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19.4 mg-L™", HAWFEFRGILE RN 1 FR.

R 1 ZERT AR TR

Table 1 Characteristics of fluorine-containing groundwater in contaminated mining area

B (mg L)

. pH 3 /(mS-cm ™)
F Ca”' Mg* Na' Cl Noke

8.1~19.4  42~63 33~45 252~372  546~781 103~192  6.89~7.41 1.65~2.42

1.2 #MRENEE

SCRRPR: AL (NaOH) . 52 (HCL) . FRALEN (NaF) S0484Sl (AR 99.5%) Hi it
FHAL TR B FRAE AT THAE, RFHR 7.0 cmx4.5 cmx2.0 mm,,

S A AF . UTP-1305 24 B i B I ;5 InPro3100 £ pH {4 /8 &% ; DF-101S B AL H 4 B Hi H1 45 ;
DR3900 FIW 75 43 Y6 YCE T ME204E RIHLF K5 AUTS3269 # i {24 T /RN ; JSO4F Gl o ik A 5
D7advance % X HIRATIHMY; SATSTAR Y X SR CIE T HTY o
1.3 XES5HE

L 1.
W, AR 3 L, MR A E : [
51 BB AL TR 0.03 e, AR —= :
e A i ey S R SV | I I I
W 0~3 A LA, HUE 0~24 V FIERRT, HZ =N -]
SEEEANBIATRL, B, SgiEs 1sma || || i
[ty HCI Al 1.5 mol-L™" ) NaOH VW, IV 75 / i FRHBR

AT pH Sk, SAEER AR e LB
WHERFIROE pH, JICERBCE A B PEas FfE R A% i e
B AR5 7 e S R R R | | RRRRESNGRE

L2205 17 37 25 P LB T L BT 1K 2 G Fig. 1 Experimental setup for defluorination by
K, SNEESHRR B J(150, 300, 450, 600
A'm?), WAREEE d(5. 10, 15, 20 mm). #FKHFEFFEIEE Cy(8~20 mg-L™") Fl pH(5.0~6.0. 6.0~7.0.
7.0~8.0, 8.0~9.0) X HEZREERFS R, Hrb, HKGEE TR E IR M NaF FCE BT, AR
S H AT AR AT T AL BRI T 0.5% B ERIR AN 2529 F /K e JE B 48 T o Bt v H e s I i R 42 i 7
60 min, [AIf% 10 min HEATHEEIFH] 0.22 pm JEREE S S TAKRRINE , JERRERIA & 2 AT A T T HE
IIATERAE,
14 SHEE

ARSI S T R R R TR A O RGN 5 R 2R AR b P LR SR AR 25 AR X SRERATT RPN
SHATRIN (XRD); E R EEYIICR TR X B EE MY (XRF); pH H pH HEKFEZAGIN; HL
BRI HE A AR . Tafel PH: DR TAERARAD R, ARATH R 2 ek, R
A1 emx1 em, MERERS 12 mg L' ffk), 5% 224 mS-em™', pH=6.5, LKWk ¢ BAE: S
ZARTIURIY C AN E B A AR pH T R i N AR TE 2R, IR D SR AT E R IR D 5 N 2R A

electrocoagulation
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P e WA AP B, mg- L™ MOSERRIAHXSEE/R TR, 27 g'mol™'; 1 I, FHKIE]
FEIETL, As ¢ TR, s; Z AER TR E A, B3 FOREERSE M E S, 96 485 C-mol ;
VNVESE AR, mY; K=M/ZF=9.328x107° g-C' My %, =l (1) v, RV esNEE FIREkE S
PR AT 25 L A R B SRS R B AR G, M TR A SR B AR RN R L e O R g, R
J=IV, Am7, Hi, () XATFER N (), LB R T AR (3) 1AL
car = KJt (2)
e J6Ut )
3.6x10°(C, - C,)
A, w AN R E T AL, kWhg's UNBREIHEIE, V; C, MI/KEE FRERE, mgL;
C, 7 t B2 F sk, mg- L'
2 FER5THE

2.1 HZERRERIEIE
£ J=300 A'm~, d=5 mm, pH=6.0~7.0,

CrI12.10 mg Lt AHFF . RATHMEFIa,  [o 1 PIORE — TIE i
J S5 EBRRRE AR BLE 2 B, 2 L 12 o 4 q80
A, SRR 60 min J5, BE T REHEH g 9l 0040 59%, R=09906 13 460 ;i
12.10mg L B 115mg L, J¥RH9050%. & R E “ e
H IR KR F R BEANT 2. (IR IRHK TS g@ &
HAEARE ) (GB 5749-2022) A ALY AR AEFRE w 3 Iq20
Bk, HAh, Q) nIgn, H R R] A IR Al 0 b0 o

Heth YA IR B ERIN, REASIDAE 050 -
BYLAY, W T4 A SR 2 SRR
ljjﬁﬁ%%%}%@ﬁﬁgiﬁo fﬂfﬁl‘ M I%—I_Z FIA, % Fig. 2 Defluoridation process by electrocoagulation/flotation
USRI, ZAZSA A IR SRR T i
£ 0.43 mg-(L-min) B4 0.02 mg-(L-min) ™", HI2BR5E T R B IR 2 1 e B AR T AR, SR
Origin9.1 HfFxF i ZRBERR USRS A, B BRFUSREA RN 2 TR RS A (4), B
ANEIVIES ey N
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Rk RN EFMAERL, min ', Hrb, £=0.040 59 min', R>=0.990 6. =X (4) A%, FEHABSAE
AASEBLR , 217K C=1.00 mg-L™" B, s ZgEBME R N E] T Rl (5) 1154
InC,
p ®)

K: THPIR MBI, ming B, MK E T REEE C=12.10 mg L™ B, 2 225k N
61.42 min J5, H/KEEFRERER/NT 1.00 mg- L™, WHI SRS R IVNTE T EER0k T 3K 8 T
JERIRIE Cy RIS T2 AR ko S5, WP | BopRA i R K s T B X sl 2
TURVEE ke P, SR mARRRUL AR AR . R, A BRI RS R X BRI R AR R
2.2 HEHERESNEZ

1) HL % B2 0 . 7E C=12.10 mg-L™", pH= 6.0~7.0, d=5 mm, A [F]H i % % (150~600
Am?) T, HZEER AR TR B R R AR N E 3 . I 3 AL, SRR AU T
TRV R R S ISR A TG, YRR N 150 A-m ™ B, JUBF 60 min J, F K IRES Tk
H1.54 mg- L7, EBRFRAN 87.27%; FEEFIEEH 300 A-m” HIINZE 600 A-m™ i, R T H
K GRS TR T AR, AR N 150, 300, 600 Am” T, HeZRHE T H K4 BRI Sk

T =
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1.15. 0.60 A1 0.38 mg-L™", i J=5 34 il ik 5
90.50% . 95.04% F1 96.86%. FHILAT UL, HEKH
MEE TR RE TR ARE, o, RNEHERE
BN RS T R BRI E — s 1 N R
If ELFE A H 150 Am > % 600 A'm™,
1R 0.034 85 min ! 9 0.058 46 min !,
RP¥IRTF 099, 14 S)nrm, & C,H
12.10 mg-L™', pH N 6.0~7.0, d=5 mm [¥) 5 1F
T, HEREE N 150, 300, 450, 600 A-m i
PR N B IE] 43 550 O 71.54, 61.42, 49.13 FlI
42.65 min, [, $& i HL I 5 B AT B e 2R R LR
SR, IS SR AT E]

P AR SR T R AR,
Vo HH PR R B T R B R A R R s I B
(X (2)), FHXARFEFZRE (150~600 A-m™)
R B T R B R R A T, 4
B 4 fis. A 4 A, KR HEE T R
o7 g PR R PR I e P8 YT it S I S T 348 g
B FEEE TR 150 A-m™ H9E 600 A'm™,
ZEHAR N 60 min Ji7, PR EFUR IR E
4837 mg- L' HEE 17548 mg- L', JEH RATEHR
TR 450 A-m>H1 600 A-m™> 00, HIKR
BB EE/NT 1.00 mg L', %2 GB 5749-
2022 FRUEZER . XU A R A LTI B A ORI
LR IR RER:, R AN R T TR
ISR AN, DI A SRS TR a2
TEMEO P mM . 285 MR EEDTIERCR ; (AR
R A HRE TIN5 Rz s ] P A4 SR sk AR A P9
FEEARN T4/ N A ARV T RS PR,
SRR R B R 450 A-m ™

2) AR B RE A R o AR AR (R B B R e ]
HL R N A2 TREFE, FFHRZM SN ¢ N K 134
BEAME AR, X BRRG RE Sl J) 2F rE HER
1E J=450 A'm”, C=12.10mg'L"', pH=6.0~7.0,
ANERLEEE (d=5~20 mm) T, 8Tk R
TR AR ARG ANIET 5 Fs . FIERTRD, SRl
TR HE K S o e i R4 S IO e ] A T
%, TiFEEREER 5 mm 32 20 mm, H7KIER
BT 0.60 mg L' /MEHSZE 0.96 mg- L
H¥J/NF 1.00 mg-L™', 352 GB 5749-2022
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Fig. 3  Effect of the current density on defluoridation by
electrocoagulation
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Fig. 4 Effect of the current density on AI*" concentration
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Fig. 5 Effect of the electrode distance on defluoridation by
electrocoagulation

KRDIPREIMEZLR , (BRI RESI 1 2# 5 4 0.050 75 min™ F£ZE 0.042 80 min ™', W HIZEAHIA] R
BT, ARHRIE]EE SR BR AR R N, BRI S IAR (BRIl 24 B

Kl 6 S ANFIRR AT MR HR A Tafel gk, MW KR, ARINERE TR B e S, 1
AFTR] L T L0 2 B B (D AR Tl N, JE AR BIRERT S mmARAL A . X ] RERR AR S5
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EELIRMAEAER ;R N AR (B FE— 7 TG fin
TR £ S P ARG T 1) BH AR AR A RS2
R, G BT E R T AR A
Peah, FRAHFRE TS 2R FE o Rl 5 R,
AR T EREEN S 5o, T8 J=450
Am?, C=12.10 mg-L"', pH=6.0~7.0, 4% /]
FEoN 5. 10, 15, 20 mm AYSAE R, HEHL R0
iK% 379, 4.86. 5.93 f16.94 V, & (3) S

Igl/(mA + cm™)

H, AREREIFE T ARSI 0.149 6. 0.193 7, 0008 06 04 02 0 02 04 06
0.238 7 F110.282 9 kWh-g ', tHEMMEIEH 5 mm HIE/V
W% 20 mm, KBRE BT AR G EAERE KT 6 TEMREIBET Tafel HiZk
89.10%, XEEAFIFREAGEITIA, WAF T4 Fig. 6 Tafel curves at different electrode distance
NSRRI, ASBIFSR B AEAROHR (B) PR
A 5 mm,

3) WK SR RV OB . KRR B M [==S00me L7 5,=0.05 34 £05%92 |

N . : ) —e— 12,00 mg - L™ © y=0.050 75x, R*=0.999 7

AR M) 2R RS (R K USRI (LA 20 _a 1600 mg- L ay=0047 27x. R>=0.999 7 4

—v—20.00 mg - L' v y=0.043 48x, R=0.999 7

4), HEXFERFGS R SRR AW, 7R J=450
A'm>, d=5mm, pH=6.0~7.0, /&K 5 &
R (8.00~20.00 mg L") Z5F T, W+ ik
JERAETE AR ANE 7 B HRIEL 7 WD, B

16

PRt (g - L)
® o

IR 8.0 mg L™ M9 % 20.0 mg L', £ sl ~, 11
HUERBE 60 min J5, HKIRES TR B 0.33 . L e o
mg L™ #% 150 mg' L™, FETEBR%H 95.86% L e

", min

M3 92.50%, BRoE RSN 145 %0k 0.053 34
min~' FEZE 0.043 48 min™', 3 H 43K FUEEIk
FEILF] 20.00 mg- L™, HH /K G0 BT v L

7 HKERERE X R UL 2RI
Fig. 7 Effect of the influent fluoride concentrations on
defluoridation by electrocoagulation

T BRI

SR IT K SR e T L 2 R %2 FEHOKERERE TR AR F TEM
STRIIR, SRS A RITTEY S . FUTE Table 2 Al and F elements in flocs at different influent fluoride
HEAT T XRE SM0T, 45 RA04 2 k. i 20 concentrations
A1, 4 PP KRR B N R AR TR e L HER ST SRR RE T 53 5 L% ——
TE 33.9%~34.2%, AHZEFEASANK, WRILEAHIRI I/ (mg L) F Al
TR, PN R S PR RN R S 8.00 0.73 34.1 32.87:1
Y AR GRS (HIL 2R HFUTE B 12.00 1.68 342 14.33:1
1 0.73% LTV 2.69% , FRIUTREE/R L 32.87:1 16.00 21 139 10.79:1
P2 8.89:1, (HANFIEK IR LS T 908 KBk 20,00 269 340 88911

FIPARUIE PR, X ULIAZERL A T RS VAR
FITTE RIS A R ) G IR SR S Fe e, I ELA s (/K GRS ek (e A T e o7 i 25 5 B
hnFe sy, M T ERERS R B RIHACRN Y (BB R R B 1 b R SR R S s T
PSSR TG R RMIE, AR N R R, ELRT 5 & KRS T v B bR AU .

4) pH BIFENR . HLZREE R i PR B IR B R SR AL S R AS DA S i R v BT U N 2 5
pH AEVIRER, XUl R i SRR, & 8 MIE J=450 A-m”°, d=5mm, C=12.00 mg-L" 5}
T, pH AR T Ak R RER AR ks, &l 8 A1, ANE] pH 9B T R R IR R 5 12w 5
TR ZESE, Horh, Y pH=6.0~7.00F, Z8J% 60 min J, HIZKIRESTRRHREE L] 0.60 mg- L, KRsL
TR, BRI 2R 80 0.050 75 min'; 24 pH=7.0~8.0 B, S TEMACRK ., BRESHEwEch
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0.035 98 min™'; 4 pH & 5.0~6.0 il 8.0~9.0 K, 20 3

T T RBRBUR IR 25, BRI BN T 22 8 B 0 R
0.022 62 min' 1 0.016 63 min', 3 H HA pH=
6.0~7.0 T H7KFE IR £ GB 5749-2022
PRAEELRAN, HAth 3 A pH T /K F iR
PIHIR T RIS

G HARA, XEASE pH TR #5 INER
T XRD #AE, 458K 9 iR, 250
FEIXF o] AL, %2R 28 AI(OH),. AIO(OH)
Fo ALO,H,0 %L AW, 24 pH=5.0~6.0 ],
R A5 OH AEEZ 2], 7R B 1L
AP', Al(OH),". AI(OH)* 45 HARZSAFE, ZRIK
SERRRERT, AR I AT G, (HIR 2R
LRIV, SRS ate12E, B
SRR, R T RS Y pH=6.0~
7.0 i, PR TLL AL(OH), > . Al ,(OH),,> .
Al,,0,(OH),, FL IR AP A 7
LURGERREZ, BT IOERRIEA LAY,
LR AR R Z RGNS, 5
B TIRMES A Re TR, WIS, filRmsh
TR, BT RS 4 pH=7.0~
8.0 1 8.0~9.0 i, Z{&k XRD FAF L H B T &5
g, XA RE SRR R AR B Tk,
R SR TS . WINRETIREL, BRIz
SEBCHIUT R, RABUEBRFACE PR, A,
XTANA] pH T HEL 2R SN # P BAARIEORE ¢ FLAE T
T (% 3), HE 3 0H, MFE pH T &R
T ¢ RATEIR T A SRR, 3k L 2R AR
XFF . OH M H BB B WM 2456 s, 5
Ah, BRERL ¢ AIIBE pH FHEI TR RREE
T, X BARAFIT F AW, (HEMRA pH X
AR TICERIRRRACEYIRIE. I, HU2REE
BrdsdefE pH BEAEHITE 6.0~7.0,

AN, 2 3 AT, Y4 pH=6.0~7.01F,
M F 2R MRaE, KM T R
0.64 mg-L™", % KF 0.20 mg-L™", RIAHZ
GB 5749-2022 HrifE AT AR BT R BE 2R, i
HAth pH 2544 T K iR B BT sy, 31X

—a—pH=5.0~6.0 1 y=0.022 62x, R>=0.999 7
—e—pH=6.0~7.0 o y=0.050 75x, R*=0.999 7
16| —A—pH=7.0~8.0 4)=0.035 98x, R?=0.998 0 4

—v—pH=8.0~9.0 v »=0.016 63x, R>=0.997 5
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15§ [A]/min
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Fig. 8 Effect of pH value on defluoridation by

electrocoagulation
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Fig. 9 X-ray diffraction patterns of the flocs in the EC
defluoridation systems at different pH value

20 30

3R 3 pH IR ZER SRR RN ¢ BB{L
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Table 3 Influence of pH on the { potential of floc particles in
EC reactor and dissolved aluminum in effluent

LREOR LA /mV e
MU T Ramme amak HBRE(mgL))
5.0~6.0 28.14 22.02 2.89
6.0~7.0 18.15 12.13 0.64
7.0~8.0 9.06 3.12 1.67
8.0~9.0 —7.32 -11.51 3.76

PR AIK e At Uiy, EE i 2R BRI B ST 5 T AL S m] ST H KRR BR B 7 IO TR 5B 19,

2.3 EBEEREHIE

BT FARSIGAE R, DRV SR . P, WE 10 Fon, HERFEWLIE BT 3 &R
1) SIS AESRRA . BEAR B 0 FE R SC B BHAR SR AR B S -, R NARIN A RIS ISR 1 2) 5t
AL BRI A . WNTER, EMSEFroKm . BESER MR E R A ML IRRIGE RIS
BAEEY), 45 Al(OH), . Al(OH),> . Al,;0,(OH), "%, ZIWR A BRI R, AMUNFRES
TR 25 B ERBER R AIE AL, R PTE M . S BT NS RE T25bk, IZIE RS HTR
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Yy, BARWRNR (6) 1k (7); 3) BT &=k
IYSTEER, BT &R A e 22 s v 2™
A SR, SR — e R AR R
JFAVEH], B EFS Rk A IS, H—
POy NI SR s g E N UNIUASoY
IYE

mF~ + Al,(OH),,, = mOH™ + AL,F,,(OH);,_,., (6)

mF~ +nAlP* +(3n—m)OH™ — ALF,(OH),, ., (7)

24 BREIIEERNES BRI

T b 7K H SRR TR R AR AN
AR TR RS ST, mE
IR TR IR SRS, 454 FiRsrubss
SR ESAE T L R BER TRl 2 A Flat
1T T SERAUR T, SR 4.

IRSEERAE IR AT, FERRE pH T HLZBERR
TN TN EL b HHER T RIS J. Wbk
[ o FNEZK 3RS ¥k Cyo 2t SPSS
AT ARSI R T, d 1 C, X sh S 24
BB Ky HEAT T 5 R 0T, g S an
5 R,

MRPESR 5 FIHL, BRI IR AL K0
K Q) Fn, Hrf, R=0.999; NARHE (4) F1X
(5) FIAN,  FE 2R S A P R N Y RS T
R B AR (0 R BS RNHTE] T )R =L (9) A
3 (10) FEA TR

Ky = 107° X (5.20J — 55.50d — 81.70C, +3956) (8)

— -5 — .
Ct — C()e 107%(5.20/-55.504-81.70Cy+3956)t (9)

T=—0 InCo (10)
107 % (5.20J — 55.50d — 81.70C, + 3956)

T Ao ) 2R R R N ) AR R kg S
Kfm‘mqﬁzrﬂﬁ’/f?ju%ﬁ*ﬁﬁiﬂ, ki%:1'013 9Kfﬁi‘2ﬂf]
(B 11), R*=0.99, W& ZIAFAEH B RZECR
Hal 2 Ars SO EARZE A K

R A2 R ERPE, 7E pH=6.0~
7.0 4T, HEHCREEEMES . R 300
Am>, WHEIERN 8 mm, FH/KFREUE N
14.00 mg-L™, #5iedidis 5 (9) SAS T
AT TR, S5 E 12 frs. B 12 A4,
2L RER R RS e AN A AR, 7E
AT, KR TR E N 1.00 mg-L!
W, e 2B S N (R Z9°4 68.00 min, 17
PG (10) BAIHMEZ N 67.2 min, FIt, @

FRIAR

o Aruk £ AL(OH), .
Al (OH), .. | [LiF
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Ao g (HE AL(OH),,
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A QT
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Table 4 Fitting results of K, under different

obs

operating conditions

HEE (A M) WA /mm #KFURERE/ (g L) gy

150 5
300 5
450 5
600 5
150 10
300 10
450 10
600 10
150 15
300 15
450 15
600 15
150 20
300 20
450 20
600 20

8
12
16
20
12

8
20
16
16
20

0.037 74
0.040 59
0.047 28
0.051 31
0.032 04
0.042 57
0.041 43
0.051 85
0.025 77
0.030 42
0.047 99
0.052 59
0.019 92
0.031 09
0.042 27
0.052 90
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Table 5 Statistical results for the predictive equation

KA R 5L FrifEfb 25K n
A — ¢ REE
B FfERZE Beta
HREE  520x10°  4.36x107 0.839  119.665 0
WARMEIRE  —55.50%x10 11.00x10°  —0.357 —50.818 0
VKRR —81.70x107° 16.00x10°  —0351 —49.995 0
Gie) 39.56x107° 309.00x10°° 128.008 0
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Kinetic analysis of treating high fluorine groundwater in mining area by
electrocoagulation

QIAN Guanglei, XIE Chenxin®, LU Caixia, JIN Xiaoxia, CHEN Congcong, WANG Ximin

National Research Center of Industrial Water Treatment Engineering and Technology, CNOOC Tianjin Chemical Research and
Design Institute Co. Ltd., Tianjin, 300131, China
*Corresponding author, E-mail: tonyl718@163.com

Abstract  The defluoridation process with aluminum electrode electrocoagulation was used to treat high
fluorine groundwater in the mining area. The effects of current density, electrode distance, initial influent
fluoride concentration and pH values on the defluoridation effect and kinetic constant were investigated,
respectively. The kinetic equation model of defluoridation was also established. The results showed that the
fluoride concentration could be reduced from 12.1 mg-L™ to 0.6 mg-L™" after 60 minutes of electrocoagulation
reaction at the optimal operational parameters: current density of 450 A-m, electrode distance of 5 mm and pH
6.0~7.0. The defluorination process followed the first-order reaction kinetic model, and the kinetic constant for
defluoridation depended on the current concentration, electrode distance and initial fluoride concentration. The
analysis of floc structure and composition showed that the amorphous hydroxy aluminum compound occurred in
the electro-flocculation system at pH=6.0~7.0, which resulted in the best fluoride removal effect and high
fluoride concentration in the influent water was conducive to the increase of the utilization efficiency of
aluminum ions.

Keywords electrocoagulation; defluoridation; kinetic model; fluorine groundwater in mining area
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