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Abstract [ Objective] The unclear characteristics of pollutants in an advanced treatment system for surface water are addressed in
this study, which focuses on the reverse osmosis (RO) treatment system for boiler makeup feedwater in a thermal power plant in
southern China. The characteristics of dissolved organic matter ( DOM ) and their variations in the water treatment process are
systematically analyzed. [ Methods ]  Ultraviolet-visible spectroscopy ( UV-Vis) and three-dimensional excitation-emission matrix
(3D-EEM) fluorescence spectroscopy, accompanied by fluorescence index and PARAFAC method, were used to analyze the

characteristics and composition of DOM under high-salt conditions. [ Results] The salinity of water samples was found to be relatively
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high in winter, but the system showed stable desalination efficiency, and the produced water met the usage standard. A system water
utilization rate of 85% was ensured by the multi-stage RO processes. The HIX of DOM in wastewater was less than 0. 6 during the
treatment process, indicating a weak humification degree of DOM in water samples, mainly composed of small molecules of proteins.
Based on the spectroscopic techniques, the DOM was found to be mainly composed of tyrosine, tryptophan, and humic substances. An
increase in organic matter was caused by coagulation and sand filtration processes due to the application of chemical agents and
microbial growth, which required further clarification and enhanced control. The multi-stage RO process retains DOM efficiently,
especially for large-molecular humic substances. A certain risk of organic fouling on the membrane surface was indicated ; the organic
matter in RO produced water was low, but the presence of protein with a small molecular weight indicated biofouling on the membrane
surface. [ Conclusion ]  Based on the above issues, it is proposed that optimizing chemical dosing and strengthening DOM and
microbial control are the keys to improve the system performance and stability. Meanwhile, the produced water of the concentrated
water RO and the concentrated water of the second-stage RO can be returned to the second-stage RO, with the goal of improving the
energy utilization efficiency and water utilization rate. This paper analyzes the DOM variation in the advanced water treatment process

under the influence of seawater during winter in coastal areas, identifies the potential problems of the system and proposes

corresponding optimization strategies, providing support for the quality assurance of boiler makeup feedwater.

Keywords boiler makeup feedwater; reverse osmosis ( RO); dissolved organic matter (DOM) ; pretreatment; ultraviolet-visible

spectroscopy (UV-Vis) ; three-dimensional excitation-emission matrix (3D-EEM) fluorescence spectra
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Fig. 1 Flow Diagram of Boiler Makeup Water Treatment System and Sampling Points Distribution
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Fig.5 3D-EEM Spectra of DOM in RO Outflow in Water Treatment Process
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Tab.2 Fluorescence Indexes of DOM in Water Treatment

Process in Thermal Power Plant

IKFEZ R FI BIX HIX FRI
T K 2. 140 1.107 0. 592 1.030
IRBEUIVE K 2.118 1.229 0. 463 1.077
g K 2.136 1.470 0. 440 1.181
FEIE 17K 2.096 0.983 0. 452 0.921

—% RO ZBiik 1.577 0. 864 0.322 0.705
—2% RO WK 2.355 1.196 0. 604 1.076
T RO —BHhK 1.540 1.436 0. 357 1.179
THRO BLHK 1,793 1.323 0.338 1.134
~4 RO WK 1. 649 1.489 0. 453 1.221
WK RO —Beifek  2.363 1. 194 0. 607 1. 061
ok RO ZBeihiZk 1.768 1. 110 0.345 1. 089
K RO Hek 2.552 1.179 0. 604 1.070
TRIR K 1. 346 1.148 0. 387 0. 908

IR K H R UL 7 SERHIE SO LI A M K R
EEE] o o RBRIM RN W24 172

ool
XX
2989,

\ W

FETLLS
STESE
FISFHR
/S
¥ F
£
(2) EEV LIS IRE

FHLLR, M 6 Fis , 2 RS IER S RO |
WK RO B BN, Hh, i RO I =R
(B) \UVA Mg ERIE T (M) A RRE(T) \.UVC
JERAIT (A) BARAZEA A (N) &K b it v 32
FLH DOM[ & 6(a) ], HlAbEELLFEXT DOM 420 h
K m I TR, R AR P AER IR B B
LRGN, A2 SE PRz A7 i A v 7 B O b g
I PRI AL FRALRE , 2 IS4 T R TR R R R S S R AL
P AR AR E KoK BT, —2% RO MK A AL
YRR & BN, UVC JEF T (A) (UVA 1§V
KIFF (M) SRAFEANY(N) BB 2, X2k
Ko F AN 5 REEA B R Rk, 25 5 fE R R
T LR IR 15 3, 52 Wi HE AR B AL 3 R G 38 A7
R g% RO PR RSO R, X 3K
Y 5y S BRI FE A I, A 7= K RN oK Hp 5 e AR e
A, [RIEF MoK RO SRRt — 25 503 UVA RS
JEFE T (M) A UVC JEFE BT #F8 , W7K RO 727K Y
A5 9 RO FEARFEAR—EL,

= veRzay NNIm 77u 7721

%%%%%%

100% -

%
RS
O%‘ NN
|

&

\\%\%

g Qo\gz %
Z?/\)O\\,gg &3
ot $4’o@%:

~
e i »

AR
(b) S KIRDOMEH 4 5 He

El6 MEKGEIEENNLAENMXERSEHS S
Fig. 6 DOM Composition in Water Treatment Process by Peak-Pick and FRI Methods

K¢ DOM BEAT XA I3 731 (FRI) X HE 5 481X
R HECAAL TR TR A P R T, 1T XA LY
b e[ 6(b) ], oK DOM F 28055 4
FZE (A amR) , Oy XA HLY (& HLARIE) A
[ K5 FREAMSSERI) . IREAABF, J7 8K
A BN ZRIEH 5 LR R, R EET RN
Pt ) (AT REJ: 1 NI RSB S I [R] i) b

— 136 —

UE K VDK T AR 5T 2 o LT D U B B AR AR
—E TS Y [nl R, A Je Sl B b T 5 R I &
BFHERS . 7E—4% RO BB, Pk LR A28 32,1
WA BB T 2R B VX Y S B W 5 L
o [FEE, —4% RO b 72 iy T H i K& —2% RO 7~
KGR EKUEARE I ECL  DX), JEFETE
YIS A, MK RO 5 — 9% RO M, JE B 2k



WK R
WATER PURIFICATION TECHNOLOGY

Vol. 45,No. 10,2026
October 25th, 2026

i E AR

Syt f FRI AF 7E (1 ¢ 't 4 3 4 45 [m) 8, R
PARAFAC J7¥EXF/KEE DOM FEAT 50 | S A % 7K
T R BAELE 3 AR AL (B 7)), il R B
PG A WERRAE A AP E IR (C1) ™Y B AR
ALK () PTHEEREAI(C3), HAK
B BB 58 0 PR K A B 2R G v e DA 1) Y5
Yy fE AR b R, SR RO ok K,
HTRAELI RS AP UE RO AL PR 72 h i A= 4
AR T R B AR, & AR T
IR RS e TR R S A B R b R LA B

900
800
700
600
500

1000
800
i 600
# 400

200

60%

(a) P 4C1 =40

(c) POBA A CI= 4B

200250300350 400
Ex/nm Ex/nm Ex/nm

(d) BIOLA BT

UF ) R BRAICR B A AEAE — 2 10 RS G (4 XU .
&l 8 i, K R I ANAEAE R C3 A0 TE IR BEUTTE
Je th B, AT RB SR 24 70 B 5 B AR P i i A P
R, SHATARZE R —5, Bk, WAL KR e s
TR WA R PR R AR R F AR, AR A 2R
R, C3 A%t —%% RO JEH R ABRH C1 4
I35 HE AR A L 2680 RO BB €3 il €1 LA Bl
PIZBRAR . 16 9% RO 1, C1 4140 3L AR 58 4271
PR ZHH R C2 sy, BRI, &t /K b3
REGIEIG Pk R BN K AR E AT YY),
Cl TEHARK AR B B L BRACR AT

200250300350400 200250300350 400

7 BT PARAFAC $RIPAMEK AT 1R X5 DOM HR
Fig.7 Key DOM in Boiler Makeup Feedwater Treatment Process Identified by PARAFAC

3 FitEEN

TER RN KR B A B R v KR TE WL S 1
AR i e AL PR — 2% RO 22 )5, 72 /KK it B
U AT LA R SR, HU2 RO MK Y Ca™ JoT i
YRR i A AE— 2 45 5 AR | TR B 2% RO ik
AR B R, N — A ES 8., K
H DOM F2 %2y s 2R | (0 2 R AN 4 S 2 o, L
FAL P REA 2% AR DOM; RO JIE X K 23 - B g 7
) 5 LA e BRI S R B PR — i I TS
YUK, BAKRT , 25t 9% RO FNRIE ,, KT &

BRSO F W0 o AT A R B AR A/ 18R
FIBS AR B E A ™K WK RO T AR 200, %
JE S TR BRI AR I, R, AR SCEE &
RGOK T R R G R a7 R4 (AR T
RGATAE—E B, PR R SR K RS e 12
fr, Eiistrid R nl % B N i e %

(1) IR B8 T F T 20 7 A HLY 2 i 2k
AR — AR BER AF 2550 RSO, R AR I A Y
A, FECEE ALY & s Tk, NI, /&
B — AP SR BE R 1Y i AR REAL B, B 1k Hh B

— 137 —



LT AR AP A A KA BT S A AL AR AR AE

Vol. 45,No. 10,2026

a3 e Bl

2000

1800 7 7
1600
N

1400—7§> %
%lzoo } %
:’?IOOO ;7

800

600

400 §§

200

0****%***
SEFTFIFTFET$

FEi AR
(a) REH 3R S RBUEOL

100%

80% %

%
20%

FeE AR
(b) RS 3RPS5 H

E 8 ET PARAFAC #57RHY 3 # DOM A5 RIAR K At
Fig. 8 Composition of Three Key DOM in Water Treatment Process by PARAFAC

2 0 R R [ I ) A B AT B
UE R R

(2) BRAb 3 72 8 HLAT 34 1R A ALY A B
{RREEXT R o3 B 3 o AT — 8 B AP —
A LTS e XU R iR AE MK RO b 72, [RIR,
RO 777Kk Hh BT S 09 25 1 28 9 o, R I T g o R
THRUESGYE . UL, T B E— 20 G TS Y i R
TE R AL S A AT ML S 3 Wi A il

(3) %% RO ¥ /K Ky 7K RO F=K o i5 ey )
AR, A U A S —2 RO 7K —
., WL, oT L% SRR 9 RO MK fTvk K RO 7=
KRS Z 2% RO 2 B aE — 25 b 3, 3% 1 P AIK — 4%
RO MAbBEE  $2 T HE 5 A FH 2 FK R R

S ik

BLIGIR, MRS, sk, 4. R ok ] A VR BE AL BB R
5NN HERLT]. KEHEG, 2018, 34(6) : 1-11, 16.
Wei Y S, Zheng L B, Zhang C, et al. Progress of application
and research of advanced treatment technologies for reclaimed
water reuse in thermal power generation plant in China [ J].
Water Resources Protection, 2018, 34(6) ; 1-11, 16.
BN, ESOHE, BRI, #up) ok B RG TR X
BA7[J]. TolbskALEE, 2015, 35(9) : 100-102.

Zhao G P, Wang Y H, Tan Y L. Design and application of

reclaimed water reuse system process in a thermal power plant

— 138 —

[3]

[4]

[6]

[7]

[J]. Industrial Water Treatment, 2015, 35(9) : 100—-102.
BB, W S T X F KN [ D] R JB YLK AR
#, 2021, 49(9) : 195-200.

Fei Z Y. Evaluation of surface water in coastal area of Huludao
City [ J].
Conservancy, 2021, 49(9) : 195-200.

Heilongjiang Science and Technology of Water

Mugaishudeen G, Sengottian M, Ravichandran S R, et al. Down
flow jet-loop reactor with NF-RO membrane system for the
Desalination and Water

DOI. 10.1016/j. dwt.

treatment of textile wastewater [ J ].
Treatment, 2024, 320. 100763.

2024. 100763.

FRESR, M7, BRI, 5. FiAsK Rk s T2
BRI RhR K R B R AR ST ()], K HEK, 2022, 48(7) .
70-75, 81.

Chen Y Q, Yang J, Chen Y, et al. Application of integrated
membrane system of reclaimed water source in boiler makeup
water of thermal power plant [ J]. Water & Wastewater
Engineering, 2022, 48(7): 70-75, 81.

Pasqualin P, Davies P A. Multi-stage nanofiltration for brine
[J1.
10. 1016/j. desal.

concentration ;
Desalination, 2023, 566:
2023. 116928.

Zheng L. B, Yu D W, Wang G, et al.

Experimental and modelling

116928. DOI.:

study

Characteristics and
formation mechanism of membrane fouling in a full-scale RO
wastewater reclamation process: Membrane autopsy and fouling
characterization[ J |. Journal of Membrane Science, 2018, 563
843-856. DOI: 10. 1016/j. memsci. 2018. 06. 043.

Chen G Q, WuY H, Tan Y J, et al. Pretreatment for alleviation



WK R
WATER PURIFICATION TECHNOLOGY

Vol. 45,No. 10,2026
October 25th, 2026

[10]

[11]

[12]

[13]

[14]

[15]

[16]

of RO membrane fouling in dyeing wastewater reclamation[ J].
Chemosphere, 2022, 292. 133471. DOI. 10.1016/j.
chemosphere. 2021. 133471.

Liu ] W, Zhao M F, Duan C, et al. Removal characteristics of
dissolved organic matter and membrane fouling in ultrafiltration
and reverse osmosis membrane combined processes treating the
secondary effluent of wastewater treatment plant [ J]. Water
Science and Technology, 2021, 83(3) . 689-700.

EAH, AL, M, S AT HOKRAUBET 28
TIROR KRS Je R AE [ T]. FRBE T2 4R, 2024, 18(1):
101-109.

Wang Y X, Zheng L B, Zhong H, et al. Operating efficiency
and membrane fouling characteristics of high efficiency reverse
osmosis process in coal chemical wastewater treatment [ J].
Chinese Journal of Environmental Engineering, 2024, 18(1):
101-109.

Palee I, Kaewsimmaporn S, Jutaporn P, et al. Reverse osmosis
pretreatment by a fluidized magnetic ion exchange resin for
application in a power plant: Pilot-scale and high-rate operations
and foulant characterization[ J]. Chemical Engineering Journal
2023, 470 144320. DOI: 10. 1016/j. cej. 2023. 144320.
Atikul Islam M, Young Jeong J, Kim E J, et al. Multielemental
characterization of chicken breasts from conventional and
sustainable farms by inductively coupled plasma—-optical emission
spectrometry (ICP-OES) and inductively coupled plasma-—mass
spectrometry (ICP-MS)[J]. Analytical Letters, 2023, 56(5) :
744-757.

Zheng L B, Zhang C, Wang J, et al. Distribution and
transformation of dissolved organic matters (DOMs) in membrane
distillation for desulfurization wastewater in thermal power plant
[J]. Journal of Water Process Engineering, 2022, 46 102363.
DOI; 10. 1016/j. jwpe. 2021. 102363.

Berdg, MM, B, 8 BATBOKEFHM AT RE B
AR K PR AL ARAE (1], PREE TRE2: 4, 2024, 18(3):
817-829.

Duan N X, Zheng L B, Zhong H, et al. Water quality
transformation during the RO processes in the zero-liquid
discharge system for coal chemical wastewater treatment [ J].
Chinese Journal of Environmental Engineering, 2024, 18 (3):
817-829.

Mangalgiri K, Cheng Z W, Cervantes S, et al. UV-based
advanced oxidation of dissolved organic matter in reverse osmosis
concentrate from a potable water reuse facility: A Parallel-Factor
(PARAFAC) analysis approach [ J]. Water Research, 2021,
204 117585. DOI: 10. 1016/j. watres. 2021. 117585.

NG, A, Bk L, 5. ALK U A P o
AR L (1], HOKEER, 2024, 43(5) : 61-
70.

Sun X P, Zhao Y J, Yang Y R, et al. Comparison of optical

[17]

[18]

[19]

[20]

[21]

[22]

(23]

[24]

characteristics of dissolved organic matter in reservoirs with
different water source characteristics [ J |. Water Purification
Technology, 2024, 43(5) : 61-70.

Mangalgiri K, Cheng Z W, Liu H Z. Development of dissolved
organic matter-based indicators to understand the degradation of
organic contaminants in reverse osmosis concentrate from potable
reuse systems[ J]. Journal of Hazardous Materials, 2024, 470.
134060. DOIL: 10. 1016/j. jhazmat. 2024. 134060.

RRAE, R, VRS, % SAETOOEN (3D-EEM) #iAR
TRV VEA HLBT (DOM) 3 Hrvh B9 RE T[], HK 8OR,
2015, 34(1). 14-17, 28.

Zhu D W, Wu D J, Sun C Z, et al. Application of three-
dimensional excitation-emission matrix ( 3D-EEM ) fluorescence
spectrum technology in analysis of dissolved organic matter
(DOM) [J]. Water Purification Technology, 2015, 34 (1):
14-17, 28.

Liu J N, Duan L, Gao Q S, et al. Three-dimensional
fluorescence characteristics analysis of DOMs in water treated by

Journal of

10. 1016/j.

the ultrafiltration-reverse osmosis process [ J ].
Molecular Liquids, 2024, 398. 124297. DOI;
molliq. 2024. 124297.

Feng G Z, Chu H , Dong B Z. Characterizing dissolved organic
matter fouling of nanofiltration membranes and evaluating effects
of naproxen retention [ J ]. Desalination and Water Treatment,
2015, 56(11) ; 2835-2847.

Wite, ZEGY, IEHM, %. 3T EEM-PARAFAC f#HI IR &
e W XTI T TS YL 3 DOM. RO ARt [ 1], FRIER)
SFRFST, 2022, 35(7) : 1615-1624.
Yang L, Li X T, Ren Y X, et al. Analysis of DOM
transformation in polluted urban rivers by anaerobic biofilter
based on EEM-PARAFAC [ J].
Sciences, 2022, 35(7) ; 1615-1624.

B bdh, B, SHEHL, 45 PARAFAC I FRI f##fr 18I A
DOM 434 [ J]. HEFREERE, 2019, 39(5) : 2039-2047.
Li JJ, Gong W J, Dou Y Y, et al. The distribution of DOM in

Research of Environmental

aeration pretreatment improved soil infiltration system based on
FRI and PARAFAC[J]. China Environmental Science, 2019,
39(5) : 2039-2047.

WEBESE, R, o, 5 S4B PR IR T T
AP ML 2 BR (V] 3R TR 24K, 2013, 7(2) .
411-416.

Yao L L, Tu X, Yu H B, et al. Evaluation of dissolved organic
matter removal in municipal wastewater based on fluorescence
regional integration [ J ]. Chinese Journal of Environmental
Engineering, 2013, 7(2) . 411-416.

Li L, Wang Y, Zhang W J, et al. New advances in fluorescence
excitation-emission matrix spectroscopy for the characterization of
dissolved organic matter in drinking water treatment: A review

[J]. Chemical Engineering Journal, 2020, 381 122676. DOI;

— 139 —



T4 R T E LA

LT AR AP A A KA BT S A AL AR AR AE

Vol. 45,No. 10,2026

[25]

[26]

[27]

[28]

[29]

[31]

10. 1016/j. cej. 2019. 122676.

Gupta A, Barbu A. Parameterized principal component analysis
[J]. 2018, 78. 215 - 227. DOI.
10. 1016/j. patcog. 2018. 01. 018.

XN, Jrigl, IhEETe. BT =4V - AT b
(EEM-PARAFAC) A WURBF T HERE[T]. HokEAR, 2022,
41(10): 7-16, 185.

Pattern Recognition,

Liu L, Fang Y C, Sun X L. Research progress of organic matter
based on three-dimensional fluorescence spectroscopy-parallel
factor analysis ( EEM-PARAFAC) [J].
Technology, 2022, 41(10); 7-16, 185.
FARLE, /AR BYTHOK B ] 5 A A g U S 4
TESHTL ], KIS K TAR2EH, 2020, 31(4) : 63-69.
Wang C X, Lu Y M. Trend recognition and characteristics

Water Purification

analysis of water quality indicator time series in Minjiang River
Basin[ J]. Journal of Water Resources and Water Engineering,
2020, 31(4): 63-69.

XN, HLS AL B K BRI B A BT[] i T
2023, 43(7): 35-36, 43.

Liu N. Application analysis of conductivity method in boiler water
quality detection[ J]. Shanxi Chemical Industry, 2023, 43(7) .
35-36, 43.

Pradhan S, Fan L H, Roddick F A, et al. Impact of salinity on
organic matter and nitrogen removal from a municipal wastewater
RO concentrate using biologically activated carbon coupled with
UV/H,0,[J]. Water Research, 2016, 94. 103-110. DOI.
10. 1016/]. watres. 2016. 02. 046.

Zheng L. B, Zhong H, Wang Y X, et al. Mixed scaling patterns
and mechanisms of high-pressure nanofiltration in hypersaline
wastewater desalination [ J ]. Water Research, 2024, 250.
121023. DOI: 10. 1016/j. watres. 2023. 121023.

BRSC, XUNES, BARsr, 5. S e WK AR g v HLBO G

— 140 —

[32]

[33]

[36]

FRAERORUEMATI]. PRSP 5 BIR, 2026, 48(2): 87~
95.

Chen W, Liu M R, Yang Y S, et al. Spectral characteristics and
source analysis of DOM in Yilong Lake [ J ]. Environmental
Pollution and Control, 2026, 48(2) : 87-95.
HEIua 3 - BEHOR, AR, TR, 4. JRHOKHES KRB
BRGEPE A YURRE X HSE TR [ 1], SR
M, 2023, 43(4): 327-338.

Tayier P, Xu DY, Wang J G, et al. Study on the characteristics
and the effects of dissolved organic matters in reverse osmosis
system treating cooling water blowdown [ J ]. Acta Scientiae
Circumstantiae, 2023, 43(4) . 327-338.

Makehelwala M, Wei Y S,

Weragoda S K, et al

Characterization of dissolved organic carbon in shallow
groundwater of chronic kidney disease affected regions in Sri
Lanka[ J]. Science of the Total Environment, 2019, 660; 865-
875. DOI: 10. 1016/]. scitotenv. 2018. 12. 435.

D’ Andrilli J, Mcconnell J R. Polar ice core organic matter
signatures reveal past atmospheric carbon composition and spatial
trends across ancient and modern timescales [ J ]. Journal of
Glaciology, 2021, 67(266) : 1028-1042.

Gongalves-Araujo R, Stedmon C A, Heim B, et al. From fresh
to marine waters; Characterization and fate of dissolved organic
matter in the Lena River Delta Region, Siberia[ J]. Frontiers in
Marine Science, 2015, 2. 108. DOI; 10.3389/fmars.
2015. 00108.

Wiinsch U J, Murphy K R, Stedmon C A. Fluorescence quantum
yields of natural organic matter and organic compounds:
Implications for the fluorescence-based interpretation of organic
matter composition[ J]. Frontiers in Marine Science, 2015, 2.

98. DOI: 10. 3389/ fmars. 2016. 00009.



