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 E RBE RO) RGEMRESI TR T PR EH A S . DT E A e T R ZHEL (ZLD) %
i hxt4, B2 RO WP EMEA N (DOM) BZELERIE, BICHEA DL R4, FEPE ZLD RGN
IBATRFIE SRR . S5 RRIT, LB A R IREOK IR, oAb+ 515049 = 24F RO BB LBk, &K DOM F#
PIFS R YR . TR R RN GAE 91 G = ) (SMP) 28 i £ . TR BB [ BEXT SiO, (IR Bk RS 2%
(25.40%), RO #EK SiO, e JEE =, PIgk RO TR B BB (HERO) Xt SiO, MMk 4554553l h 5.36/3.83, fF4E
IR RIS Si V5 YiEA . UK RO B BeAT SR BR S A R AN B (I B 0, Tk RO By B (BRI SMP (BR3¢
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WAL TR EA A RS . AV JFVREE @ S, e AR s TR K, HA AR
PRI AR A S HAA e RS, R BEAL TA ML R AR i G i, UEAke, Bl (CTallg&K
PEIAFIRSE TS ) A TR T T3 ) g, Tk SRR I EERE ST, Tl A
IKIEAE ARG SR LRI A0 PR, TR KZEHEAL (zero-liquid discharge, ZLD) 551 T2 Xk
FINH . ZLD RGE—M F LA W . SrEh Mz kg sl i, il mgla il . B Bimnzs L4t
FAHE AR AIALS, SRR TR K B HFER RIS, B 254 AR & ZLD AbF iR s 2 AR 2
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REFIRb B R IS e AR REE, AT TRKh DOM SRR 2 il S AR FRARIE, B DOM XS5
Yeyoimk, PEmRERKIEEE s TR, DI ZLD ARG MR Eiats MRS st it s
1 #MR5EE
1.1 BT RAFHRIZEN

I TIRK ZLD ARG EACRIBEAIEIERRKHES K . @4k, Zea ok vssibgK s, ™~
KB TR HIZR S, %R 10 000~15 000 m*-d ™", BEKIEIHZR 98%, WEhER 97%, FKkiK ik
JE GB/T 19923-2005 brif. ZLD T ZMARME 1 s, 1) BUbEERE:: RAAKIEIA T ], e
MBI RFURBREREN, FBRESEEE T BOIMRGEER AR R A TR B ANREE, RBRE KPR
AR o M BRI K G 5 Vi st KO R R 1 P, 2 2 e B 28 2 Bk h Rl Ay B M A
i HJERFBIERE (UF) it —5 LRSI TR, RS RO REkadialt. 2) amE: A
B 1 RO MS&bdR A Wiast, TEPRLeal G R arin ARG . REFIFRERIE TR . YR Aa P23
Bi; ARG HARIK RO BrBaedakK, FoK B TIEAKAVK ;. HoK RO BBk ZREE . REME
TR 5 e U 85 B (HERO) WRAALIRTHK IBIER . 3) 233h gt kB . HERO Biifeth/Kigk
AZEREESHIT, it UF FIHNIE (NF) BT —M A b igsr s, RS reK ek o e A S A anig
JE 2% T i IR R B R S 2% e a7 45 W o B RTVR AR I BERY P 2% RO IS 381 DL ™ 1, TE TR (2~
4 d- ) HIBUERTRIER S 12 h, 1 HERO BtfiE VRS R 30 d- Ik, Bk, ABFSEE SR g i B
Wigk RO j3FE,
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Fig. 1 Process flow diagram of ZLD system for coal chemical wastewater treatment

1.2 #HmE&E

JA3HE ZLD s FRAS B BOK AR AL RRAE M RGACPERLRE, 1Lk 3d REE T M BRIKEE, BRKAa0TE
8:00, 12:00 F1 16:00 RAE, IRAFRA 0.45 pm JERIIE S RAFT 4 °C £&0F FUMLE2E 4. Bl &
P, HERO ISR, R4S FRAY kK FnoK RO J5Y s ™, Hik RO MBS 1 ARIEA DA K
WY, A EAA M, RO ERA YRS Y WoK RO BYBHR G —REE, 2,
R BANHAEYZ, TR AR, L, AR R g e RO s AR AYZK TS
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TEARHIE, Fr3E DOM H5bE,
1.3 MRAEER DI E

pH FIHE SR AMEHE R A (WTW, Germany), COD K% COD Hlfl4SH & DR2800 /MG
(HACH, USA) g, BAMLK (TOC) Fi TOC-VCPH 41X (Shimadzu, Japan) % . 2% (NH,-N). i
A (NO;-N). B (TN). ®EfeEh (PO, -P) MEBE (TP) X% HI £ 43 66 B+ (Thermo Evolution 300,
Thermo Scientific, USA) Ml ™, KA B 4 8 70 R & & i BB A& 55 55 T & 4163 (ICP-OES, Optima
2100 DV, Perkin Elmer, USA) FIHLEHE G552 FIATTE{L (ICP-MS, Agilent 8800, Agilent, USA)!'" JU5E, [
BB T A (IC, 1CS-1000, Dionex, USA) &M, ICP-MS . ICP-OES My E&SM . BkrEZ
0.45 pm JEME IEAR I BH 25 N R B EORR) LA Bl Na, C1 SO /K FERRE 50 7, HRE+
e EE AR RE 20 £5), BURGBEI7KEE 9.9 mL A 0.1 mL AYIEZRAERSIR . UV-Vis,s, Ml =ZED LIRS
B3 50 1%, TOC Fikk 20 1%, Si0,. ZHR Dubois B FIE R Lowry BEE A, Ik
MBAKEE LR ERE R 2 (X IR . B 20 mL 3 JEFE S TAA R EL 25 ¥ kT4 (LGI-10FD) A 45
48~72 h, FREL 5 mg DOM [E AR M A LT SR i & . ol A A8 L 21 A0 63354 (Nicolet6700, Thermo
Fisher, America) £ 500~4 000 cm™' WA TLLAMGIE T, 53RN 4 em™, HEHERECH 32 Wk, Fdia4nkk
BHHEE, [ Omnic8.0 X Y61 ph £k AT A BhFEL AL 1IE AAE- 3 AL FEUS . DOM SR FH R4 AT WL Y614 (UV-
Vis)(Thermo Evolution 300, Thermo Scientific, USA)!" 5%, Ff3145 b E4MEIL(E (specific UV absorption
value, SUVA)(X (), FAKFEEFLARE

A
S =—=x100 1
. M

K. SAKFER AR LSS ; 4 IERAE 254 nm BIWOCEAE, em™; C AR TOC A
BIRE, mgL™,

fdi FH = 456504 (EEM, F-7000, Hitachi, Japan) [F BRI, #& KK 200~400 nm, [d]
Fa R 1 nm; &G A 220~550 nm, [HIF&IEK N 1 om; SR E Y 0.3 s, HREE K
1200 nm min~" HEATIERY, FBRbr S EGFIEUN S (Matlab2021b, MathWorks, USA) 1143 FDOM 1]
D NFEEL (fluorescence index, FI). 4 #4644 (biological index, BIX) FlJE%E AL 5% (humification index,
HIX)®", P (2~ (4).

_ 1(450:370)
~ 1(500:370) @
e 3 1(430 ~ 480 : 255) 3)
2 I(300 ~ 345 : 255) + Y. 1(300 ~ 480 : 255)
1(380:310

~ Tmax(420 ~ 435 : 310))

R F RS TR, F< 1.4 B3R DOM SEIELIBEHIE A3, F>1.9 BRI EETR; B
TFRAK T 2 E R R EYEE L, K DOM BU#TEERS, B > 1 PR DOM M= E ) HAETR; H
THAFE DOM AR, HAHYS DOM JERVEERE AIE LY, 1(450:370) ik G 450 nm, K HHGHE
370 nm 1T RIPOEIREE ; S1(430~480 nm: 255 nm) FRi OGS 90 430~480 nm F&FHER K
K 255 nm FF TSSO EIRERINA; Imax(420~435 nm: 310 nm)) NECELGHACTE 420~435 nm FIRSHEH
K20 310 nm S50 R IIERRTOEREE . WRIEKEE FDOM 2R, RHTOEKEFME (FRI) 8 =496
% (3D-EEM) H 5 M IX (I BERRZS . I (AERRZE . I & BRRZE . IV UuEYI = Y2a Il (SMP)
V EFERRZS) ALY & & P S TR AR Z BT, RASFA7 7% (PARAFAC) iR 5
DOM Hr SR AL 4322

2 ZR5TH

2.1 RGEITHER
w2 Frs, WACERYBCA HLIFL Si0, B RBRFEAR, U0 16.42% F1 25.40%, WIRES 2550 S kK
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Fig. 2 Variation of water quality in ZLD process of coal chemical wastewater

pH A 5. WRARM BEA ML ER A 40 2 bR BT, TPk A /K RO B BRI ER R 5351 97.47% F
95.62%, COD #1 TOC B £33 K 85.89% . 77.43% H1 91.7% . 87.93%(1€ 2(a) 1 2(b)), Zid MLk
RO ZbFRAY Si0, MR ENA 96.97%, WAEHTHCH 5.36 fi5. HIL, RO Wedaimmbk BEism, A7 & nmkh
RS, HeK RO BBkt A HERO, i) FHES T A g A i S A B A%, A L — 204
3.83f%, FIAMREEE | BRERERARE LA S HA 25 (REYR) W RAS 3] T F— 4 e85k, Bk IR TH &
76.21%. TE5yEhes BB, COD A, TOC FIHL TR THT 2 NFrBt, HERO Btife/Kifid UF FIPIZ
NF A7 Hb BRI 4E, SCELT NaCl 1 Na,SO, AR &S5 L, b fEd COD, TOD Fid &%
MR ERAERL, RARGETAHA . BEERAT Si AR e EEAE RGN B RO 1088, FFEAE R
HT et

TRALFRR B (BRSO (K 1), FEEPFERIE A A IIREESRE, A ANl 57K s S L
I 2B SRR RS S SR BEDTTE , 85 . BE B 1 BRI 94.38% il 89.67%", = /K hifk BE LT
0.01 mg-L™'c Pitt, RO BEATFELE R E MESEELEIRIn AT, AL FRANR 46 B B v K b Na™, CI7. SO, Fil
NO, MR — & &S, Na'. CIUFIN SO, AR5 2 Ml F 2R e 3 Eh45 I B9 NF 72,
ClI, SO,* Il NO, UM — AT LT3, Na*, CIFI SO, AYA R/ &S Fllehii = Z4E e Wigk NF 1372,
— 2% NF ¥ — b vEA7 03, P2k HEA 9 NF #E47 R 43 . NaCl Al Na,SO, i1 el i 43 5l 4
96.71% 1 98.25%. WNF 2 Pryn, WUALHERYE:, EEMEK TN Brak RS, HLLNO, -N 3, NH,'-

FR1 BULIEK ZLD RE T ZRiEAMEETFEL

Table 1 Changes in anion and cation concentration in ZLD process

FHBOUKHE Na'/(mg'L™) Mg/(mg'L™) K/(mg'L™) Ca™/(mg'L") Cl'/(mg'L") NOy/(mgL™) SO /(mgL™

IREEHEK 1 409.42 5.81 — 2.93 829.38 46.83 737.2

UFHK 1485.12 2.13 — 13.21 11203 52.78 748.09
FUKROEK  1687.73 5.03 6.43 5.55 776.58 52.44 689.76
thkROWEK  4701.58 4.90 8.22 53.14 4219.25 158.08 2 896.07
HIKROHEAK  1051.52 — — 23.47 1227.24 97.87 788.95
WIKROWIK  4455.66 0.60 — 122.90 424439 163.16 294224

TR EBEIR K 6 266.92 — 7.98 6.96 5330.06 264.22 352278
SSMRFRIIK  5605.70 — 227 321 2505.66 367.67 4654.45

FRROHK 18 643.20 — 3.46 — 1342.79 86.09 890.50
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N B R ; Pig RO ARLERR T TN HINO, -N, HERRRIMh 84.83% F1 75.43%, i NH,-N %
BRASCRANZE (63.25%). TIALFHIT BEAIBRBESCR S, FEmaiREET PAC XBERIMIIER, RN PAC H57KAY
B S VR ™= AR K S = SR AR BEER ], RS B Ay R e () 2%, RS IAREL Ry, R AU
JZ R AR € Bz, ARt T AR TR AR e . BERANDIIE, PR R A BB . WRAERY
BERJ PAC Fl PAM XTI TIREEAL IR, TP 1 PO, -P IZERZRIN 96% F1 100%(3% 2), FEEEHLHI
HBRT PAC /K= PAM AUZREEEHIEY, X HAY PAM — 5l Fe'' SRR L sERER, )
— TR R A KR A S BRI B, AT AR, MR SRR I, TR S
IR B IBRBE AR

=2 BILTEK ZLD R KT ZRKREN

Table 2 Variations of water quality in key process sections of the ZLD system for coal chemical wastewater treatment

B KR TP/iI 1>043;/l TN/f NO{-Ij/ NH;-Ij/ 3102{ zﬂﬁ%{l EEEE/
(mg'L™") (mgL") (mgL") (mgLh) (mgL") (mgL") (mgLl™") (mgL™)
TREEHEK 0.41 0.33 63.50 30.90 5.58 20.97 11.31 10.71
UFH7K 0.30 0.16 58.14 34.15 2.54 28.11 8.33 5.91
rF7KROIEZK — — 60.68 34.70 6.29 24.6 5.90 4.83
rfi7KROMK 0.40 0.17 112.10 89.50 18.05 74.45 43.40 19.91
HeKROFEAK — — 128.55 91.35 16.55 22.77 8.30 10.43
WIKROMIK 0.5 0.13 168.85 140.8 14.56 74.45 78.60 27.32
TREEHK 0.3 — 161.15 127.55 37.06 67.65 89.60 25.69
SRR HIR 7K 0.06 0.055 157.50 129.05 18.96 95.77 81.85 15.38
RO K 0.02 — 31.90 24.90 9.73 68.18 75.90 12.84

2.2 DOM RIS Hr

1) UV-Vis 5381 HHTFAPIG YT RO REE e mi R, #—5RH UV-Vis 1T BK A
HLRS . WK 3(a) i, TALER . FrokK Ak /K RO BBk EELE 198 nm 1 210 nm AbHEL T 2 ML
g, FTREIH N AV ALY RGESE M | TR . SRR A AN, DR K AR T RE A
R, BB BUR K DOM e EEHERF K RO BrBek/K>TREEH K=UF #EKk>#k RO BB /k>H7k RO B
Bribrk>i/k RO WrBeit /K> v T H /K> S5 IR BH R HE/K>HERO BtiE/k>HERO Btreik, MAEfkitk 2k
RO Bk IR EARL (K] 3(b)), FUACPRAYIREEIFEXT DOM LBRFCRAIE,, i3 Mgk RO AbH)S
W CRE i TR, XA DOM F2EE T RO LBk, 4555 COD HM TOC ik 4 R —5. oK
RO KB /K i A HERO B9 15 i rh #E AT IR BES , DOM ¥k B FRAK (0645 4<0.8, & 3(c)), Hgidit
HERO if— Ak DOM, HERO j=/KMNCRE B RAL, Ui B A RS E 2SS A L5 21
WEER . R RINEL, KW FEEAE 195 nm HIOGERE (4>1.5), X HERERAmis R,

TR BLIY UV,s, F1 UV, 3505 (K 3(d)), BB A FE RS R T GRS
FIEACE YA NN BRI, HFK RO BYBE, MHEKENRIKE) UV,s, F1 UV, fEHR, FZERR
KIGFHTAAE A YT, 2ok RO BB, UV, [ERSHIEIR, UV, (AR, WAANIEREIARE
B (2 1D, 3% RO WrBOE /K SUVA,,>2 Fl SUVAL>4, BEBIZKREh &ALt . KR I5
WAL EPIAE ARZSEA I, HERO B UV, il UV, AW EFE, FEREH TIZM BRSBTS
DOM [H/IN TR KM B AL G A B RBRRCR s S H YR IR EE I LB, DOM F5441k
R TR RAE T, HERO BofoKiE AGrEh g i B, UV, Fl UV, IEEWEAE TR, XF DOM
M RBRBERAI R, EZRENZO BOKFEE R B R . BRI S, We4i B B gL RO FRAIK T 2K
DOM VK, bR T s tfbatty . F5a i MUE I B Pk A L . R, BOMAY255n] GE53
SR ROV SR T 2RI ERE, B95R T IOF B R T AV 28R, (B—2/ NItk
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Fig. 3 Ultraviolet-visible spectroscopy and SUVA,, Fll SUVA,, value of the water samples in the ZLD process

FREEER DOM 155k B e =7k Hhi

2)3D-EEM 43#f1. A —5%5 [ RO 154 WL AT LA EOCHEA AL RO S FEs2miff T 17—
M. WK 4 Fis, S RKEE DOM FREUORRIARRE M . ROFREN . BIHRIS . & Bk
KR RE =20 HAA B /K S8 A MU L s ek, IR BEIE /K 3] UF #EK 1
DOM J&724k; K RO MrBebrk & R aRes . (2 MISH SMP Wi, F1y= /KA L2 nm B B ik b
fI%, VERHIER IS FEFRISFNER 1 BRAE Y S B SR, 1A% RO HIZKZEK . WMok RO MrBeadroK F250%
FFTZEA SMP(IL A TV X)) ZOGIRER R, (2RI 1 ISRk B R K RO B Beidvke4ni
BRI, PR BT K RO BrBGIK, (HifoK RO BBk, SR bl e, dt—
ARSI DOM R FZRAKEEPIH RO WRAATEH . (HEAZIRA SMP HIREEA LR, 1l
NI RARRISE A S RE, 5 UV-Vis R —2 Hik, RO Big kAR, FEEAIL
TEHRSEY, 1 RO BRIEPEMR L A5 RO XY DOM BB BRZEA SMP Wi, HEtamiEsim, %
25 DOM SIREATTHHFEM ST, SFE RO sk FETIE/KH DOM ZeFa%L (K 5(a)), FIKF 1.9,
FRIAFTE AN SMP 2 RHUEYIIR (RINIE), BUEYEERSE; HIX/NF 1, Ui H e
BAIK, RO F=/KAY HIX A FFEAAE, DOM 2k, BIX KT 1, ] DOM 2 &g
PSP, WP RO 15 Y4A W REEA ML Y5 e hialis g, SEUBNSYY™HE, #m RO Rtia
(3 &l el o

IR XSRS (FRY) THE =BG 5 101X DOM 19 7 B AL (B 5(b)). TR 3R,
KRR IAETE & LA S R (RIS T, (B RS o n] BRI T v [B] P S sl A 7 A S0
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Fig. 4 Three dimensional excitation-emission fluorescence matrix of wastewater during RO processes.
RO i B KL R . (2 R E F8 W) i o LU . 45F 3D-EEM #l EEM-PARAFAC 73H7 P4
RO %2 DOM Z3fiL, ik RO BrBCARGEER TS, HEHBEEYIA SMP, % RO B /K 247
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Fig. 5 Three dimensional fluorescence index value, DOM recognition and proportion based on the PARAFAC method

TERREIRZEYIR (1 X)), 5k RO BYBEKAIEL, K RO BYBGHEK ) SMP 261542 (K 4(e)), HAF
1E 5 He R ) 0 IR I B AR (1A T IX), 1% RO BrBe=/K FE R AR RIS SMP Y5 (1T Al
V IX), BEEAIK RO MrBEA SR T RS Z RIS 0T (1 XA T X)) UF s R e s i te
el BRI A e, HHEDOERE & T K RO BTk (& 4(d), EEFEPEEF/K RO e
WK PR S5 53 DOM HEETHE (8 4()). HERO BB/ EIRZEFIEFE R R (11 A TIT [X) A9 o L #RAe
1R, AEHMEREAR S FE I Y 3D s TREENT IR, MiFHE 72l #2%F DOM A4k
FME A TCRZ O, e B A ER . AR & BRR2E (I, ATV IX) b g, maEmsk
I SMP #ft (1 XA TV [X) Wizl wlRE kI T i s o).

E—2 2K I EEM-PARAFAC Ul ZLD RG45 B BoKFER) DOM %4 3 A 43 S HAOGom 5 L
(1 5 (c) 1 5(d)). 1) Cl H—ANFOEHHMEIE Ex/Em=250(320) nm/400 nm, J& TS YR, %A/
AEHER BORBES RIS 1%, C1 2Bk & AR DOM; C1 ZETACBER B T A R R A A R4
AR BR T RGN SMP 285, UF XFEHI LT R ERm . FEdE A PR oK RO BirBe, 2%
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Fig. 6 FTIR analysis of the water samples in the RO process
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Fig. 7 Correlation between organic and inorganic indexes of coal chemical wastewater
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Water quality transformation during the RO processes in the zero-liquid
discharge system for coal chemical wastewater treatment
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Abstract The long-term stability of the reverse osmosis (RO) system is crucial for achieving zero-liquid
discharge of the coal chemical wastewater. This study focused on a zero-liquid discharge (ZLD) project located
in northern China. The variations of the dissolved organic matter (DOM) during the multiple RO processes were
investigated with a goal to identify the key organic compounds and evaluate the operational features and
performance of the ZLD system. The results showed that the pretreatment could effectively decrease the
hardness of wastewater, the removal other ions and pollutants mainly occurred at RO stage. The dominant DOM
were aromatic proteins, humic substances, and soluble microbial metabolisms (SMP). Poor coagulation removal
of SiO, occurred at the pretreatment stage, and the removal efficiency was only 25.40%. SiO, was mainly
concentrated during RO processes, and the concentration factors at the 2nd-stage RO and high-efficiency reverse
osmosis stage (HERO) were 5.36 and 3.83, respectively, indicating a high Si contamination potential on the
membrane surface. The RO stage for reclaimed water mainly intercepted substances like humic substances and
proteins, while the RO stage for salt concentration showed a poor rejection of tryptophan and SMP. Si and
organic matters were identified as the main challenges in the ZLD process. Therefore, it is crucial to enhance the
removal of DOM and Si at the pretreatment stage, to optimize the use of chemicals, and strengthen DOM and
microorganism control in the whole system. These strategies are keys to improve the operational stability and
membrane fouling mitigation.

Keywords coal chemical wastewater; RO; zero-liquid discharge; spectrometry; DOM
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