase in
phosphorite addition. As this region is primarily associated with the
stretching vibrations of aromatic hydrocarbon C-H bonds, this indicates
that phosphorite inhibits the cleavage of aromatic hydrocarbon C-H
bonds during pyrolysis, consequently reducing the formation of liquid
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Fig. 10. FTIR spectra of pyrolysis char under various experimental conditions (a)NM coal, (b) HM coal.

small molecule aromatic hydrocarbons. This finding aligns with the
previous analysis of pyrolysis kinetics and explains the increased char
yield and reduced tar yield observed after the addition of phosphorite.

3.5. The impact of co-pyrolysis on the migration of Na and Cl

Two distinct coal samples, NM coal and HM coal, were individually
taken at a mass of 0.1 g and subsequently subjected to digestion. The
resulting solutions were diluted to 100 mL with deionized water, and the
sodium (Na) content in the solutions was determined using an ion
chromatograph. According to the ASTM E1915-97 standard, which
employs the pyridine-pyrazolone titration method, the chlorine (Cl)
content in the two coals was measured. The sodium (Na) contents in NM
coal and HM coal were 0.51 % and 0.34 %, respectively, while their
chlorine (Cl) content was 0.39 % and 0.43 %, respectively. Referring to
standards MT/T 1074-2007 and GB/T 20475.2-2006, NM coal is clas-
sified as high-sodium, high-chlorine coal, while HM coal is categorized
as medium-sodium, high-chlorine coal.

During pyrolysis, substantial quantities of Na and Cl elements are
released into the pyrolysis gas. These elements have the potential to
deposit on the surface of pipelines and corrode exposed heating surfaces
when combined with acidic gases, thereby severely affecting boiler
operation. Due to challenges in directly measuring Na and CI concen-
trations in gases and the uncertainty regarding their forms in both the
gaseous and solid phases, a simulation was conducted with Factsage
software to study the migration of Na and Cl elements during coal py-
rolysis. The simulations analyzed the release rates and chemical forms of
Na and Cl from the two coals under different temperatures and varying
amounts of phosphorite addition, to infer potential chemical reactions
and establish a theoretical foundation for industrial applications.

A series of calculations were conducted using Factsage software to
model the pyrolysis process of Shaer Lake coal under a nitrogen atmo-
sphere, employing the equilibrium model. A mass of 1000 g of coal ash
was subjected to simulated pyrolysis at temperatures ranging from 400
°C to 1000 °C, with increments of 100 °C, in an atmosphere of excess

12

nitrogen gas. Table 1 shows the ash composition of two low-rank coals
and phosphorite, and Table 2 shows the industrial analysis results of two
low-rank coals. Based on the data shown in Table 1 and Table 2, 14
initial elements and their contents can be calculated: C, H, N, O, S, Si, Al,
Fe, Ca, Mg, S, K, Na and Cl. The results are presented in Table 4.

Following the calculations, the phase compositions of Na and Cl
produced during the pyrolysis of NM coal and HM coal at different
temperatures and various phosphorite addition ratios were determined.
The results are presented in Fig. 11.

Fig. 11 illustrates the release and migration of Na and Cl during the
pyrolysis of NM coal, as the results of the experiment and simulation.
Thermodynamic calculations indicate that Na in NM coal begins to
release into the gas phase at pyrolysis temperatures exceeding 700 °C.
The proportion of gas-phase Na compounds increases rapidly with rising
pyrolysis temperature, reaching 33.31 % at 1000 °C. The addition of
phosphorite during pyrolysis has been observed to significantly reduce
the proportion of gas-phase Na compounds. When the proportion of
phosphorite added to the coal mass exceeds 10 %, only a small quantity
of Na enters the gas phase at temperatures exceeding 900 °C. The
addition of phosphorite to NM coal at a ratio of 15 % by mass, followed
by pyrolysis at 1000 °C, results in a gas-phase Na compound proportion
of only 1.43 %.

At pyrolysis temperatures below 700 °C, solid-phase Na compounds
primarily exist as NaCl (s) and NayCa3SigO16 (s). At temperatures
exceeding 800 °C, some NaCl (s) undergoes a gradual conversion to NaCl
(g) or (NaCl)y (g), releasing into the gas phase. Meanwhile, the
remaining NaCl (s) reacts with Al,O3 and SiO5 to form NaAlSiO4 residue
in the solid phase. As the temperature rises, NapCasSigO16 (s) undergoes
a reaction with AlyOs, resulting in the formation of NaAlSiO4 (s) and
CaAl,SiOg (s). The addition of phosphorite introduces a significant
quantity of Al-Os and SiOg, resulting in the formation of a considerable
amount of NaAlSizOs (s) in the pyrolysis products. At temperatures
exceeding 900 °C, NaAlSi3Og (s) undergoes thermal decomposition,
releasing in the release of NaCl (g) and a minor quantity of (NaCl)s (g).
This process enables the retention of a greater proportion of Na within
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Table 4

Mole composition data of pyrolysis material.
Sample/mol C H (0] N S Cl Si Al Fe Ca Mg Na K P
NM coal 60.6 3.78 16.3 0.95 0.24 0.39 2.68 0.64 0.51 1.78 0.29 0.46 0.03 0.00
NM coal+ 3 %PH 60.6 3.78 16.3 0.95 0.24 0.39 3.77 0.87 0.54 2.48 0.45 0.47 0.06 0.65
NM coal+ 5 %PH 60.6 3.78 16.3 0.95 0.24 0.39 6.32 1.41 0.63 4.09 0.82 0.48 0.12 2.15
NM coal+ 10 %PH 60.6 3.78 16.3 0.95 0.24 0.39 8.14 1.79 0.69 5.25 1.08 0.49 0.16 3.23
HM coal 67.9 4.46 14.9 1.06 0.3 0.43 2.20 1.49 1.46 3.51 0.42 0.35 0.03 0.00
HM coal+ 3 %PH 67.9 4.46 14.9 1.06 0.3 0.43 3.29 1.73 1.49 4.21 0.58 0.36 0.05 0.65
HM coal+ 5 %PH 67.9 4.46 14.9 1.06 0.3 0.43 5.84 2.26 1.58 5.82 0.95 0.37 0.11 2.15
HM coal+ 10 %PH 67.9 4.46 14.9 1.06 0.3 0.43 7.66 2.65 1.64 6.98 1.21 0.38 0.16 3.23

(a) Gascous Na-containing compounds proportion of
NM coal pyrolysis in thermodynamic simulation
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Fig. 11. Simulation and experimental results of migration and release of Na and Cl during the pyrolysis of NM coal.

the solid phase.

The results calculated by Factsage software indicate that chloride
compounds are primarily present as NaCl (s) and KCl (s) at lower py-
rolysis temperatures. The addition of phosphorite results in an increase
in HCI production at higher pyrolysis temperatures. The resulting HCI
then reacts with oxygen-containing compounds such as CaO, Cag(PO4)o,
MgO, and Fe;O3 present in the coal and phosphorite. The resulting
products are stable, occurring in solid-phase and including CaCly,
MgCly, and FeCls. Therefore, the gas-phase content of chlorine is
diminished following the addition of phosphorite. The reduction in gas-
phase Na and Cl compounds is beneficial for mitigating deposition and
corrosion issues on heat-exposed boiler surfaces, thereby enhancing the
operational safety of the equipment.

6NaCl + 4Cas(PO4)sF + SiOs — 3CaCly + SiF4 + 2NasPOy4

+ 5Ca3(POy4)2 + 2Ca0 (R13)
3SiF, + 2A1,05 + 6NaCl — 2NagAlFg + 3Si0, + 2AICl3 (R14)
4NaCl + 6Ca0 + 13Si05 — 2NayCasSigO16 + SiCly (R15)

13
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H,SiO3 + CaO — CaSiOs + H0 (R17)
6NaCl + 18SiO; + 4Al,03 — 6NaAlSizOg + 2AICl3 (R18)
MgO + 3NaCl + 2CO5 + Hy0 — NazMg(C0O3)2Cl + 2HCI (R19)
HCI + CaO — CaCl; + HyO (R20)

As illustrated in Fig. 11, the observed trends in Na and Cl release
demonstrate a gradual decrease with increasing phosphorite addition.
At a temperature of 500 °C, pyrolysis of NM coal results in the release of
13.65 % Na and 60.43 % Cl into the gas phase. The addition of phos-
phorite has a significant impact on the amounts of Na and Cl released
during NM coal pyrolysis, with greater phosphate addition resulting in a
notable decrease in these quantities. The addition of 15 % phosphorite
relative to the mass of the coal results in the release of 7.60 % Na and
48.80 % Cl into the gas phase during the pyrolysis of NM coal.

The impact of phosphorite on the reduction of sodium and chloride
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release during pyrolysis is more pronounced at higher temperatures. At
900 °C, the addition of 15 % phosphorite relative to the mass of the coal
results in a reduction of the release of Na and Cl by 15.67 % and
16.05 %, respectively, in comparison to the pyrolysis of NM coal without
phosphorite. Referring to the previous research methods [39,78,79],
XRD analysis and data processing were carried out on the char produced
under different conditions. As evidenced by the XRD spectra of the char
produced from pyrolysis at 700 °C, the addition of phosphorite results in
a notable decrease in the intensity of the characteristic peak of SiOq,
while the intensities of the characteristic peaks of NayCasSigO16 and
NazMg(CO3)2Cl exhibit a slight increase. Furthermore, new character-
istic peaks of CaCl; and NaAlSi3Og appear in the characteristic peaks of
the char. This indicates that the NaCl and SiO» present in the coal react
with the Cas(PO4)sF introduced by the phosphorite to form NayCas.
SigO16. Additionally, some of the NaCl and SiO, react with the MgO and
AlyO3 carried by the phosphorite to produce NazMg(COs3)2Cl and
NaAlSi3Og. The reactions observed in these processes are depicted in
(R13-20).

These findings corroborate the conclusions derived from thermody-
namic calculations. The addition of phosphorite expedites reactions
between Na- and Cl-containing compounds in coal and calcium-based
compounds and alumina present in phosphorite, resulting in the for-
mation of compounds with elevated melting points that are less volatile
in the gas phase. This effectively reduces the content of Na and Cl in the
pyrolysis gas, alleviating issues such as fouling, slagging, and corrosion
on heat exchanger surfaces during pyrolysis.

Fig. 12 illustrates the release and migration of Na and Cl during the
pyrolysis of HM coal. As illustrated in Fig. 12, the trends observed in
simulations and experiments for HM coal are consistent with those
observed for NM coal. The addition of phosphorite reduces the release of
Na and CI during the pyrolysis of HM coal. The experimental results
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HM coal pyrolysis in thermodynamic simulation
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demonstrate that at 900 °C, the addition of 15 % phosphorite relative to
the coal mass results in a decrease in the release of Na and Cl by 11.17 %
and 17.66 %, respectively, in comparison to the pyrolysis of HM coal
without phosphorite.

As illustrated in Fig. 11 and Fig. 12, the experimental result indicates
a higher release of Na than that predicted by the calculations. This
discrepancy may be attributed to the simplification of chemical re-
actions in the simulation calculations, which may have overlooked
certain secondary reactions or intermediate products that occur in re-
ality. The coal may contain catalysts or promoters (such as certain metal
oxides) that facilitate the release of Na. Volatiles (including sodium
compounds) may undergo secondary reactions and rearrangements,
resulting in the production of more volatile sodium compounds. These
secondary reactions and rearrangements may not be accurately simu-
lated in the calculations. Additionally, temperature gradients and dis-
tributions within the reactor during actual experiments could result in
the formation of localized high-temperature zones. Fluctuations in
temperature and pressure may also contribute to the dynamic promotion
of sodium release. These factors collectively may result in a higher
measured Na release in experiments compared to the results of the
thermodynamic calculation.

3.6. The impact of co-pyrolysis on phosphorite reduction

The prepared phosphorite was placed into a fixed-bed reactor. The
reaction temperatures were set at 1150 °C, 1200 °C, and 1250 °C, with
5 min, 10 min, 15 min, 20 min, 30 min, 40 min, 60 min, and 80 min,
respectively. Fig. 13 illustrates the conversion ratios of phosphorite
directly participating in reduction reactions and phosphorite partici-
pating in reduction reactions during co-pyrolysis at different reaction
times. The experimental data for phosphorite conversion ratios obtained

(c) Content percentage of Na-containing compounds
during HM coal with 15% phosphorite pyrolysis

1 T‘he resz-lll of thermodynamic 1000 =
simulation by Factsage

[ NaCl(g) g L

[ (NaCy(e) Z 500 R
[_INa(g) £

] NaClcs) z 70 by
[CINaAISIONs) £ 600 100%

[ i &

Na,Ca,Si;04(s) ¢ 500 =
- Na,Ca;SigOy4(s)
_ e | [ NaAISi,0(s) 400 16%
80 100 0 20 40 60 80 100

Percentage of content (%)

(f) XRD pattern of char at 700 °C pyrolysis of HM coal

30k I 500 °C 100k
B 700 °C

~asl I 900 °C |
=7 = 80F
z o

20+ {
T —_
° S 60
Bt E
3 g 40
S0t 3
& 2

5 20

0 3 6 9 12

Mass ratio of phosphorite to coal (%)

15 0 3 6

Mass ratio of phosphorite to coal (%)

1-SiO2, 2-CaCO3, 3-CaSOg4, 4-

B 500 °C + 15% phosphorite
B 700 :C 120000 - | + 9% phosphorite
I 900 °C | —— + 0% phosphorite
: L 23
‘ 90000+ | Uor $s% 764 0 4
2 |
. 60000 | e
z — L e b Tea g 4
E 30000
]
. N ST S WY A T R
9 12 15 10 20 30 40 50 60 70 80
20/°

CaO, 5-A1203, 6-N32Ca3Si6016,

7-NaAISi308, 8-Na3Mg(C03)2C1, 9-CaCl

Fig. 12. Simulation and experimental results of migration and release of Na and Cl during the pyrolysis of HM coal.
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Fig. 13. Conversion ratio of phosphorite by carbothermal reaction: (a) Reduction of phosphorite, (b) Reduction of phosphorite co-pyrolyzed with coal.

from Fig. 13 were processed and fitted with curves.

As illustrated in Fig. 13, temperature has a pronounced effect on the
conversion ratio of phosphorite. When phosphorite is directly involved
in reduction reactions at 1150 °C, the conversion ratio of phosphorite
reacting with carbon for 80 min is only 26.99 %. In contrast, at 1250 °C,
the conversion ratio increases to 41.11 %. As the reaction time increases,
regardless of whether co-pyrolysis with coal occurs, the conversion ratio
of phosphorite continues to rise. During the initial stages of the reduc-
tion reaction, the temperature of the raw materials rises rapidly,
resulting in a significant increase in the rate of phase change within the
reaction system. This leads to the escape of a considerable amount of
gaseous products, accelerating the heat and mass transfer processes and
maximizing the driving force of the reaction, thereby achieving higher
reaction rates.

After 40 min, the curve of phosphorite conversion ratio versus time
gradually flattens, indicating a slowdown in the rate of increase due to
significant consumption of raw materials. Specifically, when phospho-
rite is directly involved in reduction reactions, the conversion ratios at
20 min and temperatures of 1150 °C, 1200 °C, and 1250 °C are 17.26 %,
19.63 %, and 24.96 %, respectively. Extending the reaction time to
40 minutes resulted in an increase of these conversion ratios by 4.92 %,
6.91 %, and 9.45 %, respectively. Further extending the reaction time to
60 min results in increases of 2.22 %, 4.03 %, and 3.82 %, respectively,
in comparison to the 40 min.

Fig. 13 (b) illustrates that the conversion ratio of phosphorite co-
pyrolyzed with coal for carbon thermal reduction reactions exhibits a
comparable trend concerning temperature and time is similar. In com-
parison to the direct reduction of phosphorite, the co-pyrolyzed phos-
phorite exhibits a higher conversion ratio under the same operating
conditions. At temperatures of 1150 °C, 1200 °C, and 1250 °C, and a
reaction time of 80 min, the conversion ratios of co-pyrolyzed phos-
phorite are 42.39 %, 50.43 %, and 59.41 %, respectively, representing
increases of 15.40 %, 16.94 %, and 18.30 % over directly reduced
phosphorite.

2Cas(PO4)sF + 15 C — 9CaO + CaF; + 15CO(g) + 3 P2(g) (R21)
2Cas(P0O4)sF + 9SiO, + 15 C = 9CaSiO3 + 3 Po1+ 15CO1 + CaFy(R22)
6NaCl + 2Cas(PO4)sF — 3CaCl, + CaFg + 2NagPO4 + 2Cas(PO4)2(R23)
6KCl + 2Cas(PO4)sF — 3CaCly + CaFy + 2KsPOy4 + 2Caz(PO4), (R24)
3MgO + 2Cas5(PO4)sF — Mg3(POy4)2 + CaFy + 2Cas(P0O4)2 + 3CaO(R25)
2Cas5(PO4)3F + AlyO3 = 2AIPO4 + CaFg + 2Ca3(PO4)2 + 3Ca0  (R26)

Ca3(PO4)2 + 5 C — 3Ca0 + Py(g) + 5 CO(g) (R27)
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2NazP0y4 + 5 C + 3Si02— 3NaySiO3 + Po(g) + 5 CO(g) (R28)
2K3P0O4 + 5C + 3S5i05— 3K,Si03 + Pa(g) + 5CO(g) (R29)
Mg3(POy4)2 + 5C + 3SiOy— 3MgSiO3 + Pa(g) + 5CO(g) (R30)
6AIPO,4 + 15 C + 3Si0s— 3A1,Si05 + 3 Po(g) + 15C0(g) (R31)

The reactions occurring during the carbon thermal reduction process
of phosphorite are primarily concerned with the reaction of calcium
fluorophosphate with carbon, resulting in the production of CO (g) and
P; (g). This is illustrated in (R21-27). Prior research has demonstrated
that the incorporation of alkali metal compounds containing Mg and Al
can effectively reduce the initial reaction temperature and enhance the
conversion ratio of the reduction reaction [80,81]. The addition of
compounds containing K and Na to phosphorite has been observed to
reduce the viscosity of the slag and lower the melting point of the re-
action, thereby facilitating the transfer of substances between reactants
and significantly enhancing the conversion ratio of phosphorite [82,83].
The NM coal and HM coal selected for this experiment contain sub-
stantial quantities of compounds with Mg, Al, K, Na, and other elements.
These compounds react with components in the phosphorite during
co-pyrolysis, not only forming various silicates that strengthen the
molten state reduction process. Additionally, residual compounds such
as Cas(POa)2, NasPOa, KsPOa, AIPO4, Mgs(POs)2, and others are produced.
According to Mckee et al. [84] and Shen et al. [85], in comparison to
Cas(PO4)sF, Ca3(POg4)2, NagPOg4, K3POy, Mg3(P04)2, and A1P04 exhibit
lower initial temperatures for reaction with carbon and are more readily
reduced by carbon, thereby achieving higher conversion ratios. The
reactions involved in these processes are illustrated in reactions
(R28-31).

A kinetic analysis of the phosphorite reduction reaction in this study
is presented in the supporting information. The results show that the
activation energy of direct reduction of phosphorite is 119.85 kJemol ?,
and the activation energy of co-pyrolysis phosphorite reduction is
91.885 kJemol 1. Compared with the reduction of untreated phospho-
rite, the activation energy of co-pyrolyzed phosphorite reduction is
reduced by 27.965 kJemol ?, indicating that co-pyrolyzed phosphorite
with coal can significantly reduce the activation energy of the reaction
system, increase the conversion ratio, and promote the reaction, thereby
improving the utilization rate of phosphorite and reducing costs.

3.7. Innovation and significance

Table 5 shows previous studies on the addition of calcium-containing
additives during coal pyrolysis. In previous studies, a large number of
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Table 5
Summary of studies on the addition of calcium-containing additives to coal
pyrolysis.

Year

Researchers

Additives

Addition
Method

Research Findings

1991

2000

2003

2004

2007

2011

2013

2013

2022

Khan and
Seshadri
[86]

Zhu et al.
[91

Tsubouchi
et al. [87]

Jia et al.
[88]

Zou et al.
[89]

Liu et al.
[90]

Liu et al.
[91]

Zhang et al.
[61]

Ban et al.
[92]

CaO0 and
Genstar

CaO

CaO

CaO

CaCl,

Ca(OH), and
CaCO3

Ca(OH),, Ca
(CH3CO00),,
and CaCO3

Ca(OH),

Ca(OH),

Mechanical
Mixing

Mechanical
Mixing

Mechanical
Mixing

Mechanical
Mixing

Impregnation

Mechanical
Mixing

Mechanical
Mixing

Impregnation

Impregnation

CaO induces a variety
of reactions during the
pyrolysis of low-rank
coal, including
cracking and
aromatization of
alkanes.

The relative content of
short-chain aliphatic
hydrocarbons in tar
increases, while the
relative content of
long-chain aliphatic
hydrocarbons
decreases.

CaO promotes the
formation of
disordered graphite in
char.

Calcium compounds
promote the
polycondensation
reaction of tar, reduce
the yield of tar, and
increase the calorific
value of pyrolysis gas.
During the pyrolysis
process, calcium will
repeatedly form and
break bonds with
oxygen-containing
functional groups in
coal, decomposing the
fatty components or
small molecular
aromatics in tar into
gas and converting
large molecular
aromatics into char.
During rapid pyrolysis,
calcium-based
compounds reduce the
yield of tar and
increase the yield of
char.

Regardless of the
calcium compound
and the method of
addition, the CH4 yield
from coal pyrolysis
increases.

During low-rank coal
gasification, a higher
Ca content is more
likely to cause catalyst
particle coarsening
and increase the char
yield.

Calcium improves the
thermal conversion
pathways of oxygen-
containing functional
groups in different
aromatic structures,
changes the
composition of
primary pyrolysis
products, and
promotes
condensation between
structures.
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Table 5 (continued)

Year Researchers Additives Addition Research Findings
Method
2023 Banetal. Industrial Mechanical Co-pyrolysis of
[26] waste carbide Mixing industrial waste
slag carbide slag and low-
rank coal can reduce
the content of benzene
and phenolic
compounds in tar and
obtain high-quality
tar.
2024 Wu et al. CaCl, Mechanical CaCl, can reduce the
[30] Mixing release of tiny particles

during the pyrolysis of
low-rank coal and
reduce the pollutant
content in the flue gas.

scholars paid attention to the impact of calcium-based additives on the
coal pyrolysis process. Represented by calcium-based compounds such
as CaO, Ca(OH),, CaCOs, and CaCl,, these additives are added to the
pyrolysis of low-rank coal in different ways. These studies show that
calcium-containing compounds can change the pyrolysis reaction path
of coal, effectively regulate the composition of pyrolysis products, and
optimize the pyrolysis process. Although calcium-containing com-
pounds have a significant impact on tar and pyrolysis gas, existing
research has rarely explored the inhibitory effect on the release of cor-
rosive elements such as Na and Cl. In addition, these additives form
residues after pyrolysis that still need to be disposed of, which can have
adverse effects on the environment and increase costs. This study used
phosphorite as an additive, which differs from studies of these calcium-
based compounds. Phosphorite can be directly recycled after pyrolysis
with coal and used in the process of thermal phosphoric acid, which
solves the post-processing problem of traditional additives. This not only
reduces the difficulty of processing industrial solid waste, but also im-
proves the recycling efficiency of resources. Moreover, in addition to
affecting the properties of tar and char, phosphorite can also signifi-
cantly reduce the release of Na and Cl in coal pyrolysis. The release of Na
and Cl is the main cause of equipment corrosion and scaling. Phospho-
rite can form stable compounds with these elements in coal to inhibit
their volatilization and reduce the risk of equipment corrosion. There-
fore, this study provides a more efficient and environmentally friendly
pyrolysis additive that can enhance the industrial application prospects
and utilization value of high-alkali low-rank coal.

Fig. 14 shows the mechanism of low-order and high-alkali coal co-
pyrolysis with phosphorite. Following processing, low-rank coal is
combined with phosphorite and subjected to pyrolysis in a fluidized bed
reactor. During the pyrolysis process, the calcium-containing com-
pounds in phosphorite react with functional groups such as carboxyl and
hydroxyl groups in coal, acting as cross-linking points that immobilize
some of the large molecular fragments. This process impedes the
cracking of char into smaller tar molecules, increasing the yield of char.
The calcium-containing compounds also catalyze the cracking of poly-
cyclic aromatic hydrocarbons in tar and facilitate the cleavage of phe-
nols and hydroxyl groups, resulting in lighter tar products during
pyrolysis. Moreover, these calcium-containing compounds promote the
detachment of methyl and other side chains from aromatic rings in coal,
leading to the generation of Hy and the dealkylation of aromatic com-
ponents to form CHy, significantly enhancing the gas yield. Compounds
containing sodium and chlorine released during pyrolysis of coal react
with the components in phosphorite. NaCl will react with SiO3, Al;Os3,
CaO and other substances to form relatively stable compounds such as
NaAlSi3Og and NayCasSigOj6 that remain in the solid phase. HCI will
react with Al,O3, CaO, MgO and other substances to generate com-
pounds such as NagMg(COs3)2Cl, AlCl3 and CaCly with higher melting
points. These reactions effectively reduce the release of corrosive
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6NaCl +2Cay(PO,),F — 3CaCl, + CaF, + 2Na,PO, + 2Cay(PO,),
6KCl +2Cay(PO,);F — 3CaCl, + CaF, + 2K;PO, + 2Ca;(PO4),
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Fig. 14. Mechanism diagram of low-order and high-alkali coal pyrolysis with phosphorite.

chlorides. This is crucial for industrial applications. In high-temperature
environments, especially in pyrolysis gas atmospheres, compounds
containing sodium and chlorine can cause serious corrosion to equip-
ment, shorten equipment life and increase maintenance costs[93,94].
The formation of substances such as NaAlSi3Og and NayCasSigO;6 cap-
tures these corrosive compounds and converts them into more stable
solid products, avoiding their release into the gas phase. This not only
reduces the frequency of shutdown maintenance, but also makes the
pyrolysis of high-alkali coal safer and more sustainable in industrial
applications, improving the utilization value of high-alkali and low-rank
coal. In addition, during co-pyrolysis, phosphorite reacts at high tem-
peratures with substances such as MgO, NaCl, and KClI in high-alkali
coal, producing NazPO4, K3PO4, and Mgs(PO4)2, which are more
readily reducible by carbon. The recovery and utilization of phosphorite
involved in pyrolysis process significantly improve the conversion effi-
ciency, thereby reducing production costs and enhancing the overall
efficiency of producing high-purity phosphorus chemicals.

4. Conclusion

This study investigated the synergistic effect of co-pyrolysis of
phosphorite and high-alkali and low-rank coal, enhancing the extraction
of high-value chemicals like tar while improving coal utilization. The
method supports clean and efficient coal use, aligns with China’s energy
conservation and emission reduction policies, and reduces the release of
corrosive substances during coal combustion, ensuring stable operation
of coal-fired power plants. It also utilizes China’s abundant high-alkali
coal, contributing to energy security and reducing reliance on imports.
Moreover, it promotes efficient phosphorite utilization, lowering costs
in phosphorus chemical production. Overall, this method advances
clean coal utilization and aligns with China’s sustainable development
goals. The main conclusions are summarized as follows.

(1) Effect on pyrolysis products: Phosphorite promotes the
breakage or substitution of the macromolecular structure in coal.
The experimental results show that after co-pyrolysis with
phosphorite, the char yield of NM coal at 700 °C increased by
3.14 %, the pyrolysis gas yield increased by 0.65 %, the pyrolysis
water yield increased by 0.51 %, and the tar yield decreased by

17

5.29 %. The changes in the products of co-pyrolysis of HM coal

and phosphorite are consistent with those of NM coal.
(2) Characterization of Pyrolysis Products: Phosphorite promotes
the conversion of long-chain tar into short-chain carbon mole-
cules and decomposes polycyclic aromatic hydrocarbons into
monocyclic aromatic hydrocarbons or other small molecules. At
800 °C, the co-pyrolysis of NM coal and Phosphorite can reduce
the PH proportion in tar from 29.16 % to 12.50 %, while the
contents of CH4 and H, increase by 10.1 mgeg™! and
23.0 mgeg ™. This improves the tar quality, significantly in-
creases the combustible gas content in the pyrolysis gas, and in-
creases the utilization value of the pyrolysis products.
Reduction of Corrosive Substances: Phosphorite will react with
NaCl and other components in the coal to produce high-melting-
point sodium calcium silicate, sodium aluminum silicate and
other substances. At 900 °C, after adding phosphorite, the release
of Na and Cl during the pyrolysis of NM coal decreased by
15.67 % and 16.05 % respectively. This can effectively inhibit the
release of corrosive substances and ensure the safe and stable
operation of the pyrolysis equipment.
Conversion ratio of phosphorite: After co-pyrolysis, the ther-
mal reduction conversion ratio of phosphorite is significantly
improved, and the activation energy of the reaction system is
reduced by 27.965 kJ/mol, indicating that co-pyrolysis not only
accelerates the reaction process, but also enhances the conversion
ratio of phosphorite.
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