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Fischer-Tropsch synthesis

CO +2H,—/— CHj. +H,0

AH = -170 kJ/mol CO polymeric growth scheme
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Applications and Relevance

Diffusion limitations in Fischer-Tropsch catalyst
Diffusion length > ~80 ym

G+L

(Egg-shell) catalysts
Packed bed reactor
Monolith with coated walls
* Micro-packed beds
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Goal: Investigate catalyst performance
Reaction-diffusion model
Selectivity model
Performance as f(T, P, H,/CO)
Model utilization
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The Fischer-Tropsch process

» Basic reaction:

Hydrocarbon

distribution water

syngas

catalyst

xCO +yH, — z(-CH,-), + xH,O

+ Kinetics expression: Yates and Satterfield’

— |7/| 'OcatFapCOsz
" (14 bpg, )’

Chain growth mechanism:

Modern catalyst: F ~ 3

i

Chance for adsorbed chain growth: a
Chance for adsorbed chain termination: 1 —a
Typically desired for low-T FT: a>0.9

[1] Yates and Satterfield, Energy & Fuels (1991)
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Transport and consumption H, - CO
Diffusivity

D,

_ED,i . H2eff
RT] @500 K: =" ~27

CO,eff

& &
_ Cecat _ Scat
Di,eff =—= Di,bulk - iDi,o exp

T

cat cat

Consumption ratio of reactants: Ruz 3 4o
(a independent of chain length) Reo

Diffusional transport ratio:

Diffusion (H,) _[DHZ] V Concentration,,

Diffusion(CO) | Dy

co

— 2 1 27%x21=57
VConcentration,, | ~— —

physical  stoichiometric

Diffusion and consumption are intrinsically unbalanced

Balancing diffusion with consumption:
Back-of-the-envelope

» Degrees of freedom (1):

+ Balance ratios (H, / CO):

— Diffusivities (physical) are fixed
— Consumption ratio (desired product) is fixed

— H, / CO (bulk) can be varied
m\

CO ?

diffusivity x Vconcentration = consumption rate
2.7 xVconcentration = 2.1
Vconcentration = 0.8
L 0
Preserving the syngas ratio inside the particle may be possible
at low bulk feed ratios H,/CO
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Reaction-diffusion equations
 Internal:
1.d(_,dy, ) 2 R,
— |z =L — %Y. = cai R. o i
z° dz dz ¢le ¢’ D, erCio ° d’I Rio
N — N —/’ : _}'
Steady state reaction-diffusion Thiele modulus Dimensionless reaction rate
. s =0 (slab), 1 (cylinder), or 2 (sphere) Coat = Vear/ Scat
Model Equations —
This presentation
S : dy;
* Boundary conditions: center: = =0
z=0
surface: Vil o =1
« External limitations:  suface: | _pj (1-y,0)
(not considered in this presentation) az|, .,
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Reaction-diffusion equations

Internal:
2 R
Ozv2 *¢ZT// ¢i: AR,‘ i = i
y’ Y Di,effci,O 0 wl Ri 0
Steady state reaction-diffusion Thiele modulus Dimensionless reaction rate
s =0 (slab), 1 (cylinder), or 2 (sphere) Lot = Veat / Scat
|
This presentation
Boundary conditions: center: Vyl, =0
surface: Vil o =1
External limitations:  suface: ¥ _pj (1-,0)
(not considered in this presentation) az|, .,
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Catalyst Isothermicity

— —AH D, ..C 2
Internal: TBint (77 ¢2)[EA][( r) COeff C0,0] RcOpcathat —=0.017 <0.05
RT )'cat.effT DCO,effCCO,O
. J o o J —
Dimensionless Internal Prater Wheeler-Weisz criterion
activation energy number modulus
External (Mears’ criterion): Ex(=AH, ) RooPeu co —=0.026 < 0.05
hRT? —
criterion
Numerical verification: 1.02
1.01
Conditions: 9 _ T
T=500K T
P =30 bar surface ¢ g9
H, / CO = 2.0 (surface) 0.98
dyqe =500 um ’ 1 2 3
3 x Yates and Satterfield center z(-) surface
The catalyst is isothermal p
UDelft

Chain growth probability (a)
Sensitive to T and H,/CO

De Deugd, PhD thesis (2004)
De Deugd et al., Catal. Today 79-80 (2003) 495-501

1
H,/CO =1
0.8t 2.
a(-)
0.6f
30 um cat layer
04 No diffusiop Iimitations- H2/C9 =3
440 460 480 500 520
T/K
Model (math) 1
Propagation / termination basis - c. V AE ] ]
a independent of chain length 1+k, Hy exp R“ [493 15 _?]]
a=f(T, H,/CO) co .

Syngas ratio scales with power 8 Fit: k.= 0.0567 = 0.0150
: kq=0.0567 * 0.

B=176 % 0.34
AE,= 120.4 % 16.4 (kJ mol)
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Results
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Results: Profiles

[ Dim. Concentration []

Conditions:
T=500 K o Yz
P =30 bar '
H,/ CO = 2.0 (surface) Yeo
dg =500 ym K T 2 3
3 x Yates and Satterfield Dim. CO reaction rate [-]
i ¥ co
}
Results:
@co = 0.54 X i 2 3
Neat = 1.27 | chain growth prob. [-]
0,6 = 0.56 a
0.5
1 2 3
center surface
z(-)
Internal diffusion limitations affect a Eivun

Results: Variable vs. Fixed

a

Conditions: 'Dim. Concentration [
T =500 K Vi
P =30 bar (Y. SES——— 3
H, / CO = 2.0 (surface) Z Yoo
<
d,, =500 pm -
3 X Yates and Satterfield *[Dim. CO reaction rate [-]
2 2 w co
Results: :
q’CO r]cat c‘ave :b '1 2 3
a=variable | 0.54 | 1.27 | 0.56 Changrowth prob. I
(solid lines) os a
a= fixed 054 | 1.34 0.78
(dotted lines)
GO 1 2 3
center surface
z(-)
Similar rates, strong deviation in a P
UDelft

Results: Various Temperatures

Conditions: 480K
P =30 bar y
C co
H, / CO = 2.0 (surface) 05
dsqr = 500 pm
3 X Yates and Satterfield . 3 3
Results: 2 LK
w co |0k 510 K
T/K (pCO I']cat qave 1 480 K
480 K 0.12 1.04 0.92
0 1 2 3
490 K 0.26 1.10 0.84 1
480 K
500 K 0.54 1.27 0.56 290 K
510K 1.08 1.05 0.41 a o 500
510 K
. : 0 1 2 3
temperature, diffusion and a  center z(-) surface
are intimately coupled
'FUDeIft

Results: Various H,/CO Surface Ratios

1

Conditions:
P =30 bar 05
T =500 K
Ueat = 500 pm % 1 2 3 1 3
3 X Yates and Satterfield 3
Results: w 2 2
H,/CO Pco Neat Qave co =5
05 0.07 | 097 | 0.98 ! 1 |
1.0 019 | 1.00 | 0.92 1_1L/__
1.5 034 | 108 | 0.83 5
2.0 0.54 1.27 0.56 a o 7
Syngas ratio, diffusion and 5 7 5 3
a are intimately coupled center z(-)  oureee
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Conditions:

T=500K

P =30 bar

H, / CO = 0.8 (surface)
dgzr = 500 pm

3 X Yates and Satterfield

Results:

Pco=0.14
Neat = 0.98
0, =0.94

Average H,/CO =0.78
(spatial)

Preserving the syngas ratio inside
the particle is possible

0.5

Yeco

Results: Back-of-the-envelope check (1)

Yo

Dim. Concentration [-]

0

1 2

0.5

Local syngas ratio [-]

0

1 2

0.5

a

Chain growth prob. [-]

center

2

3

z () surface
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Results: Back-of-the-envelope check (2)

Conditions:

T=500K

P =30 bar

H, / CO = 0.8 (surface)
d,,; =500 pm

10 X Yates and Satterfield

Results:
Pco=0.45
Neat = 0.91
0,6 = 0.95

Average H,/CO = 0.69
(spatial)

Preserving the syngas ratio inside
the particle is possible

Yeo
0.5 yHZ

Dim. Concentration [-]
1 2 3

I
H,/CO

0.5

Local syngas ratio [-]
0 1 2 3

a

0.5)

Chain growth prob. [-]

center ! z rfJ
7 (_) surface
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Results: Back-of-the-envelope check (3)

Conditions:

T=500K

P =30 bar

H, / CO = 0.8 (surface)
deye =1 000 pm

3 X Yates and Satterfield

Results:

Pco=0.54
Neat = 0.88
O = 0.95

Average H,/CO = 0.65
(spatial)

Preserving the syngas ratio inside
the particle is possible

1

0.5

0.5

0.5

center

Yeco
YHz
Dim. Concentration [-]
1 2 3
' Local syngas ratio [-]
H,/CO
0 1 2 3
a
Chain growth prob. [-]
2 3
surface
z(-)
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Results: Back-of-the-envelope check (4)

Conditions:

T=500K

P =30 bar

H, / CO = 0.8 (surface)
d. =2000 pm

3 X Yates and Satterfield

Results:

Pco=2.16
Noat = 0.60
O, = 0.96

Average H,/CO = 0.28
(spatial)

Preserving the syngas ratio
becomes difficult at high ¢

Dim. Concentration [-]

0.5

Yeo
Y2

1 2 3

Local syngas ratio [-]

1  H,/CQ

1 2 3

0.5

Chain growth prob. [-]
2 3
surface

o i
center
z(-)
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Results: Average a

Results: Average a

Conditions: _ Conditions: _
T =500 K Pco = 0.6 T =490 K oo =06
P =30 bar Reaction controlled :  Diffusion controlled P =30 bar Reaction controlled Diffusion controlled
F=3xYS N S— ; > F=3xYS s = >
_ A . ?
A aave ( ) Gave (-) )\“
Uy < 0.9 g Qg < 0.9
E 2 Qe < 0.9 o 24 0.6 4] Qave < 0.9
» B =
. M,/ CO=10. 8. | |
= > ] . | T—]
H/CO=12.3. Hy/CO=1.0 2 =1lH,/cO=1.0
= 11 L eeeecsancnss Uy > 0.9 5;.1_ -
0.>09 |[®@ . . x : :
Desired region a,, > 0.9 z Desired region > 0.9
v
0.01 01 1 0.01 0.1 1
Pco Pco
@500 K: a < 0.9 at stoichiometric syngas ratios (¢ -5 < 0.6) @490 K: a < 0.9 at stoichiometric syngas ratios (¢ ¢ < 0.6)
UDelft UDelft
Results: Average a Results: Catalyst effectiveness
Conditions: - Conditions: Pco = 0.6 (n > 1 from LH kinetics)
T =480 K Pco = 0.6 T=490 K | T
P =30 bar Reaction controlled :  Diffusion controlled P =30 bar o Feacton cortrofed : Dlon (oL,
F=3xYS g % . : > F=3xYS )
Ogve < 0.9 T Qave (') A | n
H,/CO =23 °
2 ,] gy < 0.9 o 24
© @
—_ (2]
609 | S H,/CO = 1.1 e
............. =
~ 11 . . m
5 Desired region :
@ U > 0.9 /
v - - v 0.01 o 0‘1 T
0.01 0.1 1
Pco
®co
@480 K: a > 0.9 at stoichiometric syngas ratios (¢ -5 < 0.6) Generally n is acceptable at ¢ .o < 1.0 .
UDelft UDelft




Results: C5, Space Time Yield

Conditions: 0oo = 0.6
T=490 K Reacti tolled : Difusi ol
eaction controlle .
P =30 bar ; < : iffusion controlled
F = 3 X YS i, e ok 14 T—r—1=T
STY, -1 b1
) ot (g gcat ) Lossinn

RS

© o] 02

@ \ 0.1

S 03

S,

%)

=

S 14

m

Loss in Rgo
0.01 0.1 1

Pco

Productivity is largest at high syngas ratios and ¢ o < 0.6

Results: Selectivity vs. Productivity

Conditions:
T=490 K
P =30 bar
F=3xYS
s Gave () , STYcs. (9 9eat ' D)
o ,
T k\ Desired t\
(/2] 24 08 4 24 2
e
(? .?-;___
é 14 q 1
@ Desired
0o 01 1 0o (/] 1
Pco Pco

Selectivity and productivity are conflicting
(Selectivity chosen for economical reasons)
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Catalyst Design: Improve Activity or Selectivity?
P =30 bar d. =1.5mm
H,/CO =2.0 O e
0.35
—.; 0.30
Productivity -t Wieo
g . =) 0.20
Utilization 8 o B
© 0.05 SRLE
¢ CatalySt deve/opment U'OE'O 480 490 500 510 520 530
. ags B ————————r——— 30
« Operational conditions - B "
* Reactor operation Normalized £ 2 i N
productivity & | !
@ 10p---- e 10
s St.. A
" %0 460 4% s00 510 520 530 470 480 460 00 510 530 530
Temperature (K} Temperature (K)
Improve activity Depe(jr)ﬁs on
conditions
'fUDeIft 'fUDeIft




Operating conditions: T and syngas ratio

Conditions:
P =30 bar
3XY&S
deoe =500 pm
-1 h-1
, STYcs: (9 Goat ' )
Re) .
T Loss in a,,, and n
—
(2 24
©
(@]
c
>
%) :
~ 14 14
8 Loss in Reo \w
470 480 490 500 510 520 53 470 480 490 500 510 520 530

T (K) T (K)

Interesting conditions: high T (530 K) and low syngas ratio (0.8)
(NB1: olefin/paraffin ratio, coke formation, H, limitations in reactor)

(NB2: kinetic relation not valid >530 K)
'fU Delft

Operating conditions: T and syngas ratio

Conditions:

P =30 bar

3
d

XY&S

cat = 1.5 mm

STYgs. (9 e )

3

.9
=
©
—_
(720 24
[
()]
c
>
[} — ——
~ 1 1 n(s—-—'—‘—
= \ﬁ
m
- . 2+
470 480 480 500 510 520 530 470 480 480 500 510 520 530
T (K) T (K)

Also for larger particles: high T (530 K) and low syngas ratio (0.8)
(NB1: olefin/paraffin ratio, coke formation, H, limitations in reactor)

(NB2: kinetic equation not valid >530 K)
'fU Delft

Reactor Design: Conserving a in a PFR

Isolines for a,,, = 0.9 at given temperatures

— ———
T=470K
= | T=480K
L 24
Reactor inlet .- I v s e
l o [ T=490K
©
g
— T=500K
Reactor outlet - a" 4 desennonmsmnsnsnssnuannensnarsesasnsansnsernenenssnnes
(XCOZO-7) 5 — T=510K
3 — T=520K
M +— T=530K
10°® 10™ 10°
rCGf (m)
Determine allowed temperature rise to keep a,, > 0.9

(In this example: 480 K =2 505 K. NB: match with U,, and d,,)
UDelft

Conclusions
Fischer-Tropsch Synthesis in a Co-catalyst particle

+ Diffusion and consumption of H, and CO
— intrinsically unbalanced
— play an important role in conversion and selectivity
« Optimal conditions selectivity and activity conflicting
» Operating conditions: high T and low syngas ratio
— in agreement with back-of-the-envelope analysis
— WGS functionality needed

+ Guides
— Optimal reactor operation: temperature profile
— Catalyst improvement: Focus on activity

'fU Delft
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This research is supported by the Dutch Technology + Chain growth probability model applies

Foundation STW, which is the applied science division — Variable probability dependency on T and H,/CO ratio
of NWO, and the Technology Program of the Ministry — based on methane production

of Economic Affairs, Agriculture and Innovation. . ) .
Research carried out in the framework of the Green & Yates and Satterfield kinetics

Sustainable Process Technology programme — temperature dependency components identical
* e.g. methane formation higher Ea
+ Deactivation not considered
— larger CO amounts

FuDpelft 36| FuDpelft




