ADSZORPCIOS GAZTAROLAS
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»Much Ado About Nothing”?
Natural gas (NG)

Composition TIWG.TB pm
* 95% CH, oy
. 2,5% C,H, HiSes, H

® 093% C3'C10
.« 1,6% N,

* 0,7% CO, o

* ~ppm H,S, H,0 3
Properties f

¢ pNG < pair

* Highly flammable I
* Clean combustion

* Colourless, odourless

* Non-corrosive
* Explosive under pressure

Exploitation in the world

1 800 000 000 m?3/day (2013)

Gas storage technologies

Liquefying Compression
(LNG) (CNG)
* Volumetric energy *  Volumetric energy

density: ~72% density: ~26%
(gasoline) (gasoline) 8.8 MJ/L
e -160-(-196) °CK, 1 bar < High pressure:
* Requires special 20 MPa (tank!!!)
handling * Special compressors

*  Volumetric energy

density: ~19%

* High surface area,

microporous adsorbents

* ,Low’ pressure, ambient

temperature
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Natural gas as energy source

* PRICE! * CO, emission
* High octane number (RON ~130) * Low volumetric
* Low pollutant emission energy density
* Gravimetric energy density
compared to gasoline: wor |
NG: 50,0 MJ/kg
Vs. ol
Gasoline: 44,5 MJ/kg
g
F o
20
Cél: a CNG 70-80 %-anak elérése
6
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Figure 1. (a) Potential energy, u(z), for a spherical methane Lennard-Jones (LJ) site interacting with the walls of a slit pore of width H = 12 nm.
The L) parameters for C and CH, were taken directly from the literature,"” and z is a measure of the distance between the center of a carbon atom
on the pore walls and the center of a melha{:e molecule. (b) Carbon prototype of a slit-shaped pore that can be taken as a reasonable model

representing the porosity of activated carbon.™
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US Department of Energy (DOE):
500 mg/q MOF methane@35 bar
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ANG: legfontosabb tényezok

Adsorbent
Characteristics

4 N

| Des
e Deliverability
o Success of ANG
System
Heat of Thermal
Adsorption Effects
—ed

Key factors affecting success of an ANG storage system.
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Bulk Micropore Methane Area
ADSZORBENS Density Volume Storage v/v BET
sample (g/em®) (em®/g) (em*/em®)  (m%e) Type
SMS-30 0.39 0.98 120 2860  Adsorbent
Carbon Monolith
HSAC Sample 19 0.62 145.5 1619.29 HSAC
HSAC Sample 23 0.58 146.4 1784.36 HSAC
HSAC Sample 23B 037 108 841.14 HSAC
HSAC Sample 29 045 120.3 1087.46 HSAC
HSAC Sample 30 - 0.15 7| 346.86 HSAC
HSAC Sample 21 - 0.83 147.2 1465.67 HSAC
Ni, (dobdc) 1.195 0.56 230 1218  MOF
Cu3(btc), 0.881 0.73 206.3 1642.5 MOF
Co-(dobdc) 1.173 0.495 207.5 1056 MOF
Cus(adip) 0.829 0.85 218.5 1868.5 MOF
Mg>(dobde) 0.909 0.643 19775 1542.3 MOF
Znyo(bde) 0.621 1.3875 153.67 3800 MOF
AX-21 activated 0.49 1.64 154 AC
carbon
Maxsorb 1.088 174.4 AC
KE-1500 0.601 149 .4 AC
CMS - 0.303 103 - AC ;
Alhasan 2016 ;
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Fajlagos feliilet
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Figure 2. (a) Gravimetric adsorption capacity of methane (in weight percentage) versus the BET specific surface area of carbon structures. (Orange
circles represent carbon materials corresponding to materials with slit-shaped pores, including activated carbons and carbon fibers.) (b) Volumetric
adsorption capacity (v/v) versus the product of the BET specific surface area (SS8A) and packing density. (For the case of conformed materials such
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3. Methane storage performance of various materials tested in the literature.

Alhasan 2016 13
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TERMIKUS VISELKEDES

Kinetika (adsz gyors/desz lassu)

Adsz/desz hallll

KINYERHETS GAZ MENNYISEGE

Adszorbedlt mennyiség/adszorbedlt tébblet

TOVABBI SZEMPONTOK

Stabilitas (szerkezeti, kémiai,...)
Irreverzibilitas (kontamindcid, ciklikus hasznélat)
Kéltségek

14

Ideal adsorption storage system

* High adsorption capacity * Low heat of adsorption!!!
* Reversible ad/desorption * Hydrophobic pore
* Narrow pore size distribution * ,,Cheap”

* Optimal pore size:
* For maximum capacity: 7.6 A
* For maximum delivery: 11.4 A

Commercial adsorbents

I. Carbonaceous 11. Zeolites
ADVANTAGE: ADVANTAGE:
Cheap Easy to control the
Fundamental capacity: structure
220 V(STP)/V
DRAWBACK: DRAWBACK:
whbs=l=ts Broad pore size Low microporosity
Activated  iciibution Hydrophilic pores Faujasite |
carbon Difficult to control !

I
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Figure 3. (a) Gravimetric methane adsorption capacity at 3.5 MPa and 298 K versus BET surface area (teal diamonds, MOF structures with specific
surface areas of <2500 m?*/g; blue squares, MOF structures with specific surface areas of >2500 m*/g; orange circles, carbon-based materials). (b)
Volumetric methane adsorption capacity at 3.5 MPa and 298 K versus BET surface area for different assumed values of packing efficiency, where X
represents the packing density/crystal density (orange circles, X; = 1; blue squares, X; = 125; teal triangles, X, = 1.5; lilac diamonds, X, = 2). (c)
Volumetric methane storage capacity at 3.5 MPa and 298 K versus pore volume (orange circles, MOFs with pore volumes of <092 em®/g; blue

All of the adsorption values correspond to adsorption excess. All of the

squares, MOFs with

pore volumes of 2092

cm?/g) AR IOISTT-13

7000

adsorption values correspond to adsorption excess (except PCN-14, all the adsorption values comespond to the expenmentxlferﬁrmed at 298 K;
adsorption value in PCN-14 was performed at 290 K).

umar2017

Metal-Organic 'rameworks

A new class of highly porous materials

17

2019.11.25.



Bevezeteés

Metal-Organic -‘/—' Organo-Metallic
Magyarul mindkettoé F EMORGANIKUS!

i

Misodlagos kolesonhatasok!!!

~ 68.000 talilat T
[ScienceDirect] § = 1
625.000 kiilonféle szerkezet % B = _ 3
(2012) ot - A
[Cambridge Structural Database] S — [ | \
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Torténelem
1897 Hofmann: Cianid zarvanyvegyiilet Ni(CN),-NH,-CH, [1]
1966 Walker és Hawthrone: z-alkilamin Hofmann-komplex [2]
1989 Robert: Elsé szerves koordinaciods halo (OCN) [3]
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[11 Anorg. Chem. 1897.15.204.
2] Trans. Faraday Soc. 1967.63.166
[3] J.Am.Chem.Soc. 1989.111.5062

2019.11.25.



1990 Robert: Makrociklusos polimer komplexek [4]
ey

( )
D C - ?_] 1,4-benzodicarboxylate és Zn

o O
cancy : <—>__<_> .7.

Hydrothermal Synthesis of a Metal—
Framework Containing Large Rectangular
= " Channels
1995 Yaghi: MOF” [5]

0. M. Yaghi* and Hailian Li

HBDC + Zn(NO)wdH,0 —mcclilam  20,0(BOC),s(DEF),
MOF-5

[4] J. Am. Chem. Soc. 1990.112.1546
[5] J. Am. Chem. Soc. 1995.117.10401

BDC: 1,4-benzodikarboxilat

Szerkezet, topologia
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Fém (csomépont) A (e
Kiilonbézo koordinicioji és . e 20

vagy gvengébb kilcsnhatisok
tulajdonsagu femionok Y EYERE =

Kiilénbizo szerkezetii hilozatok
hozhatéak létre a csomépont (fém)

koordinciojatol fiiggoen és a
ligandum szerkezetétol fiiggoen! k]

I [ 52ty ozhiat6 szerkezet és porusméret!
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A szerkezet tipusa elsédlegesen a fém koordindcios geometridjatol

és a fém-licandum kotés orienticiojatol fiigg!

Fém ionok: Cu, Zn, Ag, Ni, Co, Cd, Mo...
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S. Qiu, G. Zhu, Coord. Chem. Rev. (2009), doi:10.1016/j.ccr.2009.07.020
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Az elsdk: izoretikularis szerkezet(i MOFok (IRMOF)

Robusztus, pérusos vaz

A vazat alkotd elemek meghatirozott, egvenlé tivolsigra helvezkednek el
egymistol, kozottiik ugynevezett van der Waals gédir helyezkedik el.
—

Allandé porozitis, szabilyos porusméreteloszlis,
nagy latszolagos fajlagos feliilet

nummmnw

V"Jr‘
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Szerkezetek... Elnevezések...
“. ’“.-;- —*
-vd’k:‘- ' L._TT_;:.
P T
vl e L
ISA s
srs srs-a nbo
Sy, ARpaA. o=
20 lr:f'p [ | |
QK SR, ‘
dia dia-a pcu
X 7% B
o g B
becu bcu-a = pch fcu
tate
Default 3D szerkezetek Py
L . e ad
srs: SrSi, net-like nbo: NbO like & }: &,
dia: diamond like pcu: primitive MOF 1001
cubic
beu: body-centred feu: face-centred
S. Qiu, G. Zhu, Coord. Chem. Rev. (2009), d0i:10.1016/j.ccr.2009.07.020 14

Synthesis methods

1. Thermal methods (high temperature, autoclaves)
a) Solvothermal: dilute precursor sol of ligand+metal
(DEF, DMF, alcohol)
b) Ionothermal: ionic liquids as solvent and template
¢) Urothermal: carbamide derivative as solvent
— IN SITU ligand

2. Electrochemical methods: the desired metal (eg. Cu) used as anode and catode
the ligand is dissolved in electrolyte, constant voltage (12 — 19 V) '

3. Diffusion techniques: the most simple way,
but not suitable for single crystal growing

4. Reflux: high temperature (~100 °C)
continuous stirring, reflux of the solvent

13



Characterization

What do we want to characterize?

* Morphology (’texture’)
* Structure
* Functionality (e.g. adsorption sites)

* Adsorption properties

How do we want to characterize?

* Microscopy (optical, SEM, TEM)
» Diffraction (X-ray, neutron)

* Thermal analysis (DTA, DSC)

* Spectroscopy (Raman, FTIR)

¢ Adsorption techniques

* N,, H,O (characterization)
 CH,, H, (application)

28

Adszorpcios tulajdonsagok:

gyors kinetika

fiziszorpcio (gyenge kélcsnhatds)

exoterm
méretkizaras
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Reszponziv MOF-ok

Host-Guest
Interaction

Photo
w response

response

Megoldando...

The available adsorbent materials present different limitations especially for on-board
storage applications: slow desorption/absorption rates, unstable structures, heavy weight,
irreversibility on cycling and expensive production costs. MOFs have the highest perfor-
mance and have a great potential to lead in the vehicular application of ANG systems
compared to other types of adsorbents. A roughly linear relationship is found between
methane adsorption capacity, and the surface area, bulk density, and micropore size.

The central region of the adsorbent bed suffers from the greatest thermal fluctuations
because of poor thermal conductivity. The thermal profiles during discharge are highly
dependent on several parameters including adsorbent characteristics, properties and
composition, flow rate, vessel design and geometry, material of construction, and room
temperature.

The heat of adsorption has a great effect on the overall performance of an ANG storage
system. There is a major temperature drop during discharge. The temperature change can

Alhasan 2016
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