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Abstract

Layered double hydroxides (LDH) were prepared by the co-precipitation method with Hangjin at-
tapulgite hydrochloric acid leaching waste liquid as a metal ion source. The effects of precipitant
and co-precipitation pH on the structure, physicochemical properties, and fluoride ion adsorption
properties of the LDH were investigated. The results show that MgAlCaFe-LDH prepared with so-
dium hydroxide as precipitant and a pH of about 8 exhibits excellent fluoride removal performance.
The removal efficiency of fluoride ion solutions with initial concentrations of 10 mg/L and 50 mg/L
can reach 95.45% and 93.92%, respectively, and are less affected by the pH value of the solution.
The adsorption process of fluoride ions conforms to the Langmuir adsorption isotherm model and
the pseudo-second-order kinetic model, and the maximum adsorption capacity is 57.47 mg/g. Fi-
nally, a variety of characterization methods were used to explore the fluoride removal mechanism.
This study not only provides a feasible path for the resource and high-value utilization of low-qual-
ity mixed-dimensional clay minerals, but also expands new ideas for the development of economical
and efficient fluorine adsorption materials.
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1. 5|15

otk S EREENICREZ —, HETEESE)EARFKERTIZAAE . &R N E 5
FUW AR, A R pEEUI[1]. A0, KEBAR S EERMIKHEKS 38— R5™
HMERE A, ORERHEA . BRI BB ARG RN R ELE[2] [3]. A TAEHA
(World Health Organization) £ i [ FHZK SR A4 B R A 1.5 mg/L [2]-[4]. 1EAEAEKIEEIA, JLHET2A
PR, MR KIS B A SR, R 35 ANEKIN 2 422 N IIE 2 B s R K s
[2]o WRPHZERI AR AR BRAEMIE . AR E . B AU SR, B A e 5N i 55 1) K AR B e
AR2Z—[5]o WML OIETH R mERE . (KB AR VELF R A R . 2R X4 8 A ) (Layered
Double Hydroxides, LDH) A& H AR 1) 2R g5/ 5 “Ie 2 R0 7 F B0 H B v R B 3L 7a 1]

A B PPRASERARR L O 2 N T IRRRE . AR B ESR SR, 2
HIRR AL R 22 A E & M2ty AP, Fed*| Ca?*%5 4 )& B T B VE IR [6]-[10]. 5 Rets HE AT BTR
A [R5 A R S B g e BE () LDH, W T SEE R a B “ DURYA R ” W Hbk. AR5
FWI[8], LAZE T ERIRERIZ IR & i LDH FR5Fe15 21 E AR X4 J8 A (kP (Layered Double Oxides, LDO)) F-
AW IS 45.27 mglg. (AREISFEReREm, NAHATSA M. Alt, ARG M™N A RIZ R
W W TAARYTUE AL TTE pH H, & A& BREMERER) LDH, RERF LR TAT IR &R

2. MRHE
2.1, &
ASRARAII A I, EEA NaOH CGREE TR T A IRA 1) NapCOs (LM T 4 LRk
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HIRAT]). 2K (25 wt%, RETEHRL THRAR]) . KR (36~38 wto, FUAR T RIBE (L2 A TR A
A]). MgCly-6H,0 (EZ5&E ML RFE R A F]). NaF (EdgkH T AR R A 7). CaHsOH (FRidtik
BRREAIE TABRAT]). ST BRIZ IR BN ALK 4 mol/L ShERTRALBEATLAR U1 B 4 TS, bRid
NHW, HEESHK4EE T4 0.13 mol/L Mg?*. 0.21 mol/L Ca?*. 0.18 mol/L AI**#1 0.073 mol/L Fe®*
(F) ) L J RS 5 25 B T B it A 52, ICAP RQ ICP-MS, Thermo Fisher Scientific). E21k [ At i A2 H
fih SEES A

2.2. WRBf5HIHIE

ILUTIEEEHI % LDH: 1) 7E 15 mL HW i\ MgCl,:6H,0, i MZ/M3*[{FAEEE /R HE ly 3:1, $EHRIA
fif, 194)REREI(SL); 2) BRIETR(UTEER) 3 : 2 mol/L NaOH 7KiA#(S2-N). 6 mol/L & /K& (S2-
A). 2 mol/L NaOH #11 1 mol/L Na,COs /& & #liA 1 (S2-C); 3) ¥ =4r S1 4 A E] 20 mL # NaOH ¥
W PR NaxCOs 7KV (pH = 10),  JEIZAHE,  [FIS 237003 0 S2-N. S2-A Fll S2-C {R£FE WK pH
21910, SLiMERE, BR RS mR e NEY, £ 110°CHRAE T &Mtk 12h. BARREE, &
OKBEZR BIEWR A YE. BT =4 80°C Tt %, WHES, #51dA LDH-N2. LDH-A I LDH-C; 4) LA S2-N
RUTUER], FEHIILITHE pH 73012975 8 F1 12, KA R AHFEIE IR G % LDH, Fricy LDH-N1 A LDH-N3,
5 LDH-N2 x} L2 52 L3503 pH TS LDH Y01 FIBR &M RE 52

2.3. RBI5RIRAE

K H AR A A A1) Rigaku Ultima 1V B2 Tijig X5 ZeAT A OKRD) % R B 1) 45 44 1EAT 73 A
Cu #, Th# 40 kV, SGUEEAK 0.1540 nm, HFEHEE 8°/min, Jul 5°~80°. FiH 3% [E 22 so B A1 5o 2 7
ASAP2020 Lt 2 1 AL A A e W B 7 b 2 1 DA R L5 #, A& 100 mg, IR EESN 80°C, i<
A 6 h, 77 KlSE No WP - Bebff 2k . AR¥E BET BigRAE LR E A, UL BIH A E A0 M. F
F ZEISS Sigma500 37 & 5 4348 L 2. 5 5% (SEM) 58 BURE ity T35 40 A o 1) FH X S 28 HL g 1% (XPS, Thermo
Scientific K-Alpha)#47 R 7c = M AR FEIAEL T KAGOKRLEER Zeta HLAL /AT (FEE Ty /R 3L,
Zetasizer Nano ZSE) I & W B 551) Zeta HLAZBEE R pH 1781k

24. BRWSKE

YERf Y 25.0 mL 10 mo/L Fyaw T8 kBI S, pH =8, A 0.10 g 7], 25°CIHIRIEY 2h, &
U3 B8 o K FH B it M AR S 2 T UK B (VAR RR G PHISJ-3F 511t , PHSJ-3F LS T B s AR,
AT T ge (Mg/g) P 2B % R (%), 8 7% AR (L)) FR:

g =Gz ClV )
¢ m
R% = %xlOO% )

0
Hr: Co FAIRIRIE(MOIL); Ce AMRBF FIREE(ma/L); V RIERAAFI(L); m NI BRI & (g) -
EICIERE -, SR 50 mg/L Fi& 73— %F Eb LDH-N1. LDH-N2 1 LDH-N3 BRI RE, WP 55
#0.050 g.
HY 25.0 mL 10 mg/L F AW, 238 LDH-N1 FH#:(0.02 g~0.16 ), 2 S B 75145 & %o FL s gei 1tk B 14
s, FIFHARQ)AQR)THE F IR 2 9. (mg/g) Fl LB % R (%).
L4 0.1 mol/L HCI A1 0.1 mol/L NaOH 7Ki& i1 10 mg/L F¥&AI4G pH {4 4~12. A 0.05g LDH-
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N1, HAMZMAEALE, H5 pH o HLERFE R, FIHAKXQ)MER)IHH g (mg/g)F R (%)-

25°C, pH =8, HX 25.0 mL AN[F] F #1453 (10, 50, 100, 200, 500 mo/L)&W, &% 2h, ME F P
WEE. AR HEAR g (malg), RIS Langmuir A1 Freundlich 75 R it 255 2R AR R 3047 JE 26
PG . A R[8]:

Langmuir:
quLCe
— dmDMLve 3
% 1+K,C, ®)
Freundlich:
d, = KeC.”" (4)

25°C, HL25.0 mL 10 mg/L F¥&7, pH =8, Wl AN AWK FfiT [7)(5, 15, 30, 60, 120 min)f 1) Fik L,
THEAT RN & g (malg). A — AU — B h A 2 R AT AR ek i S . AR [8]:

Mgéﬁ:
d =, (1-e™) ©)
gk
_ kit
%=1 K,Q,t ©)

Horr: qe AN R (mg/g); aert t I 2RI I 5 (mglg) s ko A UL —28h 327 75 R I B3k 5 %5 (1/min);
ko A2 0L 2 BN 77 5 T7 FE R B 2 #(9/mg/min) .

3. BR5WTiE
3.1. HEmYIERIE

LDH-A
% s ok s Vo !

ey .‘ \ " LDH-N3
LDH-N2
- e

J LDH-N1
W‘ P P Y vy

* LDH PDF#89-0460
2t

Intensity (a.u.)

A CaCO, PDF#99-0022
1 P I I || Y PP TR R

T T T T T T 1

10 20 30 40 50 60 70 80

20 (degree)

Figure 1. XRD patterns of the adsorbents
[El 1. WRFIFIE9 XRD Elig

FIFH XRD X W B b A S5 M 1B AT R AE, W& 1 Fione %FF LDH-A. LDH-N1. LDH-N2 F1 LDH-
N3, 20 5 11.6°. 23.4°F1 35.4° 4L [ ATHTI4 5 LDH £1(003). (006). (009) i i KFAE W4 X+ v (JCPDS 89-0460),
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HUgAr iR B %, FIFHARRAE 7 FE[11] [12]715F doos 24 0.771~0.779 nm (JL5E 1), 5 SCRR[L13]4R 18 Ak FR AR e
JZ LDH ] doos = 0.742 nm #H Lb A oK, B4 CI36)Z LDH (1 doos, 2 HAILJZ [8IBA &7 324 CI-. 1 LDH-
C R T HRIRIRIGZ LDH F5A AT H &, doos N 0.753 nm, 5 3CHR[14]4kiE CO? #fi)Z LDH —3, HAT
SRR, 2 RIF, KW LDH-C £%5 COZ #fi/Z LDH. COS 5ZMRIAIFA/EMREL A BAREH, 5K
VIR L ) B S M DR I B e A 3 1 7 N E 8], 6 FIREEASF]. 5346, LDH-C i il i
T T 805 A A PRI AT i

Table 1. Physical property parameters of the adsorbents

= 1 REFEAIR M RS

Adsorbent doos/nm D/nm Seet (M?/g) Pore Volume (cm®/g)
LDH-A 0.771 3.71 99.62 0.12
LDH-N1 0.774 9.67 132.22 0.17
LDH-N2 0.778 4.87 33.78 0.03
LDH-N3 0.779 4.28 48.92 0.11
LDH-C 0.753 13.82 96.59 0.36

WG B FRITRT N PR — i B e A FLAR 70 A an 18] 2 Bz LDH-N1 2230 IV AYEER 28, Hofth LDH # i
SELM A 1 R L, HARBEAS A 2R ()3 IR IR [15] . LDH-N1 HAT H1 B3R, fEEARIRFLER, t
TN, N 132.22 m?lg. FEILUTHE pH EHK, #5488 H2 BI(LDH-N2)F1 H3 #Y(LDH-N3), *
W FLBR A R, RIS LE R AR FLA W] Rk o LDH-C 78 i b RS B 2 00 HL B 538, RWE
AERIAERIERILIR . LG L L4 RERM, Sk LDH Mt R AR S5 LA BA B R REEA,
Forh LDH-NL 175 L3R AR AT g B i R4 A 58 2 v 146 0

Kl 3 /& LA NaOH i il & ity LDH 1) SEM BRI G 3= 70 A I, HEB JZRE5HE M v] W, H LDH-
N1 ( 3(2)i)Z A R ~F B /NT LDH-N2 (& 3(b))F1 LDH-N3 (/4 3(c)), SHRmARSE R —8. K 3(d)
AL, LDH-N1 R & ICRY 040, HEAMEF iR, ETRERBHSER/DEF [8]. 454 XRD
FAE, FLWIKH NaOH JyitiE il & s bk CI-Jy 3 2486 = 9185 1 1) MgCaAlFe-LDH.
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Figure 2. N2 adsorption-desorption isotherms and pore distribution of the adsorbents

2. URBHFFIED N2 IR - B IR & FIFLE D

3.2. BRomIERE

B SEAEAR [P 2 A TR B T Tl 4 LDH FRIBRSCR, 5 AR B S0 n pH IRPA

TIEERR BB A1 22 ST SR G VP e T HEBRmIERE, SR 4 P, BARaaerh IL IS 4 PR

Regulus8100 5.0kV 7:8mm x60.0k SE(UL)

(a) LDH-N1

500nm

A
Regulus8100 5.0kV/ 8!
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Figure 3. SEM images of the adsorbents
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Figure 4. Defluorination performance of LDH
[ 4. LDH BB Em M RE

3.2.1. WRFIFFIBRM M REXTEL

WK 4(@)FrR, 24 FHILAWE N 10mg/L I, LDH-C FI AR RAIL, TEIHR T E AR 58
AI73[8], T LDH-A I LDH-N Z 51U B 77 1 bR AR AR I, BRAEE IR T 90%, 7K FARBRWKFEMCT 1
mg/L, AL tH 5 AR SV B AR KK R bR B R o il — 255t b LDH-N R S PR 570 1 BRI g, 5F
IEREEIE VIS FIR AT )5 588, M T F R8G9 E Y 50 mg/L B, LDH-N1. LDH-N2 I
LDH-N3 FIFR A, ] 4(b)Frm. BRI, & &0a6 FkEE 2 50 mg/L, LDH-N1. LDH-N2 Fi LDH-
N3 PIBR BRI PEAS, (2 LDH-N1 BIBRBRTI ATk 93.92%, DL S RFRW], 78 HAthi] £ 2% A A
TEBLR, LL NaOH 1ENPTHER, FLutie pH $HI7E 8 W3S M MR & L) LDH.

3.2.2. WRMIFFIHE &R

WE 4R, BEEM F P ER LDH-N1 #in&5in S0 R 12813, LDH-N1 #n
B 0.02 g B3 0.16 g, BR % 1 83.85%4 1 5] 95.87%, F -1 b £ M 10.48 mg/g '~ 431 1.49 mg/g,
KR TR K, TR B 2, (A o S B 7R B B R A . 24 LDH-NL #in&>h 0.05 g K,
BRI AIL 95.45%, 4RAIE KFNERRIMEAFHEIE A, Kk, LDH-N1 f&E#nE 0.05 g/25 mL F
oS/ 8
3.2.3. Bl pH BRI

Y pH B (4~12)%F LDH-N1 B4R 52maan 18 4(d) . fEVEW pH = 4~10 TERE Y, BRIRIGZAAR
FFPE 85% 0L b, RO HAR S BRECR: 24 pH FFE 12 1, BEERZE N4, 45 7% W, LDH-NI
TEVR pH = 4~10 [X [A] 9 BAT R 45 1AS e vk 5 & Rk .
3.2.4. RMIERL

AR F IR A6 VR B (10~500 mo/L)iE AT BRIRUSE I H 0N F Tk i, 19 200 2 2k i 1 4(e)
Ro B FHIGHIREIE R, —Fh LDH-N WRB 71 ge B Ce MARILIIRFA Langmuir IR SRR, H
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LDH-N1 () F IR B K, A 57.47 mglg.

3.2.5. WBfiEhH%E

LDH-N W 65 751 P4 B B8 O RS ) 32 A an ] 4(F)BITos - 15 min AR R B BRI R, 2 S MR PR 2
2%, 60~120 min PN 32 W BHEF1687 o SR 00— ZORNHDL — G0 B 3 7 SRR B U R AT AR R MR A
JEFARRBS TR0, RURFOSFEERTS10 —JOR B ) A, R A2 L 2 b 2 W B R 422 8] -

4. TRBHHLEE

N ST LDH W FHLEE, X EE T LDH-N1 Bt FaT 5 H XRD. SEM. XPS K& Zeta HLf7. 414 5(a)
B, WM F /G, LDH RRIERTH ISR IR R, S5 MmEHR S, AR M s, xfp K 5(b) SEM B
B Z RIS O RIS, (003)dhTH 20 FBS A YK, doos 98/ 0.759 nm. DL RZ5 SRR, W
1 F a5 LDH JZ BB T CI'y OH)RAEEB A2 #/EM, #E LDH JZE[16] [17]. " FJ5 LDH-
N1 (LDH-N1-F)&H4&JEm w2 MK 5(c)), BT IE Bk, #—Durse i asmiaett, HEH
W B FfiRTH F Aok,
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Figure 5. (a) XRD patterns of LDH-N1 and LDH-N1-F; (b) SEM image of LDH-N1-F; (c) Element mapping of LDH-N1-F
5. (a) LDH-N1 #1 LDH-N1-F 3 XRD [EiZ; (b) LDH-N1-F & SEM E{&; (c) LDH-N1-F It ESHE
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1 XPS % B ( 6)RT L, Mg 1s F1 Al 2p BEUGELEIR B AT 5 0Bl A4, T Ca 2p M) =45 & Re 7 1A
s, "HRT 5B GERER FIE CaF,, 1 Fe 2p AEik G B m{REE AR fssh, HE B LA
BB, XATHET F 5 Fed R A %A1 FH ArE[18]. Ik, iy LDH 1 CaOs #il FeOg J\ 1A N F~
FEW AL . B2 2 WL, W AT G R 6o R S BT B, M Cl &R, F&EIEHK,
X5 SEM Z5 5 —5. i 6(e)n ., 198.88eV Ab Cl2p U&7 It i n) Fr 45 & R 7 il Ag,  ELARSTS =
B 77.76%8/N N 46.82%, #r¥HIAJE T LDH Z 5 FRAER 2280 Clo B IE 6(f)rl WL, BT
Fls £U§4 686.31eV, JHJE TRI4EE(M)-F #F, 1 688.85eV fEillé))E T LDH JZiE] F[19], AHXT
EEANN 9.42%, Wikt FJE, HEEN 18.94%, KM F@d S ClIrag#ifEHEEN LDH ZH. Ak, W
FJa, F1s el m IRas & ReTr e, X 5N E LDH 45 d i R 2 SR — 5.

soqu Mg 1s SOOI Al2p Ca2p
1250
: | 1351.70 eV
1 ! !
1 : I
LDH-N1-F 1 h :
1
~ _ 1 -
g ! 3 | LDH-NI-F . | LDHNI-F 1
= t < b = 1
X = 1
z 1304.10eV | = [ g T
£ 5 ; E ¥
E £ 1
= 74.35 eV - 351.51 eV
LDH-N1
LDH-N1 LDH-N1
1307 1306 1305 1304 1303 1302 o ) iy 136 354 352 350 348
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)
(a) (b) (c)
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Figure 6. High-resolution XPS of LDH-N1 before and after adsorption
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Table 2. Atomic percentage of surface elements
F2 RALENRTFEIESE

Atomic (%)

Sample
Mg 1s Ca2p Al 2p Fe 2p Cl2p F1s
LDH-N1 14.91 4.47 7.93 0.92 9.04 1.78
LDH-N1-F 15.22 4.20 8.84 1.35 521 494
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