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1 MRS5S EE
1.1 HERO BTEfT

AHIFFE BT XS TR E AL FAMAL T oK EHE A B S2hR T AR, HERO T2 FE UL TR K Ak 4s
W, FEIRZERLS A, TR as i B e PE 538 . HERO T AWMAERIWNE 1 iR, fhikfiatusig
. ZATUSIERE . SRR . RIS RN HERO MITA .. PR R AR EE LBReE A WL, il B
FBRE R BT SR PH IR B T At 20 BRI B 1 AR KT inBE I 1 57 1k ToH AR
ULA; RO MG —R B M, RAMKAERE . MR RCR A 1 AKIR 18 RO B T2 B Ak Hi o
300 m*h', SEPREANEEEZ) 274 m>ht, OKEISCRZ) 71.9%. HES, RO FEEIEIGLE™ &, 1EIERY
3~5d-k

A 274 m® - h! B
i G
B c Dl gz F 77 m* - bl
B —> AR —>  BEREK = i N RiBE 4
E = ek
| ; K| 196 b
PAC .PAM i WAL FE 300 m? - bt /
FALPEA ) SR S AL #5274 m s b

E1 HERO IZhizE

Fig. 1 Flow diagram of the high efficiency reverse osmosis process

1.2 #ERE

HHT T 2B TR, 7 2 ARi%4E 3 A RAE HERO T 20K . A K . FHIREEK . ik
K R ERSEK . RO #EK . ROVRIKFT RO FEAOKEE, BESVMIIFRIC N A~H, B8 5E5w)5, K
0.45 pm JEMELUE G IRAFAE 4 °C 2MF T RMYSS0 0T, ARSI 3 d ¥MH, R mhniE2E. 4FX%F RO HL
JG, AHEE | BOAEE 2 BHOBS YL, RAE 1 BEE | AR 1 Biwda | MR TRERE S oRAE T
1.3 SWEE

IKFE pH B SR FH AR SE A A 2, (8 R G A DR6000 55403 66T (HACH, USA) il
S, AT A R (COD) K I 4 Bl il 45 )2 DR6000 48 4Mr Y6 BE 1T (HACH, USA) Wi, A HLEK
(TOC) Fl E. & (TN) 2K ] TOC-VCPH 43 #7 X (Shimadezu, Japan) #4711l &2 . 44 & (NH;-N). filf &
(NO3-N). S8 (TP). Wf#VE B (DTP), BEMREL(POY-P). SiO, RHI%E4MiJOLEE T (Thermo Evolution
300, Thermo Scientific, USA) M . /KHFE4 R B 7 it vk 3ty A SR & 45 5 7 & S (X (ICP-OES,
Optima 2100 DV Perkin Elmer, USA) FlH B & %5 B T 5 3% {4 (ICP-MS, Agilent 8800, Agilent,
USA) 5E , BT 8 @i (IC, 1CS-1000, Dionex, USA) MISE,

WA (DOM) 453 FH =459 61E{Y (3DEEM,F-7000, Hitachi, Japan) MiE, [FNEZOE
BEC(FD YR % (BIX) MG FEALTE S (HIX), Hp FI T RAFE 5 Y TR IE, Fi<1.4 i &1
DOM SRIZLAREHBIR R 32, FI> 1.9 BB HAEIR, IWAMARTRAE DOM 558, HAE S5 F U L ;
BIX HIFZAE DOM Ut , BIX>1 BfZREH DOM A=A i H AR ; HIX FFERAE DOM [ 2
&, HAHES DOM JE#ERIE AR H P, HSE 25 RAPFA TR T A A HLA iR, st oo E X
BUMBTH AR A HUAAERT R 1

5 YL JETE S5 R AE SR T 37 &% SR B 6 e 1 W 3048 (FE-SEM, HITACHI SU8020, Hitachi, Japan) 7E
15KV I B s T e A7 W00, 836 1 9T % /0 M7 % . SEM-EDS(Element E1868-C2B, Ametek, USA) 7E
10KV Al o, KR #4740 M7, FE S0 W00 B 378 47 W5 4> (HITACHI E-1010 Ion Sputtering device, Hitachi,
Japan) AbHUETR LS RLPE
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2.1  EMKEIEARETAHIE

2 3 d XL ZARI B AT, K BHshn i 2 fos. Fidmi sk £ Bk A= HERO #
KH pH., H S % COD. TOC. {4 JF . SiO, 8 #5 2> H K (7.73+£0.10). (29.87+1.36) mS-em ',
(576+109.12) mg-L™", (52.84+3.38) mg'L™"'. (29+6) 5. (80.65+10.96) mg-L ™', RLHKIGHRAERF & HIP
BONARGE . VR BOIREER] . RPN MBRIEZGH, IREEK IS IR s A Jm S Ak, nT DA
IKAEEYE Si0, SR Si0,, I SHEMRIL GV TES 2B oA 1 RERRER, I, 2B S
SiO, Bk B R R, HEBREN 29.43%, ] DWLHACERRY BOWRE ) bR A B S5 PR T 5= BE s e) i ELTR
BEIFE pH o 7.84, W/NFoctE pH(8)!'Y, COD Fll TOC FEHAN B AR P IR AA, FIAFULFEXTAHL
TSI BRSO 2% . TEFRIBINZE IS % . pH. COD F8trbrifE 225 B K, Bz 25080 =X A e
R, MARFRSEKEARRE, K, TZrTReAE R T 2R 80 R S5 Je XU . o KBRS
pH #T5E 10.05£0.36, —J51fl, —SAHUERMESME FEESHER; 5—J5H, RO #K Sio, i
HRERE, RO Wi Si0, ek B I ARE 120~150 mg-L ', WA 11 Si0, 45 KU1,
$ETF pH nIHEINHIAARE, ABTSME Sio, 2505 B YL RO & T2 FE A5 LBk yon, H
PKEEZ . COD, TOC, fMF . Sio, f8hr50 (1.18£0.21) mS-cm ', (8.00+2.00) mg-L ™", (0.62+0.04)
mg- L', 0%, (1.63+1.17) mg-L™", ZBEFRIHIH 96.05% . 98.79%. 98.85%. 100%. 97.13%., RO ib3
Ji COD FHi 4.09 £i5, HLSR | TOC. SiO, /34 2.25. 1.81., 2.26 %, &5 Sio, HILAIIERS)
RERMTERRERIAT . R, RO FETEANLIGYIES, FrrefibIm Bas kA pam 25k .

WE 3 pos, TASOKRERT R R B UGS R A 3, BB Ak B s iy N, A 20
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Fig. 2 Variation of water quality in HERO process for coal chemical wastewater
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Fig. 3 Changes in nitrogen and phosphorus in HERO process for coal chemical wastewater

RO £Fk, RO IFEXTEA . WA AR ERBEDIHR 75.19%. 79.98% . 38.65%, ZRMIEBRACREZ:.
CHPKEEE . AR BERELR RS (0.31£0.02)., (0.30+£0.04), (0.03£0.01) mg-L™", HEK#E
PR, HUANBEN . SISk IR, F22 i TIREEN K i Y 2 A Bk
W BRI RER . FEPRLE AT YR AR A AL B S v Wl v ks, HnT R R B 57U A B0 S 28,
I, AR R = R A B A I XU, (i RO JEWRACR 220, RO &R EEL PTG, £ RO 4
PRI S VR S . BRIRER R RBREI 98:86% . 97.89% . 100%, FFRACRELT
Hitt—2F5¢ HERO (R ERRE S HXT RO RSG50, 28 17 FAFH S PR AR B ol . e 1 i
N, LAKEZEBE TN Na*, FEPE TR CI . SO« NO;, [Hitt, HERO T.ZJE/K/KEZEAI, Na'-
CI-SO7 KM, T AMKEBERELA A 21.07%0, Na*, CI, SO; . NO;Xf &k FE i 5TlkR 05 37.44%
33.76%. 27.28% . 1.5%. T Z3/KEGEEEF iRk, HES0m B S 59Me HIR bR, W
SR BHPRXTAS . BEES T EBRZFE A 68.6% . 90.8% H 74.7% . 91.3%, SRR /KPS &y
/NF0.01 mg- L, ALK RO IR/ DS RESEELEIR AR, (BTN aasE, ST 2k ikt
AT REXS AL BRSRAE SR = npiis AL, (AR, TETRb BB B 86 2 710 BRI R S BUK h i 3R
RABRAR, —J7 R TSR TR R IR AR Dy — 1 PR A S FH R B A 2 LA B 13 ) =K,
FBRAEEE 0 RN B SIS P T, B, X SRR N, HA R T 2 RO 22
%, RO XF Na*, ClI', SOY . NO;HIERZEINA 97.21%. 97.11%., 100% . 94.41%, AR EREREE-
28 RO We4ife, JRIKERIEIR 58.22%0, WRARFEEZ) 2.76 £i5, PILIMEIEZ L 45 S ITImRGE To
MERDL, 7E HERO L ZH, BRESEER T4, HAbisged £ 2hmd RO 5k, FAOKBm 2 Oliiis
JKFEAE R T KK B ) K B AR (GB/T 19923-2005), A 75444 COD<60 mg: L', SiO,<

%=1 BT E/K HERO TERIEAMASFITK

Table 1 Changes in anion and cation concentration in HERO process for coal chemical wastewater

IR Na/(mg'L™) Ca/(mg:L")  Mg/(mg'L™) Cl/(mg'L™) SO% /(mg-L™") NO; /(mgL™")
A 7 889.59+235.84 0.984:0.44 0.19+0.11 7 115.29+496.03 5 747.56+353.38 317.31486.20
B 7 861.85+1 098.73 0.309::0.05 0.048+0.03 833521+1 169.44  4207.58:169.34  322.07+104.98
C 7722.83+853.49 0.328+0.04 0.046£0.02 8169224109438  4175.55£21027  300.89+126.20
D 7 685.35+894.97 0.0030.00 0.004:£0.00 8 170.7+1 153.70 4190.69+187.84  291.54+137.64
E 7 845.82+835.71 0.015+0.01 0.0090.01 8 100.39+941.71 5 131.57+276.06 231.72489.70
F 7 886.124983.81 0.005+0.00 0.006:0.00 8 125.37£960.19 5 141.07£256.73 230.28+77.58
G 18 080.76+2 737.47  0.025£0.01 0.003£0.00 24 466.05+53.48 14384.12£252.79  1284.46:16.76
H 219.68+44.13 0+0.00 0:£0.00 234.4+44.10 0+0.00 12.82+3.06
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50 mg-L™', FIT HERO T A7 TIEAKZFHER I EZER . @it xt T 28581, &M RO K
AR LT N, 3 Si0, TRk EL (56.87+8.00) mg-L™', SiO, &Mk T /K i WS Y, 554
M SR E RIS 2E, R, HATRERCM AL T /K HERO 1 FER B EIS5EEYIR, % HERO AYK1Y)
FoEis T A EHEGYm, T2t i ok,
2.2 DOM ##f

HHWE 0 HERO iaf 7R M Ko U5 Y B Z RN, IR, dE—2BFF)% 77K DOM. [43 47 o
i 4 R, T.Z:3K DOM FEAMCAEFHIRIS (VIX) fil SMP 2245 (IVIX)., EAKLHIIERMA, JE5H
FRZEHT SMP M) AL TSR K DOM (R 22433 HAAL TR KIS IR I s n] e S5 ik &
Y, WMERTFIREAR, HATR R R R, SO T RRISR e T A s s ol . 7
TEHTRBEE S A ) 4 SR A T LA R K HR o F R SRR B> IR, i i A i AR
VIR IR A FtREAIK, 11 TOC ZEMEM BT IR T, RN T REJE9OEE DOM i SR HLIS Y
Ffliff. RO ARG ISR oA NI 2Bk, HoKZOWERE (B 4(d)) g PL. P2, P3 ZEGHRIE /5
FHE T 1.85., 3.42. 2.61 %, RO j=/K SMP Wi A WL 25y, ik, AEXFF PL. P2 (I E RS
FAFRZEYINT, RO X P1ALE ) SMP Z8W B ) RBRACRE2E, FEFEFIE SMP 2B AR AU S5
WA K, BZEEHHE YIS, 17 RO XHEIERY R BB, X —4518 SR foff
FREERAILL, HETHKBAR, M THRFZET RO Pk H il 325075 YL Ry o 25 5 B B T )/ NS48 4
PRI L.
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Fig.4 Three dimensional fluorescence spectra of water samples in HERO process for coal chemical wastewater

243 Hr DOM By 1 5 5 41 i 7F HERO 28k o WA 4(f) fr s, AR K BE 2SO 45 54 FI 78
2.42~2.51(>1.9), FKHHEFRFZAVYRIEEZNNIEY: DOM, SR MBS A X, 1o,
RO J=/KIF) FUERR, B RO AMPHJE KFEDS B HEREAREY, BIX ¥9>1, RO =K &I B E LT, FH
SMP WA ALY AT AR AN B AR s R A AR HIX ¥/NF 1, HAE RO Pk H
P TR, FRUKFEZ RO ANES AL FREE W2 TR, £25 RO XEFERRIY BT A i R RO A
Koo XPIKFEDAEE T EE R R K DOM B 5AEYTE A C, S5 RO s FEA WL w24k,
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RO B A —E M EDTS Y, ik, bR Bt — R bR Bt .

2B R AP T 0 5K EE ) DOM #F1 7S84 A 700 A&l 5 pis, RO T 4e T
KA R DOM F2A 3 MR, 2053 1 BRI T 260 nm. 320 nm/400 nm(Ex/Em), &
DL LR AR A BB R 414 2 M. F 280 nm/370 nm(Ex/Em), JEIFU#EYI A
AR ) SMP 2R 243 3 MRS T 265 nm., 365 nm/440 nm (Ex/Em), &I E5Em ALY
KUAE ISR, ARYE 3 AL AHXS b7 b, BFEIR Y 2K /K DOM H i R, | i Bk 74%,
RO FA/K R4y 2 HUBIA G Tk 86%, A RO SHEFHRRZYI TR AR, SKIRve CRdmas FAr
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Fig. 5 ~DOM identification and their proportion based on PARAFAC method

2.3 FRISEAFHESHT

WIF /KT, HERO HABUF IR AR A5 Yoy PR35, T DARBEIEAL TR K Bt —25 2% & 45 ik
B AR BRI — R RS Y XU, R, 3l SEM K EDS XYL T &4F . WnlEl 6 fr
i, 1B | IR YIS 2 Bednn | RIS Y2 22, RERG PG Y7
ERZER IS, 1 RO ISYRE R EET 2 B, 1 B RO RIS YZ 5825, 1M 2 B RO ik
TATIAFAE SR 3 A 5E 2 F R T (B 6(d))o HHXTT 2 B RO, 1 B RO BERMAAAEIRMRIG Y2 (E
6(b)), HISOKBTR RO #E/K b EET5 AU AN S Si0,, i SiO, SETCE BTG Yl LILI%
s, BED. RIS, MFkSaERIAAE", RO SRR Si0, 4585 TEumaii . BE . Stk
TUUE B AR SR/ BRER. Si0, IFRZIE ™. RN, ek Sio, 5 HA [AIf7#ES pH AHOCAIBINFIZLN ,
AT LUK S YT e R e A B, IR f#E Si0, AT LIS —SeH Ly h IR LR A 1 S A A TR
ARSI R, 454 EDS BIUCEMREERIE 7, IR ARIG Yyl GE st sio, 5
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HHEIRE S stk Sio, BA&/IVrTAVIIE KIFERER I FE8. 2 Br RO BRI YL, i
BERIGYI mXEN (E 6(e)), TERPIE, MEFEWRZEMAIEE, Sio, Bk B AWTH=, FisOKm
IITAE I RO MK SIO, Frmik ik (128.76+27.41) mg-L™", 1ij 2 Bt RO He/K3ihY SiO, SRty ir S5k
JKEEHARIT, PRI, Si0, itk Bt HIA R (120 mg L), 4REIEEALER R, S etk
HEARHRZE IR RUBURLIR. S10,. [EAFFEERE, 7EE 7(a) AR IPTRCIRTS YN a4 SR
[, HFAEOTE, XKW 2 Bina | ARMER T PURRIRIS Y2 TSR B9 (2N Si0,) BT
17, HS AUERE ATEYRY, Al ] RERIE T A B AR EER AR, bah, 76 1 BER 1 MR 2 Bi
J& 1 AR TS e BRAE G 87 A (R 22K 5 ) BAMERIR T A7 (B 6(c) AL 6(f)), PRI rT LI
5 g FE A SHEERRGY . Si0, MRUEYIS IS, BCEYNE S A 2Ry S BRIk Sio, i
PRF S YA EAEFE B B3 05 Y2 T BE R ORI 2E | IS EZ RNz —.

(a) IRY5 YL 5004 (b) CIL% (c) OJLHR

(d) ST (e) AULE (f) PILE
7 RSREDS BR
Fig. 7 EDS images of the fouled membrane

2.4 [ORESHTRIEINL

7£ HERO AbFH T Z2rh, RS ES1-. AHLY . SiO, S8 — M EBRIER, {HihF pH skf58#
BFEANIE R, SRS AV EBRSCRAE. A, SRR RI M HTCE TSN T RO #K# &, mlfe
SECEEAR G, 250 E0nE e, Jekk K E AR AR L, SECT AR
%, MR TERIE G Y . T 2R P A Bl s 158 TR =i, RO IR TNATEAS BES,
Yk, (ALK Si0, Bk R, HALBERBOA 1 Si0, MA R s, S201 BES 1 iR
TR AAE VAR S o0 B Y2, e | ARBSREIE S LA MRS . BRIk Sio, S
VgL [FIRMEAREE AR, FeRrREGI R E G5 e E 2R N . RS K DOM FZ 55
SIS R S FERRISR SMP W5, R FAEREN ™ B A5 YRS . AR SEM AR ARER i
PR R RE YA E R IEE . 2R G 2M i R RS Y A VU RS . PokREE AL S
YIRS A EAE R S8 i, d— B b b HE s 28 R s R R R s e BB, 458 T
TN PR X RO SRR YLREERE 5 fEi. 1) ZERE M BT % Si0, A ZBR2hi (umE ryEEfk
BYY, SN KA A AR TR], DA T S A PR BT RERS LBRACE, 184%E RO FRITRES YR
Jio 2) BAbES ARG . BHIR IS5 BN T ZER R R AL BN 4E, et Ay ki — ks
gy, 3) A SBERIREIG, FEIRH TREBTEIR RN S BB XS . 4) KA E 2o
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TR, P FE—am e A E & RO BrBCROAR BTG, W2 RO I REAHLGMT . 5) AR e s e A
XA HL) B AR BB E T eI, I n 2 R FH v vk B R TR R BREA T e, DAE— 2B 5 b s A )
75,

3 g

DHERO T2l IRk K A PRRE DR, 77K Si0,. COD SFf8FREii e Tk B/RIEFF IR
i, HFUEHB B A Y Si0, BHERIBCRAVEE, BAERERHIRT I SR EET S 250 A E B L ] g
PE— AR 535 XU o

2) /K DOM FEZ N YR I EIR S S5 SMP 85T, S SRR A ALY i L vl 36 74%, 55
Si0, K EHHFENERTE ™ E A5G

3) PiBt RO i et R S AWM S . St SR oy £ YR, [EREE RO JRAGHE
e 2 Bodin 1 ARBRSRIEE BORRYBORRR Si0, I, SECER 2Ry
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Operating efficiency and membrane fouling characteristics of high efficiency
reverse osmosis process in coal chemical wastewater treatment

WANG Yanxiang'?, ZHENG Libing?, ZHONG Hui’, DUAN Ningxin?, HU Dazhou®, WEI Yuansong™”, LI
Qingxue"’

1. School of Energy and Environmental Engineering, Hebei University of Engineering, Handan 056038, China; 2. Laboratory of
Water Pollution Control Technology, Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences, Beijing
100085, China; 3. State Key Joint Laboratory of Environment Simulation and Pollution Control, Research Center for Eco-
Environmental Sciences, Chinese Academy of Sciences, Beijing 100085, China

Abstract The concentration and reduction of concentrated brine by high efficiency reverse osmosis (HERO)
process is the key for the zero liquid discharge wastewater system. Its operation effect significantly affects the
efficiency of the following evaporation and crystallization, and directly determined the stability and cost of the
system operation. In this study, the operation effect and membrane fouling characteristics of a HERO process for
the zero liquid discharge coal chemical wastewater treatment system in North China was analyzed to disclose the
key issue in HERO. Calcium and magnesium can be efficiently removed in the clarifying ponds and cation
exchange system, while other ions and pollutants are mainly removed in RO. The dissolved organic matters are
mainly microbial sourced humic substance and soluble microbial products, and humic substance is the main
microbal source. The pretreatment stage has nottargeted measure for SiO, control, and the removal efficiency of
silica (Si0,) is poor (29.43%) for coagulation, thus the concentration is high in the HERO process, resulting in
severe silica combined fouling. The silica-organics, microorganisms and their metabolites are the main foulants
in the 1%-stage RO, while silica scaling appear in the 2"-stage RO due to the high concentration factor.
Therefore, further strengthening SiO, removal and its cleaning efficiency during chemical cleaning are key
measures to alleviate membrane fouling and improve the operation stability.

Keywords coal chemical wastewater; high efficiency reverse osmosis; membrane fouling; dissolved organic
matter; Silica
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