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@ lontové vyménna schopnost

ﬂ Termalné stabilni nad 600°C
@ Ekologicky nezavadné, chemicky odolné
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;g Molekularné sitovy efekt
praci prasky

petrochemie Jak zpracovat objemnéjsi molekuly?
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Jak vyrobit sirokoporezni zeolity?

ObjemnéjsSi templat = SirSi por
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Objemnéjsi templat xSirsi por

Zeolite ZSM-5 = 10-ring pore
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CIT-5 (CFI)
Methylsparteinium

Waghner, P., Yoshikawa, M., Lovallo, M., Tsuji, K., Tsapatsis, Zeolite ZSM-5 - 10-ring pore
M. and Davis, M.E.: Chem. Commun., , 2179-2180 (1997)
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Objemnéjsi templat xSirsi por
VPI-5 (VFI)
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Objev mesoporéznich silik (Mobil 1989)

C,6Hs5(CH;),N- OH (C,sTMA OH)

micela

Kresge CT, Leonowicz ME, Roth WJ, Vartuli JC, Beck JS: NATURE 359 (6397) 710-712 (1992) 10690 citaci
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Kresge CT, Leonowicz ME, Roth WJ, Vartuli JC, Beck JS: NATURE 359 (6397) 710-712 (1992) 10690 citaci
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Hierarchicke zeolity
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Hierarchickeé zeolity — syntéza: top - down strategie

desilikace

dealuminace

Leptani fluoridy
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1 MCM-22-P

Leonowicz, M.E., Lawton, J.A., Lawton, S.L. and Rubin, M.K.: Science, 264, 1910-1913 (1994)
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1 MCM-22-P
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Zeolite MCM-22
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Leonowicz, M.E., Lawton, J.A., Lawton, S.L. and Rubin, M.K.: Science, 264, 1910-1913 (1994)
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3D zeolit

Zeolite MCM-22
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Leonowicz, M.E., Lawton, J.A., Lawton, S.L. and Rubin, M.K.: Science, 264, 1910-1913 (1994)
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iezsmem o] Pilifovany zeolit
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2D zeolites = Infinite possibilities for
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2D zeolitové vrstvy
Conventional

3-D zeolite l
Frameworks J

4 Layered precursor

C;nggg?i?ea' __Ordered _Dis-ordered Delaminated Sp\a/l(;l:zgl
Unmodified Stabilized | Unmodified Stahilized

Synthesis Synthesis Treatment

74

Treatment | Synthesis,
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.
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Calcined

c~25A c=50A
c~25A c~50A
EMM-12P MCM-56; Swollen
EMM-13P EMM-12 ImQ-2 MCM-22P,
EMM-13 (treatment) MCM-36

Unit

Material

examples | c-cell

Rdzné usporadani vrstev

Remaining
frameworks
still without
layered form

Roth WJ, Microporous Mesoporous Mater. 142 (2011) 32-46
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Vyhody lamelarnich forem zeolit
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Vyhody lamelarnich forem zeolit(

., . . Methanol-to-Hydrocarbons
m aktivni centra pfistupna i

pro objemné molekuly

potlaceni deaktivace
katalyzatoru

Conversion (%)
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micro/mesoporous zeolite accessible mesopores
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Vyhody lamelarnich forem zeolit(

m aktivni centra pfistupna i
pro objemné molekuly

potlaceni deaktivace °
katalyzatoru E *Ha0

m vznik center nového typU Reaction scheme of the formation of 2-methyl-2-naphthyl-
—zcela jlna, reaktivita 4-methyl-1.3-dioxolane.

Acetylizace 2-acetonaftalenu pomoci propylenglykolu

Vytézek: ITQ-2 (63%) > MWW (20%) > BEA (5%)
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Vyhody lamelarnich forem zeolit(

reakcni zona koncentracni profil

@ potlageni difuznich limitacf ,,nereaktivni‘ zona

@ aktivni centra pristupna i
pro objemné molekuly

potlaceni deaktivace
katalyzatoru

@ vznik center nového typu
— zcela jina reaktivita
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Vyhody lamelarnich forem zeolit(

m aktivni centra pfistupnd i Adsorpce 2,2-dimetylbutanu
pro objemné molekuly

DYNAMIC SORPTION OF MCM-2Z2 DYNAMIC SORPTION OF MCM-38
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m potlaceni difuznich limitaci

oblast rychlé adsorpce
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IPC Institute of Physical Chemistry

IPC-1P hydrolyzed UTL UTL
[Ge13.85i62.zo152]

Paillaud, J.-L., Harbuzaru, B., Patarin, J. and Bats, N.:
Science, 304, 990-992 (2004)
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Roth, W. J,; Shvets, O. V.; Shamzhy, M.; Chlubna, P.; Kubu, M.; Nachtigall, P.; Cejka, J.: J. Am. Chem. Soc. 2011, 133, 6130
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IPC-1P hydrolyzed UTL UTL

IPCA1 hydrolyzed calcined UTL [Ge13_85i62_20152]

IPC1SW swollen material Paillaud, J.-L., Harbuzaru, B., Patarin, J. and Bats, N.:

Science, 304, 990-992 (2004)
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Roth, W. J,; Shvets, O. V.; Shamzhy, M.; Chlubna, P.; Kubu, M.; Nachtigall, P.; Cejka, J.: J. Am. Chem. Soc. 2011, 133, 6130
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IPC-1P hydrolyzed UTL UTL

IPCA1 hydrolyzed calcined UTL [Ge13_85i62_20152]

IPC-1ISW swollen material _ )
Paillaud, J.-L., Harbuzaru, B., Patarin, J. and Bats, N.:

Science, 304, 990-992 (2004)
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Roth, W. J,; Shvets, O. V.; Shamzhy, M.; Chlubna, P.; Kubu, M.; Nachtigall, P.; Cejka, J.: J. Am. Chem. Soc. 2011, 133, 6130
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IPC-1P hydrolyzed UTL UTL

IPCA1 hydrolyzed calcined UTL [Ge13_85i62_20152]

IPC-1ISW swollen material _ )
Paillaud, J.-L., Harbuzaru, B., Patarin, J. and Bats, N.:

Science, 304, 990-992 (2004)

Intensities (a.u.)

hydrolysis ; ; ; ;

Roth, W. J,; Shvets, O. V.; Shamzhy, M.; Chlubna, P.; Kubu, M.; Nachtigall, P.; Cejka, J.: J. Am. Chem. Soc. 2011, 133, 6130
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Table 3 The list of germanosilicates containing DAR/D3R units. Adopted from the [ZA website™

LA
code

Type material

Channel
dimensionality

Channels

Type of

double-ring unit

Location of
double-ring in

First reported
(patent/paper)

BEC
IRN

FOS-5 beta polymorph C

ITQ-49
ITQ-44
ITQ-40
Q-7
IT(-38
ITQ-13
IT(-34
IT(-33
ITQ-37
I'TQ-24
IT0)-26
ITQ-22
IT(-29
PUK-16
SU-15
SU-32
SSZ-77
IM-16
IM-10
ITQ-15/IM-12
IM-20
ITQ-21
ITQ-43

3-Dimensional
1-Imensional
3F-Inmensional
3-Dimensional
3-Dimensional
3-Dimensional
3-Dimensional
3-Dimensional
3-Dimensional
F-Dimensional
3-Inmensional
3F-Inmensional
3-Dimensional
3-Dimensional
3-Dimensional
3-Dimensional
F-Dimensional
0-Dimensional
3-Inmensional
-Inmensional
2-Dimensional
3-Dimensional
3-Dimensional
3-Dimensional

12-12k

BR

18-12R
16-15K
12-12R
12-10-10-108
10-10-9R
10-10-9R
18-108
Mesoporous
12-10-108
12-12R
12-10-8R

BR

12-11k
12-108

10-8K

oR

10-8-8R

6R

14-12R
12-10-10-10-108
12R
28-12-12-12k

D4R
D4R
D3R, D4R
D3R, D4R
D4R
D4R
D4R
D4R
D4R
D4R
D4R
D4R
D4R
D4R
D4R
D4R
D4R
D4R
D4R
D4R
D4R
D4R
D4R
D4R

3D
2D
3D
abD
2D
1D
1D
1D
2D
3
1D
3D
1D
3D
2D
3D
ab
1D
1D
3D
1D
2D
3D
2D

2000
201211;1
2010
2010™*
EDDEIJJ e}
2012
2002'%
2008
2006
2009'%°
2003
2008
2003%
20041?4 b
201411;.1
2008
2008
2008
20077
2-':”:'41“,
200471,71
ZEI‘]_I:I“.’I
20027%
2011'%

“ ISV was first reported in 1999 as pure silica zeolites, later in 2002 prepared as germanosilicates. * LTA was first reported in 1956 as
aluminosilicates, later in 2004 prepared as aluminogermanosilicates.




Z.EOALTE

Pavodni Vrstevnaty Posunuté vrstvy
zeolit prekurzor

LB A G0 o ER OB

IPC-1P IPC-2 (OKO)  IPC-4 (PCR) IPC-9 IPC-10

SAZ-1 ﬁ W m w

SAZ-1P IPC-16 IPC-15




Trans-cyclodecene

—4—Ti-IPC-1PITi(30)
—4—TS-1-PITi(20)
H,O, —t—Ti-UTL

60°C
«===Ti-BEA

Cyclodecene oxide
time (min)

J. Prech, PrF UK, disertacni prace, 2016
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Liu et al. Nat. Mater. 2017, 16, 132-138.



Swelling Calcination

Pt@MCM-22
MWW(P)

o
NS '\v'\*: CTMA (‘f‘ Pt cluster
LU or

?( Hexamethylenimine AA
\ ylenimis ‘:\\‘\
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Bl PUMCM-22-imp
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Pi@MCM-22 Pt/MCM-22-imp Reaction eycle 4

Liu et al. Nat. Mater. 2017, 16, 132-138.
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ABW | ACO AE| AEL AEN AE| AFG AF AFN AFO AFR AFS
AFT AFX AFY AHT ANA APC AFD AST ASY ATN ATO ATS
ATT ATY AW AV BCT *BEA BEC BIK BOG BFH BRE CAN
CAS CDO CFl CLO CON CZF DAL DDR
DFO DFT DOH EON EF ERI ESV ETR
EUO EZT FAR Gl GME GON nee -
IFR [HW IMF |5V ITE I'TH ITWY IWR W WA JBW KFI
LAU LEV LI LIT LOS LOW LTL LTN MAR MAZ MEI
MEL MEF - MFI MF> MON MOR MOZ M5E M50 MTF MTN
MTT MTW MWW NAE NAT NES NON NFO N5I OBW OF 05|
Q50 OWE FAR FAL FHI FOMN RHO RON RRO RSN RTE RTH
RUT RWR RWY SACQ SAS SAT SAY SBE SBEN SBS SBT SFE
SFF SFG SFH SFN SFO ST SV SO0 505 53k 53Y STF
ST *STO STT 57ZR TER THO TOL TON T5C TUN UEI LIFI
Uo7 LIS UTL VET VFI W VaY WEI WEN YUG £ZON




ABW | ACO | AE AEL | AEN | AEl | AFG | AFl | AFN | AFO | AFR | AFS
AFT | AFX |AFY | AHT | ANA |APC |APD |AST |ASV | ATN |ATO | ATS
ATT |ATV | AWO | AWW | BCT | *BEA | BEC | BIK |BOG |BPH | BRE | CAN
CAS | CDO | CFI CGF D CZP | DAC | DDR
DFO | DFT ERI | ESV | ETR
EUO | EZT M WW coN | coo |HEUNN
FR | IHW WW | JBW | KF
LAU | LEV 2D - pilifované ~ [N | MAR | MAZ | ME
MEL | MEP oD -lamelarni | MOR | MOZ | MSE | MSO | MTF | MTN
MTT | MTW NAT | NES |NON |NPO |NSI | OBW |OF 05|
0SO | OWE |PAR | PAU | PHI | PON |RHO |RON |RRO |RSN |RTE | RTH
RUT |RWR |RWY [SAO  [SAS |SAT [SAV |SBE |SBN | SBS |SBT | SFE
SFF | SFG | SFH SFN SFO  |SGT  |Siv | sOD | SOS | SSF [ssy | STF
STI | *STO | STT SZR TER |THO |TOL |TON |TSC |TUN |UEl | UF
Uoz |usl | UTL | VET VFI |VNl VSV | WEl | WEN |YUG | ZON
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Dékuji za pozornost
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Project EXCELLENCE
InDeNAC

Intelligent Design of Nanoporous
Adsorbents and Catalysts

2D zeolity
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http://marmolata.gacr.cz/
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Project EXCELLENCE
InDeNAC

Intelligent Design of Nanoporous
Adsorbents and Catalysts

2D zeolity
4] GACR www.zeolites.cz

GRANTOVA AGENMTURA CESKE REPUBLIKY 2012 -2018
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Cile projektu

KX
«l
@l
@l
@l
@l

Syntéza novych 2D zeolitd, nalezeni novych metod cilené pripravy.
Pochopeni vztahu syntéza-struktura-vlastnosti.
Zhodnoceni adsorpcnich vilastnosti nové pripravenych materiald.

Zhodnoceni prinosu 2D zeolitll ke katalytickému zpracovani
lignoceluosové biomasy a pod.

Vyvoj metodologie teoretického popisu 2D zeolitll a interakce
jednotlivych lamel.

Vytvoreni predstavy o strukture povrchu lamel na atomarni drovni.
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testovaci molekula

«= specifickd adsorpce ¢i reaktivita
-+ vlastnosti citlivé na koordinaci

«+ snadna sledovatelnost




katalyza kalorimetrie

volumetrie
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B Charakterizace adsorpcnich center
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adsorpcni centrum R o & L-Lk FTIR == vakuova aparatura
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[
e

e adsorpcniizoterma - kvantita

e kalorimetricka krivka — distribuce
interakcnich energii

e |C spektra - rozli$eni rGznych
adsorpcnich komplex(, odhad int.
energii (VTIR), ....

I - r4 "
volumetricka aparatura + kalorimetr




Adsorpce CO

m velice citlivé k povaze adsorpCniho
centra a jeho okoli (v, AH_,,)

e typ adsorpCniho centra
e koordinace v povrchu
e |okalni slozeni povrchu




Adsorpce CO

m velice citlivé k povaze adsorpCniho
centra a jeho okoli (v, AH_,,)

e typ adsorpCniho centra
e koordinace v povrchu
e |okalni slozeni povrchu

<\ Efekty ze P
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—— stisnény prostor strukturniho poru
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Adsorpce CO
Efekty ze

/4/ 3 shora % m velice citlivé k povaze adsorp¢niho
/ ( 7% ) \ : ,
¢ M > > centra a jeho okoli (v, AH_,.)

/ e typ adsorpCniho centra

SN \%/ e koordinace v povrchu
\”‘ <\/ —= e |okalni sloZeni povrchu
S ¢ ®m vliv stisnéného prostoru poru (efekty ze
/—64\ / ——>§A shora)
/ ' s“\
< g’ | N o mterakce E kysliky prote|S| stény
< 3 Efekty ze (// N o i | 2 T
spodu '\]fv\?j pohits | ,‘“ z‘:j
] oo ] ] f:/g\:u upwards (A ‘ ’16T
—— stisnény prostor strukturniho poru RSN e (3 1 g ¢y
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Efekty ze

Adsorpce CO

m velice citlivé k povaze adsorpCniho

centra a jeho okoli (v, AH, /)

e typ adsorpCniho centra
e koordinace v povrchu
e |okalni slozeni povrchu

®m vliv stisnéného prostoru poru (efekty ze

mustkovy komplex

Efekty ze

—— stisnény prostor strukturniho poru

shora)

e interakce s kysliky protéjSi stény
¢ interakce s druhym kationtem

Nachtigallova et al. PCCP, 2006, 4849 _
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Efekty ze

velikost kationtu

vliv efektl ze shora

: mustkovy komplex

Efekty ze ( T vliv efektl ze spodu
spodu ~

— stisnény prostor strukturniho péru Nachtigaliovaet al. PCCP, 2006, 4849
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CO/M*- FER

Li-FER

Na-FER Rb-MF
SifAl H Si/Al
8.6 30.0
27.5
Na-FER
U s 1 1
K-FER
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CO/M*- FER

Li-FER

Na-FER

!l pes

K-FER

2200 2175 2150 2125 210

CO frequency change due to the

interaction with second cation
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Energy stabilization due to the second

cation

——Li

Metal-Metal distance [A]
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Energy [kd/mol]
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CO/M*- FER

Li-FER

Na-FER

K-FER

Q,;; (kd/mol)
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Dual sites character:

CO/M*- FER

1. Cations at right distance from each other

. cation Li* Na* K*
Li-FER distance/A 5.5 6.5-7 7.5-8
2. The population of dual sites depends on:

cation size
Si/Al ratio

Na-FER zeolite topology

@ DCS 3. Stability of bridged complex is higher than
stability of single complex
K-FER about 3 - 5 kJ/mol

4. Bridged complexes exist also for other zeolites

2200 2175 2150 2125 2100 and combination of cations (het. dual sites)

Wavenumber (cm’)
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2D zeolitové vrstvy
Conventional

3-D zeolite l
Frameworks J

FAU

; Layered precursor

" Ordered Dis-ordered Delaminated | Syorer!
Unmodified Stabilized | Unmodified Stabilized p!

Synthesis Synthesis Treatment i Treaiment Synthesis,

¢ =7 e T treatment

Treatment

As-synth'ed

Calcined

Unit

examples | c-cell

c-~25A
c~25A

MCM-22P EMM-12P MCM-56;
MCM-22 EMM-13P EMM-12 mQ-2

EMM-13 (treatment)

Material

Ruzné usporadani vrstev

Remaining
frameworks
still without
layered form

Roth WJ, Microporous Mesoporous Mater. 142 (2011) 32-46



