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PR [ T % K B BR 2R 19 25 BR B T 1
FHAABOHE E AR B, R 4
FAACI S KRB A AT PR T AT LA 4R
XK AP RERRER R R PR BE 7 o {ER:, BB B SRR
TR A SR A B K B RR R N 82 Y
W5 i i WLARGE . O I, A% SCR Bl A A AL Py <t
KA AHATH N, I S5 T B P
AR IR P BERREE R 1 5 BRIV R, FR 8T T AHSE
25 BRALAR , LA S R 280 7K B R B B B AR B 2
JEFR P KIEAMEIA SR

U RPR

1.1 sEIedrst

TR RAR A BWILEESE, EN
BiAE/NTF 0.075 mm, KRR WA 1 PHE 1354
BN 1300 ~1 800 mmol/kg, Si/Al JEE /R k. hy
4.25 ~5.25, X SY&ATH T4 R R ITIZ R R b
A5 66% & & WA 19% 2256864 1 15% — 4k
ko SEOGI R o B I Ak 2 R 38 O 3 B 2
SEE KR BT,
1.2 BEHARGE

HEFRREL 10 g KRR WA FF A 100 mL 7K
o TR RGERIR, BN S g fHER B, 8 i e B
PSR BA AT B RA YA LT BRRE,
T 2 mol/L i) NaOH ¥ A 5B A W pH
10.0, M SERE #HAT BB, R EE T
KEEEAEZ EYEWR pH 7.0 24, &K
B E T 105 °C HLAH PRt T, B BNA5- otk
WA,
1.3 EWHZE

368 3 W O S T 2 8 T R A 4% i ke T
PR A T MK B ER R AR R, SEIR AP TR
i H 56k A KH,PO, FI NH,Cl 43 51| B i %] 6 vk
BE 50 mg/L f) B BR b ¥ VR A 9] 46 YR BE Ol 10
mg/L YA, 7% A 0.1 mol/L # HCI 1 0. 1
mol/L f) NaOH EBATT 1/ pH 2 7;56)5 7
FIBAF R 25 mL ) F R ERE T —RINHEE
R, I AR R Rk BE 43 5k 0. 4.0, 8,
1.2.1.6,.2.0.2.4.3.2.4.0.4.8 #16.0 g/L HJ5d
BB, B LA E T 298 K EIRIRY
#5HLL 150 r/min F 4R % R TR 5 OB 24
h J5 B HETE 0 D IR & AT DR A B, PR
FHARSR DL 66 B 2 35 W P M PR R Uk

BE, VLR FIK R - IR BBRER 436G BE VAR € B
BRI EWRE ., #— PSR EmERT
VA VR pHL | 2 NE BT[] 90 s R R o ok B e o, IR B
BT BE B I B 1 S R 2K B O A R
TK F B RR R RN B 5, S 6 25 TR 28 A0 T IR Ff 5
BB ST o X Tl Rk W RS2 3, W AR
BB R 1 g/ Lo X T8 W b 52 36, W% B 571
BB 4 g/L, SEI0 B R W IR
25 mL, BRI pH SN SL A1, W R S5 56 BT A
W) pH R 7 [ SNE B[] 5 e SE B A1 , IR A S B
SR 8] 2 24 h A0 6 W% R B k BE R I g
VB S ST A, W% RS 3 9 S UL BE R 298 K,
XF TV pH R0 SE 50, B AR R VA VR W) B YR BE
29 100 mg/L, E VW W) B VR BE 2l 40 mg/ L, V5
pH g 3 ~ 12, X o B[] 5 e S 36, B BR b 1%
WHIBI IR R BE g 60 me/ L, BV W FI ) G K 5 Oy
30 mg/ Lo XfF47) ff W i Jo vk JBE AR 2 o 1Rk B8 52 Wi
SEE, BEERER VA W W) R MR BE 2 30 ~ 150 mg/L,
BRI AR BE D 10 ~45 mg/L, X T F iR
BERCWSEL , T VR B ER ER 1) IR VK 2 Ry 100 mg/
L, 2R NaCl 35 W1 85 58 BE 43 51 9/ 55 2 0.,0.
05.0.1.0.2.0.4.0.6 F10.8 mol/L, X} FIL7ERA
B TR e SE G, Y VR ) B R R ) 46 Yk BE D 100
mg/L, T ALAER) C1™ (HCO, ~ 5% SO, ¥k & 4351
270.1.2.6.8 il 10 mmol/L, Xf FIA7 FHES 5%
We) SE 3 , VYR ) B W B Uk BE Ry 40 mg/ L, TS AF
iy Na* K" Ca®" Bk Mg®* #4110 0.0.5.1.2,
4.6.8 B¢ 10 mmol/L,

2 AR5

2.1 WRBFIRINE R X BR A R AR

MR 452 T 2 X 0 R0 4 B 4 25 B K R B R
TERR N ) S 45 R 20 | LI 1 A 2 i A
AT LA H, 5 W0 BR300 45 B AR et 60 P U 1
X B R B 25 B 238 o VR R0 450 2 vy 8
LTt LRSI ENEH 0.4 /L 3 fmE 1.2
g/ L if, S £ %) B PR R PR 25 R SR o 48. 6%
BEINENT 99.8% o X Bk — 2558 i % B 5 £
B, SO e X R R AR G R BR R EARFF A
Ao I 2 W] LA Y, B IR R & A
T, BESCPE A X B R R BR R BT R, HE 1
FE 2 0] LA Y, B B0 o B R A Y
A7 R R B 257 B 0% R 5 5% o R 6 9 o T o

http: //www. shhydxxb. com



802 B\ W ¥ K ¥ % #H 21 %

TF,

110 0 4
100 60 P
§ 90 50 ﬁ
& 80 —O—LhR 40 E
i 10 —o— BANTIR B &
42 30 4=
£ 60 20 B
= -
50 10 &

40 0

0 1 2 3 4 5 6 7

R BRSNS/ (/L)

1 #|imEX s A REBER R Im
Fig.1 Effect of dosage on phosphate removal
by La-modified zeolite
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Fig.2 Effect of dosage on ammonium removal
by La-modified zeolite
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Fig.3 Effect of pH on phosphate removal
by La-modified zeolite
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PR 10 B 57 TR B R T e R AR b A R 4R
VO T AP SRS R A B G R BT LA E R T RESE i
e I FE P 25 BROK R S B IR AL .
BEFEREA, R A pH RS T E 1A Bl S8 A9 1Y
SRR 8. 05 MU pH K T4 HL AU, B L
WHRE ER , B 2 BRK P BERRER ALK L 1
3 Ffr, BV BAE 57 2 THG 47 IE HEL 2K ] La-OH," FlIK
Hr S LA IR ER 2 [ PR 7 L IR 5 O R ) 3 T ) 2
FLFE P AN 7K P B BR 2R 2 18] A TE 7 A S 4k A B I
WA 7502 v 0 5 A SRR RRER T RUR T Z IR
B S BRI L 5 ¥ pH K T 45 FL LR, Bl
SAAL R I R, B R BRK P BERRER AL Dy
S A S 0 0 2 T BRI

BB M/ (me/ )
O = DN W s O N

2 34 56 7 8910 1112 13
H¥¥ipH

E4 Ak pH XHIR0ME B A RMEE R
Fig.4 Effect of pH on ammonium removal
by La-modified zeolite
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SECBBCE b A X 7K Fh Rl R R 1 BRI 2 R
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P50 2R T T, 5 B0 1o Ak 3 e R FH 22 B
HIBEERER B/ , DA K5 B0 £ i B O i A
F 571 7 A BEBR £h 2 [H] Y i R HE R VR I 3
5, DTS 250 S s e o o K P B R 2 ) B I,
M. ST pH B 10 33 12 B, 33
T o B RS B A P 25 bR i B IR 8 2 B B s D>
AR S350 f e W B MR e A R T S
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1%,

B & 4 FLVE Y, 2 pH H 3 3 hn3] 7 B, 44
UM A %o e P B TR B R R AR R AN AR . B
& pH FYARSERG N, 5 S5 B A ) 4 P S A7 IR R
BB MR, AR RN, R A BBRK 8
B EZHLHE 5 A T A S BB Z [
T, F, BB T A R M v e
KPR FENLH . WP ERAFEEUT
(0] A

NH,* + OH™ «>NH, - H,0 (1)

LYW pH 7 BENE) 12 B, VAP OH ™ &
FURBEERS I ARGE AR (1) A MEFT , R BOAW
A FIESFE R R R B, 25 1 3 B08 o
BB T Se e Ve 2 W5 A 81 2 T ) R R R
W e 555 ¢ iR, FapoE~p Nl XA =
Ko
2.3 WMsh A

L5 FE 6 4350 Jhy 8o o0 1 s A R /K A R
e sh Eh%. BE S ME 6 FJLUEH,
S S B A T K HR Bl R R AN B ) TR Y 3 1 2
TR AT — B, S F A < 0 3 B T B, fE
GGV IR o

HE—G3h 77 2% W B A7 o — % 3h 07 F TR
FRHIE TR 22 8 B4 FH i 3 0 o 590 ko MR A J ) % o
Bhad B2 R GRS 2 O R Bk
FFRKA N

In(q,) =In(q,) -k;t (2)
K :q, R FRIS - 45 55 it &= (mg/g) 59, A ¢
200 B AN W Y B (mg/g) 5 ¢ D YR B P 8] ( min)
ky AHE—FR I Bh S R B (min ') o
T B 3h 2 AR B RA R P

t t 1

¢ 4. kg )
Kk, NG 3h 1 F R E g/ (mg -
min) ,

X5 FIE 6 LIRS R TR ML B b
B, 3 In(q,-q,) % ¢ F1/q, XF ¢« AR, Ffd
LHEIUE B MRRMBIERE k, k, KIS
R R g ea » BRI 1,

o 60
EE)
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Fig.5 Adsorption kinetics of phosphate
on La-modified zeolite
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Fig.6 Adsorption kinetics of ammonium
on La-modified zeolite

®1 FAFEHELNUSHIRY

Tab.1 Parameters and correlation coefficients of kinetic models used in this study

W — G5 72 W — 3 R
qe,exp
W B
T J(mgy) k/(mint) g/ (mglg) R? ky/[g/ (mg - min)] g, o/ (me/g) R
BERRER 52.1 0.002 18 25.6 0.969 0.000 327 52.4 0.995
23 5.52 0.022 4 1.18 0.981 0.064 5 5.56 > 0.999

MR 1 ATLLE , BARE— G 3h ) AR B 41
B HIRE SR R B L (ELJR T3 Y 0 8 A7 R
B q. SEREMEBKR. FI, R30I E
T T8 i 3 60 P 4 R R 7K v e R R A

Wsh fifid . R LRI AE i R3h )
FRAEE BAER R EEE R &, I BT R AP
MR IR g SEREEOEE. ik, %k
P40 W R 7K o R 2 A0 8% 1 3l ) 2 AR AT LA
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2.4 BMFRLE

SR TSP A X 7K e R R A 8 4 S5 TR R
Loy DLIE 7 FE 8, HylE 7 FIE 8 ATLIE H,
SRS s 0 X 7K v T TR R 8 ) B W R R 3%
WO P vk BE BB T3 e e S, B A
X 7K PR R kR % ) B W A B B O 3R B
SR AT 38 0 o 33X 58 B R B v A R T B
A s A o 7K P A AR R 1 P TR o

BERRER F AR/ (ng/2)

0 20 40 60 80 100
BERREL AR IE/ (mg/L)
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Fig.7 Adsorption isotherms of phosphate
on La-modified zeolite
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Fig.8 Adsorption isotherms of ammonium
on La-modified zeolite

Langmuir . Freundlich F{1 Dubinin-Radushkevich

(D-R) %55 M FRHASE R0 28 ol P T 488 38 15 R 50 0 W
WA R PR R A48 E > & Langmuir 25 35 1% JF 452 720 g
G S Wy Rl

c. C. 1

9. 4 +q Ky )
e g, kMR R R VR BRSBTS
(mg/g) 5q.,, AW B 770 %55 W B Jok P o R LS % o
& (mg/g) ; C, W5 A 7 45 ¥ BE (mg/L) 5 K,
A Langmuir W i 5 % (L/mg) .
Freundlich 5§ J& WY Fff A 2 9 %k 2 & 35 X
H

Ing, =InK; + %lnCe (5)

FH Ky 1 1/n ¥4 Freundlich W% JfFS-45 8 551,
D-R 2R W B RY pyBp eak op Y
Ing, =Ing, - K&’ (6)
2 g DA I FRF 50 % W52 A f P B S W R
(mol/g) ;q,, Ay W JhF 77 Xof 8% RAF S5 £ i A B A7 I
B (mol/g) ; Ky, Jy 5 W Ff BE 7 56 9 % % (mol®/
kJ*) ;& Jg Polanyi W% [t %, I #2 KR K e = RT
In(1+1/C,) 5 C, JgW R 5 i -F- v BE (mol/L) 5
T R xHiE B (K) s R W EARSAH %[ 8.314 I/
(mol « K) ] XMt B i BE E(k)/mol) , 18 ¥
VB HR B R B S5 TG 55 e A e e B AR SR THT B
i AEAE G, R R
E=(2K,) " (7)
E B2R/INAT AR S 41 328 W B AL P9 S 2 - 24
1 < E < 8 kJ/mol B}, FE Y H ;248 <
E < 16 kJ/mol i}, EENES 732He;220 < E<
40 kJ/mol B , g (b E ™
¥ A Langmuir Freundlich F1 D-R #E#IX} & 7
FE 8 EIR AT RS UEEER K 2,

R2 MR ANBRBNROSERMENSHE

Tab.2 Isotherm parameters for phosphate and ammonium adsorption onto La-modified zeolite

Langmuir 1% Freundlich f%) D-R Fiml
WME  EEE/K
9w/ (mg/g) K/(L/mg) R? Kp 1/n R? g/ (mmol/g) B/ (kJ/mol) Kp/ (mol’/KI?) R
288 66.2 0.423 0.995 42.6 0.0932 0.938 0.819 25.6 0.000 761 0.939
WERRER 298 68.0 0.392 0.992 44.2 0.0869 0.937 0.807 28.0 0.000 638 0.931
308 70.9 0.362 0.989 45.6 0.0860 0.906 0.821 29.4 0.000 577 0.892
293 7.37 0.312  0.993 2.23 0.379  0.975 1.08 11.4 0.00 386  0.979
3 303 7.59 0.395 0.998 2.50 0.374  0.966 1.17 11.9 0.00 355 0.980
313 9.17 0.266 0.979 2.34 0.448  0.990 1.62 11.3 0.00 392 0.993
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MK 2 AT LA i, Langmuir 25 J 0 ff A 2L AT
DABS b ) 4 30 30 e e ) Tl R S R T
FRAT Ay, 33K 156 FF 30 A e s A %o 7K ol o R o
B TH T2 M, Langmuir, Freundlich #1 D-R
S50 IR PR R 7 357 AT LA A8 A ot D 3 0 5
AR H B SR AT N . AR B D-R BRI
AR B 0 B A A IR PR K R B R R 1 T 35 T
W E HBEME M 25. 6 ~29. 4 kJ/mol, £ F 20 ~ 40
kJ/mol Z [A], Ud BHYA MR pH g 7 Z544 T 8 i 1 b
AR R AR IR R TR M, R
D-R AS7 %o G 0 A O B PR T A B 1 40
AHXREEAR, Hk EARE ISR RIEH T,
HR4E D-R AR 15515 B i 58 e 1 B A W R K
Bl HSE- R B B BE(E M 11.3 ~11.9 kJ/mol , 4
F 8 ~16 kJ/mol Z [i], Ui BAVE W pH {2l 7 14
B BT Fap oy ik A LT ) i
2.5 WKHRDESH

AT B H AR K AR I AR SR R AR T 2

SRR AR
AG® = —RTInK (8)
AG° = AH° — TAS® 9)
_AS° AH°
InK = R RT (10)
=2 (11)

C.
K AC T ATl A H BEAE (k)/mol) ; AH® g k%
A2 (kJ/mol) ; AS® A2 [ I/ (mol « K) ] ;K Jg-F-f
W R B (mL/g) s R Sy AR AR B (8. 314 I/
(mol « K) J5 T S £ %t i B (K) o 75545 2 K 8
S WS RS K P B R R A 8 R R T 2 S R
w3 MEK A,
®3 HBEATRHHBROANESH

Tab.3 Thermodynamic parameters for phosphate
adsorption onto La-modified zeolite

CO AH° AS° ACO/( kJ/mol)
/(mg/L) /(kl/mol) 7 [J/(mol -K)] 288 K 298 K 308 K
-15.8 -16.5 -17.3

150 5.87 75.2

x4 FMERARMBRHANFESE
Tab.4 Thermodynamic parameters for ammonium
adsorption onto La-modified zeolite

Co AH° AS°® AG°/ (kJ/mol)
/(mg/L) /(kJ/mol) 7/ [J/(mol +K)] 293 K 303 K 313 K
45 20.5 118 -14.0 -14.9 -16.4

HR 3 fiR 4 W LAE I, A RRE T E A0
H HBEZE AGCX (B, Tt B G 5 M Bk 4 X K
BRI FEMRN SRR T AREE, B2
AHC 3 TEAEL, Ut B 69 80P s A % 7K o B R 6 o
B R R B R R o A AS© AR Ay TEAEL, ik B R Bf
WA 0 T - A T R TR AL .
2.6 BFEENERVUEHZM
9 Dy 5 B X B SO B A 25 BR K Hh
PREE SIS R . MK 9 FTLIEH, H& 1
SREFH 0 BN E 0. 1 mol/L B, 4 gkt Itk W A X 7K
R BERRER P B, I P B B A R AN S B 0
BEE— 0. 1 35505 0. 8 mol/L i , 5 1t
A X 7K ol R k1 B W ¥ B e 57. 6 TR R
53.2 mg/g, X1 S 0 BE N B S TR kA R BR
K BRI , (H R R R, AR
R, G RBEER R 32 B o MR F ASNZ I
B T 2 F 2 <6 B S A 0 MR A R 2 T, )
BT B R i O AR AR BERR L F AN
EECE Y TE W M B R A R T, TR
508 B ot % R 3 R TG R e AR R e AR
ik, B 9 HSEH 25 R UL T W pH o 7 &A%
TP REHBEREFEUNER S
T 2 280 0 e s R T, AN D B O i PR R
PASIZ L& 0 R TR 200 05 A 30 30 0 A SR T
XUESE TV pH O 7 2500 T Bk R A 5 Bk
FRER ABIL T 3 2 AT 7 1A 52 4 A 2% ) 357 R L I
BL R, LAE R IS /R R %
3 70
5 60
d 50
§ 40
ﬁ 30
£ 20
§ 10
0

HoO—

0

0 0.10.20.30.4 0.50.60.70.80.9
BT HRJ%/ (ol /L)

B9 BFREHKERa kMBI
Fig.9 Effect of ionic strength on phosphate

adsorption onto La-modified zeolite

2.7 HEBEFHEBRLRHHM
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Fig.10 Effect of coexisting anions on phosphate
adsorption onto La-modified zeolite
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Fig.11 Effect of coexisting cations on ammonium
adsorption onto Lan-modified zeolite

H1E 10 AT LAF ,C17 \HCO, ~ 1 SO,*” X4l
B A R BRK hBERRER LR 7 AR R, 3 T
B GRS A XK R B RR Eh B e BE R
HE 11 AT LR, WML AE G Mg %ot 65 B
ALBREILTFBAF I, MEBILFR Ca® |
Na ™ F1 K" 25 BH 2 7240 thl G S5k o 1 %o e g 25
o MUSBALTER Ca YREE I O 3115 2 mmol/
L R, S0 A s A X ) B R o 2 6. 23 FRAIR
3] 5.26 mg/g; MURSLFHE N Ca® " YR BE BT, B A M
P X B 1) B T B B AR R AR, MW
AP Na* YRBEH 0 34 fmF] 10 mmol/L B , 2L
P 71 X i 1 B8 L W B R 6. 23 [RIRE) 3. 61
mg/g. HIEWILFEM KT WK EH 0 8 mF 10
mmol/L B}, i B Wb A X &% 1) B T B & i
6.01F%{K% 1.53 mg/g, Woh, 4ILFF Ca®* \Na*
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K" 25 B T Mk BEBLIR AT, 3 2 R R M /NIt
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P % ST B30 558 47 b 375 '2. Langmuir , Freundlich
F1 Dubinin-Radushkevich 255 W% fif A5 51

(2) 24 pH f1 3 ZHFHEANE 10 B, G i v Db
AXEK F BRI S BREE S B8 T R 24 pH H
10 3/ 3] 12 i, X BERRER 19 K ERAE T 1 B T o
24 pH LT 3 ~7 i, BRSSO A XK 8 K 2 BR
REJI#H 524 pH B 7 BB B 12 B, X5 E& 1
FEREETI BT B BB A X K T B RR
MZBREE I AR Z A7 C1° (HCO, ~ 1 SO,”™ %%
FHES 7RI o Bl B A X 7K mh & 1 25 R BB
IIARZILLE M Mg B, T2 32 M Ca®" |
Na* 1 K" SRR

(3) S e A X BB TR P R RS ATL 1 6, 475
FL I 5 |/ P G L A4 3 46 i B 5 S0 BR LS I o
B A 2 BRK 8k i EZ AL D BB 7
EM.
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Removal of phosphate and ammonium from aqueous solution by lanthanum-
modified zeolite

LI Jia, LIN Jian-wei, ZHAN Yan-hui, YIN Chun-sheng
(College of Marine Sciences, Shanghai Ocean University, Shanghai 201306, China)

Abstract; In this study, lanthanum-modified zeolite (LaMZ) was used as an adsorbent to remove phosphate
and ammonium from aqueous solution. The effects of various parameters such as adsorbent dosage, solution
pH, reaction time, initial adsorbate concentration, temperature, ion strength and coexisting ions on the
removal of phosphate and ammonium by LaMZ were investigated using batch experiments. Results showed that
LaMZ was effective for the removal of phosphate and ammonium from aqueous solution. The kinetic studies
showed that the adsorption of phosphate and ammonium onto LaMZ could be described by a pseudo-second-
order kinetic model. The equilibrium adsorption data of phosphate on LaMZ fitted well with the Langmuir
isotherm model, and the equilibrium adsorption data of ammonium on LaMZ fitted well with the Langmuir,
Freundlich and Dubinin-Radushkevich isotherm models. The thermodynamic studies revealed that the
adsorption of phosphate and ammonium on LaMZ was spontaneous and endothermic process. The phosphate
adsorption capacity for LaMZ decreased gradually with increasing pH from 3 to 10, but decreased greatly with
increasing solution pH from 10 to 12. The ammonium adsorption capacity for LaMZ was relatively high at pH
3 -8, but decreased with increasing solution pH from 8 to 12. The presence of coexisting anions such as C1~,
HCO, ~ and SO, had negligible influence on phosphate removal by LaMZ. Coexisting Mg’* had negligible
influence on ammonium removal by LaMZ, but coexisting cations such as K*, Na* and Ca’* had negative
influence on ammonium removal by LaMZ. The main mechanisms for phosphate removal by LaMZ include
electrostatic interaction, ligands exchange and Lewis acid-base interaction depending on solution pH. The
main mechanism for ammonium removal by LaMZ is cation exchange.

Key words: lanthanum-modified zeolite ; phosphate; ammonium; removal
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