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Photodegradation response of humic acid using UV-Visible absorption and Excitation-E-
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Abstract; UV irradiation intensity changes have great influence on carbon cycle in lake, which is one of the most important carbon
pools in nature. To understand the effects of UV irradiation on allochthonous dissolved organic matter(DOM ) in lakes, simulated
photodegradation experiments were conducted. We extracted humic acid from soil surrounding an alpine Lake Tiancai as allochtho-
nous DOM. During the photo-irradiation process, the order of decreasing level of auyy and E,/Eg was 40 W group, followed by
20 W group and control group. Moreover, Sy, ayy and E,/E¢ were significantly correlated, suggesting that the concentration and
relative molecular weight of humic acid decreased with increasing UV irradiation intensity. Five fluorescent components were identi-
fied through using EEM-PARAFAC models, included UV humic-like component (C1), UVA humic-like component (C2) , tryp-
tophan-like component (C3), UVC humic-like component (C4), tyrosine-like component ( C5). The photodegradation rate and
degree of four fluorescent components in 40 W group were greater than 20 W group, the order of photodegradation rate was C4>C3>
C2>C1 and the order of photodegradation degree was C2>C4>C3>C1, indicating that fluorescent components response diversely to
different UV irradiation intensities.

Keywords : Humic acid; photodegradation; absorption spectra; Excitation-Emission Matrix Spectra; Lake Tiancai

« [HRE AR EIEETIH (31670461 ) HE ZK M 5 G il 55k BIRH 8 0% 351 ( 20172X07203-005 ) k4 ¥ Bl 2018-
09-11 Wik ;2019-01-16 WiE R, #X4 FL(1996~) , %, i+ HF 5% 4= ; E-mail ; zhaozifan17@ mails.ucas.ac.cn.
s MAFEVEH ; E-mail ; ylsu@ niglas.ac.cn.



A JUE R TR TR S i e = 4 3 SE R 60 5 30 B S I R AL A AE 1089

UEAER , B Tl 10 % SR RIS Sl ), Aok o 22 1) A1 It A WL 0 A B K PR A 25 2 e, i v
B VE ) L B 4. 1970s, Fisher 25 TR 4G4 R [ SMIR AR5 MU fiE 3= G288 RGE RO BR IS, IFHR ZI5%
Wi A 25 R 5 50 912, Simon 253K Sy Pt fR SN A LR SR B FE T P9 A BLBR A T AL 4T Sk AR
A TFFE B W], — L0 S5 3 5 8 50 2 b A I P 300 A W A A K AR T AN A HLBR . SR T AN IR
i A B DOM K £ 2 85 40 Tk B B TR S W IR , 42 G 05N SR A 0 T R PSR BT LA DOM 5 3%
DA ol i A28 A T BB 07 i ik — PR — 1 A A B e 9 2 S 9 v A TR SRR, SR A DOML K
ZOXE LA K A Ay B OSOR P (B A5 DG TR A S, 06 25 43 T DOM rhoi i 5 8 Vi 2 T W ke K B 9
S DRI BT B AR, 55 e A A R R, 7 A ANy T R TR A AT
FFAE 2 I M R A K A A s R G R TG R AR R ).

DOM 116 8 i 00R AR KT B B e T IR A - LA B DOM 5 R i ). Yo 4, 6 F- 141 5 DOM 1y
AL A RIS 1 NS TR ,3X SRS Hh T4 DOM 4544 1 22 REPE R A 2, (075 AT Ho Ak 2 2 i
BRI B Z 3 TR AL LT FR AT, iy 1k — 25 A TR M DOM (9 25 B L 45 ) LA B 't Al 2 At 4
R RARIIE. =466 AT B T4 (3D EEM-PARAFAC) 1 5 — Rl vz Hu 3R 5 RE ) 58k
e 15 R N B 213 S T B ST AR SR W U2 T T R SRR AP v e A LSS P R 5T, £ 4% DOME. i1
IR DOM [ 1E] (EREA ) 2SI S Ag fp 1T A,

S DOM (1) 3= B2 B4 o 3R, 7T 380 3 S /K 0 g AR BR A Y AR LA LA K
A0 P 3 - 8 e SR SR M B R A SR AU DOM. 1 1 32490, 3 3ok 25 A RS 400 8 LI DI e e 52 58, 4 1
DOM YAk 2 WA MU S A 7= 0 135 ., g T JR S IR Py AL R R T s 2 AL 2.

1 HRS Tk

1.1 [BHEBRSRIBENA

SR E I RA W (26°37' ~26°39'N, 99°42' ~99°44'E ¥k 3898 m) b &b fi 376 H X, #% 71> 2 3] A 275
ST, K 2 R BRI MR AN MR AR A R, B R . SRR AR 5 m
HNIIZRIZ (3 em DhE) H3E B 0T .
1.2 FRFE

HRAE FEI BRI FH IR 23 (THSS) $RAL AR 7 ik R BUR THRR. AL BRUNT - FREL 100 sw TR 5 19 1%, i
80 H M IFVAMT 1 L 9z 7K T, B 1 mol/L i HCL &5 pH H7 1~2, 523 1 h J5R# .00 B 1 mol/L iy
NaOH # % T IR UG 1E N, 50 T &% 4 h DL EIF#-E a5, BCEIE WA 6 mol/L 1) HCT Y pH 2 1, i
12 h JG 850578 N5 T, A 0.1 mol/ T i) KOH ARIITIEYI I IMA KC1 i3 K™ BE Ry 0.3 mol/L, & 3 2.0
JE S RUIRED , 1 6 mol/L ) HCL 3T yEW pH A 1, UTIENT IS F IR J5 - 12~ 16 h, BLOBUILIE A
0.1 mol/L f§ HCI 1 0.3 mol/L () HF IR AW, EE R W B0 2~ 3 IR, I W UUTE 6 4% A4, T AgNO,
oD 2 JC B T AT R Y VR TR 2 Sl Ak () A 1R

FHERER S R MAlLi-Q ZK L 10 mg/L B, 1T 10 L, fiIfA 0.5 mol/L i) NaOH 875 pH {E
8 fiAy. MRS AL E 3 4, A HE R IR .20 WORT 40 W58 ST IR G 4 (O IRBR 3 43 53K 75 0 117
pW/em?) B4 3 AT, SLER AT 54 K, AERE 2 KEL T YOKEE, I 5 75 WA 28 Ah—nT 0L SEm bok % fn =
AeHEIEIETE. N T A P X S e 5 R ) s AR 2 /N, SIS T T A R A YR P R T TR K, S i
r ST 25 A PR R IR 5, IR ANERAMT LB — 2 R R .
1.3 StA%
1.3.1 % 4h—7 Wk % flifH] Lambda 35( Perkin Elmer) £24h AT W43 GG EE X FE S #5417 42 3 Bt (200 ~ 800
nm) FH, L Milli-Q /KEEN Z: 1R A5 8 &N T IR R (A

B X T BRI R B @, 38 AT LR R A (O R A WL (CDOM) By M ™| AR S B
440 nm TR EARGE A (D) A (2) ATLUTHE @K T HBOL R q, .

a, =2.303 D,/r (1)

X, a AR A FAREIEICRE (m™) D, FWOGEE ;r R ERRHEAR (0.01 m). F 5 38 75 W T RE % B4



1090 J. Lake Sci.(#5a#2),2019,31(4)

2R /NEORL 23 7 I, b A T T BRSO AT IE
a, = a, — a;, A/750 (2)
E,/E B E5 0] WIS LE 465 Fl 665 nm i< AW IS 22 80 ELAE, 7T LURE R RAFE CDOM 35 W 76 Y6 R A ik
Tt (3 35 AL B AR 20 T 028 4, FLE AR , S0 R M X 40 B B/ N 5 A AL R R
E/Eq=a,/ ags (3)
T a6l ages 23900 RS 465 T 665 nm AR R EL (m ™).
SRR REL S, BN R CDOM F-F- 2 43 T BEA RN A SCR T Helms 2524 42 H 9 36F 275 ~ 295
nm 55 350~ 400 nm BN BEHEATARR AU G 15 BN ROGTE BRI Sy B Sp B, AR 43 F 5 R W
TR/,
S =S (275-295) /S (350-400) (4)
TS rs-205) F1 S (350-a00) WL 275~295 F1 350~ 400 nm T (EiERHE (nm ™).
1.3.2 = 4% X R B—TF4TE F oM % R H L F-7000 2¢565%3%4% ( Hitachi High-Technologies ) I i& EEMs
Bl , AR IEARSHOL B R PMT B 700V, B0& 3K (Ex) 200~ 450 nm, 24 5 nm, & §HH 4 (Em) 250 ~
600 nm, 25K N 1 nm, Wi B (E] R 0.1 s, 45345 >4 2400 nm/min. DL Milli-Q #B&l7K K48 (FE. FE A5 =
e EEIE A F] MATLAB R2008a 4k {491 , 314 57 EEM-PARAFAC %1,
T R — AR 3 12 07 B PARAFAC 440 Ao R 2
In C/Cy=—Fk + t+A (5)
K, € Fe—JGHRIS ] PARAFAC 2H 43 Y2OGIREE (RU) 5 C iz 2 43 AR DGR EE (RU) ¢ Sy ' BRI i)
(d) sk R —LN B2k RS RGBT A R B

2HEREHM

2.1 57T IS IR E 43 4
2.1.1 REGEEBETHR AR AN EHERNSESR, WEMEECNRME, & W Jrik2& M 355,375 F1 440
nm FEF AN IR IR BOR R MR BE . AR SR 440 nm P A IR R BT @00 TR, @ B, VR A R
W SEALT. XHHELL 20 W LT 40 W 21 a4 B0 R B R A3 51 6.73% (7.83~7.57 m ™) \33.63% (7.83~
5.48 m™') F139.52% (7.83~4.74 m™" ) (P& 1) XF HRAL cyao B ARMRE S/ 1N, 28 WS FR 201 68 B0 A VA8 R G JE AR s
FEBUIN. 20 W AHAT 40 W ZH IR BEAN T T B , 18 W1 S B R VA MRAE 28 NG BRI & A T O fE ], B
S FRBI BE B 1IN, J G 1) DG AR A 8t Bt 2 388 VR e 2R B AT e M T 51, TB8EAR [ 16 iR B2 A e A 20
FIFHERK,,. XTHEZL 20 W 410140 W 40 K, 231 0.0012,0.0255 71 0.038 d ™. ix—&5 ik — AR T8
TR 3250 B R DY AR A AT A WD S0 P 2 ), s PR 7 A ) R e o R g A .
212 FRNMEBEET E/EME N 3D E/EAHASIEARRTII T BE, X BZH .20 W 4171 40 W 411 E,/E,
HZSRANH S I 6.83 43 HIFE 2 5.35.3.68 1 2.76, HAE Y ASAL IR A « X BRZH <20 W 2 <40 W 4, R
TEREIR T I FEMR S5, 7= A2 T /N 0, T EL Y R 38 At , 3 Y 1) O 6 R B A 5, 8 TR T o f
AWK 1).

21 ay, E/EN S, Z A AP 213 FEGEEBEE TS E Sy BN 3 A4 Sy HRER A

Tab.1 The correlation between a,,, P ASAE AN S, %o REZH S fH7E 0.96~ 1.04 Z [1],20 W 4 S {&

F,/E, and S, £ 0.97~1.08 Z[i] ,40 W 41 S, fHE 0.97~ 111 Z [, % ay .

K 3 EA/Eﬁ*I] S]{f&ﬁ?*ﬁ?é'lﬁﬁ'}ﬁ, FH%:{ 1 Ef%ﬂ ,a440'% E,/Eq 2
AHSENE Qay0 E,/Eq S e . [ v o

%‘IE*H?Q?Q%(P<OOI) ,SnEj A g0 \E4/Ef,i,}]35@‘z‘ﬁ$ﬁ3é3é

o I F(P<0.01). B2 IR Sp 5 a2 BEFENHICCR. SAEHM

Fabo 0017 AR T LA SR 43 T R A S SN TR, Of

Sg -0.850* -0.889 ** 1

AT N TR A RS B/ B SR HAHEIE.

sk FernAE P<0.01 /K - 3 AH 6.



A JUE R TR TR S i e = 4 3 SE R 60 5 30 B S I R AL A AE 1091

—— XfHE4 - 20W —=—40W

10
10 H
9 8
= SR o5 6
3 50 o
4
6H
oL
5k
4 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 O 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
036 912151821242730333639424548515457 036 912151821242730333639424548515457
I fil/d I fil/d
P 1 ANTRDE BEGER BE R U R B agy FI E/Eg B2 4K
Fig.1 Variations of a,y, and E,/E¢ under different UV irradiation intensities
X REZH 20 W 40 W
1.06 2 1.10 1.12
1.08F (e, YT00399x+1.28200  j o '+ y=-0.0377x+1.2613
1.04 o6k R?*=0.7907, P<<0.01 1.08+ R>=0.7502, P<0.01
1.02} Lok 1.06F
o ] ~ 1.04F
4 i A4 L
1.00 1.02 1.02
1.00F- 1.00-
0.981 y=—-0.1080x+1.8373 0.98 :
R>=0.4405, P<0.01 er 0.98-
0.96 0.96 0.96
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
73 74 75 7.6 7.7 78 79 50 55 6.0 65 7.0 7.5 8.0 4.5 50 55 6.0 65 7.0 75 8.0
dyqo/m’! dyqo/m’! A/’

B2 AFDEREGRE T Si'T au AR R

Fig.2 The correlation between S; and ay,, under different UV irradiation intensities

22 ZHRHFITERFHH

22,1 RAEASHAE 4 EEM-PARAFAC BORESR  ARTFFEALARAT 5 4050, 18 3 R T 5 A4 =4k
PTG I K R APRHAE L 5 A2 5343 50 I 24 0 58 BT R 28 28 1 B R 28, Horh €1 ( Component ]
Em=430 nm/Ex<240 nm) J& UV 2&J&54 %" ; C2( Component2 ; Em=496 nm/Ex =265 nm) J& UVA 25854
%5 3 ( Component3 ; Em = 330 nm/Ex =275 nm) J& 2% 8, 5018 ™% | 55 YA 1F 2 oL F I 8 119 €0 42 i 5 C4
( Component4 ; Em=432 nm/Ex = 275 nm/335 nm) J& & Ak UVC 2554 % % ; €5 ( Component5 ; Em = 310
nm/Ex =245 nm) JEAL AR ORI T B 1045 2R, IEREIRIHT C1~ CS MR MR R 7
SR 1.68.0.56.0.66.,0.54 F 0.49 RU, 45 40 43 % 5 9¢ 6 0 & 51wk Lo 451 43 531 hy 42.48% . 15.13%
16.28% ,13.77% £ 12.34% , i WA JE FEFR A DL Tk H LA UV 8858 40 43 C1 A 32, 2R & iR L UVA 288
J1 UVC ZEJE55 T 28 G R A 43Tk P Dk 4zt

222 AEABERE T4 AT N B4 SR T ORISR 5 A0 T35 60m i Bl i 8] 25 10 g 3 22 57
K, CL.C2 Al C3 A 439 i B SR IS Wl 2, C1 4153 NS 15 RIFLR IR, C2 41457 2R 36 RKIF R FEMRE,
C3 4147 AR 12 RIFUR IR, C4 AL43 96 B WIS W FE sk 20, C5 20 40 9 6 B A R I B B 55 42 K3t
AAE N 42 K LJE BB R e . ClL~C4 404378 20 W 1 40 W % AR FE R (R 4
Al FAR — B B R —E 2 5. 7620 W F1 40 W S8 FRE T« C1 2040 e Ak 2 R 43 3
31.97% 41.9% , [&fiEh 1248 50 1 0.0072.,0.013 d7'(R*>0.8) 3 C2 414 Y6 Ak 22 R f 545 )y 32.17% |
47.49% , RESETH F1 228804 R 0.0217 .0.0344 d7' (R*>0.9) ;C3 440 YGAb 2B 245 5k 33.47% 64.94% ,



1092

Ex/nm

Ex/nm

440
420
400
380
360
340
320
300
280
260
240

Ex/nm

J@\

300 350 400 450 500 550
Em/nm
C4

440
420
400
380
360
340
320
300
280
260
240
300 350 400 450 500 550
Em/nm
040

0.35F
030
025
0.20
0.15
0.10
0.05F

0 1 1 1 1
200 250 300 350 400 450 500 550

W /mm
—Em
—Ex

—Em
—Ex

05
0.4
03
02

0.1

0 1 1 1 1 1
200 250 300 350 400 450 500 550
WK /mm

440
420
400
380
360
340
320
300
280
260
240

Ex/nm

@)

300 350 400 450 500 550
Em/nm
C5

440
420
400
380
360
340
320
300
280
260
240

300 350 400 450 500 550
Em/nm
032

028
0.24
020
0.16
0.12
0.08
0.04

—Em
—Ex

. Lake Sci. (#1a#F3),2019,31(4)

C3

300 35 400 450 500 550
Em/nm

0.5r
—Em
—Ex

0.4
03F
02F

0.1F

1 1 1 1 —

0
200 250 300 350 400 450 500 550
PWk/mm
—Em
—Ex

051
0.4
03F
0.2

0.1

(D)

0 1 1 1
200 250 300 350 400 450 500 550
P /mm

0
200 250 300 350 400 450 500 550
PR /mm

Kl 3 C1~C5 4155 = 4EDCI AR N A HCA A SRR AIE
Fig.3 The PARAFAC model and the spectral shapes of excitation and emission of C1-C5

Ve 21 12 3 K045 512k 0.0103.,0.0214 d7'(R*>0.9) 3 C4 248 YAk 22 B 7 2645 5 R 40.69% 80.36% |, [ fift 5
IR 190.012,0.0332 d 7 (R*>0.9) . 20 W I 40 W OLIRSRIE T ,4 AR AL LR YR - C4>C3>
C2>Cl1,4 5 I I s R85 0 C2>C4>C3>C, FR W' B B X 4 A 20 43 9 Y 52 o7 1 2 7 B8 e -9 4

e

M.

223 BRHMARZ B URE a2 Bl A KA XS DL A TOE5R E MR @y 801V 2047 4
B,C1.C2,C3.C5 5 au MEEREMMLEKER, AA C4 5 a, R RFRLRIEMLECR (ES).

2 WUR 5 NI VOCTRE Z B (AR SRS T, LA 40 W ZH A ). Hovh, CL 55 C2 [l 9 28 A 40 03 OF:
5 P<0.01 /K b W IEASE, 3RW] C1 5 C2 WL 7y (Y R U T RE HAT — 5 RO ARIME ; €5 15 €2 7 P<0.01
K b RS, R CS A Al RER IR T C2 L3 LI fit.



A UF A TS T LR BOR R Ao = Y 38 56 058 09 85 FHBR 6 I AR 40 545 A2 5 A 1093

6 14
st 12}
2 4 2
g i
o3t el
o) 2
o 2 O
1 \"{
0 36 912151821242730333639424548515457 0 036 912151821242730333639424548515457
it al/d i al/d
3.2 1.6
2.8 | 14F
12F
2 1o}
g
o 0.8
B8
06
<t
© 04
02F
ok or
0 3 6 912151821242730333639424548515457 0 3 6 912151821242730333639424548515457
fifal/d i al/d
1.4
12}
1.0}
z
08 —o— X4
el 0.6 =20 W
;j : .40 W
504f
02}
0 L
0 3 6 012151821242730333639424548515457

i al/d
& 4 TR[R] S G B 45 20 4008 5k B BE B ] A Ak i 34

Fig.4 Variations in intensity of fluorescence components under different UV irradiation intensities

3 itig

I 25 Y R ) ) 8 , ST B VA VLI g B/ B 52 T WA, 0 D 8 4 R 16 48 AU R B R 2R A T 6
il VWG PEE RARG, RIS ZE B T /N T . SRas AR FE B4l UV-B 48 51 [ SX 648 5 CDOM 5256 5 72
1, % B CDOM FIR I 2K g BT UV-B it B P () 389 01 T 8 947 0k 20 , S W s R A 0 33 70 394 . B e 95
A5 F FH 440 nm AR B 2, WSS AN R KR CDOM WIS, KB a5 AL R S SEBLI7A
ek, GABFFELE He— 3. Santos 255 (BT 45 FALFEW] Ria de Aveiro ] 1) CDOM ) ays, FI1 a s, B BRI
I BRI /IN , T S oS (s 0s) S HEMEAF . A SCF SR @y JEo/ Bl Sp 75 P<0.01 /K | WA, %8



1094 J. Lake Sci.(#3a#2) ,2019,31(4)

08 20W 07 40 W
L]
0.7+ 0.6+ .
D 0.6 L D 05
& &
E 05l . % 0.4}
2 04 R 03
< <
© _ © 02t _
03l 1=0.1345x-0.4448 . . 1=0.1625x-0.6196
’ N R?=0.2904, P<0.05 ° R?=0.4949, P<0.01
0.1 .
0.2 . S e *
1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1
50 55 60 6.5 70 75 8.0 45 50 55 60 65 7.0 75 80
ayqo/m’™ age/m’™
5 a440‘§ C4 214375 i BE B AH O
Fig.5 The correlation between a,,, and the fluorescent intensity of C4
2 K> Z B HAHICC R AT IR FRAE CDOM SR fige it 2 riv e 2 R 49 1 722
Tab.2 The correlations among ApAE .
the different components JE B R AN EL A B S 1 25 W AL 2 kg 750 42 )
45 Cl c2 3 c4 cs Rt 7 B A B R, & A KR AR RER,
cl 1.000 E N E N = WK NPT N KA
0653 1000 AR B AL 0 45 7 45 M, 675 30 30 20 7
€3  0.426° 0380  1.000 P 5 A BBEER 5 0 T 4 JB ) 9 D1 P B 2 % 2E 1
C4 0.152 0015  0.430" 1.000 B TR JEFE IR B DR S A v, FRAT A RO RS
C5 -0.414 -0.619™ -0.415 -0.157  1.000 FETA A UG 5% 56 Tk vp 2 8 A8 R 4 43 (C1 . C2 . C4)
& FFAE P<0.05 AT 1 A% s 5 FAAE P<0.01 i 71.88% , KHE H A7 (€3.C5) {4 28.12%. LI
IR I i A G AR EE AR W, AMEA HUS 3= & A 2

B TR R TR ORI il ok
Y LTI DX 0 28 A 0 e R U ) S R T K XL S 8 R R UV R AT UVA i 5
JF REEIR UVC BEHUT KA T AN CRAR , AT 10 5200 4% SR 20 36 W R 0 B8 R 41 4 4 A W) S 1 DG e i
PG TR TR 1T ZE S % I IR AR 15 U LA — 5E A9 4FSL. Zhang 251 B STIG 45 R B E R 1 R4 4y
FLABOME L & AR MG e i L 28 H B R NI BRG , Berto 4517 42 BHIG MEJ 2K 4% S I 21 20 3 B o ) B 4.
— B TN R BT AL 43 T 26 Al 2 BN A RS a2l 430 A S w42 B 1A R 440 vk
3£ DUt A T B A U T 2R P HLAZEL 2 1 AR it 7 . T A A 2 WU Ry 2 2 ¥ B AL 43 9 vk T 1 T 8 o B
TG BRI RING | IKHE T 5 0T 2 195 0 5 52 8% Tk b it IR TR 82 X8 J8 A VG e A A7 A ]
RS, 6 R R R , I AR R (. 40 W21 @y JEy/E R R 25 F 20 W 41,40 W 415¢
FEHAF(C1,C2,C3,C4) [ERRAREE TR RE T 20 W 4. W25 6 R (18, e BR AR R AL 1 e T- 18 22, I
B y T-REMR IR E TAH IS £ | 0 22 9 B R 4 T W ok T e e -7
DU A /K AR A M A8 LRI A G IR S BG AFF 5 R 248 vh 1 10 KL, 46 ) A5 JL/NSE, AR SE 56 (4 i 52 T
KA 54 K, ST EE J R A TOCH MR RAT N 25 SR, 3 O R LG 1 IR R X . 258, I LR 19
JCRE A AT N B H RS e, A, S WL X UV A SR I i 55 7 B B I (09 R 25 5 WO %
i R ) B TR A 2 N R TR, LS I B R R AL T I A R P A A ) S
F R LA SRR ) 9 G S =2 ) A7 TR A Al 5 2 T A T i 5 I 2L A 23 R B 4 25 57 1
EEFE . AR A LA R, C2 AN R R, S5 HIAE A 7 B, 5 5 e A WA e, DRI T G A i il A
P EL ARG IR A b, AW AL 0 A I A R (0 SR, 5 BORL S i SE TH i J5 T W, B €2 2143



A JUE R TR TR S i e = 4 3 SE R 60 5 30 B S I R AL A AE 1095

R R E S NI T C4 2103 S50, ISRV CHRFIE RS T A2 , (4R R (LE \pH VA 4 ek
SO LA A0 AT SE SRR SO SRR H T 3o Rt 2 B M SR s K B A
PRAFHTAE S DU Z B AN UL RS LB SRR WA 2 B9 pH B A5 S B AR AR 23 i O M5 5
A Bh. AT SE R R A% i 7 25°C, Bl TINA R 0. RAER-& e B30 75 e, w] AB e — & I
BT A 25 7 Tk 5 P 5, SIS A0 53 55008 22, A 00 9 94, 8 0 O A 2 sk S e 0 5 b B AR 1 W
pH 290 8 LT TWIA KR pH. JE FE IR0 H 7 if TIsPE il O R E R pH T i T s qe— &
BT, TR R ORI A T BE T, S5 SO ) 2 18] 731 A AR Y L3 A vy, B oy i e {ELE g
SHIROCRE i R P A R [N T4 2 45 S 0 2 B 2 i A 15 10— 2D B

JCRRT LU 2 BUE WA A S R G P A AR AR R FEREE A LG R AR KA B
T % CRIGE 6 FITAR AOGER AT, 7K G A2 52 K B G~ A P AP B A S5 JE S B S A 7K £ 2
5 J7, IR T K AR 25 RS G 3R SRR A A W (0 A 30 s IR AT LA 3 38 m CDOM
(9 A R P O TR D A T AR R o 5 A 0 0 1 RS A ) o R
e WA BOBRARER R B S0 A A= 25 R GEAE O 98 S BB I8 , D't M ol B8 1) /A8 A X1 T80 9 B B 07
PRt AT e AR R A AIF 0t B 2 A8 AR X S DOM. g 47 S B 32 Wi 4 T B 4R 400RE T = 30
UVB S 53558 | H AR 5 009 2= 15 A8 A0 WA A 25 2R 48 00 5 e A5 ) iU EAT T 0 S DRI 8 A 8 L 82 79
R TR]RUEE R S8 DOM S R ik B X711 25 00 T A 5 i Jy T A F 5

4 &ig
1) 33 S M AR R WO R R @ \Eu/ B EADETE R LUAEL Sy 0T, 6 R fifp i i v I AR ) 285

KR T RS P2 T /NS TR, 40 W20 ay B,/ B B0 F BRI BT 20 W 41, WD R FLRE b5
Ol B B2 (38 g K A

2) EEM-PARAFAC BRI SLAEAT 1 5 4103, 735008 UV SR 5E 5 UVA 858 it 26 (28R . UVC 2
JEEFE IR AL TR A IRE SR B W) 4R DL SRR SR BT AL o3 o5 71.88% , REE 270k 28.12%.

3)BR TR AIRALIY A 4 FhAL 8 R TR 4 AL YO AT A R 22 e, (EDNG e i ik
R A Y IR R B R TG . B G R L AR, e B RESR BEAOL T 2 IR SRR 73T REMR ALY
DT ARG 22 | 5 22 ) S 98 IR 73— 8 A A0 T 242 2 DI 28 e T e .

5 &% 3k

[ 1] Fisher SG, Likens GE. Energy flow in bear brook, New Hampshire-integrative approach to stream ecosystem metabolism.
Ecological Monographs, 1973, 43(4) . 421-439. DOI. 10.2307/1942301.

[ 2] Simon M, Cho BC, Azam F. Significance of bacterial biomass in lakes and the ocean comparison to phytoplankton hiomass
and biogeochemical implications. Marine Ecology Progress Series, 1992, 86(2) . 103-110. DOI. 10.3354/meps086103.

[ 3] Carpenter SR, Cole JJ, Pace ML et al. Ecosystem subsidies; terrestrial support of aquatic food webs from '*C addition to
contrasting lakes. Ecology, 2005, 86(10) ; 2737-2750. DOI; 10.1890/04-1282.

[ 4] ColeJJ, Karl DM. Strong evidence for terrestrial support of zooplankton in small lakes based on stable isotopes of carbon,
nitrogen, and hydrogen. Proceedings of the National Academy of Sciences of the United States of America, 2011, 108(5) .
1975. DOI: 10.1073/pnas.1012807108.

[ 5] Arimitsu ML, Hobson KA, Webber DN et al. Tracing biogeochemical subsidies from glacier runoff into Alaska’s coastal
marine food webs. Global Change Biology, 2017, 24(1). DOI. 10.1111/gch.13875.

[ 6] Fellman JB, Hood E, Raymond PA et al. Evidence for the assimilation of ancient glacier organic carbon in a proglacial
stream food web. Limnology and Oceanography, 2015, 60(4) . 1118-1128.

[ 7] Skoog A, Wedborg M, Fogelqvist E. Decoupling of total organic carbon concentrations and humic substance fluorescence in
an extended temperate estuary. Marine Chemistry, 2011, 124(1/4) . 68-77. DOI; 10.1016/j.marchem.2010.12.003.

[ 8] Wetzel RG, Hatcher PG, Bianchi TS. Natural photolysis by ultraviolet irradiance of recalcitrant dissolved organic matter to
simple substrates for rapid bacterial metabolism. Limnology and Oceanography, 1995, 40 (8) . 1369-1380. DOI. 10.



1096

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

J. Lake Sci. (#:4#+3),2019,31(4)

4319/10.1995.40.8.1369.

Lou T, Xie H. Photochemical alteration of the molecular weight of dissolved organic matter. Chemosphere, 2006, 65(11) .
2333-2342. DOI; 10.1016/j.chemosphere.2006.05.001.

De Lange HJ, Morris DP, Williamson CE. Solar ultraviolet photodegradation of DOC may stimulate freshwater food webs.
Journal of Plankton Research, 2003, 25(1) . 111-117. DOI. 10.1093/plankt/25.1.111.

Amado AM, Farjalla VF, Esteves FDA et al. Complementary pathways of dissolved organic carbon removal pathways in
clear-water Amazonian ecosystems: photochemical degradation and bacterial uptake. FEMS Microbiology Ecology, 2010,
56(1) . 8-17. DOI; 10.1111/j.1574-6941.2006.00028x.

SuY, Hu E, Feng M et al. Comparison of bacterial growth in response to photodegraded terrestrial chromophoric dissolved
organic matter in two lakes. Science of the Total Environment, 2016, 579. 1203-1214. DOI. 10.1016/].scitotenv.2016.
11.104.

Du Y, Zhang Y, Chen F et al. Photochemical reactivities of dissolved organic matter (DOM) in a sub-alpine lake revealed
by EEM-PARAFAC: An insight into the fate of allochthonous DOM in alpine lakes affected by climate change. Science of
the Total Environment, 2016, 568 216-225. DOI; 10.1016/].scitotenv.2016.06.036.

Zhang Y, Liu X, Osburn CL et al. Photobleaching response of different sources of chromophoric dissolved organic matter
exposed to natural solar radiation using absorption and excitation-emission matrix spectra. PLoS One, 2013, 8(10) .
€77515. DOI; 10.1371/journal.pone.0077515.

Hu SZ, Li GJ, Li Y] et al. Optical absorption properties of chromophoric dissolved organic matter and the tracing implica-
tion of dissolved organic carbon in the Yangtze River estuary. Journal of Tianjin University of Science & Technology, 2015,
30(3): 57-61. [ WAL, 2Ly, 228055, UL O A AR LY GIERR B HOR BRI i AL 5T . SRRt
a2, 2015, 30(3) : 57-61.]

Huang CC, Li YM, Wang Q et al. Components optical property of CDOM in Lake Taihu based on three-dimensional excita-
tion matrix fluorescence. J Lake Sci, 2010, 22(3) : 375-382. DOI. 10.18307/2010.0309. [ #& B %, =M, TH%.
BT = SIS CRITAT BT3B 9 KK i CDOM 4143622 454F. iRk, 2010, 22(3) ; 375-382.]

Yan LH, Su RG, Shi XY et al. Assessing the dynamics of chromophoric dissolved organic matter (CDOM) in the Yellow
Sea and the East China Sea in autumn by EEMs-PARAFAC. Science China Chemistry, 2012, 55(12) ; 2595-2609. DOI .
10.1007/s11426-012-4617-7.

Stedmon CA, Markager S, Bro R. Tracing dissolved organic matter in aquatic environments using a new approach to fluo-
rescence spectroscopy. Marine Chemistry, 2003, 82(3/4) ; 239-254. DOI. 10.1016/50304-4203( 03)00072-0.

Li P, Chen L., Zhang W et al. Spatiotemporal distribution, sources, and photobleaching imprint of dissolved organic matter
in the Yangtze Estuary and its adjacent sea using fluorescence and parallel factor analysis. PLoS One, 2015, 10
(6): €0130852.

Solomon CT, Jones SE, Weidel BC et al. Ecosystem consequences of changing inputs of terrestrial dissolved organic matter
to lakes: current knowledge and future challenges. Ecosystems, 2015, 18 (3). 376-389. DOI. 10.1007/s10021-015-
9848-y.

Mcdonald S, Bishop AG, Prenzler PD et al. Analytical chemistry of freshwater humic substances. Analytica Chimica Acta
2004, 527(2): 105-124. DOI. 10.1016/j.aca.2004.10.011.

Stedmon CA, Markager S, Kaas H. Optical properties and signatures of chromophoric dissolved organic matter (CDOM) in
Danish coastal waters. Estuarine Coastal and Shelf Science, 2000, 51(2) . 267-278.

Polak J, Bartoszek M, Sulkowski WW. Comparison of humification processes occurring during sewage purification in treat-
ment plants with different technological processes. Water Research, 2009, 43(17) . 4167-4176. DOI. 10.1016/j.watres.
2009.06.040.

Helms JR, Stubbins A, Ritchie JD et al. Absorption spectral slopes and slope ratios as indicators of molecular weight,
source, and photobleaching of chromophoric dissolved organic matter. Limnology and Oceanography, 2008, 53(3) . 955-
969. DOI; 10.2307/40058211.

Guo WD, Cheng YY. Photodegradation of chromophoric dissolved organic matter from Jiulong River Estuary under natural
solar radiation. Environmental Science, 2008, 29(6) : 1463-1468. DOI.10.13227/j.hjkx.2008.06.007. [ ¥ T4, it
. KK BOEHR IR H X CDOM G 2 MR, SREER:, 2008, 29(6) : 1463-1468. ]



A LS R TR ST LR BOR R i e = Y 3% SRR 4 IS 28 B8 S TR R 2R 4 A A T 1097

[26] Cory RM, Mcknight DM. Fluorescence spectroscopy reveals ubiquitous presence of oxidized and reduced quinones in dis-
solved organic matter. Environmental Science & Technology, 2005, 39(21) . 8142-8149. DOI. 10.1021/es0506962.

[27] Murphy KR, Ruiz GM, Dunsmuir WT et al. Optimized parameters for fluorescence-based verification of ballast water ex-
change by ships. Environmental Science and Technology, 2006, 40(7) : 2357-2362. DOI; 10.1021/es0519381.

[28] Stedmon CA, Markager S. Resolving the variability in dissolved organic matter fluorescence in a temperate estuary and its
catchment using parafac analysis. Limnology and Oceanography, 2005, 50(2) . 686-697. DOI. 10.4319/10.2005.50.
2.0686.

[29] Cheng YY, Guo WD. Characterization of Photobleaching of chromophoric dissolved organic matter in Xiamen bay by excita-
tion emission matrix spectroscopy. Spectroscopy and Spectral Analysis, 2009, 29(4) ; 990-993.[ i H , 8 TAR. HI 1A
A EEMAIYOLE AN ZETOOEETI. St 5uEadr, 2009, 29(4) : 990-993. ]

[30] Coble PG. Characterization of marine and terrestrial DOM in seawater using excitation-emission matrix spectroscopy. Marine
Chemistry , 1996, 51(4) : 325-346. DOI; 10.1016/0304-4203(95)00062-3.

[31] Van Housed MC, Thompson F, Dennis J et al. Distribution and optical properties of CDOM in the Arabian Sea during the
1995 Southwest Monsoon. Deep Sea Research Part Il Topical Studies in Oceanography, 1998, 45(10/11) ;. 2195-2223.
DOI: 10.1016/50967-0645( 98) 00068-X.

[32] Zhang YL, Liu ML, Qin BQ et al. Photochemical degradation of chromophoric-dissolved organic matter exposed to simula-
ted UV-B and natural solar radiation. Hydrobiologia, 2009, 627(1) . 159-168.

[33] Duan HT, Ma RH, Kong W] et al. Optical properties of chromophoric dissolved organic matter in Lake Taihu. J Lake Sci,
2009, 21(2) : 242-247. DOI: 10.18307/2009.0213. [ Btilkih, Dhokde, fLAEIRS. KBIVR R /K Ik CDOM Mo
P R, 2009, 21(2) . 242-247. ]

[34] Santos L, Santos EB, Dias JM et al. Photochemical and microbial alterations of DOM spectroscopic properties in the estuar-
ine system Ria De Aveiro. Photochemical & Photobiological Sciences, 2014, 13 ( 8 ). 1146-1159. DOI. 10.
1039/ ¢4pp00005f.

[35] Yan SX, Liu CH, Liang Y. Review on structural properties and multiple functionalities of humic acids. Natural Product
Research and Development, 2017, 29(3) ; 511-516. [ E#iEE, XIHH, Pa. EHERR G55 N AP ERE. K
SRIMIBTSE 5T &, 2017, 29(3) ; 511-516.]

[36] Wang W, Li H, Ding Z et al. Effects of advanced oxidation pretreatment on residual aluminum control in high humic acid
water purification. Journal of Environmental Sciences, 2011, 23(7) . 1079-1085.

[37] Liu CC, Han Y, Zhuo Y et al. Chemical composition and structural characteristics of humic acid extracted from excess
sludge in municipal wastewater treatment plants. Environmental Chemistry, 2017, 36(8) : 1735-1743. [ X ##8, 35,
B TS KT RIS T T R IR L2 R S SRR, PR ALSA, 2017, 36(8) ¢ 1735-1743.]

[38] Song HY, Yin YY, Song JZ. The chemical composition and structure of humic acid from different enviroments. Journal of
South China Normal University ;: Nature Science Edition, 2009, (1) 61-66. [ AR, F/iH, REP. KNEHKFEEHH
R A2 4 RS S5 A ST AR R I A2 4 . HARRL AR, 2009, (1) @ 61-66. ]

[39] Baker A. Fluorescence excitation-emission matrix characterization of river waters impacted by a tissue mill effluent. Envi-
ronmental Science & Technology, 2002, 36(7) . 1377-1382. DOI. 10.1021/es0101328.

[40] Liu ML, Zhang YL, Qin BQ. Characterization of absorption and three-dimensional excitation-emission matrix spectra of
chromophoric dissolved organic matter at the river inflow and the open area in Lake Taihu. J Lake Sci, 2009, 21(2) ; 234-
241. DOI: 10.18307/2009.0212.[ XIWI5e, Kizhk, Z8F1is. ARMIA W O FIIF#X CDOM M = £ 5 B RRE.
AR, 2009, 21(2) ; 234-241. ]

[41] Wang ZG, Liu WQ, Li HB et al. Analysis of CDOM spatial distributions variations in Chaohu Lake and its sources by
three-dimensional fluorescence excitation-emission matrix. Acta Scientiae Circumstantiae, 2006, 26(2) : 275-279. [ £k
W, XSO, ZRZ0AF. = RS aib k4 T Sl CDOM #2334 B HOR U PR L= 274z, 2006, 26(2)
275-279.]

[42] Hernes PJ, Benner R. Photochemical and microbial degradation of dissolved lignin phenols: implications for the fate of ter-
rigenous dissolved organic matter in marine environments. Journal of Geophysical Research Oceans, 2003, 108( C9). DOI.
10.1029/2002 JCO01421.

[43] Berto S, Isaia M, Sur B et al. UV-vis spectral modifications of water samples under irradiation; Lake vs. subterranean wa-



1098

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

J. Lake Sci. (#:4#+3),2019,31(4)

ter. Journal of Photochemistry & Photobiology A Chemistry, 2013, 251(9): 85-93. DOI: 10.1016/]. jphotochem.2012.
10.019.

Helms JR,Stubbins A, Perdue EM et al. Photochemical bleaching of oceanic dissolved organic matter and its effect on ab-
sorption spectral slope and fluorescence. Marine Chemistry, 2013, 155(4). 81-91. DOI. 10.1016/j. marchem.2013.
05.015.

Yang C, He XS, Xi BD et al. Effect of electron transfer on the structure of dissolved organic matter during initial landfill
stage. China Enviromental Science, 2017, 37(1) : 229-237.[ #7i#8, fal/IM0, FEAG3F 4. S0 97 K B 1 WL 4548
ZRTHRB M. hERSER:, 2017, 37(1) : 229-237.]

Kieber RJ, Zhou X, Mopper K. Formation of carbonyl compounds from UV-induced photodegradation of humic substances
in natural waters; Fate of riverine carbon in the sea. Limnology and Oceanography, 1990, 35(7) : 1503-1515.

Yang DT, Chen WM, Wu SC et al. The effects of CDOM on the attenuation of close ultraviolet and blue light in Chaohu
Lake and Longgan Lake. J Lake Sci, 2003, 15(3) . 269-274. DOI. 10.18307/2003.0312. [# Tl , AR, R4EA4
S5 WA A @R TR BT S50 S A R AR, 2003, 15(3) : 269-274. ]

Ma J, Del VR, Golanoski KS et al. Optical properties of humic substances and cdom: Effects of borohydride reduction.
Environmental Science & Technology, 2010, 44(14) . 5395-5402.

Boyle ES, Nicolas G, Anthony T et al. Optical properties of humic substances and cdom: Relation to structure. Environ-
mental Science & Technology, 2009, 43(7) : 2262-2268.

Liu XH, Zhang YL, Yin Y et al. Application of three-dimensional fluorescence spectroscopy and parallel factor analysis in
CDOM study. Transactions of Oceanology and Limnology, 2012, (3): 133-145. [ X% %%, skizbk, BRAESE. =4E955%
Stk K VAT IR F 43 i AE CDOM BF5E A 0 H. TV VR E AR, 2012, (3) @ 133-145.]

Qi L, Xie H, Gagné JP et al. Photoreactivities of two distinct dissolved organic matter pools in groundwater of a subarctic
island. Marine Chemistry, 2018, 202; 97-120.

Song G, Li Y, Hu S ez al. Photobleaching of Chromophoric Dissolved Organic Matter (CDOM) in the Yangtze River estu-
ary: Kinetics and effects of temperature, pH, and salinity. Environmental Science Processes & Impacts, 2017, 19(6) .
861-873.

Sierra CA. Temperature sensitivity of organic matter decomposition in the Arrhenius equation; some theoretical considera-
tions. Biogeochemistry, 2012, 108(1/2/3) .1-15. DOI. 10.1007/s10533-011-9596-9.

Zhang YL. Advances in chromophoric dissolved organic matter in aquatic ecosystems. Transactions of Oceanology and Lim-
nology, 2006, (3): 119-127. [ 5Kiz bk, /K i b A (0 W] VA P A BIL 4 B9 BT 5 0E Jié. 1 3 30 91 3l 41z, 2006, (3)
119-127.]





