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Velocys Introduction

- Formed in 2001 as a spin-out from
Battelle Memorial Institute

. Focused on commercialization of
microchannel technology

- Located in a 27,000 ft? facility near
Columbus, Ohio

- Grown to ~ 60 staff

- Purchased by Oxford Catalyst
Group November 2008
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Size:

Small channels
(typically <2mm) in
close proximity

Velocys Technology Advantage

Very short characteristic dimension

Microchannel

Shell and Tube

Characteristic
dimension

D~0.1-0.3 mm

D~ 10-50 mm

E_—— | D|ate and Frame

ar.,g‘--ﬂ- .,:r !
D~ 3-10 mm ===




Velocys Technology Advantage

Enhanced heat and mass transport

Intense Heat Transfer Increases Productivity

Conventional Velocys
Convective 1-20 W/cm?

Boiling 1 - 250 W/cm?

Fast Reactions Shrink Hardware Volume
Conventional Velocys

Gas-phase 1-10seconds 0.001 - 0.3 seconds

High heat and mass transport rates:

* Enable active catalysts

* Promote selectivity by reducing residence time



Velocys Technology Advantage

Leads to Benefits

Smaller footprint, reduced capital cost,
lower operating cost, and shorter
deployment time:

Better performance
- High throughput per unit volume

Lightweight and/or compact systems
- Modular plant expansion, debottlenecking

Large scale economics at small scale
- Lower initial capital investment

- Higher yield and efficiency/lower operating
costs

Design Flexibility = Greater Product Yield
- Novel process layouts enabled
- Precise control of process conditions

One-eighth commercial scale




Selective Oxidation Processes
Characteristics

Highly exothermic
Sensitive to temperature excursions
Catalyst are expensive and sensitive to sintering

Conventional engineering solutions to control heat
In selective oxidation processes include

 Fluid beds

« Catalyst forms, eg egg-shell catalysts

 Dilution by large recycle streams

Due to high heat removal capabilities, microchannel

reactors are particularly well suited to improving
selective oxidation processes




The Microchannel Advantage
Velocys vs. Conventional Selective Oxidation

Conventional Velocys @

Mixing Internal — micro scale mixing

Thermal Tailored temperature profile
control

Catalyst forms Many catalyst forms possible

Quench Very rapid, few by-products

Surface area High S/V ratio — favors
selective chemistry

Oxygen Safe operation at higher
Pressure oXygen pressures

Recycle Low or NO_recycle

Scale-up Rapid due to ‘numbering up’




Velocys Technology
Application to Selective Oxidations

Design flexibility of microchannel geometry
enables novel design approaches such as oxidant
staging.
Staged oxygen addition provides:

» Control of maximum temperature

« Controlled mixing

- Adjust the local Reactant/Oxygen ratio
» Favor heterogeneous vs homogeneous oxidations
« Safe operation with explosive or flammable mixtures

O, staging is not viable for conventional reactors

Velocys microchannel reactors can easily provide
oxygen staging

Concept proven for combustion process

« Stable combustion due to dominance of heterogeneous

reactions on the surface
Concept proven for PO of propane to propylene

o Ability rapidly mix ox?/%en with hydrocarbon demonstrated
e

to greatly enhance oletin yield (US Patent 7402719)

O, rich
region



Vinyl Acetate Monomer Production
Overview — Conventional Process

In the conventional process:
* Reaction is conducted at moderate temperature

» High recycle is used
* Expensive catalyst is used
* The Catalyst sensitive to sintering

C,H, +CH,CO,H +%o2 %4® CH,CO,CHCH, +H,0

H.. =- 178£
mol

The main reaction is exothermic

C,H, +30, #4® 2CO, +2H,0

H,, =- 1,323£ The side reaction is very exothermic

mol

Egg-shell catalyst or fluid bed operation are used to manage the

heat of reaction

10



Velocys Technology for the VAM Process
Potential Advantages

Velocys microchannel technology provides
advantages due to:
* Reduced feedstock cost due to improved yield

* High selectivity to VAM (up to 97%)
 High productivity at low temperatures increases catalyst stability

» High O, conversion permits operation with higher O, content
feeds, smaller recycle

e Internal mixing permits operation with higher O, content feeds
* High catalyst productivity reduces catalyst inventory

* Long catalyst life

» Safe operation with a wide range of feed ratios
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Microchannels & VAM

Process Development Status

Catalyst tests conducted in proof-of-concept (POC)
microchannel (using particulate catalyst) to assess

e Productivity, Selectivity

« Deactivation rate

* Feed ratios

* Pressure, temperature, feed rate effects

Two types of catalysts tested in POC reactors
1. Conventional promoted Pd-Au catalysts

« Small particles with metal content typical of the ‘rim’ portion
of rim-coated catalysts

2. High activity catalysts
* Novel supports and promoters ®—

12



Microchannel Catalyst Test Device

Particulate Catalyst Testing - VAM
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Performance of Standard Catalyst
at Steady State

90%

80%

70%

60%

50%

40%

30%

20%

10%

0%
0:00

m Ethylene Conversion (Tracer)

& Ethylene selectivity to CO2 (tracer)

A Oxygen Conversion (Tracer)

0:28

0:57

1:26 1:55
Time at conditions HH:MM

T=151C

P =90 psig
CT =383 ms
C2:Acid:O2 531

2:24

252

321

14



Performance vs Contact Time
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Performance vs Contact Time
at 150 C
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Performance vs Temperature
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Catalyst Performance vs Temperature
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Microchannel System Performance Exceeds
Commercial Conversion and Selectivity
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Results Summary

Catalyst 1

Temperature, C 140 150 151
contact time, msec 689 181 383
P O2, psig 6.1 6.1 6.8
P acid, psig 24 24 22
P C2, psig 37 37 36
O2 conv, % 61 55 82
C2 conv, % 26 24 32
acid conv, % * 25 23 30
C2 selto CO2, % 6 5 8
STY, g/Lcat/hr * 1,738 | 7,636 | 3,528

Catalyst 2
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VAM Performance Results

Conversion/Selectivity
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Velocys microchannel reactor surpasses

performance of commercial process.
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Demonstrated Microchannel Process
Advantage for VAM

* Improved selectivity demonstrated in Proof-of-Concept
reactors

VAM Selectivity >96%

« More active catalysts capable of operating at high
selectivity and high conversion in microchannel

O, conversion ~ 80% with no loss of selectivity

* Greatly increased productivity demonstrated in
microchannel reactor

VAM productivity up to 7,500 kg/m3-hr
e Test reactors operated up to 300 hrs time-on-stream

The above combine to give....

Catalyst, feedstock and energy savings
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VAM Process Development
Path Forward

Proof of Concept Reactor
 ~0.2 -1 g of catalyst
* Process variable studies
» Kinetic and life tests

Laboratory
e 1 channel
 ~ 3-5 g catalyst

* Internal channel dimensions same as
commercial reactor

 Hydrodynamics identical to
commercial

* Internal or external mixing of O,

Pilot
* 10’s of channels
« Manifolding of gases

Commercial Scale
 >1000 channels
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Conclusions

Velocys technology enables

 Increased oxygen conversion without sacrificing
selectivity to VAM

 Utilization of more active catalyst

« Higher throughput, space time yield
e Higher ethylene conversion

e Lower recycle
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Contact Information

Terry Mazanec
Chief Scientist
mazanec@velocys.com

Velocys Inc

7950 Corporate Blvd.

Plain City, OHIO 43064 USA
Phone: 614/733-3300

Web: www.velocys.com
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