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Particulate matter less than 2.5 um (PM,;) is emitted from coal-fired power plants in two forms: filterable

particulate matter (FPM) and condensable particulate matter (CPM). FPM is called as the PM emitted in the form of particles,
whereas CPM is called as the PM converted from gas in the atmosphere. Because CPM was reported to account for 80~93% of
the total PM, 5 emission, it is important to understand the characteristics of CPM emissions from pulverized coal combustion.
Pulverized coal combustor was therefore designed and constructed in this study. Combustion flue gas was sampled using EPA
Method 201A (Determination of PM;, and PM, 5 emission from stationary sources) and EPA Method 202 (Dry impinger
method for determining condensable particulate emissions from stationary sources). The average concentration of FPM, 5 in

the combution flue gas was determined to be 217 mg/Nm3, whereas that of CPM was 70.5 mg/Nm>. However, the

concentration of ionic components of CPM was more than twice higher than that of FPM, 5. SO,

2~ and Ca®*" were the main

ionic components of FPM, 5, whereas CI” and SO,2” were the main ionic components of CPM. As a result of semi-quantitative
analysis, alkane components were found to account for approximately 65% of the total organic component of CPM.

Key words: Condensable particulate matter (CPM), PM, s, Coal, Combustion
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ALoA HiEEE nAEA = ofaby mlAHA]
(filterable particulate matter, FPM)2} 5577 PIA|HZ]
(condensable particulate matter, CPM)2 J-EH T}t
(Gong et al., 2016). FPM2 7+ Fei= 23 vjEH
oh ¥, CPM2 7h2/) JEj= HiEE & oi7] S
A wEA 2t Fei2 MRt =), 9 A4S 59

A= """‘15}% o+ HS (homogeneous reaction) X}
E7Y 9hS (heteroge-
Oﬂ 94 SllA P dE Tt (Feng et al., 2018;
Corio et al., 2000). CPM-2 U502 1.0 um ©]5}<]
W ek Ao, elskarEe] e 0
£ A7 AFste] diz]d ostel] 714g & ot
(Feng et al., 2020; Yang et al., 2019; Yu et al., 2018). u}
2hd = o] 1A 71l 54% FPMERH ofL2t CPM
off thiet A+ At Af=olch
2 *4%2} Bk 01]/\1 & == vAHA] o] o
3 AF=0] AUt At das F
2 e A=l A (selective catalytic reduction,

SCR), A7]3zIA

neous reaction)

A (electrostatic precipitation, ESP),
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SFA]/ (wet flue gas desulfurzation, WFGD), %
713 ZIA] A (wet electrostatic precipitation, WESP)
2 7| FRA S -GSt Liet al. (2017)
o] g3 AWE EW SCRE 53t w77k A
FPM, ; 5 =7} 322.1 mg/m®, CPM 5 =7} 126.9 mg/m®
< bl dhHof|, ESPet WEGDE R5F S1iet Hl7]
7t2o A FPM, 58t CPMO] 5k ZH2} 3.1 mg/m’,
102 mg/m*= YERHSITE 5L A=Fe] 20199 A+
A7t (Li et al., 2019)°4= BAAEE AZ 25 Hf
E7F20 A FPM, 5 557t 3.5~4.4 mg/m?, CPMO]
352~48.7 mg/m’ 2.2 ZAE|}. Lu et al. (2019)2]
At Aol A= SCR, 7Y XA/ (bag house, BH),
FAEIAES FHRE wi7]7E20) A FPM, 5, CPM
9] B}t 247t 1.9, 28 mg/m* S LFEFUQIEE e ar
SCR, BH, WESPE 53t Hj7|7FA0 A FPM, s,
CPM9] &7t 22t 045, 12.7 mg/m*9] ‘=2 UEf
Wlch = CPMQ] 5% WEGDE 5FotHA]
14.5 mg/m*°[ 4] 16.8 mg/m* .2 Z7Fgt At: 9tk
(Wang et al., 2020). T2tA H2AE Ado A=
FPM25 E7F CPMELE EoL), Wr] A Scto] uj
HoMe CPME] 557} FPM, R} A o1
= CPM«] A< olslistar Alejders st
= Aol 8= & 4 AUt
E3} CPM-2 EPA Method 202¢] wha} F7]4] Kt
7120 &2 Wiro] 3]skt HAIAAES Fatst
of t)7] Fo& HiEE= CPMO] PR 2.64~
507 mg/m*2] HYE YeEFHNL, 4714482 351~
HLY] FEE Yelo] £7148w 771
AJE9] H|F0] A2 H]X5E A o2 BT (Wang
et al., 2020; Song et al., 2020; Li et al., 2017). Yang et al.
(2021)9] A+ AT AE WEGD HdollA CPME]
FI14E83 §718E a5 242 19.63 mg/m?, 20.15
mg/m*°]AE Zo] WEGD FHoll A= 6.96 mg/m?,
12.59 mg/m*2 ¥I5k1l, WESP T4+ 6.33 mg/
m?, 9.59 mg/m’2 ‘iﬂﬂh Zog HuE gt
AYA o] AHL drop tube FEj O] ¥H-SV|E
o]-g-5to] T aE|o] ghow, Aete] FF7E W

of > mfx
o >

ol

5.59 mg/m’

ol et CPM O] T FABHAE 7171, 771 4
0] Hlgo| A 2to|7h dhe A7 AT} QArk (Feng
et al,, 2021), EG Ao} m)EEre] u]go] njet §7]
ofol2Z9] o] Wsh= Z1o® B E It (Wang
et al., 2013). 12t} drop tube FES] HH-S7]o A=
HFEF Ao HIAEA 7 2 E ] e B IRte] HiEE
2 Aot o A7 AL

waha 2 AFolAe AeAo] nEet dar)et

Zo] BiEAE Z2sl W o] %, HliHA FollA] mlAH
A 4 == H-571E AlRsklAL, nl2e

=
A4 Al HiEEE= FPM, CPMO] HIE EAS o]sfis}

8
k>
1>
=>-|I=|
ﬁ

T2

> N
Ql
N

1% 10]) YrERd HRep 2o,
o} “Vﬂuﬁl AH A= 3k
73: 8.2.cm, Z2°]: 100 cm)+= AT
2742 Qo M7=E XI5t
50°CE frA|sto] ml2eh=
i *WQ HAE 9} Zo] A=
Holl A F=Q5ke] HibA ot
v 7L ER] =5 ShRn BEE7]of oAl A
2 332 Y4l = T3 A2H (powder feeder-S06,
DAEWON, Korea)& ©]-85t] =& 37]et & 4
& FYotaleh & Aol o83 nlEere] AR
A3 FAEAS A= B 19 YeRfQ]) u]iEko]
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Table 1. Ultimate and proximate analysis of coal.

Ultimate analysis (%) Proximate analysis (%)

Moisture Volatile Fixed Ash

¢ H N S matter  carbon

701 43 12 05 5.8 304 55.7 8.2
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Fig. 1. Experimental system.

915t 402 Bt AAE Yol A4 T HiE
== 7kAE 7FAEA7] (Vario Plus, MRU, Germany)
£ 53 dASiEr A (CO), ©]AS e A (CO,), &F
(05), BAFeHE (S0,), AAAsHE (NOy) &5 2% Tt
Ao g ZAste] AL Fr6llth AAAZ 102
T, Aa7h gt Qe wf, wiAEA] AH5 A= 7t
27 S22 s Jug AFAZI uAA] A=

U.S. EPA Method 201A2} 2029 whet FPM-S Ato]Z
25 ol-gste], CPM2 A% UYWAY (dry impinger
method)S ©]-85to] 242} ZXSIATE FPM2 PM,,
At ZE1} PM, 5 At 28 &7 ©]-8-5ke] PM,, ©]
A, PM, 5~PM, 5 -2]5H1L PM, 5 B H (o]7}2] &)
£ o]§ste] PM, 5 AFISHATE CPM Z7EA] A
7HA & &4 H|0| X (heating tape) & 71OFA] alld 1% 9]
HlE7kA 25t FAsHA stk AlolEES

75 CPM2 -2%7] (condenser), YU A, DEHE AX
HA 2 v 2 {2 13 Limin (-2
AB0E % 0% 5 AR sk A A
T, @Al gl SO, 5 AASH ] flol 1A17E 53t
2 (99.999%) S 14 L/min 0 & QWA o] BAFslT)
He % 63] ¥R ST A9 A CPM A ]
BEE BE 2RI} GV TE 285, oA
, kS o] 8-5to] 3314 A A SHeitt. FPMt CPM
FE|= A Ao EloA] 24417 E<t G 7, o]

1
31

mb

]
=

olo el r}m

)

2.2 OMEHX| 2M

% 2+ vAHR] 24 W 5555 UEhdch
Aol ZEoM= 371 47 RER EZYPESITH((1)
10um ©J4, (2) 2.5 um ZIH~10p
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Fig. 2. Summary of CPM and FPM analysis.

5. AtolZEol ZHE ofaHg mAHA = oES
ol-g5te] 24311l FPM, 5 HEIE 2]57519] 244
&3 HAAIE A AXAR & FAE S5t
At A= F o o8 §57], WA, AFHE

2t FF74r, OFAIE (acetone, 99.7%, HPLC Reagent,
SAMCHUN), S5t (n-hexane, 95.0%, HPLC Reagent,
SAMCHUN) 2.2 334 A|&l5te] 3]sttt 32t 5
FE 34t A2 CPM O 71, oAl ETL @
Ato g2 HZgE gMe cPMO] GrIR o7 RS}
Atk ESF, CPM ZE| = HIAAIO B ol A 24417 F<E
AZXAR &, 2Z97) 5 ol8st] {7148 S 77
e FESIT TR FEYS sie B
o} 105°C 204 F 10mLE FLAIZ] 7, dlA|A 0]
EloA ¢Hd Az & FAE S5k f714% 5
E8IE shue BE &, F2- A = z
=, dXAClE A 2F AEAA BAE 45

X

oF A B A2 B9 S Askrt

2.3 M2 24

B Ao A= FPM, 9 CPMO] BA4S 385+
ok FPM, 5= APl 2&5 T of| A Z12F = Q]
124 FPM, 59 ti=F 90%7F ZEfof] TH WA, A
o] ZE°] ZHH FPM, 5= oM ECE 343 & 1
ZAA EAof| oefgo] on, FPM, = U
ZHE GAre] st F714E 248 A5

Table 2. Summary of GC/MSD analysis methods.

Inlet temperature 250°C
lon source temperature 230°C
Transmission line temperature ~ 280°C

Maintenance at 50°C for 3 min
Increase to 300°C at 5°C/min
Maintenance for 15 min

Temperature program

m/z scan range 30~600

FPM,; BHE 1142 A2 &, % £ 15mLo]|
250 FE71E ol8&st 158 ¢ 7714
ZSI3ITh FPM, s TH 55 8941} CPM 7]
T G2 A2 e E o]gsto] oA A
s AT &, o]l2a2utE 1 1] (Dionex
Intergrion + Dionex Aquion, Thermo Fisher Scientific.,
US)E ol&st 7709 4+ (Cl, SO,*, NO;7, Na*,
NH %, K, Ca*" )& 24ot3lch B3t i35 =8 2
gol7] Sl 5 Alek Fdt oz £35lnh
CPM 171/ 24892 35 E 55715 ol-85t
o §HE oF 0.5 mLE F5AT] 5, A™A] LEf o] o
AR &, 71 A A= etE D e/ A2 4 7] (Alilent
8890/5977B GC/MSD, Aglient, USA)E ©]-8-5t] A4

=
2Rg SPolck AT Y 27 B 24 B

¢ ox Ar ofl
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3.1 SA HIE7IA

nAHZ] 2F o]Ho] A4 AEiE Sl 9
Sto] AaTpA BEA7IE AR e #iE7A B
£ SRIotqirh. 119 30 B Hiel Zo], dm FY Al
2 5, Co, shE gAsH TV, 52 W= i
7F R0 GAEE AL FRIT 4 Atk 18,
CO 5% 10 ppm ©[ot= FA| == A& &Rlske]
wEba 2 AdoAe A4 Al 107
2] & AlAeFET.

3.2 O|MHX] 5=

19 4 = FPMY} CPMO] B 55 2312 HolF
I 3 5= ZF Zte] wEE Ay AIES HolFErt 6

CO, conc. (%)
- - N
B & o
7Y T
= o N
o (5, o
CO conc. (ppm)

(8,
L
T
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0-! T T T +0
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Fig. 3. Combustion test results.
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Fig. 4. Average PM concentrations.
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[ZE A Al PM, 5 HIES S 807

9]0 ¥HE A9 Ay}, ofthe] MarF EARA, HHE
Hom A 7 AHE HAFSInh Aol 2&9
A ZZE 10 um ©14F9] FPM == Hf 828.7 mg/
Nm?, 2.5~10 um H9+= 1299.1 mg/Nm?, 2.5 um ©]5}
£ 23 mg/Nm*& YePHSIth 12|12 FPM, 5 ZE |
EHE FEE 1942 mg/Nm*S UePH it} whabA]
B FPM, ;9 HEE 217 mg/Nm’ 22 LeEpTh
CPM-S B+ 70.5 mg/Nm® ] S5 YehfiQict =
3t CPM O] 7| E-L 49%, §7|HEL 51% H&=2
F717d20] ot EA Hebdth ol CPMOlA F7]
B2 71/l A Sk HIFo] HISSHEA,
717480l o &2 HIF= AAIsIA" 71E9 A+ 2
et 5-AFstct (Song et al., 2020; Wang et al., 2020; Li
et al, 2019). 2 AFoA = LAANES FsHA] &
2 OEE 4 MEVIAE BASG o B R, CPME

o FPMO] 84 52 =8 HERHSIH

3.3 OIMEHX] &=

3.3.1012 5z 2%

9 62 FPM, ;9] o] 2AE HdsLE BT,
a9 7 ZA7H9] whE AR AdES HojEth
FPM, s BE oA EA4H 78 0|29 5k A B+
< 7.4 mg/Nm’0|qlt}. 73&29] o2 &2 S0, >
Ca’* >NH," >Na' >ClI">K'>NO,” &4 2 FPM, 5
o] 71o45tIEt. o] F SO 7} 4.7 mg/Nm?, Ca*t= 1.8
mg/Nm’ 2.2 ettt 7]290] o A7 B, Het
S A WESP $HoA] 3020 2.10 mg/Nm’,
oFol-20] 1.38 mg/Nm’ 2.2 ZH =™, F, CI', SO,

=]
o

Conc.(mg/Nm?3)
8

o

Inorganic Organic

Concentration (mg/Nm?3)

>10 /m

25-10m <2.5m HInorganic Organic
FPM CPM

Fig. 5. PM concentrations.
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Na*7} 9 o]2 JE o2 Uttt (Zheng et al.,
2018). TS SCR - ESP - WEGD B o] ®A|A] S &
ste] HE == FPM, 5914 SO,7 (1.4 mg/Nm?) <}
NH," (0.6 mg/Nm*)7} 8 o]& A& o2 eyttt
(Lu et al, 2019). TEHA FPM, ;9] 0]& & £F2
71E9] AT Aot fARER oW, 8 o] Aol
UolA= 2tolE Bt ol= 71&E] A+ ﬁi’iﬂ A
BN FRAES AZ] $9] FA Ao
TFollMe FAAES AR7] o] An HH717P*E
245197 Wl o= meE

19 82 CPMY o247 Ha-s L& HolF,
9 9= A7) HhE A AuES HojErh 19
61} 82 H W3 2 uf, CPM- FPM, s} THE B B
T2 HYS & 4 glrh E3h CPMO] o] AR Bk
AL 16.7 mg/Nm* S &, FPM, ; ZE|O]|A] o] 2A K
e AAY 28 oS YEIU It AaTtA
CPM9] ‘5%+= 70.5 mg/Nm’ 2 2 FPM, 5 TE| ol A]
& 1942 mg/Nm’9] 1/3 Aol Eaot95-S 118
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o, CPM 2] @Al o2 29| 7=t =22 &
ol &= it Z}F o]2A’-e CI' >S50, >NH, " >K"
>Nat > Ca?" >NO,” &4 2 CPMO]| 7|45t &
Ao AFES HH SCRE T d47122] CPM
oA 4mg/m?® SO, 9} 3.3 mg/m> CI 7} 8 RO
2 AZ5 It (Liet al,, 2017). SCR-BH - WEGDE A
2|3k At gl A By Ao A= S0, 7F CPM
©] @ AJHol1l, SCR-ESP - WEGDE A |3 A&t
shedbd 4o A= Nat, CI'7F CPMO] 8 ARo 7
T (Lu et al., 2019). wFebA] 2 A Ak 413

ALEL FARRE S & 4 Qo v 24 A
Bo] H]go] QlojAe ATttt Zol7t 9SS &9l
4 Qlch

2 AT et F8 o] 2 JEE FolA CIr=
Aeto] A NaCl, CaCl, 5 F= F7] Je& ZA5t=

rl

l 1204 HCIZ HiEEH, 47 -$55]0] CPML
ST} (Zheng et al., 2018). 121 AkE7kA
8031_ _l‘”"-‘q' 75 O]'O:] H,S0, Fﬂ% oé/}j ]7]}1:]3],
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SEMEORA SRS
A g5l A B
2018).

2t H,80, 571+ 4
A2 AgHt (Feng et al.,

3.3.2 R7| M&

19 102 CPM 2] {7172l digh 84
£ HojFE 67119 A= F 371 Al=of o
TSI BE frlEedS g o r 46179
+ olglee] 7] "ol 4Ed 544 A4 0=
W&o Tt W28 (area normalization) 2 WERHSL
o Z1A 2 2Rt E L v/ AR A 7] S ol 81t 24
T} g 7he) A= 1007 o)3e] w327 HEE LA,
7| Azt D u)/ A7 A 7] 9] 2ol H el ol A
zHo 67182458 Z47] (alkane, alkene, aromatic,
others)® FE5to] A1= Aol AA WA &=
alkane©] AFA|Sh= B2 oF 65%= CPM2| 714
T % 7P &2 HlES UEISIth cpMelA HE
& alkane®] F|4 T4 = 609, A &4 =
2 Yo F& Cyy~Cy S0l BRE| QI AI
F 3704 BFE HEH alkane2 C,y~Cio HH A
£ 47l & Dodecane, Tridecane, Teterdecane, Cyclo-
heptasiloxane, tetradecamethyl-©] 2111, C,y~Cyy B¢
o]|X|+= Tetracosane, Tricosane, Pentacosane, Cyclode-
casiloxane, eicosamethyl-©] 25 HAEE At 1 oS

o2& o

A Al PM,s HIZES S 809

S m= FFol o 94% 2 F2 HlES HoF.
WA HEF F7152 F Toluene™ Benzene,
1,3-bis(1,1-dimethylethyl)-©] 37} Al& & 27 A]=o]
A HE=HAE 11 2]of] Others®= B7e 5=
alcohol, ether, esters, ketone, carboxylic acid So| gt
&o] Slt}. A-57 2] SCR - ESP - WFGD - WESP 44
AdE SR CPME {7142 At 2 79
AVSHA 2 alkane (70~80%) 0.2 FAED, &2 &
A 4 10~30 HY oA EESELL )Tt (Peng et al.,
2021; Song et al., 2020; Wang et al., 2020; Li et al., 2019;
Zheng et al., 2018).

5
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—
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M

e A4 A HAYSH= FPM, ;2F CPM 2] Bl &
ALet7] il A FRO] mlEE d47]
tol AdS 435k FPM, 0] Bt HilE
217 mg/Nm*0] %11, CPM-2 70.5 mg/Nm> 2.
WRADS A A e #l7] 7kl A= FPM, 59
T7F X =A YEbTh a8y o] AR9] B
CPM©] FPM, ; .t} 24) o4} =7 Yept cPM 2] 3
goll o2 29 71 =7t Tos EUE 4 U
FPM, s2F CPM 9] 0] AJ-& 2415 AT, FPM, 5=
SO, > Ca® > NH,*>Na*>Cl">K">NO;” &2
2 55 BxE Yelfi9ly, CPME CI'> SO,7 >
NH,*>K*'>Nat > Ca?* >NO,” 42 et

71&0] A Ane} vjwe uf, 7 o] AF79 Tk
T2 FARER o, ZF o] 2 A7) &< disiA
= B2 ZelE Bt ol ti7IAIAES AR
Al 2t o] & 29| Aol 2pel7t 7] Mo = whet
w|m] RS ofof tigt A7t B oS Ao ke

CPMO| F7)JHE-2 49%, 771352 51% HIEE
F71/8+w0] o =A Yehth CPMO] §714E +
A A} alkane©] 65% % FAEO A%, F
Cy~Cyo Ol FEE L 1 o2 s EF4
HiAlo] Ege WFEIEC] 9.4% HlEE 74

2,

Fll‘ N o
ol I‘N

Olr

2

o}r ol rulru A

SRR
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= of 74%°] vl&-& Yeti= L3 =l et
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