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Summary

The analytical activities within WP2 for the first 18 months of the project have been explored
mainly through the participation of two round robin test protocols. SINTEF has explored the
potential of GC-MS and FTIR spectroscopy. CEA has tested novel instrumentation such as
IMR-MS and OFCEAS. VTT has acquired a PDD detector that has been tested for the
performance of HCl analysis. VTT is currently testing the detector in ECD mode for
application to organohalide application.
Further work includes the problem with total halogenates inventory. According to SAE J2719,
32 organohalides is analysed by GC-MS in addition to HCl, HBr and Cl2 by GC-ECS. The
only organohalide ever found in hydrogen fuel samples is C4Cl4F6. The stability of the two
isomers found should be evaluated. Hopefully, HRS quality data from WP3 should give
information about realistic contamination of hydrogen fuel samples by organohalides. This is
also the case for Cl2 which is assumed to be completely converted to HCl in a hydrogen
matrix.
In addition to the Pd-membrane pre-concentration strategy, SINTEF is exploring other
possible pre-concentration strategies. There is a concern that since the Pd membrane flux
requires temperatures higher than 200 °C, the Pd will act as a catalyst for methanation and
sooting reactions, thus changing the composition of the sample.
SINTEF is currently evaluating alternative cryofocusing techniques in combination with GCMS in order to evaluate the performance vs. relevant impurities. SINTEF also has a Thermal
Desorption (TD) unit that could be used
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1. Introduction
The stringent requirements for hydrogen fuel purity in Polymer Electrolyte Membrane Fuel
Cells (PEMFC) have required new analytical methods to be developed for this purpose.
Especially the low tolerance for sulphurous and halogenated species has proven to be
analytically challenging. Due to lack of available fuel quality data, a total constituent threshold
limit has been set in order to cover any possible impact of fuel impurity.
There are numerous analytical methods referenced to in the ISO and SAE standards. Due to
the low quantification limits required, the list of methods required to performed full fuel quality
control compliance with prevailing standards is long. From a cost perspective, it is desirable
to keep the list short. A common technique in trace analysis is to apply pre-concentration to
the sample. By establishing a pre-concentration factor, the sample impurities can be
analysed at higher concentration levels.
With the establishment of historical data for hydrogen fuel quality control, simplification of
quality control can be simplified through use of known correlations and use of canary
constituents.

2. Background
In the FCH-JU project HyQ, development of analytical method for the measurement of tracelevel impurities in hydrogen was conducted. The analytical performance of methods
referenced in prevailing standards was evaluated [3]. It was concluded that methods for
formaldehyde, formic acid as well as total halogenated compounds still needed development.
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The NPL AS 64 report [3] also proposes to reduce the number of analytical techniques
required for improved efficiency of analysis and lower the volume requirement for analysis.
The applicability of various analytical methods to the fuel impurity constituents was
evaluated. This evaluation is summarized in Figure 1 [3].
The NPL AS 64 report concluded that GC-MS and GC-PDHID would be obvious candidates
for multi element analysis for fuel quality control.

Figure 1. Applicability of analytical methods to hydrogen fuel impurity analysis [3].
As SINTEF has vast experience with the application of FTIR spectroscopy to trace analysis
by application of long light paths[4,5], the full potential of this method was not justified in this
report and that evaluation of FTIR application to hydrogen fuel quality control should be
further evaluated. The NPL AS 64 did cover more unconventional and novel analytical
techniques like cavity ring down spectroscopy [6] and Ion Mobility Reaction Mass
Spectrometry (IMR-MS).
Sample pre-concentration was not evaluated by the NPL AS 64 report.
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During the negotiation of the HyCoRA project, the metrological analytical capabilities
dropped out of the application. The goals in the project had to be revised to reflect the
analytical capabilities available amongst the project partners.

3. Analytical methods evaluated
Smart Chemistry external analysis
In the planning of HyCoRA, the possibility of external analysis of hydrogen fuel samples to be
conducted with full compliance with the prevailing standards was surveyed. It was concluded
that only one commercial laboratory was able to perform this kind of analysis. Smart
Chemistry in Sacramento, California has through the Hydrogen Programme in Department of
Energy (DOE), developed analytical methods now established as ASTM standard test
methods for hydrogen fuel quality control [6-8]. SINTEF has previously used this laboratory
to perform hydrogen fuel quality control [9].
The analytical methods used by Smart Chemistry are summarized in Table 1.
Table 1. ASTM Analytical methods used by Smart Chemistry. Analysis in compliance with
SAE J2719. THC indicate total hydrocarbons on a C1 basis, TS indicate total sulphur and CX indicate organohalides

ASTM

Analytical
technique

Pre concentration

THC (C1)

D7892

GC-MS

Cryo/TD/Cryo

He

D1946

GC-TCD

N2, Ar,O2, H2O

D7649

GC-MS

CO2

D7649

GC-MS

CO

D1946

GC-PDHID

Cryo

HCHO

D7892

GC-MS

Cryo/TD/Cryo

HCOOH

WK34574

GC-ELCD

Cryo/TD/Cryo

NH3

WK34574

GC-ELCD

Cryo/TD/Cryo

HCl, HBr, Cl2

WK34574

GC-ELCD

Cryo/TD/Cryo

TS

D7652

GC-SCD

Cryo/TD/Cryo

C-X

D7892

GC-MS

Cryo/TD/Cryo

Smart Chemistry uses gas chromatography exclusively for all analyses and then applies five
different detectors to cover all gas constituents. For the low tolerance constituents, preconcentration of the sample is applied in order to obtain the required quantification limits.
The pre-concentration of sample is, with the exception of CO, performed in three consecutive
steps:

HyCoRA - Grant agreement no: 621223
Deliverable 2.3
6 (21)
1) A glass bead cryo trap is used to cryo-focus the sample at -150 °C.
2) The compounds are slowly desorbed by warming to 10 °C and transferred to a Tenax
trap cooled to -60 °C. In this way the sample is dehydrated.
3) The Tenax trap is then desorbed by heating to 180 °C and the compounds cryofocused in a column at -170 °C at the entrance of the GC column.
Liquid nitrogen is used as cryogen. The procedure is traceable to ASTM standard. It is a
complex sequence that could potentially lead to systematic errors. It is however likely that
Smart Chemistry has automated the sequence.
Fourier Transform InfraRed spectroscopy (FTIR)
In absorbance spectroscopy, the relation between analyte aborbance and concentration is
given by the Beer-Lambert law:
=

where is the molar absorptivity, b is the path length of the sample and c is the concentration
of the sample. At low concentrations of the analyte, absorbance is limited either by the path
length or the molar absorptivity of the compound. The latter is inherent to the compound and
values span several decades from excellent absorbers like SF6 to poor ones like H2S.
Molar absorptivity of common sulphurous gas species is illustrated in Figure 2.

Figure 2. Calibration spectra of relevant gas constituents at 100 ppm meters in N2 at 25 °C.
The H2S signal is 100 fold amplified for illustrative purposes.
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The absorbance can effectively be controlled by the path length. In the extreme end, paths of
several kilometers can be established in a sample cavity by two mirrors (standing wave) or
three mirrors (moving waves). In addition to the commercially available Cavity Ring Down
Spectroscopy (CRDS) [10], alternatives like Optical-Feedback Cavity-Enhanced AbSorption
(OFCEAS) is becoming available [11]. These instruments are typically single component as a
monochromatic lightsource like Tunable Diode Laser (TDL) or Quantum Cascade Laser
(QCL) is used. The sensitivity is excellent, often extending into the pptv range.
SINTEF has through the H2Moves Scandinavia project documented the application of Long
Path FTIR spectroscopy to hydrogen fuel quality control [12]. By application of a 35 meter
thermostattable cell, a quantification limit for CO at 5 ppbv was demonstrated. Temperature
was used in order to prevent condensation and/or adsorption of gases to cell walls and
mirrors. This has been shown to be necessary especially when analyzing sticky gases like
SO2. A FTIR spectrometer with the 35 m cell mounted is illustrated in Figure 3.

Figure 3. 35 m cell mounted on Bruker Vertex 70 (left) and Bruker IFS 66v/S operated under
vacuum (right).Pictures taken with permission from [12].
For strongly absorbing greenhouse gases like perfluorocarbons, SINTEF has documented
quantification limits down to 100 pptv. Although not verified, it is believed that FTIR could
quantify species like HF, HCl and HBr belonging to the total halogenated inventory.
The main limitation for FTIR spectroscopy is the lack of signature for homonuclear species
like O2, N2, H2, Ar and He in the mid-IR spectral range. Due to the low molar absorptivity of
H2S, the application of FTIR to the total sulphur inventory would require a light path in the
range of several kilometers.
GC-MS
Gas Chromatography wih mass spectrometry detector is a powerful analytical technique with
a wide range of applications. Mass spectrometry in its simplest form, electron ionization, can
produce fragmentation patterns that used for quantification. Without gas chromatographic
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separation of the gas compounds, confounding of the fragmentation spectra will occur. This
is illustrated in Figure 4.

Figure 4. Fragmentation patterns for common gases in the mass to charge range between 10
and 46.
With proper chromatographic separation, confounding can be avoided. In principle, the
confounding of fragmentation patterns is deconvoluted by means of multivariate analysis.
This is well established as in IR spectroscopy model development for quantification of
multiple analytes. The application of multivariate analysis to process mass spectrometers
without gas chromatographic separation has not progressed to the point where commercial
software has become available. The main challenge is the inherent drift of signal from
changes in vacuum as well as detector drift. Drift compensation must be embedded in torder
to make robust models for quantitation.
At low concentration levels, the effect of signal drift has high impact. This was also discussed
in the NPL AS 65 report [3] for sulphur analysis, where sample and standard were
alternatively run in order to have a dynamic reference to the signal level. SINTEF used a
multivalve with a 0.125 mL sample loop in order inject samples. In this way, samples were
repeatedly analysed before a standard was repeatedly run and the sample population
statistics used to evaluate the drift.
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Figure 5. Multivalve with sample loop for injection of sample into GC-MS (left) and Total Ion
Chromatogram (TIC) of standards of several concentration levels (right).
To adapt to this methodology, SINTEF has made proprietary software for quantitation. This is
a Matlab GUI that allows for fast analysis of the mass spectral data. The GUI is shown in

Figure 6. Matlab Graphical User Interface for quantiation of mass spectral data.
The HP-5 chromatographic column used by SINTEF does not well separate permanent
gases. This made assessment of CO difficult due to the confounding of line m/z 28. The
analytical performance obtained with the Agilent 5975T LTM instrument is summarized in
Table 2.
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Table 2. Analytical performance of SINTEF GC-MS setup. Concentration levels and Limit of
Quantification levels are given in ppmv.
Analyte

Level 1

Level 2

Level 3

R2

LOQ

CO2

0.5

1

2

0.98

0.40

N2

5

10

20

0.92

17

O2

2

4

8

0.94

5

Ar

1

2

4

0.98

0.91

From the quantification limits it can be seen that the LOQ for CO2 and Ar are satisfactory for
the hydrogen fuel quality application. The LOQ for N2 and O2 are high due to a small air leak
in the sample line. With the air leak removed, the performance would be acceptable.
The GC-MS configuration was also tested for H2S quantitation. A fair calibration in the range
1-3 ppmv was established, and a LOQ of 800 ppbv was estimated. The TIC and calibration
curve is shown in Figure 7.

Figure 7. Total Ion Chromatogram (TIC) and calibration curve for three standard
concentration levels. LOQ was estimated to be 800 ppbv and R2 was 0.99.
This analytical performance is of course not satisfactory for Total sulphur concentration
assessment with a tolerance limit of 4 ppbv.
GC-PDD
Pulse Discharge Detectors (PDD) for gas chromatography can be operated in two modes:
Pulsed Discharge Helium Ionization Detection (PDHID) and Electron Capture Detection
(ECD). The PDHID mode is versatile as suggested by NPL AS 64 [3].
SINTEF has a Varian GC-PDHID configuration that is normally used for sulphur quantitation.
The configuration was tested for analysis of H2S in hydrogen matrix. The signal from a 1
ppmv sample as well as a 10 ppmv nitrogen balanced standard is shown in Figure 8.
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Figure 8. H2S 1 ppmv sample in hydrogen (black, blue and gray), and 10 ppmv H2S
standard, nitrogen balanced (Green, light green and light blue).
Whereas the standard sample is well resolved, the 1 ppm sample peak is not due to the
large hydrogen peak. It was attempted to improve the separation by applying as low column
pressure as possible. As can be seen from Figure 8, even elution times of close to one hour
did not resolve the two peaks. It was concluded that PDHID would not be applicable for
analysis of H2S in a hydrogen matrix.
Through HyCoRA, VTT has acquired a Pulsed Discharge Detector for Gas Chromatography
application. As noted in NPL AS 64 [3], this detector is considered to be versatile and to be
applicable to many impurities in hydrogen fuel.

Direct analysis of HCl
Experiments with HCl were started using a DB-1 column and about 50 ppm of HCl in H2. As
expected, with such a ‘high’ concentration the peaks were noiseless. However, some tailing
of the peak occurred with DB-1 as well as with other columns such as Poraplot-Q, Poraplot-U
and HP-Innowax. Because the 50 ppm level is still far too high for the needs of the analysis
of real gas samples a 10 ppm HCl standard was bought and together with a Pierburg-gas
dilution system was used to validate the method for low concentrations of HCl as well as to
determine the practical detection limit. To our disappointment the sensitivity of the PDD
turned out to be lower than expected. At concentration levels of about 5 ppm the signal to
noise ratio was already poor and it was difficult to get repeatable results when the gas was
diluted more. Shows the detector installation as well as a HCl detector signal.
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Figure 9. PDD detector installation on GC and detector response to 10 ppmv HCl standard.
As an alternative method a four-channel Agilent-490 micro gas chromatograph was tested.
For the analysis of HCl we employed a Poraplot-U–column equipped with a µ-TCD–detector.
The extremely small column diameter guarantees fast analysis times while the small volume
of the detector improves sensitivity over a conventional TCD. The resolution and peak
shapes were found good. However, also with this system it was not easy to go to
concentration levels much below 5 ppm which for this application is not adequate

Indirect analysis of HCl
The sensitivity of the direct analysis of HCl using PDD was found inadequate. In addition, at
higher concentration levels detectable by the PDD, the shape of the HCl-peak in the
chromatograph was not symmetrical and tailing occurred with all of the tested columns.
To overcome these problems an indirect method for the analysis of HCl was suggested. The
PDD bought to VTT can be operated in two distinctive modes: the ‘universal mode’ and the
Electron Capture Detector-mode (ECD). ECD is highly selective to molecules with high
electronegativity such as halogenated organic compounds whereas there is no signal for
hydrocarbons or permanent gases. The sensitivity of the ECC especially to halogenated
hydrocarbons is in the sub ppb (parts per billion) level. The VICI-Valco PDD utilises a 3 % Xe
in He dopant gas for the ECC mode.
Unfortunately inorganic halides such as HCl do not give any response in ECC. The analysis
is based on the idea of selective conversion of HCl and ethene to chloroethane over a 15 %
Zn/SiO2-catalyst . According to this publication the reaction to chloroethane is expected to be
highly selective. A batch of 10 g of the catalyst was prepared by incipient wetness
impregnation of an aqueous solution of ZnCl2 on Davison #57 silica (16-32 mesh). In the test
setup 100 mg of the Zn/SiO2-catalyst was packed in an inlet liner of the gas chromatograph.
The split-injector with the liner was heated to 250°C and a flow of 10 ml/min of 5 % C2H4 in
helium was mixed with the carrier gas after the six-port sampling valve before the catalyst.
The system has been tested with a 10 ppm HCl which gave a very nice and symmetrical
peak using a HP-5 type of column. As first results these seem very promising. However, it
still remains to be verified that the reaction of HCl with ethene is stoichiometric and that the
reaction rate is high enough. This will be done by diluting the 10 ppm gas mixture. Also the
effect of ethene flow will be studied.
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IMR-MS
Ion Molecule Reaction Mass Spectrometry is a soft ionization method avoiding fragmentation
of molecules leading to complex and convoluted mass spectra. The soft ionization energy is
obtained by a primary ion source from Hg, Xe or Kr gas previously ionized by electron
impact. The sensitivity is generally better than conventional EI-MS. The instruments are
commercialized by V&F Analyse- under Messtechnik GmbH. The instrument is shown in
Figure 10.

Figure 10 Combisense MS analyzer from V&F combining both EI-MS and IMR-MS into one
instrument for simultaneous analysis.
In HyCoRA, online measurement of low concentration of CO in the hydrogen fuel
recirculation loop is a requirement for the fuel impurity tolerance studies conducted in WP1.
For this purpose, CEA had rented a IMR-MS analyser in order to evaluate its performance.
CEA also used the instrument to evaluate CO and H2S for the Euramet 1220 Round robin
protocol.
No overlap by nitrogen on the CO m/z 28 line was expected since the ionization of N2 (15.58
eV) is higher than that of Krypton (13.99 eV). However, when high background levels for CO
was observed, it was realized that a second ionization state of Kr at 16 eV allowed for
ionization of N2 causing positive contribution to the m/z 28 signal. V&F attempted to remedy
this by tuning the ionization energy. This negatively impacted the sensitivity of the instrument
towards CO which could not be analyzed neither at high (1 ppmv) nor low (0.1 ppmv)
concentation levels.
The instrument was successfully applied to the H2S sample at 1 ppmv as part of the
Euramet 1220 protocol. An estimate of the quantification limit was not reported by CEA.
OFCEAS
Optical Feedback Cavity Enhanced Absorption Spectroscopy is a novel spectroscopic
method that was commercialized by AP2E in 2008. The light source is a continuous laser
source applied to a long path, typically more than 1 km. The path is often under pressured to
enhance spectral features. The long path allows for quantification down to the pptv level.
Typically, Tunable Diode Lasers have been typically used as lightsource. With the Quantum
Cascade lasers emerging, more gas constituents will be available for analysis with OFCEAS.
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With a monochromatic lightsource, an inherent drawback is of course the need for one
lightsource per analyte.
With the same motivation as the rental of the IMR-MS, CEA rented an OFCEAS dualchannel H2S and CO analyzer from AP2E. The instrument was applied for analysis of both
compound in the Euramet 1220 protocol. A typical instrument casing is shown in Figure 11.

Figure 11. OFCEAS analyzer for NH3, CO and H2O.
The given detection limits (LOD) for H2S and CO from the manufacturer was 2 and 1 ppbv
respectively.

4. Round Robin Laboratory Testing
As part of the WP2 method development several of the partners of HyCoRA has taken part in
one or more round robin tests. This has been an excellent opportunity to evaluate the
analytical performance of the laboratories of the HyCoRA partners, both between the
partners but also with other analytical entities. The external lab used by SINTEF in HyCoRA,
Smart Chemistry, has also taken part in one of the tests.
Euramet 1220 protocol
The Euramet 1220 protocol is a round robin interlaboratory test organized by VSL and NPL.
The measurand was the amount-of-substance fraction of H2S and CO in a matrix of high
purity hydrogen. These impurities were chose because of their high impact on catalytic
performance as well as their probable presence in hydrogen fuel produced by steam
methane reforming.
The nominal impurity concentrations to be analyzed is shown in Table 3.

Table 3. Euramet 1220 nominal amount-of-substance.
Mixture

Component

1
2
3

CO
CO
H2S

Amount-of-substance
fraction
x (µmol mol-1)
1
0.1
1
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Two separate sets of samples were provided by Air Liquide and Linde. These sets were then
analyzed by VSL and NPL before circulation to the participating laboratories. The circulation
scheme is shown in Figure 12.

Figure 12. Euramet 1220 sample circulation scheme.
After circulation, the cylinders were returned to VSL and NPL for final analysis. In this way,
the integrity of the sample could be verified.
It should be noted that the analytical results obtained by CEA and SINTEF in the round robin
are not directly comparable as they analysed on different sets of cylinders.
The results reported by CEA are shown in Table 4 Results reported by CEA..
Table 4 Results reported by CEA.
Component
CO 1 µmol/mol
CO 0.1 µmol/mol

Method
OFCEAS
OFCEAS
OFCEAS
IMR-MS

H2S 1 µmol/mol

Result (µmol/mol
0.950
0.096
0.931
1.013

RSD (%)
5
5
5.08
5.2

The results reported by SINTEF is shown in Table 5. Results reported by SINTEF.
Table 5. Results reported by SINTEF.
Component

Method

Result (mol/mol)

RSD (%)

Number of replicates

CO 1 µmol/mol

FTIR

0.876 ppm

0.9%

4

CO 0.1 µmol/mol

FTIR

0.064 ppm

4.7%

4

H2S 1 µmol/mol

GC-MS

1.05 ppm

6.2%

5

At the time of submission of this deliverable, the final report from the Euramet 1220 protocol
was not complete. Once published, it will be referenced to from HyCoRA.
H2FC Round Robin
SINTEF has taken part in another round robin test organized by the FP7 EU project H2FC.
This was organized by JRC and samples made by NPL.
A mixture of six gas constituents with nominal concentration ranges from 5 to 15 µmol/mol
was distributed to SINTEF. GC-MS applied for all gas compounds with the exception of CO.
Due to the lack of separation of N2 and CO by the HP-5 column, the spectrogram were
confounded at m/z 28 and CO quantitation was not possible. Additionally, A FTIR with a 20
meter heated cell was used to analyse all but the homonuclear compounds.
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The two calibration mixtures used for this work, are shown in Table 6. Calibration gas
mixtures.

Table 6. Calibration gas mixtures.

Sulphur Dioxide
Methane
Carbon Monoxide
Carbon Dioxide
Oxygen
Argon
Nitrogen
Helium
Balance

Mixture 1
97.9 ppm
106.8 ppm
100.2 ppm
97.1ppm
104 ppm
9900 ppm
Hydrogen

Mixture 2
50.5 ppm
198 ppm
103 ppm
493 ppm
Helium

An Environics 4000 gas mixer was used to create dynamic calibration gas mixture
concentration near the nominal value. This is exemplified in where the quantitation of SO2 for
GC-MS is shown.

Figure 13. GC-MS quantitation of SO2. Time resolved intensities of m/z 48 (left) and m/z 64
(right) of the sample (blue) overlaid dynamic concentrations of standard mixture 1 at three
concentration levels.
The quantitation of SO2 calculated from the m/z 48 and m/z 64 was found to be 9.6 and 9.5
ppmv respectively. Due to higher signal intensity, the result from m/z 64 was reported.
The results for the H2FC round robin is summarized in Table 7. SINTEF results reported for
the H2FC round robin protocol.
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Table 7. SINTEF results reported for the H2FC round robin protocol.
Analyte
CO
CH4
SO2
CO2
O2
N2

GC-MS (ppm)

SD (ppm)

8.4
9.5
11.7
10.4
9.7

0.4
0.2
0.5
0.5
1.5

FTIR (ppm)
7.9
9.2
9.5
11.0

SD (ppm)
0.3
0.4
1.5
1.0

At the time of submission of this deliverable, the final report for the H2FC round robin
protocol was not complete. One published, the report will be made available from HyCoRA.

5. Pre concentration strategies
Background
A proposed approach to simplify the quality control of hydrogen fuel is by the use of canary
constituents. By establishing well know correlations between impurities, the canary could be
used as an indicator of impurities present in the fuel. Although thermochemical calculation
has been performed to evaluate equilibria relevant for the composition of the gas, most of the
co-variance between impurity species requires an experimental verification as they do not
react with each other. It could be argued by taking feedstock into consideration, this might
simplify the evaluation of co-varying species.
A pre-requisite for the use of canary constituents is that the co-variance between
constituents is verified. This requires execution of quality control and collection of data from
several HRS based on different feedstock. Another challenge for the evaluation of covariance is the low concentration of some of these constituents. If the concentration is lower
than the Limit of Quantification (LOQ), analytical error is high.
There are currently two approaches to pre-concentration of impurities in hydrogen fuel. The
first approach reported by Papadias [14] was to use hydrogen selective membranes. By
using a palladium membrane allowing for hydrogen permeation, the impurities are thus
accumulated. The schematic setup is shown in Figure 14.

Figure 14. Pre-concentration of hydrogen impurities by use of a hydrogen selective Pd
membrane.

Silicon lined sample vessels are commonly used for sampling of hydrogen fuel in order to
avoid losses of "sticky gases" to the vessel walls. This is also a challenge for the hydrogen
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selective membrane: Not only is gas molecules lost to the membrane, they also block the
hydrogen permeation rate. There is, however, possible to tailor the membrane alloying
composition but also to use temperature to reduce membrane surface adsorption.
Figure 15 shows the result of enrichment experiments for five fuel impurity constituents.

Figure 15. Method enrichment factors (MEF) obtained. The Calculated Enrichment Factor
(CEF) was 15. B-1 was performed at temperatures between 220-250 °C while B-2 to B-5 was
performed at 270 °C.
With hydrogen disulfide present in the gas, the gas permeation rate was significantly
reduced. A total sampling rate of 6 hours was reported. The palladium alloy membrane used
for the application was not optimized for the application with respect to sulphur tolerance and
hydrogen permeation rate.
A more recent study by Papadias [15] approaches impurity pre-concentration by means of
Pressure Swing Adsorption (PSA). By sampling at high pressure over an adsorbent like
activated carbon on zeolite, impurities can be pre-concentrated by a desorption step by
reducing the pressure. The enrichment efficiency is a function of adsorbent type and the
desorption pressure. For a given adsorbent, the enrichment efficiency is a non-linear function
of the pressure ratio of adsorption and desorption pressure. Generally, an as-low-as possible
desorption pressure is beneficial, but the volume and/or pressure requirements for the
analytical techniques normally limits desorption from being close to ambient pressure.
Unlike the case for pre-concentration through the application of a palladium membrane
where the same enrichment factor is obtained for all constituents, enrichment factors vary
with the adsorption affinity. Most impurities, Helium often being the exception, have higher
affinities than hydrogen.
Both approaches to impurity enrichment have their pros and cons. The hydrogen selective
membrane approach has the highest enrichment potential. The draw backs are the long
sampling time required as well as membrane temperature control requirement. The PSA
approach is more limited when it comes to enrichment potential. However, tenfold
enrichment can be obtained in less than 20 minutes.
Pre-concentration effort in HyCoRA
After a visit to Argonne National Laboratory in 2013, a connection was established with Dr.
Shabbir Ahmed. At the start of HyCoRa collaboration between HyCoRA and Department of
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Energy (DoE) was established, and the ANL pre-concentration device was shipped from
Chicago to SINTEF Oslo.
The initial study at ANL had only explored low enrichment factors. During the first HyCoRA
OEM Workshop held in Oslo, a meeting between ANL and SINTEF was held in Oslo.
Amongst the discussion topics were increased sulphur tolerance of Pd-alloy hydrogen
permeable membranes as well as modifications to the pre-concentration device to allow for
higher enrichment factors than previously explored by ANL. Instead of using a needle valve
(NV1, Figure 14) to constrict the pressure to the pressure tolerance of the Pd-membrane
(300 psi), the sample bottle regulator is used to regulate the pressure. In order to be able to
calculate the enrichment factor accurately, two high resolution pressure transducers has
been introduced.
The modified design is shown in Figure 16.

Figure 16. Modified design of the ANL pre-concentration device.
The obtainable enrichment factor is a function of the pressure and volumetric differences. In
the new design, the 10 L sample cylinders from HRS QC is used, replacing the original 0.5 L
one. In this way, enrichment factors of several hundred should be obtainable.
Pre-concentration of samples from the first HyCoRA HRS sampling campaign is currently
being conducted.
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6. Conclusions and further work
The analytical activities within WP2 for the first 18 months of the project have been explored
mainly through the participation of two round robin test protocols. SINTEF has explored the
potential of GC-MS and FTIR spectroscopy. CEA has tested novel instrumentation such as
IMR-MS and OFCEAS. VTT has acquired a PDD detector that has been tested for the
performance of HCl analysis. VTT is currently testing the detector in ECD mode for
application to organohalide application.
Further work includes the problem with total halogenates inventory. According to SAE J2719,
32 organohalides is analysed by GC-MS in addition to HCl, HBr and Cl2 by GC-ECS. The
only organohalide ever found in hydrogen fuel samples is C4Cl4F6. The stability of the two
isomers found should be evaluated. Hopefully, HRS quality data from WP3 should give
information about realistic contamination of hydrogen fuel samples by organohalides. This is
also the case for Cl2 which is assumed to be completely converted to HCl in a hydrogen
matrix.
In addition to the Pd-membrane pre-concentration strategy, SINTEF is exploring other
possible pre-concentration strategies. There is a concern that since the Pd membrane flux
requires temperatures higher than 200 °C, the Pd will act as a catalyst for methanation and
sooting reactions, thus changing the composition of the sample.
SINTEF is currently evaluating alternative cryofocusing techniques in combination with GCMS in order to evaluate the performance vs. relevant impurities. SINTEF also has a Thermal
Desorption (TD) unit that could be used. SINTEF has planned a visit to Smart Chemistry in
Sacramento in order to further initiate collaboration on the topic of sample pre-concentration.
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