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1. Dynamic gas sorption — a multi-scale process

Breakthrough Curves

adsorbent  heat of adsorption

gas outlet T detection C

adsorption
Macroscopic IViesescopic VIICIOSCOPIEC
e Size of Adsorber e Nature of the e Textural Properties
e Shape of Adsorber Fixed Bed e Surface Characteristics
* Bed Porosity e Accessibility

e Shape of Particles
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1. General Remarks |

3P

Different segments of a breakthrough curve

| Unsatura’;ed Zone

volume fraction

time

e Determination of
technical usable sorption capacity

e Can be used as benchmark for
separation performance of
adsorbents

volume fraction

Mass Transfer Zone

time

* Mass Transfer coefficient, axial
dispersion, shape of isotherm

* Heat effects, heat dissipation

* The time interval of mass transfer
zone has to be minimized

INSTRUMENTS

Saturated Zone

volume fraction

1:_;-']"- I il
_ o
time i
e Determination of
saturation capacity

* By assuming of thermodynamic
controlled system = Measurement
of isotherms possible




1. General Remarks Il - Equilibria

3P

concentration

time

2 component mixture: CO,/He (non-adsorbable carrier)
— Pure component equilibria

2 component mixture: CO,/CH, (adsorbable)
—> Partial loading for CO, (mixture data)

INSTRUMENTS

weakly adsorbed strongly adsorbed
component component

¥ Yes
& L T

concentration

1'.#1
time

* 3 component mixture: CO,/CH,/He (non—adso‘ﬂaable ggrrier)

* Weakly adsorbed component (CH,) is displaced by stronger
adsorbed component (CO,)

—> partial desorption o #

—2 role up effect (evaluation difficult!)

* 3 component mixture: CO,/CH,/N, (adsorbable}___.

Frn

— Ternary equilibrium data



2. Scope of Simulation |

® Quantifying kinetic parameter from breakthrough curves

® Understanding of Sorption Characteristics on Fixed Bed Adsorbers under
industrially relevant conditions

® Experimental time can be drastically reduced and parametric studies can be easily
performed

® Estimation of role-up effects and dynamic of co-adsorption phenomena
® Calculation of so called Constant Pattern Profiles
® Calculation of PSA-cycles based on Mass- and Energy Balances

® Can support Upscaling or Process design
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2. Scope of Simulation li

3P

Example: CO, Adsorption on D55/1.5

ADS

DES

amount of CO2 / Vol.%

578 min time / min

4) Purge flow during Desorption f“"ﬂ
Adsorption: 5% CO, in N, at 40°C, 5 bar, 2000 ml/min on D 55/1.5

Desorption: Purging with 2000 ml/min N, at 40°C, 5 bar

INSTRUMENTS

Observations:

1) Desorption curve flatter than
Adsorption curve

2) Desorption time higher than
Adsorption time

3) Adsorption time 5.78 min (c,,< 0:2:%)
Questions concerning: i

1) Kinetic parameter (k)
2) Total pressure during each step

3) Adsorption/Desorption times =




3. Modeling — necessary Input Parameter 3°
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Input parameter Heat of adsorption

and heat capacities

Isotherms _
N x J % Co-adsorption

Adsorber . .
dimensions:> Simulation model <: Heat transfer

f v % -~
Feed flow, r

Product purity &

Kinetics

Feed pressure

N

Cycle duration, pressure range...

Red: properties of adsorbent/adsorptive system
Black: properties of adsorber and adsorber wall




3. Modeling - The LDF approach 3°
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Mass Transfer coefficient k¢

Simplification

Convection Adsorbate Convection
Diffusion Adsorptive Diffusion
Film Diffusion l Pore
| | . '
Free i Adsorbent Effective Inner
e : : : !
Diffusion Surface Convection; Diffusion : Mass Transfer,
Diffusion E Hinear
KNUDSEN | Driving Force
Diffusion ' (LDF)

@
. - -
Adsorption ) Adsorption
e
©
| -
c
£
V 4ot
O -
c
O
O

distance r

* W. Kast, Adsorption aus der Gasphase: Ingenieurwissenschaftliche Grundlagen und technische Verfahren, 1.Aufl., VCH Wiley Verlag, Weinheim, 1988.

° fi‘ -%ihn



3. Modeling — Mass and Energy balances 37
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thermal equilibrium

|V|aSS Balance Environment T. between solid and gas
— 2
oCyi 1-&  0g; o°C W an , ou
+ pPart Dax Cg i AL 0
ot g ZJ o/
convection dispersion accumulation

oq. . -
%szDF( "~0,) LDF approach ¢ = FKT (Isotherms)

heattransfer between wall heat transfer with
and bed (solid + gas) the environment
Energy Balances
-z AR aﬂ 1-¢ T, T, aul|
cps+ p,C up.cpg—+T, p.C 42T -T. )=0
T Pa v GtJ ( = PoanCPS + pgj o PPI TP PO it A T, -T.)
generation dispersion accumulation convection transfer to wall
Equation for velocity / overall mass balance (isothermal) .
awhw(Tg _TW pw awLU (T TEnv) O i ':F-
ou |RT -6
gastowall accumulation wallto environment E Tppart . Z
i=1

* A.M. Ribeiro et. al, Chem. Eng. Sci. 63 (2008)

* D.M. Ruthven, Principles of Adsorption (1984) Ch . e
ange by adsorption Change by compression
* M.S. Shafeeyan et. al, Chem. Eng. Res. Des. 92 (2014) ge by P ge by P

i FR




3. Modeling — Solver by Method of Finite Differences
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Example for Diffusion -Equation

aC 82C Ct+1 _Ct Ct+l _th+1 +Ct+1
— D — z z _ D Z+1 z z-1
ot 07’ At Az’

)

Transfer of Partial Differential Equation (PDE) to algebraic Equations

1 0 0 0 0
pA 14p2 pA o o
Az Az Az ~ _
o -pA 1ipA _p A EE+)-(C0)
Az Az Az
0 0 0 -1 1

Large Algebraic Equation System
* Vector length depends on height of Adsorber and size of Az

 Number of steps depends on Time and At

11
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_ D%Cﬁj +(1+ ZD%ij - D%Cg =C!
z z z

Important Comments for Mass balance

* Three solver parameter Az, At and
ratio At /Az?

* Depending on stiffness of PDE solver "™
converge to correct solution and f" L
sufficient accuracy mostly for: il

-> small Az and
2> At<<Az N
—> Not always guaranteed convergence 4
—> Especially for very steep . f
isotherms iy




3. Modeling — Software 3I°
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Example breakthrough calculation with isothermal SIPS model
glo:::::rm:::n Adsorptives | Calculation | Table (simulated data) | Chart (simulated data) | Reactorprofiles | PSACaleulations ° N O k n OWI e d g e O f S C I’i pt I a n gu a g e

mass [g]

* Simple input form for parameter

particel diameter [mm]

[
=
[

height [cm] - H

= <
i
[
°

bed porosity

Overview of used isotherm model

inner diameter [cm] 1 E”

particle porosity

[=]
S
[

gas flow [ml {STP) /min] E” [u constant v] [T] from experimental data

 No knowledge of solver
necessary

axial dispersion [cm2/min] 2 | [user defined v]

environmental temperature [C] . li” [isoﬁermal v] [ from esperimental data

Carmier Gas
pressure [bar] I E" [ from experimental data molecular weight [a/mol]

pury
=
=

@ SINE
= &
Y| T

LT

* Usage of own Az, Atﬁues
possible by 3
1 T

e Qutput of stoiciometrievaldies

—
&
=

[ J

= =
= g
=
r ORI

Comparison of calculations with
Experiment

12



3. Modeling — Software

3P

Example breakthrough calculation with isothermal SIPS model

global Parameters | Adsoptives | Caleulation | Table (simulated data) | Chart {simulated data) | Reactomprofiles PSA-Calculations

13

adsorptive parameter isotherm model

Adsorptiv 1 adsorptive 2 adsorptive 3 adsorptive 4 SIPS

input concentration (process cond.) Vol %] | = 498
effective mass transfer coeff. [1/min] I = 20
molecular Weight [g/mol] . = 44
finty constant [1/bar]

maximal loading [mag/g]

Toth/Sips/Freundlich exponent

Mutticomponent LAI

number of components

INSTRUMENTS

No knowledge of script language
Simple input form for parameter
Overview of used isotherm model

No knowledge of solver
necessary

LY Fis
Usage of own Az, Atﬁue’s
possible 3

=
Lh

i o
Output of stoiciometriéValtes

Comparison of calculations with
Experiment I,




3. Modeling — Software 3I°
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Example breakthrough calculation with isothermal SIPS model

e S — (o=l

File Clipboard Units  mass balances  energy balances  Help

global Parameters | Adsorptives | Calculation | Table (simulated data) | Chart {simulated data) | Reactomprofiles PSA-Calculations

 No knowledge of script language

caleulate breakthrough curve fitting of experimental data calculated parameter

* Simple input form for parameter

estimation of solver parameters automatic selected Curve for Fitting Reactor Volume [cm3]

reliability factor (increase for exact solutions) 1.0 > @ Adsomtiv 1 gas velocity (id) [em/min] Y O Ve er e W Of u S e d | S Ot h e r m
*-step size (recommendation (mace.): =0.50000) 0.5000 z adsorptive 2 app. particle density [g/cm3]
observation height [cm] {max. 20 cm) 20.0 . = : skeleton density [g/cm3] | | | I O d e |
time resolution factor 10 = T stoich. time Adsorptiv 1 [min]

e * No knowledge of solver

number of calculations (corm. time: =76.71 min) 17144 n ecessa ry 3 !‘Tﬂ:f

required calculation number for 3 stoich. time: 17144 stoich. time adsomptive 4 [min] 0.00 3

number x-direction (vector size ) 40 equ. loading Adsorptiv 1 [a/g] . * Usage Of Own AZ' At ¥ a I Ues ,_i.'.r
equ. loading orptive 2 [g/g] 0.000 1 -':I.

@ semidmplicit {Lax-Wendroff) () implicit {Upwind)

possible

i 'E init sol\rer] E calculate ] X cancelcale

* Output of stoiciometric values

calculation

* Comparison of calculationswith g
Experiment i

14



3. Modeling — Software 3I°
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Example breakthrough calculation with isothermal SIPS model

File  Clipboard Units mass balances  energy balances

 No knowledge of script language

* Simple input form for parameter

sim. adsorptive 2

e Qverview of used isotherm

sim. adsorptive 3

model
< o T(509 « No knowledge of solver
: w“’“ﬁ’ necessary iﬁ!"""’“‘
B o co.2 * Usage of own Az, Ativalues &
1 oo co. possible " 3

[ exp comp. 4

* Output of stoiciometric values

[ exptemp. Sen
T

== || * Comparison of calculations with
me (i Experiment - "

15
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3. Modeling - Isotherm models

Models for

equilibrium

Mixtures

Pure Components

Only simple breakthroughs complex breakthroughsisa:#
carrier gas as an adgorptive
)

Non-adsorbable carrier gas

Extended Langmuir-

Langmuir-type
type models, IAST

models

Langmuir (LAI)
Sips-equation (SIPS)
Toth-equation (TOTH)

Dual-site approach (DSLAI, DSLAISIPS)
Increasing mathematical effort

16



3. Modeling - Energy and overall balances 37

17
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Thermal conditions

Non-isothermal
conditions

Isothermal
conditions

no heat effects heat effects ALY
| | &

Constant gas velocity Variable gas velocity Constant gas velocity Variable gas velocity

Mass bal. Mass bal., Eq. for veloc. Mass- and Energ. bal. Mass- and Energ. bal., Eq. for veloc.
Low concentration, No limitations in Low concentration, no limitations ; Af’
Constant pressure, concentration and Constant pressure ;

No heat effects pressure,
No heat effects
Increasing mathematical effort




3. Modeling - Further Simplifications 3
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Y /cm

)

X/em

- Uniform average temperature
along radial direction

PRESS ADS BD DES ADS DES

PpesPabps Pabs Paps~Ppes PpEs Pabs Paps Ppes 3

- Neglecting Pressurization
- = Blow-Down within Desorption




4. Breakthrough Curves — Theory

19

Intluence of isotherm on breakthrough

oC,; (1-¢) oq; 0°C,;  oC,,

L p,—-—D Liu—2=0

Mass Balance

\\\

concentration

adsorbed amount

T T T 1
pressure \

Increasing of Langmuir constant:
Higher capacity for low concentrations

Higher capacity and steeper breakthrough
curves for high concentrations

—> Curvature of isotherm influenced steepness of breakthrough

concentration

3P

INSTRUMENTS




4. Breakthrough Curves — Theory 3P
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Influence of vand ¢,

oC, . — 0°C oC aq, -

Mass Balance AJr(l 8)pb oG —D, —= +u—= =0 Elzkeff°<qi _qi)
ot ot 0z’ 0z
accumulation dispersion convection
3 ul : B fﬂf
A '.... ;
time time
Increasing of velocity u: Increasing of C,:
Breakthrough shifts to lower times, A) Curved isotherm: breakthrough shifts

to shorter times, curves becomes steeper
often breakthrough becomes steeper

B) Linear isotherm: breakthrough time
remains constant
Influence of ¢, on breakthrough depends on shape of isotherm!




4. Breakthrough Curves - Theory 3P
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Influence ot ks and D_,

oC.. (1-g) &a. 0°C_.  oC.. oa. L
Mass Balance g"+( )pb q'—DaX—zg"+uA:0 i=keff'(qi _qi)
€ ot =— 02z 0z o
dispersion Mass Transfer according LDF
= =
= g
g Dispersion] g it
O keffl ﬁﬂf '
J ' i !
-20 ' 0 ' 20 -20 ' 0 ' 20 1 jr
t—to,5 t'to,s
Increasing of D_: Increasing of Mass Transfer k :
Breakthrough becomes flatter Breakthrough becomes steeper and
Mass transfer zone becomes bigger Mass transfer zone becomes smaller

For very small k_ = spontaneous breakthrough can occur

For small D_, = steepness of breakthrough curves approaches limit




4. Breakthrough Curves - Theory
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Influence ot ks and D_,
oC -~ q. o°C, .
+(1 8)pb aq, _Dax 2g,l U B
€ ot =— oz 0z

dispersion

-

g,i

Mass Balance

ntration

Concentration

Mostly used assumption:

d
DAX zu-7'°; dp >3 mm

-20

3-10°°

DAX =~ u- ; dp <3mm

Increas

Breakth u advection velocity

Mass transfer zone becomes bigger

%=@(q?—ﬁi)

Mass Transfer according LDF

keff]

T T T 1
-20 0 20

t'to, -

Increasing of Mass Transfer k:
Breakthrough becomes steeper and

Mass transfer zone becomes smaller

For very small k spontaneous breakthrough can occur

For small D, steepness of breakthrough curves tended to a limit

3P
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4. Breakthrough Curves - Theory 3P
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Influence of thermal effects

1-¢ oq ,0T (1—5 j Gl 0T, 4h,

Heat Balance Gas / Adsorbent — “pAH——- 11—+ CpsS+ p.CPpg |—=+Up,.C 4 T -T )=0
c ,Ob_ 8t a22 < pb p pg pg 8t pg pg az di ( g W)
generation

i Qups| c
D % Q |
% § 1 ADSI g}f.
— o £ i , o
=f:;
time / min time / min
Increasing of sorption heat:
Breakthrough shifted to shorter times because sorption capacity=FKT(T) o
Mass transfer zone becomes bigger, low slope to input concentration g

Non-isothermal results differ considerably from isothermal results

Heat effects have to be considered in most cases (i.e. high sorptive concentrations)
N ol

* 4 =4



4. Breakthrough Curves - Theory 3P
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Influence of thermal effects (heat transter parameter)

1— og 0T (1-¢ aT, aT, 4
Heat Balance Gas / Adsorbent —,ObAH A zg +( PbCpSJrPnggj—JrUPngg +ﬂ(T g_TW):O
ot 0z g ot oz d
aT transfer to wall
Heat Balance Wall avvh_w(Tg T ) pW(:pWR a,U (T ~T.)=0
gas to wall wall to environment
|

Ug

Temperature
Temperature

-

time time

Increasing of inner heat transfer h, results in decrease of temperature maximum
Increasing of outer heat transfer U, results in faster cooling rates

Big influence of these parameters on history of temperature inside adsorber

e
A N:

24 24 f




5. Working with the model — Example | 37
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Determination of LDF-constant °
g

Input Isotherms S
o 5 E 44

> S

S 3

E 4 = = CO,exp.

E > 8 SIM k_=1 min*

. S 2 ——SIMk_=13.2 min™

£ 5

S ] m CO,at20°C 8
D 2 ® CO,at40°C 2
2 A CO,at60°C El

8 — SIPS 0 ' T ' T ' | ' T '
'% 1 0 10 20 30 40 50
time / min ;
0 5 1 1 2 5% CO, in He at 40°C, 5 bar, 1000 ml/min on D 55/1.5 e
pressure / bar Lo . '
CO, isotherms on D 55/1.5 Finding of Mass Transfer Coeafficient k :
2 .

Start value for k1 mint
Input Heat Transfer Best fit with k,,; 13 min'! cali v

Bed/Wall ~ 50 W/m?2/K

Interati lculation !
Wall/Liquid ~ 400 W/m¥K < nterative recalculation

» Comparison for different materials under same testing conditions allows statements about kinetic performance

25 jﬁ‘ i]ht



5. Working with the model — Example li

Replacement effects
CO, isotherms on D 55/1.5

- 5
(@]
E 4
g 4
§ ]
o 27
S ]
S m  CO,at20°C
8 24 ® CO,at40°C
2 | A CO,at60°C
§ . SIPS
S 14

0 T T T T T T T

0 5 10 15 20
pressure / bar

5s— CH, isotherms on D 55/1.5
o ]
[
E 44
S
5 31
@
E 4
®
© 2
9 | m CH,at20°C
5 ® CH, at40°C
n 14 A CH,at60°C
© 4
® SIPS

OI T T T T T T T

0 5 10 15 20

pressure / bar

26
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CO, /CH, mixture isotherms on D 55/1.5
lnpUt pure "o —n,_ MCSIPS
S 4 n., MCSIPS
= co,
component Isotherms & e MCSIPS
- ¢ CH, experiment
€ 3- = CO, experiment
D> 3 |
e
5 2
g ]
? 1
E
0 T T T T T T T T T
0 1 2 3 4 5 “p‘
pressure / bar Al
Breakthrough of a mixture CO,/CH, in He -
> 0151
c
S s
‘»
O 0.10- - = CH,
itti = . = CoO,
Flttlng kLDF —lp § calculated curves
Fitting Heat Transfer Coeff. {D"é 0.05
0.00 . / C Rt
0 5 10 15 20

time / min

5% CO, 15% CH, in He at 20°C, 5 bar, 2500 ml/min oa}éD‘ 55/13%
4:.‘|. 1 Ixi




5. Working with the model — Example li 37
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Replacement effects — Temperature profiles

Use of integral heat of adsorption with 40 Temperature profiles along the fixed bed |
SIPS model (from isotherms): :
(.o} Input Q in energy o NEAY
Os = Omax - nI I o\ ) ® T(30 )
1+ (K -, ) balance . © . T(150mm)
= % 304" calculated curves
K =K. .exp(g(z_ijj 5
ORI RIT T, &
L 25-
qmax,i = qmax,i,O ’ exp(li (1_-:-_0]] 1-1'

t =t 1T 0 | 5 10 15 20

i = i,0+ai( _?J

* Q(equivalent to ~AHg_ 5)
Q ¢y 15.9 kI mol*? .
Q cyyq: 11.9 k) mol? .

time / min
5% CO, 15% CH, in He at 20°C, 5 bar, 2500 ml/min on D 55/1.5

CH, induced higher temperature effect

Model can describe temperature profiles qualitatively sttfsii w

Fitting Heat Transfer Coeff. . Underest|mat|on of temperature peaks |

e h :~30W m? K (Gas Fixed Bed/Wall * Experiment shows mostly sharper temperature profiles
w m (Gas, Fixed Be all) - differences due to simplification of no radial gradients

. o~ 2 k-1 PR R
Ug 1~ 400 W m™ K™ (Wall/Liquid) —> radial gradients in experiment expected due to external liquid coolin?ﬁ’%‘;
3

b g

27 * D.D. Do, Adsorption Analysis: Equilibria and Kinetics (1998) _.;53‘ ‘1



5. Working with the model — Example il 37
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Replacement effects

6— CO, isotherms on NaMSX 13X [ CO, /CH, mixture isotherms on NaMSX
'(C_D” : |nput pure "o ——n,_,, MCSIPS
S o 4 Ne, MCSIPS
£ component Isotherms & e MCSIPS
= - ¢ CH, experiment [~ |
c +— .
3 m  CO_ at20°C c 31 ®  CO, experiment ——
(@) 2 >
£ 3 ® CO,at40°C > s} "
< A CO,at60°C £
3 L SIPS 5 2]
g 2
o T —
n o
EA g

0 T T T T T T T O T T T T T T T T T

0 5 10 15 20 0 T ] : ) : Ui
pressure / bar pressure / bar gk

5| CH, isotherms on NaMSX 13X |_ Breakthrough of a mixture CO,/CH, in He g
‘_"U) ] H
(_é 5 m CH, at20°C g k
g 1 e CH,at40°C > 0.15 4
< 4. A CH,at60°C c
%‘ SIPS :% i : 224

I 0.10- )
% Flttlng kLDF — é— s calculated curves
9 o
(] . [ O _
B Fitting Heat Transfer Coeff. ' oos;
0.00 ] ' T ' T ' T ' T T T T T T
0 10 20 30 40 50 60 70
pressure / bar time / min

o TR
28 5% CO, 15% CH, in He at 20°C, 5 bar, 2500 ml/min oa‘,Nal\/ISX’t}éX
4:.‘|. 1 Ixi



5. Working with the model — Example il 37
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Replacement effects — Temperature profiles

Use of integral heat of adsorption with 50 - Temperature profiles along the fixed bed |
SIPS model (from isotherms): 45
. T B T (30 mm)
(..o} Input Q in energy - e T (150 mm)
0y = O *——— S b | O 404 calculated curves
1+Z(Kj_cj)‘j a ance > B i
=1 é 35 4
S
Ki =Kig -eXp(%(%—%D qé-’. 304
(O]

Qs = i €XP| 71| 1=
max, i max,i,0 li To
t=t, +ai(1—T—°J
’ T

* Q(equivalent to ~AHg_ 5)
Q ¢y 25.1 kI mol?

Q g 17.5 kI mol? *  CO, induced higher temperature effect
* Model can describe temperature profiles quite well
* Slightly underestimation of temperature peaks
- differences due to simplification of no radial gradients

0 10 20 30 40 50 60 70 180

time / min
5% CO, 15% CH, in He at 20°C, 5 bar, 2500 ml/min on NaMSX

Fitting Heat Transfer Coeff.

* h,:~23 W m2K?(Gas,Fixed Bed/Wall)
* U, :~500 W m2 K (Wall/Liquid)

29 S



5. Working with the model — Example IV

Kinetic Separation

30

adsorbed amount / mmol g*

-1

adsorbed amount / mmol g

5

CO, isotherms on MSC CT-350

SN
|

= CO,at20°C
® CO,at40°C
A CO,at60°C
SIPS

6 8 10

pressure / bar

12

Input pure

component Isotherms

>

— Not to calculate by simple LDF approach
with Multi Component Equilibria

W bl‘l4 di4u T
e CH,at60°C
A CH,at80°C
SIPS

6 8 10

pressure / bar

12

/7

Fitting k ¢

ﬁ

Fitting Heat Transfer Coeff.

adsorbed amount / mmol g*

Gas Composition Y / -

3P
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CO, /CH, mixture isotherms on MSC CT-350

—n,, MCSIPS
Neo, MCSIPS
n., MCSIPS
¢ CH, experiment

®  CO, experiment

2 3 4

pressure / bar

5

T

Breakthrough of a mixture CO,/CH, in H

o

o

@
1

0.04

0.00

©
=
N
| "

m CH,
¢ CO,
calculated curves
I
0 5 10 15 20 25

time / min

5% CO, 15% CH, in He at 20°C, 5 bar, 2500 ml/min onﬁ\"/’lsc-cﬁﬁso
3 A 1 Et




5. Working with the model — Example IV 37

. . . INSTRUMENTS
Kinetic Separation
51 CO, isotherms on MSC CT-350 | | t CO, /CH, mixture isotherms on MSC CT-350
5 4_— nput pure H%” \ n,, MCSIPS
e component Isotherms E 7] Emgg:gg
E 34 E 3. . CHlexperiment
§ | > 8 ®  CO, experiment —
g2 5,
s ] " CO,at20°C 5
@ e CO,at40°C o
2 14 A CO,at60°C 3 11
@ SIPS Bl
© 0 " T T T T T T T T T T 0 , 4+ , ; . . . T .
0 2 4 6 8 10 12 0 1 ) : . : S
pressure / bar pressure / bar 4 ,"I'

4 CHy ®* Good correlation for simple LDF approach Breakthrough of a mixture CO,/CH, in He i
T . 0.16 J
S with pure component Isotherm for CO, . P—é

_ " . . >
. — No competitive situation e B
é 2- 9 Only a ||m|t fOr kLDF |n Case fOr CH4 due 2008 —2::3::::3 \(/:vlijtrr:lf)sure Component Isotherm j:“'f
E . . ,
g to spontaneous breakthrough G
© 0 S S A N A — 0.00 —_— o S R

0 2 4 6 8 10 12 0 5 10 15 20 25

pressure / bar time / min

Y A
T 5% CO, 15% CH, in He at 20°C, 5 bar, 2500 ml/min on MSC-CT-350



5. Working with the model — Example IV 37

INSTRUMENTS

Kinetic separation — Temperature profiles

Use of integral heat of adsorption 30 Temperature profiles along the fixed bed
with SIPS model (from isotherms):
. 28 B T (30 mm)
Input Q in energy o T (150 mm)
Os = Oy * (nKi -c) | O ] calculated curves
1+Z(KJ o) balance § Z
= S
Q1 1 g
= . |- _ = ]
Ki - Ki,O exp( R (T TO J g_
L
T
Omaxi = Amaxio * exp(li (1_ﬁj]

t; =tio+ai(1—T—°J
’ T

* Q(equivalent to ~AHg_ 5)

time / min
5% CO, 15% CH, in He at 20°C, 5 bar, 2500 ml/min on MSC- CT-350

Q oy 21.5 kl mol? * Only CO, induced temperature effect
Q cya: 9.6 kI molt? -> CH, no contribution to temperature profiles due to slow kinetic
* Model can describe temperature profiles qualitatively w A
Fitting Heat Transfer Coeff. * Underestimation of first temperature peak W

* h,:~40W m? K" (Gas,Fixed Bed/Wall) > dlfferences due to S|mp||f|cat|on of no radial gradients

kY
.?l‘hl.
« U, :~450 W m? K (Wall/Liquid) it

"B



5. Working with the model — Example V

Adsorption and Desorption

33

adsorbed amount / mmol g'1

-1
g

adsorbed amount / mmol

(&)

CO, isotherms on D 55/1.5

= CO,at20°C

® CO,at40°C
] A CO,at60°C
SIPS
14
0 T T T T T T T
0 5 10 15 20
pressure / bar
5 N, isotherms on D 55/1.5
44 m N,at20°C
] ® N,at40°C
A N at60°C
3_ 2
SIPS

pressure / bar

3P

INSTRUMENTS

CO, /N, mixture isotherms on D 55/1.5

Input pure

F"UD
S
component Isotherms & . NCSPS
= 27 n., MCSIPS
5 n, MCSIPS
> g [ CCZ)2 experiment
©
2 1-
o]
!6
ég
©
0 T T T T T T T T T T
0 1 2 3 4 5 6
pressure / bar
Adsorption and Desorption of CO, in N,
0.05F —— ]
~ - calculated curves |
>_
- 004} ’ ' -
g _ _
D
.. 8_ 0.03
Fitting k ¢ , E
O 002}
Fitting Heat Transfer Coeff. §
0.01 |
0.00 J 1 L 1 L 1 L 1 L

0 10 20 30 40 50 60 70
time / min

5% CO, 95% N, at 40°C, 5 bar, 2000 ml/min on D 55/1+’E’>
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3P

Regeneration / PSA

34

0.05 | — = CO =
2

3 calculated curves 1

0.04 .

0.03

0.02 -

0.01 .
000 —# L . 1 . . 1 . —
0 |10 20 30 40 5 60 70 80

5.78 min time / min
5% CO, 95% N, at 40°C, 5 bar, 2000 ml/min on D 55/1.5

Gas Composition Y / -

Model after Fitting

* |sotherms (MCSIPS)
* Kinetic parameter (k p)
 Heat Transfer Parameter

- Model can consider slower
Desorption due to curved isotherm

INSTRUMENTS

Parameter from Experiment and
general requirements:

* Adsorption time 5.78 min

e Adsorption pressure 5 bar

* Feed Flow 2000 ml/min

* Purge Flow 500 ml/min pure N,

* Desorption in counter current flow
* Max. CO, content in product 1% ,ﬁ‘

Question concerning:

1) Desorption pressure?
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INSTRUMENTS

Regeneration / PSA

Cycle times for modeling: Cycle times for Experiment:
e Adsorption time 5.78 min e Adsorption time 5.78 min @ 5 bar
* Desorption time 5.03 min * Blow Down time ~ 0.25 min
* Calculating 5 Cycles e Desorption time 4.75 min
* Pressurization to 4.6 bar with N,
1 2 3 4 5 * Pressurization from 4.6 bar to 5 bar with Feed
] * Measurement of 5 cycles
14 AT
] Tl
124 - - ﬁ?
; Calculations with ppe= 1 bar
S 10+ &l
S gl Predictions by modeling: |
8 n I Regeneration conditions not strong enough
-> CO, impurity in effluent flow increases
= from cycle to cycle to ~ 3 %
” 0 | 1|0 | 2|O | 3IO | 4|0 | 5|0 | 60

time / min
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INSTRUMENTS

Regeneration / PSA

Cycle times for modeling: Cycle times for Experiment:
e Adsorption time 5.78 min e Adsorption time 5.78 min @ 5 bar
* Desorption time 5.03 min * Blow Down time ~ 0.25 min
e Calculating 5 Cycles e Desorption time 4.75 min
* Pressurization to 4.6 bar with N,
y 1 2 3 4 | 5 * Pressurization from 4.6 bar to 5 bar with Feed

|  Measurement of 5 cycles

m Calculations with ppe= 1 bar 'f‘

4

14
12—-
10—-

- Predictions by modeling:

o,
v

CO2 / Vol.%
(o]

N
! | !

Regeneration conditions not strong enough
-> CO, impurity in effluent flow increases
from cycleto cycleto~3 %

50 60

time / min Predictions were confirmed by experiment
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Regeneratlon / VPSA INSTRUMENTS

Cycle times for modeling: Cycle times for Experiment:
e Adsorption time 5.78 min e Adsorption time 5.78 min @ 5 bar
* Desorption time 5.03 min * Blow Down time ~ 0.25 min
* Calculating 5 Cycles e Desorption time 4.75 min
* Pressurization to 4.6 bar with N,
. 1 2 3 4 5 * Pressurization from 4.6 bar to 5 bar with Feed
-  Measurement of 5 cycles
141 i

Calculations with pyec= 0.5 bar

Predictions by modeling:

COZ/V0L96
(00]

Regeneration conditions good enough
-> CO, impurity in effluent flow increases — &
from cycle to cycle, but still below target (<1%)"

Y ! T ! T ' | T 1 T T

0 10 20 30 40 50 60
time / min

37 _:)_:‘



5. Working with the model — Example Vi 3P
Regeneration / VPSA INSTRUMENTS

Cycle times for modeling: Cycle times for Experiment:
e Adsorption time 5.78 min e Adsorption time 5.78 min @ 5 bar
* Desorption time 5.03 min * Blow Down time ~ 0.25 min
e Calculating 5 Cycles e Desorption time 4.75 min
* Pressurization to 4.6 bar with N,
. 1 2 3 4 5 * Pressurization from 4.6 bar to 5 bar with Feed
- b  Measurement of 5 cycles
14 S F
12 r
S o] g % < b Calculations with pyec= 0.5 bar if‘ §
S ] > ) Predictions by modeling: L
o 6- g S I
© 2] Regeneration conditions good enough :
N f > - CO, impurity in effluent flow increases _— &
- from cycle to cycle, but still below target (<1%)i#"

0 10 20 30 40 50 60

time / min Predictions were confirmed by experiment
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Regeneration / VPSA INSTRUMENTS

Cycle times for modeling: Cycle times for Experiment:
e Adsorption time 5.78 min e Adsorption time 5.78 min @ 5 bar
* Desorption time 5.03 min * Blow Down time ~ 0.25 min
* Calculating 5 Cycles e Desorption time 4.75 min
* Pressurization to 4.6 bar with N,
Vo 1 2 3 4 5 * Pressurization from 4.6 bar to 5 bar with Feed
'  Measurement of 5 cycles
L6- e
| But: modeling divers from experiment! fv‘ ' y
~ e Cycle Steps in modeling strong simplified

* Variations experiment from model mainly in
SO desorption part
0.4 |

| [ -
Exp. . ' - Modeling can help to reduce experimental effort g
O.O-Ar | » . u | Ll .
6 .

N 08_
mode| —&

C

. . . |
o o 2 20 1 5 0 - final evaluation only by experiment!

time / min

39 5"’1 | b



5. Working with the model — Example VII 37

INSTRUMENTS

C;Hg removal from CH, (partial pressure range 0.01 bar and 0.50 bar)

Selection of activated carbon with different BET-Surfaces, but from same raw material
* AC1BET~1800 m?/g

* AC 2 BET ~1300 m?/g

CH, isotherms on AC 1 and AC 2 at 40°C C;Hg isotherms on AC 1 and AC 2 at 40°C
10 10 -

> g =
o (@)
E E ] - B
E 6_ % ﬁ-ﬂ* :“--..l".
= S 1 e AC1 ¥ ,
o g ] m AC2 7
E 4 ° AC1 S SIPS _j]
5 m AC?2 e .
g | SIPS g 1>
% S
3 @
o : . : . : . : 0.1 ——

0 10 20 30 40 1E-3 0.01 0.1 1 10

pressure / bar pressure / bar

Often AC with higher BET will be selected by user which is not always the best decision!
—> according to isotherms AC 2 is better for low C;H, concentrations
—> for high C;H, concentrations AC 1 is better

40 -




5. Working with the model — Example VII

C;Hg removal from CH, (partial pressure range 0.01 bar and 0.50 bar)

Selection of activated carbon with different BET-Surfaces, but from same raw material

* AC1BET~1800 m?/g
* AC2 BET ~1300 m?/g

breakthrough of 1% C;Hg in CH, at 40°C, 1 bar

1.0

0.8
S S
— 0.6+ e AC1 _
(@) o
> m AC?2 S
=~ simulation ~,

0.4 1
Im Ioo
@) @)

0.2 1

0.0 . . : . :

0.0 0.4 0.8 1.2 1.6 2.0

specific time / min g™

breakthrough of 50% C;Hg in CH, at 40°C, 1 bar

50

40 -
30 e AC1

B AC?2

simulation
20
10 -
0 T T T T T
0.0 0.1 0.2 0.3

specific time / min g™

Breakthrough experiments and simulations very sensitive for low concentrations!
-> Observations made from isotherms were confirmed by dynamic experiments and calculations

41
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5. Working with the model — Example VIIi 37

Calculation of Constant Pattern Profiles

For favored isotherms (TYP I-Isotherms) a Constant Pattern Behavior can occur
* Shape of breakthrough will not change for longer elongation times or adsorber heights, respectively

e Based on compensation of flattening and rising effects
Height for Constant Pattern = FKT(Shape of Isotherm, Dispersion, Kinetics)

[ ]
5
] 54 64 =
4 £ g &
- Experiment (20 cm) - s Jomosem | 3%
© 3 ®  Experimen cm o 1 % E o 0 . g I o 10cm T —
e calculated curve i 3 : ° 2 ° & : e 20cm O° m  Slope at C/C =0.5 |
SO Slope for C/C_=0.5 S - R ¢ o v| o 30em| O %7 1
. 21 JROS P ° [| ¢ 4cm = . 2
o S ¢ [ I I o 60em | @ 4 ¥
) o . v| v 8oem| & \ :
14 14 ° ° 5 * o v slopes )
o ° *
1 E - B ° ° * g : 27 = B a
n E -4 5 ‘
0 ! | ! | T T T 0 ' I . ' I I I i T T T T T T T
0 10 20 30 40 0 20 40 60 80 100 120 0 20 40 60 80 100
time / min time / min height of fixed bed / cm

5% CO, in He at 40°C, 5 bar, 1000 ml/min on D 55/1.5
Experiment carried out at 20 cm, simulations were performed for different heights

—> Slopes at C/C,=0.5 were used to evaluate steepness of breakthrough curves
—> Constant pattern Behavior can be expect above 20 cm bed height
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INSTRUMENTS

Limitations of simplified model — Water on Activated Carbon

Difficult to calculate breakthrough due to shape of isotherm, good isotherm model fit necessary!

12 3.0 32
F'.E’ 1| ® Experiment (Aquadyne) . = T (150 mm)

© 104 DSLAISIPS ] isothermal

£ non-isothermal

£ o 30-

= 87 o 20- °

c = =~

5 ke o

s °] 2 z

§ 41 g‘“ 1.0 —o— Experiment qél)-

5 1 isothermal o

.c.‘: 5 non-isothermal -

0 ! ' ' ' ' ' ' ' ' 0.0 T T T T T T T T T T T 24 ~ T T T T T T T T T T T ].
0 5 10 15 20 25 30 0 100 200 300 400 500 600 0 100 200 300 400 500 600
pressure / mbar time / min time / min
H,O isotherm on D 55/1.5 at 25°C 2.5% H,0 in N, at 25°C (RH 80%),
1 bar, 4000 ml/min on D 55/1.5

® Isotherm fit with an empiric Dualsite Langmuir-SIPS equation

® Heat of adsorption 60 klJ/mol —> Description of the curve qualitatively possible

* Heat for condensation 40.8 ki/mol - Isothermal calculation failed for this example

—> Stronger deviations for condensation part
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5. Conclusions

44

Gas-Flow Methods allow Characterization under application-related conditions
Information regarding Kinetics can be obtained by fitting of mass- and energy balances
Modeling can be helpful for interpretation dynamic sorption processes

PSA process design can supported by Simulations

Modeling can lead to considerable decrease of experimental effort N

Simulation model can used for investigations of Constant Pattern Behavior

3P

INSTRUMENTS




Thank You! 3I°

NNNNNNNNNNN

Thank you for your attention!
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