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Abstract — In this work, DAY (Dealuminated Y-type) zeolites were prepared to be used as easily regenerable and ther-
mally stable adsorbent substituting activated carbon. NaY zeolites were transformed into DAY zeolites through ion
exchange, calcination, steaming, and acid leaching. Calcination temperature and time, and steaming time were changed to
increase the Si/Al ratio and maintain crystallinity. Adsorption of VOCs were done for prepared DAY, commercial NaY
and Hisiv 1000 in air with relative humidity of 50%. The DAY zeolite prepared by calcination at 520 °C for 4 hrs and
steaming for 7 hrs had a same structure and a Si/Al ratio of 80.4. Its adsorption capacity for water vapor was 10% of Nay,
indicating its hydrophobicity. Its adsorption capacity for MEK was 0.8 times of Hisiv 1000, that for toluene 1.6 times, and

that for EA 1.3 times.
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S} AF FEoll= A& JUNSEXESY 70 wt¥e 24} oFey2-Ad)
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2 Aol ARgd RS- A xH DAY Al EVRE Alg-3)
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Toluene, EA(ethyl acetate), MEK(methyl ethyl ketone)E W& 3}k
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DAY Al&Eo|E AlZol|x &4 #7delli= Muffle furnace(KMF-
3005 ARERISI oM, B AFuEIgS AF I AXE AlFs)
o] ARESIICH(Fig. 1). Bl1A ] B3] DI waters JH2 = o]
250 °CE 719 7|2 15 THAA g A%t & A=
2 Ylef] Axd A&eelErF &7 WA 30 mm, 2] 450 mm?l
quartz reactor™ 3wt TESFATEH

Table 1. NaY zeolite & used materials properties

g
Volumetric
Pump
DI water

Furnace 1
Furnace 2

Fig. 1. Scheme of hydrothermal treatment apparatus.
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Fig. 2. Scheme of VOCs adsorption experiment apparatus.

Aol E2] VOC &2 A3 A& Fig. 20 YFERASITE. carrier
Z AME aire moisture generators FHAIA JUFEE 50%E
A1 21, 0]F VOC generators F2FF air®} mixing chamber
oM E&e F FEHAH 1.4 Uming] 502 FHHES B3
Atk F2 H=E E393 aird] VOCs FE 2 AUsEE 5Y

St

A|Z3F DAY Al EL] A7 4> A2 Philipsihe] XA
3] #27](XRD, X-ray diffractometer, PW-1730)5 AR5} 31,
AR el W W W AR Al U HitachiAke] AAR
A1 FAPAAFA Y (FE SEM, Field Emission Scanning Electron
Microscope, S-4800)S- AF-5151 01, AJ - 412 A& RigakuAl2] I}
FEAre 3% XA 224 7](XRF, Wavelength Dispersive X-ray

Composition (Atomic%)

zeolite type Si/Al ratio 0 Na Al S

NaY zeolite 2.9 64.7 7.18 7.2 20.92
Compound name MW(g/mol) Density(g/cm’) Assay(%) Grade Company
Ammonium Sulfate (S) 132.14 1.769 99.5 GR JUNSEI
Nitric Acid (L) 63.01 1.413 69-70 GR JUNSEI
Toluene (L) 92.14 0.867 99.8 - Sigma Aldrich
Ethyl Acetate (L) 88.11 0.897 99.6 - Sigma Aldrich
Methyl Ethyl Ketone (L) 72.11 0.805 99.6? - Sigma Aldrich
Toluene (g) 92.14 0.867 98 - 99? Master Stds Rigas, Korea
Ethyl Acetate (g) 88.11 0.897 98-99 Master Stds Rigas, Korea
Methy! Ethyl Ketone (g) 72.11 0.805 98-99 Master Stds Rigas, Korea
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Table 2. Procedure for the preparation of DAY zeolite

Abbreviated nomenclature of the zeolite

Description of the operation

NaY 1. Commercial NaY zeolite 8 g

NaNH4Y-1

2. Ton exchange 1 : 0.5hr at 102 °C, 132.14 g Ammonium Sulfate + 500 ml DIwater

NaNH4Y-2 3. Ton exchange 2 : 0.5hr at 102 °C, 132.14 g Ammonium Sulfate + 500 ml DIwater
NaHY 4. Calcination : (0.5, 2, 3, 4)hr at (280, 400, 520, 640)°C
NH4HY-1 5. Ton exchange 3 : 1.0hr at 102 °C, 198.21 g Ammonium Sulfate + 1500 ml DIwater
NH4HY-2 6. Ion exchange 4 : 1.0hr at 102 °C, 198.21 g Ammonium Sulfate + 1500 ml DIwater
HY 7. Steaming : (1, 3, 4, 5, 7)hr at 820 °C, 50 ml(DIwater)/hr
DAY 8. Acid Leaching : 4.0hr at 103 °C, Nitric Acid (4.0 N)
DAY 9. Activation : 3.0hr at 300 °C

Fluorescence, ZSX Primus II)E AR5} T}.

DAY A&l E9] Az WS McDaniel and Maher[5]2] S
71RO = SIGI). of= ARV s A A RkEE A%
gl £A15 U] Y8l o] wEk, FIHE W A M2 E £
gato] AREsl= W olH], o] Table 2¢] L.oFa3ict.

o] WEHe Table 20 LFERH 27 & 43] Faaqich. 31 W
Ao} 7 AR o] 2w Sl A= 2-neck s Fek Lol A k2
ammonium sulfate?} DI waters ARE-38l] 243+ 2 M2 ammonium
sulfate solution®l] Y& NaY Ao |EE Y 71 1 wHkAZThH
o] & muffle furnaceolA] 24 (calcination)sh= ¥78-S AX|=t] o]+=
T4 Al gk 2t Aol A 4= Sl AlEefol E2] A7 (erystallinity)
Atz WAEl] 213 vilg- F23k Z4dolth13]. 2 ATrellA = o]
ol w3 Fholl IS Alsith. 242 280, 400,
520 2 640 °ColA Faste] A4 257t Al wAlE dES
ARGk, TESE 4] AIRES 05, 2, 3 2 4AI7EO R WHSIAIA A4
Alzro] ArgAell mR|= PEEE AT ESITE o] L] AolHE
Al52] o] B Table 3ol gttt A5 e Snle &k
DA7} & &-F1) 5 (Dealumination)g 2J7]8la, YE Y A&l E,
Ce 2 ARE, Te 2 25, Se 28 35 AN grlshd, ok
FAES 217 24 ARE, 2 25, 28G5 ARES Qn|sitt
DAYO0COT3S= o) 1wk Alolol] 22dah g5 AAA b2 A
Fo|th

571 A Fig. 19] A5 o]gste] Y313t Furnace 12
FY=+= DI water®] & YFHEZE o] &sto] AT
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Table 3. Treatment variations in the modified NaY zeolite

Symbol Variations*

DAYO0COT3S 4. Calcination : none

DAY 1C280T3S 4. Calcination : 1hr at 280 °C

DAY 1C400T3S 4. Calcination : 1hr at 400 °C

DAY 1C520T3S 4. Calcination : 1hr at 520 °C

DAY 1C640T3S 4. Calcination : 1hr at 640 °C
DAY0.5C520T3S 4. Calcination : 0.5hr at 520 °C
DAY2C520T3S 4. Calcination : 2hr at 520 °C
DAY3C520T3S 4. Calcination : 3hr at 520 °C
DAY4C520T3S 4. Calcination : 4hr at 520 °C
DAY1C520T1S 7. Steaming : 1hr at 820 °C, 50 ml/hr
DAY 1C520T4S 7. Steaming : 4hr at 820 °C, 50 ml/hr
DAY 1C520T5S 7. Steaming : Shr at 820 °C, 50 ml/hr
DAY1C520T7S 7. Steaming : 7hr at 820 °C, 50 ml/hr

BsHA Fe}. DI water 50 m/hr= 2% 83.7 L/rol] ag¥It}. o]
A F59 DI water= 250 °CE 7} ¥ Furnace 15 537} 3PHA]
2B 7 ARy, A3k A8 Fumace 291 328 Quartz reactor
2 Fastth o] wf ARle] $5-5 WASE| 913 Heating tapes: ©|
4310] o]F HAZE 200 °CE 7FF3I3It). Quartz reactor?] W7
30 mm, 2o 450 mmz A2t

571 Al Al 2, A7 Y 250 o]l RS vk, &
Aol AE 259} DI water 3552 820 °C2 50 ml/hrE 12
28I 31[14], DI water®] &+ AIRHE 1,3, 4, 5 2 7 e 8l 33
A3l W2 Si/Al ratio?] W3S #1813 0 o]l A A)zke] AF
0)%& A7 o]Fel W33l Table 29} Table 30l LFERAICE.

AF AEl= 150 ml] 2-neck s EekAAol 69~70% A4 DI
waterS AHE-31] 40N ZAF 100 miE ZA510] AR-SIITE AF 5
29| A Ate] 79 B, 25, AR 5ol ule} 4 Aol 9
3l Azt QFE U2 AlS] AL FE5] o) FolAA] oks A
U Al gEte| B0 A4 Aske x| & 4 7] wlitel on] A9
£ 3l AEs 20s Aekon, AW A 20 40N A
ARsTo 4 4 hr, 103 °C ©]t}.

2k A2l AlgEto| B ofadglo]ElE ARl 79t Hxskalan
1AZH A &E YA muffle farnace WellA 3 hr, 300 °CE E/J3HA 1A
Tk AlEEte|EQ] A4 Al F3)9] oF 40% o)ds Ak
AlFoz el W A%Ee 2 AR A A7) FHS| o] FoiH|A] ¢k
7] wiiell AlE -2 JESHAkS sl AlAS] A8l 24438
ANATE= Bgo] B o7 Qlofof gitt,

e Algto| ERbe] F3F EAS 1] fla)] Bl Az 3ol
A BRIY 53} 22 TR Alg+= A4 &, Ul 4 emz A2 &5
E(Mold) S5l 1.5¢9] AIBS AY Yar 5% 5<F 3000 kg 48
7¥eRdet. RhEol AEls: fajste] 7HI 149 A(seive) AFo]e]
HoRRi= YRS FAMIE S SIst Al E R Rysigich P4 Ak
7] 1.4~2.8 mm ZE0|3IT}

2 A Fig. 20 TAIE A7 A5 ARSEte] BAEE A
3S sl5ith. Byd 2E Muffle furnaceolA 500 °C, 1 hre] &}
HAIE AA Silica gelo] AZ] Desiceatorell A 1 hr 52 =
gl gkels ARl F, F2 sl Fasiglon, Al o] AR
2g5 F2 WIEME s mm)pell 8em FE9] ol Aith VOC
generator, Moisture generator, 2 H|=o] ¥55+= Be f92
MFC(Mass Flow Controller)Z Z783}31 0™, A4+ VOCs?} -2
WAIA17)7] $1al 2vl ] &24=2(JEIO TECH, RW-2025G, Korea)S
ARE-81ITE VOCs (Toluene, MEK B5+= EA)= main flow?! air®}
G325 °C, RH 50%)s Z§3te] & 1.4 L/min®) f50% &5

B>

b
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Fig. 3. XRD patterns of zeolites as a function of calcination temperatures.
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Ao E £2] 3lel UOPALS] HISIV 10003} S35k 2710014

£2 982 sto] ulasic.
3. DAY H|g2/0|E2| RIZ

3-1. &Y 259 Pek
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AzZH AES] XRD w4 A#E Fig. 39 YeRAQITE 242 3)
2] 252 DAY0COT3SE A7go] €43] F14] 2theta 20° F-2ollA]
st HALS Hol= 17473 (Amorphous phase)2] XRD patternS:
e IR 280 °C, 400 °C, 640 °CollA] 2A) 3t DAY1C280T3S,
DAY 1C400T3S, DAY 1C640T3S= 27437} 173 2] XRD pattern
o] A= ] 20-2-S & 5= Atk 280 °CollA] 2AJ3F DAY1C280T3SE=
4743 2] XRD pattern?] intensity”} 53] Sto} B][AA 3] XRD
pattern®]] L4 71eIX]7] wiZoll 2theta 20° F-Zoll M= & g1
23kl DAY 1C400T3S, DAY 1C640T3S+= A3 XRD pattern®]
AL Qa2 0] 73RN XRD peak intensity” | SrobA]
14743 ] XRD pattern®] FE81A 2RI AT}, FATF 520 °CollA]
2% DAY1C520T3S= 113491 DAY #1&2}0] E2] XRD pattern
< wolal glom, HAEH ] XRD patterns 2+ 5= IQITH

Fig. 4ol 97 42 Nay Al&gfo]Ee} A o] Z whdkd
DAY1C520T3S2] XRD patterng 7] LFERASITE Nay #l&e)o]
E2] =2 XRD pattern- intensity =17 |55 2% WL 2theta”} 6.30,
23.70, 15.72, 27.10, 31.44, 20.42, 1020014 YER a1 DAY1C520T3S2)
9= 630, 15.90, 10.30, 12.05, 24.05, 20.70, 27.50014 iR},
AAH 02 DAY1C520T3SS] XRD pattern®] NaY #|&2}o] Eoj
H]3l] B =2 intensitys 2+l 31°™, XRD pattern®] 2550 F
©]-&3h= Blue shift @/g0] HEE T} o]& AlgeelES] =4 7
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Fig. 4. XRD patterns of DAY1C520T3S and NaY zeolites.
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thste] FE SEM(Scanning Electron Microscope) 32 &3l 4+
Fe) 2 S I3 0m o] F Fig. 60l UERNA

AR 3130l AA0) SR E v Al2Elo] EQ] 79 Falst
AL FEE veRH, Z7/30] WolgE A3l A Y
BRI 319 01}, NayY Alggle] E9} d7d4do] F14%] DAYOCOT3S,
183 AA) FA1E DAY4C520T3S2] 20,0008&ol A= B5
H15est 37191 FeEle] APt o] 1 Aol 2S5 qloick
12} 200,0008] &M= Gkl W )7 A E =),
DAY0COT3StE 27S & = X5k, DAY4C520T3SE ol 22
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ol
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Fig. 5. XRD patterns of zeolites as a function of calcination time.

Fig. 6. FE SEM images of NaY zeolite, DAYOCOT3S, and DAY4C520T3S. (a) NaY zeolite, x20,000, (b) NaY zeolite, x200,000, (c) DAYOCOT3S,
X20,000, (d) DAYOCOT3S, x200,000, (¢) DAY4C520T3S, x20,000, (f) DAY4C520T3S, x200,000.
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Table 4. XRF data of zeolites at different steaming time, Si/Al and SiO,/Al,O; ratios
Sample Steaming time(hr) Na Si Al Si/Al ratio SiO, Al O4 SiO,/Al,O; ratio

DAY4C520T1S 1 0.012 99.971 0.8593 109.5 98.344 1.0169 164.1
DAY4C520T3S 3 0.0 98.058 0.9724 96.9 98.319 1.1508 145.0
DAY4C520T4S 4 0.0 97.941 0.9998 94.1 98.241 1.1827 141.0
DAY4C520T5S 5 0.0 97.411 1.1052 84.7 97.775 1.3076 126.9
DAY4C520T7S 7 0.0 97.948 1.1705 80.4 98.091 1.3876 120.0
180 T T T . I o 11 o . -

; ; ;  —Ty 3 2 Qdtel|A] 7138 Si/Al ratioS DAY Al&E]E 2] 7]

160k \| o sio,m,o0, Jollx] F718h= 22l Si0,/ALO; ratio? BFY %718 9, 71

140

120

SilAl or Si0,/ALO, ratio [-]

o L IR
1

Steaming time [hr]

Fig. 7. Si/Al and SiO,/Al,O; ratio tendency at different steaming time.

A 25F 820°CE sk A% FF AR 1, 3,4, 5%
Thrz ASPAIATE A8 DI waterS A1 & 50 mle] Lg% w2
Fumace 19f] FJ5}0] 28 0 2 H3lst 3 3]t o] Aol ARg
A|E3= DAY4C520T1S, DAYACS20T3S, DAY4C520T4S, DAY4C520T5S,
DAY4C520T7S0]t}.

Az A 52 AR B3} Si/Al ratioE 31e}s17] 98] bulk AdH-
40 7Fs st XRFE o]431e], 28 35 Al7ke] Wil ke 7t
AE2] Na, Si, Al A% #4810 1, o] 245 7t Ao FAm| ¢}
Si/Al ratios 73101 Table 4o JERS S H, Si/Al ratio2] =
Fig. 70 YRS

HE ABOIA Nae ofF: 22 JolAu AEHA ¢sker, A
AFoZ AT o] AAHNUSES & Ak &7 T ARk |
Azt TAIZEO 2 WASIAIAS wl, Sie] FA| Bl 99.12, 98.99,
99.02, 98.88, 98.82% A om  Ale] F7] U] 0.87, 1.01, 0.98,
1.12, 1.18%2 Z7}3153t}. Si/Al ratio= 1109114 80 H 2] WS 1}
Eigl o, A8 I3 Al7te] 7he 71 71 DAY4C520T7SoM =
7w 809 =t Uskom ~'e] g Alzte] 1he® 7P Aok
© DAY4C520T1SS] 78-F- 7 =2 1100] sttt

28 g AR ST AlgRelEL @ 4FvlEEE FXIA
ZItkaL IO 15], & AFelM= AF B AREE] F7tell whet
Si/Al ratio”} ZA8= A3S BT}, Si/Al ratios At A2]oll=
TS Wt 2 Aol B A A2 208 A5 S35
7] well = Mol gJsl Az} o)F-2 wAvkE Ale] 2HdakA
AASNA AL, B H2 AlS AR} 952wl A5 ollA] AF A
27F Q&3] o] FolA|A] F3to] Holgl= Al] Al EL] T
A5 Wil Si/Al ratio’} ZAE Z o7 AzhEd)

Uk Si/Al ratioZ LFERH DAY4C520T7S2] Si0,/AlLO; ratiot= 120
0% B 3718 5= QU o]= 248 AIRE<QL HISIV 1000(Si0y/AL0,
ratio=22)} ]| HOFE AFFS] 3o A|0] 22 DAY4CS20T7S=
F PN F A4S Rtk & < Qi

o1 o] AvpE FEHA 249 520 °C, 2hr OVdelA, 74 Al
820°C, 1hr 53} 50 mlhro] =2 DI waters: 3+, Ak 2]z 4N9]
ks o] 8310] 103 °CollA 4hr F3Th= Zlo] 29 o2t
it

4. DAY HI2Z0|ES| E%F EM

AZE DAY ASEfolE F DAY4C520T7S(0)EF DAY)S Ui
AEE Bato] F2 APS APt 77 9 VOCse] 53 54
Hrksl7] Y8l A 55 50%(RH50%)2) airsE3 VOCsE 3Hr-
ot airS & 9 bulk airS5S Z38H0] F 1.4 Limin® F50=2
25 °CE FAI8HAA 2 g9 FAF @71 F2 H=R Fetalon
E2 wl=e] Sdef|A] Aol whE A 58 VOGS s HEkE
1% 74 02 #A3Ier). st 7|2 s DAY - 52t dish A
oS vlwsl] 18t ANEsE] Q1 Nay AlLElo]E©]3} Nay)e}
DAY Al&Efe] E= gl =)= HISIV 1000(¢]3} HIS)ell thsto] &Y
st 0% F2 A8 sl

FAAR A FAA ] HolSlE 2] RS TR ol Al
Akttt

Residual Amounts = Adsorption Amounts - Desorption Amounts
F ’F( C F ‘D( C F ’F(C )

= (1-=]dt=="[1-=]dt—=[ [=-1
=) Co)dt =) C)dt w1

A7|A Fe 7k T S e] Aet3 g/sec], m A2
e, Co FY7E2 5 FFAY s X [ppm], C= HAE7129 -&
Elppmle|H, tyi= BAEZl gJa FatE Sl EAtE] Al
2= AREO A7) Cort AA)7] A& eH= AlRHses]o) AL, G
CF 580 Cpoll 228 o] A minks WERATE.

A ARE duk o] 33 FAREE 50%2] Al FEelA

VOCsE &gste] 53837 el F2tA1e] 2193 4ol 52
S sl vRls ¥l vi-g- At B ddARo] opd o]

ARA FRAS A F28P] wiie] A& vE 548 veRdth
RH50%1A] toluene, EA 3! MEKE 500 ppm =43-S wle] VOCse}
0] F2E A3E Fig 8, 9 W 100 YERNRI L, RH50%1A4
toluene?] = F 5= 250, 500, 1000 2! 2000 ppmC 7 HIIA| 2
9] toluene?} G2 F241E A¥E Fig. 11 2 120 HERA
o o]& A¥}E Table 500 &4 YeRAICE

Korean Chem. Eng. Res., Vol. 53, No. 3, June, 2015



346 AT =

35

~
@
T

N
T

--------------------------------------------

-
2]
T

-----------------------------------------------------

Concentration [CICo 1

2 Mbistute
T

i i i
140 160

100
Time [min]

120

Moisture Adsorption of Toluene(500ppm+RH50%)
60

50

ST
‘_,_tj‘._.r- =
: |

Relative Humidity [%]

10 B o L

.....

o i i
[1] 10 20 50

Time [min]

Fig. 8. Adsorption of toluene and moisture for toluene 500ppm+RH50%
on NaY, HIS and DAY zeolite.
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Fig. 9. Adsorption of EA and moisture for EA 500ppm+RHS50% on
NaY, HIS and DAY zeolite.
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Fig. 10. Adsorption of MEK and moisture for MEK 500ppm+RH50%
on NaY, HIS and DAY zeolite.
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Fig. 11. Adsorption of toluene and moisture for toluene(ppm+RHS0%)
composition of 250, 500, 1000 and 2000 ppm on DAY zeolite.
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Fig. 12. Comparison of toluene and moisture adsorption capacities
for toluene(ppm+RH50%) composition of 250, 500, 1000 and
2000 ppm on DAY zeolite.
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Table 5. Adsorption capacities for VOCs ppm+RH50% on NaY, HIS and DAY zeolites

Feed VOC+RH50% Moisture : voc :
Adsorbent ad.sorptlo'n a.dsorptu.)n desorption
VOC [ppm] l.)rszakthroug.h time [min] amount breakthrough time [min]  amount desor.ption d}lration amount
minimum%/time 90% [e/g] 10% 90% [g/g] time [min] [¢/g]
Toluene 500 9%/10 40 0.2564 17.3 23.8 0.0316 25 0.0315
NaY EA 500 10%/10 42 0.2565 20 255 0.0308 25 0.0282
MEK 500 12%/10 42 0.2507 19.8 255 0.0255 25 0.0242
Toluene 500 30%/0.3 12 0.0354 435 86 0.0938
HIS EA 500 44%/0.3 13 0.0330 52 100 0.1045
MEK 500 44%/0.3 11 0.0316 52 110 0.0911
2000 34%/0.3 43 0.0154 25.7 40.8 0.1905
1000 37%/0.3 52 0.0210 423 68.5 0.1624
Toluene
DAY 500 29%/0.3 75 0.0260 65 135 0.1524
250 31%/0.3 7.0 0.0357 73 268 0.1394
EA 500 45%/0.3 4 0.0148 44 170 0.1408
MEK 500 47%/0.3 33 0.0171 335 121 0.0734
Hola1 glont, 5/do] Zet A1 MEK®] 7Z-¢- Wite] A& 1 A A T Ak o] W Ade A 20 520 °CollA] 2
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