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1 #MR5EZE
1.1 SCEOFR A ESLEAERK R

SR FH KRR hy ey R 2R HE . X e 2R HEHES 70 Ao #r, L pH o8 7.57, R EE
1544 mg-L™", B 4 880 mg-L™', JhAEEHN 1232 NTU, COD & 1520 mg-L™', FIUHAEES . AIWS
T ERLRHEE PR Zeta HUN-35.2~-40.9 mV, FHKHBRPPIRSTaE NS, BEE HRTI%
RN, FESGRHRR A RORDRAR AR /N, U R SRR B AR AL FHE F R e iIRES . 3256
Bk 3 Yl EBCFE.
1.2 iRl FIFER

SCEGPT R AN B50R T HER7A] . IS RA . By~ . SEINEE . XRER . Ferron 347, 4P
DR, JOKBERREN . EhIRFAME . ERFRRGEARRSE, aRZy iy oabat,

SCIS T EEAYAT . MS305D B (AR5 StH TRHEABRAF]); DR1010 COD PREE(Y (&
WA awl); WZB-175 $hEETT (L ARE G A PR A A]); PHS-3C pH it (LI F#EAF]); Tescan MIRA
3 R B R T e GET RIS AT SR 450GC-320MS(varian 2AF]) ;5 SALD-2300 oGk
FEEH (AAEELRIVERT) s UV-1600 $55Ma] WA (i SSEA I ER A TR AR .
1.3 LWRE

Wk 1B, SR B HAR S BN A8 E b
RIS, K. 96, FRESIA 6 | 47 | . A
125 cm, AR 250 mL, JURE TS BLE o
i, SRR R I, IR o —_—
5 mm, ASZEHOEEARAR IR E ) 40 mm. HIAK
MREELEMBEN, Sl P2 5 Hi R EAE . S5 o [
JIT BN EEAR . TI/RuO,-1rO, B FILA1 5 AoV -+
e, HAME—2L, K. 9, RSN 5. 10, - - —_ MBOD
0.1 cm, 1 SIREE
1.4 SCIG5E Fig. 1 Experimental device diagram

IUESLRHER T F A2 R A A TH ZRBE R A~ AU S0, B LR 10 mA-om ™, ARp[i]
#E4 40 mm, $HPEAEEE A 500 r-min',  HLUEREETH FIARARAR AR A, SRR AR R A 5 Ak Aa AT R B
WA A Ti/RuO,-IrO,, FAIMARA A8, HAb A BRSE s I 2l E: COD.,

HLAb 2 SN Bl ) 2R S0 UR SR HEVR R A7 HE 2R e AN Al A AL AL B, R B ) Bl 20~
240 min, ACFRSERYE, BULZEWNE COD, B 3 RIS EPFEIE, RN S F12A il & Ak ~# s g fe
COD i frs ] Atk

Al B oSy R HAAREA O Ferron 2545 8 AN 2 HilArdERNZ , SUE 1S 2IbRIERRZE T
o BUZ RIS Ferron 254G ARV, ARAEFRMEMLR H RS & Al. R Al-Ferron B 454 1
N E R PRI, BUSUN GRS Ferron 264 AR, HRAmbRifE g KRR A Bam G Rs
ISR E RIS & i, FRIIES FE N ALCARIES), ALRESHFIER) M Al (ARSI RS
PIE)PY, Al = AL +AL+AL .

TR TS0 U ZGRHERGIEA TR R F AL A B, I A SN BRI RS, SFREN
FREL A AL (OH ) BYFFIEVRIGRIP 20 SRR A S BT (0, 7) PURFIETRIGR], 31X 2 Ff [ pr 8y A bR o
AN YRR Sl S ) R R HER P ASE BRI, 15 S DN BRI Rk
1~4 mmol L™, #HfTHI b0, AhFRSERYE, B LZWNE COD, MU 3 il i~ FE4ME, i kb B
JE B COD ATt iz Ak S i ad A v i T A I

AN 0T B 100 mL ZKEEFIBRER RS pH<2, A IMBEYE R A 0GR 5 A S rhiR A
PERIIS)E, FE 30 min, FRKMFENHTE S0 EREAMNTZEGE, AYUHHM LZBUE, KR
SEFAIMEEAEI, BIAEE 3 YR, B 3 RIS A A HE T AR S B (GC-MS) 2#T.
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FEL BB 2 T 0 AT SIS 56 - BOAh L e R HE VR %) L 2R 5 AR R A 2 SR A Y BH BRI R A, e T e R B
(SEM) YR HETEAHEATRAE, It X SHEaeis T (EDS) X HAH A4 75047
1.5 SHAEE

1) M A AT AR AR IR B, R F2 1 NS SEaig i =k S Fndmis
JH Box-bohken 5 7%f B 28 5% ik AL FHL R SR HER Y Table 1 Factor level and code for response
TEERES AR T 3 N 3 BRI, e | surface experimental design
Fiw, DAHUREEEE (4). HARIBIEE (B). AR ZES
(O) HELZENR (AZLHE), D+, 0, -1 5L A5k W B B L ]
AASR R, AR 3 NEOKF, X ARSI (A)(mA-em™?) (B)/em (C)/min
ik -1 1 2 20

2) RN 12700 o SRR N3l ) 2B Xt 0 5.5 3 40
AR KA COD ASERTIG, BHEN . ) 60
SE RN (1) FoR, —R 0 sh 12 i
X Q) Pirn.

Ccop = —kot + Ay @9)]

K ceop N HHTAFEIZK Y COD, mg L™, k) ARNEA, mg(L'min)"', ¢ RINEIE], min, AjH
(518

Inceop = —kit +A, ()
K Inceop FYFTTEZK R COD BIXEL, & AR, min', ¢ AR, min, A, AHE.
2 ZR51E
2.1 EBALERAMR E ZGRHERANG R S

1) LSRR AR BT ST P SRR A R2 ERREERREER
PR 25 HE R [ i o T S5 SN 3 2 s, i Table 2 Response surface results of electrocoagulation
treatment

Design-Expert 12 X3 2 HE R 72 70mH40

&, 15 BRI SGR R A TR L R 75 X X X CODLER/%
] FE AR ] 5 COD R Z [a] il — k£, 1 -1 -1 0 63.2
WS (2 FiE 1), SHZREAG R T 220 2 1 -1 0 75.6
Br, g5 3 fon, 3 -1 1 0 59.7
M2 3 7 220 B4 SR vl Al TP BRI F 4 | ! 0 703
{HM 6.95, PHHN 0.023( P {H/NT 0.05 F A s » 0 O 50
%), KPS MERLGAS] R E K, Bz ; | . » 60
TEPAFFT B A X IR A 3. ZITHHC R , » . | 14
B R™=0.926 0, UL FRMANY E TS 2 '
BRI S S FLBEEEJ 8.78 mA-em 2, ’ : 0 : T
AR EEE  3.95 cm, HLERTIE]Y 46.29 min, 7F ? 0 ! ! 58.2
UL R COD Fe K EBRRITIA 88.2%. 10 0 ! - 438
B REXT COD L BREFE M (14 17 11 il £k 5 g 0 -1 ! 75.0
G AR 2 B HIE 2(a) A0, LIS RE AN 12 0 1 1 54.7
WARIBIEENT COD EBeREBmIA R E . HIE 2(b) 13 0 0 0 69.8
ATLAE Y, FE R R) %) o e S S BE Ry , o e I 2 14 0 0 0 69.2
HISEMAE /)N, DB FEAFITR] T COD RBRZRAYMN 15 0 0 0 70.3

EEEME%O i 2(f) L, 1:&1:)%[@&5%1]%% VEL: ¥, = 0.697 7+0.059 74 — 0.054 4B+0.060 4C — 0.004 SAB —
(TR COD ZERAIFEMII o003, WIHESTH. (025 540 0.014 8BCH0.0274° — 0,052 7B — 0.065 7C.
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TERIBAT, AT P H (P=0.010 3) /NT AR %3 HRREASTRAES
[A]E (P=0.015 5), FEHAAH L TFH5 A ) B rp fi e (] Table 3 Analysis of variance for the regression
E |J_-T ﬁﬁ%o equation of electrocoagulation
2) B R AR S A R B T AT, FAL A KU VIR FIEE TR F P

AT A PR T 2R HEWR 4 e 1 T 5 SR U 4 B 01140 9 00127 695 0.023
IR o M HEAEXT 3 4 SCE R 3517 Z T [nlE 481 A 0.028 6 0.0286 1566 00108

1
&, SRR IR R . 0 T T e
AR FIHL AR COD ZfRr Z R — IR AB 00001 1 00001 00444 08414
B RE (3% 2 i 2), AHZIAT gAY AC 00026 1 00026 143 02859
ZoMras Rk 5 Fs. BC  0.0090 1 00090 04773 05204

M 2% 5 A 22 S5 v A1, TP ML A2 0.002 7 1 00027 148 02779
FAE M 11.88, P{EN 0.007 0, FHIFHSARIRIA B’ 0.0103 1 00103 563 00638

LA, MRS AN R X 8 C 00159 1 00159 874 00316
BISHAT, ZICHERS R=0.955 3, UilitRer:  79% 00001 s 00018
. 45 FRTA, B RO R AEEALERERGE P 000013 00030
HEHY COD MRt AEoon, apmsy W% 00001 2 0
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Fig. 2 The influence of various factors and their interactions on the COD removal rate of electrocoagulation

4 BUESEHIBEERN LR =5 BUFSEAEFSENFESTT
Table 4 Response surface results of electrochemical Table 5 Analysis of variance for the regression equation of
oxidation treatment electrochemical oxidation
75 X, X, X, CODZEBRER/% HIE CFHFF AHHE ¥HEmM F P
1 -1 -1 0 62.0 AL 03511 9 0.0390  11.88  0.0070
2 1 -1 0 97.9
A 0.144 5 1 0.1445 4398  0.0012
3 - ! 0 624 B 0.005 4 1 0.005 4 1.63 02577
4 1 1 0 94.4 : ‘ : :
5 -1 0 1 594 C 0.084 5 1 0.084 5 25.71 0.003 9
6 1 0 -1 81.8 AB 0.000 4 1 0.0004 0.1158 07475
7 -1 0 1 78.9 AC 0.000 7 1 0.0007 02058  0.669 1
8 1 0 1 96.1 BC 00166 1 00166 507 00742
9 0 -1 -1 62.9 R
10 0 ) 9 67.0 A 0.028 1 1 0.028 1 8.56 0.0328
11 0 -1 1 100.0 B 0.042 5 1 0.0425 1294  0.0156
12 0 1 1 78.3 C 0.043 5 1 00435 1324  0.0149
13 0 0 0 100.0 N
14 0 0 0 100.0 ek 00164 5 0.0033
15 0 0 0 95.9 RPIH - 0.0153 3 0.005 1
W2 ¥,=0.985 3+0.134 44 — 0.025 9B+0.102 8C — 0.009 748 —  ZHIRZE  0.001 1 2 0.000 6

0.013 04C — 0.064 5BC -0.087 34> —0.107 38> — 0.108 5C%,
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Mrat RS2 b2 A A B L S0 25 . FUIREE A 8.66 mA-cm ™, MBI A 2.81 cm, HLMFAHE] A
43.21 min, K COD EHHA% 100.0%.

FHZE N COD LBRZRAMN 2 552 il 3 s, HIE 3(a) I, FHECTRAREEE, R
R TS BEDS, AP FR R X COD LRRRAEIMFLE A2 . 8] 3(b) Hrf yit 2 B v i v 5 Jin B
U, R RSN, UABHAR LT HL AR R, R EEXT COD LBRFRMFE ML MR E, i
A AR BRINT S , PRI RO, AV E L RSesike, AR E . 18] 3(c) HblAR Bl R AT
[E] X COD ZBRR MM+ 2%, WA S BAE &S, HARTEIG P{E (P=0.003 9) /N T AR A #E
(P=0.257 7), FRWIFH L TARAR (BB F A ) 5 35

100
100 S 90
S =
I o
g 90 g %0
A 80 =70
8 70 8 60
60
%2 2.0 25 o 40 5(1&\0
g 8 2. gy 35 4020 0 &
2.0 /gj S S
.le)o @/c,b &)@X
(a) HL I % B2 RIS AR [ (b)) P 25 B 70 L i i [ () AR ) B A L A s ]

3 BERRAZEERMEBELFENL COD ERREFMFIM

Fig. 3 Influence of various factors and their interactions on the removal rate of COD by electrochemical oxidation

22 BUFERMEERIBRERIIR NEHF

HIFEl 4(a) AT, BEACIRES RGN, COD ZKBRFEM 19.1% HIR % 80.1%, FHIHSneh 22%Em A A+
COD [yEBR. IXJEH TAER AL SB[l 2 A B 7K PR A S A AN Z B S T AA, XL
PRTEIR] 1) ZRBEAN ST 1) SREERIL VRS /N ZRBER BN ORI ZRBESE AT, S R4 . I R ARATR A F 1
HORISERI BRIV AR KBkl B AEA PR, KA COD FE(%.
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o 7 7 2 600t 7
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S S
400 |
% 200 b
N7/ R/ B, % % . o LA % Eq
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(a) H1 A FICODER [E] 251k (b) b2 A LA FRCODRER [A] 25 fk,

4 FRARATBIXTER SR (L F EUIEIREZLRARR COD HIS/MN
Fig. 4 Influence of electrolysis time on the treatment of COD in fracturing backflow fluid by electrocoagulation and
electrochemical oxidation

A&l 4(b) AT, BEALERRSRIER:, COD Z:pRRM 50.6% 5K ZE 90.6%, M b4 LA F]T
COD ARk, 3R H T ffb2# A A TADRE T 5 2 ()35 Ye iy B e B e i i f T i el fb, sl
it A TR PR SRR Y, R UK COD MR, AEMIFIRSLIR SRR T, ik a ik LR
COD YRR T HL B BE
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WL LA RS 12 AR REE, SRR 2R 25 B SR HE COD R ] A Akt
P30, 3% 6 Fion, 7Er R SLRHEE R 0~4 h, HWBCREECN 4.49 mg(L-min) ', T/
FHFERN coop =—4.496+1253.6, ZIUG T FRMIFHOCRECH 0.935 8, UIGHHICHRE . MRIETHN 5]
SERRIPREE, ORI R N A R E R, 55k4y COD Jik,

I A Bl IR RIE , SR — 28 12 AR LA~ A A A PR 2R HER COD il ]
BRI 08T, ANk 6 Fin, TERAL2AE AL B ZHR AR 0~4 h, HIWVEREECH 0.005 4 min ',
— BN Inceop = —0.005 464+6.433, XA HRRIFHIERECH 0.773 7. ARYE—GU N 8 254500
FIFREIE, N HCRBEE TR AT COD FEACIMRMAL, Fitt, 2Rl E R 1~2 h, FFE R A
SHRHEB, DRERTE R A R ZLRHRE RS COD, HEIMifE COD ARRHRAER AR RK T

& 6 ECFAIERERIEHRH R R R SR NFFHIEN
Table 6 Reaction rate constant and kinetic equation of treating fracturing flowback fluid by
electric flocculation and electrochemical oxidation

VSLLyIRES S ARk EIRIEyIE e R
FH 225 4.49 mg:(L-min) ! Ceop = —4.491+1253.6 0.9358
HLfb2 AL 0.005 4 min™* In ceop = —0.005 41+6.433 0.773 7

2.3 BUFEEIREFLRHERIIIE ST

1) B AR RIS PERI B oMo SRR IR BC RIS RV BE BRI, INASE 5 Ferron 285 (4
F, ERJG LN WADEERTHNE 370 nm AMEOGREE, ZhlpbrmEtiZani& 5(a) Fim.

HRAE SRS o i I 77k, 7E 370 nm R IUARZE F BRI S /K SO B EE R 1.256, ARTEFREITZIA
B E R Al 4 0.132 mmol-L™' . 428 Al-Ferron B2 Hu ik, H—@itRIN AR GEEAR L] 15, 242
2R Rk T AL AL AL WOEEE S EEATIR 23.6% . 48.0% . 28.4%. W1 5(b) Fiw, lidAzit
B[R Al A 0.296 mmol-L™', Al 4 0.603 mmol-L™', Al & 0.357 mmol-L™'. 1 Al BRI A0 vl
I, Al dHEEE BRI 50%, Al EEHE T4 (AI0,ALL(OH),,(H,0),,”", &k Al,) Hk, Al H
AR B H A RE A S SRR, 4 L) Keggin Z5H, HZ5H b0l Al—O PUTE AR, SR
12 A/NERELAI G AIOH),", 7Erf i pH 4404 T, S5HIEEERUE, Ao%E80KM, R M,
Al AARGRAYIE R AR RAERE ), PRI A AR A i iR SR BT B 1, X BBk B WA A
FAEER

BR TERRIRGIR, FEERZEm B BEXT T Lok A A —EmrEH. mIE 5(c) ATAlL, BEEKH
SEREER AR, B PRS K AY COD Hi 480 mg L' #9% 1 120 mg-L™', COD Zfi i 67.8% (&%=
24.8%, FWMMARISNEEXK A OH-REARKIER, 1ERNERSFH, BT OH By, (15 o4
Tk, BoEAMFIRE, OH- 5 R WNMEFERARFAY, 1 HFEEIFI o2 W 2B E ™A
) OH-, >k H FHMRIERIAER FXKIEM M, sUeEFR s EEER X G)~4)" . OH b
T SONHRE IR, IS PIRER, COD BRI, i, OH-7FHI 2 AR HER 1 2
HiXt COD B RPRRBIEEMEH . kA K PORERR AR, 2 ZBEA IS 7K 1) COD JEARAAE
COD EBRHBIAFFTE 68%~70%, FKW O, TEZI BT ALIE A

H,O - OH-+H" +e” 3)

OH — OH-+e 4)

HEl 5(d) ATUL, FEE /K SNBSS R, i b2 A PE KA COD AR, COD ARR
TRFFTE 75%~76% . WEARFH] OH-TEZI B AR KAFE ] . BEEMAXGIRBRAVIR RS K, 2 i it
PG 7KEY COD M 680 mg-L ™' #92% 1420 mg-L™', COD % 54.4% FIEZE 23.5%, FWHIARIRARR
XK O, JREFHFER KA, O, i A REAT TR E Y, rhE & 5K Ak
A SBAGB BN, AR /N T, O, MITE KA ML R AR i A2 B, OB AR
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1 2 3 4 1 2 3 4
VIR /(mmol - L") VX He £/ (mmol - L)
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5 FREIFRFIXTE SRR L E AR IR AT
Fig. 5 Effect of different quenching agents on the treatment of active substances by electroflocculation and
electrochemical oxidation

Ik, COD MUZBRFH. ik, O, R L2FE LA B EZLRHERGE AT COD MyZBRiEe s = E/EH
TGS

2) HALSEAN BT IS AU 0T. th 7 T4, 45 GC-MS 3 %sE, HZEHEM 1 h J5E20RHK
IS AN 26, BIAANSIEEN C H,0, 1 C,,H,NO,, Zid i b2t b 1 h 5, Ahrgk
FEENYIGR R L A LY, o SiRE 1A NI . Si EET CH,,0,Si 1, % H:
IR C L T R R R, R BRI R OH- i C—Si Al C—C #EKr, A4 3-A e MEC B, 177
T CHyl. CigHyl Al CooH, I HY, 48 GC-MS %@ Hoar il - pade . 1-A - \Be A 1-f-2-2E 5+ —
bt, TEHAREAEET O, Wik C— B AR VT, I CbeRIE Ol

® 7 BUFELIEREEIMIR S EL

Table 7 Changes in organic matter composition before and after electrochemical treatment

TKFE oSy
JEZLEHEK  CoHy0,Si. CpiH,,0S,. C H,0. CHyl, CpsHy,. CHyyo CHye CreHply CooHyCoHyl. CogHayn CaoHgpn CanHyg
AR S C,H,;0,. C,H,;;NO,
A A2 AR S CH,\N,. CH,O. CH,Cl. CHF,0,S,. CH,0,. C,H,F0,. C,HNO,

BEH 2,4- 0T AR AIERC B R — SRR e o R HILA P SRR (e S A e P A
PUYIRRERR . TEr 2B e, OH- HSLHuliidr LY C—C 8, il ZWrRs A= mlinia T /K BRI A
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TEEP, KA YR RN 2 L0k, BT gt OH- i —4H Ll CO, fl H,0. 7EHfb#
AR, O, fiff C—Si B, ARACEE . TN =B ket o, AYsh AL E W) 9=k —
AR R SRR
2.4 HBAEENIEEFIBHERA IR R E IR LE R T

1) B RBEN B S AR R IS S AT QI 6(a) Fizs, FFIEEE (SEM) EIRTLIEH, B ZREEH
AR A R0 . XGRS TR R T AR FHEA K S8 WA, FEAEAHUNBECR AR
ETEEEMARET (B 6(b)). 454 X HTHEEREIESMT (EDS)(FE 8) A1, M T HRALRHRA M MR R, XLk
AR AR TT RESE A B 2 F25 B K FP A BRIRAR FITIE B AORRIRES . F ZR0RE DM Ay SR R AE SO oA e J 2 IR
(K 6(c)), HFerm e LS ARBURL (14 6(d)), i EDS 3 (35 8) Kl BB #m £ e N C. O,
Ca, Na fll Mg, 188t A ZRn] e I H A HLTE A E T F BRI T, RIS ZK 045 2
THIVEE B T4 5 7K H B S SR R AR A R ANV SR 5 S AR AR R T

s 2 00 (M)

(c) 5 000f% A7 B=FL Ak (d) 50 00047 S r by
&6 ELEEIHMR. [BHRARARAY SEM FAEE

Fig. 6 SEM images of anode and cathode plates of electroflocculation

2) Ak R AAL RS AR R TR A0 S A S % 8 HLEEIARIRARE EDS 5347
Bro Wi 7(a) Bios, HAL2ESEALR FHAR Ti/RuO,- Table 8 EDS analysis of electroflocculation anode plate
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Fig. 7 SEM images of anode and cathode plates of electrochemical oxidation
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Abstract To investigate the mechanism of electrocoagulation and electrochemical oxidation methods treating
oilfield fracturing backflow fluid, response surface methodology was used to fit the reaction process, and the
electrochemical reaction kinetics, active substances, and changes in the morphology and composition of
electrode plates were studied. The results showed that the correlation between the response surface models of
electrocoagulation and electrochemical oxidation methods was significant, and the accuracy and reliability were
in a reasonable range. Under the optimal experimental conditions, their COD removal rates could reach 88.16%
and 100.00%, respectively. The COD removal kinetics for fracturing flowback fluid after electrocoagulation and
electrochemical oxidation treatment were applicable to the zero order and first order kinetic models,
respectively, and the reaction rate constant were 4.49 mg-L™"-min"' and 0.005 4 min™" , respectively. The active
substances that played a major role in the treatment of fracturing backflow fluid by electrocoagulation and
electrochemical oxidation were OH- and O,-~ , respectively. After the electrochemical reaction, the
electrocoagulation anode and cathode were coated with calcium carbonate and flocculent organic matter on the
surface, respectively, while the electrochemical oxidation anode and cathode surfaces were covered with dense
organic pollutants and calcium magnesium carbonate, respectively.

Keywords oilfield fracturing flowback fluid; electroflocculation; electrochemical oxidation; response
surface method; reaction kinetics
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