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Abstract

Ethylenediaminetetraacetic acid-modified bentonite (EMB) was used for adsorption of zinc ion (Zn) from aqueous
solution, compared with unmodified bentonite (UB). Parameters such as dose (0.750 ~ 3.125 g/L), mixing intensity
(10 ~ 150 rpm), contact time (0.17 ~ 30 min), pH (2 ~ 7), and temperature (298 ~ 338 K), were studied. Zn removal
efficiency for EMB was 20 ~30 % higher, than that for UB, in all experiments. Thermodynamic studies
demonstrated that adsorption process was spontaneous with Gibb’s free energy (AG) values, ranging between -5.211
and -7.175 kJ/mol for EMB, and -0.984 and -2.059 kJ/mol for UB, and endothermic with enthalpy (AH) value of
9.418 kJ/mol for EMB and 7.022 kJ/mol for UB. Adsorption kinetics was found to follow the pseudo-second order
kinetics model, and its rate constant was 3.41 for EMB and 2.00 g/mg + min for UB. Adsorption equilibrium data for
EMB were best represented by the Langmuir adsorption isotherm, and calculated maximum adsorption capacity was
2.768 mg/g. It was found that the best conditions for Zn removal of EMB within the range of operation used, were
3.125 g/L dose, 90 rpm intensity, 10 min contact time, pH 4, and 338 K. Therefore, EMB has good potential for
adsorption of Zn.
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1. Introduction 2o AFFTHAoudj et al, 2018). MELUC]EE EDTAR
M Al MEYEZE FFEE F AoloA FdstE |
QAW o]F AVEL TAZ R4 A7 AZEA 3% ool =EHA FAlY I F Atele] EDTA #A7}
olAd QW Awo] Wtk A+ A i o AfdstA ok 22l 3 ol o= s 4
SF2AIE E3] £23 9do] Y9209e gtohfth o]F & EDTAY 7F254A7] Atol9] §1¥o] HXHErK(De Castro et
2 ogel WE 4Agol aA A=y Agegs 7 b 2018
Zo] 97 2 2499 A o AF EAZE /AL U #l E1}o] E(bentonite)= FHYSHA ATE FAA F
n o) Ao ZASE HolAeH L o AmS stuol, AdHer Tty H9H HFol At ¢t
Sato] Aol FHHo] By 5 A dehhe 3 0 S8 ERA A o2 w@ sHl syt 2l
HERZ AHAY QA At oA AT g 5 ATHDe Castro et al, 2018). 3tATF EDTAZ 7H&& Wl

2 A7t B 235tk Moon et al., 2006).

W 407 2 71E akdd fedEe AdEAE S
& 9 54 feled s FRS SEAS viEHs
(Kim et al, 2009). o] & ol FE =4, HiHd,
A FEANA BAsks Hd OF FFEH eH of
ol e Jﬂ"rﬂ' stEoly vtz ARdE 3, &%
Fol oafl F5HIL HolAk&d o] AR F
o] mlt}h ofdL AANA & WG e
@3ste 25 vEFdsolAW, 3715 52 AR 5&
L2 Q% FF A AFHR, AE&A 5}
wsk 4= QltH(Nemeth et al., 2016). o2t EA|E <
7] §1std A= ZWQ FR7IEd 2H Astd &
St=% A g

E?E §9 O{N
ot oo

7189 FEE ﬂﬂm‘t@ 2 FJA, ol2mE, 9iFE,
& 50l Atk I F UL EA Yy AE, &
g2 @A Sl(van der waals force)oll 913 &8 &<l &3
I AAFEAHY 758 V1% FAE o2 1Y ZEe g%
shetEQl gFoz AgsiH, getgd 58 TS fUE
o &l 5% FFH5S Ze=thlee et al., 2015; Van

der Waals, 1873). IEUe]|Edl] EA5t= 53ty #4871
i RO AR & dFS AL & EAF &
Ao o EAEFH 2AFE oFHA E4stE 7o
@3] Wz &dsteE A2 FE717F 3l
S " tHSen and Gomez, 2011). HHEYO|EL: &
HolEE FHiste HE FEoith ERIZYE F
= 3709 WMlZ F& A, $49 ZHA F(alumina
sheet)—% Atolel = 2709 AFAA] F(silica sheets)S ZHe
o o] T A Si0) e APE diAIEI AP7E A G
2 AHEA A DA HER MEVYCEY F

i o2 B rlo
l rm

FHUOSEmlOmE

W ARE dole H LEERY S TN F o

(Tahir and Rauf, 2006). A& o|2&59 BT X g
g3 FA4E WA 9 uge 4L W ol2g 4%
o2 FA49 #3& ZEFA ddh At ®ZHe] g3s
£ 47] g Fol2ES T FFeE Ao dEA
om FHE ofYg Al F3F e §7] 2 BU1EA
E& FF3AY 7159 & £& AtHMoon et al., 2006).

o & &l t}o] o} 1l H] E 2} o} A E A (ethylenediaminetetraacetic
acid, EDTA)2 ZHO|ER F 7} o]d9 WAt a2 &
ggdstd 253 e FF=Eolth EDTAE F 719 okl
4l A FEEAY] ZEIE ol &std FE F& GOl

s=Eeizssix| M3sA A25, 2019

EUO]E(EDTA modified bentonite, EMB)E A}&3F A3
=#(De Castro et al, 2018) A FH oy oldS U2
23 =52 S 7 glo] gut vl EYo] E(unmodified
bentonite, UB)$} HIWE &3 ofd AALES ¥ln F7t

S,

2. Materials and Methods

2,

2 dAFedAM = HﬂEUr 1E(EHZ*9}3) 10 goll  0.025 mol
EDTA-2Na EFE&A(HFsF) 20 mLE FEAFT ¥
I Y2 " X(vortex mixer, KMC-1300v, VISION)Z 1&
EoF Wyl & AZ7|(ON-22GW, Ao] LENE AL&8td 105
°Coll 24A17t AZsIA T AZ3F WEUEE HRApEg
st 80 xﬂ(lso m)E AL H FFTE 33 AFHG
= s A A o B (228 ARQ), SK-C003)0] B¥ & ALg3tth

20 BB
Aol AgF FAAFE okl EELANANGIHD) 1,000

mg/LE A (5mg ZwL)ste AMESHATH pH 2H& 94
NaOH (97 %, W3 3s=), HCl (35 %, ¥ E INZ A
zote] ARESHATE 1LY Ho)A(RFEEH: 400 mL)ol
ZAAE 53 F jar-tester (SF6, M-Tops, )=
otk 4 A= FF/A FAZH0.75~-3.125 g/L),
WA E(10 ~ 150 rpm), ¥HSA]ZH0.17 ~308), pH 2 ~7),
£(298~338K) 55 A8t ofd AAES SHHAH

2E(WRPEE: 150 rpm, WHHAIZE 3080 w2 AE2 7
ehul 9F7] (shaking incubator, VS-8480, VISION)S A&t}

ro Bl > o

23 =M WY

pHY &7 pH meter (UB-10, Denver instrument, US)
g ARgStTh &2 F 94 £ 71(VS-5000N, GSI, e
$E 4,000 rpmSZ 1083 28] F J5NS GF/C(1.2 um)
2 APt 20 mLA EHEQTE o]F Standard Method
(3500-Zn)°ll wt A2} MHd-7HA B EFF=A(UV-Vis spec-
trophotometer, Libra S60, Biochrom, US)E ©]&3}4] 620
nmmollA FZEE st ofd BEE TATHAPHA,
2012). 2 AgFlA A& EMBSH UB9 EWA Aol
dolr7] $3te A|EE AlHAH 7](specimen coater, Leica
EM ACE600)Z HATE & F HAAGAY FARAE v
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Z(field emission scanning electron microscope, S-4300/
HITACHD) S 2 33ttt $3&% AALZEd & 4T
vAE 7ls71% I FFE Lobir] 98 HYdEd7)
(fourier transform infrared spectroscopy, PerkinElmer FT-IR
Spectrophotometer, UK)E AH&3t £43H4 T

3. Results and Discussion

31 A MFL| HELO|ES ME U EM

HEYEY QIxt A7l /A AFE Z AolE Ho
A GFkTHFig. la). ol= AR Hgo] YA Arlel= 2
TS FA FE ZALo=Z BItK(Navarro et al, 2017).
EMB¢ UBY e A¥E"HS 43S of UBJ+= ¢l
= A2& (1,500 ~ 1,300 cm™)7} EMBOlA] #ZE 0o
(Fig. 1b). 1,500~ 1,300 cm™¢] AN FF& FH4587
AT e =847 FE7](CO0-H)7F YERITHDe
Castro et al.,, 2018). W&tA EDTAZ} IEYO|ES EWHS

Jm

SE  01-0ct-18 WD1S5.9mm 15.0KV

AAE o 712847 715717 2AgS & F Atk ol F
Astd F FFA 25 AR 233,000 ~ 3,750, 1,635,
900 ~ 1,200, 517 cm™)E EHTh o714, 3000~3750 cm’
& O0-H¢ H-O-H Z%, 1,635cm’'= H-O-H 2, 995
em’'S FAo2 = 900~1200cm’E Si-0 2, 517
em'E Al-O-Si, Si-0-Si 23S UehdthAkpomie et al,
2015; Sahin et al., 2015).

= 3 S SHHe= A

T e 7P BAAA & FAAE 25 A8
il FAF] @E A
(23U AL pH3.4, AVFE 60 rpm, AWAIZE 158)
% S7tl met gEgo] FUFsAThFig. 2).
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(b) Fourier transform infrared spectroscopy

Fig. 1. (a) Images of field emission scanning electron microscope and (b) fourier transform infrared
spectroscopy analysis of ethylenediaminetetraacetic acid-modified and unmodified bentonites.
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Fig. 2. Effect of adsorbent dose on zinc ion removal for . T —4
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dified bentonites. H
£
2 604
ﬁ O
ofd ol FAFS FIA TPl 3425 Pt
50 +
BEE Holedl, ol FFHA FAZ F7b wE WEY
JEY FF Jbs 919 F7b ws) JACE AAHE w0
—e— EMB
ofAe] Fo] H7] EOZE HQITKRao et al., 2008). F —o— uB
30 T T T T T
ZF 3.125g/LlAl EMBS ZE8°] 100 %ol =233 EMB 0 5 10 15 20 25 30

9l UBY AAZLY 2ol7} 16.8 %= Ve

3.2.2 WHtZES} mHEA|ZE

HEWOEE F&Jo Foj7td
ol ARbF = oFstal mukA|gho]
o|FolA %] o} FEd e EE
¢} AlZro] F Qs ofd o] 2¢]
A 1.250 g/L, pH 3.4, THEA]
pm)°l] wE AALES EAS 2
90 rpmol| A HFo| =LA THFig. 3). 60 rpmlAl+= EMB
£ 90.1%, UBE 69.0, 90 rpmel Al EMBE 91.6 %, UB:
7029 AALZES BT

WA TR M E AAZE(ZEAA: FFHA 1.250 g/L,
pH3.4, WWZE 60 rpm)e LEFAIZHO0.17 ~30&)ol ket
ol AALEES £33 27 EMBO UB EF 10E0A
BE Aol =ZslHthFig 3). HEYOEE ALET A
=xolAE HFGEIE 108 oWl E“é‘%‘:}(Tohdee et
al, 2018). WAl 30&7MA] Aot gE F24E &
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&o] f ol £&HXA &t wuATte] 10EY o xﬂ
AEE&L EMB 76.4 %, UB 56.9°] 31t}
3.2.3 pH

g9 pHE S3A9 W A3, o238, &3 = 5
FFES HAER FF AFNA ZFF WEoth pH (2
~7ell BE ofd AAZE(ZEAAE: FFA 1875¢gL, L
HZAE 60rpm, AT 158)2 F F2A BT pH4el
A HANEES YellthFig. 4). pH49A AARES
EMBE 87.0%, UBE 7402 UENRI, pH4E AFTZ A

s=Eeizssix| M3sA A25, 2019

Contact time (min)
Fig. 3. Effect of (a) mixing intensity and (b) contact time
on zinc ion removal for ethylenediaminetetraacetic
acid-modified and unmodified bentonites.
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Fig. 4. Effect of pH on zinc ion removal for ethylenedi-
aminetetraacetic  acid-modified and unmodified
bentonites.

Argol LStk pH4 ol pH7F Gold 5
EMBS UBS AARZE 2= F7HtR L pH4 o]l =
UgsHA vEbETE pH4 WEHe] XM= F3A EW
o Fd o]2o] o o] 29 FAsket wFe] o] FoIAA
HtH(Kaya and Oren, 2005). ©|#3 o] FZ Z2 pHlA Y
AAZE e 2 F59 F4& o2 g5 AolH,
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HIEL{O|=E 0|83 BHAJEI% L ofed ol &t 127

G2 023 okel ol Apolo] Aol WS Ak pH

VN FHEo FaHE olft WAHA YA,
FIEAS AREE] ofdE& AAS =(Salih and Ghosh,
2018)1 A= pH 6 ©]4elA], EDTAZ /AT HEYES
AHES] FEE AAT =F(De Castro et al, 2018)A =
pH4 ol&eA pH7} F71E+E FHE| Fiste BF
< st

324 2=

250 wWE AAZELPJAA: FH/A 1.875¢/L, pH
34)S EMBY UB % 2571 271842 AAZLE
7Fske AE&S Eolu(Akpomie et al, 2015; Nathaniel et
al, 2011) UB® H)3l EMBS] 712717} 9otk chFig. 5).
°l& EMB7l 2%9 9dTF& 4 wete AL
227t F7MstEA FRE &0l FUtste olfe &9 W
€49 o]F%(mobility)7} Tt FFA ZFEHA F
Z} 2 7} (adsorbate molecules)9] iH&EEE FFAIZ]
X ItH(Nathaniel et al., 2011). IEYo|ES] EZ] - 51517
& gt €983 548 B FAZOE IR ¢
3t Gibbs AR HSIEHAG, J/mol)& Van't Hoff &
A 1~3)8 &3 A&EF 4+ Ati(Hwang et al., 2015;
Van't Hoff 1884).

O

=3 )
AG= —RThK, )
AG=AH-TAS 3)

714, Coe WEUO|EY FFd ofd o2 &, Cx

100

o bt

80 -

70

Zn removal (%)

60 -

—8— EMB

—O0— UB

50 T T T T T
300 310 320 330 340

Temperature (K)
Fig. 5. Effect of temperature on zinc ion removal for ethy-
lenediaminetetraacetic acid-modified and unmodified
bentonites.

3 o FgHAT W TR e ok
29 & K& G CY HE Yuddtt AHE JdEs
(J/mol), Ase JEZIJ/(mol - K)), RS 714448314
J(mol - K)), Te HU2EK)E 9rlsith 4 (1~3)¢ &

it 4 49E =58 + ok

AS AH
108k, = 5203k~ 2303RT “)

4 (1~49E olgdtd AGE 77 2% BF &
YR th(Table 1). ©]= EMB$} UBY ofd ol &
S0l AR wgoz JUPP S vttt AHY 3

Table 1. Equilibrium constants and thermodynamic parameters, in adsorption process for ethylenediaminetetraacetic-modified and

unmodified bentonites

Temperawre (K) | G ch K AGY (Wimol) | AHY (Wmol) | AS” (k/mol - K)
Ethylenediaminetetraacetic-modified bentonite
298 6.693 0.807 8.294 -5.211
308 6.758 0.742 9.108 -5.702
318 6.839 0.661 10.346 -6.193 9.418 0.049
328 6.912 0.588 11.755 -6.684
338 6.957 0.543 12.812 -7.175
Unmodified bentonite
298 4.530 2.970 1.525 -0.984
308 4.659 2.841 1.640 -1.253
318 4.703 2.797 1.681 -1.521 7.022 0.026
328 4.921 2.579 1.908 -1.790
338 5.125 2.375 2.158 -2.059

9C, . Amount of zinc ions adsorbed on bentonite

C, . Amount of zinc ions remaining in the synthetic wastewater after reaching the equilibrium reaction

9K, . Ratio of C, and C,
YAG : Gibbs free energy
9 AH : Enthalpy

D AS : Entropy
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128 SEEREIE=

7.0222 &9 e Yeh
3 ASY ALl EMBE
49 kJ/(mol - K), UBE 0.0262 %9 g Uehigich

= EMB+ 9.418 kJ/mol, UB+=
o] 39ulg9ls ¢ & 9t} H
0.0

= SRRGAAN LA G &9 AWANAY FAAET}
Zvsta S EFAZE F&A sl AP E e ¢
S THChoi et al., 2013; Hwang et al., 2015).

3.3 S2EAA

A 29 E2Y g2 FFEY ¢ HE, 2%
9] FFolth. F2FFA L g 2x¢ 79 &9 U
A BE =9 FHAY 99 ZF T 3T FFFY
HAE el Aolth §Fd £29 FFL 48 =%
A F=9 TR AFHIL, o] FFAE F2EFF )G
I gk SR FoR &Y RS FHA g
o] 7k HEY o Aotk £ A7+ 2VIEEE
agsta FHA FAFS dEstd] AAZES FFT F
to]ElE Langmuir, Freundlich $2&Z4& A &3ld

EMBS] §3 452 Fshgth

3.3.1 Langmuir S2&F&H]

Langmuir 525324 52 43 2= F223
A7 BE xAo] o|FoFtka st RS Ao
2 9EAE T3 (single-layer adsorption)©]ZFi 3t YL
St W& 7g9tth(Bae et al., 2018).

_ GKC
T 1vK,.C ®)
A7 ¢ & BELHNA A 29 ¢ T 5FE FF
49 Hmg/g), Qo= Langmuir FEAZFo=2 A FHF

(mg/g), K& HFFAUA # Langmuir 4<(L/mg), C.
89 39 ERWY BEmyLE UMt 4 (5)2
Hyste] wE 4 ()22FH Q% KE 2EE F U
(Langmuir, 1918; Weber, 1972).

G 1 1

11,;,’ N ao G+ QK ©

G = 7

3.3.2 Freundlich S2&2Al

O -
Freundlich 528342 Langmuir 5233 34
o] ¥ 99 Ao wi AFHoz A2HATE UYLS
=5t fEH 2o|tkLee et al, 2017). TEAS §2

(multi-layer adsorption)¢]Zi1= &9 FHFHY FEe
FAE Aoz FdsE 24 (8)F ZThFreundlich, 1906;
Freundlich, 1922).

s=Eeizssix| M3sA A25, 2019
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on 0.6 K. 1404 ~u
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R*:0.981

0.4 ] [ 0.4

F0.2

0.2 T T T T " 0.0
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Fig. 6. Langmuir and Freundlich isotherms of zinc ion
removal for ethylenediaminetetraacetic acid-modified
bentonite.

1

g = K,C" ®)

71 Kp¢t ne Freundlich A<FolH, Kp=
S(mg/g)el i A=oln F45 F35]
& 599 a7lE dgna F

o FAEE dFolth nol 101W FHFLS APHo=
Zbetal, giFE 1ET 39 1 oel EFE 4§
YeFATH(Na at al., 2011; Treybal, 1981). no] 2 o] %<
Folle F&o] fA dojun, o] Fo] ofF AW YA
Hol #Y3E gulste] FFFo] dFHAA Langmuir 5
25ZA T vz AT o) AFAA nF2 5807 &
2 < 2 5 AUAtKFig. 6). 4 (8)9
AA o g or FHsHE 4 (9%

(1 B oN mo o I

0!

1
logg, = Zlogq +logh . 9)

B ATE Boel 9 AAge 4 @©) BYsk 4

1
g, = 1404 (10)

2 ARdA e Hd FHF2 Langmuir 2.767 mg/gE
Btk R°ES w2 A, Langmuir 58 24(0.999)
o] Freundlich &2524(0.981)E =3 oH(Fig. 6), ©I
£ HEYOEE ALEE ofdS 5 =& A
(De Castro et al., 2018; Kaya and Oren, 2005).

UBY obdl o] & FALEZ wusty] gstel f
AR EEAT §A 2 R4 AG A4ES ¥

o, B SFATHLee et al, 2017).
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6 -
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k,:2.00
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§~ R’ :0.999
EMB
k,:3.41
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—e— EMB
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Fig. 7. Pseudo-second order kinetics of zinc ion onto ethy-
lenediaminetetraacetic-modified and unmodified ben-
tonites.

341 |AHIRL SEA

FAF 12 &5 842 Lagergreno] 93] == 3 Ho
9} McKayel 93] A¢td Felz Yehdoh 41 13 &=
e 2] (13 2o] Yehd 4 gUtkHo and Mckay, 1999;
Simonin, 2016).

dg,

=kl e (1

4 (NE 4 2% 2ol Au40z Yokl & ot
In(g, —¢) =Ing, —k;t (12)

A71A, ke #AF 13 £E245mint), g AIRE el Y
& (mg/g)= UrEME} kﬁ_— EMB9 Z$ 0.169 min”,
UBS 4% 02569 #s Jehlisien, ¢.¢ 9 EMBE
3.850 mg/g, UBE 2.858°1th. R*¢] Z$ EMBE 0.818, UB
£ 0.868% UERH AT

34.2 FAL 2Rt A
A 23 £E42 Ho9t McKayel 28 A¢td Fe=
2 (13)F 2] Yebd 4 AthHo and Mckay, 1999).

dg,

= =kl —q) (13)

4 (13 4 (45 2ol HuHo2 AR & 9ok

LZL+it (14)
@ k¢ 4

e

ke FAF 22 £E4(g/mg - min)E YERTL ke
EMB® 3% 3.41 g/mg - min, UBS] Z$ 2.00 &g Hol
i g.= EMBY 7% 14.836 mg/g, UBS 7% 82259 3k
S Byt RE F FFA EF 0999 ooz YA
tHFig. 7). RS #°] EMB$} UB & o #AF 1344 Bt}

A 232 A o #A UEses ol £ FEAITL of
g AAT 2 #4244 2ol o A3A vebgt
o} -,C-’,-/\]- 2% é;—E o4 EMBE UBel Hlsl 79 e <
8H st o= EMB7F UBE

E
T Aoke Ag ¢ + Ak

4. Conclusion

B Ao oldAARTE] UBel wlslel EMB &2A
A 20~30% 7FEF AAZEO] FHEHJLH, A
zkel7b o Zith EMBE UBOl Hls] 2% &S HA
woton WHtAEE F 34 BF %Ré}ﬂ] Z+-g sk ot
EMBY ofd F32 EF A#Holn FEutgoz 73
HJo™ Langmuir SIS FAF 234 246 o HF
[e]

sttt B AFEWYE J|Fo2 EMBY ofd AAZEL
Fo® 3.125g/L, AEAE 90 rpm, LA 108, pH4,
2% 338KolA HHEES BT

r
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