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Abstract

This study demonstrated the applicability of laser-induced breakdown spectroscopy (LIBS) to determine elements
(C, H, and O) and their ratios of aerosols, enabling to discriminate various types of carbonaceous aerosols. The
elements of carbonaceous aerosols which were collected on Ag membrane filter under Argon environment were
successfully detected by using the LIBS. The LIBS responses (emission lines of C, H, and O in the LIBS spectra) to
increasing carbonaceous aerosols were evaluated. The sensitivity of emission lines varied with different elements.
Limit of detection (LOD) values for C, H, and O elements for aerosols collected on the filter were found to be 3.17
ng, 0.15 pg, and 2.25 pg, respectively. The spectral data (elemental ratios) obtained using LIBS were in reasonable
agreements with the nominal atomic ratios (H/C and O/C) of various carbonaceous aerosols. Further, LIBS spectra
were investigated by using principal component analysis (PCA) method to identify types of various carbonaceous
aerosols. Our results suggested the possibility of the LIBS technique to detect and/or to discriminate various

carbonaceous aerosols and to determine their elemental ratios (H/C and O/C).
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7] F F7 ZvAAA(ine particles)= A 3
¥ (radiation balance) (Ramanathan et al., 2001),
FE A4 (cloud formation) (Andreae & Rosenfeld,
2008), AlA(visibility) (Appel et al., 1985), 181
A% B (health effect)ol] S23 JTL sk Qick
(Poschl, 2005). E3], &4A oo]Z=(carbonaceous
aerosols)2 T4 XY Zu]HHA(PM,s, particulate
matters less than 2.5 um)9] 40%(ZF £&) ol4F
S ARSI % gttt B E ) (Cao et al., 2003;
Seinfeld & Pandis, 2016). ©44 o2&2 £
7F(black carbon, BC) T ¥4 B (elemental
carbon, EC) AEI 7] ®A(organic carbon,
0C) &o = o]FolA gitt. o]t &4 ooj2E
< ot dAadgold AR wiEEr: sk
(primary aerosols), t7] oA 7|A|-YA g &
& B9 2x3o=z AAHEY|Z  FrHsecondary
aerosols) (Park et al., 2003). &4A4 ofoj2=22 H
5 2717 FAxn gEdEREEEEA(polycyclic
aromatic hydrocarbons, PAHs) 5 &3 48L& =
3ot glof oojEE Fr]ol 2Kt} A 17l H 5
EFot ¥ A AJok (Menon et al., 2002; Li et al.,
2009; Anderson et al., 2012).

ga4] dolzE9 F4a sleE Y4 AEQ #@a
©), 2@, AX0)9 F2 dojzzo 7¥
(source)@t 8Haging) gl oo A= 2t Y4

AE9 HE&S Z8oto] T oojREY oHY ¥
AeF B w3t A=E 9T 4 I (Ng et al,
2011). olol2&9] 354 A4 HJES F7s7] sl
A+ atomic absorption spectroscopy (AAS),
inductively coupled plasma-mass spectrometry
(ICP-MS) or -optical emission spectrometry
(ICP-OES), and X-ray fluorescence (XRF)Q} Z&2
A2 50| EaEojgdrt (Begnoche & Risby, 1975;
Broekaert et al., 1982: Jalkanen & Hisinen,
1996; Tremper et al., 2018). AAS®} ICPE &8st
BAEL Joj2EE e 2 o]l F2HS

A shobd Uh E-e A ek weba ARk
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Hlgo] Ao e 4ol gtk XRFY A% 9
AR STt DA A% St b HES 4%
& AR Ba ooz 4RSI C, H, 0% 2
o 7he fa HES 243 olele BHe ML
3}1

Ao A AFSH laser-induced breakdown
spectroscopy (LIBS) 7§ -2 thefst A& (LA,
A, 714, oliRE 5)Y 3EH b = A
Loty (Gounder et al., 2012; Aguirre et
al., 2013; El Haddad et al., 2014), A& & 73
o] HEA thE Y4 ZES T Hol #lE2A FHo]
7Vttt AHS zb Tt (Winefordner et al.,
2004; Kim et al., 2013; Lasheras et al., 2013;
Boué-Bigne, 2016). T3t LIBS &% #AX9 AL
XRF 34 A2 ojy] C, H, 0% 22 712 U4 4
E A&5E 24o] 755t (Rauschenbach et al.,
2008; Harmon et al., 2013). 3tA|gF fjFE9] o]H
LIBS &7 A9 A% oojg&0 23dH S5 4
2 540 B2 A7t olFoA ot (Park et al,
2009; Kwak et al., 2012; Kim et al., 2013;
Maeng et al., 2017; Lee et al., 2018; Kim et al.,
2019). webA & dAoAe A LIBS 74 ZA9
g4 ool2E HE EAS AT EIA St g
qoj2&9] C, H, O 334 Ui W&EAH(emission
lines) 2HEHE 43511 o]t W&EAES] v|&F}
FAEE A (principal component analysis, PCA)&
Z-85to] TRt HAA ofojEE BYlE ES 5 3l
=4 7FsS HESIIA g

2. 4

0%

e

2 AFoA BIAEZE ThfRt ©A/] oojR2Eo]
191 A=Yk, Carbon black IH-H(Regal
350R, Cabot Corp., USA)2} 9709] thakgHC, H, O
&) §7] ooj2F AEES &8s LIBS AAE
BIAESHRCh ol Uehd ¥4 A& B9 e £
A3t A AR g8ote] A&t (e, H/C =
(MH/1)/(MC/12) and O/C = (MO/16)/(MC/12))
M2 Z 949 HFE 9u]) (Simoneit et al.,



Table 1. Various carbonaceous aerosols tested in this study.

Manufacturer Nominal Atomic ratio
Sarnp le lf\gcr)ll‘fell(ﬁl;ar H /C [e) /C
C-rich (Regal 350R) C Cabot, USA Close to 0 Close to 0
Fluorescein sodium C20H10Na205 Fluka, USA 0.50 0.25
Fluorescein C20H1205 Fluka, USA 0.60 0.25
Oxalic acid C2H204 Sigma-Aldrich, USA 1.00 2.00
Citric acid C6H807 Sigma-Aldrich, USA 1.33 1.17
Soqium ibenzenesulfonate CI8H29Na03S  Sigma-Aldrich, USA 1.61 0.17
Adipic acid C6H1004 Sigma-Aldrich, USA 1.67 0.67
Levoglucosan C6H1005 Sigma-Aldrich, USA 1.67 0.83
Sucrose C12H22011 Sigma-Aldrich, USA 1.83 0.92
Pentaerythritol C5H1204 Sigma-Aldrich, USA 2.40 0.80

2004; Aiken et al., 2007:; Canagaratna et al.,
2015).

TR gAY ool2E9] HAT 1Y A& T
g 1o Uehfde}. 7HEE(carbon black) 3H¢-H2k
7] oo2F AEES ¥ol24(deionized water)l
42 5 B577](atomizen)E ol-&sto] o2&} A7l
ot 7FEEY TeT &d(solution)d] A FAMH
10%(weight)Z Alojsto] A FH|SFH T /7] ofof
2Z 8H9] AL FAH] 0.1%(weighp)E A ofste] &
HE FH|THYH EE 892 dHsHA =2 4 3
TE BER7] Qo] A4 3HAF (magnetic bar)7b 4%

S Eotd 4 U= E st #FZ3Hhomogeneous)

golo] B % S shglr. 2]

=
=
3 BW&(drople) 5 FY2 AZW Ewolf

(diffusion driers)g& &38stA sttt ol& &3 &%
2o ZgE $EL2 Fsty 97t Yske oojzE

9t A "Hrt o|2A AxH ool2E2 AW HEL
ol ¥ (silver membrane filter (Sterlitech, Corp.,
USA) with a diameter of 25 mm and Ag purity
of 99.97%)° ZHATHAZFS 3 lpm). AH HEF
¢l HE A3l o]+ 2 dHE g ZEo] AY
= GEo|7] "otk EFF 2 AFolA AME F

El= QEOA 400°C oJ4olA g At o]4F FA
g4 4ol ZHo| FA YEE stk
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Figure 1. A schematic of various carbonaceous aerosol generation system.
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Figure 2. A schematic of aerosol LIBS measurement system.

TFet ©aA ofjoj2£9] 3}eHA
2FIQl LIBS A= 19 20 Yehldth LIBS 5%
Ho|A, B4, AE =AU 7tA FY A|AH
o8 FAsHA #HolAY Af  Q-switched
Nd:YAG laser (Polaris, New Wave Research
Inc., USA)E FHO = A5ttt glo|A] A T o
U&= 40 mJ/pulsec]™ HAEZL 4-5 ns 18|31 I
42 1064 nmE ARSI #olA BAL] 21
5 Fu= 1 Hzg ARSI FlolA 1L H<:
Z(90 mm focal length plano-convex lens)&
S dE HHO| FASIEE FAGEHAT. TE EH
npo]382 EetRuprt A= HEE U 45% ek
o8 HAR A=E AR 23A
(spectrometer) (Aurora, Applied spectra Inc.,
USAE HUWALEE siylch. EgA0lAs o W9l
190 nmolAFE 884 nm7H] 4T 4= et (&l
S(resolution): 0.1 nm, AA| AlZHdelay time): 1
us). olo|E2% IH MES AsdtE MEZH &9
AA Aso =2 [T = A sHaith glolA ®luhth
A2 o2& HE0] ln% 5 U= 3ldsHA |
ok Z AE E 20709 AHERS 4F & AU 7
A]i‘?HOﬂH% OF2(Ar) TIA(EFE:
99.999%)F Ar&sItt. of2E 7hA9l fFFE 1.5
lpmeIZL 5 mm =& AMESt ooj2E ME

Ak HE 27 A

T =

Z} x]

o oz &

53h

x 7Y
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B A oA wof 9§t ufo|a 2 Zet=ut 34 ¢
el BEAbELE. o2 7tAE ulo|a® EdhRuf
WollA F71(air) A9 I HaseE 4+ s
AHESE Aolt. ZF "Elo] 2 oo2E FH2 1
pg UHEE 7HA I Q&= AAAE(Sartorius, MC5,
ARESte] S5t E5% 25 AHE

Fg BA57] Yol skeAZsH (chemometric)

German)&

ATEQo] (LIBS GDT software version 1.0, New
Folder, USA)E &8st FHEEH(principal
component analysis, PCA)S A|Z=3}3tt.

3. 20 ¥ 1
a9 32 A9 ZyF 3H3E citric acid (CsHsO7)
ooj2E MEZY Y AHERHI Fu g ME9
(i.e., clean membrane filter without
aerosol collection) A2HEHE v|w3t Tgolt} (&
(Ag) BEA (2474 nm), &4 (O) L&A (2479
F4 (H) W&A (656.3 nm), 44 (O) H&EA
(777.4 nm), A& (N) HEA (742.4 nm, 744.2
nm, 746.8 nm)). 3 iz ME} v|wsto] ooj=
£ M=o B3t AHEHON 2(Ag) WEA, BA(0)
A 5\_ ( ) tﬂ—zk] A]—/\(O) H]—z/ﬂo] Q—/\EB‘]
S ERI% 471 Stk 7R of22 VIAE FY
A1 F7] AN I tix HEY AHEHE

silver

nm),

I:1

T



12000 —— CBHBOT (citric acid) with Ar
- Blank with Ar
- - Blank with air
10000 A
i £
-
3 (=4
& 8000 ™
= 2
=2 8
§ 6000 T
£ T
rn i
O 4p00- |
= {
f
2000 | / A
e /i e
0= T e I ol
845 850 855 860 865
Wavelength (nm)
10000 —— CEHBO7 (citric acid) with Ar
—— Blank with Ar
~ Blank with air
8000
£
8 =
2 6000 0‘;
2 E 5
8 = s
£ o =
o 4000 g 3 =
@ = = '
=) g = :
K3 =
2000 = 3 }!
z ! /”
5___,,_Lv_~—,~j\4 J—k‘-”;-—,{"/' ;
0 T = s v :
740 742 744 746 748 0

Wavelength (nm)

. LIBS spectra for citric acid aerosols in argon atmosphere, and blank samples (i.e., silver

membrane filter without aerosol collection) in argon and air atmospheres.

5000 —— C6HBO7 (citric acid) with Ar
g Blank with Ar
< Blank with air
4000 - 3
— o~
3 = E
8 o £
> 3000 S
3 { ©
g flo =
o
¢ 20004 J j‘)
s}
= 'l /1‘
|
1000 ‘ [
[
‘ A SN
LA = N it i
0 e ey - 1
245 246 247 248 249 250
Wavelength (nm)
120001 —— CBHBOT (citric acid) with Ar
—— Blank with Ar
£ Blank with air
10000 -| =
3 g
b |
& 80004 =
= o
B
o
& 6000 "
2 by
. 4000 - / {
|
%l \
2000 {
B
SR e e S
0 e e e
774 778 778 780 782
Wavelength (nm})
Figure 3
ZFEYT. 37] BHOIA B 2 BB v
. -
A= 4H) HEA, A420) HEL, AN FE

Aol ZotA AEEE R 4 AUt o= ol =22 7}
A5 AT EN FH 7] Ao o3t JFE A
e EY & Stk AL AAET 2 FEAe 2y
U (silver membrane filte) T2 HEH AS
2 Bt oojE2F & AUEY B4 A] ol22 &
AollA9] T iz WE AHEHZ L-gsto] Wzt
== Exé% ettt 19 39 vt e AAH
S4(0) HEA, 4H) WEAL, A440) HEH2 7

Z+ 247.9 nm, 656.3 nm, 777.4 nm THFO]

~M

A oz

A% AS7 1eS AT 4 ot meba g
©), 40, 4£0) 92 E4L AsdE A9 7
52 A839nt
ofte] o2 citric acid oo]2EE WAt &F

st} &4(C), AH), 4HA(0) TP AHEHI]
HAS Aol AA &#4(C), 2H), 440) ¥
49 A Hket vwgt 235 19 40 YErelth
2(0), Fa(H), 42(0) 949 A (ueg)Z ZHI
EAH citric acid oo]2&9] AA FAL & H&
o]-g-5to] Aottt ZF HEo] Y ooEE A=
o 20719 ¥4 AHEHAS FHEIGN T o At
&otieh. 2ol Uit oA vl #EHAE #A
Zoldt. 19 40] yehd AAE &2(0), $4(H),
(0) 94 AMEZO HAT}F BA(Q), 2A(H), AF
(0) 94 dfo] A3 AAUE EAT 5= UL
T YA, H, O) ¥ ZEHAS(coefficient of
determination) < 0.97, 0.93, 0.94°]%]c}.
7HEEH(Regal 350R) oflo12&9] ©A(C) 949
A Hato] o2 g4(C) AHEY W9 HilE 1

Bz e
B
l“

N

Part. Aerosol Res. Vol. 20, No. 2(2024)



O

% 5ol EAISATE TR BAC) Yo) Aeol
S7Kol wel s AMEYO] wHo] MYHOR

U S Ak
ps

olN

B o
10
X
m oft m°
(&
i&
2 g
B
o,
2
@)
>4
18,
m
ot
ofN 1o

B}
5 UREE, 19 4 T 54 8D e
He BAY & Aot BE VYA 2
A, B4 0 E YT ZF 94
3 limit of detection (LOD)= ZA7|1& (3o
-international union of pure and applied
chemistry (IUPAC))ll wat ZHsIA T &FA(C), +
4(H), AF2(0) ¥4 LODE 27t 3.17 pg, 0.15 pg,
2.25 pgolqltt.

et A oo2EE
HER WH H|H/C), 4t
(0/C) & a-2a A7 A4 H|(H/C), Ata-va 4

4000 5

ENPN

=2
gh 2dEY WH )

- 3000 |
S
5 y =32.318x + 63.693
o R2=0.9678
w
S 2000
g J
@
jud
0
m
= 1000 |
L
0 T T T T ]
0 25 50 75 100
C mass (ug)
(@

100000 -
~ 75000
]
&
Q
0w
S 50000 4
2
@
4
[}
]
= 25000 4

L]
9 T T T 1

H mass {(ug)

(b)

Particle and Aerosol Research A 20 @ A2 &

20000

- 15000 |

3 y =133.28x + 3840.7

o R? = 0.9431

fol

@

5 10000

o

w

b

7]

o

= 5000

L]
[ ]
0 T T T )
0 25 50 75 100

O mass (ug)
(0)

Figure 4. A relationship between LIBS peak area
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