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Fundamentals of Process Intensification
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APPROACHES

optimizing the driving

maximizing the o AN maximizing
effectiveness of giving each molecule forces and maximizing synergistic effects
intra- and the same processing the specific surface from partial
intermolecular experience areas to which these processes
events forces apply
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MOLECULAR SCALE
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Energy transfer to molecules

required form /\
A

CHALLENGE:
the most efficient way

required position

of supplying energy
{form and transfer
mechanism) to let
reactants molecules
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e this barrier control of energy
G distribution amongst
= / the reaction products
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control of the geometry
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moment of collision Products

=
Reaction coordinate

required amount \__— required moment
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Energy transfer to molecules

magnetic field electric field laser field
A

Transition state

...... T

CHALLENGE:

the most efficient way
of supplying energy
{form and transfer
mechanism) to let
reactants molecules
selectively overcome
this barrier

\ “Reactants

CHALLENGE:
control of the geometry

gy

CHALLENGE:

control of energy
distribution amongst
the reaction products

Potential e

of approach and mutual
orientation of
molecules at the
moment of collision

Products

Reaction coordinate

Embryonic stage: Nobel prizes won
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Laser beams to control molecules ———

!

ggggg

P -10~5 mbar

[ e 0 ﬂ [ &
/ {[ Ll
/

() &

: rebounding

Laser-induced vibration: C-H bond stretching, making the target
molecule “bigger” for collisions + introducing stripping collisions:
reaction rate x 100

Simpson et al. 1996; Kandel & Zare, 1998; Hoffmann, 2000 (;
TUDelft



Energy transfer to molecules

microwaves light

CHALLENGE:
the most efficient way
of supplying energy
{form and transfer
mechanism) to let
reactants molecules
selectively overcome
this barrier

CHALLENGE:

control of energy
distribution amongst
the reaction products

Potential energy

Reactants

CHALLENGE:
control of the geometry
of approach and mutual
arientation of

molecules at the
moment of collision Products

Reaction coordinate
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| aser beams to control molecules //

|

In HOD molecule by changing the colour of the T VR

laser beam either O-H or O-D bond can be broken Three modes of
vibration of a water
molecule:

Bend

Symmetric stretch

Asymmetric stretch

Vanderwal & Crim, 1990; Metz et al. 1993; Hoffman, 2000
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MESO SCALE
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Energy to enhance mesoscale effects

electric field
o

magnetic field

acoustic field

high gravity

flow field
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Contents

e Energy of electric field

* Energy of magnetic field

* Energy of electromagnetic field (microwaves,
light)

* Energy of acoustic field (ultra-/infrasound)

e Energy of flow field (cavitation, supersonic
shockwave)

e Energy of high gravity (next lecture)

. otms wScCouseonProcessmensfiain 1
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(Pulsed) electric fields in chemical processing

Bringing electric charge to the droplets and
particles

Mechanisms and effects:

Dispersed phase

outlet

* increased rate of droplet detachment, so that drop sizes are
reduced and interfacial area per unit volume is inc reased.

» acceleration of the drop velocity through the conti nuous phase
under the influence of an EHD force.

» reduction in the effective interfacial tension and the existence of an
electrical potential gradient at the interface, pro moting circulation
and interfacial turbulence

* enhanced coalescence under the influence of the
EHD forces.

Grounded r
electrode electrode

Simple spray
column
with electrodes

e extraction rate enhancements of 200-300%
reported in liquid-liquid extraction

Liquid-1iquid
&1 Interface

* in electric-field-induced emulsification - 200 to 500
times increase in the surface area per unit
volume , compared to the millimeter-sized droplets in the
conventional processes (T. C. Scott, Sep Purif Methods,
18, 65-109 (1989)

. omdos usoComseonPocessiensfcaton 12
%
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outlet

Contlnuous phase
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Application of electric field

(a) At 0.0 ms (DALt 4.45 ms = (i) t=4.62 ms - (1) t=20.68 ms
» Drop deformation (dispersion) » Drop coalescence
» Using electric field strength > 4.5 » Using electric field strength <
kV/cm - droplets size decreases 1.8 kV/cm-> drop size increases
(~5 um) e Electro-coalescer:
« Smaller droplets accelerated and - On lab scale, separation
have lelni{;l pattern - increase efficiency increases (from 5% to
mass transfer (30-40%) 85%)
* Electro-extractor: - On large scale, settling time
« on lab scale, the extraction reduces from 3 h to 10 min
efficiency is higher than in
conventional extractor column.
» No large scale electro-extractor
is known

. Dispersion: Ghadiri, 2003a; Scott, 1988, 1989b

Coalescence: Ghadiri, 2001; Bailey, 1986 'i';U D elft



Gliding Arc Technology (GlidArc) ——

Typical Parameter
Values/Limits:

) ‘ gas velocities: typically
Start, life and disappearance of the gliding arc. greater than 10 m/s

tmechon

 New way of plasma generation by formation of electric “gliding
discharges”.

» At least two electrodes diverging with respect to each other are
placed in fast gas flow and in the flow direction. Gliding
discharges are produced between the electrodes and across the
flow.

(Czernichowski A. and Czech T., Proc. 3rd Int. Symp. High Temp. Low

Pressure Plasma Chemistry, Strasbourg, 3-5 Sept. 1991, pp. 147-152) T';U D If‘t



Electric Fields in Micro World T

Electro-hydrodynamic mixing |
(Oak Ridge National Laboratory) T
E Electrode
atanolw/ b - I I T T pn
Rhodamine B I Neat butancl 1.6
m— 14 Concentration ratio vs distance from tee _|
Y1y ' AQV 0400V @600V
E 12 O700v Osoov W90V
: cetrode EEitilaseesn el Alboemibidasomely 0 4 My | . .............................................................. —
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> 08r O .
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®) o O
06 B O —
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02 e U -
e L
ok ® | B | AR B 8 i
0 100 200 300 400 500

Distance from tee (um)
No electric field: mixing length > 5,000 um

Strong electric field (2 kV/mm) : mixing length < 150 ym

(C. Tsouris, et al., AIChEJ, 49, 2181-2186 (2003)) %
TU Delft



Electric Fields in Micro World

ELECTRODES

.

Electro-hydrodynamic mixing

(New Jersey Institute of Technology)
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C w3 usoCouseonPioessiensieatlon 16
(C. Tsouris, et al., AIChEJ, 49, 2181-2186 (2003)) %
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Magnetic fields in chemical processing

Improving hydrodynamics in trickle-bed reactors

Mechanism:

e magnetization (Kelvin) force (a body force

0.40

analogous to the gravitational force) caused
by a magnetic field 035 | R
« manifests when inhomogeneous magnetic 030 | ﬁ !—'qud-hOld up
fields are applied to paramagnetic or o I S improved by 11%
diamagnetic fluids RIS o P
Y 0.20 § f o °
? X
Z 0.15 T v T
0.0E+00 2.0E-03 4.0E-03 6.0E-03 8.0E-03
BdB/dz B Liquid flow rate (ms)
% 100% L]
‘ s B" 90% - 4 ﬁ
3 FE P 80% - ﬂ"
% Té !l 7 0% . Wetting efficiency
o# N 8 60% - o .
; Y S aon improved by 18%
=TE £ a0% -
= 30%
20% - 3
0% &
0% T r
0.E+00 5E-04 1.E-03 2.E-03
(a) Liquid flow rate (mis)

Iliuta et al., 2003; Munteanu et al., 2005 -i-;u Delft



Energy of electromagnetic field: microwaves

—Laser Radiation —"-‘

10-910° 10 107 10° 10° 10+ 10° 102 10" 1
Wave Length (meters)

Sl Byl 3wl 3x108 3x10*
Frequency (MHz)

ACOAA A
. N Nl o \-«"ﬂ

R

Molecular Courtesy: CEM Corporation, 2005

vibrations

electrons Quter-shell
{valence)

electrons Molecular rotations

¢ Dipole rotation

L X

H = magnetic field h lonic conduction

C = speed of light (300,000 km/s)




Comparison microwave heating vs.
conventional heating

C. O. Kappe 2006
A. Moreno 2005

Microwave heating

Conventional heating

Direct coupling of energy —
internal heating

Conduction/convection —
external heating

Volumetric (whole material
heated simultaneously)

Superficial heating (surface)

Rapid

Slow

Selective absorption of
radiation by polar
substances

Non selective

Inverted temperature gradients

%
TUDelft



Comparison microwave heating
vS. conventional heating

X,
&
}

L

I time T tme

(a) (b)

Giving each molecule the same processing history

]
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Microwave (MW) irradiation

Interaction with materials

Conductor
REJ' 'ie'rﬂ ve 100 4——————  LOWLOSS > <
Metals reflect microwave enerpy ::::::::,g.'.':::::::-f::::::::::é:::::::_:::E:: ::: S
and do not heat, : or
T T __!k
£ R P AUV NS I
g
]IlSlllHtDl‘ '%E T
OF
Transparent 2510
Numerous malerials are transparent fo @ ﬁ“
microwave energy and will not heat but can ?{’\9 5
be good insulators. :74
Dielectric o DT
4 1 T I!\II\’I; T [\II”IIIIi_ T I\\l[Hi T IIIIIJI? T T T TTTTT
A bs#rpﬂ ve 0,00001 0,0001 0,001 0,01 0,1 1
These materials absorb microwave - .. LOSS TANGENT

¢ '3 GHz AT AMBIENT

energy and are heated.

www.cem.com
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Mono -mode vs. Multi-mode devices

magnetron

“’///5
LTI

Uiliitsy,

Mono-mode

» Standing waveform is created

» Vessel is placed in the dedicated single-
mode position

» Heating performance for the reaction vial is
easily predicted — uniform temperature

distribution Small Samp|e
*Better control
«Standing wave - one direction

Multi-mode

* Irradiation is dissipated in whole chamber through “wave
stirrer”

» No specific position for sample

« Sample irradiated from every direction

» No limitations on the size and shape of the objects placed

.Large sample inside the CaVity
Many waves

Cmmmawn o wsccwseonpucessmensfonn 2
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Microwaves Iin chemical synthesis

Monomode vs. Multimode Microwave Irradiation

Microwave Synthewave 402  |ETHOS MR
R-220A (Sharp) |(Prolabo) (MLS)
Microwave mode |multimode monomode multimode
Microwave power [800 W, pulsed 300 W, unpulsed 1000 W pulsed/
unpulsed
Volume of cavity [15.7L <025L 428 L
Power density approx. S0 W/L = 1200 W /L approx. 23 W/L
Reaction scale <100 g <100 g up to 3000 g

(dry reactions)

(depending on
reactor type)

ggggg

(M. Nuchter, et al., Chem. Eng. Technol., 2003, 26, 1207) 6
TUDelft



Limitations of common microwave equipment

85,0°C

55,0°C

50

40

30

30,0'C 30,0°C

o Unpredictable and uncontrollable microwave and temperature fields

e Difficult to rationalize the results

» Difficult to optimize the process and harness the intensification
potential of microwaves

o wsccmseonpoessmenonon
“]
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Limitations of common microwave equipment

Fiber Optic sensor
/ p

«—— Glass capillary

‘ '/ Catalyst sample

Reliable temperature is crucial !!

]
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Vertical temperature distribution along the center
line for Rh/CeO ,-ZrO, catalyst

- FO probe

- IR sensor,

"4 8 12 16 20 24 28 32 36 40

t [min]

Microwave heating is not homogeneous !!

]
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Horizontal temperature distribution at a fixed
position

90-
80
701
60
50
40+
( ) - Left sensor, l gg 1 ( ) - Left sensor, |
( 4~ )-Center sensor, ] ( v )-Centersensor,

0 ( B )- Rightsensor l 13. ( ® )-Rightsensor
0 4 8 12 16 20 24 28 32 36 40 0 4 8 12 16 20 24 28 32 36 40
t [min] t [min]

Ternperature prof”efor A|203 Tempel’ ature pI’Ofi|ef0r 15% N|/A|203
Support CatalySt

]
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New microwave heating system with

Internal transmission line technology

2.2 L batch reactor mounted to
U-shaped waveguide (Labotron

5 2kW, SAIREM)
8
3
4
-
i
00 Energy transmitted
= 5’ directly into the
1 ' 6 reaction medium
while maintaining
external cooling
2 Direct scale up is
allowed

http://www.sairem.com/gb/equipements/equipements _chimie/synthese sous micro _ondes.html

WO 2009/122101 Device for applying electromagnetic energy to a reactive medium T U D e I f.t




Industrial multimode furnaces (drying)

]
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Microwave Energy Versus

Other Electromagnetic Energy 1
Radiation Typical Quantum Chemical Chemical
Type Frequency | Energy Bond Type Bond Energy
(MHz) (kcal/mol) (kcal/mol)
Gamma Rays | 3.0x 10 | 2.86 x 10’ H-OH 120
X-Rays 3.0x 1013 |2.86x 10° H-CH, 104
Ultraviolet 1.0 x 10° 95 H-NHCH, 92
Visible Light 6.0 x 108 58 H;C - CH, 88
Infrared Light | 3.0 x 106 0.28 PhCH, -COOH 55
- H
Microwaves 2450 0.037 H. ,H---0 i 48
Radio 1 9x 108 O H

Courtes: CEM Corporation, 2005 6



Microwave effects ]

Some examples: o
Reaction time Product Yield
Reaction
Conventional Microwave Conventional Microwave

Hydrolysis of benzamide to

SO 1h 10 min 90% 99%
benzoic acid
Oxidation qf tolgene to S i 5min 40% 40%
benzoic acid
Esterification of benzoic acid 8h 5 min 74% 76%

with methanol

S\2 reaction of 4-
cyanophenoxide ion with 16 h 4 min 89% 93%
benzyl chloride

Heck arylation of olefines 20 h 3min 68% 68%

(R. N. Gedye, et al., Can. J. Chem., 1988, 66, 17) 6
TUDelft




Microwave effects: why are (some)
reactions sped up?

100

NBLP 84 °C
Thermal effects gl s N methanol
 Superheating of polar solvents —=———————— | SN
. ~ 60F
» Superheating of catalysts ~
* Hot spots at molecular scale 4o
Initial rate 2.1 °s”
20F
0 1 ] 1 1 1 |
Non-thermal effects (speculative) 0% 0 e X0 B0 90
« Orientation/alignment of molecules in a way that Mingos, D. M. Superheating Effects
. .. . A iat ith Mi Di tric Heating.
the frequency of effective collisions increases 1 Chorn. Soc. Chem. Gommun. 1992. 6, 674

» Decrease in activation energy due to increase in

entropy owing to enhanced molecular motion
(AE= AH-TAS)

o usccoseonpucessmenstonon
“]
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Microwaves effects

Microwave enhanced reaction in microreactor (Clarkson University) === == =

Heat Transfer biock

Channel Etched Al Sheet PTFE slab
\
[% l \ 1 /Micmwave Oven @CHZOH Fe(NOS)S .gHZO @_{0
Water Out /
|:| MW H
Water In .
Gear Pump N
preerame Conversion increases with increasing
intensity at isothermal conditions

80
s Benzyl alcohol oxidation
£ 70
<]
o
< 60
g 50
m
S 40
8
® 30
]
§ 20
2 10, o Isothermal Res. Time=17 seconds

0 — Polynomial Fit
0 20 40 60 80 100 120
ow 17.0 W 220w 28.3 W 37.2wW 38.7W
Microwave Intensity %
Power (Watts)

(R. Jachuck, et al., Green Chem., 8, 29-33 (2005)) (;
TUDelft



Direct polyesterification

(butane-1.,4-diol with succinic acid)

0O catalyrst 200C
MU—I + micmwave Ny O~
o] Pnlyf{butylenﬂ succinate) (PBS)

PRODUCT PROPERTIES NOT

1.8
ACHIEVABLE WITH | |
CONVENTIONAL 1.5 < microwave heating
TECHNOLOGY w 1.2 ® conventional heating

Resulting molecular weight increase by;z 0.9
1,6 fold & rate of polymerization increaSe,

by 10 fold
0.3

0
O 30 60 90 120 150 180 210 240 270 300 330

time [min]

S. Velmathi 2005

]
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Polymerization of polystyrene -~

ggggg

PRODUCT PROPERTIES NOT ACHIEVABLE
WITH CONVENTIONAL TECHNOLOGY

Microwave reactor Conventional reactor

F00nm

]
TUDelft



Microwaves in heterogeneous catalysis —

Selective heating of catalytic sites with MW __ I

350

300 4+
250 4

200 +

Imperial College - MW heating of
<4== Mmolybdenum catalyst on alumina

150 4

Temperature / °C

[ N 3

. support (X. Zhang et al., Ind. Eng.
1 Day i Chem. Res., 40, 2810-2817 (2001))
50 | —h—2.1%Mo
—e—3.0%Mo

——4.8%Mo

0 2 4 <] 8 10 12 14 16 18 20 22

Time / min

Virginia Polytechnic and State
University — Simulation of MW
heating of metallic catalyst on
alumina support (J. R. Thomas,
Catal. Lett., 49, 137-141 (1997))

—>

]
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Microwave — activated methanol steam reforming

Temperature

Plastic cap

Outlet
Inlet

Glass porous disk

CuO0 52.5 wt%
Zn0 30.2 wt%
Al,O; 17 wt%

Durka, T. et. al., Int. J. Hydrogen. Energy, 2011, 36, p. 12843

12mm
9mm

PdO 8.5 wt%
Zn0 16.7 wt%
Al,0; 74.7 wt%

Fiber Optic
Measurement
Unit

Fiber Optic
Sensor

5 ~ Monomode
w1 Microwave Oven

(Infra Red sensor
included)

]
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Microwave-activated methanol steam reforming

Avearage temperature ['C]

w
o
|-

90-
2 (MeOH/H,O ratio = 1:1.5, GHSV=12k h-1)
T 70-
< Q10 s s i g e S S e S
S A 804 ------ R . R QZ_E_Q_/_A_IZOI N |
[/)] p 1 ] 1
2 | ' o
> 504 | |
e < 07— o ol R s .
8 | = :
S 401 X 604 SR S AR |/ A "A = S 5
I S i |
304 L e i R S R e e R 4,
0 1 1 1 1
> 7 1 1 1 1
S 4041------ T — 4______4'EH _______________ bcmmaed
20 L : } r L ! . . = . T ' 1 1 1
160 170 180 1% | 200 210 | 230 | 230 = !
% |
=

e i
I
1
I
I
1
1

R -
I
I
1
1
I
I
r
]
1
I
I
1
]
I
I
1
I
I
1
L

o  MW_experimental data;, © EH_experimental data [ E E E
MW_trend line; EH_trendline L M bl !
(MeOH/H,O ratio = 1:1.5, GHSV=37k h') 10 —t—t
180 190 200 210 220 230 240 250 26

» Higher methanol conversions at similar bulk

temperature conditions

Average temperature [OC]

A MW-experimental data; m EH - experimental data

—— Mw - trend line; ——EH - trend line

Durka, T. et. al., Int. J. Hydrogen. Energy, 2011, 36, p. 12843

]
TUDelft



Energy efficiency of the reactor
CuzZnO/Al, O,

05 ---m--- e TR R [ e e R

1 ] 1 1 1 ] 1 -___-1________I____—___r___-
- | | | ' - - / 1 1 1
17 1 —— EI oo I I AR R T RERY | |
| I 1 1 u -l f : 600/0—- "‘_—_“'I"_'__"___ _'_’_"_"T'__’_"'
— | : '/ :
& 704 (T
< . 50%
S 60- 2 I
? -g 40%-
o = |
3 5
3 - s 30% —
I -
5 404 S ]
= & 20%:-
30 |
| 10%-
20 —tt——f————t+————+f————F+—— |
160 170 180 190 200 210 220 230
Avearage temperature ["C] 0%-
e . e B EH efficiency 32.95% 46.76% 41.24%
B MW efficiency 42.24% 59.39% 51.82%

MeOH:H,= 1:1.5, GHSV=37k h!

MW Same reactor
performance with lower net
heat input (~10%)

Durka, T. et. al., Int. J. Hydrogen. Energy, 2011, 36, p. 12843 6
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MW-assisted regeneration of adsorbents

Investigated system:

 Adsorbate: polar compound (acetone) /

non-polar (toluene)

» Adsorbent: synthetic zeolites (type

Vent

GC

PC

Multimode

[

|

[
microwave oven /_

13X)

Comparison of two types of regeneration:

Temperature Swing Regeneration (TSR) - purge gas

stream heated conventionally in a coil pipe

Microwave Swing Regeneration (MSR) - cold inert

gas stream; zeolite beads are heated by MW

Data aquisition unit

/

7

Temperature
probe
L= |-
|

i

Heating cord /
£

Mass flow controllers

)

Coil pipe

I3

R2

7

R1

[

He
cylinder

—

/

N

Dessicator

Cherbanski, R. et. al., Microwave Swing Regeneration vs Temperature Swing Regeneration, -I(-;U D
elft

Ind. Eng. Chem. Res., 2011, 50, p. 8632



MW-assisted regeneration of adsorbents

Acetone
80 FO
—~<¢-- TSR Temperature
704 8- TSR S sensor
—A—MSR - 140 W 0 o
60 | —® MSR-140W o g

Zeolites type 13X

Temperature ( °C)

Time (min)

Cherbanski, R. et. al., Microwave Swing Regeneration vs Temperature Swing Regeneration,

]
Ind. Eng. Chem. Res., 2011, 50, p. 8632 TU Delft



MW-assisted regeneration of adsorbents

Toluene FO

Temperature
sensor

o~ TSR
70| —-B-- TSR
—4— MSR - 140 W
60 | —® MSR-140W

Zeolites type 13X

Temperature ( °C)
a1
o

Time (min)

Cherbanski, R. et. al., Microwave Swing Regeneration vs Temperature Swing Regeneration, (;
Ind. Eng. Chem. Res., 2011, 50, p. 8632 TU Delft



MW-assisted regeneration of adsorbents:
desorption efficiencies

Acetone Toluene
80 80 :
After 2 min. After 2 min.
70 - 70
01 @ MSR - 140 W _b07 EMSR - 140 W
> B TSR S BTSR

[oa)
o
|

(8]
o
|

40 -

S
o
|

w
o
|
w
o
|

m des/m ads

m_des/m_ads

N
o
|
]
o
|

[N
o
|
|
o

" fm Om
1 2 1 2
MSR: 1. Higher desorption efficiencies at lower gas temperature
" 2. More effective for high absorbing compounds
]
TUDelft
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Advantages of microwave heating ——

Fast heating I
* Flexible throughputs o

« Desirable in particular processes (e.g., production of toxic
chemicals, regeneration of Diesel particulate filters)

* Higher chemical selectivity

Selective heating

« Potential for better energy utilization efficiency in processes
involving (gas-solid, liquid-solid) interphases (e.g. low
temperature synthesis, specific desorption)

« Safer operation
» Higher chemical selectivity due to suppression of bulk reactions

No heat exchange surfaces Main barrier:
* Reduce fouling of equipment surfaces

]
TUDelft



Microwaves in chemical processing — efficiency issue

Why microwaves?

Electricity: today more expensive
than gas l

MW heating more expensive than
steam heating

Cmmmawn wsccumseenpocessmensfolon 8
“]
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Microwaves in chemical processing — efficiency issue

Electricity: in the post-oil age the widest available,
sustainable form of energy.

Why microwaves?




Ultrasound in chemical processing

Water and effluent treatment
» destruction of contaminants in water
Polymer chemistry
» degradation of polymer compounds
* initiation of polymerization reactions
Sono-electrochemistry (ultrasound with electrolysis )
» lowering cell voltages

* minimization of electrode fouling sl
Textile industry MO coustic Reactor Chamber Coupling Fiuid
« dispersion and break-up of dye aggregates i Access Ports  Waniold
» expulsion of entrapped air from fibre capillaries
[ 10 104 10* 104 105 10% Hz
. . Y e 1T M 16 1) T =< 0 o 14
In chemical reactions: - LB
Reduction in reaction time

_ ) - Human hesring (10Hz-18kHs)
Increase in the y|e|d Poveer ultrasound {20kHz- 100kHz: cloaning & sonockemistry)

Switching of the reaction pathway Exturdod range: 100kHz- 1Mz
Changing the product distribution

Cmmmawn o wsccwseenpocessmensfolon ¥
“]
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Ultrasound — how It works

ACOUSTIC CAVITATION

Liquid

Pressure

Solid

Cavitation

o)

mprassion

cormpression comprassion

comprassion

Gas

Temperature

forms

In the cavity
Extreme conditions
. 5000°C and 2000 atm

In the bulk media
Intense shear forces

v,

rarafacion

Bubble Radius (um)

rarefach

ion rarefaction rarefaction

SN AN AN AN AN/
VARVARV.

V.

rarafaction

- @ -.o. s

DUDDIE ey bUIDDIE grows in

successive cycles un;?:slte;ze — wolfs:letr:gﬁ:;se
150° IMPLOSION
100 - cpowWT™ SHOCKWAVE

o 5
HOT RAPID
o FORMATION SPOT QUENCHING
I T I T T
0 100 200 300 400 500

Time (U sec)

(P. R. Gogate, et al., 2004)
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Ultrasound in chemical processes P

large e G are o
horn acoustic bubbles
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(a) (b) transducer
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(K. Yasui, at al., Ultrasonics Sonochemistry, 2005, 12, 43-51)
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Ultrasound in chemical processes

Solid-liquid mass transfer enhancement

Liquid
(bulk)
CII.IS
c’__
r e - ’ -
fr(((
(( e Inrush of liquid from one side
Diffusion layer ~ ©Of the collapsing bubble forces

Solid surface powerful jet onto solid surface

(U. Neis, in: Ultrasound in Environmental Engineering, 2002)
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Ultrasound in chemical processes T

Solid-liquid mass transfer enhancement O
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Figure 1a,b: Solubilisation of solid phenantrene (a) and solid naphtalene (b)
intensified by hydromechanical effects of ultrasound.
Frequency 3217 kHz, sample volume 250 ml.

(U. Neis, in: Ultrasound in Environmental Engineering, 2002) 6
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Ultrasound in chemical processes

Gas-liquid mass transfer enhancement
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(A. Kumar, et al., Ind. Eng. Chem. Res., 2004, 43, 1812-1819) 6



Ultrasound effects on reactions

Reaction time

Product Yield

Reaction ) :
Conventional Ultrasound Conventional Ultrasound

Diels-Adler cyclization (hom.) 35h 35h 77.9% 97.3%
Oxidation of indane to indan-1-one 3h 3h < 27% 7%
(hom.)
Reduction of methoxyaminosilane (het.) no reaction 3h 0% 100%
Epoxidation of long-chain unsaturated oh 15 min 48% 9%
fatty esters (het.)
Oxidation of arylalkanes (het.) 4h 4h 12% 80%
Michael addition of nitroalkanes to
monosubstituted ,3-unsaturated esters 2 days 2h 85% 90%
(het.)
Permanganate oxidation of 2-octanol 5h 5h 2% 93%
(het.)
Synthesis of chalcones by Claisen- : : 0 0
Schmidt condensation (het.) Ul Lolully o o
Ulimann coupling of 2-iodonitrobenzene oh oh < 15% 70.4%
(het.)
Reformatsky reaction (het.) 12h 30 min 50% 98%

(L. H. Thompson, L. K. Doraiswamy, Ind.
Eng. Chem. Res., 1999, 38, 1215-1249)
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Sonochemical reactors

Stirred-tank configuration
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(L. H. Thompson, L. K. Doraiswamy, Ind. Eng. Chem. Res., 1999, 38, 1215-1249)
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Sonochemical reactors

Harwell configuration

Harwell sonoreactor
Branson configuration AT module

Traditional I
stirred tank
Process stream
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(L. H. Thompson, L. K. Doraiswamy, Ind. Eng. Chem. Res., 1999, 38, 1215-1249)
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Ultrasound in chemical processes P

Application barriers: l
» scale-up methodology
* large-scale efficiency

Dissolved gases: Fluid properties:
specific heat ratio vapor pressure
conductivity viscosity
solubility in reaction fluid surface tension

™ ¥
Solid particles:

type of material t Reaction kinetics
size 7 l and behavior

shape
/ N

Optimum operating conditions: Reactor type:
frequency size reguirements
power geormetry
system pressure
system temperature

(L. H. Thompson, L. K. Doraiswamy, Ind. Eng. Chem. Res., 1999, 38, 1215-1249) 6



Ultrasound in chemical processes

Scale up: limited penetration depth
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Other methods for cavitation forming —

Liquid Whistle l

* liquid flows across a vibrating plate
» frequency of vibrations adjusted to create cavitation
« large liquid volumes can be processed

» presence of solids can cause blade erosion
Flow Cutlet process
guides T stream

]
| i
Inlet process

>
k=] Lr]e] I'JCIa uD
stream A o 2 20 20

L

Jet Blade Stainless steel
block

(L. H. Thompson, L. K. Doraiswamy, Ind. Eng. Chem. Res., 1999, 38, 1215-1249) 6



Other methods for cavitation forming P

Hydrodynamic cavitation l

ggggg

« Can be generated by the passage of the liquid through a constriction,
such as throttling valve, orifice plate, venturi etc.

« If the pressure in vena contracta falls below the cavitation pressure
(usually vapour pressure of the medium), millions of cavities are

generated
 When liquid jet expands and pressure recovers, the cavities collapse

Region of
hackmnxmg Vena cortracia

5
i

I P o
- \IU - r_i_»f"f Qutlet process

Inlet process ———» stream at
stream at e pressure P

pressure Py B _H‘
—— I EJ 5 \

H

l
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Other methods for cavitation forming

Hydrodynamic cavitation — alternative to ultrasound

Comparative results lor different industrially important reactions in hydrodynamic” and acoustic” cavitation reactors

Mo, Reactants Product” Cavitational vield in hyvdrod vonamic Cavitational vield in acoustic
cavitation reactor (g} cavitation reactor (gonl)

1 Toluene Benzoic acid 3310 " 562107

2 p-Xylene Terephthalic acid 211078 3xln?

3 o-Xylene Phthalic acid 1910 ° 3xlo

4 m-Xylene? Isophthalic acid 1910 ° -

5 Mesitylene Trimesic acid Txl0 " 1107

6 o-Nitrotoluene o-Nitrobenzoic acid 19x10~" 1%10°7

7 m-Nitrotoluene m-Nitrobenzoic acid 1.3x10° " 110"

8 p-Nitrotoluene®  p-Nitrobenzoic acid - 3wl

9 a-Chlorotoluene  o-Chlorohenzoic acid 1.1x10°% 110"

10 p-Chlorotoluene’  p-Chlorobenzoic acid 2x10°" -

11 Sunflower oil Bio<diesel (methyl ester of sunflower oil)  2.01=107% S1=10 7

“In moles/J,

(P. R. Gogate, A. B. Pandit, Ultrasonic Sonochemistry, 2005, 12, 21-27)
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Energy of flow - supersonic shockwave T

1995 - Mattick et al. described a supersonic shockwave reactor for I
pyrolysis of hydrocarbons - ethylene yield in increased by ™ ™ ™
20% as compared to conventional technology, while the
energy consumption dropped by 15%.

ggggg

1997 - Praxair presents a supersonic gas-liquid reactor for carrying-out
fast processes - oxygen transfer rate in water is up to ca. 10
times higher than in a tee-mixer . Mass transfer coefficients
exceeding 2.0 s-1 are reported. A RN

y |

1998 - Messer Griesheim GmbH commercializes a supersonic o -
nozzle for fluidized-bed applications:

* iron sulfate decomposition at Bayer AG: capacity of the
reactor increased by 124%.

 sludge combustion reactors: throughput increased by
approximately 40%

Cmmmawn wsccwmseenpocessmensfonon 6
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Energy of flow - supersonic shockwave

2003:Transonic
oxygen injection at
DSM - fermentation
capacity doubled
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