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Abstract

Hydraulic fracturing is a core technology for the efficient development of unconventional oil and gas
reservoirs. However, the large volumes of flowback fluid generated during fracturing operations,
characterized by complex composition and high salinity, have made its treatment and reuse a criti-
cal issue constraining the green development of the industry. Among the various constituents, high-
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valence metal ions (Ca2%*, Mg?+, Fe3+) are widely present and not only readily cause scaling and res-
ervoir damage but also interfere with the stability of the fracturing fluid system, thereby signifi-
cantly affecting the resource utilization of flowback fluid. This paper systematically reviews the re-
search progress on treatment technologies for fracturing flowback fluid, with an emphasis on ana-
lyzing the mechanisms, applicability, and technical limitations of physical methods (e.g., membrane
separation, adsorption, evaporation, and crystallization), chemical methods (e.g., coagulation and
precipitation, advanced oxidation, and chemical softening), and biological methods in contaminant
removal and water quality regulation. Furthermore, the complexation of metal ions is highlighted
and discussed as an emerging research direction. Future studies should focus on the development
of highly selective and degradable complexing agents, as well as their synergistic integration with
existing treatment processes, to achieve efficient treatment and resource utilization of fracturing
flowback fluid.
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Figure 1. Flocculation treatment process flow [11]
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Figure 2. Advanced oxidation technology process [13]
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IR RLEBR[LT]. ek, TEAR G SRR AR R Rt B ATA YRRk, r2Fmmysss.

AR AER AL B s 23R HE R P SR 2 3 0 F R 4E(Os) B & B 5 EAL PE(ED = 2.07 V), EEBGHRK
ARG, T ESREENIE A, R T AN AN iR AR, FERME S A BifE AL FIE
N, RN R A AL RE T R [ 3R (-OH, E°=2.80 V), Bt AL AR B AT
WUF5 G, W SR BT e 285 HER 52 A% LA 1) e e e 5 i € 18]

A E AR — P G R [19] 0 HAZ O 2 R ROB AR (I — AR TER R Y, PR B A 5E
FALPERI BT - B0, AR A RS YR, AEE BB A NS R, R
To 5 1 AR K

LA 22 B AR A A B R F R 55 P /K I, 3l o 0 B B S AL A A A R E 1R . B
s V5 QA I B BIRAAR R T )G, I BRI TR R A A R, X — I AR AR T AR R e AL
PE[20]. TASEAL: PR B S L /K SO v b () L 5 (U ), P2 AR 2 5E E EH A (OH)L & 1 &((Clz, HCIO)
SRR AA I T A, XSRS YRS, K FHT 4k CO2 F HR0 [21] .

RRAA AR T 2 DL A 2 5 ) R 2R (OH) S5 S AL PRV MR A o AZ O, I I P SV E F ik
B A i SR HET R R e BT LA, S BRA F PR 3 % COD B, B OB R. AbERRUR 4T &R
Bl S50 A AH A B AR IS AT RO S R IROBLAR AR SR ™A%« AT RE = Ak ks e A i 3h il AL B
HE R R RS R
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JE 2GR AR A= P A B8 T 25 ) P A A AR R XA LS DA T B i — 28071k, a4
TS VRTE. AL B R AN ER A SR, O T AR RS, @MY iR Hei b ]
BEARAT WL (WS 2 R 2SN IR BRI F=55) A COov HO KAWJF, MM BRI COD Jfii /K i
[22]. Z L EIEAT AR o ki5 5, H il TIRARGE E BAA B SRk sm R T A e 22 55 F
M S XA R AR A, R R I AL B (i BB SR A T2 IR L AT AR, SR ER
DIkt LA, DASEIURS E = U2 1T [ 23]

Butkovskyi & [24 1815 5% bt SLAE AR TIURLYE 1 2 W B A S8 AR P R = PR R L, LA SR T
WU 2R AR AME s I E VB R e A A2 R P E IR SR AL A, H 434 /i 200~350 Da I #E %
FEHR TED =42 s T SRR it 1 i WO B D 0 1) 2 B ok e v ) =) S 43 F- 1 KT 115 Da (I ML JET ik,
FUHE KU ARV B RS T VR W B 43 BRI & B U R A0 3R T2, DASEILR HEE A ML s LB o

B AE[25] K “UREE + Fe/C TUHLAR + VETERWLIH " ME A TALEE, XA Vb B4 & T 20T
TARIGHT T . TG R AK BT AR B3R, 20l 35 RIGAEALTE, COD MJE/KIY 2246.4 mg/L [%
£ 91 mg/L, i EBRFIE 96.1%, HIKKFUIER] (V5/KEEAHbRE) (GB 8978-1996)—Zihnit, iERH T
A R A B R HER A 35T vk, R A RS IR SR T IR K al A At

TR [26] 510 R RR HER T AN ME R AR . COD HEARA I &, M5 AR B IR HER 77 i
Hm LB EBL AEB2, JRULAL T AL AT SR, FEIRZIA] 48 hy #RJE 25°C. HEMrE 10%.
EB1 5 EB2 #% 1:1 IR G A4 T, COD LR MTIA %) 23%~25%, B F{E pH 6~9. i L& 3000~20,000
mo/L Y BBl 3 B RAFINE RN, LA P VR FE 0 2 PR . B 70 0 e 2R R AR P A 3 A A4
LS T RAT AR .

AW AL B T2 A A A P B A e R HE R T AR ALY, MG H L9 CO2v H0 S
Vi, MK COD JEeis /K, BT MAME. L kiseS ;B FRAR . SR
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BB R A T 2R RS B R, 185 i AL R RSN T SEBLE T S AR B A B, W R
NEFEPRIENF) AR IBIERO). 1% LEREW AL REMAERIE GV RZN SRS T, LIKIMIR
FEFAL SR, AEXTEKOK R R =, 55205 Rt 5] e fiis Je g Jasm, BRIt o 7 5 2k, Jk
SR R EE TR T2, DA RS G XU 2 K A I 5w [27] -

RE B [28] 51 06F TL2A S ZHR HER S A AR I [ AR (TDS) & & R (U8 6 x 10* mg/L)~ & Wi 15 3% I X LA
WEFR UL R 45 AR Gy YRR, R T — R T 2 B E R b e R . DK SRR
A2 God yE A TAL B, K H 22 1% (SRO) 5 [ 2 1% (RO) I £ RS AT VR FE L 28 o AL B2 J5 B /K P F ik
56.5%~81.36%, HI/KKIEFY . ¥, COD MR BB 5L E] GB 8978-1996 ) —HFSbR#E, 5K
T R ZLRHRE 0 = U 2h 5 ik AR A

IRUKEE[291 K FH A i A VA (LCA) 73, X “FiiAb B - & =0HEDE - g8 - HIBHT - B35 - L
VRS BN T2 A R 2R HER I BT T W06 REFE. B2 BORBE R /b . 1% T 24k
1000 kg &R AR TR 225K 86.7 kgCO, eq, HATiALHE ., & A IEAHLI 2SI R48 =351
DR EEIE 90.7%, EERE T ZFIFINA R BURtE T BNy > BREREY > S, )
Sl KR A 22 B 19805 BRBR (P QSRR T, R 2R HERAC B T 2 AR AR AL B 4t 1 ki -

2 RAFEE[30] N AT DU SR ZLRHBR S B 2 IR S ACERXERE KA I, $2H T b 3 T
Zio TN T IRHRBUK FURIE AR G A B R R Rk 2T, DL DUS S, #oh T “Tiaes +
HEIE + WKIRNRBE + WEARBE + VIR EYE” MEE T2, Lbr LREBITEREN, %
T 2% COD. RS, 2, M FERETG R LRI RIF, LT R 2R AR AR 8 B bR HE .

Xt ERBFEAAT T2 AT T84S, Wk 1 s, 2@ AR T 208 4408 (NF) M 2% (RO)
LR AR, TR I IRE) T BN R RR HER IS AR SRS B AN S TR A by, ATl
KRS R H, BA KK BB m S nls iz T2 AOK B SRR &, 5 R A e
Y RGEYE, BT AR RERERCR, R TR A& TAREE X Z M IRAE R 1.2,  DMRRE RSk iz 1T+
PR R B ACR .

Table 1. Summary of membrane treatment processes
1 BEBTZEE

Sk K TDS/(mg-L) BT SKEAR bR 45 18 T
REFISE 6 x 10* WikbFE + SRO+ £4 RO %ﬁiifggggg‘ ﬂﬁiiig’

35 ERETEES

AR, VLt &R 8 128 & Ui R AN B IR BB AR & i 1 1R AR B )2 SRVE 31 1K
A R R BN G, IR RO RE Rt &R T, A BB T T
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PEACHe, NIRHER A E AR AR T OSBRI BRI AT R . S &R B T4 A B RGT
IS AAER, Kl m AN S JE B T A AR E KIS YRS A, BT 5 R 7 A R AR ELA/E
NI HER B B O TR K L IR R R R B O B R S, T DASEHLR AR “ AR SCA AL BE - RASE
fRIEI .

W2 LR FENBHRE SN &R B T4 AT, RIEmR AR R 2. flan, REFE[32]HFK
HERE T HlG SY. ZBFHOEEE X Ca?*. Mg & &)@ s T, BLIEHS HPAM 4 Tai 4, fif
HPAM 7> FHETHI &7 I, VA TR 28.4 mPa-s, 26 fREFRIL 43.5%, [FIIN 2 B Aee It 35 42 T ST
FEE[33IEIL TN 0.3% %@ B T H# A 71 BCGS 1ENBRN), AR EEmE T, Bibgyafiiie, RE7T
BCG1 JAEAC 2R R ke e v, fHHAE 120°C. 170 s R BTY) 120 min Ji kb EE 54845 30 mPas L L.

A% P 25 S5 [ 3411 T PR (5] FH I 977 4 R B4R R RN 7 i A BH 51 B R« 122 7 7T e 5 Ca2t Mg+
FeP S & BB TREAY), TERS TIRRMMN MRS, (FRARRAN T & F it pE B ey 2 B A ER . 2=
i A 351383 51 N 0.08% 57 iR C, AR bfik 7RS¥, K S HRHS [ i 7E 90~110's (& EEVE I N, £/
B R 24 e A TE P BB PR AR, AR HEREC 1 4 R 2R CE 120°C T BY) 120 min 5 AL BEATI KT 200 mPas.
W AE[36]F R TIRRA I AR . RFA L2 BER SR 2K BF i) BH-YB, %Rl Ca?t. Mg* 454
B ST AEBUKIBYEESY), AROER T &8 570 R e s m, A5 FRHRR AR SIS KL L
VR A e i) H M R A A TR R 2V o

IRBRIK[3TITE R R TUA IR HER B 70, R BB HEVR HR AR S RE IR 5% BR A8 TR 2 S i 2 e v,
ot B LA R AR AT RN . I LR, e BRI ~2 AR R, HAER RN 0.4%~0.5%H
REE HY SR HER R R AR AR R N, A3 RUPH AT S IR 4 A, A SR FE AN R B3R T & IR K
I TESK . BIREE38IF R T RGN AH~1. HRE 5RO TR R EE S e AR, e
ZAE TR VI Y 100~500 mg/L, 35 b 2 /K BCH Y KRR AE 90°C . 170 s N ETY] 60 min J5 Ak
YEFFAE 220 mPa-s AT, AR T AR IAIC . ARV B vRa e PEZE W ) i, i gh L 2.

Table 2. Summary of metal ion complexation
F2 ERBTHRALE

(=4 L ISEIYRFS FEEM FELER

FhE = 28.4 mPa-s,
R R E B E R

XN ININE4E 7 BCGS BEEBET, WMBISIEIELER  120°CHI) 120 min J5%5¥ > 30 mPa-s

R TFR BT SY B, ik HPAM 714545 iih

BRSO s BH ST B A, PRI R IR HER 4 fai 3 98 5 v B e

25 ih Iy &5 IS 5 BRI T, Fa e AT T [A] 120°CE74] 120 min J5%5/% > 200 mPa-s
S K BH-YB Stk BoERET AT IR R AT B A ) R
T ; . S - FERE K E & IEH K,
vk NI R TH B TR AR AZ TR A R 52 i AL T R

BRIESE  JPRBRRON AR SaEinE T T SRTHARIRGEYE R BT IS R 4E R (E 220 mPars /oAy

ZE G AT o hn e, AR R SR SR A HUBHESE . RERIEE . FR R SR &%
ORI REWRIRIE, BEAFAFRAMEESHIN SRR AR, W& 3,

MUAERTFEAT LA, R <6 2 1 46 A IR 7 R RS AR v <2 8 1 0 IS SRR HERL R i, 32
e R RBOR HEB BT 3, R T h e B T S S B A BRI E &
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Table 3. Classification and summary of complexing & shielding agents

T3 BARBAIDEDLE
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EST L T R 2 Lo s T
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& CNH) iekos ad, S 5 80ER FE B K
L, PE WEZREGAL RERRTIRER o 20 gemeremm, ami
vy LOHNZ EF ARG, TR A R s
I e ((COOH). o7 o o o i o — s Pby Feo T, MR Z TR ES
w0 OBy o SERRATHIINENICEN, % g0 0’ paepowmp e K
Bl B SRR, BANGHEETSR o B ’
(N CE
s 3 540 T P AT 5 B 0 e T .
AR 5 =
BIE KR, (OH).  NRET, S4BETRHGE  Fe. Al i%@%%éﬁﬁgiﬁ
B AR Btk o, RSN, (R ca My ol
(-COOH) FHREME, KBTI R P
s 7 UPERARSGH, SR, RFERT |, TR, S6F
s e (COOH), WRIRAL, FRECREESR, Rk 05 b w5k (R, EeHm
SR Db 5 WaE AR, TERSAR TR MR o SRR S, &R
— 3 (NH-) PG ELWE R T : FR S HET M
R, i BTSN, MEEKRARE NI, o ATETE. ARG
sy FORRIBH  (COOH). i, MRNWIAA SN GRET, o g 5t 5 LA,
REVR o KRR ki HRAES A BHEESEER, (DT W, Rk, Tk
DREEEF (-C-O-C-)  BHILA R R4 BUiE 8 e P

4. BHERAE T ZHIEMHE S X RES
PR HER AL 38 T 2 G B TR PR T 2 7 T o, IR KRR 8 B S AR LU K

ith

HA BT 8 COD REM 4IRS TS T, SEE R FH AR LSRR SR FK,
i B B AL 2 B A IR R, IR A B, Rt U 55 B R L R
SR T RIS B SRR A TR MR 2, (E 7 7 T A RERE R I Vs B (5 R
VR K A B A B30 BhAN, TERGS RS IRG Y, KRRk, B, 4%
TR R BT, (BTS2 AR, B AR R X HUK R fhR e S R
Y I7E, #1240 T HHUAL R 5 VLR -

A, B4R B T R 1 H B BT e R R — R O T BT 1 [40]. A
ot PR R N B G, R B R O R E B SR BT, T LI AT . TR
SR, SRR A PR T SR RSB, FRBL BT SR TR (A1), R0 &R 5 T2 4 B
AL B A . 2 BRUTIR AR P, T4 0 B A 4 B T A AR KV M B A B AL &, B
U7 5 PSR R4 B AR R AR A, IR 88 40 B B B 15 6 R pH (A B BAL IR IR B, i
HEV 2L B B IR K IR PE BV R B S i R S, AT USSR “ A AL BT~ HUBEAL
5 [42].

BN 4 KB 7 0 8 7 S LIS A B R, 2 A DA SR OB, B T3
R TSIV ERRE Sy BRI, G A B S IR R, R, (L2, R
iy SR T ORI L, I bR, ELAH e R 4 B
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Table 4. Flowback fluid treatment process comparison table
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BBRE 5 Catrs M@ERIRAES BOKIE FUTRPSR RIIER, A TE 0 D
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