EFCE Excellence Award in Membrane Engineering -Call for nomination 2010
Extended abstract of the PhD thesys
TITLE OF THE THESIS: “Integrated membrane plant poire hydrogen production for PEMFC”
Eng. Adele BRUNETT] Institute of Membrane Technology, ITM-CNR, ViaBBcci c/o University of
Calabria cubo 17/C, 87036 Rende @®runetti@itm.cnr.it

Summary

Aim of the PhD thesis is the application of the M@ame Engineering in the study of new integrated
membrane plant solutions for the production of @€efhydrogen(CO<10 ppm) for PEMFC
(polymer electrolyte  membrane fuel «cell). Three faddgnt solutions for the
production/separation/purification of hydrogen lght hydrocarbons, referring particularly to the
upgrading of down-streams of reformers, have bempgsed as a suitable alternative to the
traditional systems. This focus has been doneeéroiitic of integrating the new membrane systems
in already existent plants, or in fuel processordoard.

The thesis consists of an experimental and a ttieak@analysis of the upgrading stage of the stream
coming out by a reformer, consisting particulaniythe water gas shift (WGS) reaction, carried out
using membrane reactors (MR) with different membré&ypes. The performances of the systems
have been analysed as a function of the operatindittons, paying particular attention to the feed
pressure effect on the reduction of the volume tedprocess yield, expressed in terms of CO
conversion and hydrogen recovery. The simulatiadystllowed to explore the performances of the
MR in a wider range of operating conditions andisthis an interesting tool for foreseen the MR
behaviour under such operating conditions, notnotipplicable in the lab. It was developed in
dimensionless form analysing the results also nmmgeof Damkhdler number, a dimensionless
parameter very important in the membrane reactmigdesince it takes into account the
characteristic reaction time and the space time.

The modelling and simulation study was accompatwgda wide experimental campaign for the
analysis of the three integrated membrane plantisok proposed. The water gas shift reaction have
been performed in MR using Pd-Ag MR and silica meanbs, feeding mixtures of different
composition, in order to confirm the results ackib\by simulations. Then, in order to verify the
technological feasibility of these systems, thectien/purification units have been integrated veith
PEMFC. The performances of the three integratetesys have been analysed and compared in
terms of “integrated plant technological efficiehcywo new performance indexes, useful to
compare the advantages of a membrane solutionresipect to the traditional one, were introduced
as new metrics of Membrane Engineering.

Problems addressed

Nowadays, the necessity to release energy prodaubtion oil and natural gas as primary energy
sources and, more in general, to diversify suchices in order to assure the supplying, is making
more pressing the interest on the innovative teldymes. Moreover, the increasing effort on
reduction of environmental problems has recentty tie the development of clean technologies,
designed to enhance both the efficiency and enwiesrial acceptability of energy production,
storage and use, in particular for power generdtlpnSince the hydrogen represents, as energetic
carrier, a good answer to the growing necessityn@i, abundant, clean, safe and renewable
energetic sources, its employment as feeding furdiuiel cells is certainly one of the most attreeti
aspects for the scientific community. The membraaahnology and, in particular, the membrane
reactor represent a good answer in this field siheg pursue, in the mean time, the maximization of
the sources exploitation as well as the compactokfise new systems. The approach followed in
this thesis is basically focused on the Membrangiri&ering aspects of the process and it pursues
the logic of process intensification strategy, avngesign philosophy that heads toward most
efficient processes, tending to a better explaitabf raw materials, lower energy consumption and,
also, plant size reduction. This last point is @h¢he main aspects to take into account for what
concerns the low environmental impact and, thysesents an important variable to consider in the
new production plant design strategies.




State of the art
The stream coming out by a reformer is of highljustrial attractive since it contains around 50% of
hydrogen (in dry condition) that might be recoverédrthermore, the CO present in the stream (40-
45%) is usually reduced in the upgrading stagejymimg at the mean time, more hydrogen.
In traditional applications, the upgrading of ref@te streams is performed by using a multi-stage
CO-shift process, with an intermediate carbon diexabsorption stage and a final £@moval
process.

CO+HO=CQ+H, AH g8 = - 41 kJ mot
WGS reaction is exothermic and favoured by a lowperature; on the other hand, by reducing the
temperature, the catalyst activity decreases, w@itbonsequent lower reaction rate. Therefore,
according to the commercial CO shift systems (widaked in petrochemical industry), the
traditional process is based on a series of catalgactors: firstly, operating at high temperasure
(about 350-400 °C), a large portion of carbon matexs converted giving hydrogen and £0
taking advantage from the high reaction rate; fmttore, operating at low temperature (around 220-
300 °C), the carbon monoxide conversion is refirtads allowing a lower CO final concentration
(less than 1% molar) [2]. Hich stream coming out from the last reactor igpdied to a pressure
swing adsorption (PSA) unit for the separation effidm the other gases. It must be highlighted that
the new utilization of Klas feed in fuel cells for mobile power sourcesuness that the anode inlet
gas has a CO concentration lower than 10-20 ppnfof3hvoiding the catalyst poisoning with
consequent drops in the cell efficiency. Hence, ploefication step of the Hproduced from
hydrocarbon or alcohol reforming, must be very ceint in order to reduce CO level to cell
requirements.
In the last few years, the significant developmentsnembrane science and the vision of process
intensification by multifunctional reactors havarsilated a lot of academic and industrial reseache
[4, 5] in the direction of the development of theG® reaction in a MR. However, practically no
large-scale industrial applications of catalytic MRave been described yet, due to the relatively
high price of membranes (particularly for Pd-baseembrane) and, also, to the other factors
connected to the building-up stages.
Inorganic membranes for Jk$eparation have been developed using various ialatesuch as
palladium and its alloys, ceramics, silica and ahan etc. Many of them and, in particular,
palladium-alloy membranes were successfully usedydrogen production/separation also for the
WGS reaction because of the infinite belectivity which allows a pureHstream, not requiring
further separations [6, 7, 8, 9,10, 11] to be recet. Among the first studies, Seok and Hwang [12]
evaluated the performance of the WGS reaction liiyguas membrane Vycor glass coated with
ruthenium (111) chloride trihydrate. The highest @Onversion obtained was 85% (equilibrium value
99.9%) at relatively low temperature (170°C) answeeep factor equal to 10 feeding only CO and
water. Complete conversion (100%) was obtained iychi et al. [13] and by Uemiya et al. [14] at
400 K using a tube in tube MR, in which the inndoe consisted of a thin palladium film, also by
using a sweep factor equal to 10. Tosti et al.dé&¢loped a WGS membrane reactor with a Pd-Ag
film (50 microns thick) coated on the inside walla ceramic porous tube and achieved reaction
conversions close to 100% (well above the equiibrivalue of 80%), owing to a high sweep gas
flow rate. However, among the various advantamgsd above, palladium — alloy membranes have
shown some important drawbacks, such as high cdstgadation of K separation performance
[16], [7], which pushed the research also to carsadher materials. Ceramic materials, on the other
hands, can be hopefully expected to be membraneriailat of high stability at high temperatures,
even they exhibit finite KHselectivity. Costaet al. [17] proposed the WGS reaction carried out in a
membrane reactor with a ceramic membrane. Ratlar thhe Pd-Ag based membrane reactors
where the CO conversion increases monotonicalli te H2 removal through the membrane, the
CO conversion reached a maximum. This behaviour bmrassigned to finite selectivity of the
membrane which allows also to the reactants to gaten In the last years, considerable attention
was attracted by silica membranes for the prodnatbhydrogen streams free of CO for feeding
PEMFCs [18, 19, 20, 21]. Silica membranes exhdwter module costs, high permeating fluxes, no
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inhibition effects by chemical species, and highertmal stability, on the contrary to Pd-based
membranes generally used for,-s€paration. Therefore, they appear attractive Hgdrogen
purification. However, the improvement of Kelectivity of this membrane type often correspazhd

to the reduction of the membrane permeability. &ipermeance is normally enhanced through the
reduction of selectivity, a balance between perroeamd selectivity is essential to achieve optimum
performances. The presence of an intermediate lagtveen the active layer and the support tube
improved both permeance and selectivity.

The majority of the studies presented in thedii@re propose the use of sweep gas to promote the
H. permeation, whereas only a small part combinesuigeof a slightly high feed pressure at the
sweep gas for improving the permeation.

Key scientific and technological innovation

One of the main innovations of this thesis is ts&ignment of the role of driving force of the prege
exclusively to the feed pressure, whereas no sgae|is used.

The main advantages offered by this choice are:

1) the achievement of a pure stream in the permeate side, not requiring furtleparation steps

2) the achievement of a retentate stream alreadgerrated and compressed in LZ@erefore
easily recoverable

3) the reduction of the membrane reactor volume.

The three integrated membrane plant solutions &g the thesis are the following (Figure 1):

« Solution A: Integrated membrane plant constituted by twoesaghe first is a membrane
reactor with a porous stainless steel supportéechsthembrane in which the WGS reaction
takes place. A purification step with a Pd-Ag meamiar for the removal of the residual CO
permeated through the silica membrane has beeedlicseries on the permeate stream
coming out by the membrane reactor.

« Solution B: Integrated membrane plant constituted by a simgietion/purification stage
consisting in a Pd-Ag membrane reactor where theSW@&action is carried out. In
dependence of the feed composition, an innovatiwe ddnfiguration has been proposed in
order to assure the best exploitation of the whodéenbrane area.

« Solution C: Integrated membrane plant constituted by a siRglé\g purification step.

The permeate coming out by the three integrateatisak is then directly fed to a PEMFC and the
performances of the whole systems have been eedluaterms of efficiency, stability, etc.

Two different membrane types have been considgpedous stainless steel silica membranes
prepared by KRICT (Membrane and Separation Rese@eatter, Korea Research Institute of
Chemical Technology, 305-600 Daejon, South Korea) Rd-Ag commercial membranes. The main
difference within them is the gas permeation selgt Pd-Ag membrane shows infinite hydrogen
selectivity and, thus, allows the recovery of aepbs stream in the permeate. On the contrary, the
selectivity offered by the silica membrane is ®nithus, the stream recovered in the permeate
contains also other species. Therefore, it requaeRirther purification steps before supplying a
PEMFC. However, since the silica membranes retube less expensive than the Pd-Ag one, it was
considered interesting to study its applicatioamnintegrated membrane plant solution.

The main objective of this thesis is to demonstthie technological feasibility and the related
advantages of substituting a single-stage membesawtor to the multistage traditional proceBsis
can be done since this membrane technology alldhwsréaction and the jHseparation to be
performed in the same unit.
Generally, the use of a membrane reactor in theadlgg process implies several advantages with
respect to the traditional operation, such as:

o Exceeding of the equilibrium of a traditional reacfTR), owing to the selective removal of

H, from the reaction volume
o Shifting of the inverse reaction rate
0 Increasing of residence time of reactants




o Rich/pure hydrogen stream recovered in the permeaigending on the type of membrane
used, as explained in the following)
o Positive effect of feed pressure on CO conversion
However, these advantages are strictly connectdtettype of membrane housed in the MR.
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Figure 1 — Integrated membrane plant solutions

WGS is a reaction limited by thermodynamic equilibr and it is not influenced by the reaction

pressure from a thermodynamic point of view, siiics developed without changes in the mole
number. In the case of the upgrading of a syngature, the conversion is further limited by the

presence of reaction products,(ldnd CQ) and the maximum conversion achievable in a TR
(TREC) is very low (30-40%), in the temperaturegamnvestigated in this work (270-330°C). The

MR allows significantly higher conversion to be aibed owing to the positive effect of the feed

pressure on the selective removal of the hydrolgesugh the membrane.

Applications, implementations and results

Modelling and simulation [ 22]

Before starting the experimental analysis, the W&®tion performed in the MR (considering both
the cases ofolution A and B) was studied by means of 1D non-isothermal modeig) as main
design parameter, Damkohler's numb@&a), the ratio of characteristic times of flow ratada
reaction. The simulations were carried out for fiwed mixtures (Mixture 1: 50% CO, 50%®t
Mixture 2: 20% CO, 20% kD, 10% CQ, 50% H) in a temperature range of 220-320°C, with a feed
pressure ranging 200 to 1,500 kPa which allows @dgd, recovery index (up to 95%) and a
retentate stream rich (up to 80%) in £@8y calculations it was found that a Da aroundsduaes a
better exploitation of the catalytic bed and a dyetteactants management as well as a good
exploitation of the whole membrane area (Figurdr2)his condition, considering the syngas stream,
a CO conversion up to 75% and a Rl up to 90% wehéeaed at a high feed pressure (i.e., 1,500
kPa) (Figure 3).




The Volume index (VI) and Conversion index (CI) arroduced for the first time and proposed as
simple tools analysing the volume reduction or iaved conversion shown by MRs; both index lead
to the catalyst amount and reactor size being emtlun particular, VI represents an important
parameter in installing new plants. Future plaritsud be characterized by low sizes and high
productivities: the VI is an indicator of the conspsess of MR and it compares the MR reaction
volume with that of a TR, necessary to achievetacseversionVI ranges from 0 to 1. A low!l
means that the reaction volume, required by an MRe#ach a set CO conversion, is too much lower
than that required by a TR. As a consequence, dtayst weight necessary in MR is reduced. For
the WGS reactiorvl is a decreasing function of the feed pressuréasis in Figure 4. MR reaction
volume is 25% of that of a TR, therefoveis equal to 1/4 when an equimolecular mixturests$ &t
1,500 kPa and a final conversion of ~80% (corredpanto 90% of the TREC) is considered. A
high feed pressure implies that morg ptrmeates through the membrane, shifting the iozact

toward further CO conversion.
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Therefore, for achieving a set conversion, at d&dvgeed pressure corresponds a lower catalyst
requirement. If the mixture containing mainly reads (mixture 1) is fed to MR for achieving the
80% of CO conversion, at 600 kPa the MR reactiolume size to the 75% of the TR one.
Increasing the feed pressure, at 1,500 kPa theo¥$ gown to 25%. Therefore, the catalyst amount
necessary to reach a suitable conversion is dadlgtieduced with clear gain also in terms of plant
size reduction. When the reformate stream (mix®)res fed to the MR, the VI is too much lower,
being the TREC up to 15%. Therefore the catalytine required to reach the 90% of the TREC
varies from 40% at 500 kPa to 10% at 1,500 kPa.

From the evaluation of VI considering also membsadiferent than Pd-Ag such as silica ones, it
was observed that in all cases the MR offers beteiormance than TR. At high feed pressure, the
reaction volume of the MR with the silica membravees calculated to be one half of the TR volume
at the same operating conditions, but higher than ¢f a Pd-Ag MR. This effect is mainly due to
the fact that the Pd-Ag membrane shows an infilitglrogen permselectivity, whereas a
microporous membrane is permeable also to the géms, hence more catalyst volume is required
for reaching the same CO conversion (Figure 5).



Cl, comparing the conversion achieved in a MR andRa for a set reaction volume, gives an
evaluation of the gain in terms of conversion. Atee ClI ranges from 0 to 1. A higll implies
relevant gain in terms of conversion achieved iVl with respect to the conventional reactor one,
with the same reaction volume, meaning better raaterral exploitation and lower wastes.@
equal to 7 was reached using the reformate strg@#:H; 10% CQ; 20% CO; 20% kD.
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pressure. membrane types.

Solution A[23] & Solution C [24] : Experimental analysis

The MR of theSolution A is constituted by a silica membrane prepared with soaking-rolling
procedure by a Korean partner [19], with the ainmgbroving the H membrane selectivity. Firstly,
the membrane transport properties were measuredie@ace of all species £19.7-29; CO: 0.3-1.1;
CO, 0.4-1.5 nmol/rfsPa) and ideal separation factos/(ED, H/CO, and H/N.) ranging from 15 to
40 and separation factors {80=20-45), showed no dependence on the permeatieimg force.
Furthermore, no inhibition effect of other gasestmhydrogen flux was observed.

Then, MR was successfully used in WGS reaction.G@econversion was an increasing function of
the temperature and always exceeded the one ohd@iRaha temperature higher than 250°C, also the
TREC (TR equilibrium conversion) limit. However,etlconversion presented a maximum as a
function of the reaction pressure at high reactesnperature (280°C): at 6 bar it was lower tham tha
at 4 bar (Figure 6).
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Since a pressure increase favours the permeatioon® hand a higher,Hemoval takes place from

the reaction volume, on the other hand the reactmnoval also occurs with a consequent lower CO
conversion. This behaviour was more visible at ghhemperature, since it positively affects the
reaction and the permeation: the reactant permeattmmpetes with reaction, depleting the CO
conversion. By increasing temperature, the comipetpermeation mechanism increased and, at
280°C and 6 bar, prevailed over the reaction. ted®ntent in the permeate stream ranged 1 to
10%, therefore the permeate Hch stream couldn’t be directly supplied a PEM-&@ a further
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purification step was added for the residual CQueidn (Figure 7). However, the silica MR gave

interesting results in terms of improved CO conwersvith respect to TR one.

The permeate stream of the silica MR, containingatst 10% of CO and around 10% of £@as

fed to a Pd-Ag purification module. The performancoé this purification stage were studied also

feeding the stream coming out from the reformerpaygsing the MRolution C).

The Pd-Ag membrane module was characterized by snefipermeation tests with pure and gas
mixture in the range of 300-450°C and 200-650 kielysing the CO poisoning effect on the

hydrogen permeation. Depending on the feed mixtarssidered and on the operating conditions the
H> recovery ranges 50-95%.

The pure H permeate stream was then supplied to a comm&EiRIFC and the whole process was
evaluated also in terms of efficiencies of the PEMdnd of the integrated plant, analysing the effect
of the operating conditions changes to the MR ewthole integrated system (Figure 8).
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Good and stable performances were realized in teyfmpower, voltage and current. A good
agreement of experimental data obtained feedingbi cylinder and by Pd-Ag membrane
purification step was obtained confirming no perfance loss when the PEMFC was fed by the
membrane purification step. An independence of REEMFC actual efficiency by the Pd-Ag
membrane purification step operating conditions whserved, whereas a significant dependence
was shown on the integrated membrane plant efttgiehhis efficiency was calculated as the ratio
between the KHactually converted in current and the tidtally fed/produced in the whole integrated
system. It ranged from 40-85% for tBalution C, whereas it was significantly lower for tBelution

A (ca. 35%). This is manly due to the low técovery and, thus to the huge amount gfdss in the

retentate, measured with the MR, which does na¢ex85%.

Solution B: Experimental analysis[% 2]

The Solution B is constituted by a single stage of reaction/peaifon consisting of a Pd-Ag MR. In

dependence on the composition of the feed, the BHbleen used in two different configurations:

* innovative configuration, where the tubular memieras located only in the second part of the
catalytic bed, whereas the first part works as aTligs configuration is suitable for feed streams
containing mainly CO and 4 and few amount of products and when no sweepsgased (as
in the present study) (Figure 9-right side).




» typical configuration, suitable for the feed stresacontaining apart from reactants, alspand
CO; in relevant percentage, where the tubular membigradlocated along the catalytic bed,
having the same length of the shell (Figure 9d&fe).

A fundamental aspect in the Pd-alloy MR use is goed exploitation of the whole available

membrane area, which improves the global MR perémiee, assuring a higher CO conversion and,

also, further H recovered in the permeate side. However, the lyairopermeated is a linear
function of the driving force, therefore, when tleed stream is constituted mainly by reactants, in
the first part of MR the Kpartial pressure starts from zero since it ispresent in the feed stream,
but it is only produced by reaction. As a consegaem this reactor section the plartial pressure is
very low, implying a bad utilization of the firsag of the membrane area and, thus, a worsening of
the MR performance with lower Hecovery and lower CO conversion. To avoid thigbpgm, in

this thesis a different MR configuration was pragaisthe Pd-based membrane is located only in the

second part of the catalytic bed: the reactiontstat the reactor entrance producing ahd its

permeation starts in the second part of the MR reviis partial pressure is high.
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Figure 9 — Dimensionless partial pressure profilgs function of dimensionless length for a typ&ad an innovative
MR configuration.

The CO conversion achieved during the experimeait280-320°C and up to 600 kPa) was much
higher than TR one operating in the same conditisiggificantly exceeded also the thermodynamic
equilibrium value of a TR (TREC). A conversion d3% was measured at 300°C and 600 kPa
operating at 2000 tFigure 10); 70% of the Hproduced by reaction was collected as a pure
permeate stream.
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Figure 10 - CO Conversion as a function of Temppeea Figure 11 — Comparison of the Volume Index within
at three different GHSV: 2070'h3180 h'; 4550 K. “typical” MR and innovative MR configurations.

A significant reduction of the volume required theeve the same CO conversion was shown by the
innovative MR configuration with respect to the gigal” one. In fact, the reaction volume
(equivalent to the catalyst volume) required byitirovative MR was 40% (at 600 kPa and 280°C)
of that of TR, instead of the 65% of the typical NRRgure 11).

When the feed stream contains also products, thiealyconfiguration can be used, since the H
partial pressure is enough for starting the perioeatt the inlet side of the MR. A syngas mixture
(CO 45%; H 50%; CQ 4%; N, balance) was upgraded in one-stage using a Pd-&ghmane (60
micrometers thick) in typical configuration. Theetmodynamics and the further limitation due to
the H, presence (50%) in the feed stream did not limit $@action in the MR: the measured CO
conversion of 90% (Figure 12) was 3-4 times higtien that of a TR, greatly exceeding the
equilibrium conversion of a TR (36%). The MR showsatisfactory performance also at high
GHSV, achieving a CO conversion at least 3 timagghdr than TR (Figure 13). This means the
possibility of processing a higher feed flow ratghwthe same catalyst volume, obtaining, in any
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case, a high CO conversion and goagdrétovery (Figure 13). The improvement of CO coswaT

and hydrogen recovery was more relevant at higked pressure, which being responsible for the
driving force promoting kipermeation, showed two significant effects on tystesn: the first, 80%

of H, stream was recovered as pure on the permeatetisedsecond, the retentate stream is already
compressed and rich in G@&hich can be more easily captured.
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Concluding remarks
The most important results obtained in this thesee:

» Improvement of CO conversion, always higher thaditional reactor and also exceeding the
thermodynamic equilibrium conversion, in particukarhigh pressure.

» High recovery of pure hydrogen permeate streams,requiring further separation loads
before feeding a PEMFC.

» Reduction of reaction volume with respect to TR.one

The high feed pressure allowed the reaction volmihéhe membrane reactors to be drastically
reduced, acting positively on CO conversion. Tlesuit has been also confirmed by the simulation
analysis studied in a wider range of feed pressiite respect to the experiments. It was found that,
for example, at 280°C and 15 bar the reaction velaia Pd-Ag MR was around 25% of a TR, in
the same operating conditions, for a set CO corers

» For a first evaluation of the effective feasibildf the integrated system, the permeate stream
coming out by each integrated plant solution wasnected with a PEMFC as a the final
user. The possibility to use the hydrogen produocedeeding the PEMFC was confirmed.
The hydrogen stream produced was pure, no dropthanPEMFC performance were
observed, being assured a stable permeate floviorateore than 500 h.

» Comparing the three integrated plant solutions,Sb&ition B, consisting of a single stage
MR with a Pd-Ag membrane, resulted the most coreregnn terms of overall performance as
well as of reaction volume reduction. Even, in fdloe Pd-Ag membrane significantly affects
the fixed plant costs, however this plant schemesdaot require further separations and
implies a reduction of the footprint occupied bg fflant also considering the large reduction
of the catalyst amount.

Globally, the integrated plant solutions showed dygesults in terms of improved reactants
conversions, high Hrecovery and, also, technological plant efficierifiyey, thus, might represent a
suitable alternative to the traditional hydrogenduction plants and a valid solution for the “clean
energy” production in already existent plants ofui@l processors on board
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