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* Photochemistry, photocatalysis, photosynthesis

3 case studies

— Optical Fiber (Monolith) Reactor (OFMR)
— Internally Illuminated Microreactor (IIMR)
— Light Efficient Foils for open algae ponds (LEF)




Light

* Light = the main
form of energy for
plants

' [Calvin-Benson
- cycle

Purves et al., 1995
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 Light = an alternative form of energy for industry
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Photochemistry
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Photochemistry can lead to more processes by:

 Increased process selectivity to the required products
— different chemistry
— low/ambient process temperature

« decreased energy consumption in the process
— low/ambient process temperature
— use of solar light




ﬁa‘g Photochemistry in industry

Some examples:

 photo-oximation of cyclohexane to cyclohexanone oxime (Toray, Japan)

nhotoreactor



ﬁa‘g Photochemistry in industry

Some examples:

* 1,1,1 trichloro-ethane from 1,1 dichloro-ethane

Ullmann’s Encyclopedia, 2006 111

Trichloro-

athane .
1.1.2-Trichioro-
N, (cooling

Heavy end
to separation

phOtOreaCtOr or chlorinolysis



Photochemistry in industry

Some examples:

 photo-oxidation of citronellol to rose oxide (Dragoco, Germany)
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%ﬁ"@ Photochemistry in industry

Current design in industry:
slurry reactor / immersion reactor with pressure or excimer lamps

. N ; stirrer immersed lamp




&Qg Photo(cata)lysis
* Photolysis
— No catalyst
— Deep UV (e.g. 250 nm) required — high energy

* Photocatalysis
—TiO2, ZnQO, ... (doping)
— visible light + UV (e.g. 384 nm) — less demanding
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Commercial , e -
. o Water purification
Air purification

Decompeosition of Mganim
Decompesition of aldehyde Municipal water sterilization
Removal of NO Decompositio’ﬁ of virus
‘ -
o

Self-cleaning
anti-fogging
Anti-contamination

Organic synthesis

Production of monomers
Decomposition of oil Sdective axidation
Superhydrophilic effect

Hydrogen production

Artificial synthesis
Lab scale
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HZOZ + ‘CH’ 9 COZ + HzO
No catalyst
Andijk

Ay,
P -

O,

+'CH" > CO, + H,0
TiO,

Spam Source: Guido Mul



Photocatalysis In industry

However, window of reality Mul & Moulijn, 2006
Present results

—

]

Petroleum Biochemical Industrial
geochemistry processes catalysis

O -9 10 -6
Reactivity (mol / (mg*-s))

Aim =100 to 1000 times better = . Intensification needed!

1




Increased Interest

@ Photocatalysis
B HDS




-~ WRESER  Photocatalytic reactors

« Basic components

I light source I‘

concen t ator/facilitator

reactants Il catalyst I- reaction
II II products
— .




Photocatalytic reactors

« Basic components
efficient conversion of input energy into light

activator phOtOn tl‘alleel'

/

concentrator/facilitator

catalyst

support

catalyst design

reaction
[ products

medium

adsorption

reactants

reactor design

catalyst recovery

mass transfer desorption



:sf’g Photocatalytic reactors

« Basic components

activator | phOtOn tl‘anSfel'

light source I

concentrator/facilitator ."

reactants reactlon
prod ucts

medium

mass transfer



.= WREREEE  Photocatalytic reactors
* Photon transfer

— light intensity decays with distance
— absorption on the way

« Mass transfer = OK in slurry reactors, but
— expensive separation step
— Incomplete illumination




Photocatalytic reactors

Improvement

of mass
spinning

/ transfer
disc
reactors /

Improvement
of light
transfer




. WRERSEY Comparison of reactor configurations

« Comparison based on catalyst coated
surface per reaction liquid volume (m2/m3)

« The catalyst specific surface is not
Included in the comparison

* No evaluation of illuminated surface,
illumination uniformity, minimization of
energy loss on the way

« Microreactor and spinning disc reactor
reach the values of slurry reactor

« Monolith reactor particularly suited for
gas-liquid systems
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Case 1: OFR
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Optical fibers

10-fold increase of the illuminated catalyst surface per unit of reactor
volume compared to an annular reactor (Lin et al., 2006)

' fiber core
omplete reflectio
e

Drawbacks:

— Decay of light: maximum length is 10cm
— Back-irradiation

— Fiber volume

R S T




(Carneiro, Mul, Moulijn)

Optical Fiber Reactor




‘ (Carneiro, Mul, Moulijn)
ﬁ‘&\_ Optical fiber monolith reactor 1.0

Optical Fiber Monolith Reactor!
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1 coating 3 coatings 9 coatings

Choi et al. 2001
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z?‘,sg Optical fiber monolith reactor 1.0

Light Intensity Profile of Single Optical Fiber

Dimensionless Light Intensity, U1,

Lo
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(Carneiro, Mul, Moulijn)

g Optical fiber monolith reactor 2.0
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Monolith: catalyst support
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(Carneiro, Mul, Moulijn)

OFMR 2.0




(Carneiro, Mul, Moulijn)

OFMR 2.0

Operating conditions:

b

Monolith:




@ (Carneiro, Mul, Moulijn)
Side Light Fibers (OFMR 2.1)




(Carneiro, Mul, Moulijn)

Light intensity homogeneous throughout the length

¢ Barefibers

A Tip-coated fibers




(Carneiro, Mul, Moulijn)

Reactor comparison

Top Illlumination Reactor (slurry)
Side Light Fiber Reactor (slurry)
Annular Reactor (slurry)

OFMR




Annular reactor

Side light fiber
reactor

OFMR

Top illumination
reactor

1.59%x10°

7.68x1010

2.28x108

1.20x10°7

1.96x10
3.69x10’
3.69x10’

7.95x107

Results

0.008
0.002
0.062

0.151

(Carneiro, Mul, Moulijn)

... but slurry reactor,
requiring post-separation
of catalyst




(Carneiro, Mul, Moulijn)

= WREREERS Further work needs to be done




(Van Gerven, Mul, Moulijn, Stankiewicz)

Case 2: IIMR
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 Micro- and nanoscale illumination
— LED devices

* robust, long-lasting (up to 200000 hrs vs. 1000 hrs for conventional lamps)
* low-energy consuming (100mW vs. 100-1000W for conventional lamps)
* miniaturisation

— Luminescent molecules interspersed with catalyst
» physical integration on the nanoscale
« very early research phase




LED emission

Qutput Spectrum Medium Pressure Mercury Lamp versus UV LED 395nm

0.5

Spectral Intensity
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LED efficiency

Lamp Type

Overall Luminous
Efficiency (LM/W)

Overall Luminous
Efficiency (Percentage)

Incandescent
5 W tungsten
40 W tungsten
100 W tungsten
Fluorescent
5-24 W compact fluorescent
34 W tube
Halogen
Glass
Quartz
LED
White

0.7
1.9
2.6

6.6-8.8
7

2.3
3.5




= LED efficiency

White LED 152 Im/W small chips
(UCSB SSLEC) 2008 —_, O
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~ Fluorescent AllnGaP/GaP
« Compact Fluorescent (red, orange}H

+ Incandescent bulb-—------r--oeooeee
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Optimal wavelength?

Wavelength Total power Photointens Direct Photocataly Photolysis Photocataly
(nm) consumptio ity (Einstein photolysis Sis rate sis rate
n (W) I min-1) guantum guantum constant constant
yield yield (min-1) (min-1)

254 70 1.80 x 104 0.095 0.12 0.088 0.112
300 210 6.64 x 103 0.051 0.54 0.012 0.128
350 240 3.24 x 10 0.008 0.21 0.005 0.129




Optimal wavelength?
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Photodiode

| RS232-connectionto
Power-supply

Photodiode

pH probe ® =6.1 mm Sampling needle
LED

Inner diameter of holder: 20 mm

Photodiode

D.O. probe ® =3.1 mm




ﬁi‘g Uniformity of light immission?

Intensity (W/sq. cm) Dionysiou et al., 2000
1.50E-03




Use of reflectors
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Comparison

1LED Phenol 6.41 x 109
A
(our results)? A

7 UVA lamps? : Phenol : 1.45x 108
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Bucky Ball Batch Reactor
* 20 hexagons and 12 pentagons
* LED on each corner




From batch to flow




. - . . . . - -
e e SR
. . . . . . . . . . . . .
00} -vofeeadeorfonctocdeongrachoncondecagecepanst
. . . . - . . . . . . - .
B0} ccnpocqccagescprammosgsccsasspecqeacansessses
. . . - - . . . . . .
N . . . . . . . M . . M .
Wereohondonntons Seevensdoscbons cecadeccbesed
M . . . . N . . . . . . .
. . . - - . . . - - - . .
Wheeheedeonlonebonennducsbons sesdanabanat
. . . - - . . . - - - - .
. . .
Wherrrragesngessprsmuesqusspenaprageasqenngssn,
. . . - . . . . . - . . .

. . . - . . . . - - . .
Orccciccdecncbecctccchmccdoncbocchandenndanebenet

10 0 W 0 W O W w0
— Nt

%52
20
|
g0
”
L' A
“w-
o
“.
w. .
o
a
”.
-
P
204+
| TEEE
"
S
o~
@50

“ 0 X 0 W
Herrore w Vet w

O
~

Figure 1. Irradiance distribution Wm-= when the LED distance: 12mm; distance between LED array and
catalystsurface a) 10 mm b) 8 mm




Optimal design
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Figure 3. Irradiance distribution Wm-2 when the distance between LED array and catalyst surface: 8 mm; LED distance a)
10 mmb) 11.5 mm




(Van Gerven, Mul, Moulijn, Stankiewicz)

Improving mass transfer
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 Microreactors

-

Advantages Disadvantages

 excellent temperature control * high pressure drop

« excellent flow rate control » small throughput




ﬁ‘g Photo(cata)lytic microreactors

Optical
fiber

Plexiglass
plate

Stainless
steel mount

Optical
fiber

Fluidic
tubing




@ (Van Gerven, Mul, Moulijn, Stankiewicz)

Research evolution

N
PAST APPROACH /'.\

PROPOSED APPROACH

CURRENT APPROACH
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(Van Gerven, Mul, Moulijn, Stankiewicz)

8 mproving energy/catalyst efficiency

Internal light




Photosynthesis
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Photosynthetic cell culturing (algae biotechnology)

W open

- - s
L3

\ = — i ponds
A £ RN

Opén raceway paddie whieel mixed ponds fiow.
1sed by 980/ commercial microalgae productiony::
{Shown: Spirulina farm, Earthrise:Co.CA) ==



Photosynthesis

Onen Ponds vs. Glosed Photobioreactors

Parameter Relative advantage Note

Contamination risk Ponds < PBRs  Just a matter of time for either
Productivity Ponds ~ PBRs  NO substantial difference’
Space required Ponds ~ PBRs A matter of productivity

Water losses Ponds ~- PBRs  Evaporative cooling needed
CO2 losses Ponds ~ PBRs  Depends on pH, alkalinity, etc.

02 Inhibition Ponds > PBRs 02 major problem in PBRs
Process Control Ponds ~PBRs no major differences (weather)
Biomass Concentration Ponds < PBRs function of depth, 2 -10 fold
Capital/Operating Costs Ponds << PBRs  Ponds >10 x lower cost!
“Productivity can be higher if PBRs are vertical or in cold conditions.

CONCLUSION: Are PBRs better than ponds? Sometimes (e.g.

cold climate), sometimes not. Aduanta?es greatly overstated.
For biofuels can't afford PBRs, except for inoculum prnductlun

1. Bemsmaan l||5"‘|.l ual'l'l'nrld ngress on Industrial Biotechnology, Chicago, April 20, 2008




Photosynthesis
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Photosynthetic Efﬁciencies in the Ponds and
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Photosynthesis
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Photosynthesis




(Ranjbar,Van Gerven, Stankiewicz)




(Ranjbar,Van Gerven, Stankiewicz)




input
diaphragm

Plastic
cone

Glass

chamber

Reflecting
shield

Aeration lift
pump

0.8

0.7

0.6

0.4

0.3

0.2

01

Y (millimeters)

N (Ranjbar,Van Gerven, Stankiewicz)

1438 ¢

100 80 60 40 20 0 -20 -40 -60 -80  -100

» Ray tracing
technique

» Validation of
model with
literature and
experimental
data

100 80 50 40 20 0 -20 -40 -50 -80  -100
X (millimeters)

Irradiance Min:1.2037e-020 W/m?2, Max:1.038 Wim?2, Ave:0.099289 Wim?
RMS:0.095501. Total Flux-0.0012207 VY 539288 Incident Rays



. (Ranjbar,Van Gerven, Stankiewicz)

Indoor application

Enlargement Ratio Optimization for Maximum Intensity
(June 21st, Noon)
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(Ranjbar,Van Gerven, Stankiewicz)

Indoor application




(Ranjbar,Van Gerven, Stankiewicz)

LEF Performance, Geometry Effect ™ Below Compensation Point

@ Optimal Range
B Over Saturation Point

Enhancement Ratio
llluminated Area (%)

Parabola Groove Without LEFs Parabola Groove Without LEFs




(Ranjbar,Van Gerven, Stankiewicz)

Indoor application
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Solid Mylar Filled with Water Hollow Distributor



. (Ranjbar,Van Gerven, Stankiewicz)
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(Ranjbar,Van Gerven, Stankiewicz)

Outdoor application

Effect of Orientation

Average daily improvement

*N-S =1.750

w

*NW-SE = 2.077

*E-W = 2.766

Improvement Ratio
N
(6]

N



(Ranjbar,Van Gerven, Stankiewicz)

Outdoor application
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E-W orientation
Average annual improvement

Ordinary LEFs=1.831
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Date




(Ranjbar,Van Gerven, Stankiewicz)

LEFs In practice

|
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« Concept is proven

* More experimental
validation under way

 Current dilution ratio
= 1.8, however ideal
ratio = 4.1-6.5

* Further optimisation
needed

* Pilot scale, cost-
benefit calculation
still to come




Conclusion
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« Light energy is still under-utilised

« Advances require collaboration between chemical engineers and
mechanical engineers/physicists

* Due to the energy crises and the advances in light technology,
Interest is growing again

* Process intensification required to increase efficiency/productivity




