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A Study on the Adsorption and Desorption of Hydrocarbons Using
TIon—exchanged ZSM—5

Kim Woo Hyeong

Department of Chemical Engineering, Pukyong National University

Abstract

Exhaust hydrocarbon emissions from automotive engines are
important sources of“ambient air pollution and have been “associated
with harmful effect on public health. During a cold—start period of
an automotive exhaust gas converters, a slow kinetics of three—way
catalytic (TWC) reactions lead to emit a large amount of unburned
hydrocarbons (70—=80%) into the environment. Generally, adsorption
technology has been known as one of the most effective methods
employed for trapping hydrocarbons. However, a high water content
in the exhaust gas causes.a significant decrease of the activity of
the adsorbent, especially at a high temperature. The objective of
this research is to investigate hydrocarbon adsorption capacity and
hydrothermal stability of both zeolites ZSM—5 and its modifications.

Based on the commercial ZSM—-5 zeolites with different
Si0s/Al,05 ratios of 23, 80, and 280, ion—exchanged processes are
employed to produce M—-ZSM-5 (M = La, K, Ag or H).
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Ion—exchanged M—ZSM-5 are then evaluated by adsorption/desorption
measurements of hydrocarbons which are identified as presentative of
the major species present in the engine exhaust during cold start:
propylene (olefin), n—butane (paraffin) and toulene (aromatic).
Adsorption capacity 1is observed qualitatively by TPD of the
hydrocarbons while the moles desorbed during the TPD experiments
is relatively confirmed by integration of the area under the
desorption curves.

Under the hydrothermal treatment at 600C, La or Ag or H
ion—exchanged ZSM—-5(Si0s/Al,03=23) lead to enhance a strong
selectivity for propylene and n—butane while K—ZSM-5(Si0s/Al,03=80)
improves a affinity with- toluene. Increasing temperature of the
hydrothermal treatment to 800C, La—ZSM—5(Si0s/Al;03=23) maintained
a high adsorption capacity of 92% of propylene while. K=ZSM—5(Si05/Al,03=80)
kept toluene uptake by 62%.

It is believed that an introduction of La 1on not only creates
much amount of acid sites but also forms a stable interaction inside
structure of the zeolites. These.account for their enhancements in
high adsorption capacity ~of propylene/butane  and = hydrothermal
stability. In case of K ion—exchange, the affinity between benzene
ring of toluene (negative charge) and potassium ion (positive
charge) is one possible cause for a high toluene uptake of
K—ZSM—5 zeolite. In summary, La—ZSM-5(Si0s/Al;03=23) and
K—ZSM—5(Si0,/Al,03=80) are potentially applicable for the capture

of propylene and toluene in real operation.
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Table 1. Literature survey of the adsorbent

Ref. Hydrocarbon Zeolite Treatment
line, branched, 10 wt% H,0, 800 C, 5 h, air 25 sccm
aromatic, non—CON : Al, B, Ga, Fe, Zn, Mg, Co, Ge ion
) — non—CON topology : BEA,
non—aromaitc, ) exchanged
[20] polycyclic HC ¥, mordenite, ZSM=5 CON ¢ th 2 metal 8—10 metal
olycyclic , . rare earth, grou metals, groups 8—10 metals,
Poryey — CON topology : SSZ—-233, 1 f e roup
toluene, and mixtures ion exchanged
CIT—-1, ITQ—24 . .
xylene, benzene, (Mn, Ca, Mg, Zn, Cd, Pt, Pd, Ni, Co, Ti, Al, Sn, Fe, Co,
mixtures Cuy Ag, Aurand mixtures)
[22] hydrocarbon morderite, USY, BEA, ZSM—5
[23] lower olefin BEA, ZSM-5 Fe, Ag ion exchanged
SUZ—4
[24] propylene (Si04/Al,03=10~16) 10% H,0 900 C, 1 h
H loading : over70%
ZSM—5, y—zeolite, USY,
[25] Total hydrocarbon mordenite Pt, Pd, Rh, Cu, Ag, Au added

(Si04/Al,03 of 50 or more)
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Table 1. Literature survey of the adsorbent(continued)

Ref. Hydrocarbon Zeolite Treatment
Cu ion—exchanged
. 0.17 wt%
[26] propylene, toluene Cu—ZSM—-5(Si04/A1,05=30)
0.20 wt%
1.12 wt%
single propane H—-7ZSM—-5(Si0y/Al,05=30~150) Impregnation
[12] single n—butane La—ZSM—-5(Si05/A1,03=80~150) =La 5wt%
single propene Cu—ZSM—-5(SiO4/Al,0550) —Cu 0.5 or 1.2wt%
(15] single propene H-7ZSM-5, Ag—7ZSM—5, Ag—Silicate, Ag 3~18%
single toluene Ag—USY, Ag—BEA, Cu—Z2SM—-5 Cu 3%
ingle pr
SImgie propane Na—ZSM-5, NaK—FER ,
[27] single toluene loading by 20%
] EUO, Na—MOR, Cs—MOR, Na—Y
mixture
silicate—1, ZSM—5(Si0y/Al503=33.4)
[28] single propene SAPO—-5(Si04/A1,05=0.4)

SAPO—41(Si04/Al:03=0.2)
BEA(SiOz/A1203:25.2)
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1.1. Aol E

Beta % ZSM-5% ¢, v, F& &4 & TS ok A &%Hn
AL, A gl Wy WHE gom FHdA T AL B F
shipolth, B A= Beta?t ZSM-5¢] tis] Hawon, Al&go]E
o th3k A X = Table 201 423k},

Beta= BEA F%& 713 AlSgolE=ZM. 329 channel system=
AYal 913, 12 ring poreE 7FX|al low A F7]|E= 6.6%6.7,
5.6x5.6 A o]t} Z2E]al Si0y/AlL0; HIS] WL7F Y2 EAS sHA
Atk B Ao A SiO/ALO RIS 252 AT

ZSM-5% MFI. 7%= ©]Foz ALeo]|E=Z4 32ty channel
system= AY™, 10 ring pore 7+F° 5.1X5.5, 5.3%5.6 A 9o A&
9715 7FA 2 Atk ZSM-5+ Si0x/Al,Os H|ZF 23, 80, 28091 #& H,
La, K, Ag2 o] 'wg a3t} o7& ZSM—5, BEAE Zeolystoll A 4+

3t = Sl

_12_



Table 2. Information of MFI and BEA frameworks

Framework
MFI BEA
Type Code
Structure
Name ZSM—5 BEA
Company Zeolyst
Si0,/AL,0; 23| 80 | 280 | 25
Ton Form La, K;»Ag, H
BET (m?%g) 425 680
Channel system 3-D 3-D
b ;
«* 5\5;
R e S o
[i001165.1x 65 <fom 12‘&5 X 8.7
Pore size(A) ;"Jﬂ'} 7 Sl ¥
~ }*‘s
01011053 x 5.6+ [60111256 x 5.8~
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1.2. o] ust

Figure 694 Beta®} ZSM—52] 55 9]

ﬂo

W S e AT

NH,—ZSM-5(Si0s/Al:0;=23, 80, 280) 10 g 0.5 M =&
(metal nitrate(metal : La or K or Ag))&< 300 mLo] &g3slar 80
T2 6A1Z wRke 2AA3[29]. SHFFE A 9 oysta 2
cake FEO Alm+v 9 HAES 23] WHES 5 110CAdAA AR A=
st} AxE AlgE 500 ColA 6A417F &4

BEA(SiOy/Al,05=25)+= ZSM—-59} 22 Wi o s o] ulghE gt}

o714 La o]2o2 wHFJom, Si0,/AlO; H7F 239 ZSM—5¢°]
3l A La—ZSM—5(23) ]2} ¥ 3}3lt.

rQL'
i)

1.3. F&A +4 A

< A2 (Hydrothermal treatmentm, HT)¥ A|2gfo]ELQ 44 <F
34 H7tE fsiM AAletdl g d Ad &A= Figure 70 \WERW
ot d AY SHORE 10 v/v%e H,05 40 CellA] Air(99.99%) 7t
2% 100 sceme SHFHA AAE wH37] He] Aol Eo =St

W

= "2 o 2 600 C, 4A17F AASSH AL, o] AMEL zeolite-HT6000. 2
#7138k eE 800 €, 617k +E Ak AMELS zeolite—HT800= U }E}
Bi5eR=S
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Mixing
NH;" -zeolite 10g +0.5 M metal nitrate solution 300 mL

v

Stirring

2 times . . .
80 T X 6 h in shaking waterbath

Washing & Fitering

Drying

100 C X overnight in oven

Calcination
500 C X 6 h in muffle furnace

M-zeolite

Figure 6. Procedure of ion—exchange.
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Figure 7. Equipment configuration of hydrothermal treatment.
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2. T&FA 9 B B4

2.1. XRD £4

Al=etol B d AY A5 AATx 3 ABAS FAst7] Slel
X—21 3]4d(X—Ray Diffraction, XRD)#AS AA3A T AlgH 7]7]+=
D/MAX 2500(Rigaku, Japan)@ZA 40 kV, 30 mA°lA Cu—Ka target
(wavelength 1.54056 A)E AFE3}e] scan &5 4 °/minlZE st 2
theta #t-& 5~80 HelolA =73t

W

2.2. NH; TPD &4

Al gol E 9 AqEAE f18h NHy 52 @2 (temperature
programmed desorption, TPD)S A A3} t}. NH; TPDE &3l A<
olEQ] Ahilol tigk ARE dotn At st AlZTholE 0.1 g AF]
sk, AA el 50 scemd) AHES SHTHA 2 £ 5 T/mine
2 Ao 550 C7X 7FE3kdar, 550 ColA 2217 FA18k3it.
150 C7HA] ¥ZH & 10 .v/v% R Yo}l 7kEE 50 sccml2 ¢ 51
IAIZE F2ekginh, ojuf &7t~ 2 dF= AREsInh. =8 S o
HUolgE A A3 fsh-FFES 100 scemO Za IR TEEd 74 313

30 sccm? HFE ZHFHEA 150 CoM 700-C7# 10 C/mine

J|m

0

off

AV

*
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2.3. BET &4

AeetolEel 54 45 f38 BET SA4& A8tk BET 54
& Fol AeTolEe] ngw A S Lotk g3ik BET S743st7] 4
3l U A mbg7lol dA7]Al F2bel gk AladtolE 0.1 g& ¥
Axestdn. o, o] FAgA s AdE AT ES ARERITH
HAA 2= 0.009 torr7bAl stHA 10 C/mine.2 250 CT7HA| &3t
of 250CelA 2A 35St A o] dAAe] AAHS St AT 2

=5
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(fa
AL
ok
nY
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2
30
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(fa
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o
tﬂi o
N,
tlo
2
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o
s
2
o
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m
1o
ok
P

st FA2EE 2HT 5 v V1A FARS dERkgolr] wEdd

245 23(-196.16TC) = AHE3T. 24 714
£ 300 torr7FAl &= 15 torrZ2 71AE F&A|7]aL, 1 o]%-o< 30 torr
A 7S FAHAIA 800 torr7tA o L E A=t o] E 55k
A 7IA F2ES 54359, BET surface® 7#3tth. BET 545 ¢

3 AF&% 7]7]% . nanoPorosity—XQ analyzer(Mirae, Korea)©]t}.

2.4. Thermogravity ¥4

Agetol Bl whsldn FAFS | Fedstrl o 918l Thermo
gravity (TG) #2418 Agskath TG AL 0.1 g0 F2A2 500 C
A 1AIZE AAYskaL, ek ¥4 o, 800 C7HA 10 C/min
o8 ST T2 A ©BIfgie gHoR <l

5 #AS TG #4232 TGA 7 (Perkin Elmer, USA)E AFE-3}S)
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Weighing zeolite

4

Pretreatment
500 C X 1 h, 50 sccm Ng

A 4

Cooling
500 T X 30 min

Adsor'ption
550" scem multi HC gas / Ny
total 3000 ppmV C1 base
(CsHg 1200 ppmV, C4Hip @ 1200 ppmV;;CeHs—CHs 600 ppmV)
50 C % 3Q¢min, GHSV=90,000 h'!

A 4

Purging
50 € X 30.min, 50 sccm Ng

h 4

Temperature programmed desorption (TPD)
50 to 500 € (10 C/min)

Figure 8. Procedure of hydrocarbon adsorption and desorption.
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Figure 9. Equipment configuration for hydrocarbon adsorption and desorption.
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Figure 10. TPD profiles of La—ZSM—5 with different ratios of
Si04/Al,05 under hydrothermal treatment at 600 C.
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Table 3. Desorption area of La—ZSM—5 with different ratios of
Si0y/Al1;03 under hydrothermal treatment at 600 C

(< 107%)
Si04/Al,0;5 ratio
Hydrocarbon 23 &0 280
propylene 11.3 15 .7 5.0
n—butane 12.9 1. 1.6
toluene 20.6 1.8 0
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Figure 11. TPD profiles of K—ZSM—5 with different ratios of
Si0s/Al;03 under hydrothermal treatment at 600 TC.
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Table 4. Desorption area of K—ZSM—5 with different ratios of
Si0y/Al1,03 under hydrothermal treatment at 600 C

(< 107%)
Si04/Al505 ratio
Hydrocarbon 23 80 280
propylene 0 0.4 0
n—butane 0 0.4 2b
toluene 14.8 15.9 2.0
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Figure 12. TPD profiles of Ag—ZSM—5 with different ratios of

Si0s/Al;03 under hydrothermal treatment at 600 TC.
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Table 5. Desorption area of Ag—ZSM—5 with different ratios of
Si0y/Al1;03 under hydrothermal treatment at 600 C

(< 107%)
Si04/Al,05 ratio
Hydrocarbon 23 &0 280
propylene 7.4 6.0 0.6
n—butane 7.1 0 0
toluene 0.3 9.9 2.5
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Figure 13. TPD profiles of H-ZSM—5 with different ratios of

Si0s/Al;03 under hydrothermal treatment at 600 TC.
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Table 6. Desorption area of H-Z2SM—5 with different ratios of
Si0y/Al,03 under hydrothermal treatment at 600 C

(< 10°%)
Si0,/Al,0;5 ratio
Hydrocarbon 23 &0 280
propylene 5.5 5. % 0
n—butane 3.9 1488 0
toluene 4.3 R 0
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Figure 14. TPD profiles of BEA with different ion—exchanged metals

under hydrothermal treatment at 600 TC.
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Table 7. Desorption area of BEA with different ratios of SiOs/Al;03

under hydrothermal treatmentat 600 C

(< 107%)
Metal
Hydrocarbon La K Ag H
propylene 13.4 0.3 5.9 10:9
n—butane o3 0.3 7.6 ) B!
toluene 0 16.1 1.5 0
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Table 8. Desorption area of ZSM—5 with different ion—exchanged

metals and hydrothermal treatment conditions

(< 109
Sample propylene n—butane toluene

HTS&800 10.4 4.8 0
La—ZSM—-5(23)

HT600 11.3 12.9 20.8

HT800 3.5 0.5 0
La—ZSM—-5(80)

HT600 17.6 11.8 1.8

HTS&800 0 0 0.7
K—ZSM—-5(23)

HT600 0 0 14.8

HT800 0 0 9.9
K—=ZSM—-5(80)

HT600 0.4 0.4 15.9

HT800 7.0 2.0 3.0
Ag—7SM—-5(23)

HT600 11.5 13.6 1.2

HTS800 4.3 0 6.3
Ag—7ZSM—-5(80)

HT600 6.0 0 9.9

HT&00 1.8 0.7 0
H—-7ZSM—-5(23)

HT600 5.5 3.9 4.3

HT800 3.5 0.8 0
H—-7ZSM—-5(80)

HT600 17.7 14.0 3.5
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Table 9. Desorption area of BEA with different ion—exchanged

metals and hydrothermal treatment conditions

(x 1079
Sample propylene n—butane toluene

HT800 1.7 0.8 0
La—BEA(25)

HT600 12.1 13.7 0

HTS&00 0.3 0.3 6.2
K—BEA(25)

HT600 0.3 0.3 16.1

HT800 0 0 3.1
Ag—BEA(25)

HT600 5.9 7.6 1.5

HT800 .7 1.3 0
H—BEA(25)

HT600 10.9 13.3 0
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Figure 15. XRD patterns of ZSM—5 with different ion—exchanged

metals and hydrothermal treatment conditions.
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2.2. NH; TPD &4
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Figure 16. NH; TPD profiles of ZSM—5 with different ion—exchanged

metals under hydrothermal treatment at 600 C.
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Table 10. NH3 Desorption area for ZSM—5 with different ion—exchanged metals under hydrothermal

treatment at 600 C

(x 1079
Sample Peak -1 Peak 2 Peak 3 Peak 4 Total

Temp.(C) 276 381 447 535
Ag—7ZSM—-5(23)-HT600

Peak area 62 21 21 55 159

Temp.(C) w1
K—-ZSM—-5(23)—-HT600

Peak area f 7

Temp.(C) 263 384 447
La—ZSM—-5(23)—-HT600

Peak area 44 16 36 99

Temp:(C) 254 320 387 475
H-ZSM—-5(23)-HT600

Peak area 25 6 18 8 57
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Figure 17. TGA curves of ZSM-5 with different’ ion—exchanged

metals under hydrothermal treatment at 600 C.
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Table 11. TGA curves of ZSM—5 with different ion—exchanged

metals under hydrothermal treatment at 600 C

(%)

Sample

A

Temperature period

B C

(50~200C) (200~5007C)  (500~8007C)

La—ZSM—5(23)

3.9 4.0 0.5
—HT600
K—-ZSM—-5(23)
.0 1.9 0
—HT600
Ag—ZSM—-5(23)
1.0 2.9 0.3
—HT600
H-ZSM—-5(23)
8.2 1.2 0.1
—HT600
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Table 12. Results of ICP analysis

Sample Loading (Wt‘%) Amount (mmol) . Ratio
La K Si Al L3 K Si Al Si/Aly M/Al
La—ZSM—-5(23)—-HT600 | 1.14 3.02 | 0.08 1.12 0.07
La—ZSM—-5(23)—HT800 | 0.55 41.90/ 3.31 | 0.04 14.92 | 1.23 24.32 0.04
K—ZSM-5(80)—HT600 1.42 1.00 0.36 0.37 0.97
K—ZSM-5(80)—HT800 1.44 | 43.10 | 1.01 0.37| 15.35('0.37 81.99 1.00
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Figure 18. Lanthanum ion in solution.
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