TIME

THE 4™ DIMENSION OF
PROCESS INTENSIFICATION
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Fundamentals of Process Intensification

n N .
W o~ maximizing the o optimizing the driving maximizing
T 0 effectiveness of giving each molecule forces and maximizing synergistic effects
) <OE intra- and the same processing the specific surface from partial
Z 5 intermolecular experience areas to which these processes
e events forces apply
________ — - - - ~ ~ - l
________ ~ -~ - N - |
________ -~ - ~ ~ - 1
n
T
S STRUCTURE ENERGY SYNERGY TIME
©) . . .
i (spatial (thermodynamic (functional (temporal
o domain) domain) domain) domain)

Catalyst/reaction processes, particles,

- u —

Molecular Processing

plant/site

processes
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Introducing temporal aspect

« Manipulation of the duration of a process/event

 Introduction of dynamic/transient state in a process
(e.qg., periodicity)

o mMeememz o wsocumeonmowssmewfeor 3
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Minimizing process duration
(short contact time reactors)

Microsecond catalytic partial oxidation of alkanes to olefins

Goal is to avoid
complete oxidation,
but to form
intermediate products
by quick heating and
cooling

Catalytic (Pt) Alumina Monolith

]
TUDelft



Minimizing process duration

Microsecond catalytic partial oxidation of alkanes

A Monolith
Conventional preheat

Conventional heating =) - W -
T

broad heating/cooling profiles l/"&

z—>

C single layer of gauze

Microsecond heating mm) N B
compressed heating/cooling profiles r —

l z—>

heating time 5 ps, contact time with catalyst 10 ps, cooling time 200 ps (800°C -> 400°C)

Goetsch et al., Science, 1996 4
TUDelft




Minimizing process duration

Microsecond catalytic partial oxidation of alkanes

* High oxygen conversion

 High selectivity to POx
products

Goetsch et al., Science, 1996

Table 1. Effect of chain length on alkane oxidation
over a single layer of Pt-10% Rh gauze. The con-
ditions were as follows: superficial velocity, 25 cm/
s; pressure, 1.4 atm; C/O = 7, and inlet gas tem-
perature, 25°C.

Alkane
H. C.H, CH,, 2
CoHg CiHg CaHig C.Hyo
Conversion (%)
Alkane : G 10 3
Orygen 70
Carbon selectivity
(%)
Olefins : <1
Oxygenates 7 : 40 <0.2
Alkanes 13 10 <1 Trace
CO + CO, 18 23 24 99
Temperature (°C)
Surface 900 850 800 800
Gas 580 504 400 395

%
TU Delft



Minimizing process duration

Millisecond biomass gasification
Conventional Recent invention (U. Minnesota)

Processing 1 kg
of biomass / day

ina6cm?3
reactor!!

* Biomass gasification is a mature *50 ms process/ No tar formation

technology. - HUGE IMPACT!

* Tar formation (high molecular weight :

hydrocarbons) due to slow heat transfer rate Science 2006, 314, 801-304

is the major problem—> Tars condense and * Science 2004, 303, 993-997

clog the downstream equipment. « Nature 2007, 447, 914-915

. Bulki eiuiﬁment.

]
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How does it work?

Cellutose Hoppar
IEL“'E':::::::::::::::::::: . Senvo
o Modor
[=]
o
_ “‘qu'-.,l - s PRk A Y
Lot s —==1o ol = 4 B A Strongly endothermic flash
- ) e volatilization of solids at the
° . " Camers syrface into organic vapors
oD [+ €
~ Strongly exothermic VIEEY FAST]:I){EAT .
. EEEEE V; catalytic partial oxidation TRANSFER between the
3 O'“If;]'“r:]“ MﬁM hemistry of : two zones located pm
CRCIISILY 01 OTZanic vapors apart enables the process
T
) * H,:CO~1:1, conditioned with addition of steam
—
Hy, CO, N, + * Autothermal process
other products

]
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i 1025 ; . . g .

HOW does It Work? 1000 | ¢ Ci(g;:r?
5 ors|
< - 0% Steam |
g 950 P 19% Steam
g 925} 59% Steam 4
g 900 : 39% Steam

Chemistry Reactor "o ’
ael 0 .'.) 1.0 115 . 2.0 2.5 30

Volatilization: (C;H,,0.), > Gases + VOC + Char (CoHygOa), + O, + H,0 Catalyst Depth (mm)
Char + O, > Gases l

TR AATINI
gl

Oxidation: VOC + O, > Gases

Conduction
l = J l Convection

= Generation
o)

Reforming: VOC + H,0 - Gases
Endothermic
CO+H,0 <> CO, +H,

Global Chemistry:
(CgH1305), + O, + H,O = CO + CO, + H, + H,0

Synthesis Gas

o mMeememz o wsccumeonmowmssmewfeor 9
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Manipulation of time

l

Fa

o dispenserss |
- o -

educts E.E, reservoirs

B

reservoir
=

T ixing module
parallelization channel
scheme microstructured
disk

« J. Ducrée et al. (2006): shortening of the mixing time by up to 2
orders of magnitude

(J. Ducrée, et al., Microfluid Nanofluid,

2, 97-105 (2006)) 'i!U Delft



Introducing temporal aspect

« Manipulation of the duration of a process/event

 Introduction of dynamic/transient state in a process
(e.qg., periodicity)

o HMeememz o wsocumeonmowssmewfeor B
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Natural periodicity in “stationary” reactors

Time scale Examples

< Nanoseconds Active sites, molecular level
0.001-0.1s Bubbles, drops, film transfer
0.1-Ts Monoliths, pulsed trickle bed
Seconds Risers

Seconds to minutes Fluidized beds

Minutes to hours Moving beds

Hours to days Bioreactors, batch processes

o HMeememz o wsocumeonmowsmewfeor 2
]
TUDelft



Forced Dynamic Operation of Chemical Reactors

Via dynamic operation (pulsing) one can:

* influence kinetics of the adsorption-reaction-desorption
processes on the catalyst surface (e.g. by pulsing
concentrations, pressures, temperatures or pulsing electric and
electromagnetic fields)

* increase interfacial mass transfer rates (e.g. pulsing operation of
trickle-bed reactors or pulsing bubble columns)

« shift the process beyond the equilibrium limitation or improve
energy utilization efficiency (regenerative processes, e.g. Reverse
Flow Reactors)

* improve mixing characteristics of the system (e.g. variable volume
operation of CSTRs and Oscillatory Flow Reactors)

o Heeememz o wsccumeonmowssmewfeor B
]
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Forced Dynamic Operation of Chemical Reactors

Purposeful dynamic operation to intensify mass transfer

0 04 N
O
R R | BB (BR
e.g. in gas-liquid (bubble- O 5 0%,
column) or gas-liquid-solid o 20 5°C
- D -0 C
(trickle-bed) reactors 00 0 oo
e, o° 0.°
SV Y
= O 5 L+
Periodical sparger switching led to ﬁ ﬁ ﬁ
30% increase in mass transfer
coefficients (Dehua et al., 1992) Gas Feed (Switch)

]
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Forced Dynamic Operation of Chemical Reactors

Purposeful dynamic operation to utilize the reaction
heat in an optimal manner.

reverse-flow reactors

300F

SOLID TEMPERATURE
~)
(=]
(=]

Chronological
segregation between
heat generation and
consumption

o HMeememz o wsocumeonmowssmewfeor 15
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Heat exchange integration in industrial reactions

HCN synthesis

@ Synthesis reaction: CH, + NH, 1200°¢ HCN + 3 H,; AH=+ 256 kJ/mol
@ Heat generation: 3H,+150, ——> 3 H,0; AH =-726 kd/mol
1. Andrussow-Process 2. BMA-Process

G L @ |
CH, + NH, \(@ CH, + NH3‘ @

3. Regenerator-Reactor
(regenerative heat exchange)

Combustion gases
1500 °C

—

HCN + 3 H,

CH, + NH,

ITTKGRHN
TSI

D. Agar (1999), Chem.Engng.Sci. 54:1299-1305

(source: D. Agar, in: Re-Engineering the Chemical

Processing Plant, Marcel Dekker, 2003) 'i"u D elft



Heat exchange integration in industrial reactions

Comparison of reactor concepts

Andrussow Regenerator-
Process Andrussow BMA J
HCN H,O Reactor
_ Pt-layer on  Supported Pt-
Catalys! PURN-galze e wall cat. Fixed bed
Temp. [°C] 1100 1250 1200
N2 C-Yield 91 % 91 %
_Vi 0 0
BMA N-Yield 82 % 82 %
Y HCN-Concn. 23 % 23 %
2
Energy demand ~ 60 ~ 60 <50
[MJ/kg HCN]
Nthermal
HCN  of reactor > 90 % >90 %
Reactor simple, simple,
construction robust robust

(source: D. Agar, in: Re-Engineering the Chemical

Processing Plant, Marcel Dekker, 2003) 'i"u D elft




Reverse-flow reactors

Pros and Cons:
+ High energy utilization efficiency
+ No heat exchange surface in reactor-compactness
+ Higher throughputs compared to steady state operation
+ Operation at leaner combustible mixtures
Difficult to exactly regulate temperature profiles
Need for bifunctional catalyst for exo-/endothermic reactions

Not applicable to gaseous chemistries (does not hold for
microreactors)

“Wrong-way behavior” may arise upon flow reversal

o HMeememz o wsccumeonmowssmewfemor 8
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Wrong-way behavior

Despite reduction of inlet
temperature, the transitional
temperature within the reactor
can increase considerably

« Concentration change:
propagates with fluid velocity

« Temperature change: | H|eat trans{er |

propagates much more slowly due to
ion: >T + ! Co T N
heat regeneration: Ty, > To + ATag oTo lcen o § @
(convection vs. conduction time scale) N

M, A, Fixed bed & Reactor | T,(zT)

Fluid

(source: D. Agar, in: Re-Engineering the Chemical

Processing Plant, Marcel Dekker, 2003) 'i"u D elft



Wrong-way behaviour

Temperaturprofil nach Vorheizerabschaltung
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Wrong-way behaviour

Temperaturprofil nach Vorheizerabschaltung
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Wrong-way behaviour
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Wrong-way behaviour
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Wrong-way behaviour
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Wrong-way behaviour

Temperaturprofil nach Vorheizerabschaltung

160
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Wrong-way behaviour

Temperaturprofil nach Vorheizerabschaltung
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Wrong-way behaviour
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Wrong-way behaviour
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Wrong-way behaviour
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Wrong-way behaviour
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Wrong-way behaviour
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Wrong-way behaviour

Temperaturprofil nach Vorheizerabschaltung

160

140

120

100

80

Temperatur [°C]

60

40

20
0 0,2 0,4 0,6 0,8

[EY

normierte Reaktorlange

(source: D. Agar) ,‘
TUDelft



Wrong-way behaviour

Temperaturprofil nach Vorheizerabschaltung
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Wrong-way behavior

« May be detrimental for the catalyst and product selectivity

* The system may “jump” to an undesired steady-state if
multiplicity of steady-state occurs

I |
(e)

© ul (d)!

= &
EI' Extinction - T T T T T T y
o Paint T =o_

o ~ ~o

3 \

= Ignition

g Paint

= |

= | '.

m [
s (a) ———-l(b}i{cllll.-—

| |

Feed Temperature
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Regenerative process: thermochemical CO2 splitting

€0, SPLITTER

Heat from the sun provides energy to break down (0, releasing (0 which can then be used to produce synthetic fuels

A MIRRORED DISH TRACKS THE SUN
AND FOCUSES HEAT ON REACTION
CHAMBER

Solar concentrator heals
rotating ceramic discs

OXYGEN ‘

AL1500°C ceramic releases
oxygen from molecular lattice

(0, g
\_'_\\ |

OXYGEN

0xygen-deficient ceramic at
1100°C grabs oxygen from
(0, molecules, leaving (0

ALTERNATE DISCS ROTATE IN
OPPOSITE DIRECTIONS

(O COLLECTED FOR

PROCESSING INTO FUEL 0

(Courtesy of Sandia National Laboratory)

Challenge: to convert CO, and H,O to useful fuels using solar energy

]
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Regenerative process: Simulated Moving
Bed (SMB) reactor

A< B+C

liquid
qui

section | section Il section Ill section IV

4-section design

e
o’ s
Pid S
— s@® N
— | aem=l A Vs
PRI et M L -~
..... b2 X >

axial position

..
%
TU Delft
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Regenerative process: Pressure Swing Adsorption

Nitrogen production

- Carbon paricle « Two major steps: a

production step, in which
high-pressure vapour is
introduced into the column
for adsorption, and a
regeneration step, in which
the pressure is drastically
Pore structure (0.4 nm - 25 nm) reduced for desorption

Carbon
molecular
sieve

 The use of two columns
with alternating production
¢ 0, - molecule and regeneration steps
enables a continuous
adsorption process.

Adsorption (8 bar)
Desorption (1 bar)

® N, - molecule

%
TU Delft



Regenerative process: desorptive cooling =

e

Adsorption

Principle: § \

enhanced . Atcycle
‘active’

regenerative

heat removal

Embryonic Growth

ggggg

€Heat of reaction consumed by
desorption of inert ( @ ) from
loaded adsorbent in mixed
catalyst + adsorbent fixed-bed

€ Adiabatic cyclic reactor operation

M. Franke (2001) Diploma thesis, University of Dortmund

e

Reaction + Desorption

(source: D. Agar, in: Re-Engineering the Chemical
Processing Plant, Marcel Dekker, 2003)

]
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Desorptive cooling =

Pros and Cons:
+ high intensity cooling system
+ no heat exchange surface in reactor
+ self-regulating heat uptake process
+ customised heat removal via adsorbent distribution
unsteady-state operation
low space time yields

compatibility of adsorption & reaction systems

(source: D. Agar, in: Re-Engineering the Chemical

Processing Plant, Marcel Dekker, 2003) 'I,"U D elft



Forced Dynamic Operation of Chemical Reactors

Purposeful dynamic operation to increase reactor
productivity by changing its mixing characteristics

e.g. Variable-Volume-Operation of stirred-tank reactors: basically
continuous process with batch-process characteristics

Vpy Batch

ax 3
x‘

Feeding Discharge i

Rest

Vinin ‘»’

o
e

Reactor Volume

]
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Forced Dynamic Operation of Chemical Reactors

Variable Volume Operation

Yan de Yusse

0.50
K K
KaCap/ Ky = 0.5 A~—>B—C
K5/Ky =1.0
2/ ™ K
0. 40 1
2A —» D
‘u.au A — plug-flow reactor
w B, C —variable volume operation of
) a stirred-tank reactor
= 0.20 D — continuous stirred-tank reactor

 Highest yield of B in PFR

« Semibatch performance
between PFR and CSTR

0.0 0,2 0.4 0.6 0.8 1.0
FLOW AVERAGE CONVERSION, i"

(source: M.M. Lund and R.C. Seagrave, 1971) 4



Forced Dynamic Operation of Chemical Reactors

0.14

0.12

0.08

YIELD, C |

0.0

0,04

0.02

FLOW AVERAGE CONVERSIOM, iA

(source: M.M. Lund and R.C. Seagrave, 1971)

Yan de Yusse

A-=>B—>C

Ky
2A —»= D

A — plug-flow reactor
B — variable volume operation of
a stirred-tank reactor
C —continuous stirred-tank reactor

Highest yield of B in semibatch
operation for flow average
conversions > 0.75

]
TUDelft



Forced Dynamic Operation of Chemical Reactors

Oscillatory Flow Reactor

1
.I

Inputs of reactants Measuring ports

@

Input of liquid

Output of products

Oscillation

%
TU Delft



Forced Dynamic Operation of Chemical Reactors

Oscillatory Flow Reactor > Tubular reactor with

orifice baffles
TBULKFLOWOF

FROpEETE OTt » Oscillatory motion is
superimposed upon the net
fluid by piston

» Controlled degree of
mixing mainly dependent
on the oscillation rather
than on the net flow

BULK FLOW OF

REACTANTS IN » Suitable for multiphase

systems

OSCILLATORY FLOW SUPERIMPOSED
ON BULK FLOW BY PISTON

> Linear scale—uE

(A.P. Harvey, et al., J. Chem. Technol. Biotechnol., 78, 338 (2003)) 4
TUDelft



Forced Dynamic Operation of Chemical Reactors

Oscillatory Flow Reactor

Upstroke

» Periodic toroidal vortices
between the baffles

» Enhanced mixing/mass
transfer/heat transfer

» PFR behavior at laminar
conditions (CSTRs in series)

> “Slow” reactions in PFR
reactors with small length to
diameter ratio

» Smaller footprint;
Increased product quality
compared to stirred-tank
reactors

(A.P. Harvey, et al., J. Chem. Technol. Biotechnol., 78, 338 (2003))

%
TU Delft



Forced Dynamic Operation of Chemical Reactors

Oscillatory Baffle Flow Reactor (NiTech
| Solutions) implemented at James Robinson

Reduction in:
Space (20x)

Process time (20x)
Capital cost (2x)
Energy and waste (many times)
Quality defects




Oscillatory Flow Reactor

Biodiesel synthesis (1 3 I/mln )

il

Nitech Solutions 4
" TUDelft



Oscillatory Flow Reactor

Biodiesel synthesis (13 I/min)

e Reaction time < 40 min

e Conversion > 99.5 %

e Oil:Methanol = 4:1 (Industry standard 6:1)
e Temperature 50-55°C

e Ambient pressure

© uNeemerm2 vsccomeonPomessmensfeaon %
Nitech Solutions 4
" TU Delft



Oscillatory Flow Reactor

Other applications-Benefit

Table 1: Comparison of overall reaction times

___ e

baffled tube,
diameter D

A fine chemical 6 hrs 30 mins
A polymer 8 hrs 45 mins
A speciality chemical 12 hrs 40 mins
One stage reaction of an API 10 hrs 20 mins
A sugar based product 30 mins 15 mins
Coagulation 1hr 10 secs

Nitech Solutions

Drastic decrease in the overall process time due to
removal of mass/heat gradients

o Heeememz o wsccumeonmowssmewfeor
]
TUDelft



Combination of continuous and oscillatory
processing in S-L system

Continuous suspension crystallization

4,4 2,4
MDI MDI
CO—»
Chlorine —» PHOSGENE ﬁ . _
l T Conventional isomer
Aniline —» separation
Formaline— MDA —>PHOSGENATION— WORK-UP —SPLITTING technology:
HCI—
e distillation
e layer growth
. crystallization
(MDI = di-phenyl-methane-di-isocyanate) Po'k’/lrgf”c

00p Koole, Runtsman 4
oop fosle TUDelft



Combination of continuous and oscillatory
processing in S-L system

Suspension Growth Crystallization

“Crystals are freely suspended & transportable”

Crystallizer

Joop Koole, Huntsman

—

N

=

<

.

Continuous operation

7/
7/

%
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Niro Wash Column Technology

Continuous crystal separation

Fill Stroke Discharge

The oscillatory

Compression
component!



Combination of continuous and oscillatory
processing in S-L system

L o Suspension
Distillation |Layer Crystallization Crystallization
Operation Continuous Batch Continuous
High Medium Low (depends on MP)
Energy Low a Low Temperature
: Peak loads
High Temp. Use waste energy
Capital High High Lower
: High High
Maintenance (fouling) Low (moving parts)
Economy of Good Bad Good
scale
Selectivity Bad Poor (99) Superior (99.99)

Joop Koole, Huntsman

]
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Combination of continuous and oscillatory
processing in S-L system

1 Sulzer dynamic crystallizer: && AP original
floor area: 300 m?2 4 *«f / unit
height: 19 m
capacity: 3 t/r el

' SCU
1 Freeze Tec SCU:
floor area: 100 m?2
height: 6 m » L=
capacity: 2 thr B E AR T

00p Koole, Runtsman 4
oop fosk fut TUDelft



Combination of continuous and oscillatory
processing in S-L system

B SCU
1 Dynamic
M Distillation

Investment variable cost
[M€/ton] [€/ton]

o HMeememz o wsocumeonmowssmewfeon 6
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Forced Dynamic Operation of Chemical Reactors

Barriers:

* Reliable models
« Costs of instrumentation/control systems

 Interactions with the stationary part of the plant —
damping buffers may be needed

]
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