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Abstract

This study evaluates the adsorption properties of Sr ions in an aqueous solution of the synthetic zeolite (Z-Y1) prepared
using coal fly ash generated from a thermal power plant. In order to investigate the adsorption characteristics, the effects of
various parameters such as the initial concentrations of Sr ion, contact time, and solution pH were investigated in a batch
mode. The Langmuir and Redlich-Peterson model fitted the adsorption isotherm data better than the Freundlich model. The
maximum adsorption capacity of Sr ions, as determined the Langmuir model, was 181.68 mg/g. It was found that by varying
the Sr ion concentration, pH, and temperature, the pseudo-second-order kinetic model describes the adsorption kinetics of the
Sr ion better than the pseudo-first-order kinetic model. The calculated thermodynamic parameters of AH’ and AG’ showed
that the adsorption of Sr ions on Z-Y1 was occurred through a spontaneous and an endothermic reaction. We found that the
adsorption of Sr ions by Z-Y 1 was more affected by pH than by temperature and Sr ion concentration.
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TH4]o] oA 3l It Ding et al., 2013).

HARE R ol A WS AN H171E9] of
2 “Co, "Sr, VCs 22 YA AT Na, K,
B 53} 2& theo] uihals 8l5S Eaksla olrk
(El-Kamash, 2008). WA AEEL H7|&E Yoj|A]
e SRR EAAE, AP SEe B3 09
AlZ|1aL A EA ol FekA - WAV A =4 f1EE TFe
2> 9Jti(Chen and Wang, 2012). £3] "Sr& ai5y
Al A7 Bl AL ¥7)7E 2899 0 & A, A
Aloll A FEo] ot oF d A EdHo
frargtokar 2 A It Wu et al., 2009).

Srah 7o WA HEL AAel] S F2 A
5= 7HhHo 7= Z¥H(Kurbatova et al., 2007),
ZdhA)2]¥(Yang, 2009), o]&ugHH(Roy et al,
2002), gul5E%¥(Yang et al., 2005), S2(Khan
etal., 1995) 50| Qltk. o|& 34 FolA 2
3730 Blsl @& B8 22fo] 7HHRE o g o
A glow, wEA FHo] 7Hsa o] o] el
7 F2RHAE o83t 5 A B8-S AlASH
= Q177 gho] Ayl Qe

FAA Ao FAT, FEARE, WA

[e]

o

&, A&l E 5ol gol AREE AL it} Chegrouche
et al.(2009)S FAJELO & St 0129 A A A] EX
o] 44.4 mg/go]H, Inan et al.(2006)2 zirconium
dioxide = Sr o] A A A] E2FFo] 30.12 mg/go]
2}l 3}k Khan et al.(1995)2 A L=< HEL}
O|EE SAA|R ARE-gt 9ol Sro] S0l 28.39
mg/go] At 31992 ™, Cheon et al.(2014)2 712
21 o83 B0l WARs 771291 Co, Sr, Cs o2
o] sakgFo] 7kt 1.363 mg/g, 1.834 mg/g, 6.318
mg/go]2kal s3It o]t SR FollA Al&Eto]
E Fold o] & nehe 2 F2H, 24 o
At o g} AXH2o] whE 54 o]0 Tk =
= e o= sl A AFAAE I3 F2HA
24 Wo| ARE-E| 31 QITHKim et al., 2014). Smiciklas
et al.(2007)& A Al2e}o]EQ] clinoptiloliteE ©|
82t Co, Sr, Cs o]-& A A thaff Aot 2
Fo] Z}Z}F 3.40 mg/g, 11.64 mg/g, 45.12 mg/go]&}al
3o, Lee et al.(2016)2 A Al&gho|EQ]
mordeniteS ©]-83t Cs 0]-22] F&F Lof A Cs o]

29 Zvff F2lge] 37.3 mg/go|Arkal sHyie). E3H
El-Kamash(2008)= & Al&EolE AE ©]-8-5}]
Cs, St o] 20| T3t B2 A2 Bako] 21769 mgg
7} 90.7 mg/g2] &&= 7HHITkal 319131, Mimura
et al.(1993)> §/d Al&e}o]|E PE 0|83 Csof Sr
olee] BAATOIN Ay SaFo] 27t 2339
mg/g, 161.22 mg/go]2tal 31Tt

]9} Zro] He Al&efo]|Eo] Hlsl A Al&tel
E= S2sdo] $rshAIRt 7HA o] v R R, 5
#H|7]Zou AFY #7155 0]-8-5to] AlEetolEE &
SR @77} ol AlEE|T 9tk S5, ol 3}
euido] 97129 fly ash S o] §3ko] TAT AL
Zro|EE AMESE L7 © 1|31 Q). El-Dessouky
et al. 20112 0] FE 2] 7fo]2 Bzl A] LA
8= fly ash= §4J35E NaA-X &3 Al&eto|EE AL
$510] Cs9k St o122 A AT AToIA ko] B
2Fo] 140.85 mg/g & 270.27 mg/ge]2}al SFRTE E
Sk Lee et al.(2014)2 3h 24F A GojA] vij&s=l=
coal fly ash® $4J3t Na-A AlZo|EE 0|83} Sr
o] F2t dtollA FAFFo] 156.38 mg/gole} 513l
t}. o]9} 2ol fly ash= A7t Al&2to] E+= fly ash
O] AHAJ ol whef F2Fso] thEE & = Qlrk o= WAy
Bl 2199 coal o] A0 2fo]of| A H|ESo] AAnE]
= oA 9] HHAo] th= 7] wie] fly ash o] Aol
U ol A Zpo|7h s |t o = AFRE T

wepA] 2 AtolAE W Y Aol A bl
Z %)= coal fly ash 2 3 Al&efo| ES AMESTo]
WAbs =4¢ Sr o] 2of gt F2Hs= =S
Z7] pHoll w2 S 25 pHE SHIUL &
2 SAAES Edlo] Langmuir®}l Freundlich,
Redlich-Peterson 5-24]of 212} A-&A|A BT ®
TFF2HY] =2 JIAAR] I, pH, 22 #islo]
s Al W SRS HEFCEN FAEE
5, FAde AsS s skt sl

N
1>
0%

Mz H A

2.1, M3z
B Aol A S Y S a AR
g 2] A7 - & 7o) A EZE coal fly ash (YFA)S
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ARg-3lo] Adied T Lee and Park, 2011)of4 ¢} o]
88159 TAYOR Na-AT ALTo| =S Thew}
Zro] A z3ko] AME-31TE YFA 10 g7 NaOH 18 g
= A 1:1.8 %2 28ske] 550 Tl A 1A 5398
AR th2oll SiOxALO; EH|7}F 1:22.57F HEE
NaAlO,E 37IsISith o] Alge] o4 Al=Ed=
Cosmo catalyst Co.of|4 U3t Na-A AZTo|E
(Z-CS) 0.2 g-& 100 mL 9] Fro]2=pof FAMAA HZ
= IYE 300 mL AHlE| X REG7]E o]-8-5ko] -8
N AofAl wRksHHA] <5/d(5A17h B AFSHSAIZY
L AZ F Na-A A& E(Z-YD)E Ax5I3
ok F2HAlE o ol&5= AlAstaL 110CoflA] 2417k
A3 5 SRR of| ARg-SE3ITh

Strontium nitrate (Sr(NOs),, EP), hydrogen
chloride (HCI, EP)3} sodium hydroxide (NaOH, EP)+=
Samchun Co. oA -J3}of AR5} Sr o] 8-
2 strontium nitrate S Z<=<=(Milli-Q Millipore 18.2
MQ' conductivity)o] =61 1,000 mg/Le] stock
solution& A| 23} ARG-3}ATY.

AP SEAOR £ om, 500 mL A2
A =0] Z+2F 70 ~300 ppm <] Sr 0] 8- 200 mL
£ 93 AEEelE 0.1 g& ¥ F FEAEY
(Johnsam, JS-FS-2500)& ARE-5t] 180 rpm .2 W
uIshc). AAAIRE ZHnkeh A 22 Aol U
H.2]7|(Eppendorf, centrifuge 5415¢)2 10,000 rpm
o4 5 min FF A4 FEFt T FTHES st
QA4 E = Al(Shimadzu. AA-7000)2 E45})
gt} 8olo] pHE= 0.01M HC1Z}H 0.01M NaOHE A}
85}o] 2254901, pHO| Z4-2 pH meter (Orion,
model 420A)E 0] 8519t &x9 2 4S Q= 5}
= A 220 fhE AN = 2 2d
WS ol g5te] AL st

FEAO] BHE oleo] Fuq)T HujAL:

(K= ok 2ol Aldshaitt

cC—-C)V
qﬁzg (1)

m

Ki=—Ffr =7 (@)

AN g BY FHmely). Cots 27E
(mg/L), Cel= FPBw(mgll), Vi 4| F3(L),
me F219] %Kg)oltk

3.1. S M=

Fig. 12 YFA, Z-Y1 @ Z-CS©] XRD &l 1|1
sto] LERH Zlojtk YFAS] XRD 3] =4= Q(quartz)
of M(mullte) ] 7] 25+ Urept Al 8-64-215H
e AX & E ATl E(Z-Y1)= Q(quartz)
o} M(mullite)©] 73 #9] A@E|7 7.18, 10.17,
12.46, 16.11, 20.41, 21.67, 23.99, 26.11, 27.11, 29.94,
30.83, 32.54 2! 34.189] 269]|4] XRD #FE el
Qlth. o] XRD 1 == Treacy and Higgins(2001)7} A
ARt Na-Ag Al&eto] E(NanAli2Siin0usr.4H,0) 2]
XRD E4 5119} 79| £ 9GO0, EXEA
21 Na-A Al&eto] E(Z-CS) 9] XRD 3] =9k Ao
Aol 7ol E3, A3l ¢94(Lee and Park,
2011)0]|A] fly ash®} Na,COs & ]85+ 4 Al2eto]
E(Z-C1)2F= AL| fAFE 43 XRD T 2E LER
glon, d7te] AE-S NaCO;0l 4] NaOH 2 Q]
7] wzell 267} 29.4Q1 1A oA LrEkLb= calcite=
UERLA] o= Na-A Al&EtolBE(Z-YD)E @S
slsick

U9r o &2 golo] pHi= FAA o &Jgh a4 o]
29] F2of| QlojA] 71 a3t 84 F9f shtoltt.
wjebi] 27| pH ¥stol| wh Sr o] 29| 2} 2%
pHE 7] 9]5}o] Sr 0] 29| F=E 100 mg/L,
255 25CRE YAeHA stala] &9 7] pHE
2.5~102.2 Ge|sto] A =33 Fig. 200141
HH -§HO| 27| pH7} 2.5004 5.07H4] F7Fekol| w
g} E2leko oF 25 mg/gof|A] 125 mg/gE Z7}8h,
pH 5.00)/2] ®I9jof| A= 2F 125 mg/g = LA}t
B3t 27] pH7} 2.500|14] 5.07H4] F7Fetol| whet 2%
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Fig. 1. XRD patterns of YFA, Z-Y1 and Z-CS (A: Na-A  Fig. 2. Effect of initial pH on adsorption capacity and final

zeolite, M: Mullite, Q: Quartz).

pHE= 2F 5,004 8.0 =71R] Z7I5F L) 7] pH
745.0 o] ol A= 2F pH7F oF 8.022 AAsI:
Z7] pHoll w& SJA=Fe] wWdlol|l thsl Lee et
al.(2014) g2} 27]9] pH7} Wolx|H g2l Fof
a0 Tt SUVSHA HER & Fo a5
o250 F2HA|Y] B HeIE 4 o2 B
Al =o] F2Fgo] rashATl, 84 2] pH7L F7Fshd
T o] & Tt s HER 8 Fo| Fak
o250 F2HA| EHO & Rl w3 7137
o wolAA) Hm Fatwko] Z71RIThL alsich
3l El-Kamash(2008)= A|2clo]E H249] Si-0-Al
T2 Si-O-SiEth oFe}al Al&eo|E e H o]
20] 9 4 2k 4 glek sfgton), o Age
Ag ol = A % XB7} o] W S vl&2] AL
efolo] 9o t% Alska T T et &4
e Abe] pHo| w2} SefAicka shick B el
9] ZA3}= El-Rahman et al.(2006)2 Al&2}o|E
NaA-X5 S22 AME-5to] Sr o] 2-5 A| A Aol pH
7420014 5.07431 A &0] Z715tek7} pH7F 6.0
ool A= AAEo] AL 5H%. 2, Lee et
al.(2014)2 coal fly ash= gHAJSH A2 To| EE AR
3t -l 7] pH7} 2.09014 4.071A]= &0 5
7¥sttt7E pH7E 5.0 o) ol A= DAkt Aot
2 A9 Aib= FAFSHATE

pH (concentration = 100 mg/L, zeolite = 0.1 g/0.2 L,
temperature = 298 K).

3.3. &% 52 siiM
£ Aol A= Sr 0] 2] 52413
Freundlich, Redlich-Peterson S}

A FEshsict

oot

ZA1= Langmuir,
T2Alof] AHEA

RS |

A

Langmuir 42 THEAS S22 7|22 3 Ao
o2} ZtHLangmuir, 1916).
q”LK}; C’E
b= 711w 3)
1+ K,C,

A71A, qe= BE 2 (mg/g), qm> T S2F
(mg/g), ki = Langmuir A<(L/mg) 18] Co= E3
F(mg/L)o]t.

Freundlich 412 S&FA|e} F2Hd A4} Abo] 9] tf

oflt o

2AE B2 Uehfel ofglel rhFreundlich,
1906).
q = K.C'" (4)

7|4, K= Freundlich AH3(L/mg) 2 S2HA| <]
Aol i A=A I S48 F250| s
e om|eith 1me SAES Ueidie 4= o
202 2013 w] F2to] 47 dojubm, 1 o]5iel

St

o E@

Mo oo

YRR
T

=2 v
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Redlich-Peterson A1 37[1<] olj7|¥H<= ag, Krp 2
B x23bek= A4 T4 0 R HY st
=0] el Melois A =24, s |
flellA= Freundlich 5-2-4] Z12]31 2|4= Bgko] 121
7d%-olli= Langmuir 52402 AgtEl= 4o 9]

6 o t}-2-3} ZHtRedlich and Peterson, 1959).

agC.

- G 5
QB 1+KHPCZJ ( )

o714, Krpd} apS Redlich-Peterson A<z, =
Redlich-Peterson A]4=0]t}.

& A Foto] ¥ A3E Fig. 3¢ e
wiglem, o] dlolElE Al(3)~(5)oll thdshe] &2
parameter 452 Table 19f LERHICE Table 19]
BEo] St 0] 2.0 H2HL Langmuir 540 g3
7121701 0.99869] 11, Freundlich 5-&-2]of 243} 7
2L=0.9951, Redlich-Peterson =-2-4]of &-231 72
o= 0.9987° 2 A A S 2 Freundlich 524 Ht}
+= Langmuir 5-24] 4 Redlich-Peterson 5-24]9] ¢
ZF HEESSH= A0 2 YERGTE o] Lee et al.(2014)
o] coal fly ash® M3t Al &eto| ES ]85 Sr &
Z} o519} El-Kamash(2008)7} Al &2}0|E A& o] &
sto] Sr& F2AIXT Aol A % Langmuir 52419
H ZF Redetohar o Autel fARRITE 3 Qiu
and Zheng(2009)= Aeb 2 K E| A3 Al &elolE
£ o83t a5 FRoIA FRAAE Al&TelE
9] SI0°9] FEHoIA ERANS 9 o] &matol
ola] H&=|7] wjHol| Freundlich S-A|Hrh=
Langmuir 5-24]of| o3l 2 AR 4= Qltkal 513tk

Langmuir G-2A]0RHE 5t g2l
181.68 mg/go|+="t, ¢]+= El-Kamash(2008)7} A
& zeolite AE ©|-§3F 7490l Sr o] 29| 2o} F2HF

oF 90% 4232
[e]

200

Ge, My/g

50 4 ®  Experimental Data

Langmuir
Freundlich
———" Redlich - Peterson
0 T T T T

0 50 100 150 200 250

Ce, mg/L
Fig. 3. Adsorption isotherm for the adsorption of Sr ion by
Z-Y1 (zeolite = 0.1 g/0.2 L, temperature = 298 K,
pH=16).
3.4, FOIEH s
Fig. 40 el Q= Ay} o] 2=of ti3t &
& AP A Aot A oR o) gE 4 ek
2hA] Z-Y 1o]) 015t St o] 0] F2fof glof o] delst
2 EAL ATt 1] SHFElS Gibbs ]
Aoy A WskF AGoE= e Ao ofsf 13 4=
otk

AG" = AH— TAS® (©6)
o7|A, aH = T H3FHKI/mol), AS°= <l
E 23] H31EKJ/mol/K), T= A2 %= (K)o|t}

Van‘t Hoff 4] t}-2-1} 2t}

AS° AR’ 1
R R T Q)

InK, =

Table 1. Adsorption isotherm parameters for the adsorption of Sr ion on Z-Y1

Langmuir Freundlich Redlich-Peterson
Jm Ky 2 n Kr 2 aR B Krp 2
(mg/g) (L/mg) (mg/g) (L/mg) (L/mg)
181.68 0.1047 0.9986 6.39 77.81 0.9951 0.1452 0.97 22.48 0.9987
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250

e, Mg/g

0 50 100 150 200 250
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Fig. 4. Langmuir isotherm plots for the adsorption of Sr ion
onto Z-Y1 at different temperature (concentration =
70~300 mg/L, zeolite = 0.1 g/0.2 L, pH = 6).

o] 7] A, R 7] 4|4H(8.314 J/mol K)o|t}.

Fig. 5= Fig. 49| A1} A5 & o|-§s}o] 7k 2%=o
3t Langmuir A4=5 a3, A7) 2AsH In
Kot /T ZAIZE Zlo|H, o] 2 7E 5 Joshy
ahefa|E|gEE-2 Table 20f] YERHSITE Table 3014
B AH9| gfo] B offrolng SNk S
Hh3-olm, AS°7}F 0] FhS 7R B ol 1A
FHAPO|S] BAXMETL F7RES oulgith E3
Gibbs Z}F-oll 2] AG°9] gho] S=9] FL& 7HA &
F2HEg-o] APEA] ¥ YERdTE

3.5, &3 &k 6y

Coal fly ash A|&2to]E0] &J3t Sr o] 22] F2t &

= ool 7] 9Jale] A} I3} LA GAF 27} £
= 4jo] 2.g5to] ulasteick

A 1A} 212 oS3} ZFoK(Lagergern, 1898).

0.1

0.0 4

In Ky

-0.1 4

-0.2 q

-0.3 T T T
0.0028 0.0030 0.0032 0.0034

uT

0.0036

Fig. 5. Application of Van't Hoff plot.

q, = q,(1—exp(—kyt)) ©)

oJ7| A, ko] FAF 1xREEARGR0] 31(1/min), qi=
AIZE ol A 0] F2H(mg/e), qe= B F 52 (mg/g)
olch.

FAL 22} &4l 23t ZtH(Ho and McKay,
1998).

dg,

ke —a) (10)
_ qf:th

qt—qe(quth) (11)

o171, koke -4} 27} 444 g/mg - min)o] .

B AToAE S 1 52 4 Wl
ofopiy] J5te] §olo] pHE 6, 25T %
54 8}31 =2 100, 200, 300 mg/LE Da|sko] 24
o}, pH Hfol w12 H2} &% WSS obr]
ol5lo] QANO] 27|52 100 mg/l, LE= 25T E

Table 2. Thermodynamic parameters for the adsorption of Sr ion onto Z-Y1

AH° AS° AG® (kJ/mol)
(kJ/mol) (J/mol/K) 298 K 313K 328K
5.282 20.287 -6.043 -6.347 -6.652
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Fig. 6. Kinetic plots for the adsorption of Sr ion on Z-Y1

at, mg/g

at different concentration (zeolite = 0.1 g/0.2 L,

temperature = 298 K, pH = 6).

Al StaLA pHE| W 91=3, 3.5, 4, 6 0 = Hest
Sysiglon], St utg gﬂ S
ol 7] 9J5}o] H == 100 mg/L, pHE= 62
H 8}l LE2 25, 40, 55T 2 22t
3FITh Fig. 6-82 =5, pH, &% 0] tjgt
2 &5 AE AVE Uelbd oot ZFAY
FAF 1A ST A} 25} G4 18
EPUlEi =& Table 30| foFslglom,

T2 THQeexp) 2 FAF T E 22} ElO]]
F*(qe cal)=r H|L3FSITE Table 30]4]
A= 1A} &= mE A o] 2-8-Alo

~ o
ol
o)
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e
o |
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v
v
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pH35
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— & ———— 8

Time, min

100

Fig. 7. Kinetic plots for the adsorption of Sr ion on Z-Y1 at

different pH (Concentration = 100 mg/L, zeolite =
0.1 g/0.2 L, temperature = 298 K).

ARALG) 2] FFo] 0.8972~0.9631, 23} &= Etﬂ
A)0] Ao L= ().9833 ~0. 99960]D=] pH ®izle] 73

12} 2% mello] ZLA]o r ZFo] 0.5960~0. 9565
22} &5 mEl2]o] A9 0.9533~0.9991 0], &%
#3to] Aol 13} & mdldo] ZgAo] 1 Zlo]
0.9461 ~0.9631, 22} &= WA 0] Ao ().9957 ~

099960 % =% pH I &% g9l
A0) Ak GAL 13 SEA TR

of B 2 st

17}of] ThafiA] &
$AL 27 S
o|#gt Ax}t= Rahman et

al.(2010)°] fly ash 25 €] 43t Na-A, -X oA Al

2to] EF o]-§-3to] Sr o]

o5
FAEE

1% A7}e} Lee

Table 3. The calculated parameters of the pseudo first and second-order kinetic models for the adsorption of Sr ion on Z-Y1

Parameter q Pseudo first order Pseudo second order
e.cxp
won M G0 T i ey T i) o "

100 135.67 66.896 130.37 0.9631 0.0298 136.243 0.9996
200 6 298 164.01 67.815 143.68 0.8972 0.0139 154.982 0.9833
300 179.70 78.956 168.94 0.9179 0.0134 181.075 0.9993
3 19.80 746.301 15.19 0.5960 0.0204 19.636 0.9533

100 3.5 298 84.51 35.089 77.72 0.8892 0.0228 84.515 0.9991
4 120.39 57.949 112.17 0.9565 0.0334 117.377 0.9935

298 135.67 66.896 130.37 0.9631 0.0298 136.243 0.9996

100 6 313 143.34 67.194 132.96 0.9539 0.0256 139.664 0.9977
328 148.79 69.024 138.01 0.9461 0.0224 145.564 0.9957
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Fig. 8. Pseudo second-order kinetic plots for the adsorption
of Srion on Z-Y1 at different temperature (concentration
=100 mg/L, zeolite = 0.1 g/0.2 L, pH = 6).
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