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Summary

The removal performances of heavy metal ions (Pb*, Cu”, Cd®, Sr* and
Mn®") were studied using the zeolites synthesized from Cheju scoria in the
batch and continuous fixed column reactor. The scoria which is found in large
amounts in Cheju Island (where the eruptions occurred from Upper Pliocene to
Lower Pleistocene), was sampled at four regions, Cheju-shi Bonggae-dong(A),
Pukcheju-gun  Hanlim-eup Sangmyong-ri Mangoreum(B), Pukcheju-gun
Hanlim-eup Keumag-ri(C) and Namcheju-gun Andeok-myun Dongkwang-ri(D).
Five zeolites, Na-Pl, sodalie(SOD), anacime(ANA), nepheline hydrate(JBW),
cancrinite(CAN) from scoria A(which is the most predominant in the adsorption
of heavy metal ions of previous study) and Na-Pl from the scoria of the other
regions, were synthesized, and named as CAN(A), JBW(A), ANA(A), SOD(A),
according to the region of scoria used. The removal performances of heavy
metal ions were tested using the equilibrium concentrations for batch reactor or
the effluent concentration histories for continuous fixed column reactor as a
function of time until synthetic zeolites reached ionic equilibrium between zeolite
and the solution of heavy metal ion or were exhausted. The results obtained
from this study were summarized as follows:

1. Synthetic zeolites used in this study were more effective than natural
zeolite and scoria for the removal of heavy metal ions.

2. The removal performances of heavy metal ions decreased in the order of
Na-P1(A)>SOD(A)>ANA(A)>]JBW(A)>CAN(A) among the species of synthetic
zeolites and  Na-P1(D)>Na-P1(C)>Na-P1(B)>Na-P1(A) among Na-Pl
synthesized from the scoria with the region, irrespective of heavy metal ions.
These results showed the same trend with cationic exchange capacity(CEC) for
each synthetic zeolite, i.e,, The synthetic zeolite with a higher CEC showed a
higher removal performance,

3. The uptakes of heavy metal ions by synthetic zeolites decreased in the
order of Pb?>Cu® >Cd>>Sr® >Mn”" based on the selectivity of each ion to ionic
exchange site of synthetic zeolite for single and mixed solutions in batch or
continuous fixed column reactor. For mixed solution, each heavy metal ion
uptake was lower than that in single solution, and especially the uptake for



Mn®" decreased greatly.

4, The uptakes of heavy metal ions by synthetic zeolites increased with the
increase of initial heavy metal concentration and solution pH, and the decrease
of the amount and particle size of synthetic zeolite in batch reactor. In
continuous fixed column reactor, the removal capacity at breakthrough
point(which removal efficiency of heavy metal ion is 90 % from breakthrough
curve), decreased with the increase of heavy metal concentration and flow rate,
and the decrease of bed length and solution pH.

5. In batch reactor, the uptakes of heavy metal ions by synthetic zeolites
were described by Freundlich or Langmuir equation, but they followed the
former better than the latter. The ion exchange rate of heavy metal ions by
initial rate method showed the same trends as the uptakes obtained at
equilibrium solution for the species of synthetic zeolites, Na-P1 and heavy metal
ions, The effective diffusion coefficients of heavy metal ions by synthetic
zeolites were one hundred and ten times higher than those by a pure zeolite 4A
and the zeolite A synthesized from coal fly ash, respectively.

6. In continuous fixed column reactor, the maximum ion exchange capacity
obtained for each of heavy metal ions, was similar to that in batch reactor, and

the unused fraction of bed capacity decreased with the increase of bed length.
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Fig. 1. Model of zeolites synthesized from Cheju scoria.
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3. H@mtolEof 28 SF% o2 AAH

) T8& o129 AANe

FaA % HERZEY AAL ZA ABFAH(FaAAG AFAAH Y ANA
o &), MY F&(Van der walls ¥), 2332 #3439 FHHFAAY &
A4 BEHELY 33H FiHe U 4 on(Weber, 1974), Al&aolEd] 9
T FIE ol AAE HE oue FEAQYU oluPe] It ojF AL,
1998; & 7, 1998),

ol 2L I A4 F M9 Aphase) Aol g Hog o) wghe] ¢
qute AR R oA o8 BEFHoR st o]LE AAsE Aotk FFo) &3
B3 e o8 JHA o] oj2u A YA mPr|o} ¥HEIY HFYHo= F
&g A$olAgh I 3L BE 33 FEHoR AP} o] AN nH A
Fxol getEe Wyl ok AL olyn, @A a@s] FRAM @ vgnk
A#aA @l ol 2L AdE Vet nAAY £48 olea@A It

ol wHP HYPL eI wPF L] P T Aol oYz,
Ao #E7)(2A)2)% dHo|2(bFo) )Y F3e} F2 o]z Wi, o]ew
FANA g Fo AP R} o] aghel] oA ¥ o] apA W2 9
Eile % 393 5 TEFHY de Aoz 1o YE§& ofF EFs

2) FE&L AA BEEE

1) EdAE 717

A &e}ol B o3 SdFe) FFE ool AARNE AL NFHUA A% A
2EOlE Y9 AF EAAEH AHoE YA 4t R AEolBE F
EolMe] o] &nY WEe VAR WP YKoz AZFHolE W EY
oA e weE&sE w4 Wz fEo od WY AYL FAHEZ FI& AA
£5E R g A&l E FH9 g% £Y AgH ALHolE YA
gatel] o&) AwEch Axhy FAVF 2de AFGAd gAY F bR &
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A717e 93 At MFEAAL FAgol AT Wl dYdM e FFE& o9
FETUoln, ERYMY AL AF YAy FE FuiEAN 4o 23X
flux¥® o237 Zo] UYed 4 dhBoyd F, 1974 ; Dryden® Key, 1954; Ramos,
1981; AR %, 1976).

C
AT BUFE : Ny=—D,(-0A) W
9 s N5=_pﬁD5(%4") (2)

AF-EHdAE A¥e] AWE W 2FAE &5 G 2o

NA=kf(CA"—CAe) (3)

23l & HAEAAM A&eolE FHe] A A Sl FF4 ol o
3 BRI 2rl2AL g zhe) "o

_ - 9Ca _ Mk .
V dt - PPR (CA CAe) (4)

27123 t=0, Ca=Cao, Cae=0

71A Dpe FFEUAAF, Dot BHEAAR, o8 ALHo|EY UE, dCa/dr
v ALEoEE FYo2 JHANE W FFM w34 W& Fxel, doa/dr
& AL EE FHog MRS @ A0 mE A Aol FET, ke
T BE4ACAF, Cat Acl28 &7)IEE, Cac A0l29] HYFEolth M AL
gho]lEe] F7 VE £99 By, r, RE ALgolE A9 g7l

(2) FAN Fixd

A Ak el s de]  disjd T Satterfield(1970), Kawazoe 9
Kawai(1972), Kawazoe % Takeuchi(1974) 5o 213 Rasx gt}
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HEA e AYeM AgEolE PR HAHANL fFEE7] YHME e
& 713 "astr,

(1) AEHolES YAE Aol RS FHejrh

2) ALFPolE Y] A FTEE FLI

Q) A&l U vbg EH YHeto]e] EFAEAYT L TR

4) 8% o|2ug HIEEE JUSZRY FE8 #AH AT U F34 o
29 Fx AAZFRY Alold JYAAI AHE

A geelE dAE w74 R T2 AGsta, 4 r redr 29 W LT A o
NN EWdFAE FHatd dSH 2o A

dCa dga

C 3Ca
9t TO 5

0C,
ar )r_47[7‘2Dﬁ(_‘5_r—)r+dr] (5)

d d
aq: )r_47rrzpst(_5qrA)r+dr]

Anrdr(e

) = [47[7’2Dp(
—[42%0,D(

g 4rfdr2 ¥, dr—0o2 3

3 Ca dga ., 3°Ca ., 2 8Ca d%4 2 344
€51 Ter 5 =D 32 Ty PR e B PRl

Q71 A FelX e F5E FARE ©&3 Zdojdr,

F a:C aC 3 ° )
fp aq;l =Dp( arzA"'_% arA)"'Pst( azzA'i‘_i aq:)} (7)

AF HollX o] gF} o Frge] Aleld FFAAS HAEtn 7HAsE
& Yol Aok
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dQA dCA
=( dC A )( (8)

o] #AHE ol &3t H(7E v 2ol verd 4 9luh

an =[ Dﬁ
ot (3qa/dCao,

3241,4 2 d4ga

wetA, EAAF 7l AN FESIAS DE

D,

D= (3qa/?d CA)Pp

+ D, (10)

2 Adstd, 492 g Fo] Bdd oz wEAv.

dda 3%, 2 daa
ot ~ Dl T ) 4y

271233 AAZRAL hEF Zo.

t=0, 027 (R, g4=0
t>0, =R, ga= q,= const (12)
tzo) 7’=0, (GQA/ar)=O:

Azl HF3 AF YelMel FyPol dEATn 7MY FF AAFE dEF
Zo] vetd + Ut

R
qm=% |, aatar (13)
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Aol A3 AR g9 BEZF FHAYE o] BEZREH A1) o8 A

BoEN B AAFE 7E & A

Crank(1975)= YR EdAEATE FAE F+ H1IDE 4129 271=z8% 7
AzAE o438t &, AN A3 o] AN AAFY EXE Yehle
& g HydRez T3

__1yn+l . 2
qa(r,D=gq.[1— 35 gl ( ln) sin ( ’%’ r)exp(—n—n;?g)] (14)

A 71A Az 19 FRBOM AAD FFE ol ¥E& TF g% ¢ FX
g B¢ & &d4olM EgAFAE YA bE3 g

ga= VCay— VCy (15)
.= VCAo— VCAe (16)
WA d¥EgdE Fie o3 2o

CAo - CA

Cao—Cae a7

F(f)=

At Fgol AFo2RE YARFE o]FH TS 0|29 Fo2RE YA
B AAF (g & TIHE, tAF Fo Y EDE Fl)e od 4o2 FoAy
el 2} $A, 1976),

nzzzD,_t
R ) 18)

I exp(—

()= ‘fl’;‘ =1-~fz— 2

ol thg 1 gL F4 2 FA ®rh(Helfferich, 1962).
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_ 6 D;t _ 3Dt
Fi="J%\— g (19)
1 _ R\ 3Dt 1522
+7677 n® exp( Dyt X1 2n*R? + 4n’ )

Boyd $(1947a)& 27194 %, F(<005¢ W: ()8 Tesh 2 2Ades
detd 4 QT S,

D
F() = ale, = S| 2L

WA, FEE o2 AFY AF 2 WS} AL AN HEY dYe
P, FOE tYo] disl At ol AMe 7|87 2% A(20)0] o )
YA FERBE AL DE FE 5 A

= K2 (20)

a2, Vermeulen(1953)= BHEEE0] AXH Boydd 2ozE 937 AR
D2 oEH e 2A o D Al Ao uiE A AHsgc

F() =V 1—exp(— 2Dt/ R% 1)

ol & M¥3 A g3t 2ol EAEY.

In[1—-(g/q.)*1 == (22 D,/ R%)t (22)

_16_



mAY Az 9 ¥y

1. dENz

& AYd AHEE ¥ AlEelolEg o8] JAEEAY 2: ol AHAY R
AM7ZE Table 13 2y AHA 23l F 2(1999)9] B FEFE &%
7V4 $% 23 o2 HE Na-Pl, SOD, ANA, JBW, CAN 5 5F 79 A &ilo]
EZL, 718 A9 2=:eok(B, C, D)EXEH Na-Plo] #A4=r} Na-P1& A9
Zzz]ete] wet BE&xAL 234 daEXY NaOH ¥E 1~2M, €% 100~120C
A, SODE 4M °]8t9] FXx, 100~150T=IA, ANAE 1~2M X, 130T ol
A, JBWE 3M %%, 140C ol“delA, CANE 4M o449 BX, 160TC o]AolA %

4= ot

Table 1. The sampling regions and colors of scorias and zeolites synthesized

from those.
Sconas Synthetic
Symbol Sampling region Color Zeolite
Na-P1(A)
SOD(A)
A Cheju-shi Ponggae-dong Dark gray ANA(A)
JBW(A)
CAN(A)
- im-~ Yellowish
B Pukcheju gun Hanlim~eup €llowis Na-P1(B)
Sangmyong-ri Mangoreum brown
oy - Reddish
C Pukcheju-gun Ha1.111rn eup Na-P1(C)
Keumag-ri brown
ig— - Reddish
D Namcheju-gun Andeqk myun S Na-P1(D)
Dongkwang-ri brown

_17—



¥4 AEeolEx FA40) @ WA FHTE FE3] MHINAL, o]RAE 106T
oA ARG F AXAA FEE AAT F, 9 Z7|E 3580, 100/170 R
200/270 mesh®] 27|32 ¥ #H3te ALgdiglon, oW Z+ze] HFEF AL 0.270,
0.109 ¥ 0.018 mm °]itt

~3gel @ A AgeolEe dis] IM CHsCOONH.H (Page, 1985)2.8 &4 &
4ol XL F(CEC):= Table 29 2l ¥4 A&elolEr CANS A3t ¢
150 meg/100g °l}o= 2Fgoe] ulF o 25w o] L H& R
Na-P19] CECH A9 Azeold ue zto]& Baw, §3] Na-P1(D)e] CEC
£ 235 meq/100g .2 Y& ~3:eolo] vl& 57819 =L & BRFTh

Table 2. Cationic exchange capacity(CEC) of scorias and stnthesitic zeolites

Adsorbent CEC (meq/100g)
Scoria
A 6.1
B 34
C 31
D 41

Synthesized zeolites

CAN(A) 112.3
JBW(A) 147.1
ANA(A) 151.6
SOD(A) 157.5
Na-P1(A) 1625
Na-P1(B) 1713
Na-P1(C) 173.8
Na-P1(D) 236.1
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¥ gl A48 FFE ol AldrichAl AE9 Ph(NOs);, Cu(NOs)z - 3H:0,
Cd(NO3)z2 - 4H20, Mn(NO3)z * 6Hz0, Sr(NQa)8 Al-§89.0.9, 718 AL A9 =
F EL 4T AYE AR 234 £99 ARE gol@ FHFLR ZH F2
& o] i3 10 mmol/LE ZAH ¥ 47 0.05~06 mmol/LE HA 3t ALE
s F84 FET 94 FRFE=AGBC 94AA)Z P, Cu¥, Cd¥, S 2
Mn*o] &) 2}z} 2170 nm, 3247 nm, 2288 nm, 460.7 nm ¥ 2795 nmolA &
Astgeny, S¥'d WAME o223 %L WISty s 2000 pK/mLE 53
€ KCl 98 ANE % EFA d73le B89

2, Ay

D 3EY F2 49

BEY 492 Fig. 29 Ued FAE& AHBEHAT 1L 4% Fet239) 005~
0.6 mmol/Le] 4 FF& 8 500 mLE ¥ ¥ 7)o dAFe] A A&}
EE 93 astAA dA Az FFez 2 mLe] AlRE A ol YHEY
71(VS-4000)& ©l-83t 4000 rpm o] dolA 108 F< dA¥ad ¥ 43498
FTEE FE B4 AgE AT o] W A 2= YSRE AMEEA 20T
dALER fAANRLH, A & FEUHRE F43% YY) ZEHAL 9
A4¥E FEIA.

FTEE ol&AAC vA= pHY FTE AMEI] A4 02 mmol/LY & FEE
o] &o] HNO¥NaOH €22 pHE 2, 3, 4,5 6 R 72 A5 249 4y
T e wyoz AYstsch

2) 954 49

AEHN FFE o2 AA 4¥L Fig. 39 YEHA FAE L&A ALEE 2
g WA 0.75cm, Aol7k ¢ 15cm HE FEHBE MRS, $4E 4 A&
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glo]Eg ¢, ol FEAHFE 2ol 490 ZYHA BUE 2& F UES
BHch #9 ¥FE peristaltic Zo O3] 4¥H Yoz {FYAZ, F&9
Y FEE TEE€ U4A AN BF2E N EYsgc.

AY Z£7AL Na-PID)E A3l $3F% 029 Tz 0,05~02 mmol/LE,
% Eol 125 cm(05g), 25 cm(1.0g), 50 cm(20g)2 3, H4<& 03 L/r, 06
L/hr, 09 L/hr2 B EA17]H 49L& s

#Fd Ao EE FFHTA € TS o g} FAYE 3o 49 A
€ 2AstArh

TS5 o2 WY AAF ALY WYL ol g Zo] FHYoh

( Co - Ce) V
de = 1000

(23)
de - B4 ALHolE G THF AAHE FFE o129 %(mmol/g)

Co: TEE o294 27] ¥X(mmol/L)

Ce” TE% ol2AA By ¥ &9 F 2H T85 o129 F=(mmol/L)
V&g 8% 029 ¥9(mL)

M : &4 Al&etol 29 FF(g)
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. LN - s !
- . - . “—-——_5
a ® * ¥ e * 4

s 00

1. Thomometer 2. Erlenmeyer flask
3. Water bath 4, Stirrer bar
5. Zeolite 6. Stirring hot plate

Fig. 2. Schemetic diagram of batch reactor.
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2w

1. Feed tank

3. Flow meter
5. Glass wool
7. Water bath

7

2. Micro tube pump
4, Glass column

6. Zeolite

8. Effluent collector

Fig. 3. Schemetic diagram of experimental continuous fixed bed apparatus
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V., ZA3} 9 23

1. 324 dEI
1) #4 A&olEY FTFH o)L AAT v

(1) 84 ALetolEL FH W& FTF o) AAF v

~38)el AZRE TAE Na-Pl(A), SOD(A), ANA(A), JBW(A) = CAN(A)
AgeolEY FF& AASTS vudr] Held ¥ FIFH ol&Y 2UFTE 00
5-—-0.6 mmol/LEZ W& A7) 3L, 200/270 meshe] & §A ASTolE 0.1ge 713 *
Al WE FE AZE ZAMEIYT. F Na-PL(A)e] gt A& Fig. 49
BRIt 2l R wel o) FA ALEelER FI34& AV BEe
o Egdle Al 60% ol uiZ, 4 F(1998)e] ol HA A &T}olE 40 E 140
mesh 2718 YAE o] && NHyol2 m@ HHAZH(Y 5AHET} v w2
AHEL & ¢ ARG ol VY AYEA(ANEE, 49 AV], HEEFH)
o] zpolo] 2|3 Rew AgEY 1o YEYA gtov g ¥4 A&
Eo o FFH o] AAC WM v %S RO

Figure 5% 2z} $3% ol2 0.2 mmol/Ll Wall & ¥4 Aol HFYPAA
F(qe)2 vlusle] veld Zeoith 2YelA BoA & et Zo] 4 A4 Ao
Eo o8 F3& o|Re HYAMAFL FFE o9 FFH BAMUC Na-Pl(A)
o] 74 Eten, Na-P1(A)>SOD(A)>ANA(A)>]BW(A)>CAN(A)S] &eol%tt,
of ATRE & FAALTLolEd YF Fole HNFLFCEC) 1625, 1575, 1516,
147.1, 112.3 meq/100g# 22 Aot & A ALeo|ES CECt ET% F
& ol HYAAFLE 7185t Na-Plol &7 4 F5% o] HHAA
#& SOD, ANA, JBW, CANd| M ¢} vlmate 29, Pb¥'9) 7$ 27 1.03w, 1.07
Wi, 1.12¢) 2E)3 141, Cu®™8 2%, Z4Z 1.044, 1128, 1184 23 1.324,
Cd*el A% zz 1074, 112+, 11990 zej3 152w, SP'9] A% Z2& 1054,
1.0940, 11991 &)z 1614, Mn™'¢] 2% Zzb 1084, 1214, 1.324 22 x 118
vl =& AAFE BAH
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o
E-N

o O
R W

Concentration[mmol/L

01

Concentration[ mmol/L

0 20 40 60 80 100 120

0.6
=05 —&-0.05 mmol/L
B —— 0.1 mmol/L
EO4 —4—0.15 mmol/L
= —8— 0.2 mmol/L
%0.3 —-0.3 mmol/L
£ —6— 0.4 mmol/L
902 —— 0.5 mmol/L
& ~6— 0.6 mmol/L
ot {only Pb)

o}
0 20 40 60 80 100 120
Time[min]

Fig. 4. Concentration profiles for the removal of heavy metal ions by Na-P1(A)
at nonadjusted pH (zeolite weight @ 0.1 g/500mL ; particle size : 200/270
mesh)
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Na-P1(A) SOD{A) ANA(A) JBW(A) CANA) Na-P1(A) SOD(A) ANA(A) JBW(A) CAN(A)
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0 0
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06
Mn2+
05}
=04
©
E
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3
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) ] l 1
0

Na-P1(A) SOD(A) ANA(A) JBW(A) CANA)

Fig. 5. Comparison of heavy metal ion uptakes(qe) with the species of synthetic
zeolites at nonadjusted pH (zeolite weight : 0.1 g/500mL ; particle size :
200/270 mesh ; heavy metal ion concentration : 0.2 mmol/L).



(2) Ag9d 232 ole] W& Na-Pl19 F2&0|29 AAR v

UM HER &4 ALTolE /o W& 334 ol AA%T HEANA 714 &
4% Na-P19] N9 Azgole WE FF& o] AATE vasy) Y39 2z
FEE ol Z7|%E 04 mmol/Lel tha] 200/270 meshe] Na-Pl1 0.1g& 718 +
ZA% HY AAF () Fig. 69 Fehgigiv}

aYPelA RAX s wkel o] Na-Plol 9% FF& o] HyAAZGL
Na-P1(D)NA 743 Egtow), Na-P1(D)>Na-P1(C)>Na-P1(B)>Na-P1(A)8] & o
2 23 o] AI}E 2z Na-Ple] CEC 1625, 1575, 1516, 147.1, 1123
meq/100g9t 22 A #olgltt. F 2+ Na-Pl19] CEC7l 4% 34 o)l Hy A
AFL F7H4Ath Na-Plo] & 3% AATE Role AL 2:gole 3%t
2 A4 we} A HE Na-Ple] 586 2o/t Y7 fEQ Aoz Bagd
(1999)8] Bl 93t Si/Al9] M7} A &eolE Ao ZA rI9¥x, 2 F
238 ol D7t Na-Pl Ao H# e Si/Al &8 24L HSAAG 4.

Na-P1(D)e o8& 4 F&8% o9 HYAAFE Na-P1(A), Na-P1(B),
Na-PLC)sl M s} wastd, Pb*e] A% ztzt 161w, 1.364), 1294, Cu™o A$-
1.48v0, 1.384, 134w, Sr*'e] 79 ztz 1.654), 1.45M, 1.32v], Mn*9] 3¢ ztzt
17641, 1564, 1.36u] 9] ¥ AMABL Rrh

(3) 23glo} X HA A Lefo|EYe FF&olLe AAT L

£ AYM ALE-F Na-PI(D)s} o|A9 ¥8Y 23eot D R HAAASoE
DA(X%A FFEF dag B4 T34 AAEL vzdr] A%y 2+ F344
o %% 01ge® 82, Cu”'Y 7] FEE 02 mmol/LE 3t WYAAF 249
A& Fig. 70 Jebdgich

agdlM BeAE vkl Zo] Na-PI(D)¢ Cu®* BHAAFL 068 mmol/LE A
A A &eolE 016 mmol/L, 2F& o} 0.0115 mmol/gel ®la o 48, 60Wle] ¥ 5
2 AATE BRYL & F AW A AL EV @ AAFE Hele
& AHHo 2 TWEAARY] WEo A4 AYTE Ex MAFo| o]FIE YUY
HEoRE AR,

gE FF% ol AA AYME Na-PI(D)E A&t

o

)i

P
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Fig. 6. Comparison of removal of heavy. metal ion uptakes(qe) by Na-Pl
synthesized from scoria with region at nonadjusted pH (zeolite weight :

0.1 g/500mL ; particle size : 200/270 mesh ; heavy metal ion
concentration : 0.4 mmol/L).
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02t
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Scona D Natural Na—1(D)
zeolite(DA)

Fig. 7. Comparison of copper ion uptakes for Na-P1(D), scoria D and natural
zeolite(DA) (copper ion concentration : 0.2 mmol/l. adsorbent weight :
0.1 g/500mL ; particle size : 200/270 mesh).

2) B34 AAT A= YA

(1) 27] §3& o2 &Y 4%

%7 FT% o0& Fry FEFE AAT "AE 9IS AHRI) 44
200/270 mesh Na-P1(D) 0.1 g& AM431 F24 ol Pb”e 27)%E& 00
5~06 mmoV/LZ WA & HYAAF R AAHE&e AR EF Fig. 84 e
Uitk 2o BRAAE wish go] Pb¥ 9 27] 557 ¥€5E AALL ol
A AlgddolEe &8 FAY HYAATLS F74EE & ¢ AUk ©o FIHE
g e FAAC AP FRAZANAM vty ez FFHE @ioln, T
A9 A&DolEE ALE3E Cu, Mn, Pb, Sr 59 27} $54& o]&9 AA H4¥EA
FE& 899 27 ¥27t EolATE $IE oY AAEL FolA} AAFLS
Z7EQTE 7 $(1999)8 B3, 2:EolE o]4F Cu¥d FHAAANM Cu®9
271%E7 248 G ol AALEL RolAU 2meete] @4 FAZ FH
gL Zrhgvie 2(1999)9 BRIt dRssth. adde JYehlA @gAT g
FE& ol2d YANE FIY At Aotk $4F FF& o9 FEI
EL24E 234 0|29 AAL HolAt A& FY FANAME ¥4 ALEE
o] @9 2AF AAZFL QAT vhde) Fyoz 27 FFE o9 TR F



obFozN HALo RFopA7] wFEolct EF FFF ol Tl EotFd u
@ FEE o2 AAFe] FAste ARe ¥ ALYolEd g Ay F
T4 o]29] AAS Al geolE EANMT Yojute AHo] o} A LTo)E YR
ANz dojuted] , oju FF& o]2o] A &elolE Wi FiE 7ty FAPL
F=Tuloln, AETPolE MR GHAele FEFUV F4E FEE o9 &
Aol & E7) WEog AlgHT

Figure 9= 7| F8% o] FEWdd 3 & FF<$ ol HygAAZY
Agg veld agelth ageM Haxe vis} go] FIFE HY AAFL PHY
o AL HE 'L AR Ueoen PLE>Cu*>CA>SrP>Mn?e £olqith
ol §¥4 Aol EZZ2UY AARYY FE& o239 MM A==
Aoz Alrdvt, o] HAALE HA ALHolEd g FIFL ol AAFL
PR >Cu® >Sr* >Mn*' o] £28 Zadtgas 7 $(1999)8] 1, 2z ole) &%
F34 ol FFHFL P >CUY, O >CE>SIIOMY Y £o2 Bz ue =
(1999)9] B, A& HAAZEE FA ALe)Ed oF FF4 o]l AASL
PO">Cu?>Cd* >8] €22 a8 nte 2019909 219 dxsdch et
A Pb” olge & AAFE F4 ALYolE 2 AARLY dE =& A
gy 7191 m], Mn™' 2 THE o] Ee) H|3 Wil AL HeFEu)

@ ¥4 AgeolEe A= 2o we Jg

#4 ALl AR A7)o) BE F34 o)y AARL AR Y5
Aol A7|E 35/80, 100/170 R 200/270 mesh T FEL 0|29 HYA
Age] AWARNE Fig. 109 YEPAQD 2ol BeixE uis} go] Atz 2

+2 33¢ oled BYAAR) ZA YEYS ¢ 5 A ok YA 2y
Ae42 EPA0) Z7HTL B M&Ho|E EAAN AT W AARNAN %
A AR #obAA FF& oleTe] AF 7|8y} Folshe WYAA Fo| ZohEtE
Aoz Ay
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Fig. 8 Effect of initial solution concentration on the removal performance of
lead ion by Na-P1(D) at nonadjusted pH (zeolite weight : 0.1 g/5600 mL
; particle size : 200/270 mesh).
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Fig. 9. Comparsion of heavy metal ion uptakes with initial solution
concentration by Na-P1(D) at nonadjusted pH (zeolite weight @ 0.1
g/500 mL ; particle size : 200/270 mesh).
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(3) ¥4 A&e}olE9] Fof wpg J3

4 A ZYPolEL el WE FIFH AATE AWR7 H3d & FI4& o)L
¢ 27] ¥% 04 mmol/Lol w3 Na-P1(D)9] %-& 0.05g, 0.lg ¥ 02go.2 WA
AN T 4 FF& ol AAF R AAEE Fig. 110 EA P, cl&Fe
ZE AgHolEY Fe]l FrlEdas HPdAM ALTlE ¢gF FES AAR
& dAH ¥ Ao AAHAT, TP M BH FA A Zede|Eel Fo] @erd
TE 7+ F3% o2y AAEL oA HHAAFL FAdged, ol AL
ZolE 9] Fo| WolAFE HWHo] F718l7] Yo FI& ol AALEE T}
gk &9 R AgEelEY Fo] AT o)Foz Aoz Welgdl w
g AgetolEY AYst ANYA FIFE ol Wd AA )7t FRHAAG
AA Z9Alelel 4E walFE a8n, 271527 ol ¥h-go] Mg we}
Bt 8-Ale] FEdE FEE ol FRIF AL EY %o BolA4E AU
Z golzy] fEo g AlRET. £33 0] A o|l2ny FAE o83o A
A Az AAG BN o2y A Fo) FNALE G FAFF LA
A4 AAFL ZAHATHE AA(1998)8 B3, 2F3ZoLE o|§¥ FF4& o9
% Yol 23Fole) %o FNULE FFE 029 AALEL FoHAG FF
ZFe Zdasdvte (19998 Bust fAbsch mEtd dA A Al LEolEF o
et FFEHE AASIA B B9, £9 W ¥4 ALHoEY ¥ UF A
e A F4 AgEolEY AEE HAZY ZAoE AFHH, 27 FFE B
o] @A goj Ao E AYe] AAZRH & Fo EAse FTIFS ol
9] BFEE ¢ Zele L3 AAANNY HAG FA ALPe)EY FYFE Z
Aty Aol 7t5¥ Aoz Agdrh

(4) pHl W& 4%

A AlgelEe FFE o] A pHZ vAle &S AHEZ HH 02
mmol/LY 2 F8% &9 HNO¥NaOH #9422 pHE 2, 3, 4,5 6 % 72 ¢}
o3l A =A s, 200/270 meshe] Na-P1(D) 0.1g& 718l S84 o2 AA 49
g s 2 A"E Fig. 129 Yeldfich 2dAA RogxE vie} o] pH W&ol
e g4 ol AAFY Ayt A Ave AL ¢ F YUk 5, pHIL #
2842 334 o] AAFLE #2HYL, pHIE F7HEFE 2 FE4FE U
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pH7} 84 $4t3tEo] ¥4 =< pH 7924 8(F pHIl $71E84E) 3 o
ZF g e, B 4y dAnet gx3a g

£ F FE& ol AAYE d, & £UAE] YAHE RAY FEFE ol
AA%E 993 MR & w7l Fez EFYE & Ut B 486 A89 3
& ol F g AT o)A 2FE o)L pH 7 o] AME 4% OH
o] 23 Wrgdle Foldo FAZ FHolE FAINAY FEE ol Fo] Z
Fed ol £A3E £MHKsp)E 2ABA Heo| =43 AAELS YAy
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Fig. 12. Effect of pH on the uptakes of heavy metal ions by Na-Pl1(D) (zeolite
weight : 0.1g/500mL ; C, : 0.2 mmol/L ; particle size : 200/270 mesh).
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HGolEE YA A &&= A vl¢ Fadg B RN F2& of
< ¥E7 247 FUA 02 mmol/LY HEE TE EF SN 200/270 meshs)
Na-P1(D) 01g& 7tstg 9 2z FF% ol AAZEH %7 ¥EJ 02
mmol/LY ¢ &M P 4 FEE o) 29 HPAAFE ¥ T3 Table 3
o el BolM & 4 e viek Zo] EF LA FFE ol HYA
AL Fastgen, AASe] g ¥ Mn* e A BasAch EF LA
Z FF& oles HYAAFEL @Y FddNg uAsAE P >Cu>CA
>Sr*>Mn?' 9] £0)1th. Phe ©d €A Fatgke] 0900 mmol/gd Y &
Ho A& 0.780 mmol/go & FAsH oY, A Al LetolEo] 3] F2g AA o
29 & 1268 mmol/gl.2 ©Y Gdd H& ZolF & & 4 UL ol IA
o] 7] $= WA Ry ule} go] EF Yol Pb* olee FEE &
d §99 F$-9 FANRAY FFE oY FHEFFL 1.0 mmol/LE 54 F7+E
of Wet F71E AoZ Algs®Y,

Table 3. Comparison of heavy metal ion uptakes by Na-P1(D) in the single and

mixed solutions

qe” (mmol/g)

Pb* Cu” (o Sr* Mn”'

b)

Sum
Single Mixed Single Mixed Single Mixed Single Mixed Single Mixed

0900 0.780 0680 0170 0635 0152 0615 0138 0438 0028 1.268

a) Obtained for the solution containing each heavy metal ion concentration of 0.2 mmol/L.
and 0.1g of Na-P1(D) with the size of 200/270 mesh.
b) Sum of each heavy metal uptake in mixed solution

0 33& AA BB VE

(1) olens BYBA

Y4 AL e @ F24 o2 AAE oje mPdl I8 oy, o]
F39 @747 ¥ud TRFROT PFee) Uit FRELAow FHW 4
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3lv}(Bemmal # Lopez-Real, 1993; Semmens 3 Martin, 1988). £ A @A AL&%
B4 ALGolEd AF FF4 ol9 HEY o)l2umP WM HY FAYE
A7) HAsle Aoz wg Fo F5H Edo| AETYolEd s AAHE Y&
Yelll & Freundlich 2¥4 ¥ Langmuir 294 443l HE3HL} o] § &
4458 B BT ALeolEg AP E el & JYu AFEA AR
t}H(Al-Duri, 1992).

Freundlich 2242 EZde FFEE 714 FAA 3 FHLEHY g3 o)
b o] A},

¢, = K CU» (24)

4714 K& oL Z#EFE, n& o] TN Y& UEhA, Ungto] Zekxd A
$57 o wolde A& uehdd
9 Aol g g Asd then go) N

log ¢, = log K + *i-log C. (25)

A71A F e 2#Ze g8 Ceoll tsty E=AFHA 443 K9 ng 7Y F

31t
Langmuir 294 & % FAEAZL 4328 glo] BB FR 77 sl
A ozl HozA B ol mYdY,

_ 2 max 8C,
4, = (1+5C, (26)

A7NH guxE ©12AQ Hd o] LB FE YEHT, b FEE o]RuYpoR

A AFLo Fast oz Feg ztojE vgste FPFFEA FFo] dojr}
£ AXE uedn,
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o) 4g thAl AYstu

1 _ 1 1 1
de Gmaxd Ce + @ max @

g Zo] Hug, 9718 1/¢.8 1/Coll ht TASYH Langmuir £ 9 4
T gmx % b7} THAG,

Aoz oj2uy Y Zd4E 757 93l AY SN 7&d FYaA
AR &A vbygel wel 20CAAN 2 534 olee ¥=& 005~06 mmol/LE
HAAN ¥ 4 8% o] £9& pHE 4, 5 ¥ pHE ZA43NA &S AN
S ol FH WE HYAAFES AP Pb® ol Lo dis ¥4 A&
#ZolE9 FFo WE HAEATNE Freundlich?| (¥ 25)3% Langmuir?)(4] 27)¢] &
43t 424 Fig. 13, 149 Yehiiiz, Q017 o] A2ES Table 49 EA]
stttk pHE =A8A ¥ Ph¥899 pHE 54~5290u #4 A LeeleEg
YAulzt pHe 84 AlgeteolEe] FHo we e zlol: AR 6.2~569
HHE ZA SR, F8F AlA BY Fot 64~589 HWHRE 9 & Frhe
Atk ol A ALeolE TERUY FFS ol 459 PPl o] TY
ol 28 fel® ¥NAel BL Na' o 9§ Rez Agdd 28 @ %9
rPoll A BXE uieh o] 4 AMgtolEd ¢ Pb*e AAE Freundlichd =
£ Langmuird o2 EHY 4 12y Freundlichd U< AFHES nYde & 4
AR FA A &e}olEe F FFEH 0] 29 o) 2RPEFHK) B Hd ol2up
Flamax)> pH7Y F718FF F718IRon, §4 Aol EALele A= pHel @A
2] Na-P1(A)>SOD(A)>]JBW(A)>ANA(A)>CAN(A)e] @0z, Agd 2ze
olo} wiz} ¥ Na-PlolME Na-P1(D)>Na-P1(C)>Na-P1(B)>Na-P1(A)%] <
o2 ZA2HE & 4 UMY 53] Na-PI(D)& W& Algdo|Eq v & F3
£%E BYL 4 4 sUded, ot e ALTolEd s & CEC(235.1
meq/100g)¢) 71913 Rez Ars gtk Pb™ 299 pHel W& zt &4 Algete)
EY AAFE 4WRH pHE AR @& §90] pHY, 5 £l vl8) ol 2unP
£ F(K)& CAN(A)S] 74 1.200), 1.02v1, JBW(A)S] 7% 1194, 1.034], ANA(A)
9 7% 1154, 1.03¥, SOD(A)9] 7% 1.184, 104w}, Na-P1(A)e] 7% 1.194,
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1.06¥, Na-P1(B)el 74 1464, 1.28¥, Na-PL(C)9] 7% 146, 1.22¥), Na-P1(D)
o] S 1514, 1218 Eon, Ao o] T ¥ F(gma)= CANA)S 7-$ 1.314R,
10241, JBW(A)®] 7% 133w, 1.0481, ANA(A)S] 7% 1324, 1.054, SOD(A)¢
A% 1224, 106W, Na-P1(A)S] 4% 1.25vl, 1.04¥), Na-P1(B)e] 7§ 1.484l,
12041, Na-P1(C)e] A% 147, 1.18W, Na-P1(D)l A% 1524, 1.26¥ =tch. &
A AgEtolEe] FH WE K qmE pHE ZAEHA %2 §doM nmEy
29 Na-P1(A)¥ CAN(A), JBW(A), ANA(A), SOD(A)$} vz ate] zhzh 1.43u] 2}
1494, 1.2184¢k 1254, 109419} 1.13vH, 1.04¥As} 1.06%] E& #e Bew AYg
d ~3zolel met ¥4 Na-P19 K& que® pHE ZAHEA %2 oA H]
23ty B® Na-PL(D)E Na-P1(A), Na-P1(B), Na-P(C)9} ¥|i3te} 2tz 1619
¢} 15840, 1.28ul 9} 1.334), 1.23uw19}F 127w ] &€& #& 2.

2} FF4 ol&d wid Na-PID)Y HY Zi4E Freundlich?](4 25)3
Langmuir4| (4] 27)el #A-&3}e] Fig. 15, 160 Jehlin, dold z+ze] A=3E
£ Table 59 EAlstgich pHE 2AsHA %& 4444 Po?, G, Cd¥, S %
Mn”'¢] pHE Z7} 54~52, 53~5.1, 52~51, 55~54, 58~57 @24, Na-P1(D)
£ YAulxl pHE 22 62~56, 6.0~55,6.0~55, 6.3~58, 6.6~642 271544 1L,
Zz22 AA WY Fo: ZF 64~58, 62~56, 62~56, 65~60, 68~652
01~02 A= &715Qch 2¥ R B rPollA B uiegl o] Na-PI(D)o] o1&
Zt Fg<& o)22 AAE Freundlich4¢] B} & APHE BHYE ¢ 4 AN L,
Na-P1(D)ol &% K9 gmax= pHOl wWetd & pH7t 37184 & F719E € 4+ A
QL 3L o) Ao ME KU uas PO >CUP>CE >SS >MnY e 22 7
2% ¢ F dyut. & FFE ol pHel @2 AATE 4WEA pHE =3
82 o4& go] pH 4, 5 &) Hls) Pb™el A% Zzt 1514, 1.218, Cu®'9 3
o 1784}, 1.214), Cd*'8) A% 1754, L12w), Sr*'el Z-¢ 1.80@, 1.09%, Mn” <]
A% 22880, 12781 =W, quads P9 A$- 1524, 12600, Cu®'d A$ 177
Wi, 12288, Cd¥el A% 1974, 116w, Sr*el A 191¥, 1084, Mn®e 2$-
2339, 1.36W ¥ #L EHth 3% ol FH @E K qua® pHE £F
A @& g4 vasd Ry, P E Cu®, Cd*, Sr¥ ® Mn™'9 wlmate 2t
Z} 140918} 1.42¥0, 15899} 15600, 16519} 1,714, 2.14uj ¢ 22780 & &AL R
Atk
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Fig. 14. Langmuir isotherms of lead ion for each of synthetic zeolites at pH 4
5, and nonadjusted pH (zeolite weight : 0.1g/500mL ; particle size

200/270 mesh)
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Table 4. Freundlich and Langmuir isotherm parameters for the removal of lead
ion by zeolite at pH 4, 5 and nonadjusted pH

Zeolite Freundlich parameters Langmuir parameters
K 1/n r Qmax b r
CAN
pH 4 0.44 0.15 0.9613 0.36 17327 09312
pH 5 0.52 0.15 0.9908 0.46 51.46 0.9472

nonadjusted pH 053 0.12 0.9820 047 77.50 0.9459
IBW

pH 4 0.53 0.12 0.9770 0.42 637.38 09213
pH 5 0.61 0.13 0.9920 0.54 92.21 0.9207

nonadjusted pH  0.63 0.09 0.9766 0.56 17229 09288
ANA

pH 4 0.61 0.15 0.9772 0.47 52344  0.9269
pH 5 0.68 0.12 0.9859 0.59 11933  0.9159

nonadjusted pH  0.70 0.09 0.9941 0.62 26038  0.8494
S0D

pH 4 0.62 0.11 0.9603 054 132.94 0.9154

pH 5 0.70 0.09 0.9858 0.62 204.38 0.9008

nonadjusted pH  0.73 0.10 0.9913 0.66 75.98 0.9597
Na-P1(A)

pH 4 0.64 011 0.9604 0.56 145.47 0.9405

pH 5 0.72 0.09 0.9897 0.67 96.87 0.9597

nonadjusted pH 0,76 0.10 0.9846 0.70 84.09 0.9551
Na-P1(B)

pH 4 0.65 0.08 0.9695 0.56 304.76  0.9097

pH 5 0.74 0.09 0.9924 0.69 104.92 0.9397

nonadjusted pH  0.95 0.15 0.9858 0.83 57.31 09773
Na-P1(C)

pH 4 0.68 0.06 0.9907 0.59 941,72  0.8987

pH 5 0.81 0.10 0.9957 0.74 10027  0.9388

nonadjusted pH 099 0.14 0.9887 0.87 71.32 0.9623
Na-P1(D)

pH 4 0.81 0.09 0.9925 0.73 122.04  0.9366

pH 5 1.01 0.11 0.9957 0.88 130.00 09170

nonadjusted pH  1.22 0.08 0.9919 1.11 209.37 09148
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Table 5. Freundlich and Langmuir isotherrn parameters for the removal of

heavy metal ion by Na-P1(D)

Freundlich parameters Langmuir parameters
Heavy metal ion
K 1/n r Clinax b r
Pb*’
pH 4 0.81 0.09 0.9925 0.73 122.04  0.9366
pH 5 1.01 0.11 0.9954 0.88 130.00 09170

nonadjusted pH 122 0.08 0.9919 1.11 20937 09148
Cu”

pH 4 0.49 0.12 0.9745 0.44 76.81 0.9484

pH 5 0.72 0.07 0.9895 0.64 104920  0.9026

nonadjusted pH  0.87 0.09 0.9912 0.78 140.62 0.9519
Cca”

pH 4 0.44 0.13 0.9879 0.36 32859 09106

pH 5 0.69 0.07 0.9900 0.61 54787  0.9050

nonadjusted pH  0.77 0.08 0.9951 0.71 143.38  0.9536
Sr*

pH 4 041 0.12 0.9853 0.34 290.73  0.9204

pH 5 0.68 0.09 0.9871 0.60 29458  0.9049

nonadjusted pH  0.74 0.07 0.9907 0.65 968.75 0.867
Mn”

pH 4 0.25 0.20 0.9728 0.21 4953  0.9558

pH b5 0.45 0.15 0.9795 0.36 16841  0.9189

nonadjusted pH  0.57 0.13 0.9778 0.49 89.28 0.9189
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(2) olenP&x

FES o129 AAE AY T HAE AAM= FF& clen@HYd) g
A7 tEe] ol2nPLHEE m|FHojof |, o]AL YutF o ol2nyY
Y EAAL o] 2uPHY =EdHE Wiy AA Fled A ol FH o)L
A AR=g AFSAR, FAA HEA FAG Gule] HHAHA F%¥E A
T AEANTE A= 98E ST {4 Aol EY FFE o9 Al
Aggel A ARE AFH FA Re7) dEelrt, 2yE2 FIF& ol AA F
Ao AL4E o] AE Mestnx F o HYr|Fo = o|2APEHEEE o} A
2 m$ F8Y B ol o|LBPLTE o)|2ugAd oF FFH 0|29 A
A W EE ¥ =dE E2E 2 5 A

Figure 177 18& pHE& =43 A & §doA &4 FA A EetolEL FFol
9% Z Pb¥e) oleaPSsE HYEAFHY Na-PI(D)ol A 2k 8% ojL9] o
LT AYPYARE 44 ZU)E$ =Y Fogler, 1992)0] 23] o] 2RAPEHE, r.a(FA
AgeelEe @9 AR vdy FAG FI5S o9 ol2ungF)E F¢ AA4E
veld Roltk 2@ RAAE uvke}l o] ryt X71FE Cooll ti#l Table 6, 7
3 o) UElhd 4 Ath Pbio) i@ zt fA ALeolES olLuPFHL o
Py BAHH o|LuPEEE o]§dtd vused HE 7] FE 06
mmol/LE 108 ¢ 38 A% 4 g4 Ageloeg o]2ufFE Table 62
Aoz AAsE CAN(A), JBW(A), ANA(A), SOD(A), Na-P1(A), Na-P1(B),
Na-P1(C), Na-P1(D)o] wisl ztzt 0402, 0.420, 0.437, 0452, 0471, 0.620, 0.626,
0.927 mmol/ge 2 Table 62 Z} ¥4 A Le}olEe g Ho] o] &L -§ F(gmax)
gtel 86, 75, 70, 68, 67, 75, 72, 84% 2.2 °F 70% o|4 o|]2i¥ FL ¢ 5 U
th o] A oxufL&TE P4 ALToEY FHFo welre Na-Pl(A)o]
CAN(A), JBW(A), ANA(A), SOD(A)l ®l3] Zz 1,17#), 1128, 1.08u, 1.04w)
323 Na-P19] F§/F4 W&l = Na-P1(D)?F Na-P1(A), Na-P1(B), Na-P1(C)¢}+
v ale] 1,974, 1500, 1.48¥] W2 A o] 2u{ FE ¢ 5 UNUTH
Na-P1(D)ol &% 7z} $8F o]29 o|2uf{THE ol uny HYAA4Y o]
J&T & o]g3te) H|Eate] BU(Table 5), 27]%E 05 mmol/LE 108 F<t
AY A4S PpY, Cu¥, Cd¥, S R Mn®'9 olLm$FL 2zt 0913, 0593,
0568, 0.557, 0.452 mmol/g 2. & qmax & 83, 76, 80, 86, R2%Z 75% °|4 ol &

Ho K
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Fig. 17. Comparision of ion exchange rate of lead ion for each of synthetic
zeolites at nonadjusted pH (zeolite weight : 5.0g/500mL ; zeolite size :
200/270 mesh),

Table 6. Ion exchange rate of lead ion for each of synthetic zeolites at

nonadjusted pH

Synthetic zeolite Ion exchange rate, raa (mmol/g - min)
CAN(A) 0.042865C0/(0.039916+Co)
JBW(A) 0.044119C0/0.030521+Co)
ANA(A) 0.046087Co/(0.032215+Co)
SOD(A) 0.044835C0/(0.039015+Co)
Na-P1(A) 0.049159C0/(0.026831+Co)
Na-P1(B) 0.067645C0/(0.054373+Co)
Na-P1(C) 0.065159C0/(0.024500+Co)
Na-P1(D) 0.100426C0/(0.049761+Co)
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Fig. 18 Comparision of ion exchange rate of heavy metal ions for Na-P1(D) at
nonadjusted pH (zeolite weight : 5.0g/500mL ; zeolite size : 200/270

mesh).

Table 7. Ion exchange rate of heavy metal ions for Na-P1(D) at nonadjusted

pH
Heavy metal ion Ion exchange rate, r.q (mmol/g - min)
Pb* 0.100426C0/(0.049761+Co)
Cu” 0.062657C0/(0.028484+Co)
cd* 0.059709C0/(0.025466+Co)
Sr 0.058644C0/(0.026941+Co)
Mn* 0.048878C0/(0.040437+Co)
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B0, Mn®9 4%E 0% oASE quust A9 HSH e RYS I £ A
I, 0 A$ 4 FES ol APLEE vlmstd BY, Pb¥E G, Cd¥, S,
Mn®e] Hl#) 2}zt 154w, 1.614, 1648, 2.02v] W=7 o)LTPEL U4 + UL
o,

(3) HrEHAAF

g4 AgeEelE A Y€ micropore(F2 M F)NA macropore(& AlF)d
ol Z27|74A] A} 7}A] AlFe]l Utk o€ EEH, 3 HAL AW AHA
dAztn 2ol o3$H, 23 e 47 a2 o 3§ A ol¥rF)
Ws] Bstnz dvtfoz ¥4 ALY EE AT BHE s a9 2
& 2 A dojA e FAATE FEGAASSRD G FAGAAST D g4
A&eGolE JAL] 71FE, 71F9 AF, 232 ¥ HAEFY PFd F$Edg
YyrEos Boyd T(1947b)oll 2@ HEA g7 HAYHA FUAZeEE F
&3t &9 Fo Fo e FIFH oo A ALEoE JANRZY FinF
€ & B o|2uFAYHL AqF BRIP4 gAY AFGA R o2 aP
€ T 3AR AAE 5 Y. 7|4 o] 2ugNtgoe] vis- wEA dojdvin s}
A AITHL AGH A5 FGH{AAGe) FE L& A dudx & ¢
At

Boyd %5(1947b), Helfferich(1962) 1v] 32 Weber(1972)c dul3 o2 FJ4¥E A
o] FAY A=z kg 3 & Ao AEF FARAGe] FAHIL MFHA]
4947 o s er, Boyd $5(1947a)& Z71dA F, f(1)<006¥ W&
F()& 2187 #¢& Aoz Ued 4 vk 4.

Dyt

F(t)=% =L = K" (28)

upelx] ol 2ag HFFe HFre WUl AL FAAA FHE4 AE EdHE
F()& tY%6] dal =A8E QolAe e 717128y A (28)d &) Y=
HAA5E 78 & Uh

a2y By zdde] AAW Vermeulin(1953)2 Boyde 4oz A7 AAE
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2 4(29)% g& 2AYOZ DiE AN Aol viEFsgn 2R,

F(H =\ 1—exp(— 22D/ R%) (29)
olg M 8 ey Po| FAYL)
In[(1— g/q.)?1=—(2*D./R*)t (30)

o714 Re §A Aol Ee YANZFE Ve

Figure 3914 B iz ute} o] 4 AEo|Ed g FF& o9 AAZ
v 23 wE A7) dejuez 4(28)9] Boyd AWl 4(30)0] &3t HES N
t} pHE =A A @2 FF% o]29 27|%%E 05 mmol/Le W@ & ¥4 AL
glolEe] AY AAHE Fig. 199 =AIEAR, o] 21de 77|28 A4dE fE
A4 DLE Table 89 VEMARUTH EoA & 4 gl vl o] R #te ol
BE 09ol4oz nlA A(30)¢] T HAELHEE L F AN, A A &Ehe]Eq
918 D& PbY, Cu®, Cd*, St** R Mn®o] tist 24zt 322~6.92%x 1070 cm?/sec,
3.89~10.40x10"° cm?¥sec, 4.31~834%10"° cm%/sec, 1.22~9.92x107"° cm%/sec,
153~9.47x10°" cm¥sec®] MHE BYEY, ol £4% ALTHo)E 4Ad UF
Z34& o)29 Do F 4 107 ecm/sec(el, 1990), M HAAZRE YA AL
ZgolEAY ZZ4 ol&9 Do @ o 10" em¥sec(S, 1999) Bk 22 10°W, 10
v E& gd BRI

- 49 -



]
~

In[1-(at/qél]

i
w«

|
—_
[=]

| | J
@ E N

In[1~(at/ael]

1
«

1
o

— a CAN(A)

“'g a JBW(A)

= ¢ ANA(A)

T o SOD(A)
| ® Na-P1(A)
= m Na-P1(B)
< A Na-P1(C)
® Na-P1(D)

tmelmin]

Fig. 19. Relationships of In{l1-(a/qe)’} and t for the removal of heavy metal ions
by synthetic 2zeolite (zeolite weight : 5.0g/500mL ; heavy metal
concentration : 0.5 mmol/L ; particle size : 200/270 mesh).
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Table 8. Effective diffusion coefficients of heavy metal ions for synthetic zeolite
at nonadjusted pH

mzltzalvi o Synthetic Zeolite R‘ Slope Di(cm?/sec)”
CAN(A) 0.953 -0.1264 6.92x10°"

JBW(A) 0.9678 -0.0722 395x107"

ANA(A) 0.9671 -0.0722 395x10™

- SOD(A) 0.9612 -0.0589 3.22x10™"
Na-P1(A) 0.9266 -0.0684 3.74x 107"

Na-P1(B) 0.9675 -0.0771 422x10™"

Na-P1(C) 0.9689 -0.0723 3.96x10™"

Na-P1(D) 0.9328 -0.0855 468%x10™"

CAN(A) 0.9377 -0.1898 10.40x 107

JBW(A) 0.9703 -0,0123 794x107"

ANA(A) 0.9269 ~0.1451 6.73x107"

' SOD(A) 0.9491 -0.1061 581%10™"
Na-P1(A) 0.9388 -0.0957 5.24% 107

Na-P1(B) 0.964 -0.0845 4.43x10™"

Na-P1(C) 0.9457 -0.0884 484x10™

Na-P1(D) 0.9724 -0.071 3.89x10™"

CAN(A) 0.8482 -0.1524 834x 10

JBW(A) 0.8503 -0.1289 8.32x10™"

ANA(A) 0.9649 ~0.1520 7.06x107"

) SOD(A) 0.9104 -0.0949 519x10™"
Ca’ Na-P1(A) 0.8304 ~0.1156 6.33% 107
Na-P1(B) 09155 -0.0949 5.19x 107"

Na-P1(C) 0.9589 -0.0857 469x107"

Na-P1(D) 0.9609 ~0.0783 431x10™"

=5 =



Heavy

metal ion Synthetic zeolite R Slope Di(cm?/sec)
CAN(A) 0.9541 -0.2223 1.22x107"
JBW(A) 0.8105 -0.1176 8.16x10™"
ANA(A) 0.9011 -0.1491 6.44x 107"
o SOD(A) 0.9146 -0.1813 9.92x10™"
Na-P1(A) 0.8935 -0.1564 856x 10"
Na-P1(B) 0.9321 -0.1131 6.19%10™"
Na-P1(C) 0.9233 -0.0891 488x107™"
Na-P1(D) 0.9776 -0.1008 552x10™
CAN(A) 0.9258 -0.1304 7.14x107"
JBW(A) 0.9654 -0.2802 9.47x107"
ANA(A) 0.7919 -0.1731 1.53%x10™"
. SOD(A) 0.8919 -0.2409 1.32x10™"
M Na-P1(A) 0.9419 -0.1766 9.67X10™
Na-P1(B) 0.8866 -0.1527 8.36x 107"
Na-P1(C) 0.9613 -0.1427 781x 107
Na-P1(D) 0.8903 -0.1466 802x10"

a) Obtained for the solution containing heavy metal concentration of 0.5 mmol/I. and 0.1g
of synthetic zeolite with the particle size of 200/270 mesh
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4. HEA HJEEAN

D) 385 0|29 T/ & AAF ¥

HEA Ay AEE F4 AZYolE F FFH AAS NP 4%
Na-P1(D)& Z¥del 256cmZ 23 A3, €& 20T $¢ #42 06 L/h=
AdAEA ¥ ZF FEE o9 $T& 01 mmol/LE dASA 3o BH HKE&F
o F=E 999 ¥R UYg #(C/C)E AYY F492 By I3 bed
volume(BV)2.2 el 313}F M (breakthrough curve)€ Fig. 209 Yebugict,

ageld BAAE et o] $F4E o] AAFL PHEOCu¥>CAT>SE>
Mn®'el €202 #A2PL ¢ 4 ANew, o] e PR AYdH 3% o]
Atele] AMATH Z& gl 2dodM el saptdeA A A &e] 90%¢]
A (Mantell, 1951; Sleijko, 1985; Weber, 1972, 3, 1990)& %54 o| &9 w3
o2 ¥ wf 338 %F(berakthrough capacity)® T34, £ APZAA A3y
Pb%, Cu® ,Cd”, S** % Mn”'ol i3 4z 6250 BV(6900 mL), 4076 BV (4500
mL), 3804 BV(4200 mL), 3533 BV(3900 mL), 2989 BV(3300 mL)ol A, Bede| $+4
8 X3+ zhzh 17663 BV(19500 mL), 13043 BV(14400 mL), 11413 BV(12600 mL),
9239 BV(10200 mL), 7880 BV(8900 mL)el A veluicth oz adFHoA AAE
F(EAE Y9 FHFADT AAY FFS o2 FE)E 0687, 0448, 0.390,
0357, 22X 0.299 mmol/g 2& elwth, Pb™ el AALHE Cu®, Cd¥, S 2
Mn®'ofl wl#] ztzt 1534, 1.7640, 192w, 23080 &€ ¢ + LAATh Bed’t &A
3 X3FYL 1 FE& o)L AALFE P, Cu”, Cd¥, SF7 R Mn’ol dis)
0.996, 0.691, 0.638, 0576, 0.439 mmol/go.2 B &2 AYo|d HEF Z o] §
o o] & T8 (qma) 1.110, 0.780, 0.710, 0.650, 049 mmol/gel % % AE HYL
¢ & AUt Cue A B AYTH FAS 2Aes £89E ¥ A A,
1996)3 HlZHA <F 4u9] =L HYAEE Vet
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Fig. 20. Comparision of heavy metal ion removal by Na-P1(D) in continuous
fixed bed column (temp. : 20°C ; flowrate : 0.6 L/hr ; bed length : 2.5
cm ; initial concentration : 0.1 mmol/L; particle size : 200/270 mesh).

2 32% AA vAE JFUH

(1) 384 °l& F=9 9%

F% ol AAM " FIFE& oL FEY F¥E AMEY] H3ld 2%
20°ColA 200/270 mesh® Na-P1(D)& 25 cme| & FolZ FIAZ FUeFEE
06 L/hr2 AASA &1, P> =& 005 0.1, 0.2 mmol/LE HEA | wa}
Aol WH}HFMHE Fig. 21¢) JEMUT,

ageA ReE uie Zol PbY FE7 FMEel wel AALel 90%Y A
& gRHeg & u ol FAI ZAINE AFE Roji Uk F, FHaFH 2005
0.1, 02 mmol/LellA 2Z+z} 14130 BV(15600 mL), 6250 BV(6900 mL), 2717
BV(3000 mL)olA et es, Bedt Zrz 25000 BV(27600 mL), 17663 BV (19500
mL), 11141 BV(12300 mL)olA €43 235 vt dAHoM e 2 FEo o
T AALFLE 4Z 0.764, 0687, 0536 mmol/ge 2 FE7F F7t5el upel FA-8
Qqed, o2 Axe A A ZHAE ol&F FTE ol AA(el, 1996)0A
T g Z7HNA wa FFHA AAEFe] APt AFde dAHD Y
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% E¢ Bed7t SREHRANUS W AASFE 22 0937, 0.9%, 1047 mmol/ge.
2 384 AYIA FE7 7Y M 324 029 FUAAFL FARAT
£ 4sts aAsge.

(2) & w19 4%

g4 ALTolE F ;o(P) dEE FYRY) 3y 2= 20T, 4L 06
L/hr, P8 ¥ E& 0.1 mmol/LE YA A 31, 200/270 mesh® Na-P1(D)8] &
Eo|8 125 25 50 cmE WIHAA Ao ##(FHL Fig. 22¢] Jehigict 2
oM B ulg go) F Fol7t F71Ee Wi FFE ol AAFe) F7}
e HAE 5 AU AAE] 90%Y AHFHL 125 25 5 cmol A
5978 BV(3300 mL), 6250 BV(6900 mL), 6522 BV(14400 mL)oI A velgon, =&
Bedt Z7 22283 BV(12300mL), 17663 BV(19500 mL), 11142 BV(24600 mL)ol A
g8 AU, AHFHAAN Pb” AALFL 2zt 0593, 0.687, 0.704 mmol/go]
i, Bed7} €43 XHA=UE W AASHFL 22 1.049, 099, 0.821 mmol/ge =2
3 =ol7t F7hgel wE Ao Ae] AALFL FSA LY bed?t @AS] X
BES W AALFE Y H4YZEHY vlAIAZ F4 A LefolE Y (F
£o))7t 7t wat g2

BRFHo2RE HEd o fAANRA AAY F2& ol FFHAALH)
€ 7Y F Jon, 4 ME&eolEY FFE AALFL AA HIHe] HE )
ol#f FACE o] F <o) vl HAHNA o]&E FA AEdolEL AALHY
&0, 10914 o] 8]& W FHo] ALEHZA 2 £&°] vl Figure 232 % ¥
oje] ¥l wWg AY HAAZRE dojy HHAFMANA vALE & E&9 FHE
Vel Aojth afelA BojAle npg} o] FZolst 1.25 cmQl AlgEolB Fe
A A &9 565%7F olfEHER o452 gL AYZY Hole 1.5
cmX (1-0.565)=0.544 cmelt}. o] FA AirEH A nALE F9 &2 125 cm, 25
cm, 5 cmQ W 7 435%, 31.0%, 17.9%2 29 Zo)7l /448 Biage @
T AU

(3) pHY 9%

9 959 pH W ME FEE AHR7] H3 FE5E 06 Lhr, 258 2
0C, 200/270 mesh®] Na-P1(D)9] % &°]& 25 cm, Pb* ¥ E& 0.1 mmol/LE ¢
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A& A s, pHE 3, 4, 5322 ¥3AA & pHelA oA st M-& Fig. 2490
vehliglth, 2delM Bex)E ule} o) pH7F 718 wal Pb*'e) AATL 3
7HgHE ¢ £ QUh

el veEbd F#3FH0M AAEe] 90%Q AE FIES olL9 HAFPesz
8o pHol w& HaldE& AWEH, o= pH 3, 4, 5394 z+zh 815 BV(900mL),
3261 BV(6900 mL)elA ‘ietxten), matAddA AAEZHFL 2zt 0059, 0328,
0.687 mmol/g 2.2 4tEH Ut pH 53414 AAEFE pH 3, 49 vl 11.69, 2.09
o Estern pH 3dMe "4 R AALZFE Bt o 45 Fd LF =R
EAqsE Heol 4 ALdolEY AA AN AAHLE wgdl7] oo,
o] A7 HEA AWAME pH7L F7Hedd met T34 o294 AATe] FHe
e A A

(4) &9 9%

279 F¢Y FE5Y UG & FFg ¥R fdd &= 20T, 200/270
mesh®] Na-P1(D)9) 2 ¥9°] 25 cm, Pb* $%& 0.1 mmol/LE YA3A 2,
F&& 03,06, 09 L/hrd RFAA 4 fFH544 Ao fAZHE Fig. 2690 @
BRIt el M BE vie o] f&o] F7EGFE fatd] 9 2eon, A
Ag&ol 90%2A Held #H#AFL 03, 06, 09 L/AhrellA 22 7201 BV(7950 ml.),
6250 BV(6900 mlL), 4076 BV(4500 mL)°lA u}ely;en] Bede ¢Ax3dle= 2zt
17255 BV(19050 mL), 17663 BV(19500 mL), 16712 BV(18450 mL)sl A “}EpytcE.
=5 Ay oe AALFE 22 0784, 0678, 0490 mmol/gLE o] WEF
2 AAEFe] AT 2t Bedo) $AXHAY AALFL ZZ 1020,
0.996, 0976 mmol/ge & A9 H|sdlged, ol F&o] Wi EFASFA7 o}
A7) W&Eolty, vt F&o] =Y+ E AHFHAL Loz ZeuA 7277 |
AaA F7rete A%E JEda gled, 2 998 #40 =¥F+E {4
Na-P1(D)¢t9] AF Aol dojx7] HEQ Ao Algdr
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Fig. 21. Effect of initial solution concentration on the removal of lead ion by

Na-P1(D) in the continuous fixed bed column (temp. : 20T ; flowrate :

06 L/hr ; bed length : 25 cm ; pH @ 53~52 ; particle size : 200/270

mesh).
"
o8
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o]
O
0.4 |
02
0 . . A
0 4000 8000 12000 16000 20000 24000
Bed volume

Fig. 22. Effect of bed length on the removal of lead by Na-P1(D) in
continuous fixed bed column (temp. : 20C ; flowrate : 06 L/hr ;
initial concentration : 0.1 mmol/L ; pH : 53 ; particle size : 200/270

mesh).
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Fig. 23. Unused fraction of bed length with bed length.
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Fig. 24. Effect of initial solution pH on the removal of lead in of lead ion by
Na-P1(D) in continuous fixed bed column (temp. : 20C ; flowrate :
0.6 L/hr ; initial concentration : 0.1 mmol/L ; bed length : 25 cm ;
particle size : 200/270mesh).



1
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@]
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Fig. 25. Effect of feed flow rate on the removal of lead ion by Na-P1(D) in
continuous fixed bed column (temp. : 20C ; initial concentration : 0.1
mmol/L ; bed length : 25 ¢m ; pH : 5.3 ; particle size : 200/270mesh).

3) Y 55 §9dM AAF wL

4 FE4& ol FXF 0.1 mmol/LE EYsld 2=F 20T, 5L 06 L/hr
2 33, 200/270 mesh Na-P1(D) & ®°©]& 25 cmZ 3¢ dojx HaAIHg
Fig. 269 Jellidcl, 2@ RAA= uie) Zo] ERF IS L0 T2
o]l &9 AAEL @Y £97 vlA/AZ PP >Cu¥>Cd* >SS >Mn” e so0.2 7+
2%& ¢ 4 AUk AA&] 90%9 HE ARPeE 9 FIy, o) Pb”,
Cu®, Cd”, S 2 Mn®dl s Z+Z 1902 BV(2100 mL), 543 BV(600 mL), 435
BV(480 mL), 380 BV(420 mL), 109 BV(120 mL)olA YElsion, Bede] ¢H X3
¥ z+zh 12772 BV(14100 mL), 3804 BV(4200 mL), 2446 BV(2700 mL), 2174
BV(2400 mL), 985 BV(1087 mL) A “elxtth stfHe A zt FF&4 o9 AA
£32 0204, 0.059, 0.046, 0,039, 0.010 mmol/go.2 VY HdNN2 #)ALF
vl &AM 22 297, 132, 11.8, 109, 33%& RHct £¥ Bed’t €18 XA
& u Z FF3& o] AALFL Z2Z 0678, 0.160, 0.110, 0.089, 0.037 mmol/g
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oz gy £qolMe &3] Ta=EIAE o AALH v 2t 681, 232, 17.2,
155, 84%& Ko, 34 HAYPedre a2 F3& o]l29 Heigo v
Mn*& @A AALFol F2ELE ¢ 5 AU Y FIFE L4494 PP o
€ ol2Ed H3 Putd AFITHE HolEH, ol ©E FF& oI AHA
% #4Y AgdolE Fo olu] AAY Y& FTFE oleHe TPE WEY R
2 Asdd

08 }k
06 |
3
(]
04 }
—-—Pb —+Cu —Cd
0.2
—-a—S5r ——Mn
0 .
0 3000 6000 9000 12000 156000
Bed volume

Fig. 26. Removal of heavy metal ions for mixed solution in continuous fixed bed
column by Na-P1(D) (temp. : 20C ; flowrate : 0.6 L/hr ; bed length :
25 c¢m ; initial concentration : 0.1 mrmol/L. ; particle size : 200/270

mesh),
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4) £EE3 Y

Fornwalt® Hutchins(1966)e] ¢1¥ ¥4 2 /'d3} Thomas(1948)e] ¢ &= &
A HEe }4 ASTolEE 4R FFE o2 AATHAAN B MAd He
g 4 9l

£ AFdMe £ 84 H 2% (kinetic approach)& A-£3l9 14 A sHe
™, o]%U& Thomas(1948)9] HKE o] 7123 FYe WAL 048 Hoz
Thomasell o1& @] 4 & g7 2o,

C ~ 1
Co = 1+explk/Qa, M- VC,)] 31)
A9 H@EDE thest ol e 4 Yok

bogt __4Gyv -

C
In( C?—l)-——

Q714 k& WSS EAF(r), Qe &/, CE #&99 F34 o2 FE,
Qe HHRFFE on,

H(32)AM In(Co/C-1)E Vel 3 EAEE AXAAZ ARz, Hde 7§
719 AUo2RE BEEENT k9 HUILYF g8 78 + Uh

£ 4A¥edM Na-Pldl Wi 7§ z FI3& ol&d dgd HA4IZH zgEg
In(C/C-1)& Vel disf =AIE A#AE Fig. 279 Yelddoh. oM 2ARAE
ups} Zro] HAHAZE ol en, ol Y 71L7]9 AUz RH FI WS
SE45 ko HAAEHF o8 Table 99 Yeliieh A Rz uiel 7o
W HEH 499 ol2uny FYPBAY FTHEHYAAM FHA Ay ol2ny§
Flama) 8L ¥R A Z YAFE & F AR
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Fig. 27. Kinetic approach result with heavy metal ions in continuous fixed bed

column

Table 9. Parameters obtained from kinetic approach for Na-P1(D)

Heavy metal k(L/mmol - hr) ao(mmol/g) Qmax(mmol/g)"’
Pb 3.969 1.019 111
Cu 5175 0.701 0.78
Cd 5.076 0.667 0.71
Sr 6.201 0.588 0.65
Mn 6.587 0512 0.49

1) maxiumum ion exchange capacity obtained in batch experiment
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V. 3 &

2 Q7% FAAYelgte APk AYRAH 54 fFo o A4 Yz ¥
E HAAYS 8ol FHAM AFE @Al =HI Y 23gole g
€33y 54 29 dEHOZ AFA BAANYA), BAFE FH) 4
BAY9B), FAFT & FLAYGEQQ), FAFE ¢¥H FHAHD) F 474 A
el 2zejolg ANBKI, o 2F3ol Alojd N FEE FRBo /M #Hol
¢ 2:Fol AZRE #A4¥ Na-Pl(A), Sodalite[SOD(A)], Analcime [ANA(A)],
Nepheline hydrate[JBW(A)] ® Cancrinite[CAN(A)) 5 5% %9 A&golEs 2+
2Fzjet2RE H$A4E Na-P1 A& E[Na-P1(A), Na-P1(B), Na-PI1(C),
Na-P1(D)]& A3t #5339 Pb*, Cu®, Cd¥, Sr* ¥ Mn” 59 23% o]
of iz ENTG A% e F AATE AESHY L3 2L FEL 44

1. 4 A& EE HA AEHo)EY 3ol v&f €953 2 F5& Al
AsE BYE ¢ F AU
2. 84 AlLTolEQ FFE ol AATE ¥4 ALTolEY FHH wHME
FEE o] FFo) FARCl Na-P1(A)>SOD(A)>ANA(A)>JBW(A)> CAN(A)
9 ez, Ag¥W 2F:gold we  P$AHYE  Na-Pld WA E
Na-P1(D)>Na-P1(C)>Na-P1(B)>Na-P1(A)Y o2 ZAstg, o3d dAxs
Zt A AgeoEY Fol& X@{EF(CEC)H 22 AP Bd & A A&
glo]E 9] CEC7I €% & 354 AASE By
3 FBE ol FHY DE T AITolBEY AATE HEH % A& 0
7] ©d £ 2 EF LA A AZEolEY o)L uF F o] tiF o]
AdAol 718t P >Cu®>Cd*>Sr® >Mn®'e] o2 asigon, E¢ 49
dae ¢g S99 vaste A4 ALelolEe] G FAGF 4 |29 AAZFL
ZasR I, o] MYAgol ¥& Mn”& A F2ERAT
4. HEA gl e §AY AEoEY @Y FATF AAZFLE 271F2F o
%9-1 FE7 #€FE, AN A &4E, FYGol J &4 E, 99 pHIF 37t
T2 Fotoh. aga, 444 wgrle A(JA0M AALe) 90%e A& I
Hoz 3 78 AALFL &4 ALY EL F (W] HE(HFTF, F
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T o9 FEI} gold4E, 83 Y959 pH/t #2848 2w

5. HE4 w&rdM #HA4Y A EeolEY FF& ol AA%L Freundlichd *
= Langmuird 22 EHY 5 Aoy Freundlichde] Bt UL HEAH L Ry
g 4 AN, 271E=Ye) vl FY M EYolE FF, Na-Ple] FH§ 2 F3
& ol2e FH U FF olRuPLTE HYPL Ao T2 HYL HIYL
Hq, 4 @4 AolEY FIFE o]0 ug FAFNASLE £4% A2TPYolE
4A°) B3 10%), A g v AANZRE FAAE AeolE Adl vl 108 EA et
%o}

6. A&4 wEg7)oA ZF FFE o2 di3f F& Ad) RPELEFL HEY IY
A7 H) ol2uyFH vud I XA, ALolE 9 gol7} Fo}
AA HE vALE §A ALHOlE F4 E&L 980T
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