
 

Gwynedd O

 
 

Office Park ● P.O

T

O. Box 680 ● Sp
E-mail:  tcg

ADVA

c

HE CAT

pring House, PA
gr@catalystgrp.c

ANCES

A tech
commission
Catalytic Ad

C
O

TALYST 
 

 
 
 

A 19477 – USA –
com ● Web Site: 

 

 

 

 

 
 
 
 

 IN C1 C
 
 
 
 
 

hnical invest
ed by the me
dvances Pro

 
 
 
 
 
 

Client Privat
October 201

 

GROUP 

– ● Phone: +1-21
www.catalystgr

CHEMI

tigation 
embers of th

ogram (CAP)

te 
2 

RESOUR

15-628-4447 ● F
rp.com  

STRY 

he 
) 

RCES™ 

Fax: +1-215-628

 

8-2267 



 

 
 

Gwynedd Office Park ● P.O. Box 680 ● Spring House, PA 19477 – USA – ● Phone: +1-215-628-4447 ● Fax: +1-215-628-2267 
E-mail:  tcgr@catalystgrp.com ● Web Site: www.catalystgrp.com  

 
 
 

 
 
 

 
The Catalytic Advances Program (CAP) 

 
The Catalytic Advances Program (CAP) is an information resource for research and development organizations in the 
petroleum, chemical, and polymer industries. By the direction of the member companies (through balloting and other 
interactive means), the program delivers a range of timely and insightful information and analyses which are accessible 
exclusively to members and protected by confidentiality agreements. The objective is to provide a technical update on 
commercially viable advances in catalysis as well as benchmark commercial advances in catalysis and process technology. 
 
Members receive three in-depth CAP Technical Reports which are written and peer reviewed by leading scientists and 
experienced industry professionals in areas selected by the membership (via ballot); weekly CAP Communications 
(delivered via e-mail) which provide the latest updates on technical breakthroughs, commercial events and exclusive 
development opportunities; and attendance at the CAP Annual Meeting. 
 
The Catalytic Advances Program (CAP) is available on a membership basis from The Catalyst Group Resources (TCGR). 
For further details, please contact Matthew A. Colquitt at Matthew.A.Colquitt@catalystgrp.com  or +1.215.628.4447 
(x1130). 

 
P.O. Box 680 

Spring House, PA 19477  U.S.A  
ph:  +1.215.628.4447 
fax: +1.215.628.2267 

website:  www.catalystgrp.com 

 



xxvii 

CONTENTS 

EXECUTIVE SUMMARY ....................................................................................................... xxi 

1. INTRODUCTION ................................................................................................................ 1 

 1.1 BACKGROUND .......................................................................................................... 1 

 1.1.1 A changing landscape ....................................................................................... 2 

 1.1.2 Scope, structure and limits of the report ........................................................... 3 

 1.2 DRIVERS FOR RENEWED INTEREST IN C1 CHEMISTRY .................................. 5 

 1.2.1 Methane ............................................................................................................ 5 

 1.2.2 Carbon monoxide ............................................................................................. 7 

 1.2.3 CO2 ................................................................................................................... 7 

 1.3 AN OVERVIEW OF THE CATALYTIC ROUTES ................................................... 8 

 1.4 AUTHORS & CONTRIBUTORS ............................................................................... 9 

 1.5 REFERENCES ........................................................................................................... 10 

2. METHANE ......................................................................................................................... 11 

 2.1 CONVERSION .......................................................................................................... 11 

 2.1.1 High-temperature (gas phase) conversion ...................................................... 15 

  2.1.1.1 Oxidative coupling .......................................................................... 15 

 2.1.1.1.1 Comparison with alternative processes ......................... 17 

 2.1.1.1.2 Reaction network and mechanism ................................. 18 

 2.1.1.1.3 Recent developments in the catalysts ............................ 18 

  2.1.1.2 Methane direct conversion to methanol .......................................... 21 

 2.1.1.2.1 Catalytic conversion: metal oxides ................................ 21 

 2.1.1.2.2 Catalytic conversion: zeolites and related materials ..... 22 

  2.1.1.3 Non-oxidative conversion ............................................................... 24 

 2.1.1.3.1 Deactivation ................................................................... 25 

 2.1.1.3.2 Coupling with membrane .............................................. 25 

 2.1.1.3.3 Ways of improving the methane dehydroaromatization 
process ........................................................................... 25 

 2.1.1.3.4 Recent developments ..................................................... 26 

  2.1.1.4 Via halomethane .............................................................................. 27 

 2.1.2 Low-temperature routes ................................................................................. 30 

PROPRIETARY -- Do Not Reproduce or Redistribute!
This  message is in red ink. If not, you have an unauthorized copy.

PROPRIETARY -- Do Not Reproduce or Redistribute!
This  message is in red ink. If not, you have an unauthorized copy.



xxviii 

  2.1.2.1 Liquid phase catalysis routes ........................................................... 30 

 2.1.2.1.1 Electrophilic activation of methane over high-valent 
(soft) electrophiles ......................................................... 30 

 2.1.2.1.2 Developments on the Periana/Catalytica approach ....... 32 

 2.1.2.1.3 Mn-based catalysts ......................................................... 35 

  2.1.2.2 Other approaches ............................................................................. 35 

 2.1.2.2.1 Photolysis ....................................................................... 35 

 2.1.2.2.2 Use of plasma and related technologies ......................... 36 

  2.1.2.3 Biocatalytic routes ........................................................................... 37 

 2.1.2.3.1 Soluble Methane Monooxygenase (sMMO) ................. 37 

 2.1.2.3.2 Particulate methane monooxygenase (pMMO) ............. 38 

 2.1.3 Reforming ....................................................................................................... 38 

  2.1.3.1 Reforming catalysts, reaction mechanisms and catalyst  
deactivation. ..................................................................................... 38 

 2.2 PARTIAL OXIDATION FOR HYDROGEN PRODUCTION ................................. 40 

 2.2.1 Catalytic partial oxidation ............................................................................... 40 

  2.2.1.1 SCT-CPO ......................................................................................... 40 

  2.2.1.2 Catalysts for CPO ............................................................................ 42 

  2.2.1.3 CPO technology ............................................................................... 42 

 2.2.2 Membrane-based processes ............................................................................ 43 

  2.2.2.1 O2 dense membranes ........................................................................ 43 

  2.2.2.2 H2 dense membranes ........................................................................ 44 

 2.3 COMBINATION OF CONVERSION PROCESSES ................................................ 46 

 2.3.1 Pyrolysis and hydrogenation ........................................................................... 46 

 2.3.2 Aromatization and Steam-reforming .............................................................. 47 

 2.4 TECHNICAL HURDLES .......................................................................................... 47 

 2.5 CONCLUSIONS AND RECOMMENDATIONS ..................................................... 52 

 2.6 REFERENCES ........................................................................................................... 54 

3. CARBON MONOXIDE, CARBON DIOXIDE AND METHANOL ............................. 63 

 3.1 CARBON MONOXIDE ACTIVATION ................................................................... 63 

 3.1.1  Advances in the Reduction of CO .................................................................. 67 

  3.1.1.1  Fischer-Tropsch (FT) synthesis ....................................................... 67 

 3.1.1.1.1 Soluble-metal nanoparticles ........................................... 68 

 3.1.1.1.2 Role of promotion .......................................................... 68 

PROPRIETARY -- Do Not Reproduce or Redistribute!
This  message is in red ink. If not, you have an unauthorized copy.

PROPRIETARY -- Do Not Reproduce or Redistribute!
This  message is in red ink. If not, you have an unauthorized copy.



xxix 

 3.1.1.1.3 Multi-functional catalysts .............................................. 69 

  3.1.1.2  Methanol synthesis .......................................................................... 71 

 3.1.1.2.1 Role of defects in industrial catalysts ............................ 71 

 3.1.1.2.2 Catalysts development ................................................... 73 

 3.1.1.2.3 Low-temperature methanol synthesis ............................ 73 

  3.1.1.3  Methanation of CO .......................................................................... 75 

  3.1.1.4  Direct conversion of CO to ethanol and higher alcohols ................ 76 

 3.1.2 Reactions with CO .......................................................................................... 78 

  3.1.2.1 Carbonylation .................................................................................. 78 

 3.1.2.1.1 Methanol carbonylation ................................................. 78 

 3.1.2.1.2 Recent development in methanol carbonylation  
catalysts ......................................................................... 79 

 3.1.2.1.3 DME carbonylation ....................................................... 80 

  3.1.2.2  Hydroformylation ............................................................................ 80 

 3.1.2.2.1 Aqueous biphasic systems for hydroformylation .......... 81 

  3.1.2.3  Hydrocarboxylation ......................................................................... 82 

 3.2 CARBON DIOXIDE ACTIVATION ........................................................................ 83 

 3.2.1  Carboxylation ................................................................................................. 85 

  3.2.1.1 Types of reaction ............................................................................. 85 

  3.2.1.2 Recent developments ....................................................................... 87 

 3.2.1.2.1 Monomeric carbonates .................................................. 88 

 3.2.1.2.2 Polycarbonate via monomeric cyclic carbonate ............ 88 

 3.2.1.2.3 Alternating polyolefin carbonate polymers and 
Polyhydroxyalkanoate ................................................... 89 

 3.2.1.2.4 Polyether carbonate polyols, PPP .................................. 89 

 3.2.2  Reverse water gas shift (RWGS) .................................................................... 89 

  3.2.2.1 Opportunities for RWGS ................................................................. 90 

  3.2.2.2 Catalysts and Reaction Mechanism ................................................. 90 

  3.2.2.3 Recent developments ....................................................................... 91 

 3.2.3 Modified Fischer-Tropsch (FT) synthesis ...................................................... 92 

  3.2.3.1 Effect of CO2 ................................................................................... 92 

  3.2.3.2 Synthesis of light olefins from CO2 ................................................ 92 

 3.2.4  Organic synthesis ........................................................................................... 95 

  3.2.4.1  Carbon dioxide as a building block ................................................. 95 

PROPRIETARY -- Do Not Reproduce or Redistribute!
This  message is in red ink. If not, you have an unauthorized copy.

PROPRIETARY -- Do Not Reproduce or Redistribute!
This  message is in red ink. If not, you have an unauthorized copy.



xxx 

 3.2.4.1.1 Carbamates/urethanes .................................................... 95 

 3.2.4.1.2 Acrylates, lactones and long chain carboxylic acids ..... 96 

 3.2.4.1.3 Carbonates ..................................................................... 97 

  3.2.4.2  Urea synthesis and utilization .......................................................... 97 

  3.2.4.3  Others ............................................................................................... 98 

 3.2.5  Electrocatalysis ............................................................................................... 98 

  3.2.5.1 Electrochemical reduction of CO2 to fuels ...................................... 99 

  3.2.5.2 Molecular approaches to the electrochemical reduction of  
carbon dioxide ............................................................................... 100 

  3.2.5.3 Gas-phase reduction of carbon dioxide ......................................... 101 

 3.3 TECHNICAL HURDLES ........................................................................................ 102 

 3.3.1 CO activation ................................................................................................ 102 

 3.3.2 CO2 activation ............................................................................................... 104 

 3.4 CONCLUSIONS AND RECOMMENDATIONS ................................................... 106 

 3.5 REFERENCES ......................................................................................................... 108 

4. INDEX ............................................................................................................................... 121 

 
 

FIGURES 

Figure 1.1  Current usage of natural gas as a chemical feedstock ........................................... 6 

Figure 1.2  A general simplified scheme of the C1 catalytic chemistry .................................. 8 

Figure 1.3  Classes of reactions and related catalysts discussed in this CAP Report .............. 9 

Figure 2.1  Simplified flowsheet of the Synfuel GTE (gas-to-ethylene) process .................. 13 

Figure 2.2  Examples of recent scientific developments in the area of the direct methane 
conversion ........................................................................................................... 14 

Figure 2.3  Elemental compositions of OCM catalysts with YC2 ≥ 25% reported in the 
literature .............................................................................................................. 16 

Figure 2.4  Flowsheet for the Oxidative Coupling of Methane Process. ............................... 18 

Figure 2.5  The effects of CH4/O2 ratio and temperature on (a) methane conversion, (b) 
product selectivity of ethylene (C2H4) and (c) product selectivity of ethane 
(C2H6) .................................................................................................................. 19 

Figure 2.6  (A) Correlation observed between surface morphology of the primary MgO 
particles (as a function of Li loading) and the catalytic behavior (yield C2  
for m2). (B) The hierarchical structure of the Li/MgO catalyst with a model  
of the Li/MgOx islands active sites ..................................................................... 20 

Figure 2.7  Yield of C2 products vs. catalyst descriptors D1 (Reaction enthalpy of  
hydrogen abstraction of CH4) and D2 (chemisorption enthalpies of O2) ............ 20 

PROPRIETARY -- Do Not Reproduce or Redistribute!
This  message is in red ink. If not, you have an unauthorized copy.

PROPRIETARY -- Do Not Reproduce or Redistribute!
This  message is in red ink. If not, you have an unauthorized copy.



xxxi 

Figure 2.8  Stoichiometric conversion of methane to surface-bound methoxy species  
over Fe- or Cu-exchanged zeolites. .................................................................... 22 

Figure 2.9  (A) Amount of methanol extracted per gram of Cu-ZSM-5 sample, as a  
function of the Cu/Al ratio. (B) UV–vis–NIR absorption spectra of the of  
Cu-ZSM-5 samples (Si/Al = 12) activated in O2 at 450°C ................................. 23 

Figure 2.10  (A) Schematic representation of the growth process of the MCM-22-HS.  
(B): (a) Catalytic performances of Mo/HMCM-22-HS and conventional 
Mo/HMCM-22 catalysts for MDA reaction; (b) formation rates of benzene  
at 973 K on these two catalysts under space velocity of 1500 mL/(g h) ............ 26 

Figure 2.11  Potential reaction network for the conversion of methane to olefins via 
halagenoalkanes .................................................................................................. 27 

Figure 2.12  (A) Dependency of catalytic performances on time on stream for the  
oxidative chlorination of CH4 over the 15 wt% FeOx–CeO2 nanorods  
(A.a) and the oxidative bromination of CH4 over the 10 wt% NiO–CeO2 
nanocubes (A.b) .................................................................................................. 29 

Figure 2.13  Generalised mechanistic cycle for the partial oxidation of methane over  
high-valent transition metal electrophiles ........................................................... 30 

Figure 2.14  Periana/Catalytica systems for methane to methanol (methyl bisulfate) 
conversion: (A) earlier mercury-based system (85% selectivity for methyl 
bisulfate;  50% conversion of methane). (B) second-generation system  
based on platinum(II) bipyrimidine catalyst (81% selectivity for methyl 
bisulfate; 89% conversion of methane) ............................................................... 31 

Figure 2.15  (A) Schematic diagram of microplasma reactor and experimental setup.  
(B)  Liquid selectivity (●: Sliq and ■ : Stotal) vs. CH4 conversion ........................ 36 

Figure 2.16  (A) Soluble Methane Monooxygenase enzyme with a detail of the diiron  
active site structures of (a) Mc MMOHox (PDB ID 1MTY) and (b) Mc 
MMOHred (PDB ID 1FYZ). (B) The pMMO (M. capsulatus (Bath))  
structure. In the bottom: (Left) The dicopper active site as determined  
from the low-resolution pMMO X-ray structure (PDB code: 1YEW).  
(Right): a computationally derived mixed-valent CuII–CuIII bis-μ-oxo  
reactant complex for methane hydroxylation ..................................................... 37 

Figure 2.17  Nickel supported on an MgAl2O4 spinel carrier. Recorded at 550°C and  
7 mbar of hydrogen using the in situ electron microscope at Haldor Topsøe  
A/S ...................................................................................................................... 39 

Figure 2.18  Electron microscopy images of whisker carbon (A), encapsulating carbon  
gum (B) and pyrolytic carbon on the MgAl2O4 carrier (C) of a Ni/MgAl2O4 
reforming catalysts .............................................................................................. 40 

Figure 2.19  (A) SCT-CPO Process module (street transportable). (B) Skid-mounted  
SCT-CPO Unit (for medium-small hydrogen consumer). (C) SCT-CPO  
pilot plant for industrial hydrogen production (99.999%) .................................. 41 

Figure 2.20  (A) CPO with methane feed and oxygen as oxidant. P = 1.5 MPa. H2O/CH4 = 
0.26; CO2/CH4 = 0.11;O2/CH4 = 0.56.. (B) Methane conversion in CPO  
pilot plant experiments with air as oxidant ......................................................... 43 

PROPRIETARY -- Do Not Reproduce or Redistribute!
This  message is in red ink. If not, you have an unauthorized copy.

PROPRIETARY -- Do Not Reproduce or Redistribute!
This  message is in red ink. If not, you have an unauthorized copy.



xxxii 

Figure 2.21  Process scheme of Tecnimont KT of prototypal plant for steam reforming of 
natural gas in a reformer and membrane modules (RMM) plant ........................ 44 

Figure 2.22  Methane and hydrogen content in the dry product along 960 h operation in  
pilot plant for steam reforming of natural gas in a reformer and membrane 
modules (RMM) plant ......................................................................................... 45 

Figure 2.23  Production cost vs. yearly depreciation rate for a new membrane reforming 
MRR concept to convert natural gas to hydrogen and electricity, in  
comparison  with conventional tubular steam reforming technology ................. 45 

Figure 2.24  Integrated reactor: thermal pyrolysis coupled with in situ hydrogenation. ......... 46 

Figure 3.1  Novomer Inc. value chain scheme for utilizing waste CO for numerous 
applications. ........................................................................................................ 65 

Figure 3.2  (a) Basic scheme of the Lanzatech process (waste gas to ethanol) to  
produce alcohols from CO-rich sources (steel mill). (b) Extension of the  
process to use a broad range of CO:H2 ratios (from different sources) and 
downstream upgrading catalytic processes to produce drop-in hydrocarbon  
fuels. .................................................................................................................... 66 

Figure 3.3  Simplified flowsheet of the Indiana Coal to SNG process (Leucadia National 
Co.) with highlighted the section related to CO methanation to produce high-
quality SNG. ........................................................................................................ 72 

Figure 3.4  (a) Scheme of the formation process of the R-Fe@HZSM-5 catalyst.  
(1) The starting FeAl alloy; (2) in situ dealumination of the FeAl alloy by 
TPAOH in the zeolite synthesis solution; (3) nucleation of HZSM-5 on  
Raney Fe; (4) removal of TPAOH by calcination in air; (5) reduction in  
H2/Ar to restore the metallic Fe core. (b) Product distributions on Raney  
Fe, R-Fe–HZSM-5, and R-Fe@HZSM-5 after ca. 150 h on stream.  
Reaction conditions: T = 543 K, P = 2.0 MPa, H2/CO = 2, and  
WFe/F(CO+H2) = 10 g h mol−1 ........................................................................... 70 

Figure 3.5  (a) CO conversion and Ciso/Cn ratio and (b) selectivity of Ru catalysts  
loaded on meso-ZSM-5 prepared by treating H-ZSM-5 with different 
concentrations of NaOH ...................................................................................... 71 

Figure 3.6  Schematic drawing of the active site suggested by the calculations and 
Abberation-corrected HRTEM images of Cu particles in the conventionally 
prepared, most active Cu/ZnO/Al2O3 catalyst. ................................................... 72 

Figure 3.7  Schematic cross sections representing an average view of the zones of  
different composition centered on a copper metallic particle of the  
Cu/Zn/SiO2 catalyst calcined, and reduced at 200, 300, and 400°C. .................. 72 

Figure 3.8  (A) Cascade reactions in the catalytic hydrogenation of CO2 to CH3OH  
in a homogeneous phase via three different catalysts. (B)  Transfer Approach  
to Cascade Catalytic CO2 Hydrogenation. In the inset: view of the modified 
reactor set up ....................................................................................................... 74 

Figure 3.9  Durability test at 200°C for CO selective methanation over  
1 wt% Ru/ mesoporous Ni-Al oxides (40 Ni mole %). Feed:  
1 vol% CO:CO2:H2 = 1:20:79; GHSV = 2400 h-1. ............................................ 75 

PROPRIETARY -- Do Not Reproduce or Redistribute!
This  message is in red ink. If not, you have an unauthorized copy.

PROPRIETARY -- Do Not Reproduce or Redistribute!
This  message is in red ink. If not, you have an unauthorized copy.



xxxiii 

Figure 3.10  Aqueous biphasic hydroformylation of 1-octene catalyzed by cobalt  
complex of the water-soluble ligand trisulfonated tris(biphenyl)phosphine 
(BiphTS): effect of mass transfer promoters (AC-WV activated carbon  
Nuchar WV-B; CTAB cetyltrimethylammonium bromide,  RAME-β-CD 
randomly methylated β-cyclodextrin) ................................................................. 81 

Figure 3.11  (A) Biphasic hydroformylation of higher olefins by a Rh–TPPTS system  
assisted by randomly methylated cyclodextrins mixtures. (B) Influence of 
the RAME-α-CD/RAME-β-CD mixture composition on the olefin  
conversion for different substrates in the hydroformylation reaction ................. 82 

Figure 3.12  Overview of the CO2 conversion routes to incorporate renewable energy  
in the chemical and energy chains. The renewable energy (RE) is used either 
directly (in the solar thermal production of syngas) or indirectly, according to 
two main possibilities: (i) production of renewable H2 or (ii) production of 
electron, or electron/protons (by water photo-oxidation), used in the 
electrochemical routes. ....................................................................................... 84 

Figure 3.13  General scheme of production of isocyanate. ..................................................... 86 

Figure 3.14  Alternative catalytic routes in the reaction of propylene oxide with CO2. ......... 86 

Figure 3.15  CRI’s demonstration plant .................................................................................. 90 

Figure 3.16  Different routes to synthetize light olefins from CO2 and renewable H2. .......... 93 

Figure 3.17  A summary of organic chemicals produced from CO2. ...................................... 95 

Figure 3.18  CO2 based synthetic routes to carbamates, carbonates and isocyanates,  
and their interconversion through trans-esterification reactions. ........................ 96 

Figure 3.19  Comparison of the energy efficiencies and current densities for CO2  
reduction to formic acid, syngas, and hydrocarbons (methane and ethylene) 
reported in the literature with those of water electrolyzers. Efficiencies of 
electrolyzers are total system efficiencies, while the CO2 conversion  
efficiencies only include cathode losses and neglect anode and system  
losses. .................................................................................................................. 99 

Figure 3.20 Aqueous CO2 reduction to methanol catalysed by the pyridinium radical. ...... 100 

Figure 3.21  (A) 1st generation solar fuel cell under development at the University of 
Messina (Italy) for the photoelectrocatalytic conversion of CO2. Bottom:  
scheme of the cell with electron microscopy images of a particular of the  
TiO2-nanotube array electrode and of the Fe-nanoparticles on N-doped  
carbon nanotubes, used as photocatalyst for water oxidation and electrocatalyst 
for CO2 reduction, respectively. Top: photo of the experimental cell, and  
of the assembly of the photoanode with the Nafion membrane. (B) 2nd 
generation solar fuel cell under development at the University of Messina  
(Italy) for the photoelectrocatalytic conversion of CO2. ................................... 101 

PROPRIETARY -- Do Not Reproduce or Redistribute!
This  message is in red ink. If not, you have an unauthorized copy.

PROPRIETARY -- Do Not Reproduce or Redistribute!
This  message is in red ink. If not, you have an unauthorized copy.



xxxiv 

TABLES 

Table 2.1  Global oil majors and number of patents in converting methane to ethylene ..... 12 

Table 2.2  Potential routes for methane upgrading .............................................................. 15 

Table 2.3  OCM process economics. .................................................................................... 18 

Table 2.4  Catalytic performance of HZSM-5 supported Re and Mo catalysts.  
Temperature: 973 K (950 for 4% Mo); pressure 0.1 MPa  
(0.3 MPa for 5% Re). .......................................................................................... 24 

Table 2.5  Top: Product distribution for SAPO-34 at different temperatures.  
Condition, 2.0 s, 0.2 atm. CH3Br. Bottom: proposed mechanism converting 
CH3Br to light olefins. ......................................................................................... 28 

Table 2.6   Catalytic activity of Pt-modified PBI and CTF catalysts.[a] PBI: 
polybenzimidazole network; conventional Periana system dichloro(-2-(2,2’-
bipyrimidyl))Pt(II), [Pt(bpym)]; N-(2-methylpropyl)-4,5-diazacarbazolyl-
dichloro-Pt(II), DACbz-Pt. .................................................................................. 33 

Table 3.1   Comparison of routes to produce ethanol from biomass syngas:  (1) 
thermochemical route and (2) biochemical/ thermochemical route  (gas 
fermentation) via LanzaTech process. ................................................................ 77 

Table 3.2   Major commercial processes of methanol carbonylation and their principal 
features. ............................................................................................................... 79 

Table 3.3  Linear and cyclic carbonates and their market and use  (total market over  
20 Mt year–1). ...................................................................................................... 87 

Table 3.4   Selection of relevant recent results in syngas to light olefins FT conversion. .... 94 

 
 

 

PROPRIETARY -- Do Not Reproduce or Redistribute!
This  message is in red ink. If not, you have an unauthorized copy.

PROPRIETARY -- Do Not Reproduce or Redistribute!
This  message is in red ink. If not, you have an unauthorized copy.




