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Effect on Si/Al ratio of Zeolite for the Removal of Calcium Ion
in Aqueous Phase
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Abstract: Cement kiln dust (CKD) is a byproduct of cement production, which accounts for about 15-
20% of cement production. Currently, CKD is being disposed of by incineration, but research on using
CKD for carbon dioxide reduction is increasing. However, the major problem with this process is the
presence of calcium ions in CKD. Trace amounts of calcium ions in a high concentration potassium
chloride solution during the process can cause problems. In this study, we aimed to remove calcium ions
in the solution using zeolite, an effective method for calcium ion removal. To enhance its performance,
we modified 13X zeolite through alumination and dealumination methods to control the Si/Al ratio, and
compared their calcium ion removal efficiency. Alumination (conditions: 70 °C, 0.1 M NaAlO,) showed
the best performance, with a calcium ion removal efficiency of 95.77%, which was about 6% higher
than that of unmodified zeolite. On the other hand, the dealumination-modified zeolite showed a
performance decrease of about 73% compared to unmodified zeolite. The structure, specific surface
area, acidity, and Si/Al ratio of the modified zeolites were characterized by XRD, BET, FT-IR, and ICP
analyses, and the Si/Al ratio was identified as the main factor affecting the calcium ion removal
efficiency.
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Mg(OH), (s) + €O, (g) > MgCO3 (s) + H,0 (é) +81 kJ /mol¢, )
MgoO (s) + CO,(g) » MgCO; (s) +118 kJ /mol¢y, 2)
Ca(OH), (s) + C0,(g) » CaC0; (s) + H,0 (é) + 113 kJ /mol, 3)
CaO (s) + CO,(g) —» CaCo0O5 (s) +178 kJ /molcg, @
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483k giks TS

Aoz WMAEH, F2 a0 2 KCl So] ¥3Ho] gttn HiEo]l lvh11]. Youn
12101 [2¥ 1]3%30o] AAg CKDE &3 vikst 7]so|A= CKDEHH KOS
WA FESa FEA A TS Fd olitstEtAh FF £9(KOH) ¥ TH ol
£% SMHCHS Ateth AT H20E | DA
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Meta.l Oxide ,’ Acid treatment pH swing method
(K, Si, Al Ca,Mg, Fe...) | ——AddILO— yjopo) Oxide + HCI—» MCI+ H,0 ™ CaCl,
etc. CKD(Cement Kiln Dust)l (10 Reipomeca0) 4 l

| HCI

R L
1 CO, capture-mineralization

: | 2KC1+2H,0— 2KOH + H, + Cl, | CO, + 2KOH + CaCl,— CaCO, + 2KCl+ H,0

[1¥ 1]CKDE 283 o]itsieia A 34 [12]
C

[Fig. 1] CO; Sequestration process using
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AZ2fo]EQ Si/Al ratio Alo]E ¢k 7/Bd WH O =2 dealumination, alumination W'H S
743} ). Dealumination= A 22tolE A8 E 3 3331 2™ 0.5 M2 HNOs, HCI
SdS A gdo g AL T Aluminations 0.1 M NaAlO, €4S 7|2 fHo=7
o] &t th A=etolE MAS flste] AzEet=add AlEEtolE 10 g, /HE €9 100

mLE S 3F3L shaking incubatorol Al 24 hr &<t AT} shaking incubator®] -7
7220 °C, 70 rpme|th. & ¥kE o]F FR{HF 100 mLE ©]&3ste] 33 AF 9
400 °Col A A E T8 A= air w9719l A 10 °C/min, 2 hr FA 2O 2
RSt e

22 /1A A&FHolE F5 H7t W

N Aol EY Zu A Aess WUkl #stel H,09F CKDEHFH KCl=
FE3 S8 AxEFY FEA T ZE o] 9F 48,000 mg/L, ZH ol °F 1,000
mg/L *ZH }"ﬂﬁ‘r = 2 g om 2 go] NE AZe|EE 20 mLY

GF/C filter (CAT no. 1822-047, Whatman Co.)&

2.3 XRD (X-ray Diffraction) 4]

Azl AAFx2E B4 st A A S 1, PAN analytical Co.2] X’Pert PRO
MRDe] ¢J&to] #2519t} Radiation source X Cu K o (A = 1.5056 A)7} AF-&5lom, X-
ray generatorv 30 kWO|il, monochromatori= AF-&3F4] 2kTh 20 10~90°2] HLAA 6
/min®] FAF EIoll ofste] SAFE U

2.4 BET (Brunauer-Emmett-Teller) 4]

BET H]|%W 4 =4 7](Micromeritics, ASAP-2020)E ©|&3}o] 77 KollA ZHAN,) 2ol
o3& 13X A|Tfo]EE ¥ 3 /i@ HH ¥ (dealumination, alumination) #|-2-2}°]E ] BET
H] 3£ 2 (SBET, specific surface area)S 57433t BET 54 A AlE& =% 120 °CAlA] 2
r 3] @7IAZ F FAE S & EA4S Fdsglth

2.5 FT-IR (Fourier Transform Infrared) 2]

Fourier-Transform Infrared (FT-IR) spectroscopy 21+ 660 plus FT-IR spectrometer (Nicolet IS
10, Thermo Fisher, USA) 7]7]& A}&3}% CaF, window’} F2Fe b dlAL Ao A
TP ATE A HRALE(DR) 400 AAA = A 9RARS EA] o] ARE-H ATt Spectradl =
4 cm'o] Sl 30709 A Aol EFHJY. F-FF=H-EF ko] =(MCT)
AE71% AHgstel BT,

2.6 ICP (Inductively Coupled Plasma) 2]
A&etol|Eol ZHg o] A A 2 Si/Al ratios F<l3sl7] 9138te] ICP(Waters Co.,
=

[e)
Waters 600E/431/125) #4& 33t Zg o2 & FHLS EF&9S o] &3
0~100 mg/L Abelel AFAME HAdstglor ZfF ol2o] AAEH £HS 50~2,500 HI

_,
2L
gl

582 Copyright © 2023 KCTRS



Effect on Si/Al ratio of Zeolite for the Removal of Calcium lon in Aqueous Phase

3.1 A2 ImE ASTolEY Ze o] AA T BVt

704 ¥ (dealumination, alumination)®l] W& ASgto|ES] L o] AAHTE
gQlatr] gk AFEE Fdion, Huaow JREEA ke 13X AlSEolE

AAsAY. WA [ 2]9014]  dealumination (0.5 M HNO;, HCHS = 7JAE 13X
AgefolES] Zg o] AAAN TS 71E 89.29%°0A 16.74%(HNO3), 16.65%HCHZ Al
AstE Ak [ 31014 alumination (0.1 M NaAlO) .2 7HE ¥ 13X A& glo] E 9
Zg ol AAA-TE IS 89.29%1A 95.77% (0.1 M NaAlO»)ZE 6.48% < 7/FsHs
gelstgitt. AE W % alumination HOE  JEE AEHOlEVE 7]E 13X
AlgetelE tiH] Z o] AAL o SXES IRl
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[Fig. 2] Removal Efficiency of Calcium ion in CKD Extract using Zeolite Modified by Dealumination
Method
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[Z28) 3] Alumination®® A|-&g}o]ES] CKD FEN | Z¢ o] AA As

[Fig. 3] Removal Efficiency of Calcium ion in CKD Extract using Zeolite Modified by Alumination
Method

3.213X A EEolE 7jA Z7E XRD (X-ray Diffraction) 2

(c) Alumination

JLJJL/L_AJ«_._,LAJJUAJW_A_

(b) Dealumination

Intensity

(a) Fresh

10 20 30 40
2 Theta

[1%) 4] Fresh 2 7§28 13X Al&elo]E9] XRD A3}
[Fig. 4] XRD Patterns of Fresh and Modified 13X Zeolite

4 o MAE AZTolES AA T WItE ERlstr] fste] XRD
& —’F‘Eé}% H, 2 A¥}E (2" 4 YEdd JiEEA @2 13X
SetolEe] Fa TA[1E 5] 6.07°,9.96°, 11.69°, 15.39°, 18.39%, 20.03°, 23.27, 26.63°,
29.19°, 30.29“, 30.93°9 4] YEF%ETH Alumination HJE'QP_?._ 7H7<E]% Z}]%E}O]E«] A3}2H 5
(0] =3 FLI 20 FollA A7k #FHASH, 13X ASolEY FEE FASH:
Ao 7 kAt 8HH dealumination RO E A E Aol E[2E 5 (b)Y A 13X
A&golEel Fo Iart #AFEHA ZUdrh Kim G[16]9] =iEd wWEW Al
Aol ES HAF%Q] framework(tetrahedral)S /3% T 0|tk Ale] A
™ framework(tetrahedral)©] o] 7FA3}al non-framework (octahedral)”} 5 7}8}A|E Tt
e} 4] dealumination WO =2 A FH ATolEE 13X A2FolE AA o Fx7}
THe o ddH.

3.313X A|2EolE /1E ZAEH BET(Brunauer-Emmett-Teller) 2]

AR o AgetolEe] pxol wE wEWH WHE sAstux BET AL
Z8Ega, 1 ARE (% 19 e BET 4 Ay fresh, alumination ' O &2
NAE AgeolES wEWAL Zb 54588, 53409 mYgo R fFARSHATh  ShAu
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dealumination WHO® NAE A2To]EE 133.02 m¥Ygl® #AF Y& nxwHF
3715 YERIY Lee 5[17]°] W= dealumination WHOo = 7jAg 79 XRD I A9}
H EH Aol A4skeE A7 YERT o] dealumination R ollA AREE = JHA

&9l HNO;, HCIZ <l A|&HZ Q1 H]A ]*9] sPgo] T EE g7y o=
ojojxl 1 A} H]E‘:qxq 717F &gk o= EJ—Q Itk 2 A4 XRD ¥
BET ¥4 Z23E 1H3s19S o, alurmnatlonlﬂ Aol E= fresh Al=2fo]EL} FAFSH

XRD ¥4, WA 371,—3— 7t Ao Mol g o]l AAZ Y 7T, TE,
HEHA EAXo] FAHAA T dealumination® A ST}o]E= EAo] BF W3l 1
A5 AstE oF7lstth

[3% 1] 13X Al &etolE /d =718 BET #4147

[Table 1] BET Characteristics of 13X Zeolite Modification Conditions

T Seer (m%/g)
Fresh 545.88
Dealumination 133.02
Alumination 534.09

3.4 13X A| 2o E /i@ ZAH FT-IR(Fourier Transform Infrared) ¥

0.03 L B B L | 0.03 L B L ‘ 0.03 L B B L
60 min
(a) (b) (c)
60 1mir 30 min 60 min
W B . W
4 min g
: ! !
=] 20 -
£ |20min 3 in|% i
P e 10 mi
10 min ‘ \f\‘ 5 min o ey
. 5 min
W WWMM

1700 1650 1600 1550 1500 1450 1400 1700 1650 1600 1550 1500 1450 1400 1700 1650 1600 1550 1300 1450 1400

- . . -1 . E
Wavenumbers, cm 1 Wavenumbers, cm’ Wavenumbers, cm 1

Fresh Dealumination Alumination
[7218 5]Fresh @ 7HAE 13X Al2g}o|EC] FLIR #4] A}
(L: Fol2= 2Hd, B: HIAAHE AHH)
[Fig. 5] FT-IR Spectra of Fresh and Modified 13X Zeolite

(L: Lewis acid, B: Bronsted acid)

AR wdel WE SUAl aiorh el AL @& 1) Sl PR BAE
FPdstdor o A3E (2™ 5]ol YEMHATE.  Dealumination HHo = sjE=
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Al Lo E[ZLH 5 (b)) 1470~1510 cm™, 1540~1560 cm'e] B @ AE|= 2 wko] wld-slo]
Qo Folxa AHE  #BAEH gk Fresh, alumination “WWo= 7j2=
Ao E[2H 5 (a), ()] AF 1425~1450 cm-1 1580~1620 cm' Fol~ AH I

79

1470~1510 cm, 1540~1560 cm'74 2] BIAHEZ Aol B5F #H2HQITH Seo S[18]9
wEH Folx sbdolgh 1A FHOA FWel HlE] HArE =7} srol b

UE FelolH, Bia~HE AHe FAAE WEs 7 de F9E 92 Abskrt
+4Q1 Tra(Si)ek ARl 4391 EEPIFADC] Ataek @A Agste] 3l Si-0-Al-O-Si
TxAAE EFHEEe AAEEZE FRH Abay qtiel HlE] AAoE Yol
oFFnFo] Fo]lia ALA E%Q(Site)i’ﬁ 2kg-38t}, 2 o]l A|AA SO M 559 W
alumination® A|Zglo|EQ 2td SVl FelH A O fresh, dealumination A]-22}o] E 9]
S7F Zo wlE] GA AFEHATE ool Al&TlolE WMo A7l 5L ZE o
AAE 3 F8 Qx7} ofd S sttt

3.513X Al &#olE /|d Z7AE ICP (Inductively Coupled Plasma) ¥4

[ 2]ICP 48 53 fresh 2 7/HE ¥ 13X Al22ho]E 7fd ZAH Si/Al ratio

[Table 2] Si/Al Ratio of Fresh and Modified 13X Zeolite with ICP Analysis

T5 Si/Al ratio
Fresh 1.53
Dealumination 1.707
Alumination 1.22

1

13X Al&olE Jhd wWel w2 Si/Al ratios FelEy] ste] IcP A4S
Fion, o1 A¥RE [E 2] YHERUY. =EF" Ayl wEW Si/Al ratios
dealumination(1.707) > fresh(1.53) > alumination(1.22) 2.2 Yolx-& k21313l T}, [_—/_al 2,
319 2 ol AA A A 1Yt Si/Al ratio’t RoldgE e ol AlA

dsol SXEE ARE dHEAY Ze ol AA Aeol 5% alumination¥®
AZeto] EC] Si/Al ratio”t ¢F 03 BX Stolxlth ol Al&dtolE Wl EAlgte AlY]
BSTE Ze ol wdE ¢ e ol U BolA|7] o ® dAdHEt BE
A A3nE 13 3S w, alumination WHOE A ALSo|ES Al Fx 9lo]
AR W 7|y G2, A WA, Abde] EAHT Si/Al ratio’t ZE o] A|AA Sl M
2 IS v A= T8 AAYES gelEsi

4. AE

2 ATl 13X AlEEolE U Al HEE& sk 4= A= 7§E "H(dealumination,
alumination)S 783k Si/Al ratio®] Zg o] AAA Tl vAE J&FS s
MNAE ALe}o)E 5 alumination A|-&efo]EQ] Zhr o] A|A ATo] 95.77%= 7+

$-3F 0.1, fresh(89.29%), dealumination(16.74%) o2 A5 a7l ##EHIJ T ICP
=4 A3, AlS2le]EQl Si/Al ratio dealumination(1.707) > fresh(1.53) > alumination(1.22)
ol Zhg o2 A7 Ao Wity A S UEh AT XRD, BET, FT-IR #4132 53
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M Ao wE AegolE 3 5A, HxWA, Abd WHstE g1kl oy T o]
AAN G Wl FE dealumination® A ZTo|EE ALlsta AA Fx, 7|EF TFEF,
HEHA, b 549 Aeol7t mmjeigltt. =59 23s F S s o

AZepolE ] EAe= Alo]l S7bghell wet Za o3 ngkd 5 Sl site(Ald
A3 Fol2)7t kst 2 o2 A Aol SXH= Aow Addn. vt Al
S7te2 Qe AleholE ?i TH7E AL g ] wEel Zu oAl A

sdststy] feide AZeolE FRAE FAY F A= H9 A SiAl ratio}

Aol Hofo} Fhrhal AerahsiTt.
B oATE 20238 A7 deta gty AFQAsA ek A0 olale] FaEgl
o
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