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1 INTRODUCTION

With growing interest in hydrogen (Hs) as an alternative energy carrier, accurate
methods to quantify the amount of transferred Hy are required. Here, it is the
duty of metrology and national metrology institutes to ensure the development,
traceability and calibration of appropriate flow measuring devices. Especially in
the case of hydrogen, this is accompanied by effects which are different to for in-
stance natural gas or other fuels. First, liquid Hs is stored at a very low temperature
of 20 K which in itself is a challenge for any kind of flow measuring device. To en-
sure traceability or verify that instruments calibrated at ambient temperatures can
be used, a vaporization test rig schematically illustrated in figure 1 could be utilized.
The flow of liquid equilibrium hydrogen would be measured with the flow sensor
under investigation. Then, the hydrogen is vaporized and the resulting gas flow is
measured with the calibration instrument at around ambient conditions.

100 % 100 % =100 % 25 % para
LH ara ara ara 75 % ortho
2 p f[ow measurement p vaporizer p catalyst o flow measurement
storage liquid phase gas phase

Figure 1: Schematic principle of a vaporization rig for the calibration of liquid hy-
drogen flow sensors.

A second challenge is a consequence of quantum mechanics which causes molec-
ular hydrogen to consists of two different allotropes, namely ortho and para hy-
drogen, which are introduced in section 2. It will be shown in 2.2 that they dif-
fer significantly in certain physical properties. Three well established measuring
methods will be discussed to illustrate exemplary that these differences can lead
to deviations in the order of several percent for the measurement of hydrogen
flow. Additionally, the equilibrium concentrations of the allotropes are strongly
temperature dependent. While at low temperatures para hydrogen is present
almost exclusively, the ratio changes to 25 % para and 75 % ortho hydrogen (so
called normal hydrogen) at ambient temperatures. The natural conversion be-
tween para and ortho hydrogen is a forbidden transition and, thus, a compara-

bly slow process that will be shortly summarized in section 3. It can, therefore,
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1 INTRODUCTION

not be assumed that hydrogen will be in equilibrium composition after changes
of temperatures. Theoretically, the hydrogen composition could be measured to-
gether with the flow. Appropriate techniques will be shown in section 7 by the
end of this guide. However, a more sophisticated approach is to ensure that the
hydrogen is in equilibrium. Especially in the field of hydrogen liquefaction, cata-
lysts are already established to reach this goal. They could be utilized here as well
and would have to be incorporated prior to the gas flow measurement as shown
in figure 1. A general introduction to the catalytic conversion of hydrogen will be
given in section 4. Currently, the by far most used catalyst for ortho para conver-
sion is the commercially available hydrous ferric oxide (HFO). Therefore, it will be
discussed in this study as well. Its properties and particularly the volumetric reac-
tion rate constant for the para to ortho conversion are summarized in section 5.
Based on this information, recommendations and an example calculation will be
given in section 6 to solve the key question: How to estimate the required amount
of catalyst to ensure complete conversion from para to normal hydrogen for a cer-
tain mass flow. Two remarks have to be made at this point. First, there is a rather
promising alternative approach which does not require the utilization of a cata-
lyst. If the initial composition is known, for instance because liquid equilibrium
hydrogen (99.8 % para hydrogen) is vaporized, it can be assumed that the gas has
the same composition as long as it is not exposed to catalytically active materials
and as long as the time scales are short. Corresponding estimations of these times
can be performed based on the information on the natural conversion in section
3. However, this approach is not extensively discussed in this guide. The second
remark is that several but not all flow measuring methods are influenced by the
para ortho hydrogen ratio. Examples of unaffected methods will be given in the

summary 8 by the end of this guide.

This guide was written based on a literature study and experiences gained for the
process of hydrogen liquefaction. Experienced actors from industry and academics
were contacted to provide the best strategy. A possible enhancement of the para
ortho conversion rate based on the application of an external magnetic field as
reported by several authors [1-5] is not part of this study.

Disclaimer: Commercial products, hard- and software identified throughout this
guide does not imply recommendation or endorsement by Physikalisch-Technische
Bundesanstalt (PTB), nor does it imply that identified equipment is the best for this
purpose.
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2 ORTHO AND PARA HYDROGEN

The existence of ortho and para hydrogen was already postulated in 1927 as a con-
sequence of quantum mechanical considerations, whereas the experimental veri-
fication followed two years later [6]. The allotropes differ in the orientation of the
nuclear spins of the two hydrogen atoms forming the molecule. A short, direct
comparison is given in table 1.

ortho para
nuclear spin orientation parallel anti parallel
nuclear spin quantum number I 1 (% + %) 0 (% — %)
rotational quantum number J odd J =2n —1 evenJ =2(n—1)
lowest state J = 1 (triplet state) J = 0 (singlet state)
magnetic moment yes no

Table 1: Comparison of ortho and para hydrogen. n € N

According to the Pauli principle, the wave function of the hydrogen molecule has
to be anti-symmetrical. The overall wave function is the product of the wave func-
tions of vibration, rotation and spin. The wave function of vibration is the same
for both allotropes. However, since the nuclear spin is symmetric for ortho and
anti-symmetric for para hydrogen, the opposite has to be true for the rotational
wave functions. They are anti-symmetric (odd quantum numbers) for ortho and
symmetric (even quantum number) for para hydrogen. A consequence is that para
hydrogen exhibits the lowest possible energy state for the nuclear spin quantum
number I = 0 and the rotational quantum number J = 0. This singlet state has
no rotational component. The next energy level corresponds to the ortho modifi-
cation with I = 1 and J = 1 which is a triplet state.

3 MetHylnfra - Grant agreement no: 20IND1
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2.1 Equilibrium and normal hydrogen 2 ORTHO AND PARA HYDROGEN

2.1  Equilibrium and normal hydrogen
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Figure 2: Equilibrium concentrations of ortho and para hydrogen as a function of
temperature T calculated by equation 1.

A consequence of the previous section is that four different states are likely to
be populated depending on the temperature T'. The corresponding probabilities
are defined by the Boltzmann distribution whereas the ratio between the mole
fractions x of para and ortho hydrogen can be approximated by [7, 8]:

1 1+5expk + 9exp 2OB—i—ISeXp 423

Xpara.
303 (1)

Xortho A/3 3exp k7~+-7exp ]23-+1lexp

In this formula kg is the Boltzmann constant and B is the rotational constant of
the Hy molecule which is defined and calculated by:

h2

- —1.209-1072'} 2
87‘('ZI|.|2 ( )

h is the Planck constant and Ty, = 4.5992 - 108 kgm? is the moment of inertia
of the hydrogen molecule [8]. In figure 2, the resulting composition of the equi-
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2.2 Differences in physical properties 2 ORTHO AND PARA HYDROGEN

librium hydrogen as a function of temperature is plotted. For low temperatures,
the energetically favorable para configuration is populated almost exclusively (ap-
proximately 99.8 % para 0.2 % at 20 K). With rising temperatures the amount of
the ortho configuration increases. At temperatures above 250 K the concentration
ratio is approximately 75 % ortho and 25 % para hydrogen displaying the ratio be-
tween triplett and singulett states. Hydrogen with this composition (regardless of
temperature) is referred to as normal hydrogen.

2.2 Differences in physical properties

As already stated in the introduction, para and ortho hydrogen differ significantly
in certain physical properties. The most prominent example is the thermal conduc-
tivity \. Relative differences between para and normal Hy gas were calculated for
a pressure of 0.1 MPa using the most recent correlation by Assael et al. [9]. The
values are plotted in figure 3. Deviations exceed more than 25 % at temperatures
around 150 K and are still in the order of almost 5 % around ambient conditions.
Among the caloric properties, the heat capacities are also significantly different.
Absolute, specific values of ¢, are plotted in figure 3 b). As a consequence, the
speed of sound u, which is proportional to the square root of the adiabatic in-
dex, is also different for para and ortho and, thus, normal hydrogen. The relative
difference between the speed of sound « for para and normal Hs is plotted as a
function of temperature in figure 3 ¢). At about 120 K the maximum difference
of about 5.5 % occurs whereas it is still in the order of one percent around room
temperature. The values for ¢, and u were generated using the reference equation
of state (EOS) for hydrogen by Leachman et al. [10].

These differences in physical properties impact certain flow measurement meth-
ods. Three examples are depicted in figure 4. In a) a thermal flow meter is shown.
It incorporates two Pt100 temperature sensors which are positioned inside the
gas stream. While one of them measures the actual temperature of the gas, the
other one is electrically heated. The flowing gas will draw heat from the heated
sensor whereas the heat loss depends on the flow. Two modes of operation are
possible. Either the heating current is adjusted to maintain a constant temper-
ature difference between both sensors (“rate of loss flow meter”) or the heating

current remains constant and the change in temperature difference between both
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2.2 Differences in physical properties 2 ORTHO AND PARA HYDROGEN
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Figure 3: Differences in certain physical properties at a pressure of 0.1 MPa as a
function of temperature. a) Relative difference between the thermal conductivity
for para and normal hydrogen in percent. The values were calculated by the corre-
lation of Assael et al. [9] b) Absolute values for the specific isobaric heat capacities
for para-, ortho- and normal hydrogen. c) Relative deviation between the speed
of sound u of para and normal hydrogen in percent. Plots b) and c) were prepared
utilizing the EOS of Leachman et al. [10]

sensors is measured (“temperature rise thermal flow meter”). The gas flow can be
calculated if among other parameters the thermal conductivity and heat capacity
are known. The differences of these caloric properties for ortho and para hydrogen
depicted in figure 3 a) and b) will, thus, directly change the displayed flow. A sec-
ond example is ultrasonic flow meters shown in 4 b). Typically, these instruments
have two transducers to measure the speed of sound up- and downstream. This
way the actual speed of sound in the medium can be excluded from the working
equation. However, modern sensors also compare the directly measured speed of
sound to one which is determined from additional internal temperature and pres-
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2.2 Differences in physical properties 2 ORTHO AND PARA HYDROGEN

regular | heated
Pt100 | Pt100
[]

Transducer 2

(a) thermal flow meter (b) ultrasonic flow meter (c) critical flow Venturi nozzle

Figure 4: Examples of three different flow measuring methods that are affected by
the ortho para ratio. The working principles are explained in the text.

sure measurements and a corresponding EOS. If the ortho para ratio is not taken
into account properly, the differences in the speed of sound shown in figure 3 c)
may cause error messages. A final example is the widely used critical flow Ven-
turi nozzle (see figure 4 c)). Here, the flow is choked if the velocity of the medium
reaches the local speed of sound at the point with the smallest diameter of the
nozzle, which is indicated by the red line. In choked conditions, changes of pres-
sure downstream of the nozzle will not change the flow. However, differences in
the speed of sound caused by changes of the ortho para ratio also directly change
the mass flow. It can be seen from figure 3 c) that deviations of several percent
are possible.

Beyond the three examples, minor differences can be observed for the density of
para and ortho hydrogen gas by using the EOS by Leachman et al. These deviations
are far below the uncertainty in density of 0.04 % valid for the temperature range
from 250 K up to 450 K and can, thus, be neglected. However, it should also be
pointed out that the vast majority of the underlying data for the EOS were already
measured in the 60s or even earlier. That is why, besides this guide, efforts to
measure the speed of sound and density virial coefficients of hydrogen are also
part of the EMPIR-project MetHylInfra which will be acknowledged at the end of
this document. Furthermore, very small differences in the viscosity were reported
by Mehl et al. for low temperatures but will not be further discussed here [11].

7 MetHyInfra - Grant agreement no: 20IND11
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3 NATURAL CONVERSION

It was shown in figure 2 that the composition of hydrogen changes with tempera-
ture. This plays a major role for the liquefaction of gaseous H5 (see, for instance,
the recent review on hydrogen liquefaction by Al Ghafri et al. [12]). When the gas
is cooled down, ortho hydrogen has to be converted to para hydrogen whereas the
natural conversion is slow since this is a forbidden transition. The reaction itself is
exothermic since the rotational energy of the ortho hydrogen is converted to heat.
Since the heat of conversion is larger than the heat of vaporization, a significant
amount of the liquid is re-vaporized if the ortho hydrogen is not converted to para
prior to the liquefaction. After 100 hours, 40 % of the liquified hydrogen is evap-
orated again [6, 13]. A detailed plot of the expected boil off as a function of time
and initial ortho concentration is shown in figure 56 of the very comprehensive
NBS Monograph 168 on selected properties of hydrogen [14]. A detailed study of

the heat of conversion is given in reference [15].

The natural conversion from para to ortho hydrogen was investigated by several
authors for the solid, liquid and gas phase. It was already shown in 1929 that or-
tho Hy has a magnetic moment causing it to act as a catalyst itself [16]. Since the
ortho hydrogen concentration and, thus, the amount of catalyst changes over the
course of the conversion, the process is a second order process, whose kinetics
are described by [17, 18]:

- dXortho
dt

= ngrtho - k/Xortho (1 - Xortho) (3)

k and k' are the reaction rate constants for ortho to para conversion (k - forward
reaction) and para to ortho conversion (k' - reverse reaction) respectively. They are
pressure and temperature dependent. yortho is the fraction of ortho hydrogen and
% denotes the change of ortho concentration over time. It should be pointed
out that since k and &’ are both included, equation 3 and the equations derived

from it in the following describe not only the forward but also the reverse reaction.

8 MetHylnfra - Grant agreement no: 20IND11
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3 NATURAL CONVERSION

Since ortho hydrogen is only converted to the para configuration, it is true that

% = —%. Furthermore, the two reaction rate constants can be brought

into relationship by investigation of equilibrium conditions where % =0

K = li, — Xortho,e

(4)
k 1- Xortho,e

The ratio K can, thus, be determined from the equilibrium concentration xortho.e-
Replacing &’ in equation 3 and integration results in:

/Xortho,out 1 T ( )
- dXortho = k / dt 5
X Xcz)rtho + KX?)rtho - K 0

ortho,in

In this case 7 is the average time the hydrogen has contact with a catalyst. The
integration yields the following result:

k= _i In (|(Xortho,out - Xortho,e) Xortho,in|> (6)
‘(Xortho,in - Xortho,e) Xortho,out|

TK
Unfortunately, no data on the natural conversion rate constants was found in the
literature for a temperature of 300 K. The latest experimental study covering a
reasonable temperature range in the gas phase was published by Milenko et al.
in 1997 [18]. They covered temperatures from 40 K to 120 K and pressures be-
tween 2 MPa and 70 MPa. They proposed to describe the retrieved reaction rate
constants & by the following polynomial:

k= AyT"p+ (Co+ DT™™) p*® (7)

k is given in units of 10~3h~! if the numeric values of temperature T and den-
sity p are inserted in units of K and gcm™3. Deviations to their experimentally

determined values are less than 4.8 % for the entire range of temperatures and
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3 NATURAL CONVERSION

pressures they covered. The corresponding parameters of equation 7 are listed in

table 2.
Ao = (18.2 £ 1.6) (S n = 0.56 + 0.02
Co = (38.5+1.5) e m=2.5%0.2
4 ym . m3-3.6
D = (4.605 + 0.455) 10-KGem—

Table 2: Parameters of equation 7 reported by Milenko et al. valid for 40K < T <
120 K [18]. They also provided uncertainties which are fit uncertainties from the
interpolation of their measurement results.

Due to the lack of data for hydrogen conversion at the temperature and pressure
conditions regarded in this study, this polynomial is extrapolated to estimate reac-
tion rate constants at 300 K. Petipas et al. have shown that overall the validity of
the data by Milenko et al. increases with higher temperatures and densities [19].
An uncertainty estimate for the extrapolated values of k£ can be made based on
the uncertainties provided by Milenko et al. for the parameters in table 2. For ex-
ample, & has a value of 4.44 x 10~*h~! with a relative uncertainty of 14.4 % at
300 K and a density of 0.001 g cm 3. To illustrate the principle behavior, several
parameter variation plots are shown in figure 5. Plotted is always the develop-
ment of the ortho hydrogen fraction over time in days. The basic assumption is
that liquid hydrogen is vaporized at a temperature of 300 K unless the tempera-
ture is varied. Due to the catalytic effect of ortho hydrogen, it can be seen from
(a) that the time required to reach the equilibrium concentration of 75 % is highly
dependent on the overall density. A higher density increases the probability of
interaction with other hydrogen molecules which reduces the time required for
complete conversion. Also, since the conversion is a second order reaction, varia-
tions in the inlet ortho hydrogen concentration x, j, influence the conversion time.
Obviously higher starting ortho concentrations result in faster conversion as shown
in (b). Finally, the influence of the temperature is plotted in (c) and (d) for two dif-
ferent cases. In (c) the density is kept constant while the temperature is varied.
This leads to the impression that higher temperatures favor a faster conversion.
However, a more realistic scenario for a gas flow measurement is that the pres-
sure remains constant. This case is shown in (d). As a consequence the particle
density is decreased which results in a slower conversion.

Though some of the parameters influencing the natural conversion can be varied,

10 MetHylnfra - Grant agreement no: 20IND1
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3 NATURAL CONVERSION
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Figure 5: Conversion from para to ortho hydrogen as a function of time for differ-
ent parameters calculated by combining equations 6 and 4. Plotted is always the
concentration of ortho hydrogen in percent over time in days. The underlying time
constants k were calculated by extrapolation of equation 7 taken from reference
[18] to higher temperatures.

it is obvious that the required time for a sufficient conversion to normal hydro-
gen is still within the order of days or weeks. These time scales are confirmed by
thorough studies of Petipas et al. and Matthews et al. [19, 20]. Petipas et al. in-
vestigated the time until overpressure causes hydrogen venting from a full-scale
cryogenic storage vessel for automotive applications. The slow natural conversion
can be exploited to derive an alternative approach besides the utilization of a cata-
lyst. As long as the time scales are short and the contact time to catalytic materials
is sufficiently minimized, it may be assumed that the vaporized hydrogen gas re-
mains in close to 100 % para configuration. For large flow rates these conditions
can probably be met. However, it has to be taken into account that ferromagnetic
surfaces and in particular steel act catalytic as well. That is why it is advisable in
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https://doi.org/10.7795/110.20221115



4 CATALYTIC CONVERSION

most cases to determine the actual para to ortho ratio. An overview of applicable

measurement methods will be given in section 7.

The slow natural conversion leading to the aforementioned difficulties for the lig-
uefaction of hydrogen caused major interest in the catalytic conversion within the
frame of the space programs in the 50s and 60s where large amounts of liquid
hydrogen were required as a propellant for rockets. While it was for instance al-
ready shown in 1933 by Farkas and Sachse that oxygen acts as a catalyst [21, 22]
in this regard, obviously only a heterogenic catalytic reaction using a solid catalyst
can be used for this purpose. Several materials were investigated for their catalytic
potential for the space programs in the US and the former Soviet Union as well as
for the realization of the hydrogen triple point which is a fix point in the Interna-
tional Temperature Scale of 1990 [23, 24]. A profound overview of the different
catalysts and possible conversion mechanisms is for instance given by llisca [25] or
Al Ghafri et al. [12]. The overall process consists of seven steps independent from

the specific catalyst [6]:
1. diffusion from the main gas stream to the surface of the catalyst
2. diffusion into the pores of the catalyst
3. adsorption on the catalyst
4. reaction (conversion) by interaction with the magnetic centers
5. desorption from the catalyst
6. diffusion out of the pores of the catalyst

7. diffusion from the catalyst to the main gas stream

The conversion is obtained by an interaction between the magnetic centers of the
catalyst and the Hy molecule whereas the spin flip typically occurs without disso-
ciation of the molecule. Exceptions where hydrogen is dissociated exist for certain
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4.1 First order kinetics 4 CATALYTIC CONVERSION

catalysts [6]. While the conversion only takes place in step 4, each one of the steps
could be the slowest, thus, rate determining step. It was shown that the diffusion
from and back to the main gas stream (steps 1 and 7) is rather unlikely to be limit-
ing in this regard [6]. The effect of pore diffusion (steps 2 and 6) can be neglected
if the grain size is reduced below a certain level which will be shortly discussed in
section 5.1[6, 26]. In case that step 4, the actual conversion, is rate determining, a
simple first order approach is sufficient to describe the kinetics. If adsorption and
desorption play a role as well, Langmuir-Hinshelwood kinetics can be applied. Both
cases will be briefly introduced in the following. Further aspects that influence the
conversion will be shortly summarized in subsection 5.1.

4.1 First order kinetics

The first order reaction approach was used by several authors particularly in the
earlier phase of research in this field (see for instance publications by Weitzel et
al. from the 1950s [26-28], the publication summarizing the effort in the former
Soviet Union by Zhuzhgov et al. [23], or also references [17, 29, 30] and references
within them). The corresponding rate equation is [17]:

- dXortho
dt

= kXortho — 4 (1 - Xortho) (8)
The investigation of the equilibrium conditions for % = 0 yields the same
result for the ratio of both reaction constants as equation 4. Combination with
equation 8 leads to the integral:

/Xortho,out 1 d k /’T d ( )
- Xortho = t 9
X Xortho + K Xortho — K orhe 0

ortho,in

Integration yields the following relation:
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4.2 Langmuir-Hinshelwood kinetics 4 CATALYTIC CONVERSION

1 ‘Xortho out — Xortho e| >
k=— In ! : (10)
T (K + 1) < |Xortho,in - Xortho,e‘

Though equation 10 allows to retrieve the reaction constant & from experimental
data, the contact time to the catalyst 7 is hard to determine. That is why experi-
ments are typically realized by flowing gas through an in-line packed bed catalytic
reactor. A simpler formulation beneficial for these flow experiments is [23]:

1 _ Xpara,in

_ n Xpara,e

kv - ? V;:at ln 1— Xpara,out (11)
Xpara,e

In this equation, the para Hy concentrations are used which will be beneficial
later. % is the molar flow in mols—! and V, is the volume of the catalyst in cm3.
The volumetric reaction rate constant of the catalyst ki therefore has the unit

3

mol cm 3 s~1 and does relate to the overall conversion velocity. It is not differed

between forward and reverse reaction.

4.2 Langmuir-Hinshelwood kinetics

Deviations to the previously introduced linear behavior became apparent in the
60s [6, 26, 29-33]. As consequence, also Langmuir-Hinshelwood kinetics which
additionally includes adsorption and desorption (steps 3 and 5) was applied. Hutchin-
son investigated both mechanisms as well as two more approaches in his PhD the-
sis [30, 32]. Recently, Donaubauer et al. published a corresponding rate equation
for the ortho to para conversion based on data sets published in the 60s [34].
However, the corresponding rate equation and formulas are not introduced and
discussed here in detail since it will be shown in section 5.1 that the few available
data sets used in this study can be sufficiently described by the simpler 1t order

approach.
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5 HYDROUS FERRIC OXIDE

As already mentioned previously, a large number of catalysts was investigated
throughout the last decades whereas the main field of application is still hydrogen
liguefaction. The author of this guide surveyed the largest producers in this field
as well as academic institutes related to this field and it was revealed that Hydrous
Ferric Oxide (HFO) is practically used exclusively at this point. It is distributed under
the name IONEX" Type O-P by Molecular Products Inc. [35] whereas the chemical
formula is Fe9O3-nH0. The particles have a size of 30 x 50 standard mesh size
(US Sieve) which corresponds to a grain size between 0.3 mm and 0.6 mm. The
resulting apparent mass density of the powder is 1.20 g cm ™3 to 1.37gcm™3. In
figure 6, two microscopic images of the particles with 25 times (a) and 500 times
(b) magnification are shown.

(a) magnification x25 (b) magnification x500

Figure 6: Microscopic images of HFO taken with kind permission from the PhD
thesis of Jurgen Essler [17].

Before the delivered catalyst can be used, remaining impurities, especially water,
have to be removed from the catalytic surface in an activation process. According
to the supplier, the activation shall be performed by heating the catalyst to 160 °C
while establishing a dry hydrogen flow for 16 hours. The disadvantage of this pro-
cedure is the relatively high consumption of hydrogen as well as the comparably
high temperature. That is why Essler and Haberstroh published a detailed study
where the activation of the IONEX™ type O-P catalyst was investigated [36]. They
were able to show that the performance of the catalyst can be maintained even
if the activation temperature is lowered to 120 °C. In his PhD thesis, Essler also
showed that instead of hydrogen gas much cheaper nitrogen gas can be used for
activation [17].

15 MetHylnfra - Grant agreement no: 20IND11

https://doi.org/10.7795/110.20221115



5.1 Reaction rate constant of HFO 5 HYDROUS FERRIC OXIDE

5.1 Reaction rate constant of HFO

To estimate the required amount of HFO for complete conversion from para to
equilibrium (or normal) hydrogen at a given temperature, pressure and flow, the
volumetric reaction rate constant &y, defined in equation 11is required. Most of the
available literature values of this property were determined with regard to appli-
cations in hydrogen liquefaction and, thus, for cryogenic temperatures of 90 K and
below. Around ambient temperature no data are available. That is why an exten-
sive literature study was undertaken to investigate the temperature dependence
of ky and extrapolate up to 300 K. For this purpose, well documented data sets
that show an incomplete conversion from para to ortho hydrogen are required.

From these, ky can be calculated by the formulas introduced in section 4.1.

In principal, data obtained for the forward reaction (ortho to para conversion)
could also be used. The formulas introduced in subsection 4.1 indicate that the
forward and reverse reactions always happen simultaneously. Furthermore, a sub-
stantial amount of data is available for the forward reaction with HFO since this is
the one required for liquefaction and, thus, the main application. Current publica-
tions in this field which cite a lot of the older work (for instance references [26, 28])
were written by Donaubauer et al. and Zhuzhgov et al. [23, 34]. The first deter-
mined the coefficients for a Langmuir-Hinshelwood rate equation for the temper-
ature range between 20 K and 90 K while the latter summarized the efforts of
the space program in the former Soviet Union relying on a 1*torder reaction. Un-
fortunately, Hutchinson showed in his PhD thesis [30] and two following articles
[32, 33] that the reaction kinetics are not fully understood. He tested four differ-
ent equations corresponding to different kinetics including the already introduced
linear approach (see 4.1) and Langmuir-Hinshelwood kinetics (see 4.2). Most of
them can be used to describe the reactions in forward or reverse direction but
only one of them, a quite complex logarithmic approach, seemed to be suitable to
describe the overall reaction (forward and reverse combined). However, Hutchin-
son could only test this particular approach for one temperature of 76 K. In 2018,
Wilhelmsen et al. determined the parameters of this logarithmic approach based
on available experimental data for HFO in a wider temperature range from 23.4 K
to 85.6 K [37]. It was shown that the forward reaction can be described quite well
with the derived parameters. For the reverse reaction, it can be seen from fig-
ure 6 of the work by Wilhelmsen et al. that the deviations between experimental
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5.1 Reaction rate constant of HFO 5 HYDROUS FERRIC OXIDE

data points and the derived logarithmic approach are in the order of 5 % for the
para hydrogen concentration. That is why the author of this guide refuses to use
the logarithmic approach for extrapolation to higher temperatures. Since none of
the reaction kinetics properly describes forward and reverse reaction, the reaction
mechanism itself is not fully understood at this point due to the principle of micro-
scopic reversibility and should be topic of further research. An effect that may play
arole in this regard is the favored adsorption of ortho hydrogen in comparison to
para hydrogen [30, 34, 38]. A direct consequence is, that the data available for the
forward reaction cannot be used to extract values for the reverse reaction.

That is why, only the data directly obtained for the para to ortho conversion can
be utilized. Furthermore, the temperature dependence itself should be studied to
some extend. Otherwise the variety of parameters that can influence the volumet-
ric reaction rate constant will severely complicate the comparison and extrapola-
tion of data from different publications. A list of these influencing parameters is
given by the end of this section. Unfortunately, only two data sets in the literature
were found which fulfilled the stated conditions. One data set that was obtained
within the master thesis of Hutchinson and then published in a separate article
covers a temperature range from 40 K to 80 K and a broad pressure range from
0.29 MPa up to 7.0 MPa [29, 31]. The original plot which is included in both ref-
erences is shown in figure 7 (a). For this study, the data set with a low pressure
of 0.29 MPa was selected since it is most similar to the pressure of the second
data set which will be introduced next. Shown is the para hydrogen content in
percent as a function of space velocity SV which is defined as the volumetric gas
flow at a certain temperature and pressure divided by the volume of the catalyst.
The resulting unit is inverse time (in this case “per minute”). Hutchinson selected
the temperature and the pressure inside the catalytic cell as reference (SVat).
In other publications, typically, the space velocity SVstp at standard conditions is
used. Hutchinson calculated SV = SVSTP% to convert to the pressure and
temperature conditions at the catalyst. pstp and pc,t denote the mass densities of
the hydrogen gas at STP conditions and the temperature and pressure at the cat-
alyst, respectively. For the higher temperature range, only one publication with
a useful data set was found. Weitzel et al. published a very thorough study on
hydrous ferric oxide as Technical Memorandum No. 55 in NBS report 5515 (NBS
project 8120-12-8629) in 1957 [27]. It shall not be confused with a contribution in
Advances in Cryogenic Engineering that has the same title [28]. The study and the
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Figure 7: Plots from the original publications by a) Hutchinson et al. for 0.29 MPa
[31] and b) Weitzel et al. for 0.2 MPa [27]. In both cases the initial para concen-
tration was 99.8 %. Plotted is the remaining concentration of para hydrogen in
percent over the space velocity at the pressure and temperature conditions of the
catalyst for different temperatures in a). In b) the para concentration is plotted
over the temperature of the catalyst for several space velocities at STP conditions
(standard temperature and pressure), respectively. ¢) Shows the merged data sets
from a) and b) by means of the para hydrogen concentration in percent plotted
over temperature. Details on the conversion from space velocity at catalyst con-
ditions in plot a) to space velocity at STP conditions used in plot b) is given in the
text. d) The volumetric reaction rate constants calculated by equation 11 from the
data points shown in c) assuming a 1t order reaction are plotted over temperature
including linear fits (dashed black lines)

NBS report is focused on the ortho to para direction but, in the very end, one plot
(number 9) shows data for incomplete conversion from para to ortho hydrogen at
a pressure of 0.2 MPa. It is depicted in figure 7 (b). Plotted is the remaining para
hydrogen content after feeding a catalytic converter with 99.8 % para hydrogen at
the inlet as a function of temperature and a pressure of 15 psig corresponding to
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5.1 Reaction rate constant of HFO 5 HYDROUS FERRIC OXIDE

a gauge pressure of 0.1 MPa. The equilibrium concentration is plotted as a ref-
erence as well. Here, the space velocity at STP conditions (in 1957: 273.15 K and
101.325 kPa) is used. For rising temperatures, the remaining para concentrations
increase which corresponds to a less complete conversion.

To merge both data sets, the measuring points by Weitzel et al. were digitized and
the ones from Hutchinson were converted to the STP conditions used by Weitzel et
al. Since the density tabulations Hutchinson used to calculate SV, are not avail-
able, the required values were calculated based on equations for SVsrp provided
in appendix | in combination with data for the individual measuring runs provided
in appendix J of the master thesis of Hutchinson [29]. Then, for figure 7 (a), the
intercepts between vertical lines of constant space velocity and the para hydrogen
content at constant temperatures were used to generate data sets in analogy to
figure 7 (b).

The combined data sets are shown in figure 7 (c). The qualitative trend is similar for
the two data sets, with both featuring a minimum in xpara. However, a direct com-
parison at 80 K reveals discrepancies for similar space velocities of 4000 min~!
(open blue squares) and 5400 min " (solid blue squares). The deviation expressed
iN Xpara is in the order of 25 %. Possible explanations for these deviations will be
given by the end of this section when a more comprehensive overall picture is ob-
tained. In a first approach, the data points were evaluated by a 1*torder reaction.
Values for the volumetric rate reaction constant £y were calculated by equation 11
and are plotted in figure 7 (d) on a logarithmic scale over temperature. Obviously,
both data sets result in clearly distinct values. Though there is scatter, both data
sets also show a clear linear trend (indicated by the dashed lines in figure 7 d))
with slightly different slopes. The scatter is on the one hand a consequence of the
different space velocities. On the other hand a minor contribution to scatter orig-
inates from the digitization of the data points from the original plots. The linear
behavior is taken as indication that the 1t order reaction describes these limited
data sets sufficiently for the purpose of extrapolation. Therefore, the more com-
plex Langmuir-Hinshelwood kinetics function (see subsection 4.2) is not applied
here. A function describing the temperature dependence of ky was fitted to both

data sets and is given by:
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ky =a-e (12)

The corresponding fit parameters and uncertainties are listed in table 3.

dataset a[molem3s~!] b[K!]

Weitzeletal. 0.1249 +0.0159  0.0263 £ 0.0009
Hutchinson 0.0083 + 0.0007 0.0155 4 0.0013

Table 3: Fit coefficients and fit uncertainties of the parameters of equation 12 which
is used to describe the temperature dependence of ki for the data sets by Weitzel
et al. and Hutchinson shown in figure 7 (d).

To at least partially resolve the occurring discrepancies between the data by Hutchin-
son et al. and Weitzel et al. in figure 7 (c) and (d), the following parameters which

can influence the catalytic activity should be taken into account:

preparation The HFO used in the 50s and 60s was not ordered from a single
supplier. Instead it was most likely produced in the lab by a chemical reaction. The
procedure was for instance described by Weitzel and Park [39]. After reports that
the activity of the HFO varied heavily depending on the batch and details of the
preparation, Barrick et al. showed that the chemical preparation has to be per-

formed thoroughly since remaining sodium decreases the catalyst’s activity [40].

activation Barrick et al. also verified that the activity of the catalyst depends on
the method of activation [40]. This issue was investigated by Essler as well [36].
While the current supplier recommends to flush the catalyst with dry hydrogen gas
while it is heated, the activation was initially performed by heating under vacuum
in the earlier studies of the 60s [39, 40]. In the case of Hutchinson and Weitzel et

al., detailed information is missing for both data sets.

pressure In principal, the pressure will influence the reaction constant. For in-
stance, Keeler et al. have found that the first order rate constant will decrease
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with rising pressure for the ortho to para conversion at a temperature of 76 K [26].
However, the pressure differences between both data sets is in this case negligible.

particle size Smaller particles exhibit a larger surface area and will, thus, result
in a higher catalytic activity. Keeler et al. have summarized the available data for
HFO with regard to this topic and found that there is no further increase in activity
below a grain size of mesh 50 [26]. This corresponds to the current particle size
that is provided by Molecular Products [35]. The experiments whose results are
shown in figure 7 were performed with mesh size 20 to 30 by Weitzel et al. and
mesh size 30 to 50 by Hutchinson.

thermal conditions It was already mentioned that the conversion is highly exother-
mic for the ortho to para and, thus, highly endothermic for the parato ortho direc-
tion. Depending on the thermal conditions, two extremes can be visualized which
are either isothermal or adiabatic. Several studies were published for the ortho to
para conversion at low temperatures [27]. In this case, isothermal conditions are
to be favored. Under adiabatic conditions, the temperature of the catalytic cell
will rise. Since the para ortho equilibrium is strongly temperature dependent in
this range, the driving force for the reaction will be reduced. Temperature differ-
ences between gas inlet and outlet of more than 20 K were reported [27]. While
it is clearly stated that Hutchinson et al. worked under isothermal conditions, the
thermal conditions are not explicitly documented for the particular measurements
by Weitzel et al. In their publication, Weitzel et al. made comparisons between an
isothermal setup (HFO mesh size 30 to 50) and an adiabatic one (HFO mesh size
10 to 30). The mesh size given for the additional plot number 9 (which is the one
shown in figure 7 (b) of this work) is 20 to 30. One could guess, that this is possi-
bly a typo and that the adiabatic apparatus was used, but this particular grain size
is repeated in another plot in this and in two more plots in the almost identical
publication [28]. In the NBS report by Weitzel et al., the authors discuss the idea
of using the refrigeration generated upon conversion from para to ortho for addi-
tional cooling of a liquid hydrogen tank. In more recent works, adiabatic setups
are used to study this approach [41, 42].
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6 REQUIRED AMOUNT OF CATALYST

geometrical dimensions Several authors investigated the influence of the ge-
ometrical dimensions of the catalytic cells by varying the outer diameters and
lengths as well as the ratio between both (see for instance [26, 43]). For instance,
Weitzel et al. were able to achieve a more complete conversion from para to ortho
when using less catalyst (3 cm? compared to 5 cm?®) but in a thinner tube (i inch
compared to % inch) [43]. Their further investigations showed, that it was not the
variation in linear velocity, which was assumed to lead to a more efficient diffusion,
causing the increased reaction constant. Instead, they, as well as other authors,
assumed that the effect was a consequence of different and non-isothermal con-

ditions (see previous bullet point).

The main parameters influencing the catalytic activity were shortly summarized
in the previous text. The pressures and space velocities were quite similar for the
data sets by Hutchinson and Weitzel et al. The smaller particle size of the HFO
Hutchinson utilized is actually inconsistent with the lower volumetric reaction con-
stant of his work. However, the preparation and activation of the HFO as well as
the thermal conditions also heavily influence the efficiency of conversion. On the
one hand, information is partially or fully missing for these aspects. On the other
hand, it was shown that it is very likely that corresponding differences exist be-
tween both data sets. The author therefore assumes that these are the likely ori-
gins of the deviations between both data sets even though a definite explanation

cannot be given.

In the following an example calculation will be given of how to estimate the re-
quired amount of catalyst for a complete conversion from para to equilibrium or
normal hydrogen. It should be pointed out that this can only be a rough estimate.
It was shown in section 5.1 that limited and rather poor documented data had to
be extrapolated to ambient conditions without explicit experimental verification.
This guide recommends to rely on the high temperature data by Weitzel et al. for
the extrapolation since it covers a wider temperature range. Furthermore, the
data is closer to ambient temperature which is primarily discussed in this study.
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6 REQUIRED AMOUNT OF CATALYST

However, the values by Hutchinson will be also used for validation on the level of

uncertainty.

example calculation First, afew parameters have to be fixed. Here, we follow the
example of the vaporization test rig where liquid hydrogen is vaporized and shall
be catalytically converted at ambient conditions to measure the gas volume flow.
In this example, an outlet para concentration of less than 27 % is demanded for
a hydrogen mass flow of 4kgh~! corresponding to 751 standard liter per minute
(defined at 273.15 K and 100 kPa). This flow rate is in the order of the maximum
hydrogen consumption of a medium sized fuel cell car. Beyond that, the flow rate
is relevant for domestic gas metering as well as for certain hydrogen electrolyzers.
The specified and deduced parameters are summarized in table 4.

specified parameters

temperature T [K] 300

mass flow  m/t [kgh™!] 4
inlet concentration  Xparajin [%] 99.8
outlet concentration  Xpara,out [%0] 27.0

deduced parameters

" equilibrium concentration Xpara,e [70] 25.08

2) yolumetric reaction constant &y [molem3s™1] 4.74 x 107
molar flow 7/t [mols™!] 0.551
Table 4: Specified and deduced parameters for the conversion.

" equilibrium concentration at this temperature 12 calculated by equation 12 with
the parameters for Weitzel et al. given in table 3.

Knowing these input values, equation 11 can be rearranged to calculate the re-

quired catalyst volume V,:

Xpara,in
n 1 T Nowae
Veat = — — In — 22 — 49543 cm? 1
cat t k.v 1— Xpara,out ( 3)
Xpara,e
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The large volume of more than 42 liters shows that unfortunately HFO seems to
be not particularly suitable for a conversion at a temperature of 300 K for this
comparably large hydrogen flow.

60 ——————————————————————
[ —o— Weitzel et al. ]
50 F —<— Hutchinson et al. B 4
40 | -
>8 30 .
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Figure 8: Volume of catalyst V¢, required to convert from an inlet para concen-
tration of 99.8 % to 27 % for a hydrogen mass flow of 4kgh~! as a function of
conversion temperature. The values denoted by the red squares were calculated
using the temperature dependence of ky retrieved from the data by Weitzel et al.
while for the grey circles the values of Hutchinson et al. were used. The uncertainty
bars are standard uncertainties that were calculated taking only the uncertainty of
the fit coefficients listed in table 3 into account.

Another approach is to reduce the conversion temperature since this increases
the volumetric rate reaction constant as shown in figure 7 (d). In figure 8, the red
squares denote the required amount of catalyst for the same conditions specified
above but as a function of temperature. It can be seen that lowering the temper-
ature from 300 K to 200 K reduces the amount of catalyst by roughly a factor of
ten. Unfortunately, the temperature cannot be reduced much further since then
the equilibrium concentration of para hydrogen will be too high as shown in figure
2. In addition to the results obtained when utilizing the data by Weitzel et al. (red
squares), values that were calculated using the extrapolated volumetric reaction
rate constants from the data by Hutchinson (grey circles) are shown for compar-
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7 MEASUREMENT OF THE ORTHO PARA RATIO

ison. The uncertainty due to the extrapolation is represented for both data sets
by the uncertainty bars. These are standard uncertainties that were calculated
taking only the uncertainty of the fit coefficients in table 3 into account. The un-
certainty increases with temperature and reaches 30 % for Weitzel et al. and 40 %
for Hutchinson at a temperature of 300 K. Overall, the values obtained by the data
from both authors agree on the level of these comparably large standard uncer-
tainties. However, an intersection can be seen at approximately 250 K with the
values departing for higher and lower temperatures. This origin of this behavior
lies in the qualitatively equal trends of k1 shown in figure 7 (d). To resolve these
deviations and reduce the uncertainties of V,; further data for ky is required.

It is apparent from the previous sections that it can be difficult to ensure that ef-
fluent hydrogen is either still in close to 100 % para configuration or in equilibrium
composition. The required amount of catalyst for complete conversion is nothing
more than an estimate with large uncertainties. That is why it is recommended to
measure the para to ortho hydrogen ratio additionally. Three different techniques
that allow to assess the ortho para ratio in a practical manner are presented in
the following. A more comprehensive overview is for instance given in the PhD
thesis by Essler [17] or the publication by Eisenhut et al. [44]. There are obviously
other methods to detect the ortho-para ratio which are not further discussed here.
Nuclear Magnetic Resonance (NMR) spectroscopy is used in the scientific context
but due to the complex and bulky instrumentation not recommended here. Essler
used a precise determination of the heat of conversion between the allotropes in-
side an adiabatic catalytic cell to determine the para ortho ratio in his PhD thesis
and corresponding articles [17, 36].

thermal conductivity The large differences in thermal conductivity reported in
section 2.2 were already used by Bonhoeffer and Hardeck in 1929 to determine
the para to ortho ratio of hydrogen. An electrically heated wire is kept inside an
isothermal measuring cell. The resulting temperature of the wire depends on the
heat transfer to and, thus, on the thermal conductivity of the gas whereas the
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temperature is directly determined from the electrical resistance. Wheatstone
bridges, as for instance described and improved by Purcell and Keeler [45] were
widely used for this purpose for decades. The cells were further miniaturized. In
2006, Zhou and Sullivan used thin film technology to print a corresponding sensor
[46]. Though these systems are popular and partially used until today [41, 42], they
have several disadvantages. To obtain a correct measurement, convection needs
to be suppressed which is not ideal when monitoring in a dynamic flow system.
The method is vulnerable to impurities with a different thermal conductivity like
helium. Also, the sensing element is an extremely thin and fragile wire which is
likely to mechanically fail. Finally, a calibration of the system with a reference of
known ortho para composition is always required. Beyond these general aspects it
has to be taken into account that the underlying difference in thermal conductivity
has its maximum of over 25 % around 150 K. It drops below 5 % for temperatures

of less than 75 K as well as for ambient temperature and above (see figure 3 (a)).

speed of sound A comparably fast option developed at TU Dresden is to mea-
sure the speed of sound u. Since this property can be measured with rather low
uncertainties, even the small differences in the order of 1 % at ambient conditions
are sufficient to determine the ortho para ratio. The method is described in de-
tail by Eisenhut et al. in reference [44] whereas a commercially available sensor
which directly includes a temperature and pressure measurement was used. Still,
to reach lowest uncertainties, a calibration is recommended. Furthermore, a high

purity of the gas as well as stable temperature conditions are required.

Raman spectroscopy Another approach that has been brought to an on-line ap-
plicable level throughout the recent years and is under further development is the
in-situ determination of the ortho para ratio by Raman spectroscopy [19, 20, 47-
50]. It was shown in section 2 that both spin isomers populate different rotational
energy levels. The corresponding transitions can be used to determine the ortho
pararatio from the integrated intensity of the corresponding peaks without a need
for calibration [48]. Further details on the method and the underlying theory are
for instance given in the dissertation by Carl Bunge [47]. Though the Raman signals
are inherently weak due the low particle densities in the gas phase, Parrott et al.
were able to realize an on-line system operating at a temperature of 294 K and a
gauge pressure of 0.4 MPa with measuring times of less than one minute [48].
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8 SUMMARY, RECOMMENDATION AND OUTLOOK

It was shown that para and ortho hydrogen differ in certain thermophysical prop-
erties that can heavily influence the measurement of gas flow depending on the
method. The equilibrium between both spin isomers is temperature dependent
whereas the natural conversion between both states is rather slow. Based on the
available literature, the currently available catalyst hydrous ferric oxide was dis-
cussed for its potential to ensure conversion from para to equilibrium hydrogen.
The required amount of HFO for a particular flow representative of 4kgh~" is
comparably high if the conversion is performed at 300 K and can be reduced by
one order of magnitude if the conversion temperature is lowered to 200 K. Un-
fortunately, this temperature is not easy to realize and maintain. Consequently,
HFO can in principle be used to ensure complete conversion from para to equilib-
rium hydrogen but its use will by accompanied by constructional challenges and

probably also financial efforts independently of the used conversion temperature.

That is why it is recommended to use flow measuring methods that are not influ-
enced by the para to ortho ratio. Assuming that the minor differences in density
and viscosity reported in section 2.2 have negligible effect on the flow measure-
ment, meter types that due to their measurement principle should be unaffected
by the differences in the other physical properties presented in 2.2 are: Coriolis
flow meters, differential pressure flow meters, vortex flow meters and mechani-
cal flow meters (like rotary, turbine or diaphragm flow meters). In principle, the
discussed ultrasonic flow meters can be used also. Alternatively, due to the slow
natural conversion, it can be assumed that hydrogen will remain in the para config-
uration after vaporization as long as exposition to catalytic materials is minimized,
the time scales are short and the densities are comparably low. In case of doubt,
estimations of the para concentrations can be performed based on the informa-
tion provided for the natural conversion in section 3. Furthermore, the para to
ortho ratio should be monitored, for which common techniques were introduced.

Possibly, a more suitable catalyst for the para to equilibrium conversion at ele-

vated temperatures is the so called “Apachi” catalyst with the chemical formula
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NiO-2.55i05 [38]. Its properties were investigated by Schmauch and Singleton [6].
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tures. This was proven by detection of ortho HD molecules after feeding a catalytic
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Unfortunately, it was reported in 2019 by Klaus et al. that the product which was
distributed under the name HSC-197 (Apachi-1) by the company Air Products and
Chemicals Inc. is not available anymore [51, 52].
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