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Summary

In order to examine the adsorption characteristics of heavy metal ions (Ni%",
7Zn®", and Cr*) from aqueous solutions, the Jeju scoria found in large amounts
in Jeju Island, was synthesized via fusion/hydrothermal method, and the
synthesized zeolite (syn-zeolite) was immobilized with polysulfone (PS) and
polyacrlonitrile (PAN). The prepared PS-syn-zeolite beads and
PAN-syn-zeolite beads were characterized by X-ray diffraction (XRD),
Fourier-transform infrared spectrometer (FT-IR), thermo gravimetric analysis
(TGA), and scanning electron microscope (SEM). The PS-syn-zeolite beads
and PAN-syn-zeolite beads were optimal at the conditions of 1.25 g of PS
and 15 g of syn-zeolite, and of 1.0 g of PAN and 2.0 g of syn-zeolite,
respectively. The adsorption of Ni?*, Zn%, and Cr* by PS-syn-zeolite beads
and PAN-syn-zeolite beads increased with time and reached to equilibrium
after 60 min for Ni** and Zn*, and 90-120 min for Cr’" in case of
syn—zeolite in powder state, and after 48 hr in case of PS-syn-zeolite beads
and PAN-syn-zeolite beads. The adsorption of Ni', Zn*, and Cr® by
syn-zeolite, PS—-syn-zeolite beads and PAN-syn-zeolite beads were fitted to
pseudo—first-order model and to Langmuir adsorption model. Each of the
maximum adsorption capacities by PS-syn-zeolite beads and PAN-syn-zeolite
beads was calculated from Langmuir isotherms as 31.35 mg/g zeolite (9.32
mg/g bead) and 33.0 mg/g zeolite (6.27 mg/g bead) for Ni¥', 60.24 mg/g
zeolite (1653 mg/g bead) and 81.3 mg/g zeolite (15.77 mg/g bead) for Zn*,
and 27.02 mg/g zeolite (8.1 mg/g bead) and 27.25 mg/g zeolite (4.76 mg/g
bead) for Cr*. Compared theses results with those calculated for syn-zeolite
in powder state (40.32 mg/g for Ni*’, 119.05 mg/g for Zn>’, and 37.45 mg/g
for Cr’), the adsorption capacities by the former gained 78% and 82% for
Ni%', 51% and 68% for Zn®', and 72% and 73% for Cr”, respectively. Each of

- Vil -



the distribution coefficients (Kq) of Ni?, Zn*, and Cr®" in the presence of
coexisting ions (Na’, K’ Ca®, Mg®>) by PS-syn-zeolite beads and
PAN-syn-zeolite beads was 5.1 times, 8.6 times and 4.0 times and more,
compared with those of coexisting ions, indicating that the removal of the
former in the presence of the latter by PS-syn-zeolite beads and
PAN-syn-zeolite beads carries out more selectively. Finally, any sign of
zeolite leakage or damage of the beads was not detected even after five
adsorption—desorption cycles, while the adsorption capacities of Ni*", Zn?", and
Cr by PS-syn-zeolite beads and PAN-syn-zeolite beads were stably

maintained.
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25. 894 T TFEWNI®, Zn® & Cr¥)e FFo A3 AY AT AHe

oAl AA Ay 559 Niv', Zn? 2 Cr ol tie gud FHAE o
f3lo] HE AF YLS AHylste] Table 19 YeERAQATE Table 1014 B0

252, A 3 FAY AsTolEE HIET

rO
-
2
i
rlo
o
~
of\
al
Apx
ol
By
=
o

Iz FA v E mxu To AEZAAE o83 zZn? 2 Crre H
o ek 747F 39~79 mg/g,”? 55~72 mg/g® olg} stgon, -4 FTAHS
Ea «ZAE it &4 Aggt EFAC g3 Crfe Aoy FHHS

728 mg/g” PVAel 71 FZAQ Zn0E A7WA €2 1A3tsle] wE
PVA/ZnO vt F2bAlel ok Niv'e] Hol F22 728~94.43 mg/go =
HaEa e

UE7 4, grass, peat moss, compost 52 2% & (biomass)S polysulfone %
polycarbonate ©. & 178 3ste  W=e] o Crie] FAFES A7 396~4.00
mg/g - biomass, 3.53~3.99 mg/g - biomass©. & H i gt}

A A Leko] E(clinoptilolite) S o] &3to] A B SR EE] Zn* S X33
FTHE ol AAE A} 23 SR RgEvn 9o Mg ey
Aol ES W F Zn*9 FA4L Langmuir 5&F3F40] & H-y
W, A FHFE 4734 mg/g” HeA, A FYARRE
Na-phillipsite &2 A STolEE o] &3t G T2 8EH T35 AA
ATE I A3 FFEH AP Zn® > NiP > e &

WY ez RE FAg 4A ALeto]lE B AdE 4A A LEo]EE o] &5}

of

/K

E‘E
ri'ﬂ

—_l
e
o,
rol
=
Q
&
Q
7
Z.
l©)

= A 23 S22, F252242 Langmuird o, S %S pH 304 A gHA)
T 4A ALTolE9 A% Cr* 41.61 mg/g, Zn* 30.80 mg/g, Ni*" 8.96 mg/g,
Adg 4A ASgolE9 A9 Cr 4529 mg/g, 7Zn®' 3158 mg/g, Ni¢' 7.90
mg/g 22 AL Cr > Zn? > Ni¥' & Bk agla vgstede 7)el

T AeZYH mATE VIAH AE R TS FF nAs A Aleel

A
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skl QU g Aol A R = wpel o] Aol uwhEh Al &eho]E e
Tus AU Aols Bola e, ols Ad =21 B FHAIY A &

H= gk Al ofgk AY Ao|t
- hydroxy

A& 2ko] E(Na-P1,

sodalite, analcime @ gmelinite) Ni*', Zn?'¢] &= z+7} 2326~24.51 mg/g,

27 AgAdzFH @4

61.35~69.93 mg/g ©& H stk

Table 1. Removal of Ni¥', Zn?" and Cr’ in aqueous solutions by various

adsorbents
Gmax(mg/g)
Adsorbent - - Reference
Ni* Zn’" Ccr
Marine brown algae
(Undaria pinnatifida, Hizikia - 39~79 - 52
fusiformis, Sargassum filvellum)
Marine brown algae
(Undaria pinnatifida, Hizikia - - 55~172 63
fusiformis, Sargassum filvellum)
Hybrid silica with sulphonic acid 72.8 64
PVA/ZnO nanofiber 94.43 65
Vegetation immobilized with 3.53~ 20
polysulfone and polycarbonate 4.00
) 790~ 30.80~ 41.61~
Zeolite 4A 34
8.96 31.58 45.29
Fly ash based zeolite (China) 47.34 67
) ] 23.26~ 61.35~
Fly ash based zeolite (Romania) 41
24.51 69.93
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1. 438 A5 2 3

3.1. 248 A=

I AFoA ALEe FA AT Er @F)NGANA FYT ~FEotE &
S/FAdFAE o8 FAT ALEoEE o&ttY F FHxHoE:
SIO/ALOs BHE 252 AT Sigh Al 3% 918 Avte] Alehe NaOHZ
Abg-3te] NaOH:scoria RIS 1.8% &%3dte] 500 CeolA 1 AlZHset §6A17]4L,
2" ANEE FEAoA uRtstuA A B AR} S A Aol E

Azegon], Golesw e AR 105 CoIM 2 A Azd F ¥
At 170 mesh o] AS Adsto] Aol AF&SIATE oldt A AlStol
EE syn—zeolite2} ™83} T}

L=l PSS9 PANS Sigma-Aldrich Co.(USA)OIA -4 ate] A3

Ll

3, £u]el N-methyl-2-pyrrolidone (NMP)¥} dimethyl sulfoxide (DMSO)&
Daejung Chem. Co.(Korea, EP)oll A +43Fe] AFE3tA T Ni, Zn ¥ Cr' o]
9]
6H,O, Cr(NO3)3-9H,0Z %44 (Milli-Q Millipore 185 MQ ! conductivity)ell =
o] 1,000 mg/L9 stock solutiong #|Z3}le] AR&3}ST).

=<

&N Z}7F Sigma-Aldrich Co. A%< Ni(NOs), - 6H.0), Zn(NO3)2 -

3.2. PS-syn-zeolite H|= ¥ PAN-syn-zeolite B &= A|Z

Fare AHF F AP ALEe

_13_



PAN-syn-zeolite H]=¢] A%+ PAN 1.0 g& DMSO 10 mLol %3] &3)
AN F A ALFE 20 g2 Ha FEI wdsA I OF
PS-syn-zeolite®} vIZH7FA2 1 mm FAH|S o] &3dle] XS] "oy

=
PAN-zeolite H{=5 @FAAL olF 2w Fxbdl &3] Alx 5 A3

A-g-8E AT

_14_



PS solution
(1.25 g of PS + 10 mL of NNMP)

1.5 g of syn-zeolite added

=

~ ~

Completely mixed

. .

=

Dropped in water

=

r~ "

Formation of PS-syn-zeolite beads

- -

G

[ Washed with deionized wwater ]

(a)

PAN solution
(1.0 g of PAN + 20 mL of DMSQO)

2.0 g of syn-zeolite added

=

[ Completely mixed ]

&

[ Dropped in water ]

a

[Forrnation of PAN-syn-zeolite beads]

=

[ Washed with deionized water ]

(b)

Fig. 2. Procedure for the preparation of (a) PS-syn-zeolite beads and

(b) PAN-syn-zeolit beads.
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A 24

3.3.

Am

BooAge Ag3 B A Al2go]lE, PS-syn—zeolite HE=
PAN-syn-zeolite H|E2] 545 3otslr] fl@ =72 edAdAdFL AF4
H 2 FAbAE o] ojFste] H=o] BEAS A8 AlxE H= e 34
A LglolES] FHE AL X-ray diffractometer(XRD, PANanalytical, X'pert
PRO MRD, Netherland)E At&3te] X-4 3| dA @S gtd o, Hl=o] EA)
st PS % PAN 59 a#3AER 9 4 AlsgtolES 7|5 7]+= Fourier
Transform Infraded Spectrometer(FT-IR, Bruker, Vertex 80v, Germany)E A}
4314 500~4000 cm el HL oA A st BlEe] A EAS vetsly] 9
d d5 % E2A7|(thermal gravimetric analysis, TGA, TA-Instrument, Q600,
USA)E o]-&3te] 20~800 To] WMol &ko W& FA #HAE SAHSHATH

W= g

=5
o

=9l Bxeol = FAFEAAE W] 7 (scanning electron microscope,

SEM, Carl Zeiss, SUPRA 55VP, Germany)Z ©]-&3d}o] #&s}4]tt.

skA 3l PS-syn-zeolite H]= " PAN-syn-zeolite H]Z=o] 2]3t FT < o]
(Ni*, Zn*', 2 Cr¥) &2 EA L FF% o9 HEA7te] & pHO d& 2

FEol Lo 4% Fo WL B A gen, wE= AA}

op
N
N
-
2
filo
1,
ft

4 Ade spdow AWtk 500 mL AEsIe A4 FE

Ni*', Zn*, 2 Cr" &9 200 mL® PS-syn-zedlite W= 2 g EE

PAN-syn-zeolite H] 2 g ¥S % HAEY|(Sci Labshake, SSO-2D,
Korea)Z 200 rpm £ 52 wukstds A4 Aztvigh 1 mLe A22 A3 359
o} AFH 3 A B YA E 7] (Eppendorf, Centrifuge 5415¢) % 10,000 rpmel A 5
min ¢ YAEES F HATAE HS IAFTFEFF A (Perkin Elmer,
AAnalyst 400, USA)= #2413k

_’Ié_



PS-syn-zeolite H]= % PAN-syn-zeolite H|=o] &% Z} $3F5 o] &

2 (qy), AAE(removal, %) 2 BFuA5(K, Lg H*P then o] Aaly

ct.
(G-C)v
g=—" - t (5)
(G-C)
Removal (%) = ————>100 (6)
G
(CO - Cye) V qe
K=—Fxm ~—C @

A7NA q, a7 At 2 oA v=e] FHHme/y), CE &
F F2% olee 27 FEme/L), G A el 89 F FF% oL BE
(mg/L), Ve &olo] FaL)E me FRA Fe), Ca AN &9 o

T T3 o2 FX(mg/L)o|t}.

_’I7_



IV 23 € 1%

4.1.

Jm

)=
A &4

4.1.1. XRD &4

i
=
Lo
P>
K

E Ao A& PS-syn-zeolite H|= % PAN-syn-zeolite H]
golE e FAE A &dlo] E(syn—zeolite)2] EAo] FAHE= 712 elstr] 9
sto] 4 AETolE 9 Na-A ET Al&dtolEgt 374 4% XRD A3&
Fig. 3¢ YEMNYTE Fig. 3(@ddA ®HW &4 ALgolEe 20 #H< 7.120,
10.094, 16.043, 21.592, 23.898, 26.037, 29.880, 34.092¢1 A4 3|4 3 A7} #FHU S
W, o] & Fig. 3(d)°] EF AZdolEet vusls wf 34 928 A7}
shol 2 Aol ARRZE 4 Aol Ex Na-A AlZdolEQl s 9T
T AA}E. T3 Fig. 3b), 3(c)ollA HEo] A3 PS-syn-zeolite HE= 2
PAN-syn-zeolite H|=9] 3|4 9a% nA3s} do 4 AZepolELt w3 ¢
Ao A HREAT wepA 1FEA PS 2 PANCE 34 AlSdolEE 1A 3}

ol 94 AlZeolES 72 540 FAHE Ae FAD F UM
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{a) Syn-zealite

'\\||.| ‘.||‘I

b |
bl oL P Y mllll | N
* e et e "“""f-lﬂw-._.--tu.‘.‘.’\.&.'m,, '..L_,._L,"__,.I‘_*__\,,_.-. G

() PS-ayn-zealite

N'..._,|||

s “"w. L

A
-
LY WY P Y Wik o s F

{c) PAMN-syn-zeoclite

Intensity (counts)

NG

|
g {
Vet Wy § A |
M- ward i i LJ“.':' LS i
e S ST R U, S S

{cd} PFla-A zeclite
futamclarc)

\ i I 1 |
Pl i Sl e ied o it W L i ."__ | P WY Y,

1 1 1 1 1
10 20 30 40 a0 60

2 theta (degree)

Fig. 3. XRD patterns of (a) zeolite synthesized from Jeju scoria (syn-zeolite),

(b) PS-syn zeolite beads, (c) PAN-zeolite beads, and (d) standard

zeolite (Na—-A zeolite).
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4.1.2. FT-IR &4

A Z¥ PS-syn-zeolite H]= % PAN-syn-zeolite H|= o] T4 A 22olE,
PS 9 PANe] 1A= Q& 7HE &str] st Azxd b=, §4 AL
o] E(syn-zeolite), PS ¥ PAN9 7|57]& FT-IRE o|&3te #4138 ZAyiE
Fig. 4 2 Fig. 59 by A,

Fig. 42 &4 A28 o] E(syn—zeolite), PS¢} A3+ PS-syn-zeolite H] =2
FT-IR 235 yeRd Aolt} Fig. 4(a)ollA] Hxo]l I AlsgolEe 75 564
em 'l A Si-O-Na' ¥ =, 979 cm 'ol A Si-O-Al 9=, 1639 cm "ol A H,O ¥
o ¥=7F BFHJAG A0 582 PSE Fig. 4(b)olA B 5o 1078 cm ! 2
1106 cm ! oA W= 3k (aromatic ring)e] 3=, 1238 cm ')A aryl ether 7]<]
C-O0-C 9=, 1296 cm™' 2 1322 cm'olA 0=S=0 ¥ =, 1362 cm™' 1408 cm’
2 2870 cm! oA CH; 719 C-H 9=, 1488 ecm! @ 1583 cm oA Wk
o] C=C ¥azt FFHJAGBD  agm B dFeld  FAHAd
PS-syn-zeolite H] =(Fig. 4(c))¢ Z$olx PSolAd #&HHJA 1080 cm ' 2
1105 cm™® ol 4] W= gh(aromatic ring)®] ¥ =, 1242 cm 'l A aryl ether 719
C-0-C 9=, 1294 ecm® 2 1323 cm' ©l14 0=S=0 ¥ =, 1488 cm ' % 1585
cm ol WEE @] C=C ¥, A ALeolEd] EATAY 562 cm ol A
Si-O-Na" 9=, 1012 em 'l A Si-O-Al 9=, 1639 cm ‘el A H,O ¥#¢] v=
7 BRE AL olge AnE Fd FA AETH)ESL A PSel AF¥A o=
AAFHANSTES FAT 5 Ak

Fig. 55 &4 Al &g}o] E(syn—zeolite), PAN % 343 PAN-syn-zeolite H| =
°] FT-IR A¥%E Yed Zeolth. Fig. 5(b)elA] %ol iz PAN
[-CH,CH(CN)-In & 1456 em* % 2938 cm* 914 CH % CH, 71¢ C-H 3=,
2244 cm el A C=N 32 Fo] #&AH, Fig. 5(c)olA HEo] £ el A]
=AY PAN-syn-zeolite ¥l =9 Z9-ol& PANe|A #HFE AW 1453 cm !
o4 CH % CHy, 71¢] C-H 9=, 2244 cm'elA C=N 32 So] #ZEYo
W 22 A gelolEd EAEAY 562 cm ol A Si-O-Na“ 3=, 991 cm ol A]
Si-O-Al ¥4, 1639 cm oA H,O #x19] v a7t #a= Q) olejd Ans &
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At

Transmittance, %

al &4 AledtolEZE LA PANO| A om uAs NS ST
1639 y
{a) Syn-zeolite 564
979
3210
(b1 PS 2370 |
1323
1254
1583
‘L‘BS | ove
123281106
3210 163
2870 S
() PS-syn-zeclite
1323
1ol
g12' 562
1488 1080
05
1242
| I [
3000 2000 1000

4000

Wavenumber, cm-?

Fig. 4. FT-IR spectra of (a) zeolite, (b) PS, and (c) PS-zeolite beads.
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Transmittance, %

1639
{a) Syn-zealite 564
97a
| ¥ ¥ ﬁl II-I'.. h L] I|
! Fo
2938 | [ i r 1
{b) PAN
]
2244
|
1453
2038 ' J IR
| . J
| i
. s 1639 N "
() PAN-syn-zeolite 1453 || |
262
991
] | I
4000 3000 2000 1000

Wavenumber, cm-1

Fig. 5. FT-IR spectra of (a) syn-zeolite, (b) PAN, and (c) PAN-syn-zeolite
beads.
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4.1.3. TGA &4

B Aqto] A& PS-syn-zeolite H/= % PAN-syn-zeolite H]=2] €% A%
S ToFstr] fl8ke] o5 nlE=e} Az ALEH A AlETelE, PS ¥ PANZ
A TGA 4 & stlem 1 Z3E Fig. 6 % Fig. 79 Yetld

Fig. 65 & dAfoA] AE3E A A S2o] E(syn—zeolite), PSe} A s
PS-syn-zeolite B|=¢] TGA A& YERA Foltf adoA Kol 4 A&
gl E= 100-200 Co 2% ®folA e Sl o3k oF 16%¢] A A
2 2 uEA PSE 500-600 T 2=l oo FjubAde] <& of
67%°] FA #HAES BJurY w3 B AFolA A E PS-syn-zeolite H =9
AFele= 100-200 To =% WA 4 ASgolEo] FHfd 2o o3
A FHA%E 500-600 To] =X fjelA PSol &g FA vt #EH o EXA
PS-syn-zeolite Bl=Wlo] 44 Al&etelE7F nA 3 HIAES AT 5 Udnh

Fig. 72 & dAFolA A&s A Al&eFo]E(syn-zeolite), PANZ A
PAN-syn-zeolite H|=9] TGA A& Yeld Aeolth 1 FA PAN+ 290-420
Tol 2=l CN 719l 27 193} (oligomerization), 4o & HCN %
gtEujole] Flke] o)s) oF 509%°] FA FaE HPTEA EI B oA
A3 PAN-syn-zeolite H]=9] A% Fig. 5(c)¢ 434 100-200 T &
T A A AlEEolEd HrE Fitedl ofgk FA Aok 290-420 T o
==l PANe| eolst FA Zark #EE o 24 PAN-syn-zeolite Hl =1
of AlZetolEVE A3}t HASFS AT F AN

4

PSst PANS 94 otg4g umahd

—

g

)

Wl == 247 500 C, 290 T=

PS 7} 84 b3 44 HEAS TS & ¢ Al
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100

90 -

70

60

Weight, %

50

a0

=== Syn-Zeolite "\_

30 -
PS-syn-zeolite

20 g T r
o 200 400 600 800

Temperature, T

Fig. 6. TGA curves of syn-zeolite, PS, and PS—syn-zeolite beads.

100

S0

80 A

70

Weight, %

50 A

- Syn-zeolite

wl e e
PAN-syn-zeolite “

30 g g
o 200 400 600 800

Temperature, T

Fig. 7. TGA curves of syn-zeolite, PAN, and PAN-syn-zeolite beads.
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4.1.4. SEM &4

oA AR HE= 9 g AlSdolES WS #EsSH] 9t 4
A &2} o] E(syn-zeolite), PS—syn-zeolite H]= % PAN-syn-zeolite H]=2] SEM
AR S ZA o] 1 A3E Fig. 89 Yt

Fig. 8(a), 8(b)i= PS-syn-zeolite H|= % PAN-syn-zeolite H]=9] <& & 1}
Bhdll o2 A7)7F of 2-3 mm¢Yl oIt Fig. 8(c)= & el AHgd &
g AlgEel ES 1500081 = gtdfsto] yEbdl Zlom Asejobe] Fxe 2-3 m
o] Na-Ag e @A ASefolE JA7t R3] Jde AL FAT 5 YA

Fig. 8(d) ~ 8(f) ¥ Fig. 8(g) ~ 8()& ZtZt PS¢t 4 Al&gto]E % PAN
I FE ASHolE FEEs dElste §A43 PS-syn-zeolite HE= Y
PAN-syn—zeolite W]=9¢] AdwHS ##3 Ao|t}, PS-syn—zeolite W= H
PAN-syn-zeolite H|=9] YH &= t3AdeY F+2E 7HAH, 132 WY 34
TZ el 8 Al&etol EVF H-A ] e AS & = A3k Fig. 8(d)
~ Fig. 8(H)= 2} PS 1.25 g3 & ASolE 15 g, PS 1.25 g A A==t
oJE 20 g PS 175 g¥ FA ASTelE 15 gof =AM FAH
PS-syn-zeolite H|E=9] HdH@HS e Fo= PSS ghafo] dAs 7ol A
(125 g) &4 AlZdolE o] F7hstel web(lb g — 2.0 g), H =9 Wi
© O B2 34 AsdolEVF BEEH AL, 4 Al&etolES o] dAT X
A (15 g) PSe] S S7kskel mek(1.25 g — 175 g) vl =9 Wil &4
st 7l Eo] Wol #FAstdion, o] oA PS7F 4 AlZEtolE YA
F4HS EAA Hol FHE T Ao Agdd® Fd% A7t PAN
I AlZgolE S Zefstel 4§ PAN-syn-zeolite Hl =9 Ao
A AEE AT

ol\
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Fig.

(g) (h) (i)

Photographs of (a) whole PS-syn-zeolite beads and (b)
PAN-syn-zeolite beads, SEM images of (c) syn-zeolite (X 15,000),
and of the cross sectional area of PS-syn-—zeolite beads and
PAN-syn-zeolite beads with different PS or PAN and syn-zeolite
contents (X 25,000): (d) PS 1.25 g and syn-zeolite 1.5 g, (e) PS
1.25 g and syn-zeolite 2.0 g, (f) PS 1.75 g and syn-zeolite 1.5 g,
(g) PAN 10 g and syn-zeolite 20 g (h) PAN 10 g and
syn—zeolite 3.0 g, (i) PAN 15 g and syn-zeolite 2.0 g.
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42. vE9 A =4

T4 ASgolES uEA E49 PS ¥ PANo 2 143 o 7 279
H =2 §Ast7] 9ete] PS9t &4 AlegtolE % PANI @4 Al&gole g
g5 dEste vE=E FAS L ol FAE PS-FA A2TolE n=
PAN-§4 Al &eto]E H= 2 gol 50 mg/Le TF% ol2>(Ni', Zn*, ¥ Cr')
4 200 mLE 27 500 mL Azt Zekxzo] 7
29 A7e W3S Fig. 9 2 Fig. 1001 YeERi A

Fig. 9ol B%o] 4 A&eolE &S 15 go& 33 PS FHS 1.25 gol
A 175 go 7 F/EFE NP, Zn?, Crf e AAEL Z7F 96%01 4 80%, 99%
A 90%, 99% N4 T71% o2 Fastsitt ol# gt A= Fig. 8(f)elAl Ho]
PS¢ g#s =7)sto] wel A E PS-syn-zeolite M| =9 7| FEo] FHAde]

TaEE S99 F3o] PEA ¢ky] wEolrh o] &(Ni*', Zn*,

)

-
ol
—|—’

aL 48A1ZE o] Fell TH S o

ko
ol
b

el
2 Crell dis) 7HE =S AAE] 24 PSS dgo] 125 go 2 dhar A
AgetolE ko] 1.0 goll A 20 go & F7teteE A$ol Ni¥', Zn®, Cr*'e A7
&8 7 72% M 97%, 84%°l A 99%, 53%°l A 99% 2 Frhstdoen, A
ALeolE dFo]l 15 g ol FdME BE TFE o229 AAL] A UdAT
Al A=A o]= PS-syn-zeolite B]|= We] A AlSefolE o] SIS
FZ AAL] FUFsARE @9 Ho Uol A AgElolErF dAF oo w
oW F2A Abolo] A M FHEAY HE e Fgo] A
7] wj&ol

Fig. 102 PAN¥ A Al&etolE ks 2efsto] A3 nl=d 9% &
T4 o] &(Ni%, Zn*, ¥ Cr')e] AALE HEI HASR Fig. 99 FAHA ¢
A ALgetolE S 20 go & dtal PAN #HS 1.0 golA 20 g2 F71e
FE Ni¥', Zn*, Cr''e] AAE&S Z7F 94%00 4 88%, 98%°ll A 91%, 87%¢°l A
69%C. 2 FHAstdth. 3 PANS HA £39 1.0 go& stal §4d Al=dolE
o &S 1.0 goll A 30 go & ZF7kstE Aol Ni¥', Zn”, Cr¥'e AALLe 7}
78 70%0l A 97%, 86%°ll A 98%, 31%°llA 93% o2 FTrhstdon, A Al&et
Fol 20 g o)AM= BE FTFE ol AAE] Ao dAI}A A

o]E

noi'



=] At}

wabaA] B o A= PS-syn—zeolite B]=2] ¢ PS 125 g, &4 Al&gto]

|

15 g(PS/syn-zeolite = 0.83) %71, PAN-syn—zeolite H]|=2] 7% PAN 1

0

g, T A=2golE 20 g ZA(PAN/syn—zeolite = 050)o A A3 vl =7} F

4 zgolgor], of 2ANM BT WEE ol F ¥ 4P Yty

12
120

[} o T =

PS content, g

1.3 14 15 16 17

1.8

100 A

80

Removal, %
3

20

—a— Ni2+

ol Cr34

--8--In2+

0.8

1 1.2 1.4 16 1.8 2
Syn-zeolite content, g

2.2

Fig. 9. Effects of PS and syn-zeolite contents for the removal of heavy metal

ions (Ni¥, Zn*', and Cr*") by PS-syn-zeolite beads (heavy metal conc.

= 50 mg/L, PS-syn-zeolite beads = 2.0 g/0.2 L, Temp. = 20 C, pH =

5).
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PAN content, g

0.9 11 13 L5 17 19 2.1
120

100 H

80 -

Removal, %
Z

—d— Mi2+

ol Cr3t
-8--7n2+
20 -

0.5 1 15 2 25 3 35
Syn-zeolite content, g

Fig. 10. Effects of PAN and syn-zeolite contents for the removal of heavy
metal ions (Ni¥', Zn?', and Cr®") by PAN-syn-zeolite beads (heavy

metal conc. = 50 mg/L, PAN-syn-zeolite beads = 2.0 g/02 L,
Temp. = 20 C).
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Fig. 11. Effect of contact time and initial heavy

Ni', (b) Zn®" and (c) Cr* adsorption by syn-zeolite (syn-zeolite

0.1 g/0.2 L, pH = 5, Temp. = 20 C).
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Fig. 12. Effect of contact time and initial heavy metal concentration of Ni*,

(b) Zn®> and (c) Cr* adsorption by PS-syn-zeolite beads
(PS-syn-zeolite = 2 g/02 L, , pH = 5, Temp. = 20 C).
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Fig. 13. Effect of contact time and initial heavy metal concentration of (a)

NiZ', (b) Zn* and (c) Cr’ adsorption by PAN-syn-zeolite beads
(PAN-syn-zeolite = 2 g/0.2 L, pH = 5, Temp. = 20 C).
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Fig. 14. Effect of initial pH for the removal of Ni, Zn, and Cr* ions by
PS-syn-zeolite beads (PS-syn-zeolite beads = 2 g/0.2 L, initial

heavy metal concentration = 50 mg/L, Temp. = 20 T).
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PAN-syn-zeolite beads (PAN-syn-zeolite beads = 2 g/0.2 L, initial

heavy metal concentration = 50 mg/L, Temp. = 20 C).

_36_



433. F&o|29 I

—syn-zeolite H] =0l )& Ni*', Zn®'

o
of{
ri
_O|L
rir
o,
o
=2
o)
wn
%)
<
o=
N
o)
<N
=
™
g
=0
o>
Z

gL Cr” ool A5 AuEgth §F AP N, n” 3 O wE7b 1

[

=
Fig. 169 ®ulA4(Kq, L/g)E Z+2 Fig. 17 2 Table 201 Yebiict 34
Hlel Al 2o Ni¥, Zn? 2 CfF o] &e rol o] BXE Ewrie] HZ
el 2l AF(K)E A (DF 2ol mdag

4= C.Xm :F 0

o]

2 Crt o] Lo] ©Eo R EAEUS A= PS-syn-zeolite H{ =9 74-¢ AA
&2 7H7F 92.8%, 95.7%, 89.5% ol o}, AVl TR o]o] FEA AAES
Zy7y 51.6%, 62.0%, 48.7%% 743t o™, PAN-syn—zeolite H| =5 o] &
¢ dmor EAEAS dFole AAES A7 92.3%, 944%, 884% oA ot
7] g o]2o] FEA] 42.1%, 60.8%, 46.0% = A8l T

NiZ’ell Na’, K', Ca?, Mg? o] &&Fd= %ol PS-syn-zeolite H| =9 7%,
Kq 7S Ni?'(0.107 L/g)> Mg®(0.021 L/g)> Ca®'(0.007 L/g )> Na'(0.005
L/g)> K'(0.003 L/g), PAN-syn—zeolite H|=2] 7% Ky %2 Ni*'(0.073 L/g)>
Mg (0.013 L/g)> Ca®"(0.010 L/g)> Na'(0.004 L/g)> K'(0.002 L/g) =22 =

< #e Blen, Ky #el E45 AAEE =dvh

rol
o

_37_



Zn* o] Na', K', Ca®, Mg*o] &&dtx= 72 %o PS-syn-zeolite H/ =9 7-¢,
Kq 2 7Zn®(0.163 L/g)> Mg>(0.019 L/g)> Ca*(0.015 L/g )> Na'(0.008
L/g)> K'(0.005 L/g), PAN-syn-zeolite H|=¢] 4% Ky < Zn*(0.155 L/g)>
Mg (0.017 L/g)> Ca®(0.010 L/g)> Na'(0.010 L/g)> K'(0.003 L/g) o2 *=
S g Ron AA Ky #e]l F5E AAEE =urh

Cr¥ell Na', K', Ca?, Mg?o] &&dt= 9ol PS-syn-zeolite H]=9] 79
Kq #& Cr¥(0.095 L/g)> Ca®(0.024 L/g)> Mg*'(0.007 L/g )> Na'(0.006
L/g)> K(0.002 L/g), PAN-syn-zeolite H|=2] Z-¢ Kq < Crr(0.073 L/g)>
Ca*'(0.013 L/g)> Mg”(0.012 L/g)> Na'(0.005 L/g)> K'(0.002 L/g) o2 *=
< e Bilow Ky #to] E4E AAERE =T

NiZ* o] &9 Ky #e A7) thAd i o] Lo] &8 w PS-syn-zeolite Hl=
PAN-syn—zeolite Bl=2] %% 0.107 L/g, 0073 L/ge.2 @502 EA39S
799 1282 L/g, 1.192 L/g Bt} 7FAstga, Zn? o] &9 Ky ge thAd 2 o

o] F&g ] PS-syn-zeolite H|= % PAN-syn-zeolite H]=9] 4% 0.163 L/g,

e

o

0.155 L/go & w5o=m EA3t9s 499 2233 L/g, 1.769 L/g Bt 7433

i, Crrol2d Ky #e AR oo FFE3 uw PS-syn-zeolite HZ= o

o

PAN-syn-zeolite H]=¢2] 4% 0.095 L/g, 0085 L/gl & W&oz &3
449 0.856 L/g, 0.766 L/g Bt} At 2eiv B o9 ZA$-wu Nit'
o] && 51u) oA}, Zn* o]22] H$ 864} oA, Criol29 % 408 ol

& Ky #S Ho g o]o] FEFE HoxE PS-syn-zeolite HE=

Hir

HE

PAN-syn-zeolite Bl=ol €3 Ni*'| Zn* 2 Cr* o229 #AAE= A€ol =

Ao Atm

_38_



100 -
m PS-syn-zeolite
20 - = PAM-syn-zeolite
B
= a0
m
=
£
S a0 -
o-
20 -
0 i
MNa+ K+ Caz2+ Mg2+ MNi2+ single
22+
(a) Ni
100 -
B PS-syn-zeolite
80 - # PAMN-syn-zeolite
R
— 60 -
3]
=
£
5 a0 -
o-
20
0 . : .
MNa+ K+ Caz+ Mg2+ Zn2+ single
2+
(b) Zn
100
M PS-syn-zecolite
20 - = PAM-syn-zeolite
ES
— 60 -
[
=
£
T 40
(=
20
0 - — - - .
Ma+ K+ Ca2+ Mg2+ Cr3+ single
3+
(c) Cr

Fig. 16. Comparison of (a) Ni*, (b) Zn*, and (c) Cr* removal by
PS-syn-zeolite and PAN-syn-zeolite beads under coexisting ions
(PS-syn—zeolite and PAN-syn-zeolite beads = 2 g/02 L, pH = 5,
Temp. = 200C).

_39_



2.5 -
B PS-syn-zeolite
2 - = PAN-syn-zeolite
-
o
o 1.5 -
&
]
—
4
=
Dt
0.5 -
0 : : : Jo. :
MNa+ K+ Ca2+ Mg2+ Ni2+ single
o
(a) Ni
2.5
B PS-syn-zeolite
2 - = PAM-syn-zeolite
=
w
@ 1.5 -
o
o
S—
- 1 -
=
¥
0.5
o T T T T T '
MNa+ K+ Ca2+ Mg2+ Zn2+ single
2+
(b) Zn
2.5
B PS-syn-zeolite
2 - = PAN-syn-zeolite
=
m
@ 1.5 -
=
]
S—
- |
=
Dt
0.5 -
o : E 1 - W
MNa+ K+ Caz2+ Mg2+ Cra+ single
3+
(c) Cr

Fig. 17. Comparison of distribution coefficients for (a) Ni2+, (b) Zn2+ and
(c) Cr3+ adsorption by PS-syn-zeolite and PAN-syn-zeolite beads
under coexisting ions (PS-syn-zeolite and PAN-syn-zeolite beads

=2g/02 L, pH =5, Temp. = 200C).

_40_



Table 2. Comparison of distribution coefficients

(Kd)

for NiZ', Zn®

and Cr”

adsorption by

PAN-syn-zeolite beads under coexisting ions (PS-syn-zeolite and PAN-syn-zeolite beads
Temp. = 20 C).

PS-syn-zeolite and
=2 g/02 L, pH = 5,

Kq (L/g-bead)

Adsorbent NiZ' Mixed Tn? Mixed P Mixed
(single) N Na© K ca® Mg¥ | GSingle) 7y Nag K cat Mg* | GSingle) o | Nat | K| car | Mg
PS-
. 1.282 0.107 0.005 0.003 0.007 0.021 2.233 0.163 0.008 0.005 0.015 0.019 0.856 0.095 0.006 0.002 0.024 0.007
syn-zeolite
PAN-
1.192 0.073 0.004 0.002 0.01 0.013 1.769 0.155 0.01 0.003 0.01 0.017 0.766 0.085 0.005 0.002 0.013 0.012

syn-zeolite
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Fig. 18. Linear plots of the pseudo-first-order kinetic model for the
adsorption of (a) Ni*', (b) Zn®>" and (¢) Cr*" by synthetic zeolite
(synthetic zeolite = 0.1 g/0.2 L, pH =5, Temp. = 20 T).
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Fig. 19. Linear plots of the pseudo-second-order kinetic model for the
adsorption of (a) Ni', (b) Zn?" and (c) Cr*" by synthetic zeolite

(synthetic zeolite = 0.1 g/0.2 L, pH = 5, Temp. = 20 TC).
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Table 3. Kinetic data calculated for the adsorption of NiZ', Zn®" and Cr®" by

syn-zeolite

Pseudo—first-order

Pseudo—second-order

Ions Co gelexp)
(mg/L) (mg/g) Ky Qe 2 ko Qe 2
(1/min)  (mg/g) (g/mg-'min)  (mg/g)
20 30.23 0.0450 10.273 0.8789 0.0188 30.581 0.9999
30 33.98 0.0824 17.854  0.8109 0.0161 34.602 0.9999
50 37.17 0.0326 13419  0.7802 0.0107 37.594 0.9996
NiZ* 100 37.90 0.1451 31.196  0.8224 0.0135 38.760 0.9995
150 40.29 0.1266 23.746  0.9690 0.0311 40.816 0.9996
200 40.02 0.0723 22294  0.9471 0.0111 40.816 0.9998
250 39.80 0.0491 10.503 0.6185 0.0549 40.161 0.9998
20 40.87 0.0165 5.007 0.3075 0.0500 41.152 1.0000
30 51.57 0.0188 11.585  0.3332 0.0060 52.910 0.9998
50 75.99 0.0201 16.458  0.3077 0.0038 78.125 0.9997
7n2" 100 33.78 0.0212 17.051 0.3257 0.0040 86.207 0.9999
150 94.00 0.0253 21568  0.3429 0.0024 98.039 0.9990
200 107.97 0.0214 7.065 0.2739 0.0249 108.696  1.0000
250 120.00 0.0282 21.181 0.3966 0.0029 125.000  0.9985
20 24.26 0.0538 16.775  0.8433 0.0080 25.445 0.9989
30 27.00 0.0365 15.319  0.8470 0.0068 28.249 0.9978
50 28.50 0.0401 16.794  0.9492 0.0067 29.586 0.9998
cr 100 29.74 0.0475 25.713 0.9495 0.0029 32.895 0.9973
150 33.87 0.0399 25.953 0.9438 0.0021 38.023 0.9931
200 35.95 0.0894 37.521 0.9732 0.0029 39.370 0.9914
250 36.50 0.0548 33754 0.9671 0.0020 41.152 0.9939
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Fig. 20. Linear plots of the pseudo—first-order kinetic model for the
adsorption of (a) NiZ', (b) Zn?" and (¢) Cr*" by PS-syn-zeolite
beads (PS-syn-zeolite = 2 g/0.2 L, pH = 5, Temp. = 20 T).
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Fig. 21. Linear plots of the pseudo-second-order kinetic model for the
adsorption of (a) NiZ*, (b) Zn®" and (¢) Cr*" by PS-syn-zeolite

beads (PS-syn-zeolite = 2 g/0.2 L, pH = 5, Temp. = 20 C).
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Table 4. Kinetic data calculated for the adsorption of Ni%', Zn®" and Cr®" by
PS-syn-zeolite beads

Pseudo—first-order

Pseudo-second-order

lons Co ge(exp)
(mg/L) (mg/g) K e 2 ko Qe 2
(1/hr) (mg/g) (g/mg-hr)  (mg/g)
20 1.9767 0.3751 1.7764 0.9907 0.5054 2.0206 0.9997
30 2.5946 0.1063 1.9737 0.9793 0.1722 2.6940 0.9987
50 4.8330 0.1470 4.3579 0.9893 0.0716 5.1073 0.9979
NiZ* 100 6.9827 0.1185 6.1564 0.9918 0.0412 74074 0.9959
150 9.1536 0.0679 8.0398 0.9659 0.0175 9.9502 0.9923
200 8.9000 0.0840 8.3863 0.9803 0.0202 9.5785 0.9844
250 9.2000 0.1078 8.1743 0.9781 0.0275 9.8328 0.9924
20 1.9804 0.7478 1.4019 0.8691 1.9992 1.9924 0.9997
30 2.71534 0.1596 1.6426 0.9178 5.1414 2.7863 0.9999
50 4.9809 0.1362 2.4481 0.7550 0.3285 5.0454 0.9999
7n2" 100 77073 0.0872 5.5506 0.8531 0.0560 8.0257 0.9985
150 12.3711 0.0606 8.0736 0.6729 0.0278 129366  0.9972
200 13.9972 0.0498 9.7845 0.6447 0.0155 14.6843  0.9936
250 15.8133 0.0463 10.0352  0.4990 0.0174 16.5837  0.9949
20 1.9137 0.2206 1.5647  0.6916 0.8352 1.9414 0.9997
30 21371 0.0925 2.4390  0.9021 0.0928 2.9455 0.998
50 4.4809 0.0660 3.2930  0.2404 0.0284 4.7461 0.9972
cr 100 6.5000 0.0453 44678  0.6848 0.0447 6.7659 0.993
150 7.5030 0.0418 47545  0.5972 0.0443 7.7101 0.9902
200 7.8000 0.0762 3.7852  0.7125 0.1388 7.9681 0.9997
250 7.9080 0.0795 45672 05272 0.0980 3.1103 0.9993
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Table 5. Kinetic data calculated for the adsorption of Ni%', Zn?>" and Cr®" by

PAN-syn-zeolite beads

Pseudo—first-order

Pseudo-second-order

lons Co ge(exp)
(mg/L) (mg/g) K e 2 ko Qe 2
(1/hr) (mg/g) (g/mg-hr)  (mg/g)
20 1.9420 0.5800 1.706 0.9919 0.9900 1.965 0.9998
30 2.8000 0.1724 2.342 0.9509 0.1323 2.935 0.9991
50 4.8244 0.1720 4.495 0.9825 0.0790 5.066 0.9985
NiZ* 100 5.8000 0.0829 4.933 0.9820 0.0402 6.173 0.9961
150 6.4459 0.0963 4.230 0.8393 0.0818 6.631 0.9982
200 6.2000 0.1045 4.229 0.9616 0.0990 6.443 0.9986
250 6.2000 0.3665 4.893 0.9800 0.2496 6.289 0.9997
20 1.9991 0.6130 1.603 0.9671 2.4521 2.008 1.0000
30 2.71959 0.2337 2.011 0.8932 0.4337 2.848 0.9992
50 49415 0.1247 3.073 0.9607 0.2253 5.030 0.9998
7n2" 100 8.8900 0.0737 5.500 0.8164 0.0642 9.141 0.9985
150 12.4642 0.0859 8.976 0.7513 0.0289 13.055 0.9967
200 13.0000 0.0542 9.138 0.6844 0.0186 13.605 0.9954
250 16.9640 0.0774 11.229 0.6655 0.0231 17.637 0.9966
20 1.8933 0.2613 1.799 0.9336 0.4400 1.944 0.9994
30 2.7300 0.0688 2.393 0.8513 0.0715 2.982 0.9946
50 4.2347 0.0474 3.280 0.6185 0.0490 4.564 0.9879
cr 100 4.8000 0.0235 3.350 0.5836 0.0433 4.600 0.9385
150 5.1100 0.0312 3.934 0.5391 0.0264 5.485 0.9539
200 4.6500 0.1118 2.214 0.7237 0.3738 4675 0.9997
250 4.7000 0.1249 2.901 0.5299 0.2492 4787 0.9998
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Table 6. Langmuir parameters for adsorption of Ni**, Zn*, and Cr®" on synthetic zeolite, PS—syn-zeolite beads and

PAN-syn-zeolite bead

Ni%* Zn* Cr
Adsorbent Umax b 1‘2 Umax b r2 Umax b r2
(mg/g) (L/mg) (mg/g)  (L/mg) (mg/g)  (L/mg)

Synthetic zeolite 40.32 0.3912 0.9996 119.05 0.1074 0.9715 37.45 0.0972 0.9948

PS-syn-zeolite

o 932 02766 09971 1653 01838 09770 8.1 01953  0.9993
Ps;feig;ie"hte 3135 02760 09972 6024 01832 09769  27.02 01983 09992
PAEZZLZ%M 627 07652 09994 1577 02163 09636 476 12432 0.9979
PABL;Z%ZgzeOIite 33 07652 09994 813 03060 09647 2725 07085  0.9985

D2 are the gmax(mg/g) values for mg/g bead and mg/g zeolite, respectively.
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