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Abstract

Removal properties of fluoride from potable water by

lanthanum hydroxide and hydroxyapatite

By Kim Jung Hwan
Advisor : Prof. Cheong Kyung-Hoon, Ph. D.
Department of Environmental Engineering

Graduate School of Chosun University

This research was undertaken to evaluate the feasibility of lanthanum
hydroxide and hydroxyapatite(HAp) for fluoride removal from aqueous solutions.
A batch sorption experiments were conducted to study the influence of various
factors such as pH, presence of competing anions, contact time, initial fluoride
concentration and temperature on the sorption of fluoride on lanthanum
hydroxide.

The optimum fluoride removal was observed in the pHeq=<75. The presence
of competing anions showed no adverse effect on fluoride removal. The
equilibrium data reasonably fitted the Langmuir isotherm model, and the
maximum monolayer sorption capacity was found to be 242.2 mg/g at pHegq<
75 and 24.8 mg/g at pHeq>10.0. The pseudo-second-order kinetic model
described well the kinetic data, and resulted in the activation energy of
53.4-68.8 kJ/mol. It was suggested that the overall rate of fluoride sorption is
likely to be controlled by the chemical process.

Thermodynamic parameters such as AGo, AHo and ASo indicated that the
nature of fluoride sorption is spontaneous and endothermic. The used lanthanum

hydroxide could be regenerated by washing with NaOH solution. Results



from this study demonstrate the potential usability of lanthanum hydroxide as a
good fluoride selective sorbent.

A batch sorption experiments were conducted to study the influence of various
factors such as pH, presence of competing anions, contact time, initial fluoride
concentration and temperature on the defluoridation by HAp. The equilibrium
data reasonably fitted Langmuir and Fruendlich isotherm models. The maximum
monolayer sorption capacity was found to be 27.93 mg/g at pHeq 65-7.0. The
defluoridation capacity increased with decreasing pH of solution.

The presence of competing anions showed no significant effect on
defluoridation except for HCO3-. The pseudo-second-order Kkinetic model
described well the kinetic data. The sorption energy and activation energy for
defluoridation by HAp were found to be 1362 kJ/mol and 860 kJ/mol,
respectively, indicating that sorption is governed by ion-exchange/
chemisorption mechanism. Thermodynamic parameters such as AGo, AHo and
ASo indicated that the nature of fluoride sorption is spontaneous and
endothermic. The used HAp could be regenerated by washing with NaOH

solution.
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Table 2-1. Comparison of physical and chemical adsorption

Property Physical adsorption Chemical adsorption
Heat of adsorption <10 kcal/mole >20 kcal/mole
Temperature range only below boiling Both low and high
of adsorption point of adsorbate temperature
) Greater at higher Less at higher

Slope of adsorption g g

. adsorbate adsorbate

isotherm ) .

concentration concentration

D . ,

ependeﬁce on Relatively little Great

properties of

adsorbent

D

ependegce on Great Great

properties of

adsorbate

Activation energy for Low or none May be high
adsorption

Number of layers of Multiple(at most) Single(at most)

adsorbed molecules
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Fig. 4-7. SEM images of lanthanum hydroxide (a) before and (b)
after fluoride sorption
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Table 4-3. Fruendlich isotherm parameters determined with
equilibrium data obtained at various initial fluoride
concentrations and constant dosage of sorbent

pH of .

. K (mg/g)(L/mg)"™ n P
solution
PHeq<7.5 111.31 4.13 0.596
PHee>10.0 2.16 2.34 0.987
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Table 4-4. Langmuir isotherm parameters determined with equilibrium
data obtained at various dosages of sorbent and constant
initial fluoride concentration

Initial Weber equation Stumm-Morgan equation

conc. 5 Oh 5
o (mg/g) r b (L/mg) r

(mol/L) (L/mg) (mg/g)

0.002 253.4 2.115  0.999 617.3 0.656 0.894

0.005 262.7 5.228  0.100 276.2 4.763 0.988

0.008 289.8 2.909 0.999 287.4 9.858 0.984
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Fig. 4-17. Effect of initial concentration to
sorption rate of fluoride on lanthanum
hydroxide (35C).
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Fig. 4-18. Effect of initial concentration to sorption rate
of fluoride on lanthanum hydroxide (45T).
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Fig. 4-19. Adsorption amounts of fluoride on lanthanum hydroxide
according to contact time and temperature of adsorbate.

_51_



200
160 —
5 ]
(@)]
£
= 120 —
(]
2
2 ]
(/2]
S 80 —
9 »
=) N Initial conc.
- 0.005 mol/L
40 — ® 25°C
| m 35°C
A 45°C
0 T IIIIIII| T IIIIIII| T T T TTTTT
10 100 1000 10000

Contact time (min.)

Fig. 4-20. Adsorption amounts of fluoride on lanthanum
hydroxide according to contact time and
temperature of adsorbate.
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Fig. 4-23. Pseudo—-first-order kinetic fits of
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Fig. 4-24. Pseudo—first-order kinetic fits of fluoride by
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fluoride sorption

Table 4-6. Pseudo-first—order Kkinetic parameters for
on lanthamum hydroxide
Co(mol/ Temperatu Experiment Pseudo-first-order kinetic model
L) re
(C) ge (mg/g) k(min") ¢ o 7 First linear
(mg/g) (min)*
0.002 25 75.4 2.13x10° 120.9 0.986 0-240
2
35 75.7 1.05x10° 391.1 1.000 0- 60
1
45 75.8 - - - < 60
0.005 25 172.8 2.25%x10° 1459 0.999 0-480
3
35 174.1 1.00x10° 193.0 0.992 0-360
2
45 175.4 2.16x10° 170.0 0.996 0240
2
0.008 25 237.3 1.13x10° 2203 0.985 0-480
3
35 254.2 2.10x10° 200.9 0.992 0-480
3
45 257.8 5.20x10° 189.4 0.996 0-360
3
* Parameters determined using only first linear portion at kinetic plots of In(qe-q)vs.t
(5) 2X BrS =5 Al (pseudo-second-order kinetic model)
2X BtEEEAlZ DXHAS SHEIAEsEES HIESZ ot U2BH, Hot
Mckay*0ll olah CHe Al (4-9)2F 20| EEEIACH.
dq
% = ]{32 (qe_ qt>2 (4_9)
HIIM, Ky,= 2xt BIS& &=(g/mg-min), g = BHAEHUAN S=HH =21 g
22 (mg/g), q= BHEAZE tHMe E&&(mg/g), t= Al2H(min)E 2/0I&
— 58 —
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Fig. 4-25. Pseudo—second-order kinetic fits of fluoride
by lanthanum hydroxide.
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Fig. 4-26. Pseudo—second-order kinetic fits of fluoride
by lanthanum hydroxide.
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Fig. 4-27. Pseudo—second-order kinetic fits of
fluoride by lanthanum hydroxide.

Table 4-8. Pseudo—second-order kinetic parameters for fluoride sorption
on lanthamum hydroxide

Temperature Experiment Pseudo—second-order kinetic model

Co(mol /L)

(c) % (mg/g)  ko(g/mgmin) % (mg/g) r°
0.002 25 75.4 5.97X07° 75.5 1.000
35 75.7 6.25x107° 75.8 1.000
45 75.8 2.34x07 75.6 1.000
0.005 25 172.8 3.74X07° 173.2 0.999
35 1741 1.18x107 176.8 0.999
45 175.4 5.53x107 175.4 1.000
0.008 25 237.3 1.31x107° 246 .4 0.999
35 254 .2 2.51x107 263.6 0.999
45 257.8 7.51x107° 261.3 1.000
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Fig. 4-28. Intraparticle diffusion plots of fluoride sorption
on lanthanum hydroxide.
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Fig. 4-29. Intraparticle diffusion plots fluoride sorption
on lanthanum hydroxide.
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Intraparticle diffusion plots of fluoride
sorption on lanthanum hydroxide.
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Table 4-9. Intraparticle diffusion model parameters

First linear portion Second |inear portion
C(mol /L) Te:mperature
(t) Kid, 1 Ci(mg/q) r° kige  Ce(ma/g) r°
0.002 25 5.102 0.12 0.948 0.001 75.35 0.688
35 7.037  20.54 1.000 0.005 75.28 0.829
45 0.050  74.94 1.000 0.003 75.35 0.950
0.005 25 5.354 8.62 0.999 0.459 145.0 0.813
35 8.012  13.78 0.946 0.019 172.9 0.965
45 13.88  13.28 0.998 0.001 174.8 0.911
0.008 25 5.239  23.41 0.998 2.019 106.9 0.993
35 7.502  27.92 0.995 0.368 230.5 0.980
45 10.37  43.86 0.985 0.133 249.1 0.999
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4-31. Dubinin-Radushkevich isotherm plots determined
with equilibrium data obtained at various
initial fluoride concentrations and constant
dosage of sorbent.
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Table 4-10. Dubinin-Radushkevich isotherm parameters determined
with equilibrium data obtained at wvarious initial
fluoride concentrations and constant dosage of sorbent

2

pH of solution  Cy(mg/L) E (kJ/mol) gm (mol/g) r
pHeq=7.5 10—170 16.77 0.021 0.760
10-90 9.39 0.445 0.960
90-170 32.10 0.013 0.867
pHe>10.0 10—170 9.21 0.002 0.975

Table 4-11. Dubinin-Radushkevich isotherm parameters determined with
equilibrium data obtained at various dosages of sorbent
and constant initial fluoride concentration

Co(mol/L) Sorbent dose (g/L) E (kJ/mol) gm (mol/g) ¥
0.002 0.1-0.4 16.22 0.024 0.969
0.5-1.0 5.81 926.8 0.970
0.005 0.1-0.5 40.82 0.015 0.995
0.6-1.0 11.18 0.181 1.000
0.008 0.1-0.6 40.82 0.016 0.997
0.7-1.0 13.61 0.107 0.998
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Fig. 4-32. Dubinin-Radushkevich isotherm plots determined
with equilibrium data obtained at various dosages of
sorbent and constant initial fluoride concentration.
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Fig. 4-33. Thermodynamic plots for sorption of

fluoride on lanthanum hydroxide
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Table 4-12. Thermodynamic parameters for sorption of fluoride
lanthanum hydroxide
AG (kJ/mol) at studied
AH® AS°
Clol /L) . S _tem. =
(kJ/mol)  (J/mol K) 05 35°C 45°C
0.002 21.52 176 .80 -31.17 -32.05 -33.82 0.981
0.005 14.24 129.30 -24.30 -24.94 -26.23 0.999
0.008 11.39 113.41 -22.40 -22.97 -24.10 0.999
Ce=0% 71.17 328.25 -26.64 -29.92 -33.21 0.936
by * 15.90 137.10 -24.96 -26.33 =27.70 0.821
slope of the plot In(qes/Ce) vs. C. at differen
ttemperatures and extrapolating to zero C. according to Khan and Singh method [25].

*Kq was determined from the
** Langmuir constant (bv) was used as the thermodynamic equilibrium constant.
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9) 43 X
ExBi2S 95t &
ST AN (K)Z ArrheniusA 0l EEAIH Fig. 4-349 Table 4-130 LIEFHCH”
1nk2 =1nA— Ea (4_1 5)
Fig. 4-340{ LIEFH HIQH 20| ExZ 9| XI|sE HEQ A0 Inkt 1/T
= Q0|8 AZXFO| MAMFHAL(P=20.972)2 A= EAME ZHZ LELHALCEH Ol
M3 HACl JI2IIE 01256101 HAEH SAZIHUHX E,= 53.40~68.67 kJ/mol
OIACH. SASNUXIC D= SEHSENN HE HEZS MRS =, W2 &4
UK s 22ERC E40IMH, =2 BHFHUXE tstE=D 280 AT
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Fig. 4-35. Effect of competing anions on the defluoridation
capacity of lanthanum hydroxide.
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Fig. 4-37. Regeneration efficiency of lanthanum

hydroxide by 1IN NaOH washing.
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3. =4tSIOHIIEIOIES EAHA €4

1) pH G&

2 MBIOIEIOIES SAERM 0lXls pHY Fs2 =2A025% 0.002
mol/L(38 mg/L)Ql ASEEM {1 L0l £=AHSHOMIIEIOIE 0.5 g2 S0ots X20A
TOISHACH AIBEMO| pHE 0.1NQ] HCIDH NaOHS E 1501 EXBtS 5 g0l
PHOF 4.0~10.001 CI=2= ZEGIUCH. Fig. 4-3801 LIEFH HIQF 2001 24H5}0HT}
EIOIEQ] SASRSS pHI} ZIIE0 M2} A4Sl S HUCH E5H RO
ZJ| pH<6.00lAS EXEBS & MO pHI} St SHS UEHHRACH. 0ls
2 AVSIOFIFEFOIE0I 2B 24K MHUZS0l CH2Q Ol2 M (X&) e Al o

Ca o (PO, )s(OH), +nF" = Ca, (PO,)s(OH), , F, +nOH"  (n=1,2) (4-16)

Ca,(PO,)s(OH), + nF" +mH" = Ca,,(PO,),(OH), ., F,.r, + (m—m)OH" +mH,0 (4-17)

=, 220t S0l G2t OH 0I=201 =el=Jl HE0l pH= SototiH, 9 sS4
o HES7SE 4 K= FOI20 HOl=22 28 20l pHt S == E5E
2 ZASHCH Ol0l BHoll ©2 pHOIAE BFSAl (4-17)0 201 |[el€ 0HO0IR0l H
Ol2utel =tetS0l 2ol 22501 20 12t =242 sHE2 SHE = U
Ct. OHOl=21tel WOHEHSO0l 28t =4ASIOHIIEIOIES X0 2 AMAE=2 012X
2 0.00199 mol/g2& <F 37.8 mg/gOICt. Ul SHEE pHIL 4.02 [ =4t3t
OtIIEIOIES] EASHE2 39.3 mg/g2= LIEtLE OH Ol=21t2l WHol 2fst 012N
ZI SHES Aot EHS =J| pHIL 2.5%sS e I UGS &2
= OESHOHIFENOIE XHMI2l EcietS ) MEEES Al S24HM0 Set= 0IFS
>

Ca,, (PO, ),(OH), =10Ca* +6PO> + 20H" (4-18)
PO; +nH" =H,PO{™  (p=1,2.3) (4-19)
Ca® + PO} +nH" = CaH,PO{™""  (pn=1.2) (4-20)
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5Ca +3PO* +F~ = Ca, (PO, ),F(s) (4-21)

Ca® +2F =CaF,(s) (4-22)
50
i Fluoride C, 38 mg/L
Sorbent dose 0.5 g/L
Contact time 48h
40 —
&) 4
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< 30
[}
2
S i
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T 20 - -
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'_g ©
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LIOJ-V
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I I I
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Fig. 4-38. Effect of pH on the defluoridation capacity
of hydroxyapatite.
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Fig. 4-39. XRD patterns of hydroxyapatite before
and after fluoride sorption.
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Fig. 4-40. SEM images of hydroxyapatite (a) before
and (b) after fluoride sorption
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Fig. 4-41. Effect of competing anions on the defluoridation

capacity of hydroxyapatite.
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Table 4-14. Langmuir and Fruendlich isotherm parameters for fluoride
sorption on hydroxyapatite

Langmuir isotherm Fruendlich isotherm
Ke
& (mg/g) b (L/mg) 7 ; r
(mg/g) (L/mg)"
23.58* 0.63 0.893 10.61 3.82 0.990
27 .98 0.29 0.996

* |inear equation by Stumm and Morgan, ** by Weber
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Fig. 4-42. Langmuir isotherm plots of fluoride
sorption on hydroxyapatite.
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Fig. 4-43. Freundlich isotherm plot of fluoride
sorption on lanthanum hydroxide.
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Fig. 4-44. D-R isotherm plot of fluoride sorption
on lanthanum hydroxide.
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Fig. 4-46. Pseudo-first-order kinetic plots for fluoride
sorption on hydroxyapatite.
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Fig. 4-47. Pseudo—-second-order kinetic plots for
fluoride sorption on hydroxyapatite.

Table 4-15. First— and second-order kinetic parameters for fluoride sorption

on hydroxyapatite

Temp aelexp) k(min™)  qe(mg/g) *  ko(g/mgmin) qe(mg/g) r
25C  10.25  0.000642 4.75 0.999 0.000614 10.47 0.994
37C  11.73  0.000782 515 0.983 0.000724 11.91 0.997

52C 15.92 0.000775 5.54 0.932 0.000821 16.56 0.999
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UCH. LA =

SHEEAYE ZUE
M2z MZB W i‘&E%(Intraparticle diffusion model)0let D% St04, Weber
QF MorrisOl SI5H CHS ATt 201 RIS ACHY .

q = ntdtl/Q (4-29)

OGN ks M W SHASTAS0ICH ¢ O ¢1°2 SAGIRS O 032 S
ot HHEC HHE 201H SHEIS0 WRAHH 2o XBiettn g = U2
M, Ol A& JISIIZ2RH k,E F& = UCHTable 4-16). Fig. 4-4801 LEHH
2t 201 2% 25TlM=E A& SHHE OM, 52T EtSAIZt 2022
HZ=2, 37C 2522 HZFZ 6t0f MO HENII OIS Tle SEAS UEHRICH
Hamdaoui®™ ol o170l @28, X P HAMS MFQ 24 OIS0 28 20l1
S BN MMz MIB=A0 2o S0 20O & = AL SH2E 25Tl
Me BtSAIZE 6020 %S H&2 EEHE 20 A H S&HHel 2424 0130l
H= Sle= EHE LIERIOH 2tH, S22k 52 grcel E2 =0 BtSAlZE
Il 2424 Ols0ll 2ol StEtsdtatE HEHUHA S20| 21, & 252 0=
FH= MS U &ats Sofl SEEE0l OS el 200D 2 = U

Table 4-16. |Intraparticle diffusion model parameters for fluoride
sorption on hydroxyapatite

Temperature First linear  portion Second linear  portion

(0) Kid.1 Ci(mg/g) ~° Kia Cy(mglg) 7

25 0.087 5.66 0.998 - - -

37 0.159 5.44 0.998 0.072 7.80 0.998

52 0.302 4.55 0.954 0.074 10.43 0.988
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Fig. 4-48. Intraparticle diffusion plots for fluoride
sorption on hydroxyapatite.
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