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Motivation and Goals

Ammonia potential carrier for H, fueling station
« Compressed / liquid H,: Expensive
High H, density (17.7 wt. %), existing infrastructure
High throughput & compact system
Minimize thermal budget
Very high H, purity

Our approach: Catalytic membrane reactors
* Process Intensification: Combined reaction & separation
« Qvercomes limits of conventional packed bed configuration
« Development of reactor model for analysis, scale-up
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Packed Bed Membrane Reactors (PBMR)

............................................. ) H2

Conventiona| geometry cﬁ

« (Catalyst particles packed around tubular membrane
 Pd based membrane

Pd-based
membrane

Porous support

Catalytic pellets

« High permeance, high selectivity (> 99%)

H. transport

Single Tube Schematic

Challenges

« Benefits limited 1004
* Low flowrates, sweep gas to get 5
. ® 80
complete NH; conversion g
=
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« Reactor model analysis: Poor radial ©
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Catalytic Membrane Reactor (CMR)

PBMR CMR

CMR: Catalyst impregnated in support Support

« Mitigate internal transport limitations

v

Catalyst
Impregnated
in Support

» Mitigate radial transport limitations
« Eliminate pressure drop, channeling

Goals: Better transport enables Catalyst Pellets pembrane
* Reduced temperature operation
* Reduced catalyst loading
« Enhanced H, recovery

Diffusion Limitations

COLORADOSCHOOLOFMINES 4 Channeling
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CMR Preparation

Yttria-stabilized zirconia (YSZ) supports
* Asymmetric structure
« Bulk: Macroporous (several microns)
« Exterior: Mesoporous (~100 nm)

Ru catalysts loading by wet impregnation
* Applied to exterior
« 3.8x2.1nm, dispersion ~34%
« Cs promoter by impregnation

Ru Catalyst

AN "I'\/IéCrob'bF,i_mS' i
Pd Membrane ' A :

» Electroless plating, thickness ~ 6 pym RNt — T —
« Length = 9.3 cm, reactor Volume =7 cm3
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Experimental Apparatus

Permeate H, 1
.

Retentate N,

CMR Operation
« Compare Ru and Cs/Ru
« Vary T (350 - 450°C), %.
« P(1-5Dbar)

* NH, flowrate (20 — 700 sccm)

Performance Metrics
* NH; conversion (Vi3 )
* H, recovery (Ri#I2 )
* H, volumetric productivity (¢
Hi2)
* H, purity (MS/NDIR)

Pl

/
CMR

WNHI3 = FINHI3, in —FINHI3, out /FINHI3, in

RIHI2 = FIAHI2, perm /1.5 XFINHI3, in X yINHI3

A2 = FILAHI2 Tperm /Vir
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CMR Model

Pd Membrane Hydrogen Permeation: J,, = /{(PH2 —Pmb) <+<— Experimental Permeability
— PR ST S Y S S R

Porous Region: 2D Reaction Diffusion I o
i Fe

'"- Channel: 1D Plug Flow 0U|t

~ z'  symmetry: =0 . L
Channel/lumen assumptions Porous region assumptions
« Sufficient time for radial mixing « Pressure driven flow negligible
+ Axial diffusion << advection « Bulk diffusivity, Kn < 1
Governing equation Governing equation
dpdiw)/0z=Flcviir=Flm W/[LLL] V(DI VCLi )= viir

Reaction H, Permeation
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Impact of Cs Promoter

* Full conversion as low as T = 400°C, exceeds equilibrium
« Cs enhances kinetics by ~50°C

« Similar activation energy: E, = 160 + 20 kJ/mol

« Suggests increase in active sites
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NH, Conversion (%)

Impact of Pressure on CsRu CMR Performance

Enhances conversion, particularly at low temperature

Enhances H, volumetric productivity, > 3X higher than previous reports
Model does an excellent job at all conditions

([ ]
* Drives H, recovery
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Permeate Purity

« >99.7% at optimal conditions at low temperature

«  Ammonia impurity < 1000 ppm, easily removed by absorbent

« High quality Pd membrane

« Membrane performance nominally unchanged after 680 hrs of operation

100.0 5 30 ¢ o© 5 o o 100.0 3000
99.5 ]
990 ] 99.9 ;
1 1 2 2500 —~
98.5 99.8 . . £
98.0 - = “ n X
1 99.7 4 o - =
9754 ] 2000 S
X 970 X 996 S
> 9.5- £ 995 1500 &
S5 96.04 5 Y97 3
“\ 955] T - 3
IN -9 ] IN 99.4 - o
95.0 1 S 1000 o
045 m o 450°C5bar O 450°C 3 bar 9931 - . - Z
940 400°C 5 bar 400°C 3 bar 99.2 " NH, I
1 ° 500
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1 ] 1 -
93.0 , ]
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CI\/IR vs. PBMR

Membranes nominally identical
« Catalyst loading reduced by 10X
« Temperature reduced > 100°C for similar conversion

« Significant improvements in recovery, productivity

Specifications This work Lundin et al.

mg Ru/cm? 1.4 11.7
Temperature (°C) 400 450 520
Pressure (bar) 5 3 3

NH; Flowrates (sccm) 61.3 207.3 150
NH,; Conversion (%) 98 96 98

H, Purity (%) 98.7 99.7 99.2

H, Recovery (%) 87.5 78.6 66

H, Productivity (mol m- s7) 8.1 23.9 3.6

COLORADOSCHOOI! MINES
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Model Optimization: Increase Pressure

* Increases NH; conversion by ~24% at same NH,; flow rate
* Increases H, recovery by 47%

« Almost doubles highest H, productivity rate

600
100
S
= 901 500
o —_
S 80 §
% 400 &
IN 70 B IN
S 2
o ®
‘w604 300 @
5 £
> o)
& 50 o
Q - - 200
al ,// |Blue Conversion Solid 5 bar
Z 404 Orange Recovery  Dashed 20 bar
1 Green Permeate H,
30 T T T T T T T T T T T T T 100

—
100 200 300 400 500 600 700 800 900

NH; Flow Rate (sccm)
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Conclusions

* New configuration for CMR: Ru impregnated into H, permeable membrane support
« Better transport enables:
 Reduced operating T (> 120°C)

* Reduced catalyst loading (> 10X) PE——
Pd Mg C .
« Enhanced H, productivity (> 3X) w
Lo o %6 : |
« Exceed equilibrium w/o sweep gas _1-{-‘ ".'m. .

 Developed reactor model
« Excellent agreement w/ experiment

« Valuable tool for scale up

COLORADOSCHOOLOFMINES
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Temperature [K]

Mechanisms of gas transport oo 6T s w0

T
) (In (I (aIv) (V) B Nb
Viscous Flow Knudsen diffusion Surface diffusion | Molecular sieving | Solution-diffusion : N / 7r -
T

[y
=)
wn

r,..=0

=T

lﬂporc > ‘\frcc path rporo: ~ ‘ll'rcc path lﬂporc ~ ’1I'rcc path rporc molecule pore

10"

Hydrogen permeation coefficient

[mol m m s! Pa1?]
k. Juk k. o
S = S 3
= = © N
T 1 I T T [
| I | | | |
N

-17
10 1.0 1.5 2.0 2.5 3.0

Reciprocal temperature [10° K]

Permeability 7, =SxD 1) Diffusion-limited (Sievert’s Law)
n~0.5
Flux ﬂH n n
J=—=\P -P
L ( H2r Hz’P) 2) Adsorption/Desorption limited

n~1
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Pd Membrane

Pd Electroless Plating
2Pd(NH,)." + N,H, +40H™ —2Pd" +8NH, + N, + 4H,0

Au Displacement Plating
3Pd° +2Au" — 3Pd*™ +2Au’
680 hours stable Performance

Permeance 350°C 400°C 450°C

Before ammonia decomposition test

H2 (mol cm=2 s Pa'1) 4. 19x10-11 5.52x101 6.46x10-1"
N, (mol cm™ s Pa™") Not measurable at 5 bar

After ammonia decomposition test

H, (mol cm? s! Pa) 6.64x101 8 25x10-11 9.91x10-""
N, (mol cm=2 s Pa) 4.42x10-14 N/A N/A
COLORADO | | MINES
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Challenges facing Ammonia Utilization

* NH; decomposition endothermic
2NH; — N, + 3H, AHe = 46.2 kJ/mol NH,

 High purity required (NH; < 0.1 ppm)
* Requires multi unit operations & high temperature

» - Reactor
%
,4?% Pure H;
Furnace
N

Pump

- NH; |

No. Ho. NH3 Fuel
Cell
Purificati
- — Exchanger

Flow chart source: DOE 17 COLORADOSCHOOLOFMINES
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Ru Particle Characterization
Focused ion beam (FIB) Milling

 10%x10 um cross-section of the Ru impregnated ™
Mesoporous region

TEM
* FEI Talos F200X CTEM/STEM

Size distribution by ImageJ

Dispersion
 34%
s divA=6vim /Dalm

2 40

« wdm volume occupied by a metal atom in the bulk § 20

- alm surface area occupied by an exposed surface metal § 20
atom 10 I I I

0

[1,2] (2,3] (3,4 (4,5 (5,6] >6

19 Diameter (nm)



NH; Decomposition Kinetics

Conventional: Temkin-Pyzhev mechanism
r=klf [(PINHI3 12 /PIHI2 13 )18 — PINI2 /Kleq (PLHI2 13 /P
NHI3 12 )N—74]

 Typicalp=0.2-04

* Inhibited by H, and reverse reaction

Efficient Hydrogen Removal: Tamaru mechanism

« Typically observed at very high temp & low P,
r=kKPINHI3 /1+ KPINHI3 = kT PINHI3 Ta

* Modeled at 1st order reaction, only adjustable parameter

Temkin, M.; Pyzhev, V., URRS 1940, 12, 327-335. ' COLORADO MINES

Tamaru, K., Res. 1988, 21 (2), 88-94. EARTH @ ENERGY @ ENVIRONMENT



Channel 1D Plug Flow

Assumptions Governing equation

* Isothermal dpliu)/0z= Flcviir— Fim Wili/li
s d/fl KReScKL L/d :
Flc=Ple /A Flcl =Ple2nRdrdz/A2nric dz the ratio of

the volume of the catalytic active region to the
* Left bound: Axial diffusion << advection  ~hannel geometric surface

« Competing time scale analysis

* Right bound: 7ird <zlf Flm =2rRdz/2rric dz the area ratio of the

membrane to the channel geometric surface
Dimensionless numbers

« Reynolds # (Da)

o Reld= udli /v Hydrogen Permeation: J,, = K(PHw - Pmnb)
; P S S S S SO S,
e Rell=ul/v s : P
. / ; Porous Region: 2D Reaction Diffusion I i3 . e =013 em
« Schmidt # (.5'6') In Channel: 1D Plug Flow Out R£=0.5cm
° .S'C':V/D R o L=660m
z Symmetry: J =0 L

COLORADO MINES
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Porous Media 2D Reaction-Diffusion
4 BCs required (N, and NH,) Solving order

« Left wall (Inlet): P=£0 « Given/assume volumetric reaction rate ( 2/1 (z) ) in the
« Right wall (Outlet): d2/6z=0
* Interface (Symmetry): P=/2I0
« Upper wall (No flux):0~2/dz=0

porous media

« Solve for pi1 u, pd2 u, pi3 u, and get xi1,x42 ,x43 in the
channel

« Solve for p using ideal gas law

_ o Get pil, pi2, pi3 (PO, at the interface)
Chapman-Enskog relation for pi4s

DIAR =0.0018583VEITT3 (L/Mid + 1/MiB )1/ rebiYS SHIMIX RIS avertagedralis media

dlARB, [A] 0lAB =0.5(0lA + dlB) Diim=1— yli /3j=1,/#iTniiyl) [ Diky
QID,AR, collison integral, f(kT/slAB ), elAB = VOelA £l B Diimle= €¢/T Dlim

COLORADO MINES
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Dimensionless number Analysis

Timescale
. Flow time Dimensionless numbers
o nlf=L/vINHI3, in « Damkohler # (Da)
« Reaction time o Da=7rlf /tir
- nlr=1/k (1t order rate) - Da>>1, meaning high conversion
* Permeation time + Transverse Peclet # (Peir)

o wp=cdVNHI3,inVir/JIHI2 Alm
Radial dispersion time

o ddd=(R—ric)T2 /DIHI2
Axial diffusion time

o nL=LT2/D

o Pelt=1dd/tlf
« Pelt >> 1, radial diffusion is slow
o PeltDa=tld /Tir

«  Pelt Da>> 1, enough time for reaction

\ COLORADO
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Porous Media 2D Composition Profile
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Model: Kinetic vs. Permeation Limited Regimes

Kinetic limited Permeation limited

* H, permeation reaches limit at low NH; flowrate Enhanced catalytic activity at high T

* Low NH; conversion limits H, productivity rate = Membrane permeance/pressure driving force
limits H, productivity rate

1.0 , . 1.0 =
T =400°C T =450°C
P =5 bar ‘ 1 P =5 bar
- Solid 4.8 S eI 0g |Solid 189
©ql  |Dashed 12.9 L “7 |Dashed 28.4
¢ Dotted 36.5 { |Dotted 96.4 |

- . / - c
S06- 2 0.6 -
O (&)
o ©
™ L
Q Q@
O 0.4 - O 0.4 -
s =

021lfcs 0.2 1

‘ |
0.0 . : : . ; . ' 0.0
0 1 2 3 4 5 6 7 0 7
z (cm)
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Model: Pressure Impact and Radial Dispersion

1.0
T =400°C
NH; Flowrate = 35.0
0.8} |Solid 5 bar
Dashed 3 bar -
C -7 B
2064 -7
(&) 7
Y -7
L s
Lo
O 0.4 4
=
e H,
_ NH,
00 I I I I ! I I - ~I— -
0 1 2 3 4 5 6

26

H, Mole Fraction

0.8

T =450°C
P =5 bar
\___INH; Flowrate = 138.0
0.6 - z=04cm
049 g z=4.0cm
0.2 4 z=6.6cm
0.0 . . .
0.40 0.45
r (cm)
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E,: Ruvs. CsRu

The impact of promoter varies with supports
High E, suggests N, desorption as RDS
High NH; pressure used in this study

Narrow temperature range

Catalyst/Support Ea (kJ/mol)
Ru/K-ZrO,-KOH 47.2
K-Ru/K-ZrO,-KOH 47.5
Ru/CNTs 96.7
Cs-Ru/CNTs 59.3
Ru/Al,O, 117
Ba-Ru/C 158

COLORADO | | MINES
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CO, TPD

Basics
 Detector: MS

Experimental Method

» Different adsorption conditions of the same

molecule
« Desorption T differences

desorbing different sites at the surface,

e.g. terraces vs. steps.
10 1

(o]
|

Normalized CO, desorption rate
(nmol s7" m2)

of molecules

Ru/Pr,04

4 - RU/0902

2
_ /\, Ru/MgO

I ' T ' I ' 1
0 150 300 450 600
Temperature (°C)
Sato, Katsutoshi, et al. Chemical science 8.1 (2017): 674-679.

I 1
750 900
28

CO, adsorption at 50°C, after H, reduction at 400°C for
1 hour

CO, desorption 50-700°C, 10°C/min

Desorption rate vs. T

Brian Trewyn Lab at Chemistry Department

r=Ael—Flaldes /RT cla

as £Flaldes (the activation energy for desorption)
increases, T, (the peak temperature) increases

COLORADOSCHOOLOFMINES
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Transport Limitations

Packed Bed

* Pressure Drop
« Channeling & Dispersion
* Radial Transport Limitations

PBMR 1501, L, (1-2)  1.75puL, (1-¢)
Catalyst Pellets Ap=—r B B -
p ’ P ’

1.0

= 08—

g 06—

2

@ 04

Membrane £

s Sphere, zero order

g 02— -

= Sphere, first order D

“ Sphere, second order —
0.1 1 ] | L1 )

1 2 4 6 810 20 40

Thiele modulus, o,

Diffusion Limitations

COLORADOSCHOOLOFMINES
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Reproducibility Test

T: 350 & 400°C P: 5 bar
400°C

NH, Conversion, H, Recovery (%)
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Reproducibility Test

T:450°C P: 5 bar

100 i
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NH; Decomposition Ea — Pure Ru

Vary Temp

rNH; (mmol NH, gRu? h-1)

3

Cross flow, atmospheric pressure, GHSV 14,000 h!

Ea 53.0 kJ/mol

5000

300

NH; Conversion
70.7%

350 400 450 500
T(°C)

In(rNH3)

10.8
10.6
10.4
10.2

O v Lo
) oo 0 O

o
N}

9

y =-6370.8x + 19.467
R2'=0.99996

0.00135 0.0014 0.00145 0.0015 0.00155 0.0016 0.00165

1/7 (1/K)

COLORADOSCH | MINES

EARTH ¢ ENERGY ¢ ENVIRONMENT



NH, Decomposition Ea — Cs/Ru

Vary Temp

* Cross flow, atmospheric pressure, GHSV 14,000 h
e Ea60.2 kl/mol

45000 . 18'2
=~ 40000 °Ru '
= 10.4
7, 35000 CsRu 10.2
%‘: 30000 & 10
' 25000 Z 938
TE:ZOOOO < 96
€ 15000 9.4
o0 Y 9.2
z 10000 y = -7244.1x + 20.
Z 9 ¢

5000 R2 = 0.98621

. 8.8
200 10 200 450 500 0.00135 0.0014 0.00145 0.0015 0.00155 0.0016 0.00165
1) 1/7T (1/K)
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Reforming step dominates H, production cost

400 -
350 -
300 -
€ 250 -
E 4
< 2007 B Total
% 150 - I Credits
TN . [ Labour & other
100 - I Other materials
' [ Thermal energy
=N [ Electricity
0 - : : [ 1 Feedstock

UKR RUS USA SAR EU

Reforming step (800-900°C, ~30 bar), >67% energy loss in NH; production

Angewandte Chemie International Edition42.18 (2003): 2004-2008.

Renewable and Sustainable Energy Reviews 68 (2017): 1205-1212. CO LO RAD O SCHOOLOEMIN ES
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