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of organic compounds in CPM is limited when raw 
coal properties are similar.
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1  Introduction

The flue gas from coal combustion in power plants 
are considered hazardous to the environment and 
human health (Pudasainee et  al., 2010). They typi-
cally contain complicated compositions, including 
organic and inorganic chemicals, such as nitrogen 
oxides (NOX), sulfur oxides (SOX), particulate mat-
ter (PM), and polycyclic aromatic hydrocarbons, as 
well as multiple volatile organic pollutants (Lu et al., 
2020; Sheta et al., 2019; Shi et al., 2015; Yan et al., 
2016). Notably, the emission of PM from coal-fired 
power plants has always been the focus of environ-
mental protection (Feng et al., 2018; Li et al., 2021). 
As one of the main sources of airborne PM, the total 
PM (TPM) emitted from coal-fired boilers consists 
of filterable and condensable PM (FPM and CPM) 
(Cano et al., 2019; Wang et al., 2021). FPM is a solid 
or liquid phase in coal-fired flue gas and its control 
technology has matured (Jung et  al., 2020; Li et  al., 
2019; Liang et al., 2020). Currently, existing air pol-
lution control devices (APCDs) have been able to 
limit the emission concentrations of FPM to less than 
5 mg/Nm3 (Zhang et al., 2021a). Nevertheless, CPM 
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is in the gas or vapor phase under stack conditions 
and it could not be directly captured by a traditional 
filtration or dust pelletizing system (Choi et al., 2019; 
Li et al., 2017b; Yang et al., 2018). Countless scien-
tific studies have confirmed that CPM may cause haze 
weather, which could also contain carcinogens and 
present more significant risks to human health (Cano 
et  al., 2021; Pope et  al., 2019; Yang et  al., 2017; 
Zhang et al., 2021b). However, no country has estab-
lished limit regulations for CPM emissions in the 
world until now. Therefore, research on the impact of 
CPM emissions from coal combustion on the atmos-
pheric environment and human health bears practical 
significance to improve air quality and formulate limit 
standards for CPM from representative stationary 
sources.

Emission characteristics, physical and chemical 
properties, and controlling the influencing factors of 
CPM are essential to assess the adverse effects on the 
environment and human health, as well as to develop 
future formulating air pollution regulations. Cur-
rent research on CPM from coal combustion mainly 
involves its emission characteristics and main chemi-
cal compositions in actual coal-fired sources. The 
emission data of some representative coal-fired units 
in the past 5 years have shown that the CPM concen-
trations account for most of the TPM (43.74 ~ 90.60%) 
(Li et  al., 2017b; Lu et  al., 2019; Song et  al., 2020; 
Wang et  al., 2020b; Yang et  al., 2018; Zheng et  al., 
2018). The existing conclusions have confirmed that 
the main part of the inorganic component in CPM is 
composed of water-soluble ions (metal cations: Na+, 
Ca2+, Mg2+, etc.; inorganic anions: SO4

2−, Cl−, NO3
−, 

etc.) (Li et al., 2017a, b; Pei, 2015; Wang et al., 2018). 
Moreover, the results of our past research suggested 
that the organic components in CPM include alkanes, 
esters, highly toxic polycyclic aromatic hydrocarbons, 
and other organic compounds, whose proportion can-
not be ignored (Song et al., 2020; Wu et al., 2021a, b, 
c). Since APCDs cannot completely remove CPM, the 
effect of coal-fired units with different loads equipped 
with the same APCDs on CPM emissions needs to be 
paid enough attention to. However, this kind of con-
clusion has seldom been reported especially for the 
ultralow emission coal-fired power units that are not 
operating at full capacity. Emission inventories with 
all-sided FPM and inorganic species in CPM, as well 
as representative organic pollutants in CPM, are still 
lacking.

Under these premises, we conducted a field sam-
pling of CPM and FPM in three coal-fired units with 
the same APCDs and different load conditions, which 
were selected at an ultralow emission power plant. 
The effects of actual operating load and flue gas tem-
perature of coal-fired units on the properties of par-
ticulates were investigated through large-scale field 
tests. In particular, the coal-fired units selected in this 
study are all in a low-load operation state, which is of 
great reference significance for the emission of pol-
lutants in peak load regulating the operation of power 
units set in the actual process.

2 � Experimental Section

2.1 � Facility and Sampling Sites

Three coal-fired units (e.g., unit I, unit II, and unit III) 
in a typical ultra-low emission power plant in China 
were selected to analyze the effects of unit load and 
flue gas temperatures on CPM and FPM from the 
coal burning process. Table S1 shows the proximate 
and ultimate analyses of the feeding coal burned by 
the three units. According to the coal quality data, 
all three kinds of coal belong to bituminous. The raw 
coal used in three units is all special low-sulfur coal 
with low ash content.

All three coal-fired units have undergone ultra-
low emission modifications and are equipped with 
the same series of APCDs. As shown in Figure  S1, 
the flue gas released from coal combustion passes 
through a selective catalytic reduction (SCR) denitra-
tion device, a low-low temperature electrostatic pre-
cipitator (LLT-ESP), a wet flue gas desulfurization 
(WFGD) system, and a wet electrostatic precipitator 
(WESP) successively, and finally is discharged into 
the atmosphere through the chimney. The Mitsubishi 
Gas–Gas Heater (MGGH) is installed between the 
SCR and LLT-ESP, and between the WESP and the 
stack to heat and cool the coal-fired flue gas, respec-
tively, to improve the overall operating efficiency of 
the units and reduce pollutant emissions. Sampling 
sites (A, B, and C) were set up at the stacks of three 
units to sample CPM and FPM emitted by three coal-
fired units with different loads.

Table  S2 lists the distribution of sampling sites 
and the actual operating condition of the units. It 
was noted that the three units were operated at a 
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capacity of 40%. Of special note are the coal-fired 
power plant equipped with solar power devices in 
response to the call for national development and 
utilization of new energy sources. During the day-
time sampling, the solar power units were in opera-
tion and the thermal power units were under load 
reduction. Besides, during the sampling process, 
the types of coal burned by each unit remained 
unchanged, the operating loads were stable, and the 
related parameters of APCDs also remained stable 
during the operation.

2.2 � Sampling Equipment and Methods

As shown in Figure S2, a sampling system that can 
simultaneously collect CPM and FPM was used in 
this study. Depending on the properties of PM in 
coal-fired flue gas, CPM and FPM need to be col-
lected separately, and the sampling method of CPM 
refers to EPA Method 202. The sampling system 
includes a portable dust direct reading instrument 
(ZR-7100), a heating type flue gas sampling gun 
(ZR-D10AT), a three-stage PM10 impactor (Dekati, 
PM10-PM2.5-PM1), CPM collection devices (a ver-
tical coil condenser, a short and a long knockout 
impactor, a filter, and connect components), a cold 
box (M5-CB08), and a coolant recirculating pump 
(M23-RC-V).

The coal-fired flue gas was sampled by the sam-
pling tube at isokinetic speed. The mass of FPM 
with different particle sizes can be obtained when 
collected by the Dekati impactor. It is important to 
note that in the part of the FPM collection, both the 
pipe and the collection device need to maintain the 
heating state to prevent the early condensation of 
flue gas from affecting the subsequent CPM collec-
tion. Then the remaining flue gas was cooled by the 
condenser and entered into two knockout impactors. 
During the whole cooling process, CPM was cap-
tured by two impactors and the filter membrane, and 
the sum of the CPM collected by the three devices 
was the quality of CPM in the flue gas. Finally, 
the mass concentrations of CPM and FPM were 
obtained by combining the volume of coal-fired flue 
gas after laboratory treatment. Detailed descrip-
tions of the process and the specific functions of 
the devices have been presented in previous studies 
(Wu et al., 2022a, b).

2.3 � Analytical Procedure for Samples

2.3.1 � Analytical Procedure for CPM and FPM

Particulate samples collected from the coal-fired flue 
gas need to be pretreated in the laboratory. The mem-
branes that collected FPM were dried for 2 h at 50 °C 
and then weighed. Combined with clean membrane 
quality and flue gas volume, the mass concentration 
of FPM with different particle sizes can be obtained. 
For CPM, the membranes in the filter and the col-
lected organic and inorganic lotion need to be treated 
separately. Previous studies (Wu et  al., 2021a, b, c) 
and Figure  S3 have described this process in detail. 
Similarly, the mass concentration of CPM can be 
obtained combined with the mass of the two compo-
nents and flue gas volume. It is worth noting that the 
mass of the total PM is the sum of the masses of FPM 
and CPM.

2.3.2 � Analytical Procedure for Organic 
and Inorganic Components in CPM

The qualitative of organic components in CPM was 
analyzed using a gas chromatograph/mass spec-
trometer (GC/MS) system (Agilent 7890B-5977A). 
The purpose of qualitative analysis is to determine 
the composition of organic compounds in CPM and 
provide a basis for accurate quantitative analysis of 
organic components. The organic components in the 
pretreated CPM were analyzed qualitatively, and the 
samples were injected with a full scan to obtain the 
total ion chromatogram. It was noted that due to the 
different response values of different organic com-
pounds on GC/MS, the peak area ratio is only used 
for reference, not as a quantitative result. Accord-
ing to the qualitative analysis results of this experi-
ment and the previous research and analysis (Li et al., 
2017b, 2019; Song et al., 2020; Wu et al., 2021a), the 
n-alkanes and phthalates, which accounted for higher 
proportion and high toxicity, were selected for accu-
rate quantitative analysis. The 19 monocomponent 
n-alkanes and 15 monocomponent phthalates in CPM 
were accurately quantified on GC/MS by the external 
standard method.

An ion chromatograph (model, Dionex ICS-
2000) was used to quantify the anions (SO4

2−, NO3
−, 

F−, Cl−) and NH4
+. Inductively coupled plasma 

mass spectrometry (ICP-MS, AAS, model Thermo 
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iCAP6300, quadrupole mass spectrometer) was used 
to quantitatively measure the metal elements (Na, Ca, 
Mg). The calibration curves should be made during 
the analysis of inorganic components in CPM, and 
the correlation coefficient (R2) should be greater than 
0.99 to ensure accuracy. Noted that due to the high 
concentration of water-soluble ions to be measured 
in the sample, the cationic sample should be diluted 
by 2 times and the anionic sample by 10 times before 
detection. The pretreatment of CPM samples and the 
operating parameters of GC/MS has been shown in 
previous studies (Wu et al., 2021a, b, c).

2.3.3 � Analytical Procedure for Organic Components 
in Raw Coal

Raw coal burned during the sampling process was 
collected from the three coal-fired power units, then 
ground and dried. Detailed processing and analyti-
cal methods have been shown in Song et al.’s (2020) 
research. In order to facilitate the direct comparison 
between the concentration of organic matter in CPM 
and raw coal, the mass concentration (mg/Nm3) of 
organic components in raw coal is calculated by the 
following formula:

where MO (mg) is the mass of organic pollutants. 
AU (kg), AF (Nm3/h), and AC (kg/h) represented the 
amount of coal used in extracting, the amount of flue 
gas generated in power units, and the amount of coal 
used in burning, respectively.

2.4 � Quality Assurance and Control

To ensure the reliability of the treatment and analy-
sis method, the pretreatment method was verified by 
the recovery experiment, and the recovery rates of 

(1)C
S
=

M
O
× A

U
× A

F

A
C

n-alkanes and phthalates were between 70 and 120%, 
meeting the experimental requirements. The sampling 
method referred to EPA Method 202 and standard 
ISO 23210 and has been adapted for sampling in the 
actual coal-fired flue gas. The minimum detection 
limit of the GC/MS system reached 0.288  mg/Nm3 
for organic components and 0.800 mg/Nm3 for inor-
ganic components in CPM. It should be noted that 
the standard and the test sample must be injected into 
the GC/MS together for analysis to reduce the experi-
mental error. The R2 of the nineteen n-alkane and fif-
teen phthalate standard curves were all greater than 
0.99, which met the quantitative requirements.

3 � Results and Discussion

3.1 � Emission Characteristics of FPM and CPM from 
the Three Coal‑Fired Units

Table 1 shows the concentrations of FPM and CPM 
emitted from the three units. Figure 1 shows the vari-
ation of PM emission concentrations with different 
particle sizes and components. By comparing units 
III and I or units II and I from Table 1, it can be found 
that with the decrease in unit loads, the emission lev-
els of PM increase on the whole. However, the con-
centration of total PM emitted from units II and III 
was similar, and even the emission level of unit III 
increased slightly. It illustrates that the higher-load 
boiler emits a lower concentration of PM during com-
bustion. But when the operating load exceeds the 
critical value of the load, the PM emission concentra-
tion increases instead as the boiler is not operating at 
full load. It can be speculated that before the operat-
ing load of coal-fired units reaches the critical value 
load, the size of the operating load is the dominant 
factor affecting the PM emission concentration, while 
beyond the critical value, the ratio of the operating 
load to the rated load has a greater impact on the PM 

Table 1   Emission 
concentrations of FPM and 
CPM from the units (mg/
Nm3)

Unit Condensable particulate matter Filterable particulate matter Total 
particulate 
matterOrganic com-

ponents
Inorganic 
components

Total FPM2.5 FPM10 Total

I 9.48 3.92 13.40 0.80 0.91 2.18 15.58
II 7.19 2.28 9.47 1.82 1.99 2.67 12.14
III 6.60 3.27 9.87 1.68 1.95 2.38 12.25
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emission concentration. It can be seen from Fig. 1a, 
b, among the three coal-fired units, the unit with the 
lowest operating load, the unit I emitted the highest 
CPM concentration and the lowest FPM concentra-
tion. Compared with unit I, unit II with intermediate 
operating load emitted lower concentrations of CPM 
while higher concentrations of FPM. Nevertheless, 
the CPM and FPM emission concentrations of unit 
III, the unit with the highest operating load, were 
higher and lower compared to unit II, respectively. 
In other words, when coal-fired units with the same 
APCDs are operated under the same percentage loads, 
the actual operating loads have the opposite effects 
on the emission concentrations of CPM and FPM. 
In principle, the temperature change will lead to the 
condensation or evaporation of CPM in coal-fired flue 
gas, and the realization of gas–solid phase conver-
sion between CPM and FPM, which may become an 
important factor affecting its emission concentration. 
Figure 2 shows the effect of flue gas temperature on 
the emission concentration of CPM and FPM. As the 
temperature decreased and then increased, the change 
of phase state of some CPM resulted in the opposite 
change of FPM concentration. What is clear from the 
data is that the FPM emission concentrations of the 
three units ranged from 2.18 to 2.67 mg/Nm3, and the 
concentration of FPM emitted from each coal-fired 
unit was lower than 5  mg/Nm3 (even below 3  mg/
Nm3), which met the emission level requirements 
after the ultra-low emission transformation. Results 
demonstrated that the ultra-low emission retrofit of 
large coal-fired units can effectively control the emis-
sion concentration of FPM. It is worth noting that the 
proportion of FPM2.5 emitted from the three units in 
FPM reached 36.7%, 68.2%, and 70.6% respectively. 

With the increase of a load of coal-fired units, the 
proportion of FPM2.5 in FPM gradually increased. 
It may be because the larger the unit capacity is, the 
more fully the coal is burned, leading to the increase 
in the proportion of fine particles in FPM. Combined 
with the previous research (Sui et al., 2016; Wu et al., 
2021a; Zhang et  al., 2016) on the removal effect of 
existing APCDs on PM, the control of fine particles 
during coal combustion is still the focus of future 
research.

Figure  1c  shows that the proportion of CPM in 
TPM emission concentration was 86.0%, 78.0%, 
and 80.57% respectively, all of which were much 
higher than 50%. Consistent with previous studies 
(Cano et  al., 2017; Morino et  al., 2018; Yang et  al., 
2018), CPM has become the dominant emission 
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concentration of TPM from coal combustion. In addi-
tion, the emission concentrations of CPM from units 
are 3–6 times that of FPM, much higher than 5 mg/
Nm3. Although there is no restriction on the emission 
of CPM under the current standards, the CPM from 
coal combustion emitted into the atmosphere will 
cool and condense into particles to form air pollu-
tion, especially ultrafine particles (aerodynamic diam-
eter ≤ 1.0  μm, PM1), which will seriously harm the 
environment and human health. Therefore, limiting 
the emission of CPM is as important as limiting the 
emission of FPM. In order to limit the emission con-
centration of CPM, it is necessary to understand the 
specific composition of CPM. During the field sam-
pling, the organic and inorganic components of CPM 
(CPMo and CPMin) were collected separately. Results 
show that the concentrations of organic components 
in CPM were higher than that of inorganic compo-
nents in the flue gas emitted from the three units, 
which is consistent with previous studies (Li et  al., 
2017b; Lu et al., 2019; Song et al., 2020; Zheng et al., 
2018). It can be seen from Fig. 1c that the proportion 
of organic components emitted from the three units in 
CPM reached 70.8%, 75.9%, and 66.9% respectively. 
Besides, CPMo accounted for 53.9–60.8% of TPM 
emission levels, which demonstrated that even for 
TPM emissions, CPMo still accounts for more than 
50%. As shown in Fig. 2, the concentrations of CPMin 
emitted from the three units increased with the rise 
of temperature, while the CPMo decreased first and 
then increased with the rise of temperature, indicating 
that the flue gas temperature had a greater impact on 
CPMin. Nevertheless, the CPMo may also be affected 

by other factors such as pressure, and the influence of 
temperature on the CPMo needs further study. There-
fore, it is necessary to study the organic components 
of CPM from coal combustion. A full understanding 
of the organic composition of CPM and the factors 
affecting the change of its concentration can help to 
reduce the emission of TPM.

3.2 � Components’ Analysis of CPM Emitted from the 
Three Coal‑Fired Units

Figure 3 shows the distribution proportion of organic 
components in CPM emitted from the three units. 
What is clear is that the changes in a load of differ-
ent coal-fired units have little effect on the proportion 
of organic components in CPM. That is, the CPM 
produced from the coal burning process has a simi-
lar composition of organic components after being 
purified by the same APCDs. Hydrocarbons are the 
highest proportion of organic components, and the 
percentages of CPMo emitted from the three units 
are relatively stable, reaching 29–31%. According to 
the results of this study and previous data on coal-
fired industrial boilers (Wu et  al., 2021a, b), almost 
all hydrocarbons in CPMo are saturated hydrocar-
bons, such as n-alkanes and isoparaffins. In addition, 
the hydrocarbon organics in CPMo also include very 
small amounts of unsaturated hydrocarbons, alicyclic 
hydrocarbons, and aromatic hydrocarbons. As shown 
in Fig.  3, there were still a relatively high propor-
tion of oxygen-containing derivatives represented by 
esters in CPMo. The proportion of esters in CPMo 
emitted from the three coal-fired units all exceeded 

Fig. 3   Distribution per-
centage of organic matter in 
CPM from coal-fired units
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10%. Results demonstrated that phthalic acid esters 
and fatty acid methyl esters are representative of ester 
organics in CPMo. Besides, a small amount of eicosyl 
acetate, ethyl geranyl acetate, etc. was also detected 
in the organic components of CPM. What is note-
worthy is that the proportions of silicone in CPMo 
reached 22 ~ 28%, which needs to be paid attention to. 
The detected silicone included heptasiloxane, octasi-
loxane, and so on. Other organics detected in CPM 
include halohydrocarbon, alcohols, phenols, ethers, 
aldehydes, ketones, and carboxylic acids. In addition 
to organics containing only the three elements of car-
bon, hydrogen, and oxygen, there were also some het-
eroatom-containing organics containing sulfur, nitro-
gen, and halogen. Li et  al. (2017b) found that there 
were dozens of organics in CPMo discharged in the 
process of coal burning, some of which were highly 
toxic and potentially harmful to the human body and 
environment. In summary, the emission concentra-
tions of organic components in CPM produced from 
coal combustion are low, but the composition is com-
plex, the total amount is large, and the toxicity is 
high. Therefore, attention should be paid to the explo-
ration of its formation mechanism and the develop-
ment of corresponding control methods. Furthermore, 
this study contributed some useful basic data on the 
composition of the organic fraction in CPM.

As shown in Fig. 4, the concentrations of four ani-
ons, SO4

2−, Cl−, NO3
−, and F−, three metal cations, 

Ca2+, Na+, and Mg2+, and NH4
+ in CPMin were accu-

rately quantified. The mass concentrations of total 
inorganic components in the CPM emitted from three 
coal-fired power units were 3.92, 2.28, and 3.27 mg/
Nm3. Figure  4a  shows that the SO4

2− was the most 
abundant species that accounted for 31.38%, 57.46%, 
and 41.59% in the CPMin, and other detected water-
soluble ions only accounted for relatively small 
amounts, which confirmed the previous research 
results (Guo et  al., 2006; Yang et  al., 2015). The 
concentrations of Cl− in CPMin from coal combus-
tion were 0.51, 0.24, and 0.71 mg/Nm3 respectively, 
second only to SO4

2−, and Cl− mainly came from 
HCl which was produced by the combustion and 
gasification of highly volatile chlorine in coal (Deng 
et  al., 2014; Feng et  al., 2021). The concentrations 
of NO3

− were even lower in the inorganic compo-
nents, which might be attributed to the absorption of 
HNO3 and nitrates in the coal-fired flue gas. Moreo-
ver, the concentrations of F− in CPMin were almost 

negligible. For metal cations in Fig. 4b, the concen-
trations of Ca2+ in CPMin were the highest, reaching 
0.27–0.50 mg/Nm3, while the concentrations of Mg2+ 
were the lowest, not exceeding 0.05  mg/Nm3. The 
presence of Ca2+ and Mg2+ in the detected results 
was probably due to some aerosols generated in the 
WFGD scrubber were too tiny to be collected by the 
FPM filter (Huang et al., 2020). The concentrations of 
Na+ in CPMin were slightly higher than that of Mg2+. 
It is probably due to the reason that Na+ in CPMin 
might be attributed to the absorption of sodium salts 
in the coal-fired flue gas (Wang et  al., 2020a). It 
was noted that NH4

+ was considered to be the main 
ionic component in water-soluble ion emissions from 
coal-fired power plants (Guo et  al., 2006; Hu et  al., 
2015). In this research, the average concentration of 
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NH4
+ in CPMin emitted from three coal-fired units 

was 0.15  mg/Nm3. According to the study by Feng 
et al. (2021) NH4

+ in CPMin might derive from NH3 
that reacted with acid gases to form ammonium com-
pounds, such as ammonium salts, which became a 
part of the inorganic components in CPM during 
the cooling process of the coal-fired flue gas. Simi-
lar results (Feng et al., 2020; Wang et al., 2014) have 
shown that water-soluble ions, such as SO4

2−, NO3
−, 

and NH4
+, are the main ionic components in atmos-

pheric PM2.5 around combustion sources, thereby 
revealing that CPMin emitted from coal-fired power 
units may significantly affect the water-soluble ions in 
atmospheric PM2.5. As a result, the precise quantifica-
tion and emission control of the inorganic fraction in 
CPM from large coal-fired power plants bear practical 
significance.

3.3 � Analysis of Representative Organic Components 
in CPM

The qualitative analysis results of organic components 
in CPM in the previous chapter showed that hydrocar-
bons, esters, and silicone accounted for a large pro-
portion. However, the precise quantitative method of 
silicone in CPM is still in the process of exploration. 
In this study, n-alkanes and phthalate were selected 
as the representative organics in the hydrocarbons 
and esters in CPM from coal combustion for accurate 
quantitative analysis. The emission concentrations 
of two types of monocomponent organic compounds 
from coal-fired units under different operating condi-
tions were studied and the factors affecting the emis-
sions were discussed.

3.3.1 � Quantitative Analysis of n‑Alkanes in CPM 
and Raw Coal

Figures  5 and 6 show the concentrations of 18 
(C16 ~ C33) and 19 (C16 ~ C34) n-alkanes detected in 
raw coal and CPM emitted from coal combustion, 
respectively. It is observed that the concentrations of 
n-alkanes in CPM emitted from the three units with 
different operating conditions increased firstly and 
then decreased with the increase of loads. Similar 
to the effect of flue gas temperature, the changing 
trend of CPM concentrations and n-alkane concentra-
tions was consistent. It can be found in Fig. 6 that the 
distribution of monocomponent n-alkanes in CPM 

discharged by the three units was similar, showing 
a trend of increasing first and then decreasing, and 
the main peak carbon all appears near C27, present-
ing a typical single-peak distribution. Slightly differ-
ent from the previous results of Song et al.’s (2020) 
study, CPM was detected in the flue gas of the entire 
purification process of coal-fired power plants. The 
conclusions from the research showed that the con-
centration distribution of n-alkanes with different 
carbon numbers in CPM was similar to the Gaussian 
distribution. It was noted that the concentration of 
n-alkanes in the main peak carbon was the highest, 
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and the concentrations of n-alkanes far away from the 
main peak carbon decreased sequentially. However, 
in this study, the concentrations of n-alkanes in CPM 
were in a downward trend after the main peak carbon, 
but they still maintained high emission levels. It is 
speculated that this may be related to the occurrence 
and distribution of n-alkanes in raw coal, so the con-
centration of n-alkanes in raw coal was quantitatively 
analyzed.

As shown in Fig. 5, the concentrations of n-alkanes 
in the raw coal were 78 ~ 153 times the concentrations 
of n-alkanes in CPM in the exhaust coal-fired flue 
gas. According to previous research results (Li et al., 
2021; Song et  al., 2020), part of the n-alkanes that 
occurred in coal could be removed by the process of 
burning, especially the components with lower melt-
ing points. In addition, the existing APCDs installed 
in the units have been shown to promote the purifica-
tion of n-alkanes from coal combustion. Figure 5 also 
shows that the concentrations of n-alkanes occurring 
in raw coal first increased and then decreased with 
the increase of carbon number, reaching the high-
est at C26 ~ C30, and the concentrations of n-alkanes 
with higher carbon numbers were relatively high. 
The difference was that after the process of combus-
tion, the content of small-molecule n-alkanes, that is, 
n-alkanes with fewer carbons in the CPM, was greatly 
reduced. It can be inferred that the organic matter that 
occurred in the raw coal may have a certain influence 
on the concentration of the organic components in 
CPM from coal combustion. In general, in the context 
of clean utilization of coal, not only the sulfur con-
tent, volatile content, and other parameters involved 
in the elemental analysis and proximate analysis of 
coal should be considered, but also the organic pollut-
ants in raw coal should be detected, and various fac-
tors should be considered comprehensively to select 
coal with better quality.

The emission concentrations of n-alkanes in 
the CPM of the three coal-fired units accounted for 
8.41%, 6.29%, and 7.07% of the CPMo, respectively. 
Significantly, as shown in Fig.  6, n-alkanes with 
lower carbon numbers (C16 ~ C26) accounted for less 
than 40% of the total concentration, while n-alkanes 
with more than 27 carbons (C27 ~ C34) make a sig-
nificant contribution to the total concentration. One 
possible reason is that n-alkanes with smaller rela-
tive molecular masses are easier to decompose during 
the combustion process (Liu et  al., 2003), resulting 

in a lower emission concentration of small molecules 
of n-alkanes in the flue gas. The other lies in the 
n-alkanes with more carbons have higher melting and 
boiling points, which are easier to condense and be 
collected in the cooling sampling process, resulting 
in a larger proportion of n-alkanes with more carbons 
in CPM. In addition, it should be noted that the dis-
tribution proportion of large-molecule n-alkanes in 
raw coal was also higher than that of small-molecule 
n-alkanes. Therefore, it is very important to select the 
appropriate coal species for the emission control of 
representative organic pollutants. In general, for dif-
ferent coal-fired power units with the same flue gas 
purification process and similar coal, the distribution 
proportions of monocomponent n-alkanes in the flue 
gas emitted from coal combustion are similar. This 
similarity of organic matter distribution is condu-
cive to the targeted reduction of n-alkane emissions 
in CPM, that is, to reduce the total emission concen-
tration of n-alkanes by reducing the concentration of 
peak n-alkanes, which is of great significance for the 
realization of clean coal combustion.

3.3.2 � Quantitative Analysis of Phthalates in CPM 
and Raw Coal

Figures  7 and 8 show the concentrations of 15 
phthalates detected in raw coal and CPM emitted 
from coal combustion, respectively. It can be found 
that the total concentration of phthalates in CPM 
emitted from the three coal-fired units was 146.38, 
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124.31, and 159.87 μg/Nm3, accounting for 1.54%, 
1.73%, and 2.42% of CPMo respectively, which was 
lower than the proportion of n-alkanes in CPMo. It 
is worth noting that temperature had a similar effect 
on the distribution of phthalates and n-alkanes in 
CPM, and the concentration of phthalates in CPM 
of coal-fired units with the lowest flue gas tempera-
ture was the lowest. However, the distribution regu-
larities of 15 kinds of monocomponent phthalates 
in CPM were not obvious. Among them, 4 kinds of 
phthalates (DEP, DHXP, DBEP, and DNOP) were 
not detected in the CPM of flue gas discharged 
under some working conditions, while 5 kinds of 
phthalates (DIBP, DBP, DMEP, BMPP, and DEEP) 
almost contributed to the total emission concen-
tration. It can be concluded that in order to reduce 
the emission concentration of phthalates in CPM, 
it is necessary to selectively control the emission 
of monocomponent organic matter which accounts 
for a large proportion. It can be also found in Fig. 7 
that except for DEEP, the distribution proportion 
of other monocomponent phthalates was relatively 
uniform. According to the existing test results, there 
is no obvious correlation between the distribution 
of phthalates in raw coal and that in CPM emitted 
from the stacks. This conclusion still needs a lot of 
basic data from the field and laboratory to verify.

4 � Conclusions

Condensable and filterable particulate matter in 
coal-fired flue gas from three power units installed 
with the same types of APCDs was sampled. This 
study explored the effect of unit loads on the emis-
sion of CPM and FPM from coal combustion. The 
analysis results can be summarized as follows: (1) 
CPM contributed the main part of total PM emis-
sion concentration, accounting for 86.01%, 78.01%, 
and 80.57% of flue gas emitted from the three coal-
fired units, respectively. Organic components were 
the main fraction of CPM, accounting for 66.87 to 
75.92% of CPM discharged by the three units. (2) 
CPM had a similar composition of organic com-
ponents emitted from the coal-fired power units 
with the same APCDs under different operating 
loads. Hydrocarbons were the highest proportion 
(29 ~ 31%) of organic components in CPM, and 
the percentages of esters all exceeded 10%. The 
SO4

2− was the highest concentration of water-solu-
ble ions that accounted for 31.38 to 57.46% of the 
inorganic components in CPM. (3) For n-alkanes 
of organic in CPM emitted from the three coal-
fired units, the distribution characteristics of mono-
component n-alkanes were similar. For phthalates, 
5 kinds of phthalates, that is, DIBP, DBP, DMEP, 
BMPP, and DEEP, almost contributed to the total 
emission concentration. (4) The higher-load coal-
fired boiler emitted a lower concentration of TPM 
during combustion, and the actual operating loads 
had the opposite effects on the emission concentra-
tions of CPM and FPM. With the decrease in flue 
gas temperature, the emission concentration of 
CPM also decreased, and the emission concentra-
tion of representative organic components and most 
inorganic components in CPM reached the lowest at 
the lowest temperature.
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