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Determination of hydrogen in solids such as high strength steels or other metals in the ppb or ppm range
requires hot-extraction or melt-extraction. Calibration of commercially available hydrogen analysers is
performed either by certified reference materials CRMs, often having limited availability and reliability or
by gas dosing for which the determined value significantly depends on atmospheric pressure and the
construction of the gas dosing valve. The sharp and sudden appearance of very high gas concentrations
from gas dosing is very different from real effusion transients and is therefore another source of errors. To
overcome these limitations, an electrochemical calibration method for hydrogen analysers was devel-
oped and employed in this work. Exactly quantifiable, faradaic amounts of hydrogen can be produced in
an electrochemical reaction and detected by the hydrogen analyser. The amount of hydrogen is exactly
known from the transferred charge in the reaction following Faradays law; and the current time program
determines the apparent hydrogen effusion transient. Random effusion transient shaping becomes
possible to fully comply with real samples. Evolution time and current were varied for determining a
quantitative relationship. The device was used to produce either diprotium (H;) or dideuterium (D) from
the corresponding electrolytes. The functional principle is electrochemical in nature and thus an
automation is straightforward, can be easily implemented at an affordable price of 1-5% of the hydrogen

analysers price.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

High strength steels [1-3] and steels for critical applications,
such as pipe lines [4-6], or parts in aggressive aqueous environ-
ments [7-9] are highly susceptible to hydrogen embrittlement.
The sources of hydrogen are different in nature, some being uptake
during acid pickling and electroplating [10,11], welding [12,13],
corrosion [14], galvanic coupling [15,16], cathodic protection [17],
tribochemical reactions [18], and others more. Higher hydrogen
concentrations enhance the risk of hydrogen embrittlement
resulting in the continuous or sometimes sudden degradation of
the mechanical properties, such as strength and ductility. This
leads to a shorter lifespan of steel products and possible critical
failures of the material. Quantification of hydrogen in metals for
industrial applications and in laboratory tests is one the key
parameters to predict the risk or probability of hydrogen induced
embrittlement. Reliable analysis of the hydrogen concentration
inside the steel is therefore of great importance.

The melt extraction technique is being widely used for the
analysis of total hydrogen contents of steels [19,20]. In this method
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a sample is heated up to 2500-3000 °C inside pyrocoated graphite
crucible using an electrical impulse furnace. Released gases such as
hydrogen and oxygen are fed into the thermal conductivity
detector or infrared detector [19] by means of a carrier gas (usually
nitrogen). The melt extraction with carrier gas has found wide-
spread industrial application due to the uncomplicated design
making routine hydrogen analysis at ambient pressure fast and
cheap as compared to (ultra high vacuum) UHV-based techniques,
like TDA (thermal desorption analysis) [21-23]. Most steel plants
have some kind of online analysis system in which hot samples
from the production process can be analysed during production.

Typically the sample is put into the inner one-way crucible
situated inside the outer reusable crucible, placed between two dc
electrodes. The sample is being molten during the analysis and
analytes are transported by the carrier gas into the detector. This
determination technique can be also employed in analysing coated
steel sheets. A large number of influencing factors such as sample
preparation, cleaning, treatment, coating removal and others more
were thoroughly investigated and compared using various Round
Robin tests in a European multi partner project that was recently
concluded [24]. Parts of this work have been made public in the
course of this comprehensive project [25,26].

The instruments used in melt extraction analysis are usually
being calibrated either by gas calibration or with certified reference
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materials (CRM’s) of stable and precisely known hydrogen concen-
trations. To perform the gas calibration, a gas dosage valve adjusted
to some fixed volume and filled with helium is used. Helium, having
a very similar thermal conductivity as hydrogen, is normally used
due to the cost reasons to save CRM’s and security restrictions and
explosion danger attributed to the work with hydrogen gas. Certified
reference materials, usually titanium alloys pre-charged with known
amounts of hydrogen, which are stable over long periods of time, are
being proposed on the market from different companies. A number
of certified hydrogen concentrations are available. Both calibration
methods have their pros and cons.
Disadvantages are

e difficulties with an exact measurement of the calibration gas’
volume

® coefficients are needed to correct the differences in the
thermoconductivity

® wide ranges of possible hydrogen concentrations are not

covered with the CRM'’s

time stability of CRM’s

high purchasing costs of CRM’s

irregularities with their charging

strongly pronounced tailing of hydrogen transients from metal-

lic samples to name only a few

To overcome these limitations an electrochemical calibration
method for hydrogen analysers was developed and employed in this
work. Exactly quantifiable amounts of hydrogen can be produced in
an electrochemical reaction and detected by the hydrogen analyser.
The amount of hydrogen is exactly known from the transferred
charge in the reaction following Faradays law; and the current time
program determines the apparent hydrogen effusion transient.

2. Experimental
2.1. Setup
All of the measurements were carried out using either an Eltra

OH 900 gas analyzer (Fig. 1) or a Leco RH 402 gas analyzer both
equipped with a thermal conductivity detector. The samples are
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molten inside the graphite crucible at approximately 2200 °C.
Hydrogen and oxygen diffusing out from the melt are transported
to the detector with a nitrogen carrier gas. Carrier gas is pre-
cleaned using a packed bed of sodium hydroxide and with magne-
sium perchlorate, respectively, to remove CO, and any moisture
correspondingly, prior to entering the furnace. Potentially trans-
ported dust particles are removed by quartz wool in the dust trap.
Oxygen reacts to form CO on the surface of the hot crucible and
further reacts to form CO, in the presence of a catalyst (1,05 on
silica). In this way oxygen is detected as its reaction product CO, in
the IR-cell. Afterwards it is being absorbed by NaOH to prevent it
from entering the thermal conductivity detector. The carrier gas
then again passes CO,- and H,O-traps on its way to the detector,
where hydrogen containing in the carrier gas is detected.

The instrument was calibrated to hydrogen using one point
calibration with helium and, additionally, this calibration was
tested with standard hydrogen-impregnated material from Leco.
CRM’s with certified hydrogen mass fractions cg2)=(1.8 +0.4)
pgg ! and cuz)=(6.0+0.2)pgg ' were used. After that the
instrument was reconnected so that the carrier gas was sucked
from the electrochemical cell. The normal operational parameters
of the analyser were used.

The scheme of the electrochemical setup attached to the Eltra
analyser is shown in Fig. 2.

The electrochemical cell is a U-shaped glass tube (see Fig. 2)
with its two compartments being separated by a frit. As a non-
deuterated electrolyte 0.5 M H,SO4 (Merck, 96%, p.A.) was used.
The 0.5mol 1" deuterated electrolyte was prepared from D,0O
(Merck, 99.9%) and D,SO4 (Merck, 96% acid content in D,0). Counter
and working electrodes with an area of 0.1 cm? were made of
Pt-wire (99.999%). CompactStat potentiostat (Ivium technologies)
with integrated power booster was used to control the galvano-
and potentiostatic experiments, integrated IviumSoft software was
used for data management and analysis. Nitrogen gas enters both
compartments of the cell at a constant flow rate of 101h~!
through two glass capillaries connected to the flow meter. In the
left cell compartment, where oxygen evolution takes place at
the counter electrode, the nitrogen gas flushes the oxygen out of
the cell through the opening. In the right compartment, where the
hydrogen evolves at the working electrode, the nitrogen is used as
carrier gas to transfer the hydrogen into the hydrogen analyser.

Reference

Magnesiumperchlorate _l

Magnesiumperchlorater—

Magnesiumperchlorate

,O-trap

IR-Cell purge pre-cleaning
CO=CO,

Carrier gas pre-cleaning

Schiitze-Reagent

|

—

Dust trap

Hydrogen-Analyzer

Fig. 1. Flow scheme of Melt extraction hydrogen analyser Eltra OH900 adapted from producers documents.
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Fig. 2. Scheme of the electrochemical calibration cell connected to the hydrogen analyser.

Proper positioning of the capillary is highly important to allow for
a timely transport of the hydrogen. This aspect is of particular
importance if an artificial shaping of the hydrogen effusion is
required. The hydrogen-nitrogen outlet is connected to the elec-
trochemical device at the inlet where usually the furnace gas input
is connected. The hydrogen analyser constantly transports nitro-
gen into the device with the help of a pump. The difference
between the experiment and normal operation of a hydrogen
analyser such as the Eltra OH900 is that the gas, which is sucked
in, is not coming from the furnace but from the electrochemical
cell. The evolved hydrogen is led through a flexible Viton feeding
to a quartz tube, which is placed inside a glass tube that is open on
one side. The latter glass tube enables to operate the whole set-up
at atmospheric pressure, using the flux of nitrogen at 51 min~! as
a barrier to prevent the inflow of ambient air. The open tip of the
quartz tube is placed in the outer glass tube deep enough beyond
the barrier gas region to assure produced hydrogen is being
sucked quantitatively into the analyser and not flushed out.

3. Results and discussion

A typical sample weight in hydrogen determination in metallic
samples is 1 g. Calibration standards are often used to cover a
range of up to e.g. 10.0 ppm, which is equal to 10.0 pgg~! of
hydrogen. For calculating the amount of electrical charge required
to evolve 10 pg of hydrogen, Eq. 1 can be used:

m(Hy) x z x F

=" M) @

where: Q is electrical charge, z is the stoichiometric equivalent
number and F is the Faraday constant, m(H;) is the weight of
hydrogen formed and M(H-) is the molar mass. Computing these
values yields a charge of 0.96 C to produce 10.0 ug of hydrogen
(diprotium). At this point it does not matter whether the charge is
transferred under galvanostatic or potentiostatic conditions and
during which time or current density. The same amount of charge
is required to produce either H, (diprotium) or D, (dideuterium)
from hydrogenated or fully deuterated electrolyte solutions. The
term “amount” refers to the molarity therefore the mass of D,
formed from the same amount of charge is twice as large as that of
diprotium because of the doubled atomic weight.

1
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Fig. 3. Gas signal intensity as a function of time for calibration helium (injected),
deuterium and hydrogen peaks (galvanostatic electrochemical hydrogen produc-
tion —30 mA during 32 s).

Fig. 3 shows the gas signal as a function of time. As compared
to the relatively sharp and short helium signal that results from
the almost instant injection of helium the signals from electrolysis
are retarded and smeared out. An extrapolation of the rising edge
of the 3 peaks yields delay times of 12 s for He and 44 s for H,
and D,. This delay time is the time required for the gas to reach the
detector and involves the entire series of dead volumes such as
tubes, pipes, packed beds etc. This time is already longer for the
electrolytically produced gases as they have to pass through
densely packed dust trap and approximately one meter long gas
tube, whereas the He gas inlet is situated after that section directly
at the entrance to the catalyst packed bed. Such a short entrance
can also be used for hydrogen determination from material that is
held at elevated temperatures over longer periods in time for a
smooth and selective out gassing of diffusible hydrogen [27]. The
second effect observed for the hydrogen species is that the signal
is smeared out. Obviously the retardation would be at least as long
as the electrolysis time itself, which is 32 s in this experiment.
Furthermore a tailing is observed for the signals which are com-
parable for H, and D,.
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This is an interesting effect that can be of use to simulate vari-
ous kinetics of hydrogen effusion from different types of samples
by changing the duration of the electrolysis or to intentionally
shape the electrolysis program. In some cases the time of hydro-
gen appearance in the transient results from the particular source.
Residuals on the surface such as oil, lubricants, water, but even
traces of hydrogen containing solvents may yield hydrogen imme-
diately after heating, bulk hydrogen on the other hand may take a
bit longer to appear in the gas stream as it has to first diffuse out
from the solid [28].

3.1. Determination of the standard deviation

3.1.1. Electrochemical experiments with non-deuterated sulphuric
acid

The standard deviation of hydrogen and deuterium amount
detected during potentiostatic and galvanostatic modes of electro-
chemical cell operation was measured with reference to the
helium calibration. The results and the experimental conditions
for hydrogen are shown in Table 1.

The measured mean value of the consumed charge in the
galvanostatic experiment corresponds exactly to the calculated
value, since galvanostatic operation means constant current for a
predefined duration. There is a small deviation between these
values in the potentiostatic experiment, because the current
(i.e. consumed charge) may vary during the experiment. The
theoretical hydrogen content was calculated from the transferred
charge and was compared with the measured mean value. The
deviation in charge may be overcome if an electronic integrator is
used so that the electrolysis is halted as soon as the target value is
reached, alternatively the potentiostat could be used to make a
real time numerical integration with the same halt condition.

3.1.2. Electrochemical experiments with deuterated sulphuric acid

The standard deviation was determined under the same test
conditions used for hydrogenated electrolyte. From Eq. (1), the
mass of deuterium produced by the charge consumption to
produce 10 pg hydrogen is equal to 20.03 pg (or 4.97 x 10~ mol)
with respect to the molar mass. The volume of deuterium formed
under these experiment's conditions can be calculated from the
ideal gas law and is equal to V(D;)=1.21x 10~ L

The volume of D, is equal to the volume of H, for the same
amount of charge, which is 0.96 C in this case; however the mass
is twice that of hydrogen. The calculation of the theoretical
hydrogen content determined by the detector in case of deuterium
should be done in a different way, because of the different thermal
conductivity of hydrogen and deuterium. As the detection princi-
ple of the Eltra analyser is based on the detection of the gas with
respect to its thermal conductivity, a correction factor f must be
introduced into the calculations for the detected signal, i.e. the
sensitivity of the analyser for deuterium equals to that of hydrogen
multiplied by the factor f. This factor is calculated from Eq. (2) for
the voltage response of the TCD detector described below in

Table 1
Determination of the standard deviation of charge and analysed hydrogen.

Experiment Galvanostatic Potentiostatic
Test conditions —30mA, 32s —-3V,32s
Mean value of charge/C 0.957 0.952
Standard deviation of charge/C +0.0 +0.04
Calculated H, mass/pg 10 9.96
Measured mean value Hy/pg 14.05 13.37
Standard deviation of H/pg +0.45 +0.49

No. of analyses 10 10

*Calculated from charge consumed in the experiment.

Section 3.3 and is equal to approx. 0.67. Thus, when the gas
volume of 121 pl which has a weight of 20.03 pg for deuterium and
10 pug for hydrogen, is introduced into the analyzer, it is being
detected as approximately 6.70 pug of hydrogen.

The experimental results and the experimental conditions are
listed in Table 2.

In all experiments the mean value of deuterium (recalculated in
hydrogen) detected is 20-30% higher than the theoretical value,
similar to the results (32-40%) of the hydrogen experiments in
Table 1. This discrepancy is constant and persistent throughout all
electrochemical experiments performed. This phenomenon is
addressed in Section 3.3.

3.2. Analysis of the linearity of the detected hydrogen as a function
of current and time in galvanostatic mode

Variation of the hydrogen/deuterium signals detected as a
function of time and current when the electrochemical cell was
operated in a galvanostatic mode was also investigated.

3.2.1. Variation of charging time

The time of charge passing through the electrolyte was varied
from 40 s down to 2 s in steps of 2 s. For both, deuterated and non-
deuterated electrolytes the peaks of hydrogen/deuterium detected
in the experiments as shown in Fig. 4 and the values of total
concentration as shown in Fig. 5 demonstrate a convincing linear
correlation between time of the electrolysis and amount of
hydrogen and deuterium evolved.

Extrapolation of the linear fits for detected hydrogen amounts
in Fig. 5 with a good accuracy yields no dead time for the evolution

Table 2

Determination of the standard deviation of charge and analysed hydrogen
(deuterium); calculated values are derived from the consumed charge; deuterium
amounts are presented as equivalent of hydrogen.

Experiment Galvanostatic Potentiostatic

Test conditions —30mA, 32s —-3V,32s
Mean value of charge”/C 0.960 0.545

Standard deviation of charge/C +31x107° +0.016
Calculated amount H, (D,)/ug 7.04 (H), 14.1 (D) 411 (H), 8.22 (D)
Measured mean value Hy/pg 9.32 (H) 5.58 (H)
Standard deviation of H/pg +0.37 +0.16

No. of analyses 10 10

* Calculated from the charge consumed in the experiment.
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Fig. 4. Peaks of detected hydrogen as a function of electrolysis time for 0.5 M
H,SO,4 electrolyte.
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Fig. 6. Peaks of detected hydrogen as a function of current for 0.5M H,SO4
electrolyte.

of both hydrogen (solid line) and deuterium (dashed line). Thus,
almost no hydrogen/deuterium dissolution takes place in the
electrolyte. The deuterium signal was corrected for the Hp-D,
difference in thermal conductivity with the factor f=0.67. A very
good correspondence with the theoretically expected hydrogen
response values for deuterium detected during the experiments
can be seen, noted as “corrected deuterium” in Fig. 5. One should
keep in mind that the detector analyses the difference in thermal
conductivity of the gas volume with respect to the reference gas,
and not the mass. Therefore, the actual concentration of deuterium
in the sample can be obtained by multiplication of these appar-
ently detected hydrogen response values by 1.99, which is the molar
mass ration of deuterium and protium.

3.2.2. Variation of current

The current was varied in 2 mA steps between 2 mA and 30 mA
for both electrolytes. Fig. 6 shows the peaks of detected hydrogen
which are increasing with increasing current. As it can be seen
from the fits for hydrogen (solid line) and deuterium amounts
(dashed line) on concentration vs. current plot in Fig. 7, the
behaviour is linear even in the small currents region, similar to
the results of variation of the charging time. It is nicely seen that
the peak maxima coincide, demonstrating that a higher hydrogen
amount does not cause an additional dead time. This is clearly
different from Fig. 4 which had a constant onset with a delay as it
is expected for a variation in time. It is known that high cathodic
polarisation will instantaneously lead to hydrogen formation, even

16
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- ‘®hydrogen

Hydrogen amount/ pg
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Cdeuterium

Oresponse corrected deuterium

10 12 14 16 18 20 22 24 26 28 30 32
I/mA

0 2 4 6 8

Fig. 7. Hydrogen amount as a function of current for 0.5 M H,SO4 and 0.5 M D,SO,4
electrolytes. Linear fits: Hy—solid line; D,—dashed line.

in cases where the electrode is covered by an oxide, the break-
down of the oxide film will cause immediate activation and thus
only a negligible delay [29].

The results of the measurements with the deuterated electro-
lyte correspond to those with non-deuterated ones concerning the
linearity and reproducibility. Extrapolation of the lines for linear fit
of detected gas concentrations (dashed line for D, signal; solid line
—experimental H, values) in Fig. 7 to zero gas production yield
higher dead currents for deuterated solution (2 mA compared to
1 mA for 0.5M H,SO,), if compared to the non-deuterated one.
It is a detection problem at low concentrations attributed to the
limitations of the detector. Looking at the H-signal for 2 mA
galvanostatic experiment in Fig. 6, it can be seen that the signal
is cut off after 1 min of the measurement. This happens because
the H-signal level reaches the threshold limit of 1% of the signal's
maximum [30]. If this point is excluded from the extrapolation, the
extrapolation line intercepts x-axis at zero with a good accuracy of
chi-squared equal to 0.98. A very good correspondence with the
theoretically expected hydrogen values for deuterium detected
during the experiments with 0.5M D,SO, was found (Fig. 7).
As described previously for the variation-of-time experiments, the
difference between the actual concentration of deuterium and the
hydrogen values remains the same. Corrections with the molar
mass of deuterium to protium are required to reach the mass
concentration of deuterium.

3.3. Discussion on the discrepancy between the electrochemically
produced and detected amounts of hydrogen

Two series of the galvanostatic/potentiostatic electrochemical
experiments, each consisting of 10 individual measurements,
for both deuterated and non-deuterated electrolytes were carried
out. The results are summarized in Table 3. The calculations of
the manufacturer concerning the conversion of helium values
to hydrogen values by the thermal conductivities were the basis
for creating a similar factor for the conversion of deuterium to
hydrogen in Table 3.

3.3.1. Direct comparison of helium gas and electrochemical unit
analyser calibration.

The analyser was calibrated with (a) the electrochemical unit
with 0.5 M H,SO,4 operated galvanostatically to produce 10 pg g~ !
of hydrogen (—30mA during 32s) and (b) with helium gas
calibration. Afterwards, CRM'’s from Leco Corporation certified for
1.8+ 0.4 and 6.0+ 0.2 pg g~ ! of hydrogen (3 individual measure-
ments of each CRM type) were measured as samples. With
calibration (a) the amount of hydrogen detected during the melt
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Table 3

Summary of all experimental series with the electrochemical cell. Calculated values are derived from the consumed charge; deuterium amounts are presented as equivalent

of hydrogen.

Hydrogen

Deuterium

Galvanostatic

Potentiostatic

Galvanostatic Potentiostatic

Measured mean value/ug 14.05 1345 13.37 12.27 9.32 9.51 5.58 7.70
Standard deviation/ug +045 +0.14 +0.49 +0.11 +0.37 +0.17 +0.16 +0.26
Theoretic mass of H, (D,) from charge/ug 10.03 10.03 9.95 9.23 10.03 (20.03) 10.03 (20.03) 5.70 (11.38) 7.87 (15.73)
Sensitivity normalised mass of H, (D;)/pg 6.72 (13.42) 6.72 (13.42) 3.82 (7.62) 5.27(10.54)
Mean value of charge/C 0.960 0.960 0.952 0.883 0.960 0.960 0.545 0.754
Std. deviation/C 0.000 0.000 +0.042 +0.005 +316x107° +316x107° +0.016 +0.021
Test conditions —30mA, 32s —30mA,32s -28V,32s -28V,32s* —30mA,32s -30mA,32s -3V,32s —-3V,32s
Systematical error +40% +34% +34% +32% +26% +28% +19% +26%
extraction of both types of CRM’s was always 31 + 3% lower than Table 4
certified value. With calibration (b) the concentration of hydrogen Results of gas analysis with a Leco hydrogen analyser.
detected during the melt extraction of CRM'’s corresponded to .
R Helium Hydrogen
certified hydrogen values.
One of the thing needed to be mentioned here is the fact, that Measured mean value/counts (of 10 analyses) 982 1563
the initial factory calibration of the thermal conductivity detector Standard deviation/ug 0.03 0.03
Ratio of He/H 0.63

have been made using the hydrogen amounts from the melt
extraction of Leco CRM’s to find a correlation between the TCD
voltage output and an amount of the hydrogen, passing the
thermal conductivity cell during the analysis. Afterwards, basing
on this correlation, a corresponding volume of helium gas has
been empirically found and tailored to match the area A found
from the melt extraction of CRM’s. The area for helium gas Ay is
different from the area for hydrogen Ay,. A physical nature of this
difference becomes clear when one takes a look Eq. (2) for TCD
voltage output as a response on the mixture of two gases passing
along the filaments of the TCD:

(A—=A12A21)+(WA12 —A2)(X/1 —X)
A+ 1D +An(1—=Xx/x)+A4x/1—X)

where Aq; and A,; are constants and are calculated in a following
way:

E = const x [ 2)

1 d1+d2:|2 my+my
A =—r M T 2
? ﬂ{ 2d, my )
1 d1+d2:|2 my+myp
Ay =—— e 27
A \/2‘{ 2d, m 29

dq and d, are molecular diameters; m; and my—molecular masses
of reference gas 2 (nitrogen) and measured gas 1 (helium, hydro-
gen and deuterium). Eq. (2) is a derivate from the voltaic output of
a Wheatstone bridge inside the TCD and Wassiljewa equation [31]
for a relative thermal conductivity of a binary gas mixture; using it
the Ape/An2 ratio was calculated to be 0.626 within concentration
interval from 1 to 1000 ugg~! for gases at room temperature,
atmospheric pressure and constant gas flow rate.

In order to crosscheck the results, an additional test was made
with a Leco RH 402 hydrogen analyser, which is also equipped
with a thermal conductivity detector and a gas dose valve.
The latter can be filled up with helium or optionally with pure
hydrogen gas. This test enables a direct comparison of a signal
from equal helium and hydrogen volumes detected by the thermal
conductivity detector.

The analyser was calibrated with a Leco CRM’s and then the
same micro volumes of He and H, were analysed. In each case the
analysis was repeated ten times and the standard deviation is
presented in Table 4. The ratio of the measured counts between
helium and hydrogen is equal to 0.63. This ratio measured with
the Leco RH 402 analyser corresponds very well to that calculated
from Eq. (2). It was not possible to compare deuterium gas to
helium directly in Leco RH 402.

From this results it is clear that a 1.6 times higher quantity
of helium gas is needed to reach the signal level in the thermal
conductivity detector corresponding to that of hydrogen gas. This ratio
does not correlate to the ratio of the gases’ thermal conductivities
(f 1=0.837) used as correction factor in the Eltra instrument software.

A question arises why the amounts of hydrogen detected after
melting of the CRM’s (Hsojiq) and hydrogen produced electrochemi-
cally (Hgas) obviously give different peak areas or voltage response.
One of the reasons could be the difference in thermal conductivities A
between Hgjiq and Hggs, as 4 is a function of the temperature. Hgoiig is
being released at 2200 °C during the melt extraction and enters the
TCD still hot, whereas Hg,s enters it at room temperature. Using the
existing data for dependence of a thermal conductivity 4 of hydrogen
and nitrogen [32] on the temperature, the corresponding voltaic
response of the TCD was calculated for gases at 1300 °C and 2200 °C.
In Table 5 the comparison of the corresponding ratios of the TCD
voltage response for two physically relevant situations: (1) [“hot-H,-
in-cold-N,” vs. “cold-H,-in-cold-N,"] and (2) [“hot-H,-in-hot-N, vs.
“cold-H,-in-cold-N,"] is shown.

As it can be seen, neither at 1300 °C nor at 2200 °C these ratios
cannot explain the 31 4 3% discrepancy between Hgojig and Hgas.

Since the analyser operates at atmospheric pressure, there should
not be any effects related to the pressure difference between Hggjig
and Hgas.

Another possible source of the constant difference in measured
vs. theoretical hydrogen concentration (or Hsglig VS. Hgas) could be
the gas flow rates inside the analyser and TCD detector. To test the
influence of a carrier gas flow on the detected hydrogen amount
a number of experiments were carried out. The analyser was
calibrated with helium, 10 pg g~ ! of hydrogen were produced
galvanostatically (—30 mA, 32s) with the electrochemical unit
and analysed at 201 h~! carrier gas flow rate (instead of 101 h~!
used in all previous experiments). The average concentration of
the Hg.s over 5 consecutive measurements was found to be
9.5+ 0.2 pg g~ !. The peak form though was wide, smeared out
and non-reproducible, with 2 or more concentration maxima as it
can be seen from an example in Fig. 8.

Decreasing of the carrier gas flow rates to 10-151h~"! leads
again to the reproducible peak forms with constant discrepancy
between helium gas calibration (and Hsejia) and Hg,s. It seems that
the gas flow rates, playing a distinctive role in the TCD detector
response, cause the reported 31 + 3% discrepancy between the
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Table 5
Correction values (ratios) for the voltage output of TCD for hydrogen in nitrogen as
a function of thermal conductivity changes at high temperature.

Temperature/°C Combination
1) 2)
1300 1.01 1.06
2200 1.02 1.06
1.0
0.8
> 0.6 -
©
c 4
R=2
w
0.4
0.2 -
0.0 T I Ll I Ll I Ll
0 20 40 60 80
time /s

Fig. 8. Peak of hydrogen produced using electrochemical unit galvanostatically
(—30maA, 32 s) with carrier gas flow rate of 20 h~ 1.

values expected from the electrolysis charges, and those actually
measured by the analyzer (or between Hojiq and Hgys).

Since a very nice reproducibility and linearity together with a
reproducible peak form at a carrier gas flow rate of 101 h~! has
been demonstrated, it is advisable to use these conditions for
calibration, only introducing the correction factor Hgojiq t0 Hgas a
factory basic factor depending on the type of the hydrogen
analyser.

Thus, the one point gas calibration with helium of the hydrogen
analyser with the detector based on thermal conductivity is not
fully reliable. Due to the fact that the adjustment of the valves for
gas calibration is done manually by the manufacturer for each
analyser device, there might be a variance in accuracy of this
procedure for various devices in different laboratories. Finally it
has to be taken into account that the results for helium calibration
are empirically derived from the measurements of the solid CRM'’s.

4. Conclusions
Accurately defined quantities of hydrogen and deuterium were

produced by consumed charge control using an electrochemical
setup connected to the hydrogen analyser. These amounts of gas

can be used for the direct calibration of the detector. The electro-
chemical calibration is superior to the gas calibration, being
precisely controllable, multipoint, linear calibration method.
Among the major advantages is also the shape of the signal which
is similar to that obtained during melt extraction of metals. The
peak is broadened and spans over a wider timescale and not as
short and sharp as a gas peak from a dosing valve. This is due to
the fact that both electrolysis time and the height of the applied
current influence the peak shape. In this way systematically
different detector response time during the gas calibration and
the actual measurement can be eliminated.

The detection of electrochemically produced hydrogen and
deuterium by the Eltra analyser (calibrated to helium) system-
atically tends to overestimate measured values if compared to the
nominal (theoretical) ones. The helium dosing procedure became
suspicious and was investigated in more detail. A direct compar-
ison test was carried out using Leco RH 402 analyser, in which
hydrogen and helium gases were directly introduced to the dosing
valve. It was found that quantity of helium gas should be
approximately 1.6 times higher to reach the level of the signal
corresponding to that of hydrogen gas. This does not correlate
with the correction factor in the Eltra instrument software, which
is the ratio of the corresponding thermal conductivities. The
accuracy of the one point gas calibration with helium is therefore,
questionable. Nominal to detected hydrogen ratios, normalized
with the volume of the gas dosage valve used for the gas
calibration and hydrogen density (mean value—0.63) fit with the
ratios nominal-to-raw from the electrochemical measurements
(mean value—0.63) and the ones for He/H (0.63) from the direct
gases’ comparison test.

Due to the aforementioned and to the fact that the adjustment
of the valves for gas calibration is done by the manufacturer
manually for each analyser device, there might be differences in
accuracy for various devices in different laboratories. This source
of possible errors can be avoided by using the flexible linear
multipoint electrochemical calibration method introduced in
this study.
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