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ABSTRACT: Gas flow-through microcalorimetry has been applied to study the Pd/Al2O3 type 

catalysts in the exothermic hydrogen recombination process: H2 + O2 → H2O, in view of the 

potential application in the passive autocatalytic recombination (PAR) technology.  The flow 

mode experiments revealed thermokinetic oscillations, i.e., the oscillatory rate of heat evolution 

accompanying the process and the corresponding oscillations in the differential heat of process, 

in sync with oscillatory conversion of hydrogen.  Mathematical evidence has been found for 

deterministic character of the aperiodic oscillations.  In the outburst of quasiperiodic oscillations 

of large amplitude, the instances of differential heats as high as 700 kJ/mol H2 have been 

detected, exceeding the heat of the gaseous water formation from elements (242 kJ/mol H2) by a 

factor of nearly three.  Another occurrence of anomalously high thermal effects has been 
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measured in calorimetric oxygen titration using 0.09 µmol pulses of O2 injected onto hydrogen- 

or deuterium-saturated catalysts, including 2%Pd/Al2O3, 5%Pd/Al2O3 and 2%PdAu/Al2O3.  

Repeatedly, the saturation/oxidation cycles showed the heat evolutions in certain individual O2 

pulses as high as 1100 kJ/mol O2, i.e., 550 kJ/mol H2, again twice as much as the heat of water 

formation.  It has been pointed out that it seems prudent for the PAR technologists to assume a 

much larger rate of heat evolution than those calculated on the basis of a standard 

thermodynamic value of the heat of water formation, in order to account for the possibility of 

large thermokinetic oscillation occasionally appearing in the recombination process of hydrogen.  

A possible relation of the anomalous heat evolution to an inadvertent occurrence of low energy 

nuclear reaction (LENR) phenomena is also briefly considered. 

 

1.  INTRODUCTION. 

In designing nuclear reactors, safety must be kept uppermost in one’s mind and prominent 

among the safety issues is that of hydrogen safety.  Due to various adverse processes, the water 

that is used as a cooling medium within the reactor confinement can also be a source of gaseous 

hydrogen.  The latter’s concentration, if it is accumulated in an uncontrolled manner, may easily 

reach an explosive limit in a mixture with air.  A hydrogen explosion is therefore a threat which, 

due to the fact that it may take place in a close vicinity to the nuclear core, can have potentially 

disastrous consequences, including an uncontrollable release of radioactive material. 

To mitigate the hazard posed by hydrogen, passive autocatalytic recombiners (PARs) are 

widely applied in nuclear reactors as a remedy.  In spite of the name, the recombination reaction 

of H2 + O2 → H2O, which proceeds within the PAR, is not truly an autocatalytic one.  It requires 
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a solid catalyst for the recombination to occur at a moderate temperature, and supported noble 

metals (Pd, Pt) are mostly used for this purpose.
1-4

 

The idea behind the PAR design is that it should work reliably without constant human 

control, and crucially, without an external energy source such as electricity, since in case of an 

accident, such factors might well be expected to fail.  The catalytic recombination of H2 and O2 

should be, therefore, ideally left to its own means in the task of prevention of hydrogen gas 

accumulation.  However, complexity of the reaction mechanism and energetics will have a 

bearing on effectiveness of PAR technology.  The formation of water is a highly exothermic 

reaction (∆H°(298.15 K) = –242 kJ/mol H2 for H2Og formation from elements
5
), and so a 

potentially high rate of heat evolution must be carefully considered in effective PAR design.  

Currently, this is addressed by assuming a twofold role played by natural convection.  Apart 

from the removal of the evolving heat, it is also supposed to ensure an efficient gas circulation 

within the PAR interior.  This assumes that the heat evolution in this reaction is “well-behaved”. 

But there are hints that the system may behave in a less than predictable manner.  In fact, the 

reaction is known to have rather intricate kinetics.  It is capable of attaining multiple steady 

states
6,7

, a trait it shares with other Pd-catalyzed reactions.  The notoriously evasive hysteretic 

phenomena, in other words multiple steady states in the metallic Pd catalysis, may not be 

featured often in literature, but are a frequent subject of conversations among scientists working 

in the field.  The metal-catalyzed reaction is also capable of reaching oscillatory regime(s).  The 

oscillatory kinetics in the hydrogen oxidation have been reported on palladium,
8,9

 platinum,
10-12

 

and nickel,
13-18

 i.e., on the metals that are also known for dissociative sorption of H2.  Although 

oscillatory oxidation of H2 on Pd is not studied very often, metallic Pd is by no means a stranger 

in oscillatory catalysis.  In fact, oscillatory oxidations of CO on metallic Pd or Pt are classic 
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systems widely studied for their nonlinear dynamics,
19-24

 also leading to the Nobel Prize in 

chemistry in 2007.  As for the H/Pd system, a handful of results on oscillatory hydrogenations 

have been published.
25,26

  Thermokinetic oscillations in the Pd/H system, i.e., the oscillatory rate 

of heat evolution accompanying the sorption of hydrogen and/or deuterium in metallic palladium 

have been reported recently.
27-29

  Moreover, an incidence of anomalously high thermal effects 

has been observed in the H2/O2/Pd system, as well as in the H2/O2/Ni, and also with noble metals 

catalysts such as Au/TiO2, considerably exceeding the thermodynamically expected heat of water 

formation.
30-32

 

Here we use the gas flow-through microcalorimetric method to detect both the thermokinetic 

oscillations as well as anomalous heat evolutions in the catalytic recombination of H2 and O2 on 

the Pd supported catalysts, including 2%Pd/Al2O3, 5%Pd/Al2O3 and PdAu/Al2O3, i.e. of the type 

usually applied in the PARs.  We show that instantaneous thermal effects as high as 700 kJ/mol 

H2 which is nearly three times as much as the “normal” heat of water formation, may 

unexpectedly appear in this reaction.  We believe that those findings are important for the 

hydrogen safety of nuclear reactors, and that heat evolutions much larger than the 

thermodynamic values of 242 kJ/mol H2 should be considered in the PAR design proceedings. 

 

2.  EXPERIMENTAL 

2.1.  Materials.  The high purity gases were provided by Linde Gaz Poland S.A..  Hydrogen, 

nitrogen and oxygen gases were of purity 99.999 % vol., and deuterium gas of purity 99.9 % 

vol..  The synthetic air contained 80 % vol. of N2 plus 20 % vol. O2.  The 5%Pd/Al2O3 catalyst 

has been provided by Alfa Aesar.  The synthesis of the 2%Pd/Al2O3 and 2%PdAu/A2O3 catalysts 

has been described in the next subsection. 
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Figure 1.  The bright areas in the SEM images represent the alloyed Pd-Au nanoparticles of the 

2%PdAu/Al2O3 catalyst used for experiments described in section 3.4.4.  Magnification, from 

left to right: 2,500×, 10,000×, and 50,000×, the white bars representing, respectively, 10 µm, 1 

µm, 100 nm.  The EDS measured Pd/Au atomic ratio values for the points marked with yellow 

arrows in the upper left panel are from left to right: 74/26, 77/23, 72/28, indicative of Pd and Au 

being distributed in even proportions among the bimetallic particles. 

2.2.  Preparation of catalysts.  Alumina (γ- Al2O3, Procatalyse, surface area 200 m
2
/g, 

porosity 0.48 cm
3
/g, d = 9.3 nm) was used as the support.  The 2%Pd/Al2O3 catalysts were 

prepared by reverse “water-in-oil” microemulsion method according to our previous 
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procedure.
33,34

  The reverse micellar solutions were prepared using polyoxyethylene(7-8) 

octylphenyl ether (Triton-X 114) (Aldrich) as the surfactant and cyclohexane (Aldrich) as the oil 

phase.  The value of parameter W (water to surfactant molar ratio) equal to 5 was applied. 

The aqueous solutions of PdCl2 (molar ratio of NaCl : PdCl2 = 2, Pd
2+

 ions concentration of 

0.2 mol/dm
3
 and HAuCl4 (0.05 mol/dm

3
) was used as precursors and hydrazine hydrate (N2H4 x 

H2O, N2H4 64-65 %, reagent grade 98 %, Aldrich) was used as reducing agent. 

A solution of PdCl2 or a mixture of PdCl2 – HAuCl4 aqueous solutions were introduced to 

cyclohexane-surfactant solution and the obtained suspension was vigorously stirred up to the 

formation of transparent, clear dark orange solution.  The hydrazine (64 - 65 %) was added 

directly to the microemulsion (hydrazine to metal ions molar ratio of 20).  The reduction of metal 

ions was a fast process and the color of liquid quickly changed to black.  Stirring was then 

continued for another 1 h.  After this period the support Al2O3 was introduced and stirring was 

continued for another 1 h.  Deposition of metal nanoparticles on the support was carried out by 

slow adding the THF solvent, with the solution vigorously stirred.  The volume of the THF 

added was 3-4 times the volume of the microemulsion.  Upon addition of THF, the colour of 

liquid gradually changed from black to colorless, indicative of complete deposition of metal 

particles on the support.  The obtained catalyst was separated by filtration, dried in air for ca. 24 

h, and washed with a copious amount of methanol and acetone.  Finally, the catalysts were 

washed with water up to the removal of chloride ions, dried overnight in air and then calcined at 

120
0
C for 16 h.  The SEM images in Figure 1 show the characteristic cloud-like shaped 

agglomerations of metallic particles located on the Al2O3 grains typically obtained in the 

described method. 
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Electron Microscopy (SEM, TEM) studies were performed by means of Field Emission 

Scanning Electron Microscope JEOL JSM – 7500 F equipped with the X-ray energy dispersive 

(EDS) system. Two detectors were used and the images were recorded in two modes. The 

secondary electron detector provided SEI images, and back scattered electron detector provided 

BSE (COMPO) micrographs. 

2.3.  Microcalorimetry.  2.3.1.  General.  Microcalorimetric experiments were performed 

using Microscal FMC 4110 microcalorimeter.  The design and operation of this instrument have 

been described in detail in Ref. 35.  The instrument measures the rate of heat evolution 

accompanying a solid-gas interaction.  A sample of catalyst is placed in a small 

microcalorimetric cell (7 mm in diameter), and the measurement is carried out in flow-through 

mode.  The cell is placed centrally within a much larger, metal block acting as a heat sink.  The 

latter ensures a steady removal of total evolving heat, thus preventing its accumulation within the 

cell.  The heat sink has to be large enough for its outer edge to be sufficiently far away from the 

cell so as not to sense the rising temperature.  Hence, as a reaction is occurring within the cell, a 

minute difference of temperatures between the close vicinity of the cell and the edge of the heat 

sink can be measured continuously by a system of thermistors appropriately located within the 

block.  The calorimetric signal from the thermistors can be converted into the representation of 

the rate of heat evolution using a calibration factor extracted for each experiment by in situ 

calibration pulse produced by calibrator located axially within the cell.  The FMC 

microcalorimeter is also equipped with the downstream detector (DSD), currently a thermal 

conductivity detector (TCD), to analyze the H2 concentration after the recombination process.  

The rate of consumption of H2 is, therefore, determined concurrently with the rate of heat 

evolution, which is necessary to calculate both the enthalpy of process and the conversion of H2. 
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2.3.2.  Safety.  The lack of heat cumulation within the very small cell (0.15 cm
3
) effectively 

eliminates the danger of thermal explosion of the H2/O2 mixture, thus making the instrument 

suitable for measuring thermal effects of the oxidation of hydrogen at various proportions of 

H2/O2.  To obtain various H2 concentration, two mass flow controllers (Bronkhorst) and a system 

of valves made it possible to mix the H2 with synthetic air at various proportions prior to their 

reaching the cell, as well as to establish the mixture’s flow rate.  On its way from the manifold, 

the reaction mixture is passing trough the feed tubing of 0.04” (1.016 mm) ID, which is safe 

against a homogeneous ignition.
36

 

2.3.4.  Error estimation.  Error estimation for the microcalorimetric measurements has been 

attempted in Ref. 28 basing on 50 sorption/desorption cycles of hydrogen or deuterium in 

metallic palladium powder.  The data has been represented as a function of H2 or D2 partial 

pressure, separately for the heats of sorption and desorption.  Since the range of hydrogen partial 

pressure variability was very narrow, it has been assumed that both the heat of sorption and the 

heat of desorption could be a linear function of the hydrogen content in reaction mixture.  The 

scatter of the experimental values around their fitted straight lines has been then taken as 

representing an experimental error.  Using the absolute relative difference formula, the estimated 

error has been found to range between 1.42 % and 1.86 %, and it has been concluded that the 

error in determining the heat evolution in sorption/desorption cycles of hydrogen in Pd was less 

than 2 %. 

2.3.5.  Calorimetric procedures.  Both the flow-mode and the pulse-mode (calorimetric 

titration) experiments were carried out at room temperature (22 ºC - 23 ºC) and under the 

atmospheric pressure.  In the flow-mode experiments, a reaction mixture of H2 concentration 6.2, 

7.2 or 8.6 vol.% in synthetic air (20% O2 + 80 % N2) was used, with the flow rates 6.7 cm
3
/min 
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7.0 cm
3
/min and 7.5 cm

3
/min, respectively, coresponding to residence times of 1.34 s, 1.28 s and 

1.20 s (cell volume 0.15 cm
3
).  For each concentration setup, the reaction was carried out for a 

period of ca. 1 h.  The amount of the catalyst used to fill the cell ranged from 0.14 g to 0.17 g.  

Prior to experiment, the catalyst was pretreated in situ with pure hydrogen at 100
 
ºC for 4 h.  In 

the pulse-mode experiments, the N2 gas is used as carrier and a10 mm
3
 gas loop as dosing device 

to produce pulses of either synthetic air (0.09 µmol O2) or pure oxygen (0.46 µmol O2). 

 

3.  RESULTS. 

3.1.  The occurrence of oscillations in flow-mode recombination of H2 + O2.  Figures 2 and 

3 show the outbursts of thermokinetic oscillations triggered by a change in concentration of H2 in 

reaction mixture, recorded with the gas flow-through microcalorimeter loaded with the 

2%Pd/Al2O3 catalyst.  Figure 2 shows the process on the fresh catalyst, while the results in 

Figure 3 represents an analogous experiment carried out on the same catalyst preheated at 150 °C 

for 4 h in nitrogen flow.  The rate of heat evolution accompanying the H2 + O2 recombination is 

represented by the calorimetric curve (red) shown in the upper parts in both figures.  The whole 

recombination experiment consists of three rounds, using different concentrations of H2 in a 

mixture with synthetic air.  The H2 concentration was increased successively, from one round to 

the next, i.e., from 6.2 % in the first to 7.2 % and up to 8.6 % vol. of H2 in the last round.  The 

rounds are separated by a short gap in which the calorimetric cell is cut off for a short period, so 

that the calorimetric curve drops to zero, effectively yielding a separate exothermic peak for each 

setting of H2 concentration.  This makes it easier to calculate the total heat evolved for each 

round separately, by integrating the areas under the respective peaks.  The uptake of H2 is 

concurrently monitored by a down stream detector (TCD), and the TCD line (blue) represents the 
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rate of H2 consumption as a function of time on stream.  On integration, each of the blue peaks 

yields a total uptake of H2 for a respective concentration.  The ratio of areas under a calorimetric 

peak (pink) and its corresponding TCD peak (light blue) yields an average molar heat of the 

recombination process expressed in kJ/mol H2. 

The thermokinetic oscillations are clearly visible in the calorimetric curves following the 

increasing of the H2 concentration from 6.2 % to 7.2 % vol. in both figures (Figs. 1 and 2).  In 

Figure 2, the outburst of seemingly periodic oscillations is a short-lived episode, but it is then 

followed by aperiodic oscillations towards the end of the 7.2 % round.  On the other hand, the 

oscillations in the 7.2 % round in Figure 2 are quasiperiodic (cf. Fig. 4A) and of much larger 

amplitude, with the rate of heat evolution at the crests as high as 200 mW, and dropping nearly to 

zero at the troughs.  The corresponding oscillations in the TCD curve are much less pronounced.  

Figure 4 represents enlarged fragments of both the calorimetric and the TCD curves showing 

their oscillatory dynamics.  The fragments shown in Figures 4A and B represent the episodes of 

quasiperiodic oscillations, respectively, in the 7.2 % and the 8.6 % round of Figure 3.  In both 

cases, the crests in the rate of heat evolution strictly coincide with dips in the hydrogen uptake 

rate, i.e.; both time series are anti-phase synchronized.  The fragment in Figure 4C also comes 

from the 8.6 % round in Figure 3, but it represents aperiodic (chaotic) oscillations.  In vivid 

contrast to the quasiperiodic dynamics, there is no obvious synchronization of heat evolution 

with hydrogen uptake in the course of aperiodic oscillations. 
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Figure 2.  The heat of recombination of H2 + O2 (red) measured by gas-flow through 

microcalorimeter concurrently with the uptake of hydrogen (blue) for various H2 concentrations 

on the 2%Pd/Al2O3 catalyst.  The areas under curves represent the total heats (magenta) and total 

uptake of hydrogen (light blue) for individual rounds; the ratio of the two yields the average 

molar heat of process for a round.  The results of D-test are given for each round (cf. Section 

3.2). 
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Figure 3.  Repetition of experiment represented in Figure 2 following a heating of catalyst for 4 

h at 150 °C in N2.  Note the outburst of large-amplitude oscillations in the middle of the 7.2 % 

round and at the beginning of the 8.6 % round. 
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Figure 4. Dynamics of oscillatory oxidation of hydrogen on 2%Pd/Al2O3 catalyst.  For 

quasiperiodic oscillations (A and B), the crests in the quasiperiodic oscillations of heat evolution 

rate (red line) strictly coincide with dips in the hydrogen uptake rate (blue line), but there is no 

obvious relation between the two rates during the aperiodic, chaotic oscillations (C).  

Represented here are enlarged fragments of experimental curves shown in Figure 3, i.e., the 7.2 

% round (A) and the 8.6 % round (B and C), with Panel C showing still enlarged view of the part 

of Panel B between 800 s - 1100 s. 
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3.2.  The D-testing for deterministic chaos.  The D-test has been used to confirm 

deterministic character of the aperiodic oscillations that dominate the rounds for 7.2 % and 8.6 % 

concentrations of H2 in Figures 2 and 3.  This is to say, we need to determine that the aperiodic, 

calorimetric time series in Figures 2 and 3 are a manifestation of a reaction dynamics, and, 

therefore, that we observe a kinetic phenomenon of oscillating reaction rather than a stochastic 

noise of microcalorimetric recording.  The underpinning mathematics as well as the testing 

procedure are described in detail in the Ref. 29, so they are only outlined here.  Consider a 

function f(x) which is smooth, continuous and square integrable on the interval [a,b] ⊂ ℝ.  If the 

values of the function f(x) are zero at the points a and b than the following relation holds (see 

Ref. 29 for proof of this relation):  

 ∫∫∫ =







−
b

a

x

a

b

a

dxxfdxdttf
dx

xfd 2)]([)(
)]([

 (1) 

The formula (1) compares two definite integrals.  The integrand in the left hand side (LHS) 

represents a pointwise product, p(x), of two functions, namely: the first derivative of f(x) and the 

integral of f(x) with the variable upper limit.  The integrand in the right hand side (RHS) is the 

f(x) squared.  In other words, if the a and b are both zero crossings of f(x), i.e., for f(a) = f(b) = 0, 

given that f(x) is smooth, continuous and square integrable on the interval [a,b], than the areas 

under the curves of the [f(x)]
2
 and the p(x), within the [a,b], are equal to each other in absolute 

value but opposite in sign.  Both sides of (1) represent a real number.  For brevity, subsequently 

the letters P and S will be used to denote, respectively, the integrals in LHS and RHS of (1).  

Since S is always positive, then P must be negative, and so PS =  for the conditions under 

which the equation (1) holds. 
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Note, the formula (1) relates a group of three functions, each derived from the same original 

f(x).  The mathematical operations that need to be performed on the f(x) in order for it to be used 

in (1) are all easily accomplished numerically, and therefore any real-life dataset can be readily 

used in place of f(x) in the formula.  If it holds, than such dataset must be continuous and smooth, 

and, by the same token, deterministic rather than random.  Consequently, if an aperiodic 

(oscillatory) time series yields PS =  from formula (1), then such a time series must be chaotic 

rather than stochastic. 

We, therefore, want to use formula (1) as a diagnostic tool to find out whether the aperiodic 

calorimetric time series shown in Figures 2 and 3 are deterministic, i.e., representing an 

occurrence of mathematical chaos in the kinetics of the O2 + H2 recombination, or stochastic, i.e., 

only fluctuating randomly. 

However, the S and P may be considered equal only within a numerical error, and for the real-

life data, the S and P may also be affected by an experimental error, so in practice the two reals 

may be only approximately equal, even for the datasets for which formula (1) holds.  To account 

for this, and still be able to use formula (1) diagnostically, we define the absolute relative 

difference (ARD) of S and P according to the following formula:  

 
1

1
2

)(5.0 +
−

=
+

−
=

R

R

PS

PS
D , (2) 

where R = PS / .  We note that D → 0 as R → 1, and D → 2 as R → ∞, or R → 0.  Thus the D-

test yields a real number D ∈ [0, 2], for any dataset, independent of it size and kind of data 

included.  As a diagnostic measure, the D will be close to zero for the continuous and smooth, 

and hence deterministic datasets, i.e., for S ≈ P.  Conversely, the more disparate the values of S 

and -P, the closer the D values will be approaching two. 
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The D-values scored by the calorimetric datasets represented in Figures 2 and 3 are listed in 

Table 1.  For the reader’s convenience, the D-scores are also marked for each calorimetric curve 

in Figures 2 and 3.  The values for the 6.2 % rounds in both figures can serve as a reference, 

since these rounds featured no oscillations, and the calorimetric curves recorded for them are 

therefore certainly deterministic.  The highest obtained score of D = 0.0018849 is for the 8.6 % 

round in Figure 2, which is by an order of magnitude higher than the D = 0.00016344 found for 

the 6.2 % round in the same experiment.  The other aperiodic curves, however, scored similar to 

those in the 6.2 % rounds.  For comparison, the D-values reported in Ref. 29 for random 

databases such as a sequence of 3,000 digits of π, and a random Fibonacci sequence were, 

respectively, 0.24783 and 1.0138, while on the other hand, a classic example of Lorenz chaos 

scored 0.0060459 in D.  In the same article, the D-scores for the thermokinetic oscillations in 

sorption of hydrogen or deuterium in metallic palladium have been reported to be 0.00060501, 

0.0010340 and 0.003041 for the periodic, quasiperiodic and chaotic oscillations respectively.
29

  

Hence, the score for the 8.6 % round in Figure 2 remains well within a range expected for 

determinism meaning that oscillations in this round are chaotic.  It can be therefore concluded, 

that the aperiodic oscillations observed in the recombination of H2 + O2 in Figures 2 and 3 are all 

manifestation of mathematical chaos in the process kinetics. 
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Table 1.  The results of the D-test for determinism in the calorimetric time series 

represented in Figures 2 and 3. 

Concentration of 

H2, % vol. 

Dynamics of 

oscillations 

D S P 

6.2 (Fig.2) nonoscillatory 0.00016344 1.5787e+07 -1.5784e+07 

7.2 (Fig.2) periodic and 

aperiodic 

0.00015023 2.2501e+07 -2.2497e+07 

8.6 (Fig.2) aperiodic 0.0018849 6.7358e+07 -6.7231e+07 

6.2 (Fig.3) nonoscillatory 0.00013286 2.5894e+07 -2.5890e+07 

7.2 (Fig.3) quasiperiodic and 

periodic 

0.00032756 3.8374e+07 -3.8362e+07 

8.6 (Fig.3) aperiodic 0.00017853 7.1165e+07 -7.1152e+07 

 

3.3.  Anomalous differential heats of the H2 + O2 recombination reaction.  Figure 5 

compares the differential heats of process and the conversions of hydrogen in the H2 + O2 

recombination, both plotted as a function of time for individual rounds shown in Figure 3.  The 

differential heats of process are calculated by pointwise division of the calorimetric curve by the 

curve of rate of hydrogen uptake.  Figure 5A depicts the data for the nonoscillatory 6.2 % round 

in Figure 3, and it shows that the differential heat of the process (green line) remains nearly 

constant, albeit slightly increasing, throughout the whole round, running close to the 250 kJ/mol 

H2 level corresponding to the heat of water formation.  The conversion (magenta line) decreases 

slowly from initial 100 % H2 to ca. 90 % H2 after 1 h of experiment.  Similar degrees of the H2 

conversion has been also obtained in our experiments with a larger reactor, using 0.5 cm
3
 

samples of the Pd/Al2O3 catalysts, under similar reaction conditions, except for the H2 

concentration which was lowered to 0.5 % vol. for safety reasons.
37
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Figures 5B, C, E and F represent data obtained at higher H2 concentration in reaction mixture, 

namely 7.2 %vol. (i.e., the 7.2 % round).  Figure 5B shows the curves of differential heat (green) 

and conversion (magenta) for the whole 7.2 % round.  After a relatively “quiet” period of initial 

1500 s, the outburst of strong oscillations appears spontaneously, lasting for ca. 500 s, followed 

by a period of chaotic oscillations nearing the end of the round.  In both the initial and the 

concluding period, the differential heat stays close to ca. 300 kJ/mol H2, with the conversion 

ranging from ca. 90 % H2 to 80 % H2. 

Figure 5C shows an enlargement of a fragment representing the outburst of quasiperiodic 

oscillations.  The two time series, the differential heat of process and the conversion of hydrogen, 

are precisely anti-phase synchronized, with the drops in conversion inversely proportional to the 

amplitude of differential heat. The differential heat of the H2 + O2 recombination reaches as high 

as ca. 700 kJ/mol H2 at the crests, which is nearly three times as much as the heat of water 

formation of 242 kJ/mol H2. 

The differential heat reaching 700 kJ/mol H2 can also be seen in Figure 5D showing the data 

for the 8.6 % round.  Here the outburst of seemingly periodic oscillations of large amplitude only 

lasts for an initial 400s, followed by chaotic oscillations continuing to the end of the round at an 

average level of roughly 300 kJ/mol H2, occasionally reaching 400 kJ/mol H2.  In the initial 

outburst, the differential heat oscillations are anti-phase synchronized with the oscillations in 

conversion of hydrogen, after which the hydrogen conversion continues oscillating slightly at a 

level of ca 90 %. 

Page 18 of 42

ACS Paragon Plus Environment

Industrial & Engineering Chemistry Research

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

19

 

Figure 5.  A-D: the differential heat of process (green) compared to the conversion of H2 

(magenta) calculated for data in Figure 3, for individual H2 concentrations: 6.2 % H2 (A), 7.2 % 

H2 (B, C) and 8.6 % H2 (D).  Panel C shows an expansion of the large-amplitude oscillations 
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from Panel B.  Panel E shows that the quasiperiodic character of these oscillations is strictly 

conserved when the original rate of heat evolution (red solid) is recalculated into differential heat 

of process (green dashed).  Panel F shows power spectra for the time series in Panel E, with 

corresponding colors.  Two incommensurate frequencies indicate quasiperiodic dynamics. 

 

Figure 5E compares the original calorimetric curve (solid red), representing the rate of heat 

evolution against time, to the curve of differential heat of process (dashed green).  It shows that 

the oscillations in differential heat of process strictly preserve the dynamic character as well as 

the frequencies of the original thermokinetic oscillations.  Hence, the mathematical operation on 

two experimental time series, that is, the pointwise division of the calorimetric curve by the TCD 

curve, did not introduce any distortion to the frequency of resulting time series representing the 

differential heat of process.  The power spectra in Figure 5F confirm that the original 

calorimetric curve and the curve of differential heat of process both show the same quasiperiodic 

dynamics, having the same frequencies. 

3.4.  High thermal effects in calorimetric oxygen titration.  3.4.1.  Overview.  The 

calorimetric oxygen titration measures thermal effects of small pulses of O2 on hydrogen-

saturated catalysts.
31,32

  This method resembles the oxygen titration in that after initial treatment 

with hydrogen the sample is repeatedly exposed to pulses of gaseous oxygen, but the measured 

quantity is the heat evolution accompanying the ensuing water formation.  Unlike the commonly 

used oxygen titration method, the amounts of oxygen being consumed are not determined in the 

calorimetric “version” of this method.  A strictly controlled volume of oxygen for each pulse is 

achieved by using gas loop as a dosing devise, and each pulse is recorded as a separate 

exothermic peak with gas flow-through microcalorimeter.  The in situ calibration procedure 
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makes it possible to determine instantly the amounts of heat represented by each peak.  For 

individual pulses, therefore, the resulting molar heat can be readily evaluated, as a ratio of the 

evolved heat and the number of moles of O2 in a pulse volume, assuming that the latter is totally 

consumed.  A typical saturation/oxidation cycle is therefore a two-step procedure in which a 

period of H2(D2) saturation is followed by a sequence of pulses of oxygen (typically 0.09 µmol), 

with the dosing continued until a heat evolution is no longer detected, after which the sample is 

ready for the next saturation/oxidation cycle to be initiated.  The cycles can be repeated on the 

same sample practically indefinitely.  Typically, the calorimetric oxygen titration experiment 

consists of several saturation/oxidation cycles repeated one by one, with thermal effects of both 

the oxidation pulses as well as of the hydrogen-saturations being measured. 

 

Figure 6.  Calorimetric oxygen titration: a sequence of saturation/oxidation cycles for the 

2%Pd/Al2O3 catalyst.  The red peaks represent the heat evolution produced by 0.09 µmol O2 

pulses, each series following a blue peak representing the heat evolution in saturation with either 

H2 or D2. 

Page 21 of 42

ACS Paragon Plus Environment

Industrial & Engineering Chemistry Research

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

22

 

Figure 7.  The last saturation/oxidation cycle in Figure 6 expanded. 

 

3.4.2.  2%Pd/Al2O3 catalyst.  Figure 6 represents a succession of saturation/oxidation cycles 

repeated eight times (during a one-day experimental session) using a 0.0756 g sample of 

2%Pd/Al2O3 catalyst, under normal conditions of temperature and pressure.  Using synthetic air 

(20 % O2 + 80 % N2) as source of oxygen and a 10 mm
3
 gas loop as dosing device affords 0.09 

µmol pulses of O2, with N2 being used as the carrier gas.  Small red peaks represent the pulses of 

oxygen, coming in short sequences of two or three, each sequence following a larger blue feature 

representing a 5 min period of catalyst saturation with hydrogen or deuterium.  Figure 7 shows 

an example of a single saturation/oxidation cycle, the last of those shown in Figure 6.  The area 

under each red peak represents the thermal effect of a 0.09 µmol pulse of oxygen reacting with 

the hydrogen-saturated catalyst.  Division of the thermal effect by the number of moles of O2 

(i.e., 0.09 µmol) yields the molar heat of oxygen consumption for each pulse.  Thus in Figure 7, 

the three pulses yielded successively 400 kJ/mol O2, 1044 kJ/mol O2 and 33 kJ/mol O2.  The 

molar heat evolved in the second pulse is the highest, and, strikingly, it is exceeding the heat of 

water formation (484 kJ/mol O2) by a factor of two.  For clarity, only the thermal effects of the 

Page 22 of 42

ACS Paragon Plus Environment

Industrial & Engineering Chemistry Research

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

23

highest peaks in each sequence of oxygen pulses are marked in Figure 6.  The molar heats for 

these highest peaks range from 1066 kJ/mol O2 to 744 kJ/mol O2 (i.e., from 533 kJ/mol H2 to 

372 kJ/mol H2), each of them considerably higher than the heat of water formation. 

The histogram in Figure 8 compiles the thermal effects of the highest peaks from the entirety 

of seventeen saturation/oxidation cycles carried out on the 2%Pd/Al2O3 catalyst (over several 

days), under ambient conditions, using either H2 or D2 for catalyst saturation prior to oxygen 

exposures.  Thus the green and red bars represent the 0.09 µmol O2 pulses following either the 

H2- or the D2-saturations, respectively.  The bars have been arranged arbitrarily in a descending 

order to facilitate visual examination, irrespective of their isotopic origin.  It can be concluded, 

that the hydrogen isotope use for saturation of catalyst has no effect on the heights of anomalous 

thermal effects that are recorded on pulses of O2.  Most of these effects are around 1000 kJ/mol 

O2, i.e., twice of the heat of water formation, the level marked by the thin dashed line in the 

histogram in Figure 8. 

 

Figure 8.  The highest thermal effects extracted from several hydrogen (deuterium)-

saturation/oxidation cycles for the 2%Pd/Al2O3, using pulses of 0.09 µmol O2.  The dotted line at 

484 kJ/mol O2 marks the level corresponding to the standard molar heat of water formation. 
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It should be stressed, that the anomalously high exothermic effects observed in the oxygen 

titration cannot be attributed to any systematic overestimation error.  In fact, the opposite may be 

the case: the estimates can be downward-biased, if the consumption of an O2 pulse is only partial 

rather than total as assumed.  In such case, the thermal effect recorded for a pulse arises from an 

amount of oxygen less than the nominal amount of 0.09 µmol actually taken for calculation, 

which can only underestimate the molar heat so evaluated. 

It is interesting to notice that the shapes of hydrogen-saturation (blue) peaks in Figure 6 vary 

continually from one blue peak to the next, with the exothermic component of the peak 

decreasing and the endothermic part becoming more pronounced.  This seems to be a result of a 

growing deposit of water formed on the catalyst surface during the oxygen exposures.  These 

surface-bound water molecules are then partially replaced each time the sample is saturated by 

hydrogen (deuterium).  The first saturation/oxidation cycle starts with a fresh and relatively 

water free catalyst, giving rise to predominantly exothermic effect of hydrogen sorption, but a 

small endothermic feature likely resulting from the water desorption can also be noticed.  As 

successive O2 pulses causes the water deposit to grow, more and more water appears to desorb 

leading to gradual increase of the endothermic part in each successive saturation. 

3.4.3.  5%Pd/Al2O3 catalyst.  Tables 2 shows the results of calorimetric oxygen titration with a 

0.1129 g sample of the commercial 5%Pd/γ-Al2O3 catalyst.  The data in Table 2 have been 

obtained using the same model of FMC microcalorimeter, but it was physically different 

instrument, at different location and run by different group of co-authors, in order to test an 

“inter-instrumental” reproducibility of our results.  Two saturation/oxidation cycles are 

represented.  They differ in the duration of hydrogen saturation period, which was respectively 6 
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min and 1 min.  In each cycle, the exposure to a series of 0.09 µmol pulses of oxygen started 30 

min after the completion of saturation, the injections being made at 10 min intervals.  A total of 

respectively 8 and 7 pulses of O2 have been made in each cycle before an injection no longer 

resulted in the evolution of heat.  The molar heat per pulse ranges from 533 kJ/mol O2 to 1056 

kJ/mol O2, and from 478 kJ/mol O2 to 1067 kJ/mol O2, in the first and the second 

saturation/oxidation cycle respectively.  It can be noticed that a majority of the O2 injections give 

rise to energies that are significantly above that of the combustion of H2.  Hence, the magnitude 

of the anomalous effect, i.e., an extent to which the molar heat obtained for each O2 pulse 

exceeds that of water formation reaches a factor of two, irrespective of duration of the saturation 

of sample with hydrogen. 

With anomalously high thermal effects occurring in certain pulses, it seems that the total heat 

evolution for all pulses within a cycle remains constant if represented relative to the Pd mass.  

Summation over heats of pulses in individual cycles listed in Table 2 yields the totals of 577 mJ 

and 535 mJ, respectively in the first and the second cycle, corresponding to 0.1022 kJ/g Pd and 

0.0951 kJ/g Pd.  A similar summation for 2%Pd/Al2O3 in Figure 6 yields the totals for individual 

sequences of O2 pulses ranging from 133 mJ to 151 mJ, and an average heat of 0.0951 kJ/g Pd.  

Hence, practically the same total heat per gram Pd, ca. 0.1 kJ/g Pd, has been observed in the 

calorimetric oxygen titration for two catalysts with different Pd loadings, i.e., 2% Pd and 5 % Pd. 
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Table 2.  Thermal effects of pulses of O2 on commercial 5%Pd/Al2O3 catalyst. 

O2 Injection No. Individual energy of 

peak, mJ 

Energy per mole, kJ/mol O2
 

first hydrogen-saturation/oxidation cycle (H2 sat. for 6 min) 

1 48 533 

2 47 522 

3 60 667 

4 76 844 

5 89 989 

6 95 1056 

7 91 1011 

8 71 789 

second hydrogen-saturation/oxidation cycle (H2 sat. for 1 min) 

1 43 478 

2 54 600 

3 78 867 

4 81 900 

5 94 1044 

6 96 1067 

7 89 989 

 

3.4.4.  2%PdAu/Al2O3 catalyst.  Figure 9 shows that increasing oxygen content in the titrating 

pulses volume may decrease or indeed eliminate the anomalous heat evolution which has been 

repeatedly observed on the same catalyst with the use of smaller 0.09 µmol pulses of O2 under 

the same ambient conditions of temperature and pressure.  Figure 9A shows a pair of two 

saturation/oxidation cycles using the 0.09 µmol pulses of O2 on a 0.0962 g sample of bimetallic 
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2%PdAu/Al2O3 catalyst.  On the other hand, Figure 9B represents another pair of two cycles, in 

which using pure oxygen instead of synthetic air in the same 10 mm
3
 dosing volume affords 

pulses of 0.46 µmol O2, with N2 still used as the carrier, and with the same catalyst.  Clearly, the 

small pulses produced much higher energy per mole, with the highest effects of 1100 kJ/mol O2 

and 944 kJ/mol O2 respectively for the two cycles represented in Figure 9A, both exceeding the 

heat of water formation by a factor of around two.  The effects are practically identical to those 

obtained for the monometallic 2%Pd/Al2O3 using the 0.09 µmol pulses of O2 (cf. Fig. 7).  On 

the other hand, the molar heats yielded by the 0.046 µmol O2 pulses under the same conditions 

(Fig. 9B) are respectively 522 kJ/mol O2 and 549 kJ/mol O2, both only marginally higher than 

the thermodynamic value expected for the water formation.  Similar effects of increasing oxygen 

content leading to molar heats less excessive, but still firmly above 484 kJ/mol O2 have also been 

observed with another bimetallic catalyst, namely 1%PdPt/Al2O3, in which case the calorimetric 

titration yielded ca. 1100 kJ/mol O2 for the 0.09 µmol O2 pulses, compared to ca. 850 kJ/mol O2 

for the 0.46 µmol O2 pulses (figures not shown).  The total heats yielded by all the O2 pulses per 

individual cycles in Figure 9A are 216 mJ and 203 mJ, corresponding to 0.1039 kJ/g Pd+Au and 

0.1055 kJ/g Pd+Au respectively, i.e., practically the same for both cycles. 
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Figure 9.  Calorimetric oxygen titration of the 2%PdAu/Al2O3 using pulses of O2 of different 

sizes: 0.09 µmol (A), and 0.46µmol (B).  A pair of successive hydrogen-saturation/oxidation 

cycles is shown in each figure. 

 

4.  DISCUSSION 

4.1.  Origin of nonlinearity and chaos.  The chaotic, low-amplitude oscillations that can be 

seen in Figure 5B and D, are likely to reflect the nonlinear phenomena in the H2 + O2 reaction 

mechanism.  A possible origin of nonlinearity in oxidation of hydrogen on the Pt(111) surface 

has been discussed in Ref. 38.  Accordingly, the nonlinear aspect is provided by a step in 

reaction network on Pt(111) that consists of the reaction of atomic oxygen species with the 

adsorbed H2O, i.e., Oad + H2Oad → 2OHad.  Separate areas on the Pt surface covered to various 

extents by the reacting species (Oad, H2Oad, OHad) have been observed moving along the catalytic 

surface in time resolved experiments, video recorded in situ using STM, nevertheless, the 

hydrogen species could not be observed.
38

  This reaction may expectedly occur on the palladium 

surface as well as on the Pt(111).  We reiterate that a possibility of chaos in the oxidation of 
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hydrogen has been predicted by mathematical modeling.
39,40

  Experimentally, chaos in hydrogen 

oxidation has been observed in the electrochemical oxidation of hydrogen on a platinum anode in 

the presence of copper ions,
41

 and in the oxidation of H2 on Ni.
17

  We are not aware of 

experimental evidence of chaos in H2/O2/Pd system published as yet, although aperiodic 

oscillations in oxidation of hydrogen on Pd wire have been reported.
8
 

4.2.  The role of atomic hydrogen.  The results of calorimetric oxygen titration suggest that 

the total heat produced by a sequence of O2 pulses following the hydrogen-saturation is on 

average the same if represented relative to the Pd mass in the sample of catalyst used.  Thus it 

was ca. 0.1 kJ/g Pd for both the 2%Pd/Al2O3 and the 5%Pd/Al2O3 catalyst, and 0.1 kJ/g Pd+Au 

for the 2%PdAu/Al2O3.  This makes it possible to estimate, however crudely, the H/Pd atomic 

ratio for each catalyst under study.  For the 2%Pd/Al2O3, Figure 6 shows that each 

saturation/oxidation cycle uses three pulses of O2 to deplete the pre-sorbed hydrogen on the 

0.0756 g sample containing ca. 14 µgramatom Pd.  The total amount of oxygen introduced in 

each cycle is 3 × 0.09 = 0.27 µmol O2, potentially requiring 1.08 µgramatom of H to form 0.54 

µmol H2O.  The estimated H/Pd ratio for 2%Pd/Al2O3 is therefore 1.08/14 = 0.08.  The 0.0962 g 

sample of 2%PdAu/Al2O3 with the Pd/Au ratio of ca. 7/3 (cf. Fig. 1), contains ca. 10.1 

µgramatom Pd and 4.2 µgramatom Au.  In this case it took around 0.36 µmol O2 (four 0.09 µmol 

pulses; cf. Fig. 9) for the sample to be depleted of hydrogen, corresponding to 1.44 µgramatom 

of atomic H, yielding the H/Pd ratio of 1.44/10.1 = 0.14, or the H/(Pd + Au) ratio of 1.44/(10.1 + 

4.2) = 0.1, and for the 5%Pd/Al2O3 catalyst the H/Pd ratio so calculated is 0.05.  These relatively 

low H/Pd ratios may be rationalized in two ways.  The first would assume that only a most active 

minority of the hydrogen species sorbed in the metal particles gives rise to the heat evolution 

measured in the calorimetric oxygen titration.  The second may suggest that sorption of hydrogen 
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in the studied catalysts is limited only to the metal particles surface.  The latter is likely to be the 

case for the 2%PdAu/Al2O3 catalyst, with the metal particles each containing ca. 30 atomic % 

Au, which is a high enough content to prevent any significant sorption of hydrogen in the bulk of 

such PdAu alloy particles.
42

  For both the Pd/Al2O3 materials, however, it cannot be excluded 

that their Pd particles do contain both the bulk-absorbed and the surface-adsorbed hydrogen 

species, but only a fraction is active in the oxygen titration.  It may be related to a phenomenon 

of enhanced chemical stability, reported for hydrogen species “trapped” inside the 6.1 nm Pd 

particles,
43

 or inside the Pd nanocrystals supported on Al2O3.
44

  It is possible that this enhanced 

stability of hydrogen species sorbed in the bulk of the Pd particles effectively prevents them 

from reacting with oxygen pulses rapidly dosed in the titration method.  Thus the abnormally 

high thermal effects of around 1000 kJ/mol O2 (500 kJ/mol H2, exceeding twice the heat of water 

formation) obtained in the oxygen injections arise from the interaction of oxygen with only a 

fraction of most energetic hydrogen species present within the metallic particles.  This is in 

agreement with the results of Figure 9B showing that the saturation/oxidation cycles using larger 

pulses of O2 injected on the 2%PdAu/Al2O3, failed to produce the unusually high thermal effect 

on this catalyst.  Instead, the thermal effects of the 0.46 µmol O2 pulses are only marginally 

higher than the 484 kJ/mol O2, as though for the larger partial pressures of O2 the anomalous 

exothermic effects were obscured by the standard thermal effect accompanying the dominant 

reaction of water formation.  A similar conclusion, concerning the possibility for only a fraction 

of the H-species to constitute the most active minority, has been reached in Ref. 45 for the case 

of a Ni metal catalyst.  Accordingly, the fortuitous fraction of most active hydrogen species that 

are actually involved in hydrogenenation processes on metallic Ni catalyst are those H-species 

that are freshly emerging from the nickel subsurface layer. 
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In contrast to the titration method, hydrogen and oxygen are both continuously fed into the 

microcalorimetric cell in the flow recombination experiments on the 2%Pd/Al2O3 catalyst (Figs. 

2 and 3).  Here, the ambiguous role of hydrogen seems to be further underlined by the way that 

the hydrogen uptake rate and the rate of heat evolution are anti-phase synchronized during 

quasiperiodic oscillations.  Surprisingly, the tops of heat evolution coincide with the dips of 

hydrogen uptake (Figs. 4A and B), whereas what should be expected is rather the opposite.  In 

fact, it seems reasonable to assume that acceleration in heat evolution should be accompanied by 

a corresponding increase in hydrogen uptake, if the rate of heat production reflects the rate of 

hydrogen oxidation.  Instead, however, the maxima of heat production are accompanied by 

decreases of hydrogen consumption.  The differential heat of recombination process reaches as 

high as 700 kJ/mol H2 (Figs. 5B, C and D) which is nearly three times as much as the heat of 

gaseous water formation from elements (242 kJ/mol H2).  This seems to suggest that yet another 

hydrogen-involving process, rather than the water formation, but even more energetic, may be 

occasionally outbursting and resulting in the anomalously high heat production. 

It is difficult to explain the heat evolution as high as the instantaneous 700 kJ/mol H2.  

Compared to the heat of H2Og formation it is higher by ca. 450 kJ/mol H2.  The outstanding 

value is close to the bond energy in the H2 molecule of 436 kJ/mol H2,
46

 which might be 

implying that the large thermal effect results from oxidation of atomic H species, rather than 

molecular H2.  The enthalpy of reaction involving molecular O2 and the atomic H species, 1/2O2 

+ 2H → H2O, would be ∆H = –(242 + 436) = –678 kJ/mol H2 (cf. Table S1 in Supporting 

Information file), which is comparable to the figure of 700 kJ/mol H2 actually observed.  

However, a hypothetical presence of a substantial quantity of free hydrogen atoms on the 

Pd/Al2O3 catalyst would have required its own explanation.  The energy needed to dissociate the 
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H2 molecule to form two free hydrogen atoms is large, 436 kJ/mol H2, and presumably, such 

expenditure should be somehow reflected in the microcalorimetric experiments in a form of large 

endothermic effects, which however are not observed.  On the contrary, Figures 6 and 9 show, 

that the thermal effects accompanying saturation of catalyst with hydrogen or deuterium are 

actually mostly exothermic.  Therefore, the sorbed hydrogen species that are formed on the 

2%Pd/Al2O3 catalyst, although resulting from dissociative adsorption on metallic Pd, must be 

energetically very different from the free H atoms. 

There is currently no satisfactory explanation for the abnormally high thermal effects in the H2 

+ O2 recombination reported here, but it may be suggested that the hydrogen-related anomalous 

heat evolutions may be falling into the same category with the low energy nuclear reaction 

phenomena (LENR).  In view of the fact, that the PARs are intended to be used in nuclear 

reactors as crucial safety devises, a possibility of uncontrollable heat evolutions caused by these 

very devices themselves calls for a special consideration. 

4.3.  A danger of LENR occurrence.  It is usual to view the low energy nuclear reactions 

(LENR) as a revolutionary new energy source, but they may also be viewed as posing a danger, 

threatening a sudden emission of large thermal energy, in case of their unexpected occurrence.  

Here by the LENR we understand the phenomena of extraordinary high thermal effects first 

reported by Fleischmann and Pons.
47

  It should be stressed that LENR seems to be related to the 

formation of atomic hydrogen (or deuterium) species.  The actual nuclear character of the 

phenomena has never been conclusively confirmed however.  Nevertheless, it seems to be well 

established now, that abnormally high heat evolutions do occasionally accompany the 

interactions in which the atomic hydrogen is involved.  In our discussion here, we also consider 

the concept of the hydrino formation,
48

 which technically is not considered a LENR 
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phenomenon, but it seems to fall into the same category of processes producing enormously high 

thermal effects, too large to be of chemical origin, at the presence of atomic hydrogen. 

Apart from hydrogen, the LENR systems usually involve the metals like Pd and Ni, supported 

or otherwise, which are also well known as catalysts for hydrogen processes, where their ability 

for dissociative sorption of H2 is conducive to their catalytic activity.  Therefore, the supported 

Pd metal catalysts that are used in the PAR technology are in fact this sort of materials on which 

a LENR process may potentially occur.  The recombination of H2 involves molecular oxygen, 

and oxygen is not typically considered a component of LENR systems, but the difference may 

not be essential.  There are reported experiments in which gaseous O2 is present in the LENR 

process environment.  This has been reported for the test of the prototype of the E-cat equipment.  

The process was run under high pressure of 25 bar but the authors explicitly state that the 

residual air has not been removed from the reaction chamber before loading it with hydrogen, 

and so it remains in the reacting space as “an impurity” throughout the process.
49

  In addition, a 

patent has recently been granted for LENR-based a piston engine
50

 in which oxygen is claimed 

to be a catalyst. 

The LENR may be a promising energy source for the future, only provided they are understood 

and controllable.  Anticipating availability of the technology, recently a report has been 

published by NASA
51

 describing novel constructions of flying vehicles specifically designed to 

be powered by LENR based engines.  This is in spite of still unknown nature of the LENR 

phenomena, which the report admits is largely ill understood.  In view of this ignorance, it seems 

prudent to concede that there may also exist a hazard of unexpected LENR occurrence in the 

industrial processes involving metals like Pd and the atomic hydrogen, potentially releasing 

uncontrollable amounts of energy.  Here the PAR technology seems to be a case in point.  In 

Page 33 of 42

ACS Paragon Plus Environment

Industrial & Engineering Chemistry Research

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

34

fact, the possibility for certain accidents, that actually had happened in a nuclear plant, to be put 

down to a LENR or hydrino related explosion has been pointed out hypothetically.
52

  In view of 

a recent development of the technology of modular nuclear reactors, the threat of using PARs 

may be even aggravated by the fact that the modular reactors lack the large confinement and 

shielding of the traditional large constructions. 

 

5.  CONCLUSIONS 

Thermokinetic oscillations in the process of oxidation of hydrogen on Pd-based catalysts have 

been recorded and the occurrence of mathematical chaos confirmed in the process.  It has been 

shown that outbursts of quasiperiodic oscillations of large amplitude may occur spontaneously, 

but may also be triggered by a slight change in hydrogen concentration in the H2 + O2 reaction 

mixture.  Anomalous heat evolutions reaching 700 kJ/mol H2 in the outburst of quasiperiodic 

oscillations have been recorded.  Thermal effects twice as much as the heat of water formation 

have been observed in the calorimetric oxygen titration of various Pd/Al2O3 catalysts following 

their saturation with either hydrogen or deuterium, but no evidence of isotope effects has been 

found.  For the PAR designing, this seems to suggest that a possibility of thermal effects much 

larger than that resulting from the standard thermodynamical value for the gaseous water 

formation of 242 kJ/mol H2 should be taken into consideration.  The fact that these high thermal 

effects may appear spontaneously and abruptly might be a source of unexpected threats posed by 

the PAR reactor itself. 
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