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Introduction

 





MAIN FUTURE CHALLENGES                             
OF CHEMICAL AND PROCESS ENGINEERING

Increasing productivity and selectivity via 
intensification and multi-scale control of processes

Designing innovative equipment and implementing 
more efficient production methods

Driving chemical engineering methodology to fit end-
use properties required by the customer

Realizing multi-scale applications of computational 
chemical engineering from molecular scale to complex 
production scale



Process In tensification: strategy aiming to produce m uch mor e with 
much less*

by rep lacing p rocesses a nd 
equipments 

large

expensive

energy intensive

polluting

with avant-garde versions  

smaller

less costly

more efficient

less polluting

highly safe 

automatized

compact

* Jean-Claude Charpentier, Ind. Eng. Chem. Res. 
2007, 46, 3465-3485.



Process Inte nsification (PI)
addresses s everal n eeds of  the 
process i ndustry: en ergy savi ngs, 
CO2 emission r eduction a nd 
enhanced cost competitiveness. 
The pote ntial benefits of  PI  that 
have been identified are significant.

Action Plan Process Intensification, www.creative-energy.org.

The needs vary so mewhat between 
sectors bu t th e benefits p romised 
by PI i mpact ea ch se ctor i n o ne 
way or another.

Benefits of P I for 
people, planet and 
profit.

Process I ntensification p rovides rad ically i nnovative principles (“paradigm 
shift”) in process and equip ment desig n w hich ca n benef it ( often w ith m ore 
than a f actor o f two) p rocess an d ch ain effici ency, capital a nd operating 
expenses, quality, wastes, process safety and more.



Process Intensification 
principles and explicit 

goals

Maximize the Effectiv eness o f In tra-
and Int ermolecular E vents (principle 
which looks for the engineering methods 
to better control, improve and, therefore, 
change the inherent kinetics of chemical 
reactions – i.e. number/frequency of 
collisions, mutual orientation of molecules 
and their energy) 

Give Each Molecule the S ame Processing 
Experience (which means to take into
account that processes deliver ideally
uniform products with minimum waste when
all molecules undergo the same history). 

Optimize the Driving Forces at Every Scale 
and Maximize the Specific Surface Area to
Which These Forces Apply (principle which
refers to the maximization of the driving force 
effects and not to the simply driving forces).

Maximize the S ynergistic
Effects from Partial Processes
at all possible scales. 

T. Van Gerven, A. Stankiewicz, Ind. Eng. Chem. Res., 48 (2009), 2464-2474.



Approaches for 
reaching Process 

Intensification goals

Sinergy: how maximizing the 
synergistic effects from partial processes

Energy: how energy can be transferred
from source to recipient
- in the required form,
- in the required amount, 
- on the required moment, 
- at the required position. 

Structure: how a structure can be introduced
to avoid spatial randomness.

Time: symbolize the PI approaches in the 
temporal damain which are basically
twofold and involve either manipulations of 
the time scales at which different process
steps procced, or the itroduction of dynamic
states into a process, usually in form of 
periodicity. 

T. Van Gerven, A. Stankiewicz, Ind. Eng. Chem. Res., 48 (2009), 2464-2474.



Nanostructured artificial me mbranes: technologies 

addressed towards the Process Intensification Strategy.

Membrane technologies respond efficiently to the require ments of

the “Process I ntensification Stra tegy”, becaus e th ey per mit 

improvements in manufacturing a nd pro cessing, su bstantially 

decreasing the equip ment-size/production-capacity ra tio, energ y 

consumption, a nd/or w aste pro duction and res ulting in cheaper, 

sustainable technical solutions.



W.J. Koros, Journal of Membrane Science, 300 (2007) 1.

A seaw ater RO sy stem (w ith an  
energy consumption of only 2.2 (kw
hr)/m3) is over 10 fold more efficient
than the thermal approach.

An o ptimized t hermal 
distillation p lant p roducing 10 0 
million gallons per day requires 
73 kw hr/m3

Seawater 
desalination

Power 

Separation 
processes

Process AdvantagesProblem

Using a  5 0% efficiency li mit, a fuel 
cell c oupled t o a R O u nit w ould 
show an i mprovement of  16 f old
better than the thermal alternative!

Electrochemical ox idation of  a 
fuel to extract p ower can  b e 
performed in a fuel cell or via a 
heat cycle. 
Current f uel c ells h ave 
efficiencies i n th e ra nge of 50-
60% ( higher t han t he 33%  
efficiency for optimized t hermal 
systems).

In membrane o perations o ver an 
order of magnitude red uction i n 
energy u se can b e ob tained in 
comparison w ith th ermal dr iven 
separation

Around 40- 50% o f t he e nergy 
use in industries i s consumed in 
separation processes

Some examples:



HARDWARE (MATERIALS)

ORGANIC MEMBRANES

INORGANIC MEMBRANES

CO-AGENTS 
(catalyst, functional groups …)

MEMBRANE REACTORS

MEMBRANE CONTACTORS

INTEGRATED PROCESSES

SOFTWARE (METHODS)





MULTI-EFFECT 
DISTILLATION

From: J. Rate “Mysteries
of Nature and Art” 1634

Arabic manuscript, Jabir ibn Hayyan
(722-815)



REVERSE OSMOSIS

BIOLOGICAL MEMBRANE

ARTIFICIAL MEMBRANE



CONVENTIONAL WATER PRETREATMENT: 
SEDIMENTATION STAGE

Agricola, De Re Metallica, 1556





NANOFILTRATION
MICROFILTRATION

(ULTRAFILTRATION)
G/L MEMBRANE
 CONTACTOR

CO2in CO2out

REVERSE
OSMOSIS

FE ED

REJECT
(SHEME 2)

FRES H W ATE R

DISTILLATE RE CY CLE

 MEMBRANE
CRY STALLIZER

SALTSPretreatmentPretreatment
Control of Control of 
dissolved dissolved 

gasesgases

Crystallization of Crystallization of 
NaCl and NaCl and 

MgSOMgSO44⋅⋅7H7H22OO





VAPOUR MACHINE (1800 c.a) 

INTERNAL COMBUSTION ENGINE 
(efficiency: 30%)

CONVENTIONAL 
AUTOMOTIVE SYSTEM



“ZERO EMISSION”
AUTOMOTIVE SYSTEM

BIOELETTRYCITY: 
MEMBRANE PROTEIN 
CHANNELS IN BIOLOGICAL 
MEMBRANES 

PEM FUEL CELLS 
(efficiency: 70%)



Feedstock
HOT SECTION

C3H6

C4+

A
i
r

Water

Ethane/Propane  recycle

OEA
By M em brane

Operation

MF for Water
Treatment

(coke removal)

MCs for Water
Purification

Coke

Condensed stream

GAS
COMPRESSION

MCs for
Acid Gas
Removal

Membrane
GS
H2

RECOVERY

C3+

Membrane GS
ETHYLENE/

ETHANE

Membrane GS
PROPYLENE/

PROPANE

CRACKING
FURNACES

DISTILLATION

C2+

CH4
Diution
 Steam

C2H4

MR FOR CO
CLEAN-UP

H2

Air

Pure H2

to
flares

Acid gas

MRs FOR
ETHYLENE

PRODUCTION

P. Bernardo, C. Algieri,  G. Barbieri, E. Drioli, Catalytic (Pt-Y) membranes for the purification of H2–rich streams, Catalysis Today,  2005, 
submitted.

Membrane operation can easily be combined in a whole variety of hybrid 
processes.

In particular, catalytic membrane reactors (MRs) offer new opportunities in 
the petrochemical field, e.g. for ethylene production.

Membrane unit operations integrated in a steam 
cracking ethylene plant 



Ethane oxidative dehydrogenation

ΟΗ +→   Ο 1/2+ 242 HC HC 262 Exothermic and not equilibrium limited

The presence of oxygen limits coke formation Long-term stable operation, no need for steam in the feed

Oxygen rich side

Reaction side
C2H6C2H4

e- O2-

C2H6 + O2- → C2H4 + H2O + 2 
e-

½ O2 + 2 e- → O2-

Catalytic membrane

Control of the contact mode of reactants is necessary to control the 
ethane conversion.

MR with segregated feeding:
the complete oxidation of valuable intermediate products (olefins) can be  prevented.

Ethane oxidative dehydrogenation
was studied in a dense tubular ceramic MR

made of perovskite (oxygen ion 
conducting fluorite structured 

Bi1.5Y0.3Sm0.2O3) at 825–875°C.

F.T. Akin, Y.S. Lin Journal of Membrane Science 209 
(2002)  457.



Exergy losses,  kJ/mol ethylene

621
708

984

MR TR TR+GS

TR+GS:
TR integrated with gas 

separation (GS) 
membranes for H2 

separation

MR Advantages:
Air can be fed to the perovskite 

MR

MR for oxygen distribution: 
improved safety! 

E. Drioli , P. Bernardo, G. Barbieri, An exergetic analysis of membrane unit operations integrated in the Ethylene Production cycle, 6th International 
Conference on Process Intensification for the Chemical Industry , Delft (The Netherlands), 27 - 29 September 2005.

TR Limits:
H2 is required; its 
separation and recycle are 
necessary

Commercial polymeric 
membranes can 

effectively perform H2

separation

Exergy balance

ExWWTR uus Δ−+= '0

RsT0 : entropy production (irreversible),  
Wu : electrical exergy supplied to the cycle,  
Wu’ : thermal exergy supplied to the cycle, 
ΔEx : exergy variation between inlet and outlet streams.

Exergetic analysis



$$EconomicEconomic

SafetySafety
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FLEXIBILITYFLEXIBILITY

EIEI

PWPW

PSPS
METRICMETRICNAMENAME
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HANDLEDVARIATIONS


