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BRI B oAb, TREEXT KRG LY 0 LR BB e, Kk, o HIR SR X & A H L
YR K AT AR PR BT SR X o HRGT 2 0 T BRI IR EE R R B O R SR, R
G R AR A . PIREREER A AICL, ALSO, %5, RBASMIREN EEABRSA/LS
(PAC). Al,;;0,,(OH),,(H,0),," (Al,;) 55 o FAER TR 268 770 100 4 FH A 10 1 i o /K A 0 R e v g T
ERE R R ARG E, RSB AR TS RS Al O 82 0ROUESE AT DLS 8025 BR AL
Y, HHOKBEAERRANMREWE . A, BRESFEVIIES, RESEX = FEnr iy B4 R i
() 2 BR AR o

T RAA Y 2N E IR EY, JEFERR (HA) 5 VR B 5 B 08 KR DL 1T
g, FEARMFIE A, DUEEIR AR, SRR RN R EN R, GRER B . K
T pH FUKFEME TS, AT T8 — IR, RGHLH T B R 1 AEAE X 40 2R TR 1) 25 B Sl AL o AL il
s, LA R & S0 K i Ab BRI 55
1 #MRl5E%

1.1 XEHMHm

J& B R (HA), R AL (AICL), B M 81 (Na,COy), i fbél (NaF), = % 1k 81 (NaOH), #h M
(HCI), Ak (NaCl), BR 4 (NaHCO,) ¥ T [ 25200 A FR 28 ), ik 245 5 35k o M 2
1.2 LW HE

D) JE R G A BB B . I ROF (FB224, g 57 5 fH - Bl 22 U8 A B 7)) FREL 2.0 g J 5 R
¥R, BEEIA 0.5 mol-L™" (1Y) NaOH ¥ M AN Wi i 22 58 2 i i, il 25 A 1.0 L (9 Ji 7 MR it 5 W, M
5 pH & 12,0, Bl 5 R R IR AE S W E T RE A4y (90-4, FHFIRRFL AR A R A)) b i 2 di
FE5.0h 5, F0.45 um fiad 85 O E T UKEE (4 °C) -7 .

2) IREERN B 5 . FEFE HE AT 300 r-min”' AURE D BEFE T, HEE S LA 0.1~0.15 mL-min " () 3%
£ 1] 500 mL AICL(#] 4 APV B R 0.2 mol-L™") %5 ¥ i /il 440 mL 1 Na,CO,(0.25 mol-L™") ¥k . F|
FHAE TR K W #8428 il 5 0 IR SR 60 °C, £ Na,CO, ¥ iR G, it E THIRT
A 2he BN —E BB, IR N EPE S.0h, B0 RS F AT R T
=), HBLiKE IR R PRI — & B WL T = I I A—E &1 0.1 mol- L™ & BaCl, ¥
W, WIRBEHE3h)E, ot 0.45 um B, BRI Ai4L S AL, T, DI BN TR E .

3) SEER KR RYBCE . SCHOKAE LB P OKECH], In A GE 5 A% NaNO,(0.1 mol-L™") il NaHCO,
(0.1 mol- L") it A5 VR 42 LA R A 2 R JEE AN B2, oK R BE 42 ) 10 mg L' S IN A — 22 i
F14) J8 R s 4 TR SR AL B 25, 971 0.1 mol-L™" Y NaOH ¥ F11 0.1 mol-L™" ity HC1 ¥ ¥ 1 15 7K B
pHo

4) TRBE TR o REE T SBBEFEA E AT, RS IR XIANG S5 iF oy vk e o Bk
T2 LA 250 rmin”t PREE 30 s IRATAKEE, AR EEFS LA 200 romin' 59 HEE P 90 s, FLL 40 rmin!
P24 10 miny. 45 35 ##E 30 min,

1.3 S5k

pH H pH 11 (FE28, Hy4¢i#)-FE R Z X5 A PR /) WA 5 ¥ kA HLa vk B (DOC) F S AT HLAk
SPHTAL (TOC-L, HARREAE) ME; Skt H L4 bt EETE (UV-8000, b 1aHS 2 AU 273
AR T AT FUE T Uk R B A (PXSI-216F, [ R L Rl 24 A 2% B4 A5 BR 2> 71
FE 5 Zeta HL A H R SC Zeta B A AN 2 5 BB A 43 A HL B35 R AT B E) 5 3% (ESI-TOF-MS,
ACQUITY UPLC/Xevo G2 Q TOF, 3£ EIRFEHTAR]) #E47; L0 5 H i i 4% (SU-8020, H A H
SEONTED) MSE 5 SR R ST S e 21 48 6% (FT-IR, Nicolet 8700, 35 F $EER KA F)) il X G466 T fig
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T (XPS, ESCALAB250Xi, 3 EFEER A ) 40 2R B 1k 2= 4l
2 #HR518
2.1 Al, EREBNRE THRERELR

16 TOC Ji 2 e & 3 51 0 0 mg-L (T, 14K Z) Fl 4.0 mgL (T, K ) B9 &1 F, Al 76 pH '5.0-8.0
A TR B I R DL 1, 24 AL, # /N T 0.40 mmol- L' i, 78 2 M £ i 2 R R A 4 H5 7 4%
K (IKF 30%), BEiEHLY) K pH AR LT S0 2 BREE /N s 24 Al B3 K F 0.40 mmol- L™
mF, SRZEBRFIE BT, Wi 1(b) s, X4 pH N 5.0 B, HA RUILTEE ALY £ BETE AL, B 1
1.0~1.4 mmol-L™" {3 T —/ & 8B X3k (AL L BR 3R T 70%), fems 22 BR%AE Alj; 4 1.0 mmol L™
Ab ik F) 80.40%, & T ICE FE R K R 7E 0.80 mmol-L™" Al U 9 45 i K R R 68.12% (& 1(a)); 4k &3
K pH, TCIEFERRIRRAE Al s 8O Ab -t B0 T 0 850V FH X3 RUIR D 5 B3 8 K F 70%), 7€ pH
7.0, Al # SN 1.6 mmol-L™' B, JC HA & F rh ALY i K L BRBN 77.68%. i A Ji 5 R 1R & 1)
o R DX 1 T R (AR 25 B SR KT 70%) Rl 25 B 34K T 0 SR K &, 0 HAe wp o A el
FAFF, AR R M EAL Y B £ R IAE 85% DL B . denT L, FEIREEFI R SR T, Kig
SETEMR RS M IR B, HA MAE7E X T $ R AL X 9L 2B

F-BR3%/% F-BR%/%
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Fig. 1  Effect of HA on fluoride removal rate at different Al,; dosage and pH

22 REERERHKKEDH

TR R Zeta AL 7K B9 B0 MR B2 B HA L BR RSSO an &1 2 iR ot FAERR M 3 5%
HA 404 RIR B FErp LT 1% A T R 07 Uk, Zeta H 07 I 2 18 0 A A 22 1o K LGB0 1Y, A
I, AL E T pH A 7.0 A1 8.0 BHA R Y Zeta LA . 76 Al KN T (IKF 0.2 mmol-L™"), T,k FH
M e e T TR R, HEE AL, BRI, 2 MERN Zeta ALY WI 55 . 7E Zeta HE
7 ¥4 3T T2 B I B A BUAS A = B R A HA L BRR (T, R R, B 2(b)), 78 BR800 = 2807 T IX 3R
2AMERNY Zeta UL AR FEFE 20 mV DL 1o 3k A S 9 LA B HA 19 22 B AS 58 4 2 o o RNV 09 &5
B ERMESMTT, 78 Al R4 & T (0.2 mmol-L™) 5t 7] 2515 HA 19 f K £ B R 7Emib: & 14
T, B B B R T K AL, B = 0.8 mmol- L. A 2(c) FR, T, K R IFR AT ES Mk
FEAE R B KRR R Lo, JRHAEREAM T, 2 AL, #nE#id 0.8 mmol- L™ B, H7K )
FRANERVR B B L TE, UL R BRSO B Z R AIK . 7 HA AR e R, TR BE H /K ) 5% 4% 40 Wk 3 31K
T I HA KRR (K 2(d)). FERRMESMET, HA X FBRRAER N E 0.4 mmol-L ™' (pH=5.0) 1 0.8 mmol-L™
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(pPH=6.0) JF 46 TR, T BLIE K SR AR BE IR ARBE I, 10 922 BRATT 8 LT Xk — 2P U] T 7R R
PR, HA S FARTE Al RIS 4h & o TEBUIEBARME, o T HA w9 R L2 B 6 AL, #OAE
FHEESR, fEHSEBOR BEL R . TR ERBRE S F T, FEBUIN 5] 1.6 mmol-L'(HA f £ ER T [
#70% VAR, HARBE I K 195 B AT AR R R OK P, MRS 9 25 BR R o 32 711 8090 LA L
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Fig. 2° Evaluation of coagulation process
23 HAF5 AL, BBEERSH
Nt —B R HA L F 5 AL BAHEAER, ME T AR ZF T B 200~600 nm P4 458 ShI OG5
AT T 220005 B o AU, BRI 3 s . A ESERWT, 280 nm BT B & AT 5 A ALY T RIR
SR LT AL R AT, B ALy SOME RSN, WOLERRAR, 2550615 280 nm T
B A N X SRE AL, 5 HA ORISR MR IR N B3 o TSR R A SR T AR (I 3(b) .
K 3(d). B3a), ORGSR BB A Bre s, 2250 6B 1E 280 nm BT A f) 9 R N L TR 2 5
Wi o3k 2% B 0RO AEAE JF AN 52 HA 73 7R R 6 5 AL, A BEAEH] . KAZPARD %17 (i IF 58 3%
W, 4 pH KT 8.0 Ml AL, Bl iy, Byl ey Al KRG RN AO5EH, E2E5)
JGTE 245 nm Bif U2 5 W R A SCRIEA , RT LUR BIAE pH O 8.0 B (K 3(H), & ALY BORE S P Y
2203 M1 P AE 245 nm BRI HH ST A O RN 0 L T R SN AR B9 22 A G R W B LB . XU
B R FXF Al 5 HA 23 TR B R AR p 28 52 2 1 —E 2 R
08 T 5 A HL A ELAE T AR OGS 2 0 RO B R AR B3, XA
A HUYHEE B0, TR BOR T ALY AL e e I R L S SR A A R B R U AN T, &
MR YAN SRR 75 1k, 115 325~375 nm A 5 IO B B4 X6 5078 88 016 i 2 1R AR R DL R 2R PR RE R Y 22
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fE, 10K ASys g, ASys s [ K/NTBEHA 5 AV G5, 255 WE 4 fiR . pH M F ¥k B XF
ASsys s BB —E MW, BEE Al BRI . BEE AL BN, AS,s s (02 I HHF
SpyE RS Y HA WD A FARERS, ZEAHTR] pH T ASsys s TE IS GG BT B, i VR 585
Al 5 HA KGN E B REREIL. XRPA 50 Al, 5 F454 R Al-F Y%

J— !
0.004 _%gg‘i 5 mmlo.lL_Ll Afln o 0.004 1 __0.000 5 mmol - L1 Al
S0 e o —0.001 mmol - L Al,
0 ot 4
-0.004 | ax ~0.004
i —0.002 mmol - L' Al, R —0.002mmol - L' Al,
R ~0.008 | —0.005 mmol - L' Al X -0.008 | ——0.005 mmol + L' Al
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0004+ 0,000 5 mmol - L' Al 0.004 — 90005 mmol '}'[;{\lu
o| — 0000 mmol - L AL~ ol (000t mmol-L
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B -0.008 <0005 mmol - L' Al = -0.008 —8'8‘1)5 mmfl LL]"AII“H
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B3 AEEETH HA-AL, B9 ZE 575 RIS 1E % B
Fig.3 Comparison of differential spectra the HA-Al,; under different conditions
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1.0x10- F 23 F-=0 mg - L"! 1.0x10°} AF=0mg L ‘N 1.0x10° | ZaF=0mg - L
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Fig. 4 Correlation between changes of the spectral slope in the range of 325~375 nm
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Al T BCAAE RN K i A FH 45 25 77 28 A A (] R for 12 F0AS [ Ve B2 1 25 - 141, FE B b Re 6% ™
A AV I B A R [ (R R AR 04, ORT A EST-TOF-MS #E 47 fiff A 1 5 4 H IS Wb i AR B 82,
21 TR, ERMAMT (pH 8 5.0), A VLY IA B B o2 T 50 W R BRI /E R IX S, PRt
TEHCT 380 AL, BmE, 2514 0.6 mmol- L™ MK it . JC HA fE7E/K R 1Y 0.8 mmol L™ Fl 4
HA 77K 2 59 1.0 mmol- L' fy Fe AR & LA & 1.6 mmol- L' A K&, #4177 ESI-TOF-MS fY
W, S5RME SR, £ 1IXE SR E&ZE FIES#ET TICS, F2/ Al AL, Al
Al Fl AL, P20 R B, 7RG vt ] DL 2 3] H: Ath 5 B A IR 1 2 T RGP (AL, Al
Al Al). H " Al E E L AI(OH),(H,0),"(m/z=115) N £ ; AL ' ALO,(OH)(H,0)* (m/z=139) fll
AL(OH)F,(H,0),, (m/z=154) & & &% &5 ; Al " ALO(OH),F(H,0),'(m/z=173) & & & £ & , Al, LA
AlO,Al,,0,,(OH)* (m/z=328) 1l Al0,Al,,0,,F* (m/z=329) N EEAFAETE, Tk b a4y 104 40 i # fp2k
HIGFATE AIFF 2558385 X ULBH, HA MIfF1E IR A2 MARA E B8 S E 2 m OvE =

W E 5(a) M 50) Brn, 7E Al RPN (0.6 mmol- L7 K, JC HA f£ 16 TR Bk K b & 7 &
Y JE AL(AL(OH)F,(H,0),,2), [FI}H Al, B 1L AlO,AL,0, F* k5 1ff HA 3 7E TR &, REE
7K i AL(ALO(OH),F(H,0),™") & &t fie =, H Al T2 A LL AIOAL,O 8 32 o W&l 5(c) F1 & 5(d) Fr
AN, 24 AL BRI B R AR IR, AIO,ALL,O,,(OH), F, > (n=0~3). AlO,Al,O, F* %Al B T&
SORMERE I, AR AL, AL SFE S D>, [FIEEAL A . T EAY TR K TR R TR

154
173
139
115
0 100 200 300 400 500 0 100 200 300 400 500
m/iz m/z
(a) TOC=0 mg - L', Al,;=0.6mmol - L' (b) TOC=4 mg - L, Al ,=0.6 mmol - L'
329

1 LL._ “ L‘Ju.t, L dbd
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m/z m/z
(¢) TOC=0.mg - L, Al ,=0.8 mmol - L (d) TOC=4 mg - L', Al ,=1.0 mmol - L"!
) J b
| l M L ! J 1 . |‘ L LI | |
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E 5 R HKE A E R RE

Fig. 5 Mass spectra of Al clusters of the coagulation effluent
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#F 1 7 ESI-TOF-MS JRif i & & B B ) b
Table 1 Identified species in ESI-TOF-MS spectra
GCNE A Y S FR SN Y S T
81 Al Al(OH)F(H,0) 277 Al, ALOJ(OH)(H,,),"
83 Al AlF,(H,0)" 170 Al ALO4(OH),F(H,0),>"
115 Al Al(OH),(H,0),+ 196 Al Al(OH),,;H,0*
117 Al, Al(OH)F(H,0),+ 184 Al, ALO(OH),*
139 Al ALO,(OH)(H,0)* 298 Al Al,0,(OH),
152 Al AL(OH),F(H,0),,* 352 Al Al,0,,(OH)
153 Al AL(OH),F,(H,0),,* 213 Al AlO,AL,0,%
154 Al AL(OH)F;(H,0),,* 228 Al AlO,AL,0,F
155 Al ALF,(H,0)," 232 Al Al0,AL,0,,(OH),F,*"
163 Al ALOF;(H,0)," 328 Alj, AlO,Al,0,,(OH)*
175 Al ALO,(OH)(H,0),’ 329 Al AlO,Al,0, F*
173 Al AL,O(OH),F(H,0),” 337 Al AlO,Al,0,,(OH)**
183 Al ALO;(OH)F(H,0)" 339 Al AlO,Al,0,,(OH)F,*
219 Al ALO;(OH)F(H,0);" 349 Al AlO,AL,,0,,(OH),F,>
223 Al ALO,(OH)F3(H,0), 357 Al AlO,Al,0,,(OH)F,*
237 Al ALO,(OH)F(H;0)," 365 Al, AlO,Al,,0,,(OH)F**
239 Al AlLOF,(H;0),” 366 Al AlO,Al,,0,,(OH),F,>
241 Al ALO,(OH)F;(H,0);" 379 Al, AlO,AlL,0,,(OH)F(H,0),*

BAAL, XTI EN AT TIC R, GRME 6 i, Hi AL, b AL FAL I EFK; Al R
BRI S B TR (AL Al AL, ), ABURTESEE o B R g al % . HA AR R AR
BEH KA AL, B 7R AL £ B RRAC AL, AL SRR, Hod Al SRR T Y 11.2%, 1
Al FEMEINT 8.9%, HA JEAFIR R MIREE K AL, B T & B AW EE R R, HA GRIZME I
Al B, AT Al AL, SRR, 4 AL, BRI AR 1.emmol L™ B, ALy &Gl BFh. 765 5(c)
H5E s TS AIES%A R 25, £ %L AlO,AL0,,(OH il AIO,AL,0, F*4 K % . It it

Al b i, ERwh S BN, FEHA R
Fai Ki LB, MR RN MR/, BT
FE 2 PR R KRR B LT EA 250 .
24 ZBHESHHR

W EEpH A 7.0, Al A ME F T,
AT R R = AR 8K, K2R R TR
FREJG 0. T T, 4% (L HA) AR &
TR G BRI IR ) 0T, Ry kA i IR LR A 4
¥4, R HUTHE 30 min Ji BOHR S & 2K 34
R T, KR (B HA) PR AR R IR g R R
., HEEE LR, BULTTEWR T8

D) ZURIES . WE 7 i, HikR T
Jo HA B, ALF ULIEY M 2RFLBRE £, 450

60
[CATOC=0mg - L' —
50 b RYTOC=4mg- L
w0l N
IS
= 30 |
&
20 F
10 F
0 E ] |
Al Al Al Al
HBIEA
6 ERERAFENSHEETL

Fig. 6 Changes in the cluster distribution of residual Al



150 ok L B ¥ W %16 &

5 pm

(ha) TOC=0 mg - L (b) TOC=4 mg L'
7 SEREZEHE SEM [E
Fig. 7 SEM results of coagulated flocs
B s AT HA SRR TR R B, BT iy Nals
HA-AL-F JL3E B S5 F T 0 B . AR AL EE 1Y)
Ul R WIEAT HA B 20T, T4 4 41 R0 e
AW AE TS SR, BUA L) TULHE, A F T ik
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Abstract In order to improve the fluoride removal efficiency for fluorine-containing mine water with high
organics content by using Al coagulation, the coagulation area diagram was used to study the fluoride removal
effect by Al,; coagulation in the presence of humic acid (HA) and the related influencing factors. In order to
investigate the mechanism of the influence of organic matter on the defluorination of Al,,, electrospray time-of-
flight mass spectrometry (ESI-TOF-MS), differential absorption spectroscopy (DOAS), and X-ray photoelectron
spectroscopy (XPS) were used to analyze the competitive. relationship between HA and fluoride in the
coagulation process, and the complex product between Al ; and F was also characterized. The results indicated
that at the optimal Al,; dosage, the removal rate of fluorine increased by over 10% in the presence of HA, the
residual aluminum content decreased. The flocs formed in the coagulation process were compacted and easily
settled. According to DOAS analysis, at the beginning of the coagulation, HA had an advantage in the
competition with Al,;, and Al,; -organic matter complex mainly occurred. As the reaction continued, Al,; was
hydrolyzed to produce oligomeric Al nuclear material, and fluoride was mainly removed by ion exchange with
AI-OH. At the same time, the flocs formed in the coagulation process containing organic matter further adsorbed
free fluorine by netting and adsorption bridging effects.

Keywords humic acid; fluoride; coagulation; flocs; residual aluminum
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