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Determining the Corrosive Potential of Transporting CO,
with Impurities and Development of Mitigation Strategies

Executive summary

Emissions from fossil fuel-fired power planis represent a significant source of carbon dioxide (CQ,)
emissions, a known greenhouse gas. The capture and storage of CQ; in geological reservoirs is now
considered to be one of the main options for achieving deep reductions in greenhouse gas emissions.
The CO; capture and storage process involves three stages: capture of the CO, from the power plant or
industrial process, transmission of the CO, fo the storage site followed by injection into the geoiogical
reservoir, The research activities are largely concentrating on development of the capture technology to
reduce costs, and on assessing the technical feasibility of injecling and monitoring the CQ; within the
geological reservoirs themselves. Littie of the research is being conducted on CO, transmission, but this
remains a critical component that should not be overlooked,

In the period of 2007 ~ 2009, the Institute for Corrosion and Multiphase Technology (ICMT) and the
Ohio Coal Research Center (OCRC) at Ohio University have conducted quantitative evatuation of
thermodynamic and corrosion properties in both CO,-saturated water and water-saturated CO; phases to
evaluate corrosion potentiat in CO, transport pipelines. In addition, the effect of impurities on high
pressure CO, corrosion was also investigated by experimentation. The results indicated that corrosion
rates are much higher if free water is present and the presence of impurities in CO2 can increase the rate
of corrosion of carbon steel in both CO.-saturated water and water-saturated CQ; phases. Operating with
very low level of water can inhibit the formation of free water which can reduce corrosion in CO; pipelines.
However, recent studies as well as our results suggest thai there still has a possibility of corrosion in CO,-
rich phase with impurities, and it should not be neglected.

This work will be focused on addressing Goal B: Evaluate CO, control methods which can be
applied in Ohio. Specifically, the corrosion of carbon steel in supercritical CO, with water and impurities
(03, SO,) will be studied under different conditions such as flow, pressure, temperature, water content,
and Impurities concentration. In addition, the guideline for pipeline safety of CO, pipeline will be
established based on experimental data and pipeline information. It will be jointly undertaken by the ICMT
and the OCRC in Ohioc University. The OCRC has expertise on power plant and gasification plant
operation, as well as funded research from the Department of Energy on CO; sequestration. The ICMT
and the OCRC will visit American Electric Power (AEP), the USDOE/Albany Research Center, and
ENCANA fo obtain information on the water removal process, thermodynamic properties of mixtures and
COQ, transporting pipeline properties. The ICMT has conducted a large volume of research on CO,
corrosion of mild steel which is complicated by many factors including multiphase flow, pressure, H,S,
organic acids and other impurities and additives. Many of these factors have been investigated at ICMT
covering a broad range of conditions seen both in downhole tubing as well as upstream piping. ICMT
houses cne of the world's largest facilities for testing CO; corrosion. It consists of an array of five single
phase / multiphase flow loops as well as a battery of autoclaves which can werk up to 2000 psi. Using
these facilities realistic hydrodynamic and fluid chemistry conditions ¢an be set up to study high pressure
CO, corrosion with impurities. Advanced corrosion measuring techniques and analytical techniques will
be deployed by ICMT to understand the effects of various impurities and flow on high pressure CO,
corrosion mechanism. A guideline for safety of CO; pipelines will provide a database for the corrosion
properties of carbon steel in supercritical COx/H,0/0,/S0, environments with all possible scenarios in
CO, transport pipeline. It will also address a relationship between corrosion risk and lifetime of CO,
transport pipelines under different conditions as well as mitigation strategies for corrosive potential of CO,
transport pipeline.
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EXECUTIVE SUMMARY

Chemically and thermally stable zeolite membranes that possess small intracrystalline pores of
molecutar dimensions are highly desirable for H, separation from coal gasification products, such as
syngas. However, the currently investigated zeolite membranes, such as sificalite-1 (MFI) and zeolite Y
(FAU), possess sfgnificantly larger pore sizes than the sizes of H,, CO, and CO molecules. The lack of
suitable zeolite membranes reprasents a major obstacle in the development of novel inorganic membrane
technology for hydrogen separation. In this on-going project C6 we successfully demonstrated that thin
and essentially defect-free small-pore zeolite membranes grown on lab-made disk-shaped supports with
unoptimized mass-transfer resistance showed the H, permeance of ~2-107 molm?s™'Pa’ and
o{H,/CO,) ~40-80 in binary gas permeation tests. These membranes are thermally and chemically stable
exhibiting no change in separation characteristics when tested in 3 vol. % moisture-containing gas stream
at 450°C for 48h. However, for practical applications, these membranes will be fabricated on commercial
tubular_supports with pore structure optimized to provide enhanced M, permeance greater than 510°
mol'm™s™-Pa’ required for the target applications. Therefore, the two-year objective of this work is as
follows:

o Develop chemically and thermally stable tubular zeolite membranes which exhibit in pifot-scale
tests the H, permeance = 5107 molm?*s™*-Pa’! and a(H,/CO) >100, thereby lowering reforming
costs for H, production to < $0.40/kg

In this two-year program, the zeolite membranes will be fabricated initially on short sections of
several types of commercial tubular supports obtained from Pall Corp. and screened for quality at the
University of Cincinnati. Following these initial tests, longer sections of best tubular zeolite membranes
will be fabricated and tested on pilot scale for the target H, separations from (1) coal syngas, (2) SMR
and (3) refinery offgas streams as part of coliaborations with NETL (1) and APCI (2 and 3). We will
conduct one-month durability tests of the best membranes under typical process conditions in the above
streams containing H,, CO, CO., N, H;O and hydrocarbons (up to C8). Lastly, we will conduct
preliminary process design and economic analysis of H, separation processes employing novel zeolite
membranes integrated with coal gasification, SMR and refinery processes in collaboration with NETL,
APCI and Pall Corp. We anticipate that these tubular membranes will be thermally (700°C), chemically
and mechanically (200 atm AP) stable under typical process conditions for over 1 month and provide
>90% H, for utility power generation, 98% H,; competitively with polymeric membranes, and 99.9% H,
competitively with PSA.

Whereas this proposed work will focus on the development of small-pore zeolite membranes for
H. separation from several process streams, the science underlying the synthesis of these membranes is
the subject of a concept paper being submitted by the Pl to US DOE ARPA-E DE 0000085 for funding.

EXPANDED DISCUSSION ON KEY POINTS

No concerns were raised by reviewets of this pre-proposal. Therefore, we highlight here the key
point related to iong-term stability testing of optimized tubular zeolite membranes of this project. The long-
term fargets for H, selective membranes have been recently defined ("Hydrogen from Coal’, Research,
Development and Demonstration Plan for the Period 2004 through 2015, US DOE, Office of Fossil
Energy, Dec. 26, 2005, 69 pp.) call for <50% change in the above H,-permselective properties over
>10,000 h operation with >10 start/stop cycles under WGS and steam reforming conditions. Therefore, in
the 30 day-long test proposed for Year 2, this test will include thermal cycling. For example, the
membranes will be tested for about 200 hours and then aflowed to cool to ambient temperature. This
onfoff cycle will be then repeated from four to six times resuiting in an accumulative 30 days of operation.

EXPANDED DETAILS ON THE SOW

This project represents a collaboration between the University of Cincinnati, NETL, APCI and Pall
Corporation focused on the scaleup of microporous zeolite membranes for hydrogen separation
developed in project C6. Please note that these collaborators will provide significant in-kind and in-cash
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EXECUTIVE SUMMARY

This two-year project is aimed at developing new sulfur-resistant, chemically and thermally stable
membrane reactors (CMRs) for hydrogen production and separation from coal syngas, which overcome
the stabillity, catalytic activity and H, separation selectivity limitations of current CMRs based on Cu water-
gas-shift (WGS) catalysts and sificalite-1 membranes. The development of novel nanostructured Cu/Ni
WGS catalysts, which display enhanced activity in a low temperature WGS process and improved
stability, represents the major focus of this work. Accordingly, the overall objective of this two-year project
is as follows:

¢ The fwo-year objective is to develop new sulfur-resistant, chemically and thermal[y stab[e
membrane reactors employing novel Cu/Ni WGS catalysts with H, permeance >5-107 molm™®s™
L. Pa and H,/CO, selectivity >50, to enable lowering reforming costs for H, production to < $0.40/kg

The novel Cu/Ni catalysts containing Cu/Ni alloy nanoparticles (ca. 3-10 nm) supported on
commercial oxide supports will be obtained by 3 promising synthesis methods: (1) in reverse micelles; (2)
by polyol process; and (3) by dendrimer-assisted synthesis, The Cu/Ni nanoparticle size distribution and
morphology will be characterized by TEM and SEM. Their phases and surface compositions will be
characterized by XRD and X-ray photoelectron spectroscopy (XPS). XPS will also shed light on the
chemical state of surface Cu and Ni species as a function of processing and WGS reaction conditions.
Temperature programimed reduction (TPR) in Hz will yield information on the metal-metal and metal-
support interactions. The specific Cu and Ni surface areas in these catalysts will be characterized by Hj,
CO and N,O adsorption.

The WGS activity will be tested using a microreactor equipped with a TCD/FID GC and a
simulated coal syngas of 55% CO, 31% H,, 4% CO,, 5% CH4 and 5% Ny (dry basis) diluted with
appropriate amount of steam. The reaction rates for the Cu/Ni catalysts will be compared with those of
other low temperature WGS catalysts and the sulfur sensitivity of the best Cu/Ni catalysts (promoted with
Zn0O and Sn) will be investigated by exposing them to 500 ppm of HaS in the model WGS feed. It is
anticipated that this work will lead to identification of novel Cu/Ni alloy catalysts with significantly improved
WGS activity and stability that are dependent on their chemical composition, the size of Cu/Ni alloy
nanoparticles, their shape and the nature of oxide support.

These novel WGS catalysts will be tested with two kinds of Hz-permeselective membranes, (1)
zeolitic membranes being developed by the Pl at the University of Cincinnati (UC) in project C8, and (2)
amorphous silica membranes in development by Prof. Verweij at OSU. The best disk-shaped zeolitic
membranes synthes;zed at UC dlsplay the binary H./CO: selectivity of 50-80 and steady-state H»
permeance ~2-107 mo[ 2 s Pa at 1 atm and 400°C. Their H, permeance is expected fo be further
increased to > 5107 mol-m™s™-Pa™ in the next two years through the’use of commercial tubular supports
with optimized mass-transfer characleristics as described in the project C8 proposal submitted to OCDO
for funding. It is expecied that the requested OCDO support will enable this UC/OSU team to obtain
critical experimental data and pursue DOE funding in CMRs for H, separation.
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ENHANCED COAL TO LIQUID TECHNOLOGY USING CALCIUM LOOPING PROCESS

Executive Summary

The increasing energy demand and the necessity for energy independence have brought coal to
liquid (CTL) technologies, which have the capability of near term implementation due to their compatibility
with the existing infrastructure, to the forefront. The United States has 494 billion tons of coal reserves,
within which the state of Ohio has 5% or 24 billion tons of reserves and hence the development of an
energy efficient coal to liquid technology will be very beneficial. Coal derived liquids are high quality,
ultraclean fuels which result in Jower particulate, sulfur and NOy emissions when compared to the
petroleum derived fuels. Currently, the indirect production of coal derived liquid fuels is through the coal
gasification and Fischer Tropsch (FT) process using multistage gas clean up, water gas shift
reactors(WGSR) to adjust the syngas composition, PSA to produce H; for the product upgrader and
syngas recycle through the FT reactor. it has been estimated that the carbon foot print of the coal to
liquids process is at least 150 — 175% higher than petroleum based fuels, By the implementation of
carbon capture and sequestration, the iife cycle CO, emissions for the coal to liquids process can he
reduced by 20% compared to conventional fuel.

The addition of CO, capture to the coal to liquids process will further add units to reform the C1-
C4 hydrocarbons produced in the off gases from the FT reactor and CO, capture units, making the over
all process very energy intensive. In contrast, the Calcium Loeoping Process (CLP) utilizes the principles of
process intensification, combining the reaction and separaticn steps in a single unit and improving the
energy efficiency and economics of the over all process, It is capable of producing a sequestration ready
CO, stream by capturing alt the CO. emitted during the coal to liquids process. In addition to achieving
carbon capture, the CLP improves the efficiency of the coal to liquids process by conversion of the
Fischer Tropsch reactor's off gases to hydrogen which is used to adjust the H;:CO ratio of the FT feed
and for the product upgrader. The CLP is capable of reforming the hydrocarbons and shifting the
unreacted syngas in the FT offgases in the presence of a calcium based sorbent and reforming catalyst
while simultaneously capturing the CO,. It integrates the reforming of hydrocarbons, water gas shift
{(WGS) reaction and in-situ carbon dioxide (CO») removal at high temperatures in a single reactor while
eliminating the need for excess steam addition, WGS reactor and catalyst, CO, scrubber and a hydrogen
purification system and reduces the overall foot print of the hydrogen production process. The CLP
comprises of two reactors; the carbonation reactor where the thermedynamic constraint of the refarming
and WGS reaction is overcome by the incessant removal of the CO, product and high-purity H, is
produced and the calciner where the calcium sorbent is regenerated and a sequestration-ready CO,
stream is produced. The purity of Ha and the conversion of hydrocarbons are increased by a large extent
when the carbonation reaction is integrated with the WGS reaction. The exothermic carbonation and
WGSR convert the highly endothermic reforming of hydrocarbons into a heat neutral process thus
simplifying the reforming process and reducing the temperature of reforming from >900C to 650C.
Experiments conducted in & bench scale facility have revealed that high purity Hy of >87% purity can be
produced by the CLP with integrated CO, capture.

The overall objective of this project is to combine various unit operations (reforming of
hydrocarbon FT offgases, WGS, CO, capture, sulfur capture and H» production for the upgrader) into a
single stage reactor and improve the over all efficiency and footprint of the CTL process by using the
CLP. The specific objectives are to a} adjust the syngas feed to the FT reactor into a 2:1 H,:CO stream
without a catalyst, convert all the C1-C4 hydrocarbons and unconverted syngas in the FT offgases thus
removing the recycle and achieve simultaneous CO, and H,S capture at high temperatures to ppb levels
in a single stage reactor, b)produce H, for the product upgrader, c)produce a sequestration ready CO,
stream, djreduce the excess steam requirement e)produce more liquid fuel than the conventional
process, for the same amount of coal consumed by using the FT offgases. During the first year, the
combined reforming, WGS, CO, and sulfur removal reaction will be investigated in simulated fuel gas
streams containing the offgases from the FT reactor in the presence of various catalysts and optimizing
the conditions of operation. Recyclability of the sorbent and muiticyclic reaction and regeneration will be
studied in a bench scale reactor. ASPEN efficiency analysis will also be conducted throughout the iength
of the project. The second project year will involve subpilot scale testing of the CLP for CTL process and
overall preliminary technoeconomic and lifecycle analyses.
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EXECUTIVE SUMMARY

Zeolites have been under intense investigation over the past 70 years as adsorbents for industrial
gas separations and, more recently, as inorganic and mixed matrix membranes. They are attractive for
gas separation applications because of their adsorption and molecular sieving properties owing to the
presence of micropores with sizes precisely defined by their crystal structures. Zeolites are highly
desirable as adsorbents and membrane materials for three highly important gas separations which will
produce CO.-rich waste streams suitable for sequestration: (1) CO, separation from N, present in flue
gas; (2) air separation for oxycombustion to produce CO,-rich flue gas; and (3) CO, separation from Hy-
rich coal syngas (and delivery of the H, product). However, the currently investigated zeolite Y (FAU) and
silicalite-1 (MF1) membranes and adsorbents suffer from low (perm)selectivities in the above separations
due to large pore sizes and the lack of discriminating intermolecular interactions for the relevant gases.

Therefore, the development of these gas separation applications is strongly coupled to the rate of
the discovery of new zeolite structures with suitable framework chemistries and pore sizes. While the
discovery of new synthetic zeolites has slowed down significantly in recent decades, the field of
microporous metal-organic (MOF) and zeolitic imidazolate (ZIF) frameworks first reported several
years ago has been undergoing rapid development. In this 2-year project several promising ZiFs and
MOFs will be synthesized and their gas separation properties as adsorbents and membranes will be
explored in binary gas adsorption and permeation tests. Accordingly, the major project objectlves are the
following:

¢ Demonstrate the proof of concept for ZIFs and MOF to separate (1) CO, from N, with binary
adsorption selectivities > 50 at r.t.-200°C and 0.2-40 atm; (2) air; and (3) H, from coal syngas
manifested in binary adsorption Ho/CQ; (and Hy/CO) selectivities > 50 at r.t.-350°C and 1-30 atm

» Demonstrate the proof of concept for initial membranes made from the best ZIFs and MOF
identified in Year 1 which dlsp[ay the Permselechwttes >4 and permeances of selectively
permeating gas species >5- 10 mol-m?s™-Pa’

Several promising ZIFs and MOF structures will be synthesized by reported methods and
characterized by XRD (phase purity and thermal stability), thermogravimetric analysis (TGA) and
differential scanning calorimetry (DSC) in N, O, and CO, atmospheres ({thermal and chemical stability),
N, adsorption at 77K (pore volumes and sizes). Single-component CO,, CO, N,, O, and H, and binary
CO/N3, NofOa, COy/H, and CO/H, adsorption tests will be conducted at 1.t.-100°C, total pressures of 0-50
atm and several gas compositions in order to fully characterize the potential of the novel ZIFs and MOFs
for the target gas separation applications. In the case of ZIFs, we will aim to elucidate the process
conditions for the H, size-selective adsorption behavior of these small-pore frameworks.

Chemical stability of the best ZIFs and MOF identified in the binary adsorption tests will be
studied in the presence of typical gas impurities present in relevant process streams, e.g., SO, and NO
saturated with H,O at 50°C and 1 atm typical of flue gas after a wet scrubber; H,S and H,O at 50-350°C
and 1-5 atm typical for coal syngas in the case of ZIFs for H; separation. These ZIF and MOF samples
will be examined by the XRD, N, porosimetry and gas adsorption to determine their chemical stability in
the presence of typical flue and coal syngas impurities.

The mixed-matrix membranes containing the best ZIFs/MOF and several glassy and rubbery
commercial polymers will be fabricated by reported methods. The gas solubility in these membranes will
be characterized as a function of the ZIF/MOF loading employing adsorption microbalance. The
viscoelasticity and modulus of the membrane will be determined by dynamic mechanical analysis,
whereas the tensile strength will be measured using the Instron. This information will aid in understanding
the effect of ZIF/MOF on the membrane strength. SEM and TEM will provide information about the
membrane morphology, the uniformity of ZIF/MOF dispersion in the matrix, and the crystal size. Gas
permeation studies will be conducted employing available steady-funsteady-state setup and CO,, CO, Na,
0, and H, as well as their relevant binary mixtures at feed pressures up to 40 atm at r.t.-100°C. These
experiments will aim at establishing the structure-property relationships for the ZiFs and MOFs and
engineer the mixed-matrix membranes for the target gas separations.
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Affordable CO,-selective membranes for post-combustion capture
2. Executive Summary

Project goal

The overall goal of the proposed project is to realize practical COs-selective Inorganic (ceramic) mem-
branes, primarily for post-combustion capture. These membranes have high molar permeance of
fo, > 107 moli(m®s-Pa)] ', and a selectivity >20 with respect to Np and H,O. The operation temperature

can range from room temperature to 400°C; the pressure difference across membrane is up to 10 Bar for
hoth flat and fubular geometries. The overall membrane performance is expected to be stable for >5
years, with <50% degradation in permeance while maintaining the selectivity. In addition, polymer sup-
ports will be applied {o replace conventional inorganic supports, and rapid thermal processing will be de-
veloped to reduce the synthesis time from >5 days to <2 hours. These two approaches will lead to a sig-
nificant reduction of mernbrane fabrication costs from unacceptable current >$500/m? to viable <$50/m?.
The separation function will be provided by a thin micro-porous inorganic membrane, The three most
promising compositions are, zeolite Y, y-alumina and amorphous sllica. All have been tested in our lab
and show optimum performance in distinct operational regimes with temperatures, <100°C, <200°C and
<400°C respectively.

Anticipated achievements

Microporous, zaolite Y, y-AlLOs and amorphous silica will be synthesized as thin membranes on a com-
mercially available polysulfone suppert. The membrane structure will be formed by colloidal dip-
deposition, additive removal by reactive ion etching, and consolidation by rapid thermal processing. The
latter will enable forming of high-temperature phases on polymer supports with limited thermal stability.
The membrane thickness will be <500 nm to obtain a high permeance, and to aveid cracking or delamina-
tion of the membrane by flexing the support. A top thin layer of poly-di-methyl-siloxane (PDMS) will be
applied for mechanical protection and to suppress the adverse defects of membrane defects on intrinsic
membrane selectivity. The operation conditions will be chosen such that the feed side of the membrane
becomes >50% saturated with CO,. This leads to transport mechanism, known as “Type 11", that provides
high flux and selectivity for CO,. Studies on single gas and mixture permeation will be carried out as a
function of conditions to optimize performance and confirm "Type II” separation.

Justification for the work

Current emissions of CO, in power plants waste (flue) gas streams constitute about one third of the total
CO, emissions from human sources in the U.S. It has also become the largest factor in the U.S. contribu-
tion to unacceptable global climate change due to the greenhouse effect. Addressing this problem re-
quires energy efficient, and hance cost effective, separation of CO, from other flue gas molecules. Mem-
branes offer the best potential to achieve this goal since they operate isothermally and, ideally, do not
require any external work. Membranes that approach the ideal limit have a high-selectivity combined with
a high flux. A low cost price and high operational stability ensure that the external work input during
manufacturing is much less than the equivalent amount of work produced in the power plant. Inorganic
membranes are generally more selective and stable in harsh conditions, and up to higher temperatures,
The PDMS “defect cover” layer Is stable up to 400°C; the polysufone support is stable up to 160°C which
is sufficient for the target application. Other organic polymer support materials that allow higher tempera-
tures are in development. Recently our group demonstrated, for the first time, the feasibility and use in
membrane fabrication of rapid processing techhiques use in the semi-conductor industry, sugh as high-
intensity Infra-red Humination and reactive lon efching. This will lead to better membrane properties and,
especially reduction of the fabrication cost and time.

) f&%, can vary non-linear with CO, pressure, this number is for typical, relevant conditions,






