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LB E R R HER T S, SR SOR HER 2 B PR A SR A R R AR S
1 SCIGERSy

1.1 SCIesRy

AMFFAENTLGE PR TUA SR IX ST RIS . At 32 BRI DU SR UL H AR HE
IBRHERZ: HARUTRE SV E AR R T 20K

FER A2 RIUAE R S 546 (polyaluminum chloride, PAC, i 3%k 28%). Kl (hifz
0.05 mm)., RHAMEE (polyacrylamide, PAM, FHEF) %,
1.2 SEIG%EE NRHERF

AW R F B AL BRI T 200l o 25 -KE A DE- 8 (UF)-E U088 (DTROYHLA T2, xSt
B EH 3 B R, IS M ER R . IEE R U IR e A, B
IR T 2R S SR B NE 1 PR W5 B R s h FEdE — SR BER VA% . REEA TGy . Il
JE A TN BRI A5 i IE R A R AR P FORS B R e 2 s IR BREL N E 5 A& EAu R
k. MR BE MM BB . X BRI IEEE 1 65 m>h!, RIEBRER M E B A AL HEE S N
1 m*h™'. 3 BRI 10 mx3 mx3 m, fET3S@isk.
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Fig. 1 Technological process and experimental setup for treatment and resue of fracturing flowback fluid in this study

FESLRHERGE 1 KSR TR T R B KR, 8 = AREE R N g b, 2R HER o
PAC. K5HlEKS . PAM ., BEEA AR ZEEEN. PAC, KN . PAM =&/ NIRER], ka5l
30, 10, 1 mgL™'s —ZUREER AR —FUKIHFREETECY 5 min, #7 2 ZHEFEEREAN 120 rmin”', fHR5—
GARFEEFA 80 rmin ', it —HIREER ARG, IRHE PRI R AR IR BRI BRI B i A T
HUZBER, SRIGHEARETEA T 8 OK IR E] R 30 min), ZESIPGETIRG, KRR AR
T RS YY), HOK A AGEIE P RIKAE . R, RS TR IRKAE KSR 2 A L g
i, 2D RBRRHER TR TR R S AR, S K AR, 5 — o e AR E P Rl KA
(1 m*h™). HUERTTHTFHREME AP e Rk, LN 100 nm), #4ERTIR 0.4 MPa, i
PERE TR BRI e . KGOS eSS, AL DTRO BEKKRESR , HEH KR A B8 Hia KA .
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feJa, s A ZE RN TP KA KA DRTO R4, ARERRAKEP I ICHLER 73 A L5 Y%
DTRO T HIER R RIS G, 4RSI 5.0 MPa, B HRICERN 70%.

ABFERAERAMELER] 1 T80, FeRERE e A R SERHRREUK . REor s ik, By
[CHE e K . EBIE KA OB B K . RS2 EAN I U A SR SLRHERALRE, MR GAE L
PESHCTistiiE s, Tl 5 AREESUCREERE .

1.3 Stk

PHEERHSEEMA A 2100Q (EHEMBE(CNE ; PH RAEEEZELHFIT PB-10 PH TG EafAFEE A
(TDS) FHL 3% (electrical conductivity, EC) & H]3%[E 2 f& Ultrameter 11 6PFC 22 2 68 /K S A8 IS 5 5
UV,s, KAk 75 % (chemical oxygen demand, COD) SRS EFEER & Orion AquaMate 8 000 43 GHE Tl
FE; WIEA ML (dissolved organic carbon, DOC) K B f#IEA (total dissolved nitrogen, TDN) SR HA
B HERAHLER MY TOC-L CPH FLEEIE 550 TNM-L MllE; THLE 7 (Na™, K', Mg>, Ca*. S,
F . ClI', Br } SO/ JFue iR 3L EEZE 1CS-1100 B FAiBSC e, FHEs 7R 875 12 i E 7
BISRFH CS12A Al AS11-HC B 4E s Bk (Fe) FIER (Cu) o 7k B R 56 R 11 45 2K 2R PinAAcle
900T J5FWSO TS & .

AWK ZEK R E T XAD-8 B8 (Supelite, 3E[E) Fl XAD-4 # 5 (Amberlite, 3&[E) #E470
FE . XAD-8 Fil XAD-4 R 5 HIREE R SHRHRE TH s R A, TR KA LA 7T LA )
B, LA RTASIAE & B SEE KA HILA o) i o

K HAHAL F-7000 25653 GRETHINE R HRE th o CA DU, ARG A5Gk - R
F% (excitation-emission matrix, EEM) Y&ii. A RHEEFESNZE 0.45 pm IR A EF4ERMALIERLEE, JFHFiRE
2 UV,,,<0.05 em™ JE# K, A3 (excitation, Ex) {ERICY 200~400 nm, RAEEEIFEN 5 nm; KK
K (emission, Em) & 200~550 nm, FREMEIFER 1 nm. AT EEM SGREF 723 110 EEM Y6,

2 HR5VHS
2.1 REIBYEED
1 53 2 /3 ER T RSB A T LB BorESh i MUK B bR A T . thiae 1 alsn, s <UE
F1 FRIEZEMEAEREIKERIERR

Table 1 Conventional water quality indexes of samples at different process stages

FES MBE/NTU  pH  TDS/(mgL) EC/(mS-cm™") UV, /em™ COD/(mg-L™") DOC/(mg-L™") TN/(mg-L™")

JK 161 7.07 20 580 33.46 0.095 625.43 33.26 30.23
) 14.33 6.98 19 450 31.84 0.092 613.96 30.97 28.75
FuR)3 7.25 7.19 19 635 32.12 0.092 609.47 30.65 28.24
JHEUE 0.28 7.43 19610 32.07 0.102 605.86 29.48 28.63
[BiE 0.19 6.41 14.39 0.03 0.004 1.14 0.38 1.06

R2 TEILZMBHERETFRE

Table 2 Ions concentrations of samples at different process stages mg-L™!
R Na* K" Mg** Ca** Sr** F cr Br So,*
JFK 8617.8 134.4 7591 414.6 51.25 1.58 11 469.5 79.54 7.45
Wiy s 8201.2 126.5 72.81 400.5 7.46 1.67 11501.8 76.94 7.98
g 7794.1 117.9 69.89 398.7 5.48 1.15 11369.4 73.04 6.66
icibi)3 7799.2 108.4 67.56 378.3 1.18 1.12 11 505.8 70.81 5.9
RBis 5.79 0.33 BDL* BDL BDL BDL 3.62 0.034 0.39

¥: *BDL: fRTHMER (0.01 mgL™).
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SURHARRE K KBRS . $RRF80E (TDS 4 20 580 mg-L™"), SALMFIaNES T ik 43510 11 469.5
mg- L' fi1 8 617.8 mg-L™", (T 3& [ S ZE W S MR HER R 255 (40 000~280 000 mg-L )15
AN (DOC A 33.26 mg-L™', COD Jy 625.43 mg-L"); RHEEHAK, Mg®. Ca®*. S iitifc)E /5]
h 7591, 414.6, 51.25 mg-L™", HF A FEG SRR B R L FARIRR (<0.01 mg L™, #ORTE
%22 FRIR),

MFE | ATLAE G5 B FRS AL I8 T 2T AR B . UK i i o B SAOTAb S, M 161 NTU
FRER] 1433 NTU, FRET 91.1%, ZeadidiEdsadigls, M NS 7.25 NTU, MEREK T 95.5%.
AN, BRSBTS IR, R Es Xt Se A Hem i EBRAER (85.4%), ML ek
BR TIEE (0.28 NTU), 5K EBRFRIR 99.8%, Wl /e DTRO #/KESK , (HEESES . Mg, @Is T2
XHRHEE T TDS. DOC., COD K FEETCHLE FIA IR ABRECE . DTRO T2 LT LA R R R HE
WP A 154y, 4 DTRO AP 5, COD {i, DOC Fil TN Fifa e M FIHEE 11485 K LB R K
99.8%). 0.38(98.8%). F 1.06(96.5%) mg-L™", =T FBRERAR 257 i vk B 73 il 28 3.62(99.9%) . 0.39
(94.8%) mg-L™", HAFEPREFRRABKT 9%, XSELERIUESE, DTRO T 2 A REBRRHER 4R 5
(T T BANI5 YA Tk a5 Yy fs 2R aa i

EEXTAWFZE A EZOK RS, e (U2 0SS 3 38 RZLRARG A H# 57 )
(NB/T14002.3-2015) [PIHZKHEREK T EEAEHIFEPR GBIREA S <1 000 mg- L™, S <800 mg-L™', K&
Bi<10mg L™, B b <20 000 mg-L™"), DU CRHARBAGANTIE H/K PTR80S e FHbRiE . RIL, A%
#rd g K—35r (64 m*-h ) PEA PRI KL, X3 K 2o T dEAR A GRES b A K B i
U PURRSCR R AR R R S5 BV AT L BB A R, B RTE R R T & A s SR R
K iR BIERRIKAE (1 m*-h™"), YRR E R A K LT UF-DTRO T ZAMHLRHER
FrRRE 0T . s uEH AKAIR R 22 7 (T 200 sP it T T AR . (EAREENE, RHRBUK B
BEE TR HUT AR . TR 0 22 57 DL SR HEHA] R FEAE SR AR5 AR AR EA pH iE
o (KRR AR, i AR RS R IA SRR FHESR . X T pH IRERembs R HER, T B R E
A PR SCE B AR e pH T A TP AR NS S T A A B OR ANE #r a8 T X AR ER
BRI HRA, VI ARG B T AP RIS A DT0E R (WRERE: . BRIRER) ZBRIERE .

AP ASEE DTRO HZKKES (T5KEEEHEIGRE) (GB 8978-1996) FI {4 HFEME/KFiAnAE ) (GB
5084-2021) 4 5%F AL, DTRO HyKFEFRN EARERE FRME. 45T, DTRO HKZWEE G HEE
BT (1 1), ] VRS & A7 A i 4 B A2 7= K cn 20l Fe il FHK . B RS T FH K 35 o
ZHOU 2507 BREZFI T iR HERALBRSHERCE 2 a POXRAAES RGN, HAaRHRACR FH A°O-MBR-Z545
SAAC-TTIERIE T TR, HKEE (TR EEAHBIRIE ) (GB 8978-1996), iR HEBHEHCHAIF I K 2440
B RAWTCEHESh YRR SR 2 R AR R A B, I AR KA A A ILEY) (145 16 Fhae
FEIMEE e T ZHI5 IR 6 FhR —HERER) 1Em TR IR 2. ZHOU 4528 4555% T X Fpz
IR HERHERCE M T KA RS FVEE AL AR S R Gehse, 50380 . Bk 24 4R A
R, HAIEMAEY AR 2 a J5 235 (EAEERNIE, Tk 2 TpHsT iR HRAAL B K45 3K
JAEPRE R = TAESE R DTRO K, FIA T 22454 DTRO HyK HA T BB MSNRIEA (OME. & H
O ST BRI, AHEETICHUALA, SR HER N AN K i LR AR Fe ™, R, SR
HEBUFEBERT IR A A R G0 . AEY i SR ™ i T R A 7 SRR T V2 kit iF—P e T 2K
HRRE e S AL S D T IR A S AR XU NS MR R T4 i B B

WAk, RBEWRER A S PRERBE T 2P G E KPR, AuF5e =) DTRO #4i
T EHEGER HER A, DB RO . SRIN, MR A AL AL B A S R B SR T AR R
HUITEE RIS, R N R . mgiafl . - A A T 2SR IR 4 i b A LTS ik
JER BT, IEBE . IR . HIMERR R S A R AR — kAR, S TR E
HEEPY Rk, SRR HERAR AT S Y AR SR T 2 R ) 2 B e A LB 2R HER = A B B A
TR E BRI T
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2.2 FEHUKMEBNIERSEEN T

FSE T EARB B K ARk A L) 34 e
MZEIERLAE, i XAD MR BRI APIET T 2| e
TorE. miE 2 ff BN, BHERRK AR %

T LB SR AR A LI 5Y (67.6%), Bi/KZH /b
25.7%, TP 6.7%, X5 ZETHIIFIE LS R
#ﬁ([ﬂ]o

G T A, BiKISH LY LBRRIR
£ 20.5%, TFEKIAPINEER 1.6%, HKA
M2 5 SA N LRI 76.4% . & THUK Tl
PEA PP T ) F W SR TR e R v = A i 2R A Bk BE ahE | BiE GBS

DOC/(mg - L)

b, BEE SR RDE, L, TREETZXIEK T

PRI BLAERRICR . A48 2 2 FRTEMEBASS K. THER
TRTERL A TR ER RN KR, 12D R HE BoKSBEHER

PR TR IR, XA A HLA G PR Fig. 2 Composition of hydrophilic, transphilic and
%, Wi, EHUKMEEVWIE S MIHEBZ LI hydrophobic organic compounds of samples
1. (AR, St In , BUkSA at different process stages

HUEIFK L BRF8IRF 53.5%, MRASEANIAIIEA I (9.7%). 2808 (ultrafiltration, UF) JEAKIEH
LIRS ] e = 2 5K s DL AE TR S G, S0 AE T — 590 i h b e i e .
5, BT ROBEE MU ZS FABHZON , DTRO T 25AEMS BRI B K F A ML, ek
(FHEETFIRK) 4 3iR%E] 98.19% F1 98.8%. Fi4b, AWFFH RS BIER MW A TUHeT, RKEANIIELSHY
HH AL ST S RIE | FRILAESLA ) Ik g TR E I L A R, IS RA AL 53
TSR MIRE T ). B, 7E2s AR SR S AL FER R, DTRO XK AN A R
U RBRAER (98.8%). DTRO HKHFSRIELICE KR A E (77.1%), AHERHE, rTaEEZEhT
W RAE AT B, SO KA U AR 25 2 B R TR G2, TR H /K —il
2.3 KA BHAIEREED T

ANF T LB B o G k- 2 5P (BEM) Ykl 3 s . SRITZEGIXIAS (FRI) ¥ EEM J¢i%
Rk 5 A T XOWESE IR YR (Ex/Em=220~250 nm /280~330 nm); [T X k{05 fRME Y5
(Ex/Em=220~250 nm /330~380 nm); [ X}y & BRI (Ex/Em=220~250 nm/380~480 nm); VX HATH
YRS YR = ) (Ex/Em=250~440 nm /280~380 nm); V X N & FE IR 25 Fi (Ex/Em=250~440 nm/380~
540 nm)P*Y, il EEM OGiE, XA R ARFRE Y, AT LUE AR HERRE A WL AR
., FRIZERMNE 4 PR, TUASREZLRHERFEK th & XEEOCA PG LN : 1 X8 2.5%, TXH
73%, MIXH 8.9%, VIXH 30.0%, VXN 51.3%, FEEIICANYEEITRZA NI T EERE
W= 2s (EEhm M. EA ., ERRERAR).

OB T 2B T 12.8% POEAN (11X 0 39.0%, NIX K 31.2%, WX K 8.3%, IVIX N 8.4%,
VIX K 12.3%), £ X2EF0 b B LBV (49.2%)>IV (19.7%)> 11 (17.7%)> 1 (7.7%)>(5.7%).
AT R, BE S B i r R AN S KR B LB DS BB K rRis A L) 1 X VAR
J7) AbBS FE S KR HURRA P, AT S) T 5 e FIREET . 2N Ak, st
RAERNEBEHA L, B DIELRR, FiL, BB V A GO AR ZBRRCR, 285 R S e 3
R R EBUKHE 0 R BRAH— 3 8 T 20020 R BRI HRR T A NS PRIORL . A B G B A B
Yy, HEMISEIRT— ORI LRR, BPOCEBRZFR (B TR EHIK): 6.37%, 25X ERR & A
BRI 3R V (43.5%)> T (27.8%)>IV (19.2%)> 11 (6.5%)> 1 (3.0%). H3 1 AJ U, UF A SAHL
¥ (DOC. COD F545brR) MeBEREAR . X0 BRI HH FREBERN KT AW (50 F s @ il A R A
) WP R I . SR UF /KG9 MR A — e AR AR (A Xt g5l . 11X
H31.9%, MXHN 12.6%, MIXHK 342%, VXK 11.0%, VIXHN 18.7%, MISECHERIN 17.4%), FL
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Fig. 3 Fluorescence excitation-emission matrix (EEM) spectra of samples at different process stages

|, UF ARG S WL B T — 0 or g v
GAEZ WINPT P E AT 2 st —Jy 8t SN
i, CATTEY, SRR 7} B
B i UF AT AR e iy, (et T sf
AR BT, I, SRS A T L s s}
WIS TR e I T R z 4}
SEATIFT T UF K226 DU 54 i J5 00
P 5t UF HK bl el =y (xR 025t
IV) (5 2] SRR L R K M4 AR 52 §:(%)§

0.00

AR —2, Dy —TJr T, FEAbuIL e AR,
AT REUEMEAVER, EBoT5 Ui B e R AR
BRI R AT RESEL UF K Pae s a ik 4 EEM JSEM5SeKIgifass (FRI)
FEXIN. s, DTRO TZJUT-RER 1 BT s Fig. 4 Fluorescence regional integration (FRI) of EEM spectra
JEAHLYY, B UF HK& XRS5 1TIX
H 88.1%, M IX K 95.8%, MIX K 96.6%, VXN 958%, VXN 97.0%, KK E RN 96.3%.
DTRO H/K TSN IR TIX 6.2%, NIX 6.3%, MIX 8.7%, VIX 353%, VIX 43.5%, R#kiE7¢
N EESRTEV XAV X, TR A 0/ N F A PR
24 BRBEFON

R T LA TLT T, 2 3 M Tz s TS, FEG 2. 255009% . Tt
s s, AR HER IS TN 18.92 Jt-m >, Horh, HIE T 20— — IR A b %
AR, HEREAM T 4.0x10% -, [IRAMLL 5 ait, AFUKEN 24 m*-d, AR T2 0.91
Ji'm”; DTRO T ZAHRICIFEHAM R 2.0 x10* o327, i 4 32, B He—RBESTH9 Hh 8.0x10* I,
DTRO oA L. 3 a i1, WHTEFERITH9R N 3.04 J6-m™, #eAh, #@uEF DTRO T A HIF)
8 =223 I =S ST Gy T Wb | IR S B | I N |

BusfTASN, Bfadeds 2 N, HAEHLL 7.0x10° oo AT, AT 15.98 J6-m™>, N E#HEA4b
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®/3 BITHASH
Table 3 Analysis of operating cost

T it H THAER HAp /OG- m?)
PAC 0.03 kg'm™ 2.4 Jt-kg! 0.07
R gk 0.01 kgrm™ 2 7t kg™ 0.02
s PAM 0.001 kg'm™ 12 Ji-kg™ 0.01
5 ekt 23] 0.005 kg'm™ 12 Jtkg 0.06
HFE 0.73 kWh'm 0.65 JG-kWh™ 0.47
b EEuR) HLFE 0.51 kWh'm™ 0.65 JG-kWh'! 0.33
HIFE 5.57 kWh-m 0.65 JC-kWh™ 3.62
R =255 — — 0.70
BT — — 0.91
HIFE 11.21 kWh'm 0.65 JC-kWh™ 7.29
DTRO 22457 — — 2.39
DTROMETT: — — 3.04

FAGT 34.90 T6-m ™, AT 400x10* IC, 10 a #71H, MIGEIE BFA%5E 3% 1145, R4 IH B G
A B3N 59.36 J6-m>, WLZESAFENA G 94.26 JC-m>,  FIRA T M & LR BRI B % % (UF-
DTRO T.20) kb #iRE Sy, BRI 24 m’-d”', AIERIHATIFAER), FEY KT ZAMMB)E, mAEHt—5

WSRO IR KA B R 2 —, SR oA ORHRA S Eh s, AR T K%
B, YA PR HER A AR A | AR AN AR ), RS My T SR - b
T2 R, EIFWIH COD £ 5A 85% LA I, 245 /K Al R HER PR R B0k, 45
BAFNAN 73.73 J6-m >, SRIMTZ T EXHRHRA T mEh S B B 0RUR . M2, ARET 2380
TEAH AR RESU T, AR 2R HER T B TCHLER A BS54, SEBLRHRR SN . R,
AR T B A F T SR SR HERG R L S R gt
3 Z5ip

1) 5y B -KE 4Nt vE-#0E (UF)-BHS =85 (DTRO) T 2258 B TS M i U 2R HE e 2% vl P L
HERES . BB -FE A g T2 ] R HEE T 95.5% poiiE, K Z TR AT LAV R HER 3
BOR; WA, DTRO T Z5HRHER 250 BRFE KT 95%, DTRO HiKSER# L (THKEEEHER
Y (GB 8978-1996) Fil { ¢ HIFEML /K TRt ) (GB 5084-2021) Tl FRAE , A i ik HE AN [ (41
HE. A HHER) SCEUK SRR RI , Sk IR BuEhL.

2) Wiy B 15 A F P A RNE K I A L S BaR HE R R A WL, X TR HBR P sk AL
RIBFEIRZEYIR (DX V) AR EBSER; TK4E LR Y0iE sk s 4 1A WL 5y
T Y A ITTES i AR AR T RE AR S H /K 2B KA HILAL 53 DA S G R N J5 A ;. DTRO HiZKAY
ARG EE KA Sy . AT IRI Y (DOEIXEEIV) MR (XY ) A

3) AT 2B A PR HEWG B HEAL FRAAS L 34.90 JC-m ™, ZEAALBRRAGE 94.26 J6-m >, MHETEY) .
AACEFARBA AT | B

2 E x|
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Magnetic separation-fine filter-ultrafiltration -disk tube-reverse osmosis
coupling process to realize the efficient reuse of shale gas fracturing flowback
fluid

JI Xuanyu, HU Minli, LIU Baicang"

College of Architecture and Environment, Sichuan University, Chengdu 610065, China
*Corresponding author, E-mail: bcliu@scu.edu.cn

Abstract Efficient treatment and reuse of shale gas fracturing flowback fluid is one of the key problems to be
solved in shale gas development. In this study, a flowback liquid treatment device with the magnetic separation-
fine filter-ultrafiltration (UF) -disk tube-reverse osmosis (DTRO) coupling process was constructed on a shale
gas mining platform, and field tests were conducted to study and analyze the pollutant removal efficiency and
mechanism. Under the optimized operating conditions, the turbidity removal rate by magnetic separation-fine
filtration process reached 95.5%, and the effluent from fine filtration could be reused internally for reconfiguring
hydraulic fracturing fluid. The removal rates of TDS, DOC and total fluorescence intensity by DTRO could
reach 99.9%, 98.7% and 96.3%, respectively, and the DTRO effluent could meet the limits stipulated in the
Integrated Wastewater Discharge Standard (GB 8978-1996) and the Standard for Irrigation Water Quality (GB
5084-2021), which is expected to be reused externally through approaches including discharge and irrigation. In
addition, the direct operating cost of the device was about 34.90 yuan-m . Compared with other technologies,
this process presented higher efficiency and economy. Therefore, the process device had a great application
potential for highly efficient reuse of flowback fluid.

Keywords fracturing flowback fluid; reuse; magnetic separation; ultrafiltration; DTRO
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