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Motivation

Motivation

More than 30000 specialty chemicals are produced industrially.

The performance of reactors su�ers from several limitations
(Thomas2001):

Problem 1 The rates of reactions leading to desired products are often too low to
establish economically attractive processes.

Problem 2 The conversion of many reactions of interest is thermodynamically
limited

Problem 3 The energy e�ciency of endothermal and exothermal reactions
performed industrially is often not satisfactory.

Problem 4 In reaction networks the selectivities and yields with respect to a
certain target product are limited.
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Motivation

Motivation

Solution 1 Developing new catalysts (Bhaduri2000 & Ertl2008)

Solution 2 New reactor concepts & integration of reaction with separation

Solution 3 New reactor concepts, e.g. reverse �ow reactor (Matros1996)
and loop reactor (Sheintuch2005)

Solution 4 Catalysis is the main tool

The focus of this presentation is on the second approach
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Motivation

Conventional approach

(Schmidt2006)

The process must include the separation of mixtures and recycling of
the reactants

The number of seapration steps depend on the number of
products,catalysts, solvents and reactants which are not converted

Higher costs are involved
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Motivation

Reactive Separation

In some cases, integration helps to have more e�cient separation

A chemical separation typically involves changing the chemical composition
of one of the solutions so that new physical properties of one part are
reached while leaving the rest alone

Example: Reactive Absorption or Adsorption
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Integration of Reaction and Separation

Integration of Reaction and Separation
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Integration of Reaction and Separation

Guidelines to select separation units (Schembecker1998)

Separate phases already exist: decanter, sedimentation

For phase creation, prefer the input or the removal of energy
condensation and crystallization) over using auxiliary components (e.g.
extracting agents) to avoid additional separations steps

Prefer single stage processes

When additional component is needed for separation (extraction,
azeotropic distillation, adsorption), prefer components which are
already in the process over external components
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Integration of Reaction and Separation

Different Separation Options

Example (Krishna2002)

Carboxylic acid+Alcohol↔ Ester+Water

Option 1 Reactive Distillation
Option 2 Membrane pervaporation reactor (Zhu1996)

carried out in a tubular reactor with ceramic support impregnated
in polyetherimide to selectively permeate water through
membrane

Option 3 Pulsed chromatographic reactor (Sardin1992)
Mixed alumina and cation exchange resin in acidic form used as
catalysts
A pulse containing the feed mixture in stoichiometric proportions
is injected to reactor. The solvent is fed continuously

Option 4 Continuous moving bed adsorber-reactor (Carr2001)
Amberlyst-15 is used as adsorbent and catalyst. Water is
adsorbed

To obtain pure ester, a further distillation step is required.
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Integration of Reaction and Separation

Which product to separate?

Example

2H2S+SO2↔ 3

8
S8+H2O

Any of the products can be removed (Agar1999)

R. Krishna / Chemical Engineering Science 57 (2002) 1491–1504 1499

Fig. 13. (a) Conventional 5xed-bed reactor train, with inter-stage sulphur removal by condensation, for Claus process. (b) Fixed bed reactor, with in-situ
sorption of water by zeolite adsorbent. Adapted from Agar (1999).

Feed

Catalyst
bed

Permeate
Retentate

Inert perm-selective membrane

Counter-current
permeate purge

iso-butane iso-butene + H2
→←

Fig. 14. Membrane reactor for dehydrogenation of iso-butane–iso-butene.

Fig. 15. (a) Permeation of hydrogen–hydrocarbon mixture across a zeolite or CMS membrane. (b) Permeation of hexane isomers across silicalite
membrane. The process is highly selective to the linear isomer provided the loading inside the membrane is maintained higher than 4 molecules per unit
cell (Krishna & Smit, 2001).
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Integration of Reaction and Separation

The operating window of an integrated system is narrower

(Schmidt-Gorak2006)
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Reactive Distillation

Reactive Distillation
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Reactive Distillation

Reactive Distillation

Advantage:

Chemical equilibrium limitations can be overcome

The heat of reaction can be used in-situ for distillation

Azeotropic or close-boiling mixtures can be handled easier

Higher selectivities can be achieved
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Reactive Distillation

History

History:

1860s: Ammonia recovery in Solvay process

1980s: MTBE

1980s: Eastman-Kodak condensed the plant for methyl acetate to an
RD unit
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Reactive Distillation

Applications

Industrially important reactions, implemented in commercial or lab scale
using RD

Reaction Remarks Ref

Etheri�cation (Methanol+isobutene↔ MTBE) Enhance conversion Quang1989

Esteri�cation (Acetic Acid + M-Ol↔MA+Water) overcomes azeotrope formation Agreda1990

Hydrolysis (Acrylonitrile to Acrylamide) less side product formation Kim1992

Acetalization (Ethylene glycol + formaldehyde) better recovery of formaldehyde Chopade1997

De/Hydration (Ethylene oxide + water↔ E glycol) MEG selectivity, avoid forming DEG Ciric1994

Alkylation (Benzene + Propylene ↔ Cumene) use of exotherm rxn, purer cumene Shoemaker1987

Isomerizaion (n-para�ns↔iso-para�ns) higher Octane, surpass equil. Krill1999

Chlorination (dichlorobenzene to trichlorobenzene) increase selectivity Barnum1995

Transestri�cation (AA + V strearate ↔ stearic A+VA) improve yield Geelen1965

Hydrogenation of isophorone to TMP simul. separation of TMP Schmitt1966

and many more...
Sharma et al. also introduced some candidate reactions for RD
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Reactive Distillation

Reactive Distillation

A1+A2↔ A3+A4

Assuming stoichiometric inputs, with volume correction term taking into
account the distillation, the conversion equation is:

U1 = τ
k1c1c2−k2c3c4

c10

Fact

Suppression of the reverse reaction in�uences conversion only up to a
certain limit

Two operating conditions:

'Controlled by distillation': Conversion is in�uenced by the
concentration of the component to be separated.

'Controlled by reaction': Conversion is in�uenced by residence time.
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Reactive Distillation

Design of RD systems (Jones1991)
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Reactive Distillation

Process Synthesis

RD lines: used to study the
feasibility (Sundmacher2002)

SYNTHESISER: Software to
sketch RD lines

DESIGNER: Software, from
feasibility to rigorous simulation

Reactive Column Pro�le Map
(RCPM): based on the concept
of scalar/vector di�erence point
(Mulopo2008)


���
� � �	� � ��
 ��� ��-���� �	� ��������� ��	��	�
����	� �	�� ��� ��	��	�
����	
��
�
���
� � �	� �! +��� "�;�
4� ��� ��
� ��
�! ��� �
�	���

����	 ���
�	���� ��� 
������	 ��

 �	 ��� %���	��

�-�����	� $�� ���
���	� ��	� ��
 ��� 
�������	� ������	 �� � 
������	 ����
	 �� ��
�

���� ���	����� �� ��� ���
���	� ��	� �� � 	�	�
������� ����
	� 4	 �	��	��� 
����'

���� ����� �	 �'�
�����	 ���� �� ��

���� ���	����� �� ��� �	� ��
 ���������	� ��	��	�
���	�� �����������	 ��	�� �<! 2#� 4���
��	���! &� &��� 
���
 �� ��	�� ���� ���� %��	 ����
������� %� ���� �
�����
� �� �� ��	��� $���� �	������� �
� ���	� ��
 ��� ��� 
����
���	����� ���� �
� �
��
��	� �	 �����������	 �=! C#�
$���� �	������� %���
� ��
������
�� ����
 �� &� ���� �� ��� ��	������ �� 
�����

������� �B�4�� �
�
 
����	�� �B�@�� �	� ������ ���� ��45� �� �	 �'�
���� 0��
��	������! &� ��� ����
�
� ���� �
� ��
���
 �� ��� �����������	 ��	� ����
�
� �� 	�	�

������� �����
�� 4� � 
����� �� ��� �
�	���

����	! ��� ���
 ��
� ��%���	��� ��� ��
��� ��
	�
� �� � �-��
� �	� ��� 	�	�
������� %�	�
� �����
� ��� ���	� ��� ������

��� �������� 	�
��������
 �����

 	��������
� �
 ��� �������� �����

 �
��
����


Transformation of the system A + B ↔ C
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Fig. 3. Location of the reactive difference point as the chemical reaction pro-
ceeds for reaction A + B → 2C.

reactive difference point X�1 changes along the stoichiometric
vector for the RCS. We can thus visualize that as the reaction
proceeds in the RCS, the reactive difference point moves along
the stoichiometric vector. Hence the map that describes the pos-
sible column profiles will also change and the resultant topology
at a fixed reactive difference point and Δ will correspond to the
CPM with the difference point equal to the reactive difference
point and the same value of Δ.

Hence the CPM of Tapp et al. (2004) can be used to under-
stand the shifting of topology with reaction. This arises from the
fact that both equipments can be described as a linear combina-
tion of a separation vector field S and a vector field described
by the difference vector X- �. The reactive column section on the
other hand is described by a linear combination of the separa-
tion vector field S and a reactive difference point X- � R which we
can consider to be variable in this case. When the mixing vector
field is the same as the reaction vector field, we can see that
the resultant field resulting from the linear combination must be
the same. Hence the interesting result is that the two maps are
identical: the CPM with the difference point equal to the reactive
difference point of the RCPM and the same value of Δ.

5.3. Application

What implication does that have on the synthesis?
Let us consider a first column section with a X�1 = [0.01; 0.7]

and R�1 as shown in Fig. 4. This first column section needs to
operate as a rectifying section with X�1 = XD thus the profile has
to start at the difference point composition and this is represented
as the dashed black line in Fig. 5.

Let us suppose that we add feed material of composition
XF = [0.04; 0.3] at point L. This results in a new difference
composition X�2 and R�2 as shown in Fig. 6 and calculated
using:

X�2 = Δ1X�1 − FXF

Δ2
and Δ2 = Δ1 − F (10)

Fig. 4. Distillation column with 4 column sections (CS).

Fig. 5. Column profile for the first column section for X�1 = [0.01; 0.7].
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Reactive Distillation

Rate-based or Equilibrium-based modeling?

Equilibrium-based modeling

Assumption: vapor-liquid equilibrium at each stage
The departure from equilibrium is accounted for by tray e�ciency (tray
columns) or HETP (packed columns)

Rate-based models

Assumption: the vapor-liquid equilibrium occurs only at the interface and
Maxwell-Stefan equation is used to describe the mass transfer between the
phases

When the number of sections in rate-based model are equal to the
number of theoretical stages and V-L interfacial area is increased, the
two models get closer

It is suggested to use the solution from Equilibrium-based model as
the initial guess for rate-based model (Peng2002)
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Reactive Distillation

Example:A1↔ A2, A1 has higher boiling point

(Sundmacher2002)
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Reactive Distillation

Design variables: Size of reactor (Da ≡ kVx

F
), number of theoretical

stages

(∞,∞)-Analysis and (∞,Nmin)-Analysis are used for conceptual design

(∞,∞)-Analysis: With in�nite re�ux ratio and number of stages, xR ,xB
and xD , critical recycling ratio (φ) and critical Damköhler number are
calculated
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Reactive Distillation

Optimal Design (based on superstructure)

Choice of the superstructure is based on problem-speci�c knowledge

Ciric et al.(Ciric1994)

The existence of optional parts as binary variable
Non-existing trays cause zero �ow rates and numerical problems
(Grossmann2005)
Solved using Generalized Benders Decomposition (GBD) algorithm

Frey and Stichlmair 2001

Reaction and separation are performed in consecutive blocks
Existence of column tray is modeled by variable position of reboiler

Jackson and Grossmann 2001

Used geenralized disjunctive programming (GDP) to formulate process
superstructure
Modeled the existence of column trays by boolean variables which
deactivate a subset of model constraints for non-existing trays
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Reactive Distillation

Hardware differences

For reactive trays, we need to increase the liquid holdup and so the
preferred regime of operation is the bubbly �ow or froth regime;

The weir heights used for reactive trays need to be signi�cantly higher
than those for conventional distillation.

Hardware design poses considerably more challenges in
heterogeneously catalysed RD columns. Particle sizes larger than 1-3
mm lead to intra-particle di�usion limitations.
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Reactive Distillation

Scale-up problem

The separation performance and the ratio of separation
performance / reaction performance should be maintained.

To achieve this:

Reaction with heterogeneous catalyst in the downcoming stream or
side-reactors

Reference columns on an industrial scale

De�nitions

Separation performance: Intensity of product removal in a reaction column
Reaction performance: property of converting the starting materials
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Reactive Distillation

Some remarks

The combination of distillation and reaction is possible only if the
conditions of both operations can be combined (reasonable
conversions at T, P levels that are compatible with distillation

The combination of reaction and distillation might lead to the
formation of reactive azeotropes.

Example: A mixture of acetic acid, isopropanol, isopropyl acetate and
water exhibits three two-component azeotropes, one three-component
azeotrope but no four-component azeotrope; the last appears only
under equilibrium reaction conditions. (Song1997)
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Reactive Distillation

Some Remarks

The catalyst selection should be done wisely.

Data lab scale packing may di�er from packing applied on industrial
scale. e.g. Sulzer Katapak-S has ca. 3 theoretical stages per meter on
lab and 1-1.5 on the industrial scale

Most of the reactions carried out in RD columns are kinetically
controlled and they can a�ected by the limitations of inter- and
intraphase mass- and energy transport resistances. (Sundmacher2002)

Multiplicity, Oscillatory behavior and Nonlinear wave propagation are
some of the dynamic issues

Most of the control studies focus on processes that are operated close
to chemical equilibrium
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Reactive Absorption

Reactive Absorption
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Reactive Absorption

Reactive absorption: Integration due to Separation imperfection

Methods to capture gaseous components:

absorption
adsorption
permeation through membrane
chemical conversion to another compound
condensation

Chemical absorption is also known as Reactive absorption
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2.1.2.2. Improved integration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 379
2.1.2.3. Cement industry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 379

2.2. NOx removal . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 379
2.2.1. Industrial applications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 379
2.2.2. Research activities . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 380

2.3. Nitric acid production . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 381
2.3.1. Industrial applications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 381
2.3.2. Research activities . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 383

2.4. Desulphurisation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 383
2.4.1. Industrial applications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 383
2.4.2. Research activities . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 385

2.5. Sulphuric acid production. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 386
2.5.1. Industrial applications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 386
2.5.2. Research activities . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 388

3. Concluding remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 389
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 389

1. Introduction

The current EU legislation imposes tighter restrictions aimed at
reduction of the impact of process industries on the environment.
Consequently, substantial research work focuses on developing
sustainable processes allowing efficient handling of waste and pro-
duction of chemicals. Process industries intensively work with gas
streams. Both natural and industrial gases are processed, for in-
stance in gasification of different fuel sources (coal, oil and natural
gas) or in diverse manufacturing processes of chemical industry.

Before using gas streams as chemical feedstock or releasing
them into atmosphere, it is usually necessary to change their com-
position by removing one or several components. Basically, there
exist five methods suitable for gaseous component capturing,
namely, absorption, adsorption, permeation through a membrane,
chemical conversion to another compound, and condensation [1].
From these operations, absorption is undoubtedly the most impor-
tant one. During absorption process, a gas to be treated is brought
in contact with a liquid stream and gas components are transferred
into the liquid (solvent) phase in which they are soluble. Important
gas purification applications are listed in Table 1 [2].

Depending on the mechanism binding the gas compounds in
solvent, one can distinguish between physical and chemical (or
reactive) absorption [3,4]. Physical absorption of gas or gas mixture
components in a liquid solvent comprises mass transfer at the gas–
liquid interface and mass transport within the phases. It depends
on the gas solubility and the operating conditions (e.g. pressure
and temperature). A classic example of physical absorption of a
gas into a liquid is the absorption of carbon dioxide (CO2) into
water (H2O) – usual in the beverage industry. Chemical absorption,
also known as reactive absorption (RA), is based on a chemical
reaction between the absorbed substances and the liquid phase.
It largely depends on the stoichiometry of the reaction, concentra-
tions of the reactants and mass transfer rates.

This paper focuses on RA operations. They may be carried out in
different units, with a wide spectrum of phase flow types and
interactions (see Table 2). In most cases, RA is carried out in plate
or packed columns. In plate columns, the phases flow counter-cur-
rently, whereas on each given plate, a cross-flow is usually estab-
lished. In packed columns, a liquid flows along the packing
surface, whereas a gas stream occupies the rest of the free volume.
There exist numerous plate and packing designs. In [1], guidelines
are given how to select the most appropriate internals for specific
RA applications – depending on the Hatta number. RA may also
proceed in spray contactors, the simplest type of an absorption col-
umn. The desired contact area is achieved by dispersing the fluid in
small droplets.

Optimal design of RA processes requires adequate models cov-
ering mass and heat transfer, reaction kinetics and column hydro-
dynamics. Different possibilities to model RA units are presented
by Fig. 1. Large-scale applications are modelled by sub-dividing
columns into smaller segments, so-called stages. Each stage corre-
sponds to a single tray or to a segment of packed columns. The
equilibrium stage model assumes that the gas and liquid streams
leaving a stage are in thermodynamic equilibrium. Due to its sim-
plicity, this model (first published in [5]) has been used in the past
decades for a variety of applications, especially for non-reactive
systems. Yet, in real absorption processes, the thermodynamic
equilibrium is usually not attained within a stage. For this reason,

Table 1
Industrial applications of absorption [2].

The gas industry Gas dehydration
Removal of CO2 and H2S
Selective absorption of H2S

Refineries Hydrocarbon absorbers for lean oil etc.
H2S absorbers
Various types of stripping columns
Sour water strippers

The petrochemical industry Synthesis gas processing
Gas saturation
Ethylene oxide absorption
Acrylonitrile absorption

The chemical industry Synthesis gas processing (CO2 removal)
Chlorine drying
HCl and ammonia absorption
Absorption of nitrous gases

The cellulose industry Sulphur dioxide absorption
Chlorine dioxide absorption
Flue gas scrubbing with sulphur recovery

Food processing Stripping various components producing
odours
Processing fatty acids
Hexane absorption and stripping

The metal and packaging
industries

Absorption of triethylamine (in foundries)
Absorption of lube and cooling oils
Absorption and recovery of solvent
vapours

Exhaust air scrubbing Removal of acid components (wet- and
dry-scrubbing of SOx and NOx)
Removal of base components
Removal and recovery of organic solvents

Wastewater/sewage treatment
and pollution control

Air stripping of chlorinated hydrocarbons
Desorption and recovery of ammonia
Effluent neutralization
Deaeration of seawater

372 Ö. Yildirim et al. / Chemical Engineering Journal 213 (2012) 371–391

(Chattopadhyay2007)
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Reactive Absorption

Gas Sweetening

Gas sweetening is one of the well-known and well-developed examples

Carbon dioxide, hydrogen sul�de, and other contaminants are often
found in natural gas streams.

Gas sweetening: Removing acid gas from natural gas

CO2+water → carbonicacid is corrosive.

CO2 reduces the BTU value of gas and in concentrations of more that
2% or 3% the gas is unmarketable.

H2S is extremely toxic gas and tremendously corrosive to equipment.
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Reactive Absorption

CO2 capture from stack gas

Intention: Global warming

Storage of stack gas is not economic

In the case of capture from stack gas, pressure is too low, that
physical dissolution is not considerable

Physical solvent are used for high pressure systems

1 Selexol process: dimethyl ether of polyethylene glycol

2 Fluor solvent process: propylene carbonate

3 Purisol: N-methylpyrrolidone

An enhancer for dissolving process is needed
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Reactive Absorption

Typical RA process
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Reactive Absorption

Reaction set for MEA case

Forward direction: Low temperature (Absorber)

Backward direction: High temperature (Desorber)
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Reactive Absorption

Reactive absorption

Rate-based approach: Most reliable method (Yildirim2012)

The two �lm parameters: to describe mass-transfer (Kenig2003)

Solvents must be chosen depending on (Mondal2011)
1 Required purity of cleaned gas stream
2 Composition of feed gas
3 Utility requirements, process costs
4 Corrosion and solvent degradation

Each solvent has pros and cons
1 Reaction rate of primary amines is higher than tertiary amines leading

to high solvent circulation rates of tertiary amines
2 Primary amines are more corrosive
3 Loading increases from primary to tertiary amines

* Loading describes the capability of one mole solvent to absorb one mole acid gas
components
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Reactive Absorption

Developing Solvents for Reactive Absorption

Simple and well-known amines: Monoethanolamine(MEA),
Diethanolamine(DEA), 2-amino-2-methyl-1-propanol(AMP)

Mixture of amines: One with high capacity(with drawback of low
reaction rate), and the other with high reaction rate(but low
capacity); AMP-Piperazine

Mixture of amines that after absorption splits to 2 phases(one with
higher loading of CO2 and the other with low loading of CO2):
2-(diethylamino)-ethanol (DEEA) / 3-(methylamino)-propylamine
(MAPA)

Mixture of an amine with an enzyme
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Reactive Absorption

Activities in the field of RA

Important research programs world-wide:,

Luminant Carbon Management program

University of Texas at Austin

Research on CO2 rate kinetics and solubility measurements,
degradation of solvents, system modeling, pilot plant testing

International Test Center (ITC) for CO2 capture

Multi-purpose pilot unit (1 ton of CO2 per day)

a semi-commercial (4 ton of CO2 per day) recommissioned in 2000
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Reactive Absorption

Activities in the field of RA

Technology Center Mongstad, Norway

Designed to capture about 100,000 tonnes per year of CO2, the project
will be the largest demonstration of CO2 capture technologies to date.

NTNU & SINTEF

+20 projects on Solvent & packing characterization, thermodynamic
modelling, Process simulations

CASTOR, CAPRICE, CESAR, NZEC, CO2CRC, and more (see
Wang2011)
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Reactive Absorption

Some remarks

A major application of RA is removal of CO2 and/or H2S from various
industrial streams

Reduce energy consumption by developing new solvents and heat
integration

Process Intensi�cation (Wang2011, Lin2007)

Lower installation factors and reduced capital costs.

Residence times are reduced

The improvement in heat/mass transfer coe�cients and
thermodynamic e�ciency.
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Reactive Adsorption

Reactive Adsorption
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Reactive Adsorption

Reactive Adsorption

A widely used separation tool in almost every sector

Example: Drying air, water treatment, air puri�cation, removal of
odor, separation of components from mixtures

To increase the retention forces two approaches can be taken:
(Petit2010)

The presence of highly porous structure with pores similar to the size of
adsorbate
The presence of functional groups reacting with adsorbate to enable its
strong retention on adsorbent structure
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Reactive Adsorption

Modi�ed adsorbents used for Reactive adsorption (Sharma2012)
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Reactive Adsorption

Adsorption Reactor Configurations

Fluidized bed: di�cult solid handling

Fixed bed combined with regeneration cycles are the common choices

Regeneration strategies:
(Schmidt-Gorak2006)

Pressure swing
concentration swing
temperature swing
reactive regeneration
displacement regeneration
combinations
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Reactive Adsorption

Some remarks

For an e�ective reactive adsorption, adsorbent modi�cation is
recommended.

The selection criteria of an adsorbent for a particular adsorbate species
depend upon the nature of adsorbate.

An extensive research is required for the selection and regeneration of
reactive adsorbent to make reactive adsorption economically feasible.

Parametric analysis of reactive adsorption is required in order to
optimize the design of a reactive adsorber.

Evaluation of the performance of reactive adsorbents for continuous
large scale applications is also a potential area.
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Membrane reactors

Membrane Reactors

Ghadrdan (NTNU ) Integration of Reaction and Separation 4424 Oct 2014 44 / 58



Membrane reactors

Membranes for MRs

Classi�cation 1 Nature
I Biological

Limited operating T and pH range
Susceptible to microbial attack
di�culties with cleaning

II Synthetic

Organic (polymeric): operates between 100−300◦

Inorganic (Metal, Ceramic, Carbon, Zeolite)

Classi�cation 2 Separation regime

Dense
Porous
Ion exchange

Classi�cation 3 Geometry

Planar
Tubular (tubes, capillaries and hollow �bers)
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Membrane reactors

MR Concepts

Retainment of homogeneous catalysts (Cheyran1986)

 4  1 Basic Problems of Chemical Reaction Engineering and Potential of Membrane Reactors

  Concept II: Contactor 
 Another interesting and promising membrane reactor principle is based on apply-
ing the membrane as an active  “ Contactor ” . The reactants are fed into the reactor 
from different sides and react within the membrane (Miachon  et al. ,  2003 ; Ditt-
meyer and Caro,  2008 ). There are signifi cant efforts in order to exploit this prin-
ciple for heterogeneously catalyzed gas/liquid reactions (three - phase membrane 
reactors) (Dittmeyer and Reif,  2003 ; Vospernik  et al. ,  2003 ).  
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     Figure 1.1     Illustration of the conventional 
packed bed reactor (PBR) and six membrane 
reactor concepts (I – VI). Concept I: catalyst 
retainment. Concept II: membrane as 
 “ contactor ” . Concept III: membrane as 

 “ extractor ”  (shift of equilibria). Concept IV: 
coupling of reactions. Concept V: membrane 
as  “ extractor ”  (removal of intermediates). 
Concept VI:  “ distributor ”  (reactant dosing).  

Extractor (Pfe�erie1966)

 4  1 Basic Problems of Chemical Reaction Engineering and Potential of Membrane Reactors

  Concept II: Contactor 
 Another interesting and promising membrane reactor principle is based on apply-
ing the membrane as an active  “ Contactor ” . The reactants are fed into the reactor 
from different sides and react within the membrane (Miachon  et al. ,  2003 ; Ditt-
meyer and Caro,  2008 ). There are signifi cant efforts in order to exploit this prin-
ciple for heterogeneously catalyzed gas/liquid reactions (three - phase membrane 
reactors) (Dittmeyer and Reif,  2003 ; Vospernik  et al. ,  2003 ).  
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     Figure 1.1     Illustration of the conventional 
packed bed reactor (PBR) and six membrane 
reactor concepts (I – VI). Concept I: catalyst 
retainment. Concept II: membrane as 
 “ contactor ” . Concept III: membrane as 

 “ extractor ”  (shift of equilibria). Concept IV: 
coupling of reactions. Concept V: membrane 
as  “ extractor ”  (removal of intermediates). 
Concept VI:  “ distributor ”  (reactant dosing).  

Selectivity enhancement through withdrawal of a product
(Kölsch2002)

 4  1 Basic Problems of Chemical Reaction Engineering and Potential of Membrane Reactors

  Concept II: Contactor 
 Another interesting and promising membrane reactor principle is based on apply-
ing the membrane as an active  “ Contactor ” . The reactants are fed into the reactor 
from different sides and react within the membrane (Miachon  et al. ,  2003 ; Ditt-
meyer and Caro,  2008 ). There are signifi cant efforts in order to exploit this prin-
ciple for heterogeneously catalyzed gas/liquid reactions (three - phase membrane 
reactors) (Dittmeyer and Reif,  2003 ; Vospernik  et al. ,  2003 ).  
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     Figure 1.1     Illustration of the conventional 
packed bed reactor (PBR) and six membrane 
reactor concepts (I – VI). Concept I: catalyst 
retainment. Concept II: membrane as 
 “ contactor ” . Concept III: membrane as 

 “ extractor ”  (shift of equilibria). Concept IV: 
coupling of reactions. Concept V: membrane 
as  “ extractor ”  (removal of intermediates). 
Concept VI:  “ distributor ”  (reactant dosing).  

Contactor (Miachon2003)

 4  1 Basic Problems of Chemical Reaction Engineering and Potential of Membrane Reactors

  Concept II: Contactor 
 Another interesting and promising membrane reactor principle is based on apply-
ing the membrane as an active  “ Contactor ” . The reactants are fed into the reactor 
from different sides and react within the membrane (Miachon  et al. ,  2003 ; Ditt-
meyer and Caro,  2008 ). There are signifi cant efforts in order to exploit this prin-
ciple for heterogeneously catalyzed gas/liquid reactions (three - phase membrane 
reactors) (Dittmeyer and Reif,  2003 ; Vospernik  et al. ,  2003 ).  
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     Figure 1.1     Illustration of the conventional 
packed bed reactor (PBR) and six membrane 
reactor concepts (I – VI). Concept I: catalyst 
retainment. Concept II: membrane as 
 “ contactor ” . Concept III: membrane as 

 “ extractor ”  (shift of equilibria). Concept IV: 
coupling of reactions. Concept V: membrane 
as  “ extractor ”  (removal of intermediates). 
Concept VI:  “ distributor ”  (reactant dosing).  

Energetic coupling (Gryznov1974)

 4  1 Basic Problems of Chemical Reaction Engineering and Potential of Membrane Reactors

  Concept II: Contactor 
 Another interesting and promising membrane reactor principle is based on apply-
ing the membrane as an active  “ Contactor ” . The reactants are fed into the reactor 
from different sides and react within the membrane (Miachon  et al. ,  2003 ; Ditt-
meyer and Caro,  2008 ). There are signifi cant efforts in order to exploit this prin-
ciple for heterogeneously catalyzed gas/liquid reactions (three - phase membrane 
reactors) (Dittmeyer and Reif,  2003 ; Vospernik  et al. ,  2003 ).  

q· ·q

Reactants ProductsCatalyst

A

B

C

C JB

JA
A + B        C Catalyst

A

Sweep
JD

A + B        D
D + B        U

U

D

A

B JB

A + B D
D + B U

D

Reactants Homogeneous
Catalyst

Ji (i � Catalyst) Products
Membrane

A

D + B E

C

E

A        B + C

D JB

A         B+C CA

BSweep JB

Catalyst

Conventional packed-bed reactor (PBR)

Different concepts of membrane reactors

I II

III IV

V VI

     Figure 1.1     Illustration of the conventional 
packed bed reactor (PBR) and six membrane 
reactor concepts (I – VI). Concept I: catalyst 
retainment. Concept II: membrane as 
 “ contactor ” . Concept III: membrane as 

 “ extractor ”  (shift of equilibria). Concept IV: 
coupling of reactions. Concept V: membrane 
as  “ extractor ”  (removal of intermediates). 
Concept VI:  “ distributor ”  (reactant dosing).  

Selectivity enhancement through optimized reactant
dosing (Mallada2000)

 4  1 Basic Problems of Chemical Reaction Engineering and Potential of Membrane Reactors

  Concept II: Contactor 
 Another interesting and promising membrane reactor principle is based on apply-
ing the membrane as an active  “ Contactor ” . The reactants are fed into the reactor 
from different sides and react within the membrane (Miachon  et al. ,  2003 ; Ditt-
meyer and Caro,  2008 ). There are signifi cant efforts in order to exploit this prin-
ciple for heterogeneously catalyzed gas/liquid reactions (three - phase membrane 
reactors) (Dittmeyer and Reif,  2003 ; Vospernik  et al. ,  2003 ).  
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     Figure 1.1     Illustration of the conventional 
packed bed reactor (PBR) and six membrane 
reactor concepts (I – VI). Concept I: catalyst 
retainment. Concept II: membrane as 
 “ contactor ” . Concept III: membrane as 

 “ extractor ”  (shift of equilibria). Concept IV: 
coupling of reactions. Concept V: membrane 
as  “ extractor ”  (removal of intermediates). 
Concept VI:  “ distributor ”  (reactant dosing).  Ghadrdan (NTNU ) Integration of Reaction and Separation 4624 Oct 2014 46 / 58



Membrane reactors Hydrogen Production

Membrane reactors for H2 production

Membranes and membrane reactors
for pure H2 production are widely
investigated, because of

important application areas of
hydrogen

mechanically and chemically
stable membranes with high
perm-selectivity towards
hydrogen are available

counter-current mode leads to completely different partial pres-
sure profiles in reaction and permeation sides with respect to the
co-current mode (independently on the reaction system consid-
ered) (Gallucci et al., 2008c).

Although the tube in tube configuration is quite useful to work
in lab scale and for proof of principle of membrane reactors, for
industrial scale some other configurations need to be used in
order to increase the membrane area per volume of vessel used.
In fact, the amount of hydrogen produced is directly related to the
amount of membrane area installed in the reactor. Starting for the
tube in tube configuration, a straightforward way to increase the
membrane area in packed bed is the tube in shell configuration
(Buxbaum, 2002; Tosti et al., 2008). An example of multi-tube
membrane housing has been patented by Buxbaum (2002) and
reported in Fig. 14. In this case the catalyst is loaded in the shell
side of the reactor while the membrane tubes are connected to a
collector for the pure hydrogen. In particular, in the figure the
possibility to use a catalyst in a separate chamber is shown. In
case of reforming reactions, this chamber acts as a pre-reforming
zone where the greatest temperature profiles are concentrated. In
this way the membranes will work at an almost constant
temperature.

The second way to increase the membrane area per volume of
reactor is adopting the hollow fiber configuration. For example, in
case of perovskite membranes the membrane flux is generally
quite low and the hollow fiber configuration is quite interesting.
The main investigators of hollow fiber membrane reactors are
summarized in Table 4.

These studies confirmed that the membrane preparation proce-
dure can be also intensified to produce hollow fiber membranes
with similar selectivities of the planar or tubular membranes.

Kleinert et al. (2006) studied for example POM in a hollow
fiber membrane reactor. The perovskite membranes used by the
authors were produced from Ba(Co,Fe,Zr)O3�d (BCFZ) powder via
phase inversion spinning technique. A tube in tube configuration
has been used while the catalyst was packed in the shell side of
the reactor.

In their paper the authors show that the membrane was able
to give quite interesting results with a methane conversion of 82%
and a CO selectivity of 83%. Moreover the membrane was quite
stable under the reactive conditions investigated. Finally, the
combination of steam reforming and POM was studied by feeding
steam along with methane in order to suppress the carbon
formation. Even in these conditions the membrane reactor
showed good stability.

The membrane area required for the separation can be reduced
by increasing the membrane fluxes (by keeping the same high
perm-selectivity). As already described above, membrane fluxes can
be increased by decreasing the separation thickness (ultra thin
membranes). For example, for Pd-based membranes, defect free
separation layers as thin as 1–2 mm are now commonly produced in
laboratory (Mejdell et al., 2009a). The thinner is the separation
layer, the highest is the hydrogen flux through the membrane, the
lowest should be the membrane area required for a given hydrogen
recovery. However, the production of thin membranes brought
under the spotlight one of the disadvantages of fixed bed mem-
brane reactors: the influence of bed-to-wall mass transfer limita-
tions on the membrane area required. Briefly, as long as the
hydrogen flux through the membrane is a limiting step, the effect
of external mass transfer limitations such as the limitations to
hydrogen transport between the bulk of the catalytic bed (where
hydrogen is produced) and the membrane wall (where hydrogen is
recovered) can be neglected. However, by increasing the membrane
flux, the external mass transfer limitations became limiting and
determine the extent of membrane area. An example of the increase

Table 3
Major investigators on packed bed membrane reactors

Investigator

name

Institution Number

of papers

Basile A. Institute on Membrane Technology (Italy) 35

Tosti S. ENEA (Italy) 29

Rahimpour,

M.R

Sharaz University (Iran) 27

Itoh N. Utsunomiya University (Japan) 12

Lombardo

E.A.

Instituto de Investigaciones en Catálisis y

Petroquı́mica (Argentina)

11

Nomura N. University of Tokyo (Japan) 7

Fig. 12. Number of papers on hydrogen production in membrane reactors per

year. Database Scopus (www.scopus.com). Keywords ‘‘membrane reactor’’ and

‘‘hydrogen production’’—11 December 2012

Fig. 13. Membrane reactor catalyst in tube (A) and catalyst in shell

(B) configurations.

F. Gallucci et al. / Chemical Engineering Science 92 (2013) 40–6654

integration among different process units are required to obtain
the hydrogen at the desired high purity.

Among different technologies related to production, separa-
tion and purification of H2, membrane technologies seem to be

the most promising and membrane separation is nowadays increas-
ingly considered as a good candidate for substituting conventional
systems. The specific thermodynamic constrains limiting traditional
reactors can be circumvented by using innovative integrated systems,

Fig. 2. Conventional steam reforming reaction scheme. HT shift and LT shift are high and low temperature shift reactors, respectively.

Fig. 3. Membrane system and involved gas streams (Lu et al., 2007).

Post-Combustion
Capture

Pre-Combustion
Capture

Oxyfuel
Combustion

Power & 
Heat

CO2

separation

Air separation

Gasification
CO2

compression & 
Dehydration

Power &
Heat

Power &
Heat

N2 , O2

CO2

CO2

CO2

Air

Air/Steam

Air

Air

O2

N2

Coal
Gas
Biomass

Coal
Biomass

Coal
Gas
Biomass

Gas
Oil

Reforming 
+ CO2

separation

Fig. 1. The three main CO2 capture routes (adapted from Metz et al., 2005).

F. Gallucci et al. / Chemical Engineering Science 92 (2013) 40–6642
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Membrane reactors Hydrogen Production

Comparison of membrane types for hydrogen separation

Depending on the operating conditions and feed gas composition, a wide
variety of membrane materials can be selected (Kluiters2004,Liu2010)
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Membrane reactors Hydrogen Production

Membrane reactors

Packed-bed reactors

Most studied con�guration for H2 production

PBMR is used in di�erent studies to produce H2: methane reforming
(Galluchi2006), POX of methane (Tan2009), reforming of alcohols
(Tosti2009), autothermal reforming (Simakov2009)

Limitation: Low membrane area per unit volume

Limitation: pressure drop along the reactor, which dictates the size of
catalysts

Reactions are quite endothermic (reforming) or exothermic (CPO). So,
temperature control is important

A decrease in temperature leads to decrease of hydrogen �ux through
membrane while an increase of temperature could result in crack on the
membrane surface
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Membrane reactors Hydrogen Production

Membrane reactors

Fluidized bed reactors

More complex �uid dynamics compared to packed-bed MR

Bundle of hydrogen-selective membranes immersed in a catalytic bed
operated in the bubbling or turbulent regime.

Negligible pressure drop, which allows using small particle sizes
resulting in no internal mass and heat transfer limitations.

(Virtual) isothermal operation.

Flexibility in membrane and heat transfer surface area and arrangement
of the membrane bundles.
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Membrane reactors Hydrogen Production

Membrane microreactors

Improved mass / heat transfer owing to reduction of scale length in
micro-channels

High degree of process intensi�cation

By comparing the performance of the same membrane in di�erent
con�gurations, it is concluded that in micro-channel MR con�gurations
the concentration polarization e�ect can be neglected
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Membrane reactors Hydrogen Production

Membrane Reactors

Membrane bio-reactors

Environment friendly

The biological processes for H2 production can be summarized as
(Das2008)

Biophotolysis of water using algae and cyanobacteria.

Photodecomposition of organic compounds by photo-synthetic
bacteria.

Fermentative hydrogen production from organic compounds

Hybrid systems using photosynthetic and fermentative bacteria.

The membranes used for these biological processes are typical
(polymeric) membranes already commercially applied to water
treatments
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Membrane reactors Hydrogen Production

Optimal design

Optimal structure can be obtained from superstructure model

stages were chosen based on the process optimization by
simulation results.

The simulation of an on-farm scale biogas upgrading plant
using PVAm/PVA blend membrane was performed with respect to
required membrane area, capital and operation cost, energy
demands for compression and the purity and recovery of CH4.

3.2. Process configurations

Processes with 2-stage configurations are the most commonly
used multi-stage processes; 3-stage configurations may result in
better separation (Kaldis et al., 2004), but the complexity of the
process variable control and the extra costs limited its applications,
thus it will not be discussed in this study.

Fig. 6 illustrates the flow sheets of four simulated module
arrangements using the PVAm/PVA blend membrane for biogas
upgrading, including a single stage configuration (a) and a 2-
stage configuration (b) without recycle as well as two 2-stage
configurations with recycle: symmetric cascade (c) and asym-
metric cascade (d). In configuration (b), the CO2 concentration in
the retentate streams from the 1st and 2nd stages was fixed at
the same value, and the required membrane area for each stage
thus found by simulation. In the symmetric 2-stage cascade
configuration (c), the permeate stream of the 1st stage is the
feed of the 2nd stage, and the retentate of the 2nd stage is
recycled. While in case (d) the feed of the 2nd stage is the
retentate of the 1st stage, and the permeate flow of the 2nd
stage is recycled (Stern et al., 1998; Bhide and Stern, 1993a,b;

Hao et al., 2008, 2002; Rautenbach and Dahm, 1987). In all four
cases, the retentate stream will be the upgraded biogas (CH4)
and the permeate will be the CO2-rich stream.

3.3. Base-case conditions and general assumptions

The base-case conditions for the four biogas upgrading
processes are summarized in Table 3. The input membrane gas
permeation data were based on the experimental results listed
in Table 2, obtained at 25 8C and pressures in a 2–20 bar range.
The capacity of the simulated plant was approximately
1000 Nm3/h raw biogas containing 35 vol.% CO2 and 65 vol.%
CH4-impurities and minor components present were neglected
in the simulations. The raw biogas pressure from bioreactor was
set as 1.2 bar.

Fig. 5. Conceptual schematic diagram of an on-farm biogas upgrading system providing fuel gas to natural gas network. 1: Bioreactor; 2: thickener; 3: filter; 4: 1st stage

membrane module; 5: 2nd stage membrane module.

Fig. 6. Proposed membrane module configurations for biogas upgrading process.

Table 3
Base-case conditions for the biogas upgrading process.

Parameters Case

a b c d

Feed raw biogas (Nm3/h) 1000 1000 1000 1000

Feed pressure (bar) 1.2 1.2 1.2 1.2

Feed CO2 concentration (vol.%) 35 35 35 35

Permeate T and P at 1st stage (8C, bar) 25, 1 25, 1 25, 1 25, 1

Permeate T and P at 2nd stage (8C, bar) – 25, 1 25, 1 25, 1

CH4 purity (%) 98 98 98 98

CH4 recovery (%) – 98 98 –

Upgraded biogas delivery pressure (bar) 40 40 40 40

L. Deng, M.-B. Hägg / International Journal of Greenhouse Gas Control 4 (2010) 638–646 641

(Deng2010)
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some remarks

The most widely studied membrane materials for H2 production are
dense metal membranes and among them the Pd-based membranes
are closer to the market (Gallucci2013)

Dense metal membranes are commercialized by: CRI/Criterion (owned
by Shell), ECN, Eltron Research Inc., Green Hydrotec

Industrial type of MRs will most likely be based on �uidized bed
con�guration and/or micro-structured reactors

Based on the reviews, the �rst membrane reactors operated at large
scale will be probably based on natural gas reforming or bio-ethanol
reforming (Gallucci2013)
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Summary

Reactive separations are generally regarded as "new" technology.
Developing a new technology includes higher costs and risks

The overlap in process conditions required to provide acceptable
reaction and separation performance is quite narrow

Application of reactive separations are custom tailored to the problem
to be addressed. Solutions might not work in a similar situation

Extensive equipment design is often required to address the details of
how the reaction and separation phenomena are coupled in one vessel

The development of reactive separation processes generally leads to
increased complexity of process operations and control
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