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TS5 R SRS 23 BT T B IR B A FOK R T i M LY (DOM) R EEAT T 40, S8R EW, /N TR m
DOM ¥ J5it b7 JIr 8 w85 4 55 7 M X A W e it 5 e ) R 2R P PR S A5 3 T A M i . LAk, X PS EIR A Ak
HARMATT ZRET 25 Wre L L BFFEEE 0T 2 7K Ak 38 rb o 2 s 9 48 Ak 452 R 00 o FH 3 555

KHEIR WK AEACE K PSR KA WA WA LY

] R ARA Al A 8 R K X A A PR A A B 7 AR B i S i AR K R A LTS e el 2
EA,IEQ%E%F%% MR EZE . MEE. MRS, MRWIARIE. FEMREY, b, R WE

SR SSRGS AT ATEY) AL . A Al Ak B A v oaT A5 B R A, (H 32 SOk U T R R
%Lﬁ$ﬁ%m%ﬁ%&ﬁm%@ﬂ JO 4% 3 5 55 00 07 7 1A LTS e BAT AR 1 A 2 A e e,
MELLEM AL . Az A Ak PR AR b WD 5 BR S, 7 T AR K G AR K R o X R A S e 9
80% VA o WA 3G 4RAT M 75 e R OB im0 B A0UAE A SE L T5 K HEBOPRE B AR A, ARR KR
JEALPRZNANFE 2%

FURG, T T A i) 2% i 4% P K R J3E A 31 T 20 1 AT LRk [y ik (OHY) Dy 32 235 1 W) o 14

Ui EEA: 2020-02-20; EFHHEA: 2020-05-06
HEEWE: EZEARBFESEITH (21978102, 31670585); [E % & &S 8F & 11515 H (2018YFE0110400)


mailto:148611487@qq.com
mailto:148611487@qq.com

51 WCas . PSTCRR i S A M T 20 TR BE AL B A AR /K ) AR I 225

Fe? Tl b AU /K (H,0,) 1Y Fenton AL H AR UL H @2 i B RE 1, 380 T 2 S MEN, (HiIFR
AUREB, BT MR s A B AR R A R, 7 TR i sz e Y At TRk
(PS, persulfate) 1E A H M m g B AL H R, AR R OB s, PS B # R FHEFRfE . &
M pH T ¥Z 2.5~11). 5 THEfE . ST K . WAsIREE . RN ™= Pl FaE n F L3, w7 Fe” G fbAE
MR AR RRAR A 5 (SO;y), MRS e, B S E F B AL (B'=+2.5~3.1 V) /& THe gt
A 3L (E=+2.3~2.8 V)T SALIEHELF | a3 K R s, 2838 P e A0 T RS g
T HL A A R ES, S AN, SOy T 5 ML & A C—H 1 4l S0 AL C=C B 11 Jin il 2
Ah, A R Y L 37 PR R T F T R RS R AR R IR L Y E T T R KT B D F 4K CO, A HLO, X
{15 PS 1o G A AT 0 FH T Ak B3 r 5 2R BRI (0 X 858 it 12 K T EL AT SR A R AR AR AP i o R
=R T2 EAERES, 5 T ML, Roetm, fEKERT ol S S B A E 5%
B, XA R T PS o 9 AR A s T B A B2 K Y TR R i

AR GE LAAS BN 58 0 T AR AR SE s 4R R K PS JE IR ey G B AL A B TR R 9], 25 F A AT
TZANEL T 2 R H R AR e PS TCIR 5 9 8 Ak T 2078 TR A B 25 o 4P K B T AR I AR B, X 4%
AT BOK BT T RGN, A A VL . A AT e AR A R R K BRRAE , IEAl PS CIR
TR AL TR B AL PR AR KR R o 0 PS TCR 4 AL T 28 TR B A B s 4 P K o R e 1 I i
PEA ML B RE T, S BT TR B A B E K R i A B AR, O U K S A S AR R s R T
TSR RO, DA s 408 K R B 4k BRAR RS S 22 56
1 IR EERNFTMEHEE
1.1 TR

S AL LAUEACH R, B AR m R LR AL AR AR, AR RE I 1.9x10° ta . R
KPR B HE K . AR TS K DA R AR K . AR, B4 HAL 4 000 mP-d B AR Ak Ak
PRI, 1 AR K AEAR KRS8 bR an 3% 1 s, B4k i 7K BODy/COD {E 4 0.038~0.089, Ak T 7l 4=
TR R K BR Fr s 19 0.5 DL _bo e TR K@ IR A - A B T B R, JR/K PR IF YA Ko T
Gy Wt 0 A LTS e A5 L 2B, A TG 28 I A R LA B O A e e e i 15 e A 3 o 3R RO R A
TR, SRR KA AR 2R, Ak ilik COD. SS UK {6 B S fg b o ik ik 8 (il 2%
1 4% Tl 7K 5 e 0 HE bR HE ) (GBL3544-2008)

A S O I 22 7 KU B K 75 e o PRI AL Rk ok B
. A Table 1 Water quality index of wastewater
SHERC R o PRI, 3 400% K TR B2 A 3 3 A from the pulp and paper mill mgL'

AT o ORISR 1 e A LA SEStsE coD BOD; S NH:-N TN TP

BRI B 1 PS TR RAE LA IE TR
HEREMRATOLIS it P, B TULRE TR e

90~130 5~8 30~65 4~7 8~12 0.32~0.42
60 10 10 5 12 0.50

WS 2 2eBReSS, DA — B4R E K R, T LA
SR 52 BN A 4 s 4 I K ) T b L
1.2 EEZHHRY

PS MM S8 T WA E 2. FTRVE W, Ak bk AT IR &Y s, fEdEkE
AOMA S R 25, SEAKFTMRATG, BASGEIE . BRI 2K 25 T = 58 A 3 T
WO, LG 1L PS PR A SO A H 3, DAiEICHMERR AR AA HLIS Y, B HRE R A CO, A HLO A5/
SIS, 2 R TE A FUTTERE A SN2 T AR E R I DITE . T R SR
AR R PTAS B R BEME T, K K /N FRIZY R, INAR A SR 25 0 B R 80T vE ,
e r= A R TR S WAL HE VR R A TS R SR K G AL BE 15 B R A AL BRI S PAC AHEAEH, W iE—4
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Fig. 1 Flow chart of pulping and papermaking wastewater treatment

ARLBMER e iz

BRI AR N2 25 o
1 gl

SRR : ﬂ l .
0

- .-:'.'ﬁ'.._ ﬂ.://
HRE  EmPEE V ‘ BFULE RS
3#@5@—»2%?@%%@
(a) PSS IL T 2 i 2 ) (b) PSRRI SLAI T £ 54
E2 PSEEESREHIZRIER
Fig.2 Schematic diagram of PS acid-free advanced oxidation process
ZBRIEK Y SS, AT 4t e 7K J5i 22 Vit dt S TS A HE A -

PS JCIR o PR T 200 B A3 G AR ) R 3 a5, i BV L s A A
AR AR, EEMH N PS & B A A T —/ B T OUiE R An 1] 2(b) 7R . PS MR
I AW 50 C AR BIHEIS, HERE M 0.75°, HAR o=9m. mE H=12m, AMEF
575m®, Bt KE RN 150 mP-h' K 1 EE R EI D 3.8 h, EFFRE N 1.58 mh'y —/ B FULIEE N
ANEMIELER . BRI, B, #E R 0.8, HE o=12m, &E H=10m, HIAER N 905 m?,
PO KN 150 m*-h', KI5 R AR 6.0 h,

1.3 ShiE*

1) AT FEBR 43 B FE 7K 43 F B 50 9% . pH >R SLIM48 Tl pH i HP-480 il 22 ; COD >k H
HJ 828-2017 H fit) F 4% R A 1 22 5 0 13 i 2R ) 1260 RU¥E R (3% 4% (Agilent, E[E) M %E ; UV-vis
JEHER FHUV-2600 43566 31 (Shimadzu,  H %) il 5E .

2) SHEBE BT . R A RF-5301 B % 6% 1T (Shimadzu, H A) % . ALK LA 10 nm k34
B, B K N 200~600 nm, % S % K R 200~600 nm, 7 TG % B A 12 000 nmemin”', & 5 il
Origin FAE X =4k 5 615 £ 2E A7 AL 21

3) GC-MS %0 #1 o Bf 475 mL ZKEEMTA 1000 mL 433 U -+, %2 pH 4 6.5~7.0, fillA 50 mL —-
AL, IRYGFEI S min, #E 10 min, KA VUZWEERBOE T . 2 BHERF 10 mol- L™ & AL
VSRR KAE pH Ry 1.5 A 10, i 50 mL — Sl H e Rk AT R PR FNBCPE 2548 A9 AE B, 4% 5 min,
FHE 10 min, A IFITA AEBUR, 2 J6/K Na,SO, BR/K )5, B 1 mL in A ZERENR o HLEERE 34T o
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2 #HR512
2.1 PSEEREREUILZKFEKER RS

XF PS = G A A G B FUTE R E AL T2 A A 35 2s 47 120 d A58 S8 17 7K oK &tk
3N o T 3 Sk i 2 s AR R K K SR AR A A T TR DL R BB A A 4R . FR B 3(a) BT, K
15 4% K JF 7K COD A 3 000~12 000 mg L™, H: 57K COD 7£ 5 000~9 000 mg-L™" 35 [F] P 1% 22 A0 %
KN T 87.85%., MUk shVEEIAL), X T S Ab A ST B B HLIA G eh i BE B PR . &
WAL-IR A AW B, A LTS e W 45 5 B B A 0 K A5 B0 A 8 s B, DRACHS /K COD it
FEAE P AE 300~500 mg L', 1 40 K (19 COD - 4 {E L i JF K 19 6 966 mg: L™ % ik £ 407 mg-L™,
COD ZBRFRIAF] 94.15%, KA H KU E WA S, COD FH(EM 407 mg L' FI&ZE 116 mgL',
COD £ iy RE A WAL FY 94.15% FFER 71.50%., 33X 58 5 i T M A HLITS 2 i B ER
TIEKB AT A A, DTS EUE YA BEACR A T R R, COD el A fb it — 2RIk . i iR B Ab
FHPEK (% COD A 100~180 mg-L ™', R RAF] 96.26%, COD F-HE M 116 mg- L™, ittt id HEjik
i v T K B PR (COD<60 mg L), M ARIE K i fe e ik A HF i, VR B A 3 2 3a 75 JE B . Tii XS
TRIEAL PR K B AT 400, S5 R E 3(d) s, K dE BERAE 1600~2 200 m*-d™', R4 5 %
KF] 92.53%, FEATIR AL BRAY K B Ty 1818 md-d ™!, W R S AL BRAY T K SR 3 600 mP-d !,

40

30 | B3 dmk g I 100 B i g B 100
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Fig. 3 Analysis of water quality and quantity of pulp and papermaking wastewater
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Kl 5 g TR AL PR H 7K COD 7 AR DL o il S 4R A= A K 42 PS R w8k T. 20 )R, K i
MERR A A DLTS Qe AT LA, 7K b B SS SR H e 3R AL 8 A U S AL BB R i A T i 3k
—B LB, Nk, TREEALBHK COD R FFE, N 40~55mg- L, RBUMAiMRIKF] 80.43%, K
JE 7K COD XMy 47 mg- L™, i T HECER (. 7R ORI esh i B0 R, PS JCiR & 4%
AT S0EAT 120 d WA PRUE I KB PR HERL, WL FE AR B 13k — 3 U TR 8 Ak BT 25 ) s AR E
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Fig. 5 Frequency distribution of COD of effluent during advanced treatment

2) PSR 5 LA T L 2GR R AR 07 . SJF 5 PS JE MR B 9501 T 22 o 2400 Tt A 30 i
K5 R BRHAL COD BYSZ M , R 3 Ak PR % 2202 47 3 e v 25 590 AR 4 2 HH K COD KooK 8 R A7 3l 25
PEAE . PS TOMR e S AA ML T2 B A 25500 A B B . BRI Ak . AR ALB L R RS AR .
2GR B E R R, O s Ay, HAHECT UK, AT B B Il TR A A R
T o WA . T PS m A AL pH IE HIVE B, JOR BRI A A, R B3 AR AR itz A7 X B2
JIT A 245 790 123 3037 T o) 24 W 38 2o 245 MR B RGN AFR SE L o X PS iR AR 4 5 B T ULTE IR B Ak
T2 AR S22 1T 120 d BOEURE X N2 B BEAT 200, R in 25 5 B 22 A £ 181, B e 24574
fiff FH AL AR AR 0 o JSBR BN COD 25 KT AE I WA 6(a) BT, 1 BRAR AN I it K 0.64~1.18 kgkg ',
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SN R 1.05 kg-kg ' (WA COD ). T B R MV Bk ) 43 o 2 0 = 2240 A 7 1.14~2.37 kgkg ', P
BN 1.97 kg-kg ™o W] LA K BB R 72k 3k B TR A 1) 24 70 AR R 4 301 Rt T AE R
AT AR K pH SRR, AR 40 B R B E B A R AR Bk DT UE T G VA AR 4L PS. [
W, TFEIERM BRI LRI, LAl S0E AL PS = A [ L L [ I R S 42k ) 2K SV T T B2 1
BB T, MY R P sl 55 MR A 31, M L IE N pH B8 T R 2 6~7 24T B F|
F A HEMEMIEN. £ PSEmPFEMGEIHEAEFIE T B, Kby Fe. Fe'BA KM &1
M, SEREFMgIA, —J5H AT o T2 S A AR 2R L BRoK B R -, O — 7 A A AR
ZURFIM AR PAC 38 i fL ORI 40 XSUH J2 SR A FH B AR AR 1) Zeta FR AL, AR IR AR, IATT TR B
B AE DLYE 2 BRI, KA R SS A COD #E — 25 BRI . &b 38 40 K it 24551 314 FE = W 1] 6(b) it
N, AEERERA K G PS BT E R 0.06 kgrm™, 1 B R R BN F o EE R 0.12 kgm” . &K
Ak 2 A2 BN A BB R WK B Bh i AR Ak, B F- 34 E R 0.09 kgrm . PAC 1Y A Tt T 35 B i
JEARK, FEBEEPTE 0.08~0.10 kg-m>. 24577 BN AR AT £ XFAS [FIE KA PG w7284k, Rk, PS
TCRR R PE A T2 AARIE T /K AR RE R bR HE R

5 o 035
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Fig. 6 Chemicals usage amount for unit COD reduction and treating wastewater of unit volume
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1) 5 4h 4 P K 145 S DOM 4y T i & 4 i o ¥ fff 4 5 ALY (DOM) X F & 40 1% K 4 T BL i)
COD fHuT ik B8, ik, X DOM M9 R vl IR 5 COD ZBR R o Ry BiF 5 % B Ak B I 7K
(9% 1 M ALY (DOM) 1Y B A 2 i), X6 3 A0 R /K SRR L TR B8 Ah B a0E /1 /K 3R A7 48 A0 -] DLl 33 3 A
LI & DOM 43 FJRAR G A i 58 o 28 40-n] UL 3% (UV-vis) 1T LA o 49 22 I K 0 W' B 28 Tk 3R AF 1 7K
M5 B e, WA RIE > F 45 19 & (6 SE ETRRAE 6 1Y BT & 05 B SR RDRUEE SL B4R R A LI & 9
TEXF 254 nm Ab 1 48 S0 6 A B W CAE , K BE T 254 nm A B9 G FE (UV,s,) AT R AR & (10 55 75 1
UV, 805, BERARE 5 B WAL B W) & i B0s ™ — U 254 nm F1 356 nm b B OGE 2 LY (E,sy/Esgs)
AL B DOM 43+ K/NBy Le i, LB 5 7K FIN o LU S IEAH G, 17 300 nm 1 400 nm (19 W G BE FL
{E (Eso0/E00) W 7] U B DOM 11 JGF 58 AL B2 AN 05 & bk, (BB, BERH 5 & MK, 275~295 nm &5
350~400 nm % B RFR Z M (Sp) 7T T 3R AE DOM 45197484k, S, fH# 5, DOM 4> F i #k Ik, #*
B DOM B W A= 49y I A 1) 52 o7 136 1R AR ) 181 7(a) S PS TEIRR i S AL T 25 [) T BORKRE 1 58 40 4
BT R, 3 4R K 5K 5 T b B/ R K 0 WU i ka3 — 3, 7F 220 nm BiFUE 15 300 S
FRRAE S, X W UK & A ARG HTE G . UV-vis IUAE WK 2 o, 18 4% K 284 [m) b 34
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BT S, UV, I N, BEHT PS JCRR & G4 AL T 28 E — 20 LB T K v O A i s o A A L
15U s T B/ Eyes WIBE A Ab B T Bt 2 20 T, KN T4 i e il 2, X vl B T IR B Ak
PRJS K AT XERE AR 0 3 AR /N T T, K JTAS DA 5 BB WIB TG, UL AE S
TR FE b B JS R K 5 A PR — 25 B ARG s T S T Pl s 40K K R K 3.70 R IR 28 IR B A BRLASE K 114)3.54,
JEK I A AE AR R AR, 3R T R K I R iR G B A LTS e W A 20 R Ak A 3L S YA B A R
i, TME RS 0O A LTS Y ) B T SRR I TR K R AR R . T2 PS TR m R A T AR
JEIK B S B 3.54 Fhisi & 4.93, UL K v i o e ME I A A ALY e S B A bR, KRR AT AR
AR A RIE SR = o & 7(a) RGBS TR T BOKRE, 4 PS IR B AL T4 )5 K 1 €6 )3 5 1y
JELAKIRREAR, AL A kk—3.

& 7(b) A ASTR] T Bt K BE H DOM 43 F 5 JIr o5 F 3], 38 ol A ) FL AR 118 8 0 /90 0 15 /K AR 1Y)
WAL, 153 4 FORE R A DOM 205> (>100kDa, 100~10kDa.-1~10kDa, <I kDa)!'*'¥),
2 PS TR =5 S A A AL B R K 4y F 5 <10 kDa Y943 I o HeA9 l LK /G 209% 2 8 & 83%, X 2
KA PS = 9 S8 AL ml 3l o 5 S A0 B b S R R A T Gl ) () R IR 25 ), T S 3RO T I R
PRI T 7K e 8 R A A ALTS e 0 AR LA A B, 5 580N A T 45 1 Uvys, LK Eps)/Esgs 4518 — 3K,
E—BESE T PS MR M AL T M s e o A ARAb38 ol ¥ R ox 7 ML o f /N oy 7, B
AR BEREAR; PS = SR TR B AL 315 /N o0 F 9 S0 o B B S, K BT A B — 2P e

: —— R T K 120r []>100kDa  BREY 1~10 kDa
— RBEARHE K 7777 10~100 kDa HHH] <1 kDa
g |y AR 100 |
L s o)
3 »
el i
) 08 60
oot B
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BEak AEFR b 20 F
EOKCHEKC KR T R
0g . : ; o L
200 400 600 800 s TR VRIE
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Fig. 7 Analysis of the proportion of UV spectra and molecular weight during the PS acid-free advanced oxidation process

2) = HESEI G HT o IR 1 AR K R Ak B £2 RELEIZETE UV-vis RUE
SRR S HEDEE B WAl 8 BT, ) I ik Table 2 UV-vis absorption values of each section during
Nt 4% T BSJE K S Y me e B 1740 1 . s 4R % advanced treatment process
KGR B 3 A L B S py e, e rh 2353 MhPLT B Wiy ExfEvs  Ew/E Sy
Ex/Em=360nm/440 nm, J& T 1] UWLyG2 5 iR 2 AT K K 3.8 4.95 520 470
J55 5 B 9 o s Ex/Em=285 nm/325 nm, J& F TR AL FE K 1.02 6.83 8.09 3.70
ERMEE ARG, Ex/Em=205 nm/355 nm, AL FR K 0.35 7.30 8.96 4.93

J& TR S O MR F R i 4% K
ZIRA-F A IS, OEREE A BT B 10~20 nm EER, X2l TAEAEH S B
BE T [ it 03 1 e A R ME R B /N o3 515 e W, e 56 A RAchE o S I 5 S B TR S i o K e
B i B 20~35 nm HYZLRS , 3% —TJ7 T2 1 TR0 W0 T R A AR ™ A T — U R ik A4 75 e )
5T, SR AR A AR PG A Hp DA s A W 5 T R AT £ [ S B30 0 Ak 0y o B e A B
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G5 MAMRBE AL R K BEIE BT B RRAE S OG0 , 16 0 S Ex/Em=220 nm/380 nm, J& T AT WG IX A
(e TR S I A T,k R R R K T B B T R SR 08 K G ) IO S A ) A R A A AR 0 i 1
B HLER IS AE Y, i 28 PS O R R SR AL TR BE AL BT, 4% 2O I I 5 (fluorescence intensity,
FI) ¥4 FEAK, X A PS A58 S Ak VE FH 45 & PAC AR BEAE FH X 7K v (%) Mk 6 it 15 e WA 3 B 1 2 s
€ R TN 9

600 9950 600
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Abstract  Compared with Fenton advanced oxidation process for pulping and papermaking wastewater
treatment, the PS acid-free advanced oxidation process has many advantages of stable reagents, no need to adjust
initial pH and so on. Based on the operation data of PS acid-free advanced oxidation process treating the
biochemical effluent from a pulp and paper factory, the relationships between the dosage of the chemicals
(sodium persulfate, ferrous sulfate, sodium hydroxide and polyaluminium chloride) and water flow, influent load
and COD removal amount were systematically analyzed. Continuous running data showed that the average COD
of influent was 116 mg-L™', while the average COD of effluent was 47 mg-L™" which was stable below 60
mg-L'. The average dosages of sodium persulfate, ferrous sulfate, sodium hydroxide and polyaluminum
chloride were 0.06, 0.12, 0.09 and 0.095 kg-m™ (as unit volume of wastewater), respectively. Besides, the molar
ratio of ferrous sulfate to sodium persulfate was mainly between 2.0 and 3.0. The characteristics of dissolved
organic matter (DOM) were characterized by fingerprinting methods such as UV-vis spectroscopy, three-
dimensional fluorescence and GC-MS. The results showed that the proportions of substances with medium and
small molecular weights in DOM increased. Persistent aromatic pollutants and humic acids were effectively
degraded during the treatment. The water quality was greatly improved after the advanced treatment. With the
reduced operating costs and simplified ‘operation process, the PS acid-free advanced oxidation process can
ensure that the effluent meets the discharge requirements. The systematic process analysis of PS acid-free
advanced oxidation technology could provide technical support and theoretical reference for the application of
advanced oxidation technology in wastewater treatment.

Keywords pulping ‘and papermaking wastewater; PS acid-free advanced oxidation process; advanced

treatment; dissolved organic matters



