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W E RETVPTE T (PARAFAC) 2B 1Y OG5 S 49 A0 i 18] 43 999 56 (LITRE) 28 K 2 540 BF 9% i 8 &2 35
J7 % (PAHS) & (Pyr) FIE (Phe) Bl KR AR T 5 Aldrich JB# B (HA M BEAEA . L3R W, 7 266 nm
WMLV KT, Pyr, Phe X HA = LITRE S A EH S, Joik H 3R 2 1R 4 415 o i & Pyr Al Phe
YL IRE . I PARAFAC 438 ol Pt A S0 bk HA 286 T30, SRBUR A8 LITRE S&3% b Pyr il Phe 2¢
JCHE B KA A 9 eI 28 . I LA Freundlich WE Bt 45 R BE T # 78 PAHs 5 HA 45 & 451, 45 R EF T Pyr
Ml Phe 55 HA RIAER B R L5 G (n<<1); Pyr Ml Phe $L7E0T. Mi# 5 HA 45 AfEA 59 R R . AL S W
JiJ5 , Pyr Al Phe 5§ HA [ i R IELMERIE R 0 BIET . RS RETH, D mERE
S % B 5T BE B 0 B R . Sk, LITFR-PARAFAC K 2 5 1% 5 9 64 K% BT 43 3. 40 43 Pyr fil Phe 5
HA 555G B E 2 57 K BRE BT TF 47 50 Hr s ey Pyr F Phe 5 HA [8] 2% 5% DL &5 5 K P X
A FE . LITFR-PARAFAC FK ik w] e 3 J5 4 0 55 1R & PAHs 5 HA M E AR, A R T B A7 15000 F03F 4h
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% 55 ¥& (polycyclic aromatic hydrocarbons, PAHs) &
— R EEH K EA VLI 44 Y (hydrophobic organic contami-
nants, HOCs) . A “ = SO0 "1l fiF 32 5 3™ . PAHs 7E
JK R PR BEAT Sy B AR WA RO 2 R M LB (dissolved
organic matter, DOM) %2, J& A ii# Chumic acid, HA) J&
DOM Hr e %26 43 # 4. WF98 R W H 5 PAHs A7 T AE I X
PAHs 94 &AW tE A mE g mt

V& fit P A HLAk (dissolved organic carbon, DOC) I3 —4k )
855 BB (Kpoo) KW 55 IR AR R MR B H 1 PAHs 5
HA M AR AR BT . Dk KOk N R £
PERTAE . AEBE IR PR 8% ) 2 T 0F9E PAHs 5 HA 45 &%k
0, BRI, AR G B K R AR I DA B HA (95618 T
oo MELLSEHUOK B OGS0 PAHs SL20) 5 HA M H
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YERIWFTE o RSP A DEEHE K 3 8 T 26 (pyrene, Pyr) 5 HA
SEAEBON B T By k. SCIRES IR T X4 43 4 AN
BHE BBRESARe I R A o (5 b3 Jy i BT FASCEs 18 465 P
B, FERTAIXTECK . EKMR B B RS HUN . 22 BOE BT
WK B S R 25 R TR 26 A X HA it PAHSs (8] #H B 4E
F AR o

ot 5 9 B Bt 8] 43 3% 2% )% (laser-induced nanosecond
time-resolved fluorescence, LITRF) & 4t i 4 4 5% . R &
fe MR L AT R o B S S R A BOR B . B4t
LITRF R 4 ic &6 MRk, © B PAHs J5 A7 6 i) B
BTFB, #:3) T PAHs 7E R WA EEA T i B b . PR H
M%) M HF5E . Rudnick Al Chen 2 F HA 5 PAHs %6 %
AT 28 5, A BUE IR B RV BR HA 2865 s T8, Sl T
P A S5 Mg KR K A Ay Pyr BUg IR AL E D s AR
24 I % 2 8 20 43 3E (phenanthrene, Phe) fl%g 4 Phe 5 HA
S A RrTE . SR, MG OT X T4 A i PAHs OB A 414
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PAHs JE IR fE4E AR R0

ASCLL Pyr il Phe 5 PAHs fAE Y B, 260 LITRF
WE K P F0F-47 T (parallel factor, PARAFAC) 43 M7 M1 45 4
IR % 280 & PAHs 5 HA 45 &850 R AE A PLEE,

ISy

L1 WA E5NR

Pyr(4iif >98% . Aldrich, USA); Phe (&fi if >98%,
Aldrich, USA); HA (Technical grade, Aldrich), 43 5 Fg B
ifi & Pyr fl Phe, Bl A 0. 50 g« L WA M . R TR
43 B A% (Elementar EL Cube., f[E) Wl 2 HA fc% C. H.
N, SFIO &, 20N 60.24%, 3.38%., 1.37%, 0.67%
1 34. 330 o I A LI 22 48 21 50 56 3% X (Nicolet 380, 3 )
W HAFReA, HEAU 8K OH & H (3 398 em '),
—CH, #M(2 920 cm '), —C=C £H (1603 cm '), —
COO #: A (1376 em™ ') ft—C—0 H:HA (1 066 ecm™ '), HA %
WECHI 2 Bk 11], LUA HLBK & i 2 2 Hovk FE (mgC -
LY,

LITRF %%t (Fluovision. ). St & 2 4(: Timing
shift: 1 ns. ¥ AWK () : 266 nm, Laser energy: 30 pJ,
Time Slices: 130, Cooler temperature: — 1 C, & § % K
(Aem) s 241.61~550. 05 nm,

1.2 ik

KR I B WESE Pyr il Phe Bl KR A RET 5 HA
AHEAEF . #SCEROIVI AT R S8 960 77 i, SRdl r ik &R 43 51X
ETA Pyr W (0~6.0 pg » L") F1 Phe ¥ (0~ 30.0
pg e Lo XU 3 &R Phe-HA IR B 44 & o i AW BE
2.0 5 6.0 pg+ L ' Pyr; Pyr-HA WK ZR B im Ak &4
5.0 8 20.0 pg + L7' iy Phe, HA ¥ JZF H € H 1.0 mgC -«
L', rARES T (25+2) CHG#E 24 h )5, % LITRF &
GRSk BT A ARE SR TR AL OGRS . LURE
& H 292.15 nm Abhr S0 AE T — e ab B, DL BR Ok O Y RE
B SR AR R . LITRF 5G4 9O Tl (/] . &
S K B =4
L3 HESN

F MATLAB7. 0(Mathworks, Natick, MA, USA) &
Al N-way toolbox #2 ¥ 41, #£ 17 PARAFAC 434 . LIk
#1Y Freundlich 7 # ¢, = Kroc X (cpee/ca)” Cop PG EH
PAH ¥ 5 cee AEE PAH WRIE 5 ca 9 PAH 1 ¥ W A4V i
J¥ 5 Keoc fl n i Freundlich W B 2%, » 78 W B 4 i 2 Ak
LIERED UG Pyr #1 Phe 5 HA SR ML, JEHH R ST
M7 Conee) BF B B2 5 RAR Ko™ o I Excel %56 22 39
LAT AR B G DLH R 9O6 A i . A SPSS19. 0 347 B
HZE T 2577 .

2 ZER5HE

2.1 Pyr, Phe &2 HA %3¢ 3¢ ift
TE Aex =266 nm ., Pyr. Phe & HA %¢5% K& 5 6 3% f1

LITRF SEi% LI 1, & 1) T 51, HA 286 K& S 3% 5 i
AT R IE A E RS, LRV T HEN e
HA 7746 N Wil PAHs 2806 3 i . HA 28 56 32 Wl R F
Pyr #1 Phe [ 1 (b)], BF HA # % % % 4y & T % b
PAHs™™ , 2as R kA o] 5 Bk HA 2806 0, sesh, —
J5 T Pyr X} Phe yR %< 6 W T Ht AH X #5240, 1T 23 W it Ao =
350. 47 nm Ab TR T LARBUR & 4150 Phe R E. 55— H
M. Pyr 985656 K T Phe, HUE 1 #E — 45 8 i % 3R ) i)
A SR Pyr 98 Y66IE M E o SR, 34 0 4E 3R i A) B i £l
o I G W DN B AR AL A I D A A o D e B R O vk R
D BV AT R IR 25 . X T YO H A S HA Sk
BMRKEZN PAHsCINE, 4l 3.8 ns, Aw 30 H Ky 370~
455 nm) X D4 12 oA E R I R) B AR UL O E 50

5 o
@ — Pyr
. Phe
24 ——- HA
2
g 3 ‘i‘t"m""m'"ﬂ\h
g M
.= W
3 / 4,
N2 ¥ W
g ’ A
2 14 A N JIJ(\\
{ ) * \\v‘
0 -lw h . . A ""wu‘»:»l-.w; ~
250 300 350 400 450 500 550
Emission wavelength/nm
120, ®) : e
e — Py
100 BETE Phe

——- HA

801

601

Time/ns

401

20+

0.

Emission wavelength/nm
1 EEMEM Pyr, Phe B HA fy30 %
& §f3ti%(a) & LITRF 3% (b)
Fig. 1  Fluorscence emission spectra (a) and LITRF spectra

(b) of single Pyr, Phe and HA by direct measurement

LITRF SGis54E 1 & £ 485 5. H PARAFAC 43 #rvf
XiF 42 HERUIR BEAT AR AT . TR 0 i b 0 B & B RRAE 5
R RS ARt PARAFAC A4 i . 1Bk
Aewn <320 nm A0 335 HHE DL HEBR BL 0 T4
2.2 Pyr, Phe 5 HA & &4 1%

H BT R LITRE SB i S0 4 BAE S i 5 . RS K
TR e 20 i P ] £ I 4 B = 4 0 4 R 30F £ PARAFAC
30T B2 BT AR 6 44 13 — Ak & 5 6 T 9 O % 0l
2, B 3 4% A LITRF Sk, A HA HIREY . &A AR
LR 43, A SO g H ) PSSO A 4 (HAT i HA2) ,
ek C16 4R E L. B 1) FIE 2 W] AL, BB A
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1.2- @ % PARAFAC 4381 Pyr Fil Phe fi Kk & 5 WA & A7 A . 23 9]
5 Lol 3 393. 89 Ml 366. 67 nm; HAEE 1(b)FE 3 T & Pyr fil
E“{ Phe B3 B [BIAH L, #F—25 R & PARAFAC 5 B )5 Pyr
0% FI Phe H58 663 1 5 4 18— 4143 10 6% 6 LA e — 3%
= 0.6 k. it PARAFAC Z3#7, [6] i a] SR I 2 Pyr, Phe & HA
Q
= 044 WO ES, g/ R A, WHE A S HA KSR P
§ o PAHs 5% 630 1 — vl JE (19 2 ok (809 7 2 (R? 0. 99) . B2 0%
HA F1 PAHs {4 8 PAHs 58 3638 B A% A K I 28 14 07 R
0035 400 450 500 550 SR W B PAHs W . fJa > A ot B9 Freundlich 23 20 %
Epiissiomsaselsnutnn LEA B IEAT A (B ), BRI S H 8 45 A R B logKnoe
5 ) ey R FE L,
© Phe
< 1074w HA1 1204
B | e
w
g 1001
g
g 80.
o=
E £
Z =
0 20 40 60 80 100 120 401
Time/ns
201
B 2 £ PARAFAC 53 B # Pyr, Phe & HA 13—k 3% & & &t
Sk (a) RIEHFIH ML (b) 01 =
Fig. 2 Normalized fluorescence emission spectra (a) and fluo- 350 400 450 500 550
rescence decay curves (b) of Pyr, Phe and HA identi- Emission wavelength/nm
B 3 % PARAFAC 91 Fi#8 Pyr,

fied by PARAFAC analysis

Phe & HA By LITRF Yt i
Fig. 3 LITRF of Pyr, Phe and two HA components
identified by PARAFAC analysis

% 1 £ LITRF-PARAFAC ¥R % 3% BLAY Pyr 70 Phe 7Z£ HA [ Freundlich IR f{ Z 2B S & R
Table 1 Fitting results of the modified Freundlich model for binding of
Pyr and Phe by HA using LITRF-PARAFAC quenching method
. . keC!
PAHs logKroc/(pg + kgC ™) n Chree =0. osl;if(m( - kg(/(-mz:o. 018,

Pyr (added Phe)

0 8.69-+0. 04 0.86+0. 02 5.71 5. 80

5.0 9.024+0.03 0.99-+0. 02 5.71 5.72

20. 0 9.04+0.04 1.0140.01 5.68 5.67
Phe (added Pyr)

8.36-+0.03 0.87+0.01 4. 85 4.94

2.0 8.34+0.04 0.93+0. 02 4.71 4.76

6.0 8.29+0.02 0.94+0.01 4. 64 4. 68

a: Sy i PAHs K ¥ figJif (25 °CHL15]

Wk 1 Fiz, S8 <1, Uil Pyr fil Phe 55 HA DIE
PRGN B FMKE T, Pyr 9 logKpoe KX F
Phe, 5 Pyr 9% 82K 53 L 5 KL logKow BERA Ko P45 4k L
AL . IOgKn()uﬂL&j(v 12[1&%}%%4&% HA WWR%%@%FA}E
SEA RO A PR, ARk PAHs B0k )i PAHs W JfEF 45
FE AL LB . B Pyr F Phe ok BE 3SR T B8 50 15 02007 45
L EC RS

SCPRK T 2 415> PAHs A7, HAUDWKIE R 3

Ak, M. % 8L Sy Pyr Ml Phe 78 A [ W ¥ BiE e i 55
HA 454450k, %Fk—25 T/ HA % PAHs 38817 % W4
HE R S AR KA F T Pyr #1 Phe 19280 n KT A1 [
W R4S A B A W R R (p<<T0.05) (58 1), R B4 4
RF T PAH Al HA [ =l 28 1 W BB sl 5511 o 5 40 W R B
Pyr il AJG Phe-HA {K £ n Hy 0. 87 3 % 0. 94, 1 30 4 W B
Phe MAJG Pyr-HA K& n 3 Jm# K (0. 86~1.01), Hi Phe-
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HA R RAELMERERMER/NT PyrHA KR, EHER
S Phe-HA K w73 e W B 7 0BT o Fo 1l A O EL 5 4 W2 B J5
Pyr e AR o A IR) P 7 9 BE R . XL 53 W B 4 &R Pyr
Fl Phe 1) logKpoc /N F 45 B B4 50 R R 1 logKpoc » #MH Pyr
il Phe 554+ W BF 2= A, EL55 4+ 3 B Bl 58 4 W2 B 53 3k B2 169
MR, ZAR S A HERM .

6.41
(@)
® Pyronly
621 o Pyr+s5.0 gL’ Phe M
- v Pyr+20.0pg-L” Phe
T, 6.0
on
=~
% 5.81
$)
g’ 5.61 ]
o]
5.41 b4
5.2 T T . . . )
-3.8 -3.6 =34 =32 -3.0 -2.8 -2.6
log(Criee/ Cser)
6.6
(b)
] ® Phe only
o © Phe+2.0 pg'L™! Pyr bd
— 621 ¥ Phet+6.0 ug'L™! Pyr
5
& 6.0
on
=
Nt 5.8
&
= 5.61
5.44
5.2 T . . . )
-3.2 -3.0 -2.8 -2.6 2.4 2.2

log(Cree/ Cect)
4 HA 3} Pyr #1 Phe B Freundlich % pff &8 45 &
Fig. 4 Freundlich isotherms of
Pyr and Phe on HA

2 WL G RN KL W ST B4 4 Pyr #1 Phe 5 HA %5
4 Y Freundlich I BFF A5 5 51 & 5 B2 Je B0 5 45 28 logKnoc «
Bt R, G5 Kk 5 LITRF-PARAFAC K
BB A 4> Pyr #l Phe 5 HA 85 55 BB EFEE 7 (p>
0.05), H LITRF-PARAFA P K 3% i 1% B2 41 4 Pyr fil Phe
5 HAZ 46881 508 56 KL AT IT g AR,

[ gt LITRF-PARAFAC # K357 i 7 HA 5 PAHs 45 & 4%
PEBTSE .

R2 EEEIGEFEWAEALES Pyr F1 Phe 7£ HA L #J Fre-
undlich M ERERPGER

Table 2 Fitting results of the Freundlich model for binding of

single Pyr and Phe by HA using conventional fluores-

cence quenching method

logKpoc /(L » kgC™1)

PAHs /(#:)%i::‘;’l) n Ciree = Ciree =
0.05S, 0.01Sy

Pyr 8. 6640.05 0.85+0.02 5.70 5.81
Phe 8.4040. 04 0.88+0.01 4. 87 4.95

2.3 Pyr, Phe 5 HA G HIERHE

LR UG K 33 B (K, ) o $1 PAHS 5 HA
RAETEN S IR, K, 5 R IR A T B R
PAHs % )t % v £ %, Aldrich HA 70 T 8 24 4 4 000
Dal??% | sk W b Pyr #1 Phe %% )¢ % iy 2 B8 Karlitschek 45
WFFERIES o sl 5, B2 ) Pyr il Phe s RAE R A H
Bl 2. 11X 10 A1 9. 69X 102 L« mol '« s 15 W44
ZAFT . Pyr Al Phe #8284 5 B Bl 23 504 1. 53 X 10" ~
1. 72X 10" F1 4. 74 X10" ~6.25X10"” L« mol ' « s~ ', ¥k
TR U P A A A R R R AR B 1< 10 L
s ', KB Pyr Ml Phe 5 HA [ 2256 LU # S KIE KR
Lo,

IAh . LITRF-PARAFAC % KL 3 A 1) 8] 4 2 JE . A
IXRETHH PAHs 5§ HA 458 % 50, HAEIEAT PAHSs 98 %
L TSI A 3 2 N D B Rl P ) o D S Y S
U X B BN B 9 B 40 4) Pyr, Phe Al PAH-HA J7—1£%¢
M2 K PARAFAC i 47 38 i Pyr #l Phe 19— fk %%
6 U M 2R BEAT AR BB DA A B, ik 3 TR,
HEM G Z HA Ol & T4, 8 Pyr Ml Phe %656 %
/N T A B A 4y A dr . 38 i PARAFAC fig . 16 BR
HA ZO6 T4, 258 BoR Pyr Ml Phe 3¢ 64 A e HA WA
R FEM LS, #E— L UiH] Pyr #1 Phe 5 HA [8] 56 LA #
BRI R,

mol™"

&3 EEMNER PARAFAC 53 # BT 43 Pyr #1 Phe 3% 3¢ % 4 (ns)
Table 3 Fluorescence lifetimes (ns) of Pyr and Phe were calculated by direct measurement (DM) and PARAFAC analysis

PAH (single) PAH-HA
PAHs Literatures
DM DM PARAFAC
Pyr 120. 7543. 90 90. 58+2. 43 118. 48 122. 24 3012] 107 £ 11024]
Phe 36.56+2. 21 35.3441.03 37.22 36. 80, 4012] 37. 443, 6l24]
B DVHN R AL, A, LITRE i & — A4 A7 4 20
3 4t s, T SCHk 8 VT FH U & & S = 4 5 6 1 D 5 — A B i T 7 B

250 BR LITRF-PARAFAC 8 K AU S 3R & 4
sy PAHs 5 HA 53 FE M E . HREIRI PAHSs 96 4 5

[ K F 10 min, B8 LITRF 35 KR E R A BIEREER, KN
JRALTELR e 32 4645 S 4R B . X BT A LITRF R 4080k ot
WK BA—, 266 nm FARETA PAHs B e fE Ao » DE T FEAK
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T HERYRIN R KOOI E X R g AR £ PAHs JLA7ERF 5200, XHR A T f# SL PRk 34 5% 1 PAHs 355547
Aex s DA T2 Y S 18] -8 & 0% K- S5 0 4 -5 88 DU 4 ¢ 6 6 i R BEAYERIEAEERZ L.
254 PARAFAC 20, A B3R AL BF 98 DOM %} 8 2 41 43
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In Situ Investigation of the Interactions of Pyrene and Phenanthrene with
Humic Acid Using Laser Induced Nanoseconds Time Resolved
Fluorescence Quenching Method Combined with PARAFAC

Analysis

YANG Cheng-hu', LIU Yang-zhi', ZHU Ya-xian* , ZHANG Yong'*"

1. State Key Laboratory of Marine Environmental Science of China (Xiamen University) , College of the Environment and Ecolo-
gy, Xiamen University, Xiamen 361102, China

2. College of Chemistry and Chemical Engineering, Xiamen University, Xiamen 361005, China

3. Zhangzhou Institute of Technology, Zhangzhou 363000, China

Abstract The fluorescence quenching method using laser-induced nanosecond time-resolved fluorescence (LITRF) combined
with parallel factor (PARAFAC) analysis was developed for in situ investigation of the interactions of two typical polycyclic aro-
matic hydrocarbons (PAHs), pyrene (Pyr) and phenanthrene (Phe) either singly or in a mixture with Aldrich humic acid
(HA). The concentration of free Pyr and Phe cannot be determined directly at the same time because the LITRF spectra of Pyr,

Phe and HA are overlapping at the excitation wavelength of 266 nm. The fluorescent interference of HA can be eliminated quick-
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ly and effectively, while the fluorescence intensity and fluorescence decay curves of Pyr and Phe can be acquired by LITRF-
PARAFAC analysis. The binding characteristics of PAHs with HA were described with Freundlich isothermal model. Nonlinear
binding (7n< 1) and competitive sorption of Pyr and Phe on HA were verified. which showed that the linearity increased (n tend
to be 1) and the single point binding coefficient decreased after the addition of Pyr or Phe. The degree of competition was depen-
ded on the concentrations of cosolutes, and competition was much stronger in the case of relatively high competitor concentra-
tions. In addition, the results indicated that the binding characteristics of single component Pyr and Phe with HA obtained with
LITRF-PARAFAC quenching method were in accordance with conventional fluorescence quenching method. The quenching
mechanism for Pyr and Phe by HA was primarily static quenching which was also verified by quenching rate constant and fluores-
cence lifetime analyses. The LITRF-PARAFAC quenching method could be used for in situ investigate the interactions between
mixture of PAHs and HA, which could be applied to predict and evaluate the environmental behavior and ecological risk of

PAHs in real time.

Keywords Laser-induced nanosecond time-resolved fluorescence; Fluorescence quenching method; Parallel factor analysis;

In Situ; Humic acid; Pyrene; Phenanthrene
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