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THE SEPARATIONS REPORT: COMMERCIAL, TECHNICAL AND  

R&D ASSESSMENT IN REFINING, PETROCHEMICALS/SYNGAS,  

NATURAL GAS AND INDUSTRIAL GASES 
 

STUDY COMPLETED! 
 

 

This TCGR assessment was completed in October 2017. The study’s scope, and 
specific contents (as depicted in the TofC on pages 9-22), reflect the inputs from a 
group of “charter” subscribers who indicated their priorities for coverage, areas to 
be expanded/deepened and focal points for emphasis in opportunity identification. 
These are leading industrial developers, suppliers and end users in separations 
technologies, including membranes, adsorbents, distillation and other approaches 
(e.g., liquid/liquid). 
 

 

I. Introduction 
 

Traditional separations and purification processes have relied on thermal technologies such as 
distillation and physical/chemical adsorption. The phase-change transformations in distillation 
and the constant pressurization/depressurization cycles of adsorption require significant energy 
input. With this in mind, it’s no surprise that the chemicals separations processes commonly 
employed today reportedly account for about half of U.S. industrial energy use and 10-15% of 
the U.S.’s total energy consumption (see Figure 1). This large energy usage and monetary cost 
is driving the need to develop more energy efficient separations technology. As an added 
incentive, the potential for global carbon taxes will further increase the need to reduce the 
reliance on energy-intensive separations processes.  
 

Figure 1 

 
Source: Nature, Volume 532, pp 435 
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Developments towards more efficient adsorbents and adsorption processes are the goal of 

many technology providers and new membrane based processes that don’t require thermal or 

physical (pressure) energy to separate components have become a focus, too. As separations 

as a whole shifts from the thermal based distillation processes to rely more on 

adsorbents/membranes, it’s important to document the advances in technology, the new market 

opportunities and competitive opportunities/threats that arise.  
 

Following in the footsteps of The Intelligence Report, The Catalyst Group Resources’ 

(TCGR’s) biennial catalyst industry study that’s been in production for 32 years, TCGR’s new 

biennial report series, The Separations Report represents a new “gold standard” for the 

separations industry. TCGR has created the definitive resource for information about the market 

size and growth for separation and purification within industrial processes. Key focus is paid to 

which incumbent technologies are at risk of replacement due to cost, integration, etc. and the 

advances in technology that are driving the change/growth. The Separations Report goes 

beyond statistics to provide competitive insight and analysis vital to stakeholders in the 

refining, petrochemicals/syngas, natural gas and industrial gases markets while also 

providing strategic guidance for innovation, growth and investment opportunities across 

the entire value chain.  

 

II. BACKGROUND 
 

Most of the excitement in the processing industries is a result of new catalyst and production 

processes that provide novel routes to familiar products and new products that replace those 

traditionally used. Even marginal improvements to activity rates and yields provide benefits to 

production margins. While the reaction section garners most of the attention, it’s easy to forget 

that separation and purification is of paramount importance within the processing industries. 

The importance of separations will only become greater as more advanced and 

specialized processes/products are developed.  
 

Both (1) adsorbents and (2) membranes are critical to the separation and purification of 

hydrocarbons and industrial gases. More stringent standards for product purity and 

contaminants along with a new emphasis on energy efficiency are making separations media 

and improved processes a focus for both producers and end-users.   
 

 Adsorbents 
 

Natural materials (e.g., clay, activated carbon, silica, etc.) once dominated the 

adsorption field, but now engineered materials such as zeolite molecular sieves 

(ZMS), modified aluminas and metal oxides have gained significant market share, 

especially in applications that benefit from increased performance (see Figure 2). 

New materials like MOFs, COFs and ZIFs are finding increased attention. The value-

added provided by these advanced engineered adsorbents justify a premium and 

warrant TCGR providing an update on the new developments within the technology 

and market.   
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Figure 2 

Porous Materials Used as Adsorbents Over the Years 
 

 
Source: The Industrial Adsorbents Business: Commercial Strategy, Technical and R&D Assessment in 
Refining, Chemicals/Syngas, Natural Gas and Industrial Gases (July, 2013), TCGR. 
 

 Membranes 
 

The search for competitive advantage has continued in the application of 

membranes. Advances in design and manufacturing techniques of membranes have 

progressed to the point that membrane-based olefin/paraffin separation is a reality. 

Two companies of note, IMTEX and Compact Membrane Systems, have developed 

equally impressive systems for olefin/paraffin separation that are currently being 

tested on a pilot scale or will be tested in the near future (see Figure 3). These trials 

wouldn’t have been possible just 5 years ago. Indeed membranes have begun to 

replace adsorbents and thermal separations processes. These membranes are even 

creating new revenue streams such as the recovery of olefins from purge streams 

that have traditionally been unprofitable using thermal separation. As olefin/paraffin 

separation membranes gain market share, it’s important to track the development, 

implementation and implications of their use.  
 

Figure 3 

Cross-Sectional View of a Permylene Membrane Module 

 
Source: IMTEX website (www.imtexmembranes.com) 

 
 

http://www.imtexmembranes.com/
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Separately, membranes have also been successfully used to recover hydrogen from refiner applications. 

Several examples exist such as Air Liquide’s MEDALTM and MTR’s VaporSep-H2
TM membranes. The 

benefit of this application comes from the energy savings provided by operating as significantly lower 

temperature than conventional process. This application is real and will continue to increase in 

popularity. Performance gains against the incumbent technology make this application difficult to ignore!  
 

III. THE NEED FOR THE STUDY 
 

TCGR has recently completed dedicated studies in both the areas of adsorbents and 

membranes. These are the first studies we’ve done in the respective areas in over 10 years:  
 

 Membranes in Separations: Commercial Advances in Refinery, Petrochemical/ 

Chemical and Industrial Gases Applications (November, 2016) 

 The Industrial Adsorbents Business: Commercial Strategy, Technical and R&D 

Assessment in Refining, Chemicals/Syngas, Natural Gas and Industrial Gases (July, 2013) 
 

However, our clients have made it clear that there is industry support for a combined study 

focused on separations and purification on an ongoing basis.  Capturing the breadth of 

developments across separations applications and types, in one place, allows for comparisons 

and assessments in which incumbent vs. new can be made, providing value to subscribers. 
 

The increase in product purity requirements, energy costs and GHG regulations have caused 

refiners, petrochemical/chemical and gas producers to look for efficient ways to find competitive 

solutions. Improved advanced adsorbents, membranes, and separations processes are the 

answer! This newly completed study, The Separations Report, is needed to review new 

technologies and developments more broadly in order to provide separations users with 

the knowledge necessary to make important decisions about how to improve their 

operations over every spectrum. Separations producers will also find the market 

size/growth and industry participants analysis important for their competitive intelligence, 

providing guidance on the fastest growing markets/applications to enter.  
 

This study compliments an ongoing portfolio of similarly well received studies The Catalyst Group 

Resources has delivered to clients over recent years. This growing experience demonstrates 

TCGR’s unique capability, resources and expertise to deliver exceptional insight.  
 

Recent multi-client studies, limited-client studies and reports from TCGR’s membership 

programs, notably the Catalytic Advances Program (CAP) and the Carbon Dioxide Capture 

and Conversion (CO2CC) Program, include: 
 

 Recent Progress in Zeolitic Membranes for Gas Separations and Catalysis 

(December, 2016) 

 Benchmarking CO2 Capture Technology (Vol. 3): Update on Selected Pre-

/Oxy-Combustion and Post-Combustion Capture Routes (September, 2016) 

 The Intelligence Report: Business Shifts in the Global Catalytic Process 

Industries, 2015-2021 (May, 2016) 

 Specialty Zeolites in Catalysis, 2002-2020: International, Commercial and 

Technical Progress – A New Era! (February, 2014)  
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IV. SCOPE AND METHODOLOGY 
 

TCGR’s study documents and assesses, on both scientific and techno-economic bases, recent 

developments in separation technologies and compares them to current industrial state-of-the-art 

alternatives with the objective of providing insightful, timely advice in both R&D/ technical and 

commercial directions.  
 

Topics included are: 

 Market size/growth 

 Application advances by industry 

 Technical advances in adsorbents and membranes, by type 

 Strategic analysis and competitive implications  
 

As depicted in the completed report’s actual Table of Contents, which includes “charter” 

subscriber inputs (see pages 9-22), TCGR’s study begins by completing an overview of the 

market size and growth for separations by application (Section III).  
 

Section IV. Advances in Separations Applications, documents new products and processes that 

have recently debuted and the progress towards commercialization for various applications. It is 

in this section that TCGR’s “charter” subscribers (i.e., those who signed up prior to study 

launch) provided input/guidance regarding the applications, by industry and separations 

method, of greatest interest to them. 
 

Section V. Technical Advances in Separations, documents R&D and technical trends through 

patent analysis, as well as expert review and analysis of recent trade literature and conference 

proceedings. An outlook on which changes might be expected in the market from technical 

advances, beyond the status quo is highlighted. 
 

Section VI. Competitive and Commercial Impacts, provides an insightful analysis on the future 

impact new technologies and applications. The potential timeline and extent of replacement are 

analyzed to understand implications on incumbent technologies and suppliers.  
 

Section VII. Strategic Analysis and Business Recommendations, provides an assessment of the 

competitive landscape and opportunities for growth. 
 

All TCGR studies are characterized by competitive and strategic insights for industrial and 

financial investment companies to evaluate. These include key trends, concerns, and conclusions 

on the best return on investment (ROI) actions, competitive expectations and strategic SWOT’s 

on the players. TCGR is noted for its sound strategic advice in over 30 years of experience. 
 

TCGR’s unique background and established global Dialog Group® ensures expert 

capability and skill level in this study area. TCGR utilized numerous deeply experienced 

experts in membranes and separations to assist us to provide insights beyond what other 

sources that do not have the reach and industrial experience can provide.  
 

As it does in each of its industrially-focused multi-client studies, TCGR sought input from 

“charter” subscribers to help shape the report’s final scope/TofC so that it covers and 

emphasizes the most pertinent content due to the large volume of research and the 

numerous areas (i.e., adsorbent/membrane type, application area, etc.) that were of 

interest.  
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V. QUALIFICATIONS 

 

The Catalyst Group Resources, a member of The Catalyst Group, works with clients to develop 

sustainable competitive advantage in technology-driven industries such as chemicals, refining, 

petrochemicals, polymers, specialty/fine chemicals, biotechnology, pharmaceuticals, and 

environmental protection. We provide concrete proven solutions based on our understanding of how 

technology impacts business. 

 

Using our in-depth knowledge of molecular structures, process systems, and commercial 

applications, we offer a unique combination of business solutions and technology skills through a 

range of client-focused services. Often working as a member of our clients' planning teams, we 

combine our knowledge of cutting-edge technology with commercial expertise to: 

 

 Define the business and commercial impacts of leading-edge technologies 

 Develop technology strategies that support business objectives. 

 Assess technology options through strategy development, including: 

- Independent appraisals and valuations of technology/potential 

- Acquisition consulting, planning and due diligence 

 Provide leading-edge financial methodology for shareholder value creation 

 Lead and/or manage client-sponsored R&D programs targeted through our opportunity 

identification process. 

 Provide leading information and knowledge through: 

- World-class seminars, conferences and courses 

- Timely technical publications 

 

The client-confidential assignments conducted by The Catalyst Group include projects in: 

 Reinventing R&D pipelines 

 Technology alliances 

 Technology acquisition 

 Market strategy 

 

We have built our consulting practice on long-term client relationships, dedication, and integrity. 

Our philosophy is clear and focused: 

 

 

We Provide the "Catalysts" for Business Growth by Linking Technology 

and Leading-Edge Business Practices to Market Opportunities 
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VI. DELIVERABLES AND PRICING 

 

This report is timely and strategically important to those industry participants and observers both 

monitoring and investing in the development and implementation of new technology in 

separations for application in the refining, petrochemicals/syngas, natural gas and industrial 

gases industries. TCGR’s report, based on technology evaluations, commercial/market 

assessments and interviews with key players goes beyond public domain information. As a 

result, subscribers are requested to complete and sign the “Order Form and Secrecy 

Agreement” on the following page. 

 

The study, “The Separations Report: Commercial, Technical and R&D Assessment in 

Refining, Petrochemicals/Syngas, Natural Gas and Industrial Gases” was completed in 

October 2017. 

 

Post-production subscribers after October, 2017 $21,500 

 

The Separations Report: Commercial, Technical and R&D Assessment in Refining, 

Petrochemicals/Syngas, Natural Gas and Industrial Gases 

 

Report in PDF format, in addition to subscription price $1,000 

 

*Charter subscribers (those who signed up for the study before its launch) had 

the opportunity to work with TCGR to further refine the scope of the report by 

delineating areas of particular interest for inclusion in the assessment.  

 
* * * * * 

 
Notice to Subscribers of TCGR’s Past Multi-Client Studies in These Areas: 

 
Due to the complementary nature of this study to TCGR’s reports entitled “Membranes  
in Separations: Commercial Advances in Refinery, Petrochemical/Chemical and 
Industrial Gases Applications” (November 2016) and “The Industrial Adsorbents 
Business: Commercial Strategy, Technical and R&D Assessment in Refining, 
Chemicals/Syngas, Natural Gas and Industrial Gases” (July 2013), TCGR is offering 
a discounted price for “The Separations Report” to subscribers of either/both of those 
studies. Subscribers are requested to contact John J. Murphy at +1.215.628.4447, or 
John.J.Murphy@catalystgrp.com for further details.  When completing the order form, 
please make sure to indicate your company’s subscription to either/both of the earlier 
reports. 

mailto:John.J.Murphy@catalystgrp.com
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ORDER FORM AND SECRECY AGREEMENT 

The Catalyst Group Resources, Inc. Tel: +1.215.628.4447 
Gwynedd Office Park Fax: +1.215.628.2267 
P.O. Box 680 e-mail: tcgr@catalystgrp.com 
Spring House, PA 19477 - USA - website: www.catalystgrp.com 

Please enter our order for “The Separations Report: Commercial, Technical and R&D 

Assessment in Refining, Petrochemicals/Syngas, Natural Gas and Industrial Gases,” 

completed in October 2017, as follows: 

 

 ____  The Separations Report: Commercial, Technical and R&D Assessment in Refining, 
Petrochemicals/Syngas, Natural Gas and Industrial Gases, for $21,500 (post-
production). 

 ____  Please enter our order for the study to be delivered in PDF (Adobe Acrobat) format for 
use across our sites/locations (i.e., site license) for an additional $1,000. 

 ____  Please send us ______ additional printed copies @ $250 each. 

 

 ____  * * * We are subscribers to either/both of TCGR’s earlier multi-client studies addressing 
Membranes in Separations (2016) and/or Industrial Adsorbents (2013) and are 
therefore entitled to the discounted subscription rate. * * * 

In signing this order form, our company agrees to hold this report confidential and not 
make it available to subsidiaries unless a controlling interest (>50%) exists. 
 

Signature: ______________________________________  Date: ______________________  

Name: ________________________________________  Title: _______________________  

Company: ____________________________________________________________________  

Billing Address: _______________________________________________________________  

Shipping Address (no P.O. Boxes): ________________________________________________  

 ____________________________________________________________________________  

Express delivery services will not deliver to P.O. Boxes 

City: __________________________________________  State/Country: _______________  

Zip/Postal Code: ________________________________  Phone: _____________________  

E-mail: ________________________________________  Fax: _______________________  

 
 

 
This report and our study findings are sold for the exclusive use of the client companies and their 

employees only. No other use, duplication, or publication of this report or any part contained herein is 
permitted without the expressed written consent of The Catalyst Group Resources. 

 



SECTION I. INTRODUCTION .................................................................................................. 1 

A. BACKGROUND .................................................................................................................. 1 

B. SCOPE AND OBJECTIVES ................................................................................................ 3 

C. METHODOLOGY ............................................................................................................... 4 

D. REPORT CONTRIBUTORS................................................................................................ 5 

E. GLOSSARY ......................................................................................................................... 6 

SECTION II. EXECUTIVE SUMMARY .................................................................................. 9 

A. INTRODUCTION/BACKGROUND ................................................................................... 9 

B. GLOBAL SEPARATIONS MARKET SIZE AND GROWTH, BY APPPLICATION ...... 9 

C. ADVANCES IN SEPARATIONS APPLICATIONS, BY INDUSTRY AND TYPE ....... 12 

1. Membranes ...................................................................................................................... 12 

2. Adsorbents ....................................................................................................................... 14 

3. Other/Distillation ............................................................................................................. 17 

D. COMPETITION, COMMERCIAL IMPACTS, STRATEGIC ANALYSIS, AND

BUSINESS RECOMMENDATIONS ................................................................................ 18 

SECTION III. GLOBAL SEPARATIONS MARKET SIZE AND GROWTH, BY 

APPLICATION........................................................................................................................... 21 

A. INTRODUCTION .............................................................................................................. 21 

B. METHODOLOGY AND KEY ASSUMPTIONS .............................................................. 22 

1. Membranes ................................................................................................................... 22 

2. Adsorbents .................................................................................................................... 22 

C. WORLDWIDE MARKET SIZE AND GROWTH, 2017-2022......................................... 23 

D. KEY MARKET PLAYERS AND TRENDS IN SEPARATIONS .................................... 26 

1. Refining ........................................................................................................................... 26 

a. Membranes ................................................................................................................... 26 

b. Adsorbents .................................................................................................................... 28 

2. Petrochemicals/Chemicals/Syngas .................................................................................. 30 

a. Membranes ................................................................................................................... 30 

b. Adsorbents .................................................................................................................... 32 

3. Industrial Gases ............................................................................................................... 34 

a. Membranes ................................................................................................................... 34 

9

Gwynedd Office Park ● P.O. Box 680 ● Spring House, PA 19477 ● Phone: 215-628-4447 ● Fax: 215-628-2267
E-mail: tcgr@catalystgrp.com ● Web Site: www.catalystgrp.com 

THE SEPARATIONS REPORT: COMMERCIAL, TECHNICAL AND R&D ASSESSMENT 
IN REFINING, PETROCHEMICALS/SYNGAS, NATURAL GAS AND INDUSTRIAL GASES

CONTENTS 



b. Adsorbents .................................................................................................................... 35 

4. Natural Gas ...................................................................................................................... 37 

a. Membranes ................................................................................................................... 37 

b. Adsorbents .................................................................................................................... 38 

5. CO2 Capture ..................................................................................................................... 40 

6. Other ................................................................................................................................ 40 

E. REFERENCES ................................................................................................................... 41 

SECTION IV. ADVANCES IN SEPARATIONS APPLICATIONS, BY INDUSTRY ....... 43 

A. MEMBRANES ................................................................................................................... 43 

1. Refining ........................................................................................................................... 43 

a. Crude Distillation Opportunities .................................................................................. 43 

b. C2 and C3 Separations by Steam Cracking of Hydrocarbons and by Fluid Catalytic

Cracking: Active Transport Using Membranes ............................................................ 47 

2. Petrochemicals/Syngas/Aromatic Separations ................................................................ 52 

a. Liquids Separations: Generalities & Context ............................................................... 52 

b. Pervaporation (PV) and Vapor Permeation (VP) ......................................................... 55 

c. Wastewater Treatment .................................................................................................. 57 

d. Catalytic Reactions (Water Gas Shift, Hydroformylation) .......................................... 59 

i. ROMEO Project ........................................................................................................ 59 

ii. Syngas Treatment ...................................................................................................... 60 

3. Industrial Gases ............................................................................................................... 62 

a. Hydrogen ...................................................................................................................... 62 

i. Catalytic Reforming, Hydrocracker and Hydrotreatment Purge Gases in Refinery

Applications .............................................................................................................. 62 

ii. Sustainable Innovations (SI) and NASA Collaboration ........................................... 63 

iii. Flexible Natural Gas Membrane Reformer for m-CHP Applications ...................... 64 

iv. Electrolysis Route for H2 Production ........................................................................ 65 

b. Air Separation .............................................................................................................. 66 

c. Helium from Natural Gas Treatment ........................................................................... 67 

d. Gas Processing Solutions for Air and Natural Gas (NG) ............................................. 67 

4. Natural Gas ...................................................................................................................... 68 

a. De-bottlenecking Plants Using Amine Scrubber ......................................................... 69 

b. Specific Membrane System for Offshore Treatment of Natural Gas ........................... 71 

10

Gwynedd Office Park ● P.O. Box 680 ● Spring House, PA 19477 ● Phone: 215-628-4447 ● Fax: 215-628-2267
E-mail: tcgr@catalystgrp.com ● Web Site: www.catalystgrp.com 



5. CO2 Capture .................................................................................................................... 72 

a. From Facts to Actions .................................................................................................. 72 

b. Sources of CO2 ............................................................................................................. 73 

c. CCS Proven Capture and Storage Technologies .......................................................... 74 

d. Industrial Projects ......................................................................................................... 76 

6. Other ................................................................................................................................ 78 

a. Current Integration of Membranes for Bio-renewable Production .............................. 78 

i. Bio-refineries ............................................................................................................ 78 

ii. Biogas ....................................................................................................................... 81 

iii. Renewable H2 from Biogas ....................................................................................... 84 

b. Hybrid Processes Opportunities ................................................................................... 85 

B. ADSORBENTS .................................................................................................................. 88 

1. Refining ........................................................................................................................... 88 

2. Petrochemicals/Chemicals/Syngas .................................................................................. 89 

a. Ethylene/Ethane (C2=/C2) Separation ........................................................................... 89 

b. Xylene Separation ........................................................................................................ 93 

c. Other Chemicals ........................................................................................................... 94 

d. Syngas .......................................................................................................................... 95 

3. Industrial Gases ............................................................................................................... 97 

a. Oxygen/Nitrogen .......................................................................................................... 97 

b. Noble Gas Separation (He, Ar, Kr, Xe) ....................................................................... 98 

4. Natural Gas .................................................................................................................... 100 

a. Acid Gas Removal ..................................................................................................... 100 

b. NGL Recovery ........................................................................................................... 100 

5. CO2 Capture ................................................................................................................... 101 

6. Other .............................................................................................................................. 104 

a. Biobutanol .................................................................................................................. 104 

b. Adsorption Process Improvements ............................................................................. 105 

C. REFERENCES ................................................................................................................. 106 

SECTION V. TECHNICAL ADVANCES IN SEPARATIONS, BY TYPE ....................... 115 

A. MEMBRANES ................................................................................................................. 115 

1. Organic and Composite Membranes ............................................................................. 115 

a. Polymer Membranes .................................................................................................. 115 

11

Gwynedd Office Park ● P.O. Box 680 ● Spring House, PA 19477 ● Phone: 215-628-4447 ● Fax: 215-628-2267
E-mail: tcgr@catalystgrp.com ● Web Site: www.catalystgrp.com 



i. Glassy and rubbery structures: a brief overview ..................................................... 115 

ii. Main separation applications .................................................................................. 117 

iii. Hot topics in membrane science ............................................................................. 118 

iv. Polymer with intrinsic microporosity (PIM) and related membranes .................... 120 

v. Perfluorinated polymers .......................................................................................... 122 

vi. PVAm (CO2) a promising membrane type ............................................................. 124 

vii. Polybenzimidazole (PBI) for carbon dioxide capture ......................................... 125 

viii Other Polyimides (PI) .......................................................................................... 126 

b. Metal Organic Framework (MOFs) Membranes ....................................................... 126 

2. Inorganic Membranes .................................................................................................... 128 

a. Zeolite Membranes ..................................................................................................... 128 

i. Addressing the xylenes mixture challenge ............................................................. 129 

ii. Ammonia, a potential source of hydrogen .............................................................. 130 

b. Ceramic Membranes .................................................................................................. 130 

i. Natural gas conversion to liquids without CO2 emissions ...................................... 132 

c. Carbon Molecular Sieve Membranes (CMS) ............................................................. 132 

d. Graphene Oxide (GO), Carbon NanoTubes (CNT): New Exciting Form of Carbon

Structures for High Temperature Applications .......................................................... 133 

e. Metallic Membranes: Towards Infinite Selectivity for H2 ......................................... 135 

f. Membrane Contactors Development .......................................................................... 136 

3. Current Trends in CO2 Capture ..................................................................................... 137 

a. New International Implusion to Push Forward CO2 Capture. .................................... 137 

b. Overview of 3 Major Collaborative R&D Projects .................................................... 141 

c. From CCS to CCU Initiatives .................................................................................... 142 

4. R&D Projects Developing Hybrid Membrane Processes .............................................. 143 

a. Methane Activation via Integrated Membrane Reactors for Production of C2+ ........ 143 

b. BIONICO Project for H2 from Biogas  ...................................................................... 143 

c. HyGrid Project for H2 Transportation  ....................................................................... 144 

5. Modelling & Prediction Tools for Accelerating Material Design and Process

Engineering .................................................................................................................... 145 

a. Predicting in Silico Properties of Complex Structures and Membranes from

Molecular Approach ................................................................................................... 145 

b. Process Design Software for Gas Separation Processes ............................................ 146 

12

Gwynedd Office Park ● P.O. Box 680 ● Spring House, PA 19477 ● Phone: 215-628-4447 ● Fax: 215-628-2267
E-mail: tcgr@catalystgrp.com ● Web Site: www.catalystgrp.com 



B. ADSORBENTS ................................................................................................................ 153 

1. Activated Alumina ......................................................................................................... 153 

2. Zeolite Molecular Sieves ............................................................................................... 153 

3. Silica Gel/Silica ............................................................................................................. 155 

4. Activated Clays.............................................................................................................. 155 

5. Metal Oxides.................................................................................................................. 155 

6. Activated Carbons ......................................................................................................... 155 

7. Carbon Molecular Sieves............................................................................................... 157 

8. MOFs ............................................................................................................................. 158 

9. Other (including Novel Adsorbent, Novel Forms or Sorbents) ..................................... 159 

a. Sorbents ...................................................................................................................... 159 

b. Novel Sorbents ........................................................................................................... 159 

C. DISTILLATION ............................................................................................................... 162 

1. Distillation Advances: Tray Design, Vacuum Distillation, Reactive

Distillation, etc............................................................................................................... 163 

a. Shell HiFi™ trays ....................................................................................................... 164 

b. Shell Calming Section™ (CS) trays ........................................................................... 165 

c. Shell Calming Section™ Plus and HiFi™ Plus Trays .................................................. 166 

d. Sulzer High Performance Trays ................................................................................. 166 

2. Dividing Wall Column (DWC) ..................................................................................... 168 

D. REFERENCES ................................................................................................................. 172 

SECTION VI. COMPETITION AND COMMERCIAL IMPACTS, BY INDUSTRY ..... 181 

A. MEMBRANES ................................................................................................................. 181 

1. Historical Impact of Membranes Technology ............................................................... 181 

a. Membranes in their Initial Innovative Applications – an Historical  Perspective ..... 181 

b. Membranes for the Creation of New Markets ............................................................ 183 

2. Economic Overview ...................................................................................................... 184 

a. Global Market Factors ................................................................................................ 184 

b. Factors in Membrane Cost Analysis .......................................................................... 185 

c. Examples of Costs and Payback Times in Membrane Technology ........................... 188 

3. Membranes: An Appealing Opportunity for Industry in the 21st Century .................... 189 

4. Membrane Market Prospects ......................................................................................... 190 

13

Gwynedd Office Park ● P.O. Box 680 ● Spring House, PA 19477 ● Phone: 215-628-4447 ● Fax: 215-628-2267
E-mail: tcgr@catalystgrp.com ● Web Site: www.catalystgrp.com 



B. ADSORBENTS ................................................................................................................ 192 

1. Refining ......................................................................................................................... 196 

2. Petrochemicals/Chemicals/Syngas ................................................................................ 198 

3. Industrial Gases ............................................................................................................. 199 

4. Natural Gas .................................................................................................................... 200 

5. CO2 (CCR) ..................................................................................................................... 200 

6. Other .............................................................................................................................. 200 

7. Adsorptive Separation Processes – “Take Aways” ....................................................... 201 

a. Key Characteristics .................................................................................................... 201 

b. Pros and Cons ............................................................................................................. 202 

c. R&D Goals and Challenges for Sorbent Based Separations Processes ..................... 203 

i. Working Capacity ................................................................................................. 203 

ii. Selectivity ............................................................................................................. 203 

iii. Recovery ............................................................................................................... 203 

iv. Heat of Adsorption/Desorption ............................................................................ 203 

v. Cyclic Stability ..................................................................................................... 204 

vi. Adsorbent Life ...................................................................................................... 204 

vii. Adsorbent Particle Strength .................................................................................. 204 

viii. Resistant to Fouling .............................................................................................. 204 

ix. Manufacturability and Cost .................................................................................. 204 

x. The Process Selection ........................................................................................... 205 

C. REFERENCES ................................................................................................................. 205 

SECTION VII. STRATEGIC ANALYSIS AND BUSINESS RECOMMENDATIONS ... 207 

A. SEPARATIONS PROCESS MATURITY ....................................................................... 207 

B. EVALUATION OF TECHNICAL PROGRESS AND COMMERCIAL

IMPLICATIONS. ............................................................................................................. 211 

C. ASSESSMENT OF MARKET/COMPETITIVE LANDSCAPE. .................................... 216 

D. REMAINING CHALLENGES AND OPPORTUNITIES. .............................................. 219 

E. STRATEGIES FOR GROWTH AND IMPLEMENTATION ......................................... 221 

F. REFERENCES ................................................................................................................. 222 

14

Gwynedd Office Park ● P.O. Box 680 ● Spring House, PA 19477 ● Phone: 215-628-4447 ● Fax: 215-628-2267
E-mail: tcgr@catalystgrp.com ● Web Site: www.catalystgrp.com 



FIGURES 

Figure I-A-1 Cost of Chemical Separations as Percent of Industrial Energy Usage ............. 1 

Figure I-A-2 Cross-Sectional View of a Permylene Membrane Module ............................... 2 

Figure I-A-3 Porous Materials Used as Adsorbents Over the Years ..................................... 3 

Figure II-B-1 Worldwide Separations Market (Adsorbents and Membranes only) by 

Industrial Process Area, 2017-2022 ($US MM) ............................................. 10 

Figure III-C-1 Worldwide Separations Market (Adsorbents and Membranes only) by 

Industrial Process Area, 2017 ......................................................................... 24 

Figure III-C-2 Worldwide Separations Market (Adsorbents and Membranes only) by 

Industrial Process Area, 2022 ......................................................................... 25 

Figure III-C-3 Focus: Natural Gas Separations Market (Adsorbents and Membranes only), 

by Application, 2017 ....................................................................................... 25 

Figure III-C-4 Focus: Refinery Separations Market (Adsorbents and Membranes only), by 

Application, 2017 ............................................................................................ 25 

Figure III-D-1 H2 Recovery Membranes in Petroleum Processing ........................................ 27 

Figure III-D-2 Membrane Application in Cracker Plant  ....................................................... 28 

Figure III-D-3 UOP MOLEX Process .................................................................................... 29 

Figure III-D-4 12-Bed Polybed PSA H2 Unit ......................................................................... 30 

Figure III-D-5 Purge Gas Recycle via Membranes ................................................................ 31 

Figure III-D-6 Representative Performance of Membranes in Ammonia Loop Purge 

Service............................................................................................................. 32 

Figure III-D-7 UOP MX SorbexTM Process............................................................................ 33 

Figure III-D-8 Process Layout of a Typical Multi Feedstock H2-Plant .................................. 34 

Figure III-D-9 Approximate competitive range of membrane nitrogen production 

systems ............................................................................................................ 35 

Figure III-D-10 VPSA Oxygen Simplified Flow Diagram....................................................... 36 

Figure III-D-11 PSA Nitrogen Simplified Flow Diagram ........................................................ 37 

Figure III-D-12 UOP’s Separex MultiTube .............................................................................. 38 

Figure III-D-13 Guild Associates’ ≤ 150 SCFM MolecularGateTM with ETS adsorbent 

supplied by BASF ........................................................................................... 39 

Figure III-D-14 Schematic of Gas Treatment Plant for Dew Point Control ............................. 39 

Figure III-D-15 Ethanol VPSA Unit Integrated with Primary Column .................................... 40 

Figure IV-A-1 Scheme of Overview of Refinery (UOP) ........................................................ 44 

Figure IV-A-2 MTR VaporSep- H2™ unit recovers hydrogen from hydrotreater off-gas 

in an Asian refinery. ........................................................................................ 45 

9

Gwynedd Office Park ● P.O. Box 680 ● Spring House, PA 19477 ● Phone: 215-628-4447 ● Fax: 215-628-2267
E-mail: tcgr@catalystgrp.com ● Web Site: www.catalystgrp.com 

9

Gwynedd Office Park ● P.O. Box 680 ● Spring House, PA 19477 ● Phone: 215-628-4447 ● Fax: 215-628-2267
E-mail: tcgr@catalystgrp.com ● Web Site: www.catalystgrp.com 

15

Gwynedd Office Park ● P.O. Box 680 ● Spring House, PA 19477 ● Phone: 215-628-4447 ● Fax: 215-628-2267
E-mail: tcgr@catalystgrp.com ● Web Site: www.catalystgrp.com 



Figure IV-A-3 Illustration shows where hydrogen is used at various steps in the refinery .... 46 

Figure IV-A-4 Example of foot print reduction (up to 50%) linked to membrane technology 

integration in a refinery. Siemens PACT™ Membrane Bio Reactor (MBR) 

pilot unit. The system is designed to treat up to 1.0m3/h (4.4gpm) 

refinery/petrochemical wastewater. ................................................................ 47 

Figure IV-A-5 Simple model of CMS C3 splitter system ....................................................... 48 

Figure IV-A-6 Propane/propylene CMS pilot will be installed Delaware City Refining ....... 49 

Figure IV-A-7 Comparison of process schemes by integrating Imtex technology in  the 

case of butene/butane separation .................................................................... 50 

Figure IV-A-8 Imtex first pilot demonstration ready for testing ............................................ 50 

Figure IV-A-9 Design installations with upscaling by IMTEX .............................................. 51 

Figure IV-A-10 Evonik membranes DuraMem® and PuraMem® .......................................... 53 

Figure IV-A-11 SolSep pervaporation membranes ................................................................... 54 

Figure IV-A-12 BORSIG OSN unit .......................................................................................... 55 

Figure IV-A-13 Membrane Pervatech energy save (25%-75%) ............................................... 56 

Figure IV-A-14 ECN membrane ............................................................................................... 56 

Figure IV-A-15 GFT scheme methanol /organic solvent separations ...................................... 57 

Figure IV-A-16 The solvent dehydrating “SolvSep solution” (MTR) relies on a robust zeolite 

membrane have pore of 2.9Å able to reduce the content of water of organic 

solvents from 15wt% down to 0.1-1wt% range .............................................. 57 

Figure IV-A-17 MBR plant built by ACWA Emirates ............................................................. 59 

Figure IV-A-18 Demo plants; Evonik-Linde ROMEO project ................................................ 60 

Figure IV-A-19 Hydrogen membrane system: Air Liquide MEDALTM .................................. 61 

Figure IV-A-20 Hydrogen membrane system: GENERON ..................................................... 61 

Figure IV-A-21 PRISM Membrane separators contain thousands of hollow fibers ................. 61 

Figure IV-A-22 CSIRO membrane to recover H2 from ammonia as a new route of 

hydrogen transportation .................................................................................. 63 

Figure IV-A-23 Very compact design of on-site industrial hydrogen generation and 

recovery for SI’s H2RENEW System............................................................. 63 

Figure IV-A-24 FERRET project: Composite nano porous membranes Packed with  

palladium nanoparticles: the advantage: less Pd needed, and protection 

under fluidization regime. ............................................................................... 64 

Figure IV-A-25 Ferret project: membrane reactor design and lab scale pilot .......................... 64 

Figure IV-A-26 H2FUTURE - Installation and Operation of an Electrolysis System at the 

voestalpine Production Site in Linz, Austria .................................................. 65 

Figure IV-A-27 AREVA H2Gen electrolyser (production 30 unit/year, France) .................... 66 

16

Gwynedd Office Park ● P.O. Box 680 ● Spring House, PA 19477 ● Phone: 215-628-4447 ● Fax: 215-628-2267
E-mail: tcgr@catalystgrp.com ● Web Site: www.catalystgrp.com 



Figure IV-A-28 Air Separation Module for Boeing 737NG ..................................................... 66 

Figure IV-A-29 EVONIK SEPURAN® N2 and SEPURAN Noble (He, H2) Advantages 

(high selectivity, multiple membrane stage, installation sample and  

flexibly, stable, surface saving, service life up to 10 years) ........................... 67 

Figure IV-A-30 GFT membrane systems (gas separation and gas dehydration) ...................... 68 

Figure IV-A-31 Membrane module (UOP) Separex membranes ............................................. 69 

Figure IV-A-32 UOP: Separex plant example .......................................................................... 69 

Figure IV-A-33 Qadirpur plant for NG treatment by UOP’s cellulose acetate plus (CAP) 

technology for carbon dioxide (CO2) and hydrogen sulfide (H2S) removal .. 70 

Figure IV-A-34 SEPURAN®NG EVONIK membrane ........................................................... 70 

Figure IV-A-35 CYNARA Membrane (CAMERON): Hollow fiber module and different 

available sizes ................................................................................................. 71 

Figure IV-A-36 CYNARA membrane (CAMERON): FPSO SBM Tupi 3in Off-Shore 

Brazil ............................................................................................................... 72 

Figure IV-A-37 Cap-and-Trade market-based approach create incentives for reducing 

emissions while allowing businesses to trade emissions allowances under 

an overall limit on those emissions ................................................................. 73 

Figure IV-A-38 NATCARB Atlas of Stationary Sources of CO2. Anthropogenic CO2  

made up 20 percent of the estimated 68 million Mt of CO2 transported  

via U.S. pipeline in 2014. Over the next few years, industrial capture is 

expected to increase the transport and storage needs of anthropogenic  

CO2 by roughly 60 million Mt. ....................................................................... 74 

Figure IV-A-39 Mapping the large-scale CCS facilities (Global CCS Institute, ...................... 76 

Figure IV-A-40 2nd generation of biorefinery, i.e. derived from cellulosic non-food 

source .............................................................................................................. 78 

Figure IV-A-41 Alternate hybrid membrane process for dehydration bioethanol with 

zeolite membranes (MZM, MCC) .................................................................. 80 

Figure IV-A-42 LiqTech silicon carbide membrane ................................................................. 81 

FigureIV-A- 43 SEPURAN GREEN membrane, provide pure (99%) methane ...................... 82 

Figure IV-A-44 SEPURAN GREEN: scheme of pilot plant in Neukirchen an der Vöckla, 

Austria. ............................................................................................................ 82 

Figure IV-A-45 HZI BioMethane plant at Meaux, France. Capacity more than 250Nm3/h .... 83 

Figure IV-A-46 Carborex membrane system for upgrading the biogas to biomethane ............ 83 

Figure IV-A-47 Valopur membrane technology for bio-methane ............................................ 84 

Figure IV-A-48 Prism membrane technology, Air Products, the membrane separator 

contains up to 1000 fibers ............................................................................... 85 

Figure IV-A-49  Helium purification facility in Mankota, Canada .......................................... 86 

17

Gwynedd Office Park ● P.O. Box 680 ● Spring House, PA 19477 ● Phone: 215-628-4447 ● Fax: 215-628-2267
E-mail: tcgr@catalystgrp.com ● Web Site: www.catalystgrp.com 



Figure IV-A-50 Linde/Evonik Membrane/PSA ........................................................................ 86 

Figure IV-A-51 Cryocap™ H2 – Cryogenic CO2 Separation; Installed Reference 

France, Port Jérome, 2015, 100kt/year food-grade CO2 ................................. 87 

Figure IV-A-52 Combined Membrane/Amine Wash for Acid Gas Removal Installed 

references up to 10 .......................................................................................... 87 

Figure IV-B-1 Ethylene Market Size and Growth versus other Building Block Chemicals .... 89 

Figure IV-B-2 Hybrid Process for Olefin Recovery in Polyolefin Plant .................................. 90 

Figure IV-B-3 Schematic of Ethylene Rate Selectivity vs. Ethane  ......................................... 91 

Figure IV-B-4 Siluria Catalytic Process Technology ............................................................... 92 

Figure IV-B-5 2015 Demand by End Use Segment .................................................................. 92 

Figure IV-B-6 Adsorption Isotherm and Kinetics for Dow CMS ............................................. 93 

Figure IV-B-7 Classical PX Production Plant with Isomerization Loop .................................. 93 

Figure IV-B-8 Reactions of the Oxidative Dehydration of n-Butane ..................................... 94 

Figure IV-B-9 Metal Complex Adsorbent Separation Material ............................................... 95 

Figure IV-B-10 Pre-Combustion CO2 Capture Flowsheet showing Sorption-Enhanced ......... 95 

Figure IV-B-11 Schematic of Advanced Sour Gas PSA for Gasification for Clean Power or 

SynGas Production.......................................................................................... 96 

Figure IV-B-12 Schematic of High Temperature PSA Device  ............................................... 97 

Figure IV-B-13 Chemical Looping Combustion Process ......................................................... 98 

Figure IV-B-14 Schematic of Argon Production by Cold PSA ................................................ 99 

Figure IV-B-15 Helium Demand and End Uses for the World Supply of 6+ Billion Cubic 

Feet ................................................................................................................ 100 

Figure IV-B-16 Sequential Removal of NGLs from a Natural Gas Stream ........................... 101 

Figure IV-B-17 TDA CO2 Capture System Integrated with Conoco-Phillips E-Gas 

Gasifier .......................................................................................................... 102 

Figure IV-B-18 Layout of Coal Fired Power Plant Retrofitted with (A) Conventional 

Carbon Capture Technology and (B) with HALD ........................................ 103 

Figure IV-B-19 Novel Process with 10 Mol/Kg Sorbent Swing Process ............................... 104 

Figure IV-B-20 Moving Bed Temperature Swing Adsorption Process .................................. 105 

Figure IV-B-21 Thermally Conductive Contact Structure ..................................................... 106 

Figure V-A-1 Overview of the integration of membrane science and technology in the 

industry for liquid and gas applications ........................................................ 115 

Figure V-A-2 Gas permeation hierarchy versus polymer type: apart from water, the  

order of the fast gases is reverse going from glassy to rubbery membranes, 

the permeability depends the kinetic diameter and critical temperature  

of gases.......................................................................................................... 116 

18

Gwynedd Office Park ● P.O. Box 680 ● Spring House, PA 19477 ● Phone: 215-628-4447 ● Fax: 215-628-2267
E-mail: tcgr@catalystgrp.com ● Web Site: www.catalystgrp.com 



Figure V-A-3 Permeability-Selectivity trade-off curves for some binary mixtures ............ 117 

Figure V-A-4 PIM-1 chemical and 3D structure ................................................................. 120 

Figure V-A-5 Controlled thermal oxidative crosslinking of PIM towards tunable 

molecular sieve membranes .......................................................................... 121 

Figure V-A-6 Upper bound relationship for PIM (Red circles) and TR polymers (Blue 

squares) for O2/N2 separation and CO2/CH4 separation ............................... 121 

Figure V-A-7 2015 “upper bound” to polymer membrane performance in O2/N2 

separation, defined by outstanding PIMs. ..................................................... 122 

Figure V-A-8 The chemical structures of monomers PFMDD, PFMD, CTFE and 

copolymers poly(PFMDD-co-PFMD) and poly(PFMDD-co-CTFE). 

Their high permeation properties are linked to their amorphous  

structures. ...................................................................................................... 124 

Figure V-A-9 Schematic illustration of facilitated transport of CO2 in PVAm on PSf 

membrane. ..................................................................................................... 125 

Figure V-A-10 Example of MIL-101 - Note that 1m3 of MIL-101 can accommodate 

400m3 of CO2 at P=50bar and 25°C ............................................................. 127 

Figure V-A-11 MTP Inc. produces HF modules of 4" diameter and 30"Long of α-Al2O3 

in stainless steel housing, CMS and Pd-based membranes. .......................... 128 

Figure V-A-12 Dehydration process using zeolite membranes ............................................. 129 

Figure V-A-13 Comparison of p-xylene/o-xylene separation performances. ....................... 130 

Figure V-A-14 a) Morphology images of precursor hollow fibers and CMS hollow fibers.

b) Schematic of the CMS pore structure. c–e) Separation performance of

CO2/CH4, N2/CH4, O2/N2 in CMS membranes pyrolyzed at different

temperatures (750–900 °C). .......................................................................... 132 

Figure V-A-15 Carbon hollow fiber (CHF) module construction process. (a) CHF loosely 

bundled with thread, (b) smart plug and dead end potting, (c) filling glue  

on top end of the fibers (d) Open end fibers and smart plug (e) Module  

ready for testing broken or damaged ............................................................ 133 

Figure V-A-16  Hydrogenation of CO at Pd membrane ........................................................ 135 

Figure V-A-17 Schematic representation of a G/L membrane contactor. It is very important to 

note the untypical major feature of the membrane contactor: this system is 

simultaneously able to avoid phase mixing while highly promoting mass 

transfer. Obviously the higher the membrane permeability, the better  

is mass transfer efficacy. ............................................................................... 137 

Figure V-A-18 Worldwide comparison between the storage and interest indicators. Bubble 

size reflects the total emissions according to the World Resources Institute 

data (2010) .................................................................................................... 138 

Figure V-A-19 Polymer database as an interactive Robeson chart ....................................... 139 

Figure V-A-20  Otway CO2 capture skid to treat natural gas ................................................ 141 

19

Gwynedd Office Park ● P.O. Box 680 ● Spring House, PA 19477 ● Phone: 215-628-4447 ● Fax: 215-628-2267
E-mail: tcgr@catalystgrp.com ● Web Site: www.catalystgrp.com 



Figure V-A-21 MEMERE: Prototype design and build target: module costs<5000€/m² 

and direct conversion of methane to C2+ ....................................................... 143 

Figure V-A-22 Scheme of BIONIC system and 2nd generation thin film Pd-alloy 

supported membranes ................................................................................... 144 

Figure V-A-23 General concept and membrane modules for Hygrid ................................... 145 

Figure V-A-24 Simulations results of a membrane module based on a 6FDA TAPDO 

membrane (thickness 2 µm) with an 80/20 CH4/CO2 feed mixture  

under cross plug flow conditions. a) Permeate purity (y) and recovery  

ratio (R). Different upstream and downstream pressure data, corresponding 

to the same pressure ratio have been tested. b) retentate composition as a 

function of membrane module area. ............................................................. 148 

Figure V-B-1 Schematic of PSA N2 Process ....................................................................... 154 

Figure V-B-2 Improved Sorbent with Reduced Macropore and Void Volume .................. 156 

Figure V-B-3 SRI BrightBlack Carbon Process Pilot Plant Installation at NCCC ............. 157 

Figure V-B-4 Structure of ZnMOF ..................................................................................... 159 

Figure V-B-5 Metal Microfibrous Media Thermal Conductivity Comparison 

(IntraMicron)................................................................................................. 160 

Figure V-B-6 Low Pressure Drop Structure ........................................................................ 161 

Figure V-B-7 Structure of Coordination Polymer Sorbent ................................................. 162 

Figure V-C-1 Shell HiFi Tray ............................................................................................. 165 

Figure V-C-2 Shell Calming Section (CS) Tray ................................................................. 166 

Figure V-C-3 Shell HiFi Plus Tray...................................................................................... 166 

Figure V-C-4 Sulzer UFM™ Tray Deck ............................................................................. 168 

Figure V-C-5 GT-DWC Schematic  .................................................................................... 169 

Figure V-C-6 Benefits of GT-DWC .................................................................................... 170 

Figure V-C-7 New DWC facility for mix-xylenes recovery at TonenGeneral Group 

refinery, Chiba, Japan ................................................................................... 170 

Figure V-C-8 GT-ATCSSM Schematic ................................................................................ 171 

Figure VI-A-1 Maxwell’s demon sorting the molecules of a mixture with a smart gate and 

hence violating the 2nd law of thermodynamics .......................................... 181 

Figure VI-A-2 CAPEX and OPEX summary for desalination plants (2015) ....................... 189 

Figure VI-B-1 Relative Energy Use by Various Separation Technologies .......................... 192 

Figure VI-B-2 Bandwidth Definitions .................................................................................. 195 

Figure VI-B-3 Bandwidth Opportunities for Major Refining Processes  ............................. 197 

Figure VI-B-4 Bandwidth Opportunities for the Chemical Sector ....................................... 198 

20

Gwynedd Office Park ● P.O. Box 680 ● Spring House, PA 19477 ● Phone: 215-628-4447 ● Fax: 215-628-2267
E-mail: tcgr@catalystgrp.com ● Web Site: www.catalystgrp.com 



Figure VII-A-1 Occurrence & Technology Maturity of separation processes used in 

Chemical Industries ...................................................................................... 207 

Figure VII-A-2 Porous Materials Used as Adsorbents Over The Years ................................ 208 

Figure VII-A-3 Approximate competitive range of membrane nitrogen production 

systems .......................................................................................................... 209 

Figure VII-B-1 Water/solvent azeotropes ............................................................................... 212 

Figure VII-B-2 Comparison of ELV equilibrium and PV enrichment for a typical  

water-liquid mixture forming and azeotrope a ca.5weight fraction of 

water .............................................................................................................. 212 

Figure VII-B-3 Hybrid dehydration process combining distillation and pervaporation. ........ 214 

Figure VII-B-4 Sulzer’s ceramic module and skid-mounted PERVAP™ plant .................... 215 

TABLES 

Table II-B-1 Worldwide Separations Market (Adsorbents and Membranes),  2017-2022 

($USD MM, %) ................................................................................................. 10 

Table II-B-2 Worldwide Separations Market (Adsorbents and Membranes)  by Application 

Segment, 2017-2022 ($USD MM) .................................................................... 11 

Table III-C-1 Worldwide Separations Market (Adsorbents and Membranes),  2017-2022 

($USD MM, %) ................................................................................................. 24 

Table III-C-2 Worldwide Separations Market (Adsorbents and Membranes)  by Application 

Segment, 2017-2022 ($USD MM) .................................................................... 24 

Table IV-A-1 Main characteristics of natural gas sweetening technologies ............................ 68 

Table IV-A-2 Features of available membranes for CO2 capture with various applications ... 75 

Table V-A-1  The gas permeance and selectivity of perfluoropolymer membranes. ............ 123 

Table V-A-2  Comparison of ethylene glycol dehydration studies under various 

conditions ......................................................................................................... 123 

Table V-A-3 Most studied MOFs and their applications ...................................................... 127 

Table V-A-4 Commercial-scale ceramic membrane suppliers  ............................................ 131 

Table V-A-5 H2 permeance and H2/CO2 selectivity of several inorganic membranes  ........ 134 

Table V-A-6 Pd-based membrane efficiency for hydrogen separation ................................. 136 

Table V-A-7 R&D projects in CO2 Capture .......................................................................... 140 

Table V-A-8 Worldwide main operational test centers for CCS and CCSU ........................ 142 

Table V-A-9 List of research groups in the fore front of atomic simulation ........................ 146 

21

Gwynedd Office Park ● P.O. Box 680 ● Spring House, PA 19477 ● Phone: 215-628-4447 ● Fax: 215-628-2267
E-mail: tcgr@catalystgrp.com ● Web Site: www.catalystgrp.com 



Table V-A-10 Summary of the publications reported on membrane module modelling  

and simulation and the associated hypotheses. Y: Hypothesis taken into 

account. N: Hypothesis not taken into account ................................................ 147 

Table V-A-11 Specification of main membrane software ...................................................... 149 

Table V-A-12 Some important research centers and universities involved in membrane 

research. ........................................................................................................... 150 

Table VI-A-1 Early application of membrane processes for molecular separation ............... 182 

Table VI-A-2 Hydrogen separation ability of first generation commercial membranes 

for gas separations............................................................................................ 183 

Table VI-A-3 Cost estimation model for CO2 capture with membrane system ..................... 186 

Table VI-A-4 Major technical point interest of membrane technology ................................. 187 

Table VI-A-5 Parameters influencing the OPEX of a membrane process ............................. 187 

Table VI-A-6 Parameters influencing CAPEX of a membrane process ................................ 188 

Table VI-A-7 Economic data of some industrial cases including payback time .................... 188 

Table VI-A-8 Commercial application and current major membrane suppliers .................... 191 

Table VI-B-1 Energy Requirements and Potential Savings from Replacement of Baseline 

Technologies with Low-Energy Alternatives .................................................. 193 

Table VI-B-2 Breakdown of Total Distillation Energy Consumption (2,400 TBtu/yr) ......... 194 

Table VI-B-3 Applications with Large Energy Savings Potential from Replacement 

with Low-Energy Separations.......................................................................... 194 

Table VI-B-4 Opportunities for Adsorptive Separations – Petrochemicals/Syngas .............. 199 

Table VI-B-5 Opportunities for Adsorptive Separations – Industrial Gases .......................... 199 

Table VI-B-6 Opportunities for Adsorptive Separations – Natural Gas ................................ 200 

Table VI-B-7 Opportunities for Adsorptive Separations – Other .......................................... 200 

Table VII-C-1 Industrial Adsorbent Applications by Supplier (includes Drying, 

Purification and Separations) ........................................................................... 217 

Table VII-C-2 Key Membrane Separation Competitors .......................................................... 218 

Table VII-D-1 Commercial and Emerging Membrane Application Challenges ..................... 220 

22

Gwynedd Office Park ● P.O. Box 680 ● Spring House, PA 19477 ● Phone: 215-628-4447 ● Fax: 215-628-2267
E-mail: tcgr@catalystgrp.com ● Web Site: www.catalystgrp.com 




