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To improve the quality of low-rank coal pyrolysis products and mitigate equipment corrosion caused by sodium/
chlorine (Na/Cl) release, this study investigated the effects of phosphorite addition on the product characteristics
and reaction mechanism of the fluidized bed co-pyrolysis of Xinjiang Naomaohu coal (NM) and Hami coal (HM).
The experimental results showed that the addition of phosphorite increased the char yield and cold gas effi-
ciency. Air thermogravimetric experiments revealed that the addition of phosphorite improved the combustion
performance of the char. Raman, XRD, and BET analyses revealed that phosphorite altered the microstructure
and pore properties of the char. Phosphorite reacts with the Na/Cl in coal to form stable compounds, which
inhibited the volatilization of Na/Cl. Molecular dynamics simulations show that apatite exhibits stronger
adsorption capacity for Na* /Cl" than quartz sand and austenitic steel. Recycling phosphorite from pyrolysis and
using it in a carbothermal reduction process to produce yellow phosphorus effectively improves conversion ratio.
This integrated approach not only optimizes pyrolysis product quality and mitigates corrosion risks but also
provides an economically viable strategy for the synergistic utilization of low-rank coal and low-grade phos-

phorite in industrial applications.

Introduction

Due to the rapid globalization of the world economy, the global
demand for fossil fuels [1-3], particularly coal resources, remains sub-
stantial. To enhance the utilization value of coal resources, optimizing
their mining techniques and utilization patterns is of critical importance
[4-12]. Coal remains the most widely used energy source globally, ac-
counting for over one-third of the total electricity supply [13-16].
Low-rank coal refers to coal at an early coalification stage. It typically
has high moisture and ash contents, high volatile matter and a low
heating value. Given its extensive reserves and lower mining costs [17],
low-rank coal plays a crucial role in national energy security, necessi-
tating the advancement of clean utilization technologies [18-20].
However, rough use of coal resources leads to excessive carbon dioxide
(CO2) and particulate emissions [21-23], prompting worldwide efforts
to develop cleaner utilization strategies. Meanwhile, the Na/Cl released
by the huge reserves of high-Na and high-Cl coal during the thermal
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utilization process will cause contamination and corrosion of the heating
surface. Solving this problem is conducive to improving its utilization
value, which is also one of the key issues to be solved in this study.
Pyrolysis offers an effective approach to coal utilization, yielding tar,
char, and light gases as primary products [24]. Char, characterized by
low volatility, high fixed carbon content, high reactivity, high electrical
resistivity, and a well-developed pore structure [25], is widely applied in
metallurgy, chemical engineering, and adsorption processes. Mean-
while, pyrolysis gas, a directly usable fuel, holds high value for indus-
trial and civil energy supply. Research efforts have thus been directed
toward optimizing pyrolysis processes to enhance both product yield
and quality [26].

To improve the value of pyrolysis products and reduce process costs,
many studies have investigated process modifications and additive
incorporation. Wang et al. [27] reported that red mud facilitates
Fey03-catalyzed reactions, enhancing tar and gas quality. Pan and Ser-
ageldin [28] demonstrated that calcium chloride and calcium acetate
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lower the activation energy required for lignite pyrolysis, accelerating
reaction rates. Other studies have explored the role of calcium oxide
(Ca0), calcium hydroxide (Ca(OH),), calcium nitrate (Ca(NOs),), cal-
cium chloride (CaCly), calcium acetate (Ca(Ac)») and calcium carbonate
(CaCOg), showing that these compounds increase gas yields while
reducing tar formation [29-33]. Phosphorite, a critical resource for
agriculture, energy, and chemical industries [34,35], is primarily pro-
cessed via wet or thermal phosphoric acid production [36-39]. How-
ever, 93 % of phosphorite resources of China are medium-grade and
low-grade phosphorite, and high-grade phosphorite with P,Os ac-
counting for more than 30 % account for very little [40]. Making full use
of medium-grade and low-grade phosphorite resources is of great sig-
nificance. Compared with the calcium-containing additives used in
previous studies, phosphorite also has plenty of calcium-containing
compounds (such as CaO, Cas(PO4)3F) and other alkali metal oxides,
which can participate in pyrolysis to improve the quality of the products.

The synergistic pyrolysis process of low-rank coal and low-grade
phosphorite selected in this study is mainly based on the following
theoretical and practical basis. High-sodium low-rank coal has a high
Na/Cl content. The release of Na/Cl will cause severe corrosion,
resulting in a significant increase in operating costs. Although the ad-
ditives such as pure CaO and Ca(OH), used in existing studies can
partially fix Na/Cl, they are expensive and difficult to recover, which is
not conducive to industrial promotion. Due to the huge reserves of low-
grade phosphorite in China, its rich calcium-based compounds such as
CaO and Cas(PO4)sF can combine with Na/Cl through chemical re-
actions at 500-900 °C to form stable sodium phosphate and chloride
salts [41,42], which play a similar calcium-based catalytic and fixation
role in pyrolysis. Meanwhile, the participation of phosphorite in the
pyrolysis process is equivalent to pretreatment. The pretreated phos-
phorite has higher conversion ratio in the process of carbothermal
reduction to produce yellow phosphorus [43], which solves the problem
of post-treatment of additives. Fluidized bed pyrolysis has good gas-solid
heat transfer and mixing characteristics, and is suitable for large-scale
application [44,45]. Combining various characterization methods with
molecular dynamics simulation, the mechanism of the influence of
phosphorite on the properties and structure of char, pyrolysis gas
composition, and Na/Cl release can be analyzed at the microscopic level,
providing theoretical support for optimizing process parameters and
additive ratios. Therefore, this study hopes to explore a feasible path for
the coordinated utilization of coal- phosphorite resources in an
economical and environmentally friendly way.

Our previous research explored the effects of phosphorite on the
yield of pyrolysis products from a single type of coal, focusing on its
effects on the migration of different forms of Na/Cl in coal during py-
rolysis. To determine the universality of phosphorite effects, this study
used two different high-sodium, low-rank coals for testing and further
explored its effects on pyrolysis gas composition and the microscopic
properties and structure of char. Furthermore, this study used molecular
dynamics simulations to analyze the mechanism by which phosphorite is
more effective in fixing Na/Cl. Building on this previous research, this
study proposed a process flow for practical industrial production.

In order to alleviate the equipment corrosion problem caused by the
release of Na/Cl during the pyrolysis of high-sodium coal, this experi-
ment used a fluidized bed reactor to study the effect of phosphorite on
the pyrolysis products and Na/Cl release characteristics. The effects of
different temperatures and phosphorite dosages on the char yield and
pyrolysis gas components were explored. The char was characterized by
combining thermogravimetric, XRD, Raman and BET tests, and the ef-
fect of phosphorite on the physical and chemical properties of char was
discussed. The effect and mechanism of phosphorite on the release of
Na/Cl during pyrolysis were explored through experiments and molec-
ular dynamics simulations. The phosphorite involved in pyrolysis was
recovered and used for carbothermal reduction reaction to prepare
yellow phosphorus, and the effect of pyrolysis on the recycled phos-
phorite was explored.
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The main innovation of this study is that a new process technology
route is proposed, using lower-cost phosphorite to replace traditional
high-purity calcium-based additives, and for the first time systematically
exploring the role and resource potential of phosphorite in coal-
phosphorite synergistic pyrolysis. The microscopic effect and mecha-
nism of phosphorite on pyrolysis products are also explored. This
research can not only provide an economically feasible solution for the
industrial clean utilization of high-sodium low-rank coal, but also pro-
vide pre-treated raw materials for the production of downstream phos-
phorus products, forming an industrial linkage with phosphorus
chemical industry.

Experimental
Materials and equipment

This study used Naomaohu coal (NM) and Hami coal (HM) from
Xinjiang province, whose industrial, elemental, and calorific value
analysis results are presented in Table 1. The phosphorite used in this
experiment was sourced from Hubei province, with a P05 content of
22.31 %, classified as low to medium-grade. Using the Aeska mixture
melt-potassium thiocyanate titration method as specified in GB/T
3558-1996 [46], the total Cl content in NM and HM was found to be
3944 pg g~ ' and 4316 pg g~ *, respectively. Based on prior research [47],
1 g samples of NM and HM were digested at 260 °C for 60 min using the
WX-7000HP microwave digestion system (Purchasing area: China). The
digestion mixture consisted of 5 mL nitric acid (HNOs), 2.5 mL hydro-
chloric acid (HCl), 1 mL hydrofluoric acid (HF), and 0.3 mL hydrogen
Peroxide (H203) (Purchasing area: China). The Na content in the sam-
ples was measured by Agilent 5110 (OES) (Purchasing area: America) as
5127 pg g~ ! and 3408 pg g1, respectively. According to the criteria set
by MT/T 1074-2007 [48] and GB/T 20475.2-2006 [49], coal with Na
content above 0.5 % is considered high-sodium coal and between 0.3 %
and 0.5 % is medium-sodium, while Cl content above 0.3 % is consid-
ered high-chlorine coal. Based on the Na and Cl content, NM is classified
as high-sodium, high-chlorine coal and HM is classified as
medium-sodium, high-chlorine coal. The Na and ClI content in the char
was determined using the same method as for the coal samples.

The reactor used in this experiment is a small fluidized bed reactor
(Purchasing area: China), as shown in Fig. 1. The reactor is divided into a
preheating section (5500 mm in length) and a main reaction section
(30 mm diameter, 700 mm length). The reactor is constructed from
austenitic steel, which can operate stably at temperatures up to 1000 °C
for up to 8 h. The temperature distribution within the reactor is uniform,
with temperature differences between the dense phase, dilute phase, and
coal feed sections kept within 20 °C. Preliminary experiments found that
the fluidization effect is best when the particle size of the heat carrier
quartz sand is 0.25-0.35 mm and the particle size of the coal is
0.90-2.00 mm. Therefore, the carrier gas is argon (Ar), and 150 g of
quartz sand with a particle size of 0.25-0.35 mm is used as the bed
material (Purchasing area: China). The coal samples, sieved to a size of
0.90-2.50 mm, are introduced via a screw feeder, and 15 g of coal is
added each time for pyrolysis once the temperature has stabilized.
Phosphorite is mechanically mixed with coal before being introduced
into the reactor. Preliminary experiments have found that smaller
phosphorite particle size can increase the specific surface area and thus
adsorb more Na and Cl. In order to ensure that the phosphorite has good
adsorption capacity and can quickly separate from char and quartz sand,
the particle size of the phosphorite is selected to be 0.43-0.70 mm. After
the experiment, the char was first separated with a 0.7 mm sieve, and
then the phosphorite and quartz sand were separated with a 0.35 mm
sieve, so that the char and phosphorite can be characterized and fol-
lowed up with experiments. The tail of the experimental device is con-
nected to the filter element and the air collection bag in sequence to
capture the pyrolysis gases. Preliminary tests [50-52] showed that the
critical fluidizing air flow rate for the bed height of 14.39 cm was
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Table 1
Industrial, elemental, and calorific value analysis results of NM and HM.
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Sample Industrial analysis (wt%) Elemental analysis (wt%) Calorific value
Ugh
My Au Vaa FCag Cad Hag Nag Sad Oud g
NM 6.18 11.32 31.46 50.92 60.61 3.78 0.95 0.24 16.27 22436
HM 4.50 6.91 36.03 52.56 67.87 4.46 1.06 0.30 14.90 26763

M.q: Moisture, air dried basis; A,q4: Ash content, air dried basis; V,4: Volatile matter, air dried basis; FC,q: Fixed carbon, air dried basis; C,4: Carbon content, air dried
basis; Haq: Hydrogen content, air dried basis; N,4: Nitrogen content, air dried basis; S,q: Sulfur content, air dried basis; O,q: Oxygen content, air dried basis.

Gas system

Pressure gage

Reaction system

Thermocouple

Collection and analysis device

________ I o —— — — — — — — — — — ]
Cyclone | : | Gas chromatography | |
separator I | | Gas bag : HA

|| | A4 | = = :l |

1 i ! — i
= S 1 S N (— Rl

I I | - L .y

S 0 LFilter Elements I
'g | Pyrolysis gas analysis :
Pyrolysis char analysis I

I

I

I

I

I

I

I

I

I

I
1] I
o/ L] _ I
| f ==
[ | o | |
! 1] Icp | m I BET]|
Preheating  Insulation L || ] [t 1|
section bricks Char collection : : ____________ -
_________________________________ -
Fig. 1. A small fluidized bed reactor for coal-phosphorite co-pyrolysis.
3.0 L min~. Therefore, the carrier gas flow rate in this experiment was oM
set to 4.2 L min~!, which was 1.5-2 times the critical fluidizing air flow g = % (€))
rate. 500 °C, 600 °C, 700 °C, 800 °C, and 900 °C were selected as py- Mer-Meoal
r91y51s temperatures, and multiple preliminary expe.rlments were car-  MapuXen — Magnasn ,
ried out. The flue gas components were measured using a synchronous N=————"—"—x100% )

online flue gas analyzer. The results showed that when pyrolyzed at
various temperatures, the longest reaction time for the pyrolysis gas
components to no longer change in all working conditions was 6 min.
Meanwhile, the mass of char changed very little after the pyrolysis time
exceeded 6 min. This result shows that the pyrolysis reaction is basically
completed when the pyrolysis time is 6 min. Therefore, considering the
time cost and experimental accuracy, the pyrolysis time was selected as
6 min in this experiment.

The pyrolysis gas was collected and analyzed using an Agilent 8890
gas chromatograph (Purchasing area: America). Argon is inert in our
pyrolysis conditions. Therefore, all Argon in the product gas originates
from the carrier gas. Gas volume was determined using the Ar tracer
method, and the gas mass Mg,s was calculated using Formula (1). After
the reaction, the bottom valve of the reactor was opened to discharge the
material, which was then screened to separate the quartz sand, char, and
phosphorite. The mass of the char was recorded as Mchar (g), and the
char yield nchar (%) was calculated using Formula (2).

MAr VAr't'c'Mr
Mg = ~25(1 = Ny) = 22 (1 — Ny 1
gas NAr ( Ar) Vm'NAr ( A) ( )
M r
Nchar = M(;hal x 100% (2)
oal
m ’Mchar
= 3
Iy nNa'Mcoal

MpuXxpn

In the formula, Va, denotes the volume of Ar (L), N, represents the
mass fraction of Ar, t is the pyrolysis time (min) , c is the flow rate of the
inlet gas (L min_l), Vm is the standard molar volume (22.4 L. mol_l),
and Mr is the relative atomic mass of Ar (40 g mol™1). The concentra-
tions of CO, CO3, CH4, and H; in the pyrolysis gas can be calculated by
multiplying the gas mass by the respective component mass fractions,
which are measured using a gas chromatograph. The Na/Cl release ra-
tios during pyrolysis can be determined using Formula (3) and Formula
(4), respectively. In the formula, ny, (ug g~ 1) indicates the relative so-
dium content in the coal, ng (ug g~ 1) represents the chlorine content in
the coal, n; (pg g’l) refers to the sodium content in the char, and ny (ug
g~ 1) corresponds to the chlorine content in the char. The phosphorite,
after screening, is collected and ground to a particle size of less than
0.15 mm. It is then mixed with coal powder and placed in a fixed bed
made from alumina for reduction. Following previous studies [53,54] on
the thermal reduction of phosphorite, about 15 g of phosphorite is
weighed for each sample, with the mass recorded as Mpy (g). Using the
P,0s5 content of the phosphorite as a benchmark, coal powder is added
with a carbon excess factor of 1.6, and high-purity SiO, is added with a
silicon-calcium molar ratio of 2.0. Before the experiment begins, the
weighed phosphorite, coal, and silica need to be mechanically stirred
until they are completely mixed. Before heating a fixed bed, nitrogen gas
with a flow rate of 100 L h™! is introduced for purging. In this experi-
ment, a fixed bed heating rate was set at 10 °C min~'. After reaching the
set temperature, the nitrogen flow rate was adjusted to 500 L h™! and
the mixed sample was added. After the reaction, the slag is removed,
weighed, and recorded as Mag, (g). The P2Os content of the slag is
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measured according to GB/T 1871.1-1995 [55] and recorded as aagh,
while the P,05 content of the phosphorite is noted as apy. The conver-
sion ratio of the phosphorite, (%), can be calculated using Formula

(5).
Methods

Combustion characteristics of char are typically represented by the
ignition temperature (6;) and burnout temperature () [56]. The ther-
mogravimetric experiments of char were conducted using the Mettler
TGA/DSC 3 + automatic sampling synchronous thermal analysis system
(Purchasing area: Switzerland) to obtain TG/DTG curves. The ignition
temperature is defined as the temperature at which the reaction rate
reaches 1 % min ™! at the start of the combustion process, while the
burnout temperature is the temperature at which the reaction rate rea-
ches 1 % min ™! at the end of combustion. A lower ignition temperature
indicates better ignition performance, and a lower burnout temperature
signifies better burnout performance [57]. The combustion character-
istics of char were further analyzed using the combustibility index (C),
stability index (G), and comprehensive combustion characteristics index
(S), calculated using Formula (6) - (8). In these formulas, (dm/dt)max is
the maximum reaction rate (% min’l), Omax is the temperature corre-
sponding to the maximum reaction rate, and (dm/dt)meam is the average
combustion rate (% min_l). A higher combustibility index (C) indicates
better flammability [58], while a higher stability index (G) indicates
more stable combustion behavior [59]. The comprehensive combustion
characteristics index (S) reflects both ignition and burnout performance,
with higher values indicating better combustion characteristics [60].

G = /0 ©

L o

S = (dm/dt)m;‘xz’ (gm/dt)mean (8)
i *1ib

To explore the influence of different pyrolysis conditions on the
microstructure of char, various characterization techniques including
XRD, Raman, and BET tests were applied. XRD analysis was performed
using the Rigaku SmartLab SE X-ray diffractometer (Purchasing area:
Japan), employing a copper target X-ray tube with a voltage of 40 kV, Ka
radiation A = 0.15406 nm, scanning speed of 2 ° min~?, and a scan range
from 10° to 80°. Since char is a solid product formed after coal is py-
rolyzed at medium or low temperatures, its structure is mainly amor-
phous carbon and has a complex composition. JCPDS cards are mainly
for single, well-crystallized phases. The disorder of char leads to the lack
of a clear crystal structure, so char does not have a dedicated JCPDS
number. In order to study the characteristics of char, this study calcu-
lated the microcrystal parameters and compared the structural
morphology of char under different working conditions, so as to analyze
the effects of temperature and phosphorite on char. Jade software was
used to perform peak fitting on the XRD data to obtain the peak positions
and half-height widths of the 002-peak and the 100-peak. According to
the Scherrer formula and Bragg formula [61,62], the obtained charac-
teristic parameters are substituted into Formula (9) - (11) to calculate
the characteristic parameters of the microcrystalline structure of the
char. In these formulas, dgoz is the distance between the aromatic
monolayers in the char, 4 is the wavelength of the incident X-ray
(0.15406 nm), while 62 and 61¢g are the grazing angles. The 002 peak
represents the degree of orientation of the aromatic layers in the crys-
tallite in space. The higher and narrower the peak, the better the
orientation of the layers [63]. The 100 peak can reflect the degree of
condensation of the aromatic ring (the size of the aromatic lamellae).
The higher and narrower the 100 peak is, the larger the lamellae
diameter is (the higher the degree of condensation of the aromatic
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nucleus) [64]. L, is the size of the crystallite parallel to the aromatic
lamellae, L. is the stacking height of the crystallites perpendicular to the
aromatic lamellae, K; and K, are the form factors (K;=0.89, K»=1.84),
while fgo2 and f19p are the half-height widths of the diffraction peaks.

A

doo2 = (2 5in Ooga) (C)]
K-
Le=—7——— 10)
(Booz" €08 Ooo2)
L— Kt an

(100" €08 O100)

Raman spectroscopy is highly sensitive to structural ordering in
carbonaceous materials and is therefore widely used to characterize
coal/char microstructure [65,66]. In this experiment, a Raman spec-
trometer model Horiba LabRAM HR Evolution (Purchasing area: Japan)
was used to analyze the pyrolysis char. The spectral resolution was
1 cm™! and the test wavelength was 514 nm. The Raman spectrum in
the wavenumber range of 800-1800 cm ™ * was fitted into 10 Gaussian
peaks using PeakFit software [67]. According to previous studies [68,
69], G; peak, Vi, peak, and V, peak are the peaks in the Raman spectrum
that reflect specific ordered structures or characteristic vibrations. The S
peak can reflect the structural system of aliphatic groups, the G peak can
reflect the degree of graphitization of sp? carbon, and the D peak is
mainly related to defects or disordered structures. Based on the obtained
data, the values of Ig; vi.vr/Ip, I/Ip, Ig/Ttotal, and Is/Ig can be calcu-
lated to understand the effects of different pyrolysis conditions on the
microstructure of char.

BET tests were conducted using a Micromeritics ASAP 2460 (Pur-
chasing area: America) to determine the specific surface area and
porosity of char under various pyrolysis conditions. These tests provided
insights into how different pyrolysis conditions influence the pore
development of char. In each experiment, the sample was first degassed
at 300 °C for 7 h under vacuum conditions to remove adsorbed moisture
and impurities on the sample surface. Isothermal Ny adsorp-
tion—desorption measurements were performed at 77 K. These tests
provided insights into how different pyrolysis conditions influence the
pore development of char.

Molecular dynamics simulation

In this study, Materials Studio software was utilized to simulate and
calculate the interaction of Na'/Cl" with various materials through
molecular dynamics simulations using the spin-unrestricted DFT method
implemented in the DMol® code [70]. The electronic exchange and
correlation effects were modeled with the Perdew-Burke-Ernzerhof
(PBE) generalized gradient approximation (GGA), and a double nu-
merical plus polarization (DNP) basis set was used [71]. The conver-
gence tolerances for energy changes, maximum forces, and maximum
displacements were set to 2.0 x 10~° Ha, 0.004 Ha A~', and 0.005 A,
respectively. A 3 x 3 x 1 Monkhorst-Pack grid was used for Brillouin
zone integration [72], and a 15 A vacuum layer was added between
periodically repeated slabs to avoid slab-slab interactions. The main aim
of this study was to investigate how phosphorite helps mitigate the ef-
fects of Na/Cl on equipment corrosion during coal pyrolysis. Therefore,
molecular dynamics simulations were performed using phosphorite,
quartz sand, and austenitic steel, a common material in boilers. Quartz
sand (0 0 1) and Cas(PO4)sF (0 0 1) crystal planes have more moderate
and better surface energy and reactivity, which are the most common in
the simulations [73-76]. The main components of 316 stainless steel
material, a common material for boilers, were used to atomically dope
the austenitic steel in the simulation. Considering that the heat exchange
surfaces of boilers come into contact with oxygen during industrial
operation, the metal on the surface of austenitic steel reacts with oxygen
at high temperatures to form an oxide film. Therefore, this research
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selected an atomic doping ratio of 55 % Fe, 10 % Cr, 4 % Ni, and 31 % O.
Compared with the complex alloy model, the molecular dynamics
simulation of a single crystal plane can more clearly analyze the inter-
action mechanism between Na/Cl and the metal surface, and studies
[77,78] have confirmed the effectiveness of this method. The surface
energy of FCC metals decreases with the increase of the crystal plane
index. The surface energy of the (1 1 0) crystal plane is between the
high-index plane, such as (2 1 1), and the low-index plane, such as (1 1
1) [79], which can better reflect the average surface properties of
austenitic steel. Therefore, this study selected the austenitic steel (1 1 0)
crystal plane for simulation. Therefore, these three surfaces were
selected as adsorption matrices for simulation. Adsorption energy (Eads)
of ions on the surfaces of these materials was calculated according to
Formula (12), where E*jns represents the total energy of the ions and
the material, E* represents the energy of the individual material, and
Ejons represents the energy of the individual ion.

Eads=E*ions—E*—Ejons 12)
_1d[r* ()]
D= as)

The Forcite module was used for molecular dynamics simulation. Na/
Cl were introduced into the system using the NVT ensemble, with
temperatures set at 773.15K, 873.15K, 973.15K, 1073.15K, and
1173.15 K. The diffusion coefficients of Nat/Cl" in the various systems
were calculated using the Mean Square Displacement (MSD) method, as
shown in Formula (13), where r%(¢) is the average square displacement
of the particle in time t. By determining the adsorption energy of Na/Cl
at different sites on the substrate surfaces, the most stable adsorption
configurations and the underlying interaction mechanisms were iden-
tified. The diffusion coefficients of Na*/Cl” provided further insight into
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how these ions interact with various materials. These results can provide
strong mechanistic support for the research on alleviating Na/Cl depo-
sition and corrosion during the thermal utilization of high-sodium and
high-chlorine coal.

Results and discussion
Yield of solid and gas pyrolysis products

The char yield and calorific value under different pyrolysis temper-
atures in the fluidized bed are shown in Fig. 2. To compare the effects of
temperature and phosphorite addition on char yield and calorific value,
and to minimize experimental costs, this research compared char pro-
duced with and without the addition of phosphorite at 15 % of the coal
mass. The yields of char produced by pyrolysis of NM and HM at
different temperatures and different amounts of phosphorite added are
summarized in the Supplementary Material. As in fixed-bed pyrolysis
[80,81], with an increase in pyrolysis temperature, the degree of py-
rolysis deepens, and the yield of char from both types of coal gradually
decreases. From 500 °C to 900 °C, NM char yield decreased from
66.33 % to 51.02 %, while that of HM char yield decreases from
67.84 % to 51.38 %. When phosphorite is added to the coal, the char
yield increases at the same pyrolysis temperature compared to pyrolysis
without additive in a fluidized bed. When 15 % phosphorite (relative to
the coal mass) is added, the char yield of NM increases by 3-10 %,
reaching 65.05 % at 700 °C, up from 55.43 %. The effect of phosphorite
on HM pyrolysis is smaller, with the char yield increasing by around
3 %. During pyrolysis, Ca can act as a cross-linking agent for the
macromolecular structure of coal, fixing some of the macromolecular
fragments and increasing the char yield [82,83]. As shown in Fig. 2, the
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Fig. 2. Yield and heat value of char at different pyrolysis temperatures: (a) NM + 0 % PH, (b) NM + 15 % PH, (c) HM + 0 % PH, (d) HM + 15 % PH.
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most significant effect of phosphorite on the char yield is observed be-
tween 600 °C and 700 °C, which may be due to the high amount of tar
produced in this temperature range. The components of phosphorite,
such as CaO and CaCOs, can inhibit the decomposition of macromo-
lecular groups into tar while promoting condensation reactions,
reducing tar production and increasing the char yield.

As the temperature increases, calorific value of chars from both NM
and HM initially increases and then decreases. Regardless of whether
phosphorite is involved in the pyrolysis, both char reaches peak calorific
values at 800 °C. Without phosphorite, the calorific values of char at 800
°C are 28299 J kg~! and 28484 J kg™, respectively. At lower temper-
atures moisture and volatiles are released while fixed carbon and ash
largely remain [84]. Since fixed carbon content strongly correlates with
calorific value [85,86], a higher fixed carbon content leads to a higher
calorific value. The calorific value of char is also influenced by other
factors such as its carbon, hydrogen, oxygen, ash, and moisture content
[87]. From Fig. 3, it is observed that below 800 °C, the release of Hy
remains low and stable. However, above 800 °C, a significant amount of
hydrocarbons undergo cyclization and aromatization, and organic
matter undergoes rapid condensation, leading to large releases of py-
rolysis gas and an increase in Hy release. This increase in Hy reduces the
combustible content of the char and decreases its calorific value. The
increase in pyrolysis temperature also leads to higher ash content, which
causes some carbon-containing small molecules to remain in the ash
[88], further reducing combustion efficiency. As a result, at 900 °C, the
calorific values of char from NM and HM decrease to 27936 J kg~ ! and
27750 J kg™!, respectively. However, after adding phosphorite, the
calorific value of the char increases. Calcium-based minerals in phos-
phorite react with functional groups like carboxyl and hydroxyl to
promote condensation reactions, reducing tar and volatile releases and
increasing fixed carbon content, thus improving the calorific value. The
increase in calorific value is especially prominent in the 500-700 °C
temperature range. At 700 °C, the calorific values of char from NM and
HM increase by 625 J kg~! and 1074 J kg~?, respectively, after adding
15 % phosphorite (relative to the coal mass).

To compare the quality of pyrolysis gas, we sampled the gas under
each operating condition and measured its gas composition. Based on
the measurement results, we calculated the cold gas efficiency of the
pyrolysis gas under different operating conditions for comparison. As
seen in Fig. 3, the generation of pyrolysis gas from NM and HM increases
with temperature, regardless of phosphorite addition. At 500 °C, the CO2
content in NM and HM pyrolysis gases is relatively high, making up
69.42 % and 72.96 % of the total gas, with yields of 518.0 mg g~ and
912.5 mg g, respectively. As the pyrolysis temperature increases, the
proportion of CO2 decreases as the yields of other gases increase. By 900
°C, the CO4 content in NM and HM pyrolysis gas drops to 38.32 % and
37.57 %, respectively. The temperature has a greater impact on CO,
generation in NM compared to HM. CO; is primarily generated by the
decomposition of carboxyl groups in coal, which starts around 200 °C
and is mostly completed between 500 °C and 600 °C [89]. Therefore,
CO4 production does not change significantly with temperature. The
production of CO and CH,4 is more sensitive to temperature. CO is related
to the decomposition of phenolic, ether, and carbonyl groups, which
break down at approximately 400 °C, 500 °C, and above 700 °C,
respectively [90]. CH4 is primarily produced by the breakdown of alkyl
side chains and fatty functional groups in coal, as well as from secondary
reactions of char condensation and tar decomposition [91]. As the
temperature rises, the production of CO and CH4 from NM and HM
pyrolysis increases rapidly. From 500 °C to 900 °C, the CO and CHy4
yields in HM increase by 646.0 mg g~! and 315.3 mg g7, respectively,
while in NM, the yields increase by 759.8 mg ¢! and 352.8 mg g !. Hy
release is mainly associated with condensation, cyclization and aroma-
tization reactions of coal functional groups. Below 800 °C, Hy produc-
tion is minimal in both coals, staying below 100.0 mg g~!. However, at
900 °C, Hy content and yield increase for both NM and HM. In NM, Hy
content increases from 5.42 % at 800 °C to 6.26 %, with a yield increase
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from 109.9 mg g’1 to 134.3 mg g’l. As for HM, H; content increases
from 3.74 % to 6.01 %, with a yield increase from 79.8 mgg~! to
153.5mg g .

As shown in Fig. 3, the total volume of pyrolysis gas increases slightly
with the increasing addition of phosphorite when co-pyrolyzing with
coal. At 700 °C, the total pyrolysis gas yield from NM increases from
1959.0mgg™! to 2184.4mgg~!, and from 15741mgg ! to
1705.4 mg g~ for HM. Compared to pyrolysis without additive, adding
9 % phosphorite (relative to the coal mass) leads to a more noticeable
change in gas component distribution. However, after adding 15 %
phosphorite, the gas composition remains nearly unchanged. In the
500-700 °C temperature range, the effect of phosphorite addition on gas
generation is more pronounced, while the influence diminishes signifi-
cantly when the temperature exceeds 700 °C.

R-OH + CaCO3 + R’-OH — R-O-Ca-O- R’ + CO3 + H2O (R1)
R-COOH + CaCOs3 + R’-COOH — R-CO0-Ca-COO- R’ + CO3 + Hy0(R2)

The addition of phosphorite influences CO, generation in NM and
HM pyrolysis, though the effect decreases at higher temperatures.
Calcium-containing compounds, such as CaO in phosphorite, catalyze
the cracking of tar during pyrolysis [92,93]. In the 500-600 °C range,
where tar formation is more significant, these compounds facilitate CO,
production by cracking tar. Thus, at these temperatures, CO5 generation
increases with higher phosphorite content. Additionally, the generation
of Hy and CH4 rises with increased phosphorite addition. CaO promotes
the dehydrogenation of fatty structures [94] and aids the pyrolysis of
aromatic compounds [95], thus generating more Hj. Previous research
[96] indicates that calcium compounds can lower the CH4 generation
temperature, promoting its release. On the other hand, CO generation
decreases with increasing phosphorite content. This is due to the inter-
action between Ca in phosphorite and oxygenated functional groups like
phenolic, hydroxyl, and carboxyl groups, forming larger macromole-
cules that release CO, and HO (as shown in R1 and R2). This consumes
some functional groups initially intended for CO generation. Addition-
ally, with higher Hy and CH,4 release, these gases react with oxygen at
higher temperatures, reducing the oxygen content in the gas phase and
further inhibiting CO formation. Therefore, phosphorite addition re-
duces CO production.

For easier comparison, this study summarized the refrigerant gas
efficiency under different working conditions in the Supplementary
Materials. As shown in Fig. 3, the pyrolysis temperature rises, the energy
input increases, driving the release of volatiles and the rearrangement of
the carbon structure. From 500 °C to 900 °C, the cold gas efficiency for
NM and HM increases by 23.04 % and 29.72 %, respectively. Phos-
phorite addition enhances the pyrolysis of carbon and volatiles,
increasing the rate of small gas molecules. At 700 °C, adding 15 %
phosphorite increases cold gas efficiency by 2.62 % for NM and 0.77 %
for HM.

Combustion performance of char

In this study, char was produced by pyrolyzing two types of coal at
varying temperatures and phosphorite concentrations. In order to
explore the combustion characteristics, combustion thermogravimetric
analysis of char was carried out. The heating program was set to increase
the temperature from 30 °C to 1000 °C at a rate of 10 °C min !, while
using standard air (50 mL min~!) to purge the system. The resulting TG-
DTG combustion curves of the char are displayed in Fig. 4.

Previous studies [97] have shown that the temperature at which the
mass loss rate reaches 50 % during the air-thermogravimetric experi-
ment is referred to as the ignition temperature, Tos (°C). Using the
TG-DTG curves and Formula (14), the reactivity (R) of char was
calculated. A higher R value reflects better combustion performance. As
shown in Fig. 4, R of the char from NM and HM under various conditions
was evaluated. Without phosphorite, R of NM-Char at 500 °C is 0.5736,
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which decreases to 0.4858 at 900 °C. For HM-Char, R decreased from
0.5787 to 0.4882 under the same conditions. This suggests that char
reactivity (R) decreases with increasing pyrolysis temperature, likely
because more labile species volatilize, reducing reactive surface sites on
the char. Therefore, oxygen adsorption and diffusion on the char surface
become more difficult, impeding oxidation reactions.

1000 — Tos
R="600
The addition of phosphorite during coal pyrolysis can slightly

improve R of char. At a pyrolysis temperature of 700 °C, R of NM-Char
and HM-Char increased by 0.0071 and 0.0026, respectively. This

14

improvement is attributed to the catalytic effect of metal oxides in
phosphorite, which promotes specific reactions in the carbon structure
of coal, creating additional active sites. The mineral content in phos-
phorite may also influence the rearrangement of the carbon structure
during pyrolysis, making the structure of the char more favorable for
interaction with oxygen. However, the overall increase of R due to
phosphorite is limited. The effect of phosphorite on R of char varies with
different coal types, likely due to variations in coal properties and
composition.

By combining the TG-DTG combustion curves of char and the
methods described earlier, the combustion characteristic parameters
were determined and calculated, as summarized in Table 2, where T
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Table 2
Combustion characteristics of char at different pyrolysis temperatures.
Sample T P T; Ty Tinax (dm/d)max (dm/dDmean c G S
o) (%) o) o) o) % min " % min ! 1079 (107%) 10°®
NM 500 0 332 525 405 —5.663 —0.891 5.137 4.211 8.720
500 15 331 526 415 —5.701 —0.914 5.204 4.151 9.041
600 0 346 547 432 —5.183 —0.911 4.330 3.468 7.207
600 15 342 535 440 —5.134 —0.884 4.389 3.411 7.253
700 0 371 549 468 —6.116 —0.907 4.443 3.522 7.339
700 15 366 537 468 —6.269 —0.892 4.680 3.660 7.770
800 0 381 559 492 —6.137 —0.895 4.228 3.274 6.765
800 15 381 559 492 —6.420 —0.903 4.422 3.425 7.144
900 0 408 591 533 —6.079 —0.895 3.652 2.795 5.531
900 15 415 588 542 —6.473 —0.896 3.758 2.878 5.724
HM 500 0 326 513 403 —5.803 —0.922 5.461 4.417 9.816
500 15 322 515 405 —6.295 —0.929 6.072 4.827 10.951
600 0 335 525 456 —5.602 —-0.911 4.991 3.667 8.664
600 15 334 517 440 —5.895 —0.852 5.285 4.011 8.711
700 0 367 537 473 —6.330 —0.897 4.700 3.647 7.851
700 15 367 532 473 —6.463 —0.875 4.799 3.723 7.889
800 0 372 547 495 —6.615 —0.916 4.780 3.592 8.009
800 15 371 545 488 —6.555 -0.913 4.762 3.620 7.978
900 0 406 598 536 —5.671 —0.886 3.440 2.606 5.099
900 15 402 589 533 —5.806 —0.885 3.593 2.710 5.398

represents the pyrolysis temperature and P indicates the mass ratio of
phosphorite relative to the coal. With increasing temperature, the re-
action initiation temperature of both NM-Char and HM-Char rises
significantly. For NM-Char, pyrolyzed at 900 °C, the reaction initiation
temperature is 76 °C higher than that at 500 °C, while the maximum
weight loss rate increases from —5.663 % min ! to —6.079 % min ..
HM-Char exhibits a similar trend. Both the C and G values of NM-Char
and HM-Char decrease as the temperature rises, which suggests that
higher temperature makes char combustion less sustainable and de-
grades its overall combustion performance. This phenomenon is likely
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due to the increased release of volatile matter during high-temperature
pyrolysis, which results in a more stable and compact char structure.
Consequently, higher temperatures are required for ignition and com-
plete combustion, leading to reduced reactivity.

In Table 2, it is evident that the reaction start and end temperatures
of char do not change significantly upon adding 15 % phosphorite.
However, the maximum combustion rates of both chars increase
considerably. Calculated C and S indices increased when phosphorite
was added, indicating improved combustibility and comprehensive
combustion performance. At 500 °C, the C values of NM-Char and HM-
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Fig. 5. Raman curve peak fitting example and characteristic parameters of char from NM and HM pyrolysis with different phosphorite addition: Example of the fitted
curve for Raman test of char (a) and Raman characteristic parameters of char obtained by pyrolysis at 500 °C (b), 700 °C (c), 900 °C (d).
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Char rise by 0.067 and 0.611, respectively, while the S values increase
by 0.321 and 1.135, respectively. This suggests that phosphorite affects
the coal pyrolysis process. Phosphates and metal oxides in phosphorite
can alter the char structure and may remain in the final product. These
compounds serve as catalysts, accelerating the combustion reaction by
lowering activation energy and increasing the oxidation rate [98]. Thus,
char produced in the presence of phosphorite shows improved com-
bustion sustainability and performance.

Microstructure of char

Fig. 5 shows the Raman characteristic parameters of char from NM
and HM pyrolysis at different temperature. From Fig. 5, it can be
observed that as the temperature increases, the Iigr+yr+vr)/Ip value of
the char increases. This is because higher temperatures promote a
deeper pyrolysis reaction, leading to the decomposition of more side
chains, low molecular compounds, and oxygen-containing functional
groups, which in turn generates more volatiles [99]. Consequently, the
defective structures in the char decrease, and the degree of order in the
char increases. Similarly, the Ig/Ip ratio also rises with increasing tem-
perature. This increase is attributed to the transformation of defect
carbon and amorphous carbon structures into ordered sp? hybridized
structures [100]. This results in a more ordered char structure and ac-
celerates graphitization. Electron-rich structures, like
oxygen-containing functional groups, generally exhibit higher Raman
scattering ability, and the total peak area in the Raman spectrum is
directly correlated with the quantity of these groups [101,102]. As
observed in previous studies [103], higher temperatures reduce the
number of oxygen-containing functional groups, thus promoting the
formation of volatiles. As a result, the value of Ig/Itota slightly increases
with rising temperature. This supports the explanation of the reduced R
of char with increasing temperature. Additionally, the Is/Ig ratio de-
creases as the temperature increases, indicating that high temperatures
accelerate the cracking or aromatization of aliphatic structures. This
reduces the aliphatic structure in the char and leads to a decrease in the
intensity of the S peak. The cracking and aromatization processes
facilitate the reaction of C, H, and O, resulting in the generation of more
H; and CO;. CO2 then reacts with the carbon in the char at high tem-
peratures, producing CO. This explains the increased generation of Hy
and CO in the pyrolysis gas with rising temperature.

From Fig. 5, it is evident that the impact of phosphorite on the Raman
characteristic parameters of char from NM and HM pyrolysis at various
temperatures is similar. Specifically, the values of Igy vy +ve/Ip, I6/Ip,
and Ig/Itota) decrease when phosphorite is included in the pyrolysis
process. Unstable bridge bonds in the coal structure break, resulting in
the formation of free radicals. Hydrogen present in the system stabilizes
these free radicals, as demonstrated in previous research [104]. With
phosphorite present, Hy production increased, implying that Ca-bearing
phases catalyze dehydrogenation and related reactions. This process
destabilizes the initially stable free radicals, reducing the ordering in the
char structure and increasing defect formation as more unstable bridge
bonds break. Consequently, the values of Igriyiivr/Ip and Ig/Ip
decrease. As the degree of graphitization is closely related to the
development of active sites and pores, the more developed the pores, the
lower the graphitization degree [105]. The addition of phosphorite leads
to an increase in CO4 generation, which attaches to the char surface,
promoting crosslinking reactions. These reactions expand micropores
and mesopores, while also creating additional active sites on the surface
of the char, making it more reactive. This explains the reduction in
graphitization and the decrease in the Ig/Iioa values observed with the
addition of phosphorite. Moreover, phosphorite catalyzes the cracking
of aromatic structures in the char [106,107], which produces smaller
aromatic rings and long-chain aliphatic structures. Long chain aliphatic
structures will produce steric groups [108,109] that prevent the
condensation of larger aromatic structures, further increasing the Is/Ig
value.
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From Fig. 6, it is observed that the interlayer spacing of the carbon
(dpo2) in the char decreases as the pyrolysis temperature increases,
whether or not phosphorite is involved in the pyrolysis process. Both
coal types exhibit a reduction in the aromatic layer stacking height (L.)
with increasing temperature, while the crystallite size parallel to the
aromatic layers (L,) increases. This behavior is attributed to the release
of volatiles during pyrolysis, which reduces impurities within the carbon
layers and consequently shortens the interlayer spacing, leading to a
more compact char structure. Additionally, higher temperatures pro-
mote dehydrogenation and the release of small molecules, which further
stabilize the aromatic layer stacking and enhance the overall structural
stability of the char, thus lowering L.. Under elevated temperatures, coal
undergoes condensation reactions of aromatic rings, forming larger ar-
omatic structures, which leads to an increase in L, due to the growth of
the aromatic layers.

Furthermore, the inclusion of phosphorite in the pyrolysis process
significantly influences the microcrystalline structure of the char.
Phosphorite-derived phosphate species can form C-O-P/C-P linkages,
hindering dense graphitic stacking and promoting more cross-linked
char structures. Moreover, the calcium and magnesium present in the
phosphorite catalyze reactions between the volatiles and carbon struc-
ture, forming stable compounds or complex salts at high temperatures.
These products remain in the char, obstructing the approach of the
carbon layers. Therefore, the dyo value is higher in chars produced with
phosphorite. The cross-linking introduced by phosphorite may vertically
connect the aromatic layers, guiding their growth and promoting their
directed stacking along their surfaces. This increases the stacking units,
leading to an increase in L.. However, the adsorption of phosphate salts
and minerals around the carbon layers, as well as their interaction with
surface free radicals, reduces the lateral extension of the aromatic layers
and leads to a decrease in L,.

From Fig. 7, it can be observed that the impact of temperature on the
pore characteristics of chars from NM and HM is consistent. As the
temperature increases, the pyrolysis reaction intensifies, leading to the
decomposition of organic matter and the release of small volatile mol-
ecules. This results in the formation of more pores on the char surface, as
well as the connection of existing pores. Consequently, the specific
surface area of the char increases with higher temperatures. Increased
surface area promotes volatile release; subsequent cracking at higher
temperatures further expands pore volume. Meanwhile, the average
pore diameter decreases, likely due to the formation of more micropores
and mesopores during the cracking process. As discussed in the Raman
analysis, the char structure becomes more ordered at higher tempera-
tures, with closer carbon atom arrangements. This reduces the size and
number of larger or irregular pores, creating a more uniform pore
structure. While the specific surface area and total pore volume increase,
the proportion of small pores increases, leading to a decrease in the
average pore diameter.

The involvement of phosphorite in pyrolysis results in a significant
change in the pore structure of the char compared to when phosphorite
is absent. Phosphorite contributes to more complex interactions be-
tween the organic matter and mineral components during pyrolysis. The
calcium- and phosphorus-containing compounds in phosphorite pro-
mote cracking reactions, especially at high temperatures, generating
more micropores and mesopores. This increases both the specific surface
area and the total pore volume of the char. Furthermore, phosphorite
exhibits catalytic effects on pyrolysis under high temperatures, poten-
tially expanding or connecting the mesopores and micropores, thereby
forming larger macropores. Phosphate salts can also react with other
minerals in the coal, producing stable silicate and complex salt com-
pounds. These metal oxides and complex salts may form strong chemical
bonds with the carbon atoms in the coal, enhancing the stability of larger
pores and reducing the shrinkage of pores. As a result, the average pore
diameter of the char increases when phosphorite is added.

Combined with the BET analysis results, SEM figures clearly reveal
the modulating effect of phosphorite on the porous structure of char, as
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Fig. 6. Microscopic characterization analysis of char under different pyrolysis conditions: (a) XRD patterns of NM char, (b) Carbon microcrystalline parameters of
NM char, (c) XRD patterns of HM char, (d) Carbon microcrystalline parameters of HM char.
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shown in Fig. 8. For char produced by pyrolysis of NM, without the
addition of phosphorite, the char surface is relatively smooth, with
sparse micropores. The addition of phosphorite significantly improves
the surface roughness of the char, increases the number of pores, and
forms a large number of well-connected pores, directly confirming the
BET conclusion of increased specific surface area and total pore volume.
The same pattern is observed for char produced by pyrolysis of NM. In
the absence of phosphorite, although localized pores are visible in the
char, the pores are dispersed. With the addition of phosphorite, the char
exhibits a fluffy, porous morphology with nested macropores and sec-
ondary micropores, directly reflecting the increase in average pore size
as measured by BET. Scanning electron microscopy figures reveal that
the changes in the char micromorphology are consistent with the find-
ings from the BET analysis.

Effect of phosphorite on the release of Na/Cl

Chemical reaction

Simulations and experiments examining the reaction pathways and
chemical mechanisms of Na/Cl during co-pyrolysis have confirmed that
phosphorite inhibits Na/Cl release through three mechanisms: chemical
reactions, selective adsorption, and solid retention. Regarding chemical
reactions, the reaction process of Na/Cl with other components are
complex during coal pyrolysis. Water-soluble Na/Cl reacts with Ca, Si,
and P components during pyrolysis to form high-melting-point CaCl,,
NayCaSiO4, NagPOy, and NagMg(CO3)2Cl. These compounds are more
stable at high temperatures, thus preventing Na/Cl volatilization. To
determine the specific inhibitory effect of phosphorite on Na/Cl release,
this experiment investigated the amount of Na/Cl released under
different operating conditions. As shown in Fig. 9, phosphorite signifi-
cantly influences the release of Na/Cl during the pyrolysis process.
Measured Na/Cl release ratios indicate particularly high Cl volatiliza-
tion, with NM and HM releasing 60.43 % and 65.18 %, respectively, at
500 °C. Conversely, the release of Na is lower at 500 °C, but increases at
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higher temperatures. At 900 °C, NM and HM release 31.14 % and
24.74 % of Na, respectively. When phosphorite is added, the release of
Na/Cl decreases, with a more pronounced reduction as temperature
increases. After adding 15 % phosphorite, the release of Na decreases by
6.04 % and 5.59 % at 500 °C, and 15.66 % and 11.17 % at 900 °C for
NM and HM, respectively. The release of Cl is more significantly affected
by phosphorite, with a 16.05 % and 17.66 % decrease at 900 °C for NM
and HM, respectively.

This is because phosphorite introduces oxides such as SiO,, CaO, and
MgO, which react with Na/Cl during pyrolysis to form stable chlorine-
sodium-metal-oxygen and silicon-sodium-metal-oxygen compounds
[98,110-112]. The calcium phosphate and fluorophosphate can also
combine with Na/Cl to form phosphate-metal-sodium compounds,
which reduces the gaseous release of Na/Cl during pyrolysis. The
chemical reaction equations for these processes are shown in R(3)-(12).

Ca3(POy); + 6NaCl — 3CaCl, + 2NazPOy4 (R3)
MgO + 3NaCl + 2C0O; + H0 — NazMg(CO3)-Cl + 2HCI (R4)
2HCI + MgO — MgCl, + Hy0 (R5)
4NaCl + 2A1,03 + 58i05 — 4NaAlSiO4 + SiCly (R6)
8NaCl + 4Ca0 + 8Si0, — 2NayCasSiz019 + 2SiCly (R7)
SiCly 4+ 3H20 — 4HCI + H,SiO3 (R8)
H,Si03 + CaO — CaSiO3 + Ho0 (R9)
14NaCl + 8Ca3(POy) + 8Si0z — 2NayCay 5(P207)4 + 7CaCly

+ 8CaSiO3 (R10)
2Cas(PO4)3F 4 18NaCl — 9CaCl, + 6NazPO, + CaFs (R11)
2Ca5(PO4)sF + 9NayS0O4 — 9CaSOy4 + 6NasPOy4 + CaFy (R12)
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Fig. 9. Effect of phosphorite on the release of Na and Cl during pyrolysis: (a) Effect of Na release during NM pyrolysis, (b) Effect of Cl release during NM pyrolysis, (c)
Effect of Na release during HM pyrolysis, (d) Effect of Cl release during HM pyrolysis.
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Selective adsorption

To investigate the effect of phosphorite on Na/Cl release, this study
uses quartz sand and austenitic steel as references to better assess the
capture effect of phosphorite. Molecular dynamics simulations were
performed to analyze the adsorption configurations and binding en-
ergies of Na/Cl on different materials, and to calculate their corre-
sponding diffusion coefficients. The adsorption configuration
optimization and adsorption energy calculation results of molecular
dynamics simulation are presented in the Supplementary Material. The
simulation results show that the adsorption energies for both Na and Cl
are negative, indicating that the adsorption process is exothermic and
spontaneous, leading to a more stable system. Phosphorite shows the
highest adsorption energy for Na at the O site (-2.0101 eV) and the
lowest for Cl at the P site (-2.3736 eV). This suggests that Na and Cl have
more stable adsorption configurations at the O and P sites, respectively.
Compared to quartz sand, austenitic steel, and phosphorite, the absolute
value of adsorption energy of quartz sand and Na/Cl adsorption
configuration is the lowest, followed by austenitic steel. Na and Cl have
the most stable adsorption on the surface of phosphorite. This phe-
nomenon can explain that compared with quartz sand, Na/Cl is more
easily adsorbed on the surface of austenitic steel. Therefore, during the
thermal utilization of NM and HM, Na/Cl will be more deposited on the
surface of the heat exchanger. Quartz sand, a heat carrier, has a weak
adsorption effect on Na/Cl. Large amounts of Na/Cl deposits can affect
the heat transfer efficiency of the heat exchange surface and cause
corrosion. It is necessary to introduce phosphorite, which is more
adsorbent of Na/Cl, to reduce the impact of Na/Cl on the heat exchange
surface. Phosphorite can better capture Na/Cl, prevent it from being
deposited in large quantities on the surface of austenitic steel, alleviate
the negative impact of corrosion, and thus improve the safety and
economy of equipment operation.

Solids retention
Fig. 10 presents the diffusion coefficients of Nat/Cl across different
systems. A higher diffusion coefficient indicates that the ions have a

(a) Adsorption energy at different sites - Na
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—9-1.9323
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Si0,(0 0 1)-Si
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stronger ability to diffuse within the system, making their movement or
migration easier. The diffusion coefficients increase with temperature,
suggesting that higher temperatures facilitate the diffusion of Na™/Cl" in
all three systems. The diffusion coefficients of Na*/Cl in austenitic steel
are the highest, indicating that the austenitic steel system likely has a
more open structure, which enhances the movement of these ions and
allows them to diffuse at the fastest rate. This greater diffusivity can lead
to ions migrating more easily to the heated surface of equipment,
thereby affecting normal operations. In contrast, the diffusion co-
efficients in the phosphorite system are the lowest, indicating that Na™*/
CI" are more strongly confined near the adsorption sites. This results in
more difficulty for them to migrate and requires overcoming higher
energy barriers to diffuse.

In conclusion, the mechanism by which phosphorite reduces Na/Cl
release ratios is that it captures and reacts with Na/Cl. The combined
effects of higher adsorption energy and lower diffusion coefficients can
immobilize the Na/Cl released by coal pyrolysis on the surface, allowing
it to participate more in the reaction and produce more stable com-
pounds. This process can significantly reduce the amount of Na/Cl
released, making it more difficult for Na/Cl to be captured by the heat
exchange surfaces in the boiler. Molecular dynamics analysis results
support the idea that adding phosphorite to coal pyrolysis is an effective
way to immobilize Na/Cl, reducing the release of corrosive substances,
minimizing their impact on equipment, and improving the clean utili-
zation efficiency and value of low-rank coal resources.

Follow-up work plan

In future research, we will consider designing a device to study Na/Cl
deposition corrosion at the tail end of a fluidized bed reactor. This device
will simulate the actual high-sodium coal pyrolysis and combustion
process inside an industrial boiler, thereby studying the effects of Na/Cl
on the tail end heating surface under different reaction conditions. Based
on the experimental results, we will analyze the Na/Cl deposition and
corrosion characteristics and assess the role of phosphorite.

(b) Adsorption energy at different sites - Cl
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Fig. 10. Molecular dynamics simulation results: Adsorption energy at different sites — Na (a) / Cl (b) and diffusion coefficient of Na* (¢) / Cl' (d) on

different substances.
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Reducibility of phosphorite after co-pyrolysis

The conversion ratio can be obtained by reducing the untreated and
the co-pyrolyzed phosphorite in a fixed bed reactor respectively. Based
on prior research [54,113], the carbon reduction of phosphorite is
generally described by a first-order reaction model. The corresponding
kinetic equation for first-order reactions is shown in Formula (15).
Using the Arrhenius equation, Formula (16) and Formula (17) can be
derived. In these formulas, w, represents the mass fraction of P05 in the
raw material (%), A (min~Y) is the pre-exponential factor, E, (kJ mol™ 1)
is the activation energy, R (kJ mol~! K1) is the molar gas constant, and
T (K) is the temperature. The relationship between In[1/(1-a)] and time
was calculated, and the slope of the conversion ratio curve at different
temperatures was used to determine the reaction rate constant k
(min~1). The fitting results are shown in Table 3, with the correlation
coefficient (r%). Based on these data, a plot of In k and 1/T was con-
structed. As shown in Formula (17), the slope of this curve corresponds
to -E/R. The fitting results of In k and 1/T are shown in Table 4. The
activation energy of the reaction can be calculated from these results.
The above data and calculation results are shown in Fig. 11.

d

di;’ = k(wo — ) (15)
E

k :A~exp(—R—T> (16)
E

Ink = lnA_ﬁ a7

Fig. 11 demonstrates that the conversion ratio of phosphorite in-
creases with higher temperatures, and continues to rise as the reaction
time progresses. This suggests that elevated temperatures provide the
necessary energy for the reduction reaction. When untreated phospho-
rite undergoes reduction at 1250 °C for 80 min, its conversion ratio
reaches 40.95 %. In contrast, phosphorite recovered after co-pyrolysis
with NM achieves a conversion ratio of 60.39 % under the same con-
ditions. Phosphorite recovered from co-pyrolysis with HM reaches a
conversion ratio of 58.29 %. The pretreatment process can effectively
improve the conversion ratio of phosphorite [114]. These results indi-
cate that co-pyrolysis with coal serves as a pre-treatment for phospho-
rite, effectively enhancing its conversion ratio. The oxide components
from coal, such as MgO, CaO, and SiO», attach to the surface of phos-
phorite. During high-temperature reduction, these components alter the
reaction pathways, improve material flowability, and enhance heat and
mass transfer [115,116], all of which contribute to an increased con-
version ratio of phosphorite. Furthermore, both NM and HM contain
compounds such as NaCl and NaSOy4, which can react with Cas(PO4)sF,
the main component of phosphorite. The resulting products, Ca3(PO4)2
and NazPOj, are more easily reduced by coal than Cas(PO4)sF, leading
to an improved conversion ratio of the recycled phosphorite. The reac-
tion pathways for these processes are shown in R(11)-R(12) and R
(13)-(19).

Table 3
Reaction rate constant k and r? at different temperatures.

Temperature Reduction of Reduction of Reduction of
Q) untreated phosphorite phosphorite
phosphorite pyrolyzed with NM  pyrolyzed with HM
k ? k ? k r
(min~?) (min") (min™")
1150 0.00257 0.941  0.00531 0. 0.00488 0.
982 972
1200 0.00353 0.966  0.00689 0.965 0.00653 0.971
1250 0.00495 0.915  0.00858 0. 0.00819 0.
956 990
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Table 4
The fitting results under different systems.
System In k (min™1) E (kJ r?
mol 1)
Reduction of untreated In k = —14195.26/ 118.02 0.997
phosphorite T + 4.00
Reduction of phosphorite In k = —10405.36/ 86.51 0.998
pyrolyzed with NM T+ 2.08
Reduction of phosphorite Ink =-11232.80/ 93.39 0.995
pyrolyzed with HM T+ 2.58
2Cas(PO4)3F + 15 C — 3 P2(g) + 15CO(g) + 9Ca0 + CaF; (R13)
CaO + SiOy — CaSiOs3 (R14)
2MgO + SiOz — MgsSiO4 (R15)
2Ca0 + MgO + 2Si0y — 2CaOeMg0e2SiO, (R16)
4Cas(POy4)sF + 3SiOy — 6Cas(PO4)s + SiF4 + 2CaSiO3 (R17)
Ca3(PO4)2 + 5 C + 3Si0y — Po(g) + 5 CO(g) + 3CaSiOs (R18)
2NazPO4 + 5C + 3Si0O2 — Pa(g) + 5CO(g) + 3NaySiOs (R19)

Kinetic analysis shows that at 1150 °C, the reduction reaction rate
constant k for untreated phosphorite is 0.00257 min~!, which increases
to 0.00495 min~! at 1250 °C. This demonstrates that temperature in-
creases promote the reduction reaction. At 1150 °C, the k value for
phosphorite recovered after co-pyrolysis with NM is 0.00531 min~?,
while for HM it is 0.00488 min !, which are 2.07 and 1.90 times higher
than that for untreated phosphorite. At 1200 °C, the ratio of k (co-pyrolyzed
phosphorite) / K (Untreated phosphoritey for NM and HM are 1.95 and 1.85,
respectively, and at 1250 °C, they are 1.73 and 1.65. This indicates that
co-pyrolysis consistently results in a higher reaction rate constant for
phosphorite at all temperatures. The effect of co-pyrolysis is more pro-
nounced at lower reduction temperatures. The activation energies for
the reduction reactions were also calculated, E (phosphorite pyrolyzed with NM)
< E (Phosphorite pyrolyzed with HM) < E (Untreated phosphorite)- The activation
energy for untreated phosphorite is 118.02 kJ mol ™}, while for phos-
phorite co-pyrolyzed with NM and HM, the values are 86.51 kJ mol~!
and 93.39 kJ mol %, respectively. This confirms that co-pyrolysis with
coal significantly reduces the activation energy, increases the reaction
rate, and accelerates the reaction, thus enhancing phosphorite utiliza-
tion and energy efficiency. The mechanism diagram for the effect of co-
pyrolysis with low-rank coal and phosphorite on gas-solid products is
shown in Fig. 12.

Process flow and economic analysis

At present, there have been studies on the use of phosphate as an
additive in biomass utilization, and studies on calcium-based additives
in coal pyrolysis. However, there has been no systematic study on the
application of natural phosphorite to high-sodium low-rank coal pyrol-
ysis system to achieve the improvement of char/gas product perfor-
mance and the inhibition of Na/Cl release. Moreover, most studies only
focus on experimental conditions and feasibility, and few studies pro-
pose suitable technical routes for the use of this type of additive.
Therefore, this study is not only innovative in terms of experimental
exploration and mechanism exploration, but also designs a coal-
phosphorite co-pyrolysis coupling process technology route.

The technology pathway proposed in this study is illustrated in
Fig. 13. Following the co-pyrolysis of high-sodium low-rank coal and
phosphorite, the pyrolysis gas can be directly captured as a chemical raw
material or fuel. After separating char from the slag, the phosphorite is
fed into a high-temperature reduction furnace, where it undergoes car-
bothermal reduction with char or coal to produce yellow phosphorus.
When yellow phosphorus is converted into phosphoric acid in the hy-
dration absorption tower, the product can be directly used in the
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Fig. 11. Conversion ratio of phosphorite under different reaction times and kinetic analysis of carbothermal reaction: (a) Conversion ratio of phosphorite without co-
pyrolyzed, (b) Conversion ratio of phosphorite co-pyrolyzed with NM, (c) Conversion ratio of phosphorite co-pyrolyzed with HM, (d) In(1/(1-a))-t of phosphorite co-
pyrolyzed without co-pyrolyzed, (e) In(1/(1-a))-t of phosphorite co-pyrolyzed with NM, (f) In(1/(1-a))-t of phosphorite co-pyrolyzed with HM, (g) Kinetic analysis of

different phosphorite, (h) Activation energy of different phosphorite.

production of phosphorus chemical products. Additionally, the sepa-
rated char can find applications in metallurgy, power generation,
chemical engineering, and other industrial processes.

The process developed in this study enhances the utilization of high-
sodium coal by improving the quality of pyrolysis products and miti-
gating Na and Cl emissions, thereby increasing product value, extending
equipment maintenance intervals, and lowering operational costs. For
the phosphorite utilization, this process delivers superior economic
performance compared to conventional thermal and wet phosphoric-
acid processes. As shown in Table 5, the proposed route yields high-
purity products with elevated conversion ratios, enables resource recy-
cling, and thus achieves greater overall cost-effectiveness.

Recently, various additives have been explored to enhance char
yield, and boost the cold-gas efficiency during pyrolysis of low-rank,
high-sodium coal, as shown in Table 6. Adding a small amount of ad-
ditives can improve the quality of coal pyrolysis products. In order to
evaluate the industrial application potential of the coal-phosphorite
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synergistic pyrolysis system, low-grade phosphorite and common
high-purity calcium-based additives are compared in key economic and
engineering indicators, as shown in Table 7. The natural particle form of
phosphorite is suitable for fluidized bed and similar large-scale devices
without additional pretreatment. The existing conventional fluidized
bed can also be directly used for coal pyrolysis and phosphorite reduc-
tion without the need for new construction or modification. The price of
phosphorite is only 1/5-1/10 of that of conventional pure calcium ad-
ditives, and China has abundant reserves of medium and low-grade
phosphorite, which can be supplied in batches at low cost. The pyro-
lyzed slag of phosphorite is used as a raw material for thermal reduction.
Therefore, this technology has good resource coupling and recycling
potential, can improve the conversion ratio of phosphorite, and obtain
higher economic benefits. In summary, the process proposed in this
study has good prospects for industrial scale-up.
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Conclusion value of the char also increased accordingly. The cold gas efficiency

This study experimentally explored the coupled pyrolysis-
carbothermal reduction technology of high-sodium, low-rank coal and
low-grade phosphorite, and analyzed the influencing mechanisms. By
analyzing its economic and feasibility, this study primarily provides
innovative technical routes and theoretical foundations for the clean
utilization of high-sodium, low-rank coal and the resource utilization of
phosphorite. Specific research conclusions are as follows.

1. The addition of phosphorite increased the yield of char produced
from the pyrolysis of high-sodium, low-rank coal, and the calorific
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of the pyrolysis gas increased with increasing phosphorite addition.

. The addition of phosphorite significantly reduced the Na/Cl release

ratio during the pyrolysis of high-sodium, low-rank coal. The greater
the amount of phosphorite added, the lower the Na/Cl release under
the same operating conditions.

. Raman and XRD characterization revealed that phosphorite can in-

crease micropores and active sites through Ca-O-C and C-P bond
crosslinking, reducing the degree of graphitization and promoting
the reactivity of the char.

. Molecular dynamics calculations show that the adsorption capacity

of Na/Cl on phosphorite surfaces is significantly stronger than that
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Table 5

Comparison of different technical routes for phosphorite reduction [117-120].

Process for Wet reduction Carbothermal Co-pyrolysis
preparing reduction reduction
phosphoric
acid
Conversion > 80 % 30-50 % 40-60 %
ratio
Product purity ~ 20-40 % 50-60 % 50-60 %
By-products CaS04-2 H;0 SlagrichinCaOand  Slag rich in CaO
SiOy and SiO,
By-product Requires higher Used as auxiliary Used as auxiliary
treatment cost processing cementitious gelling material or
material for cement fluidized bed heat
and concrete carrier
Economic High plant Low plant Low plant
evaluation construction cost, construction cost, construction cost,
low energy high energy moderate energy
consumption, high  consumption, low consumption, slag
post-processing post-processing cost  can be recycled as
cost fluidized bed heat
carrier
Table 6

Previous studies on the effects of calcium-based additives on the pyrolysis pro-

cess[121-124].

References Ban et al. Shang et al. Cheng et al. Li et al.
Additive Ca(OH), Bauxite residue Fe,;03/Ca0 CaCl,
Additive ratio 5% 10 %—20 % 7 wt% 10 wt%
Char yield Reduction Exaltation Exaltation Exaltation
Tar yield Reduction Reduction - -
Gas yield Exaltation  Exaltation Exaltation Exaltation
Cold gas efficiency =~ Exaltation Exaltation Exaltation Exaltation
Table 7

Comparison between phosphorite and traditional calcium-based additives.

Index

Phosphorite

Calcium-based additives

Price( ¥ /t)
Resource reserves

Potential for

200-300
Extremely rich

Pyrolysis residue can be

1200-2500

Relying on industrial
synthesis, resources are
relatively limited
Difficulty in recycling

recycling by- directly used in thermal
products phosphoric acid production

Engineering Directly used in conventional Granulation or dispersion is
adaptability reactors such as fluidized beds ~ required, which increases

without pretreatment the complexity of the
process

Cost Low High
controllability

Industry Coupling with the existing Mainly limited to laboratory
amplification phosphorus chemical industry  or pilot scale
maturity and coal pyrolysis industry

chain

on quartz sand and austenitic steel. Molecular dynamics simulations
reveal that the Na/Cl diffusion coefficient is lowest in the phospho-
rite system, which corroborates the experimental findings.

5. This study designed a new process for the co-pyrolysis of coal and
phosphorite. Phosphorite is low-cost, and the recovery of pyrolysis
slag for carbothermal reduction to produce yellow phosphorus
effectively improves its conversion ratio. This process achieves low-
cost production and resource recycling, offering excellent economic
value.
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