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a b s t r a c t

A laboratory-scale gas sampling and impurity enrichment device (GSIED) using a Pd/Cu-

coated PdeAg alloy hydrogen selective permeation membrane has been designed, fabri-

cated, and tested to show that such a device provides an effective method to enrich trace

impurity species in hydrogen by factors of 10e100 or greater. The enrichment process will

allow analysis of these impurities in hydrogen using simpler and less expensive analytical

instruments that can be deployed in the fields. A series of experiments was conducted with

the device using a hydrogen analyte gas containing N2, CH4, and CO2 at w0.1% each, CO at

w100 ppm, and H2S at w2 ppm. Chemical analyses of the impurity-enriched sample

showed that for the non-sulfur species, the measured enrichment factors were 14.5e14.9,

which closely matched the calculated enrichment factors of 14.8e14.9. The elemental

material balances indicated a good accounting of the non-sulfur impurity species. For the

sulfur species, some initial sulfur loss was observed, presumably due to interaction with

the surfaces and/or analytical deficiencies. The impurity enrichment factors for such

sampling devices are functions of the sampler size, and the sample vessel pressures before

and after enrichment. Depending on the volume of the enriched sample needed for

analysis, the device can be designed to enrich the impurities in hydrogen by more than

a factor of two orders of magnitude for practical and economical field applications.

ª 2010 Professor T. Nejat Veziroglu. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Fuel cell and other hydrogen fueled vehicles are slated for

commercial deployment in the US and around the world in the

near future. A number of demonstration hydrogen refueling

centershavebeen setuparound theUS. Several teamsof vehicle

manufacturers and fuel suppliers have worked with state and

federal governments and other organizations to demonstrate

hydrogen refueling centers [1e3], where the hydrogen is

dispensed into thevehicle’stanksatuptow680atm(10,000psig).

Since fuel cells are very sensitive to certain impurities, such as

carbon monoxide, hydrogen sulfide, and ammonia, the fuel

supplier must ensure that the concentrations of such species in

the dispensed hydrogen are within acceptable limits.

Several organizations, such as ISO and SAE International,

are working to establish allowable impurity levels in fuel H2
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for fuel cell powered vehicles. The guideline values for some

of the key impurities proposed in the SAE International’s

Surface Vehicle Information Report are shown in Table 1 [4].

The table shows that the limits on CO, NH3 and sulfur are

extremely low and are at or even below the detection limits of

standardized analytical methods. Organizations such as the

ASTM1 are developing new standardized methods for the

analysis of impurities in hydrogen for fuel cells.

The current practice at demonstration hydrogen refueling

stations is to take grab samples periodically and send the

samples to specialty laboratories for analysis using state-of-

the-art instruments, such as, for example, a gas chromato-

graph fitted with a pulse discharged helium ionization

detector (GC/PDHID) to analyze for carbon monoxide at

concentrations of 0.2 parts per million or lower, or a gas

chromatograph fitted with a sulfur chemiluminescence

detector (GC/SCD) to analyze for total sulfur species. These

sensitive instruments are expensive, and they require

considerable laboratory time of skilled analytical chemists to

operate and maintain them.

With the larger deployment of fuel cell vehicles and the

anticipated growth in the refueling infrastructure in the years

ahead, the refueling stationsmay be required to conductmore

frequent and rapid analysis and/or monitoring of the key

impurity species, using simpler and inexpensive technologies.

The device described here uses a novel impurity enrichment

technique to allow the sample to be analyzed with simpler

and less expensive analytical instruments. This paper

describes this developmental device and presents test results

demonstrating the feasibility of this concept.

2. Theoretical

2.1. The concept

A hydrogen selective metal membrane is at the core of this

impurity enrichment method. Membranes made of metal-

alloys, being extremely permeable to hydrogen but essentially

impermeable to other gases, have been extensively studied

and used for hydrogen purification [5e10]. The central func-

tion of hydrogen selective membranes is the presence of

a metal surface that dissociates and reassociates hydrogen

molecules and transports atomic hydrogen through the bulk

of the metal through a pressure gradient [6,7,10]. Hydrogen,

being extremely soluble in metals such as Pd, is separated

with high selectivity since the dense metal lattice prohibits

the passage of other species (i.e. CO, CO2, N2).

The impurity enrichment is achieved by removing the

hydrogen from the gas sample through a hydrogen selective

membrane leaving the concentrated impurities in the

enrichment vessel. Fig. 1 shows a schematic of the gas

sampling and impurity enrichment device (GSIED). The device

consists of two separately connected vesselse a high pressure

rated sampling vessel and a lower pressure rated impurity

enrichment vessel housing the hydrogen membrane. The

GSIED will be connected to the nozzle of the dispensing

stations, and after the requisite purging, collect the gas in the

high pressure sampling vessel (vessel 1). The device will then

be disconnected from the nozzle and taken to the laboratory

for the “enrichment process”. This process, which is described

in more detail in the next section, will consist of allowing

the gas from the high pressure vessel to slowly flow into

a lower pressure vessel housing the H2-transport membrane

(vessel 2). With hydrogen permeation, the pressure in the

sampling vessel will decrease and when it reaches a low

enough pressure, the flow between the two chambers will be

stopped and the membrane will be cooled to stop the

hydrogen permeation. Knowing the volumes (V1, V2) and the

initial and final pressures of the respective vessels, it is

possible to calculate the factor by which the concentration of

the non-hydrogen species has been enriched.

Table 1 e SAE suggested guideline values for some
impurities in hydrogen for fuel cell vehicles.

Impuritya Concentration (ppmv)

Helium 300

Nitrogen (N2) þ Argon (Ar) 100

Total Hydrocarbons e C1 Basis (HC) 2

Carbon Dioxide (CO2) 2

Carbon Monoxide (CO) 0.2

Ammonia (NH3) 0.1

Sulfur (S as H2S, COS, etc) 0.004

a Hydrogen, minimum purity ¼ 99.97%. Impurities excluding

helium, must be <100 ppmv.

Notation

C concentration, mol/m3

K membrane permeability constant, mol/s, Pa0.5

_n molar flow-rate, mol/s

n molar mass, mol

P pressure, Pa

R specific gas constant, J/(mol K)

T temperature, K

V volume, m3

y molar fraction, e

Z compressibility factor, e

Sub- and superscripts

0 inlet properties, analyte gas

1 sampling vessel

2 impurity enrichment vessel

i impurity species

I total amount of impurity species

T total amount of gas

amb ambient

hi high

lo low

1 For example, ASTM’s D03 Work Item Nos. 4548, 6527, 8150,
6624, and 9211 are investigating the analysis of non-hydrogen
constituents in hydrogen.
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2.2. Enrichment process and calculated enrichment
factor (CEF)

Let us consider the enrichment process inmore detail with the

aid of Fig. 2, showing theGSIEDduring the enrichmentprocess.

Initially, step 0), the sampling vessel (vessel 1) and the impurity

enrichment vessel (vessel 2) are purged at ambient conditions

with the analyte gas containing hydrogen and trace amount of

impurity species (i). The two vessels are isolated, and analyte

gas is sampled at high pressure in the sampling vessel. Step a)

defines the initial state of the gas mixture in the vessels after

sampling. The total gas sample (nT) is contained in the

sampling vessel at ahighpressure (Phi, i.e. 6000psig,w410atm)

and at ambient pressure (Pamb) in the impurity enrichment

vessel e analyte gas that remained after the initial purge.

Instepb) theenrichmentof the trace impurities inhydrogen

begins. The gas is allowed to slowly flow from the sampling

vessel to the impurity enrichment vessel. As the temperature

of the membrane (T2) and pressure (P2) in the enrichment

vessel increases, hydrogen starts to permeate out through the

membrane (at ambient pressure) enriching the concentration

of the impurities in that vessel. The hydrogen permeation rate

is a function of temperature and hydrogen pressure difference

across the membrane. In most cases, at temperatures above

200 �C and for relatively thick membranes (>w5 mm), the

hydrogen flux is limited by the diffusion of hydrogen atoms

through the metal membrane [6e8,10]. The hydrogen flux in

such instances isdescribedbySievert’s law,and isproportional

to the difference between the square roots of the hydrogen

pressures on the two sides of the membrane [6]. Although

a higher pressure differential will increase the hydrogen flux

across the membrane and shorten the enrichment time, the

allowable pressure in the impurity enrichment vessel (P2) will

be limited by the thickness and structural integrity of the

membrane. As long as the pressure in the sampling vessel (P1)

Fig. 1 e Schematic of the gas sampling and impurity enrichment device (GSIED).

Fig. 2 e Steps of the sampling vessel (vessel 1) and impurity enrichment vessel (vessel 2) of the GSIED during the enrichment

process. 0) Purge of the GSIED with analyte gas at ambient conditions, a) sample loading at high pressure (Phi) and ambient

temperature, b) H2 permeation at elevated temperature in vessel 2, c) Cooling to ambient temperature and gas analysis at

low pressure (Plo).
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is higher than the pressure in the impurity enrichment vessel

(P2), the flow of gas from the sampling vessel needs to be

adjusted to match the hydrogen permeation rate. Alterna-

tively, the impurity enrichment vessel canbeperiodically filled

with gas to P2 by opening and closing a valve connecting the

two vessels. With time, as hydrogen leaves the system, the

pressure in both vessels will be equal and approach ambient

pressure. At low enough pressures, the flow between the two

vessels is stopped and the membrane is cooled to ambient

temperature, step c). At that point, the pressure in the enrich-

ment vessel (Plo) will be somewhat lower than the pressure in

the sampling vessel (P1) due to the cooling process.

With hydrogen being the only species that permeates

across the membrane, the total amount of impurities in the

vessels during the initial sampling step (a) and final step (c)

remain the same,

yð0Þ
I � nðaÞ

T ¼ yðcÞ
2;I � nðcÞ

2 þ yð0Þ
I � nðcÞ

1 (1)

and the enrichment factor, the molar fraction ratio of the

enriched impurities to the impurities in the original gas,

follows from Eq. (1),

CEF ¼ yðcÞ
2;I

yð0Þ
I

¼
�
nðaÞ
T � nðcÞ

1

�
nðcÞ
2

¼

 
Phi � V1

ZðaÞ
1 � R� Tamb

þ Pamb � V2

R� Tamb

!
� PðcÞ

1 � V1

ZðcÞ
1 � R� Tamb

Plo � V2

ZðcÞ
2 � R� Tamb

(2)

The enrichment factor, which is illustrated in Fig. 3, is

a function of the sample pressure, final pressure and the

volume of the respective vessels. It shows that if the sample

gas is collected at a dispensing pressure of the refueling

station of 410 atm (w6000 psig), then a calculated enrichment

factor as high as two orders of magnitude is easily achievable

when the final pressure (Plo) is reduced to 3 atm. It is notable

that a reduction of the final pressure by half or doubling the

vessel volume ratio leads to a near doubling of the enrichment

factor. The calculated results2 shown in Fig. 3 are based on the

PengeRobinson equation of state [11], however, assuming

ideal gas behavior and extending PðcÞ
1 , this relationship is

understood and can be appreciated by simplifying Eq. (2) as,

CEFz

�
Phi

Plo
� V1

V2

�
þ
�
Pamb

Plo

�
�
�

T2

Tamb
� V1

V2

�
(3)

Recognizingthat thefirst terminEq. (3) is theratioof themolar

mass in the sampling vessel at initial high sample loading

pressure to themolarmass in the impurity enrichment vessel at

a lowerpressure, this termisat least an orderofmagnitudegreater

than 1, while the second and third terms are either slightly less

than, or of the order of 1, respectively. Consequently, the

enrichment factor is approximated to the ratio of the initial

moles of gas in vessel 1 to the final moles of gas in vessel 2.

Further, for identical vessel volumes (V1 ¼ V2), the enrichment

ratio reduces to the initial (high) to final (low) pressure ratio.

2.3. Concept challenges

To complete the enrichment within a reasonable time, it is

necessary to raise the temperature of the membrane to ach-

ieve fast permeation. Elevated temperatures, however, raise

the prospect of chemical reactions between the various

species, such as methanation (CO þ 3H2 4 CH4 þ H2O), water

gas shift reaction (CO þ H2O 4 CO2 þ H2) and Boudouard

reaction (2CO 4 CO2 þ C), etc. Metal surfaces are known to

catalyze many of these and other reactions. Considering that

the impurity concentrations in the analyte gas are at trace

levels, any reaction will lead to errors or variations between

the calculated and measured enrichment factors. Similarly,

the adsorption of species (e.g., sulfur species) on the interior

walls of the hardware can also lead to variations between the

measured and calculated enrichment factors.

The strategy for effective and predictable enrichment will

depend on the ability to reduce these effects. This is achiev-

able through a combination of (a) ensuring all wetted surfaces

are inert or resistant to the adsorption of species such as

sulfur, carbon monoxide, etc., (b) reducing the kinetics of the

undesired reactions by lowering the temperature or the

pressure of the enrichment chamber. Since lower tempera-

ture and/or pressure will reduce the hydrogen flux, this may

require increasing the surface area of the membrane or

allowing more time for the hydrogen permeation.

3. Experimental

3.1. Gas sampling and impurity enrichment device
(GSIED)

Fig. 1 shows the schematic of the gas sampling device that was

tested to demonstrate the concept and Fig. 4 shows a photo-

graph of the hardware apparatus. The membrane sampling

Fig. 3 e Calculated enrichment factor as function of the

sampling and the impurity enrichment vessel pressures.

Equation of state: PengeRobinson [11].

2 For a high pressure process like this, the gas compressibility
(Z) deviates from the ideal gas law and needs to be factored in to
calculate the actual moles of gas being processed. Since the
concentration of non-hydrogen species is very low, the
compressibility of the gas can be approximated as for pure
hydrogen.
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device consists of a 500 cm3 sampling vessel (vessel 1) that is

filledwith thesamplegasathighpressure,andasmaller300cm3

vessel (vessel 2) where the impurities are enriched. Vessel 1 is

rated for service up to w340 atm (5000 psig) at ambient

temperature,whilevessel 2 is rated forw123atm (1800psig) and

400 �C and it is fitted with the hydrogen permeatingmembrane

tube. The membrane tube is inserted within vessel 2 such that

the permeate hydrogen can leave the system at ambient pres-

sure. The membrane temperature is monitored with two ther-

mocouples and is controlledwith an electrical resistance heater

rod inserted into themembrane tube. The pressures in the two

vessels are monitored by separate pressure gauges (P1 and P2).

Both vessels, tubes, and all fittings were internally passivated

(SilcoNert�2000coatedbySilcoTekCorporation,Bellefonte, PA).

3.2. Membrane tube

The composition of the gases that the membrane will be

exposed to is very important. PdeAg alloys, that otherwise

show good performance for hydrogen permeability and

durability, are susceptible to surface contamination [7]. For

example, H2S, even at ppm levels, strongly chemisorbs on the

metal surface and may even form sulfides with the metal

leading to a rapid decline in hydrogen permeability [12e15]. To

maintain a reasonably high flux of hydrogen in the presence

of H2S, more sulfur resistant membranes must be used, i.e.

alloying palladium with other metals such as copper or gold

[16e18]. Due to the presence of H2S in some of the tests,

a sulfur tolerant Pd/Cu-coated PdeAg alloy membrane tube

was chosen for this development work3.

The membrane tube has dimensions of 4.76-mm-

OD � 24.1-cm-long (0.187-in-OD � 9.5-in-long). The

membrane is sealed at one end and brazed to a stainless steel

tube at the other end. It is designed for operating conditions

up to 300e350 �C and a pressure difference across the

membrane of 20 atm (w300 psi).

3.3. Hydrogen gas

Two certified-grade hydrogen gas mixtures were obtained

from Airgas Specialty Gases, LA. For our initial experimental

tests (Series A) the hydrogen gas contained N2, CH4, CO, and

CO2 each at a concentration of 0.205%. To study sulfur

enrichment, the second series of tests (Series B) was con-

ducted with hydrogen gas containing 1000 ppmv each of N2,

CH4 and CO2, 100 ppmv CO, and 2.17 ppmv H2S.

3.4. Analytical

The concentrations of H2, N2, CH4, CO, and CO2 were deter-

mined with a micro-gas chromatograph (Micro GC, Model

M200H from Agilent Technologies, Inc., Wilmington, DE)

Fig. 4 e A photograph of the gas sampling and impurity enrichment device (GSIED). a) Front panel, b) Back panel.

3 The membrane tube was provided by REB Research and
Consulting, MI, USA.
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equipped with thermal conductivity detectors. Two columns

were used for the separation of the gases; a molecular sieve

columnwas used for the separation of H2, N2, CH4, and CO, and

a 0.32-mm-ID � 6-m-long Poraplot-U column was used for the

separation of CO2 and higher hydrocarbons. For H2S, an ASTM-

approved (ASTM 4084-82) analyzer, based on the lead-acetate

tape method, was used to measure the H2S content in the

hydrogengas (Model 051 fromAnalytical Systems International

KECO, Tomball, Texas). The concentrations of the sample gas

determined by our analytical equipments were found to be

within �5% of the values certified by the gas supplier.

3.5. Experimental procedure

The experimental procedure consisted of

a. Purging the apparatus with the analyte gas from the

cylinder.

b. Collecting the analyte gas sample (hydrogen with trace

impurities) at an elevated pressure (Phi) in the sampling

vessel (vessel 1) in Fig. 1.

c. Transferring the H2 analyte gas from the sampling vessel

to the impurity enrichment vessel (vessel 2) in Fig. 1.

d. Heating the membrane tube to allow the hydrogen to

permeate out through the membrane until the pressure in

the sampling vessel was reduced to a desired lower pres-

sure setting.

e. Cooling the impurity enrichment vessel to ambient

temperature and reading the final pressure (Plo).

f. Analyzing the gas remaining in the impurity enrichment

vessel with analytical instruments.

At the end of the impurity enrichment process, the gas

remaining in the impurity enrichment vessel is analyzed for

the concentrations of the species. The experimentally

measured enrichment factor (MEF) for each of the impurities

is defined as,

MEF ¼ C2;i

C0;i
(4)

where, C0,i is the measured concentration of impurity i in the

original gas, andC2,i is themeasured concentration of impurity

i after enrichment in the impurity enrichment vessel (vessel 2).

Purgingof theapparatusprior to samplingandenrichment of

each new sample is an important part of the analytical process

and should be conducted with the new gas to be sampled/

analyzed. Since the apparatus includes flow space, dead-end

spaces (lines topressuregauges),andadsorptionsites thevessels

were purged by alternating between flow at ambient pressure

(severalmultiplesof theapparatusvolume)andapressure cycle.

The latter consisted of pressurization andholding at 200 psig for

30 min, followed by depressurization. The effectiveness of the

purge process was not studied systematically.

4. Results and discussion

The experimental work consisted of three sets: (1) tests to

determine catalytic effects of the vessel surfaces at the

enrichment conditions; (2) enrichment of impurities in

a sulfur-free hydrogen gas (series A); and (3) impurity

enrichment in a sulfur-containing hydrogen gas (series B).

4.1. Effect of wall catalyzed reactions

The first set of tests was conducted to determine the extent of

undesirable methanation and coking reactions that can take

place on the vessel walls. The following are some reactions of

concern.

CO þ 3H2 ¼ CH4 þ H2O (5)

CO2 þ 4H2 ¼ CH4 þ 2H2O (6)

CO þ H2 ¼ C þ H2O (7)

CO2 þ 2H2 ¼ C þ 2H2O (8)

The first test was conducted with a 316L stainless steel

sample cylinder that was not passivated. The enrichment

vessel (nomembrane tube inside) was filledwith the hydrogen

gas (with impurities) at 14.6 atm (200 psig) and heated using an

electrical coil wrapped around the exterior of the vessel. The

external wall was heated to 350e400 �C and then maintained

at that temperature for 3 h. The second test was conducted

with a similar sized vessel, but one that was internally

passivated with inert silicon coating (SilcoNert� 2000). The

enrichment vessel was again pressurized with the H2 gas and

heated up as before and held for 3 h. At the end of each test,

the gas was analyzed for its impurity content.

Table 2 shows the results of the tests with and without the

inert coating on the interior surfaces of the vessel. The vessel

without silicon coating produced more CH4 while the CO and

CO2 contents were reduced. Nickel and NieFe alloys are well

known catalysts for methanation of carbon oxides [19e21].

The Type 316L stainless steel vessel (consisting of 10e14% Ni,

and 62e72% Fe) is believed to have catalyzed the observed

methanation reactions of Eqs. (5) and (6) that occurred at the

testing conditions. Eqs. (5) and (6) show that 1 mol of CH4 is

produced from each mole of CO or CO2. However, Table 2

shows that an additional 0.16 mol of CH4 was produced per

Table 2 e Effect of wall catalyzed reactions.

Test conditions 316L SS 316L SS with
Si coating

Pressure (atm) 14.6 14.6

Wall Temperature (�C) 350e400 350e400

Conc. [N2, CH4, CO, CO2] (Vol%) 0.21 (�0.002) 0.21 (�0.002)

Change in molar composition

per mole of initial gas

(%) (%)

N2 �1 þ1

CH4 þ16 þ1

CO �8 þ1

CO2 �19 0

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 3 5 ( 2 0 1 0 ) 1 2 4 8 0e1 2 4 9 0 12485
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mole of initial gas, but a total of 0.27 mol of CO and CO2 were

reduced, suggesting that some of the carbon oxidesmust have

reacted to form coke via Eqs. (7) and (8). In contrast, the coated

vessel maintained the species concentrations intact, as

shown in Table 2. These test results confirm that the silicon

coating is inert and it reduces or eliminates the undesirable

methanation and coking reactions.

4.2. Initial tests without H2S in the gas

The Series A tests were conducted with hydrogen that con-

tained a relatively high concentration of the impurities, with

w0.21% each of N2, CH4, CO, and CO2 as measured with our

GC. Test conditions and results for two repeated tests are

summarized in Table 3. Before each test, both vessels were

purgedwith the analyte gas and the vesselswere then isolated

from each other by closing valve NV1 (Fig. 1). Fig. 5 plots the

membrane temperature, the pressures in the two vessels, and

the calculated H2 permeation (cumulative) during the test A-1

as example (the procedure for test A-2 was essentially iden-

tical to test A-1). The plots show three sections in time a), b),

and c). In time section a), the experiment started out by

pressurizing the sampling vessel (vessel 1) with the gas to an

initial pressure (P1) of 48.6 atm (700 psig) at ambient temper-

ature. The pressure (P2) in the impurity enrichment vessel

(vessel 2) remained at 1 atm. The needle valve NV1 between

the two vessels was opened slightly to allow flow between the

vessels and raise the pressure in vessel 2. At the same time,

the heating element inside the membrane was powered-up to

raise the surface temperature of themembrane to 220 �C.With

increasing temperature, time section b), hydrogen began to

permeate across the membrane eventually reaching

a maximum permeation rate of w120 ml/min at a pressure

differential ofw13 atm across themembrane. The pressure P2
was maintained at w14.6 atm by controlling the flow through

NV1 while the permeate side was kept at ambient pressure.

The permeate stream was continuously analyzed in a gas

chromatograph. No peaks corresponding to the impurity

species present in the sample gas (i.e., N2, CO, CO2, CH4) were

detected, confirming the absence of pinholes in the

membrane or leaks in the permeate gas lines.

As the pressure P1 continued to decline it approached P2 at

approximately 150min into the run.WhenP1 reached14.6 atm,

NV1 was fully opened and both P1 and P2 were observed to

continue to decrease. When the pressure for both vessels

reached the desired endpoint of 3.2 atm, atw280min,NV1was

closed, the heating element was turned off, and vessel 2 was

allowed to cool to room temperature reaching a final pressure

of 2.3atm (timesectionc).During thecourseof theenrichment,

a total ofw20 L of hydrogen permeated out of vessel 2.

The impurities in the enriched gas in vessel 2 were then

analyzed with a gas chromatograph, the concentrations of

which are shown in Table 3. The measured enrichment

factors (MEF), the ratios of the concentrations after and before

enrichment, were calculated from Eq. (2). For the two repeated

tests, the MEFs for N2, CH4, CO, and CO2 were found to match

the calculated enrichment factors (CEF), per Eq. (2). The initial

and final concentration values used to calculate the MEFs in

the table are averaged values from at least 5 analyses by gas

chromatography, and the standard deviations indicate that

the results were quite repeatable. The close match of the

elemental material balance for N, C and O, also suggests very

little loss (if any) of these species due to reaction or adsorption

i.e., the errors were within the limits of uncertainty of the

analytical equipment. The variation in the calculated

Table 3 e Test conditions and results of enrichment experiments without H2S in the feed gas.

Test Conditions/Results Test A-1 Test A-2

Sampling Vessel (1)

Initial Pressure (atm) 48.63 48.63

Final Pressure (atm) 3.22 3.24

Conc. [N2, CH4, CO, CO2] (Vol%) 0.21 (�0.002) 0.21 (�0.002)

Impurity Enrichment Vessel (2)

Initial Pressure (atm) 1 1

Final Pressure (atm) 2.31 2.35

Membrane surface Temp. (�C) 220 220

DP Across Membrane (atm) 12.9e13.6 12.9e13.6

Final conc. (Vole%) e N2 6.90 (�0.003) 6.82 (�0.006)

Final conc. (Vole%) e CH4 6.68 (�0.004) 6.63 (�0.005)

Final conc. (Vole%) e CO 6.76 (�0.008) 6.73 (�0.017)

Final conc. (Vole%) e CO2 6.60 (�0.014) 6.54 (�0.008)

Enrichment Factor (EF) EF Error relative to CEF (%) EF Error relative to CEF (%)

Calculated 32.4 31.8

Measured eN2 32.9 þ1.5 32.5 þ 2.2

Measured eCH4 31.8 �1.7 31.6 �0.7

Measured eCO 32.2 �0.5 32.0 þ 0.8

Measured eCO2 31.4 �2.9 31.1 �2.0

Elemental Material Balance (mol-%)

N þ1.5 þ 2.2

C �1.7 �0.6

O �2.1 þ 1.1
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enrichment factors (32.4 and 31.8) between the two tests is

due to the variability in the final pressures of the vessels.

Controlling the process manually required considerable

care to ensure the same set-points as it affects the tempera-

ture and pressure history. The manual process involved

adjusting a variac to maintain the membrane temperature,

and NV1 to maintain P2 at w14.6 atm.

4.3. Tests with hydrogen containing H2S

One of the key impurities of concern in hydrogen for fuel cell

vehicles is sulfur. The SAE guideline value (Table 1) for sulfur

is 4 parts per billion (ppb). Such low concentrations being the

driver for the development of this enrichment device, the next

set of tests were conducted with hydrogen containing sulfur.

The trace species in this gas included CO2, CH4, and N2 at

w1000 ppm each, CO at w100 ppm, and H2S at w2.2 ppm (see

Section 3.3). These valueswere selected to be low enough to be

considered “trace” yet high enough to be clearly quantifiable

with our existing gas chromatograph and the lead-acetate

detector.

Tests with the sulfur-containing gas (series B) started with

an initial sampling vessel pressure (P1) of 55.4 atm (800 psig)

and the same test conditions as those described in the

previous section (membrane tube temperature of 220 �C and

differential pressure of w13 atm across the membrane). The

presence of sulfur reduced the membrane’s permeation rate

quite sharply to w13 ml/min, as compared to w120 ml/min

observed in the tests without sulfur. This decrease in the

hydrogen permeation rate indicates deactivation of the Pd/

Cu-coated PdeAg alloy membrane by sulfur, possibly due to

co-adsorbed H2S and/or the formation of Pd and Cu sulfides,

which would significantly reduce the hydrogen flux of the

membrane [15].

By raising the membrane temperature, it was possible to

partially recover the hydrogen flux. This effect of membrane

temperature is shown in Fig. 6, where the cumulative

permeation of hydrogen is compared at different tempera-

tures. During the initial test (B-1) the membrane surface

temperature was raised from 220 �C to 250 �C after 4 h into the

run. The change in temperature affected the slope of the

cumulative hydrogen permeation as the permeation rate

increased from w13 ml/min to w40 ml/min. A second exper-

iment (B-2) was conductedwith the sulfur-containing gaswith

the membrane at 270 �C. The higher temperature accelerated

the permeation still further, tow65e70ml/min. Evenwith this

much higher membrane temperature, however, the presence

of sulfur in the hydrogen extended the experiment time to

nearly 6 h.

Table 4 summarizes the test conditions and analytical

results for the tests with H2S in the feed gas (B-1 and B-2). The

calculated enrichment factor of 14.9e15.0 was lower than the

w32 in the previous tests without sulfur because we stopped

this series of tests at a much higher final pressure than the

previous tests (Table 3) so that more enriched gas sample

would be available for sulfur analysis. Our analytical

Fig. 5 e Plots of membrane temperature, pressure in both vessels and calculated rate (cumulative) of hydrogen permeation

during the course of experiment A-1.
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instrument to measure sulfur (lead-acetate tape method)

required approximately 1e2 L of gas per analysis as opposed

to a fewmL of gas for GC-analysis. As in the previous tests, the

measured enrichment factors (MEFs) for all non-sulfur species

(N2, CH4, CO, and CO2) matched well with the calculated

enrichment factor (CEF). Again, the close match of the

elemental material balance for the non-sulfur species also

suggests very little loss of these species due to reaction or

adsorption, even at the membrane temperature of 270 �C.
However, the measured enrichment factor for H2S in the first

test (B-1) was only 6.8, which was 55% lower than the calcu-

lated enrichment factor. After the second test, the enrichment

factor for H2S improved relative to the calculated enrichment

factor, but therewas still a 17% loss of the sulfur species. Since

all the vessels, valves, and connecting tubes in the sampling

device have been passivated with silicon coating, it is

reasonable to believe that the observed loss of sulfur was due

to the interaction of sulfur with the membrane tube.

If the chemical interactions between sulfur and the

membrane tube are, indeed, the reason for the observed loss

of sulfur, it is also reasonable to expect that the membrane

tube will be gradually saturated by sulfur as more tests are

conducted, and the loss of sulfur should gradually decrease

and, eventually, stop. To investigate this hypothesis, a few

more tests (B-3, 4, 5) were conducted under the same oper-

ating conditions as test B-2 (see Table 4). Fig. 7 summarizes the

enrichment factors for all consecutive tests with H2S in the

feed gas (series B, 1e5). For the sulfur species, Fig. 7 shows that

the MEFs increased with each successive test, reaching w14

and leveling off after the third test (B-3). TheMEFs for the non-

sulfur species are again observed to match reasonably well

with the CEF of 14.9e15.Within the limits of experimental and

analytical errors, the analyses were quite repeatable for the

non-sulfur species.

It should be noted that the certified sulfur content in the

hydrogen gas is 2.17 ppm, but our H2S analyzer (based on

Fig. 6 e Effect of sulfur and membrane temperature on the

permeation of hydrogen.

Table 4 e Test conditions and results of enrichment experiments with H2S in the feed gas.

Test Conditions/Results Test B-1 Test B-2

Sampling Vessel (1)

Initial Pressure (atm) 55.4 55.4

Final Pressure (atm) 7.22 7.72

Conc. (ppm) e N2 1010 (�45) 1010 (�45)

Conc. (ppm) e CH4 1060 (�13) 1060 (�13)

Conc. (ppm) e CO 98 (�0.1) 98 (�0.1)

Conc. (ppm) e CO2 1037 (�1) 1037 (�1)

Conc. (ppm) e H2S 2.27 (�0.1) 2.27 (�0.1)

Impurity Enrichment Vessel (2)

Initial Pressure (atm) 1 1

Final Pressure (atm) 5.26 5.23

Membrane surface Temp. (�C) 220e250 270

DP Across Membrane (atm) 12.9e13.6 12.9e13.6

Final conc. (ppm) e N2 15920 (�80) 15560 (�30)

Final conc. (ppm) e CH4 15350 (�20) 15100 (�10)

Final conc. (ppm) e CO 1420 (�40) 1410 (�30)

Final conc. (ppm) e CO2 15300 (�40) 15020 (�20)

Final conc. (ppm) e H2S 15.38 28.22

Enrichment Factor (EF) EF Error relative to CEF (%) EF Error relative to CEF (%)

Calculated 15.0 14.9

Measured e N2 15.8 þ5.2 15.4 þ3.3

Measured e CH4 14.5 �3.4 14.2 �4.4

Measured e CO 14.5 �3.3 14.4 e 3.5

Measured e CO2 14.8 �1.5 14.5 �2.8

Measured e H2S 6.8 �54.8 12.4 �16.6

Elemental Material Balance (mol-%)

N þ5.2 þ3.3

C �2.5 �3.7

O �1.6 �2.9

S �54.8 �16.6
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lead-acetate sulfur sensing tapemethod) measured the H2S in

the feed gas to 2.27 ppm with a 5% margin of error. This

analytical error may explain some of the observed sulfur loss

in these tests. However, effects of themembrane temperature

and the level of sulfur concentration on the extent of the

sulfur uptake by the membrane tube and the possible reverse

release of sulfur from the membrane tube are still not known,

and more studies are needed to obtain a better understanding

about these sulfur issues. The understanding of the sulfur loss

mechanism, whether reacted or adsorbed on the membrane

or any other surface is critical in order to develop appropriate

solutions and test protocols.

4.4. Potential for field applications

The laboratory-scale sampling device reported in this paper

can be further customized by appropriately packaging the

vessels, piping, and the components to reduce the overall

physical size of the device, and by maximizing the impurity

enrichment factor through proper sizing of the two vessels.

Theoretically speaking the enrichment process depends

only on the starting and end-points (pressure, temperature).

In practice, controlling the temperature by adjusting a knob is

difficult to reproduce at every experiment. Changes in the

temperature/pressure history can change the extent of the

side reactions, even if they are relatively small. Similarly,

controlling the pressures to within 1 psig with a back-pressure

regulator was found to be quite difficult in the laboratory, and

thus automation should help repeat the starting and end-

points better than can be achieved by human interface. A

computer-driven automation of all control procedure steps to

optimize its operation is desirable since it will achieve more

repeatable control of the operational procedures, improve the

analytical repeatability and reduce the total operation time.

Through well designed customization and automation, this

sampling device can effectively generate impurity-enriched

samples that can be analyzed by simpler and less expensive

analytical techniques and equipments. Since the enrichment

of this sampling device is a function of the sampler size and

pressures in the chambers before and after enrichment, it can

be easily tailored to achieve greater than two orders of

magnitude for practical and economical field applications.

Such a device can be deployed in the hydrogen production

plants and fuel-cell vehicle refueling stations for the analysis

and/or monitoring of key impurity species in hydrogen for

quality assurance and control purposes.

5. Conclusions

A novel technique has been developed in this work to achieve

a quantitative enrichment of trace impurities in hydrogen for

allowing the enriched impurities in the sample to be

analyzed with simple, low-cost analytical instruments in the

field. A laboratory-scale sampling device using a Pd-alloy

membrane has been designed, fabricated, and tested. In tests

without sulfur impurities, the hydrogen analyte containing

w0.21% each of N2, CH4, CO, and CO2 impurity species was

sampled at 48.6 atm (700 psig) pressure and then processed in

the device. The measured enrichment factors (MEFs) were

found to match the calculated enrichment factors (CEFs) of

w32. The close correspondence between the MEFs and CEFs

validates the concept of this sampling technique. The

internal silicon coating of the wall surfaces of the sampling

device has been shown to be effective in eliminating unde-

sirable methanation and coking reactions, that otherwise

may occur due to catalyzed reactions with the metal wall

surfaces of vessel. Tests of the sampling device with

hydrogen analyte containing w2 ppm H2S showed a reduc-

tion of hydrogen permeation rate as well as an initial sulfur

loss. Test data showed the sulfur losses were reduced after

a few consecutive tests, however, more studies are needed to

address themechanism of eventual sulfur loss and the initial

sulfur accounting issues.

Fig. 7 e Enrichment factors for the consecutive tests B-1 to B-5.
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