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ction rates of aluminum reacting
with varying densities of supercritical water

Keena Trowell, * Sam Goroshin, David Frost and Jeffrey Bergthorson

Aluminum particles, spanning in size from 10 mm to 3 mm, were reacted with varying densities of water at

655 K. The density of the water is varied from 50 g L�1 to 450 g L�1 in order to understand the effect of

density on both reaction rates and yields. Low-density supercritical water is associated with properties

that make it an efficient oxidizer: low viscosity, high diffusion, and low relative permittivity. Despite this, it

was found that the high-density (450 g L�1) supercritical water was the most efficient oxidizer both in

terms of reaction rate and hydrogen yield. The 10 mm powder had a peak reaction rate of approximately

675 cmH2

3 min�1 gAl
�1 in the high-density water, and a peak reaction rate below 250 cmH2

3 min�1 gAl
�1

in the low- and vapour-density water. A decline in peak reaction rate with decreasing water density was

also observed for the 120 mm powder and the 3 mm slugs. These findings imply that the increased

collision frequency, a property of the high-density water, outpaces reduction in the reaction enhancing

properties associated with low-density supercritical water. Hydrogen yield was minimally affected by

decreasing the oxidizer density from 450 g L�1 to 200 g L�1, but did drop off significantly in the vapour-

density (50 g L�1) water.
1 Background

Two key challenges in the transition to a carbon-free energy
sector are the ability to store and transport clean energy, and
a fuelling option for applications that require sustained access
to high power, such as shipping. It is impractical to use
hydrogen, the presumed fuel in a decarbonized energy system,
as an energy carrier due to its low energy density. Aluminum,
produced using renewable electricity, is a more suitable energy
carrier because of its high energy density, safety, abundance
and recyclability.1 Aluminum, when reacted with water,
produces heat and hydrogen and, if the reaction is fast enough,
would entirely remove the need to ship or store hydrogen. Such
an in situ and on-demand approach to hydrogen production
would allow for its use as a fuel while circumventing the
inconvenience and safety issues related to its shipping and
storage.

High-temperature reactions using liquid water not only
produce heat that is mechanically useful, but it has also been
shown that coarse aluminum particles2 can be used as fuel in
high-temperature reactions, further improving safety and
reducing cost. The solid oxidation products, aluminum
hydroxide, are inert, non-toxic and recyclable. Carbon-free,
industrial-scale aluminum smelting is on the horizon.3 Inert
anodes, when combined with clean power, mean a carbon-free
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energy carrier, in the form of aluminum, is possible. The reac-
tion has been shown to be very powerful,4 and has garnered
interest as a potential green propellent,5,6 and for sub-marine
propulsion.7,8

A thin passivating layer of a-Al2O3, an amorphous alumina,
prevents all but the nest nano-scale aluminum powders from
oxidizing with water under normal conditions.9 The reaction
takes place at the a-Al2O3:Al interface, and therefore this layer
must be compromised before any reaction occurs. When reac-
tants are heated separately, the reaction has three steps.10

During the induction period, the rst phase, the passivating
oxide is weakened via diffusion of hydroxide (OH�) ions.9–12 The
duration of the induction period depends on the particulars of
the aluminum (size, presence of certain alloying elements, pre-
treatment, etc.), the reaction temperature, and the pH of the
uid. The hydration process breaks the Al–O–Al bonds of the a-
Al2O3 to form Al–OH bonds.12 The formation of hydroxyl-group
molecules diminishes the effective cross-link density of the
oxide and replaces O2

� with the more easily diffused OH�

ions.12 Simultaneously, a reverse reaction serves to repair the
oxide layer and eliminate OH� ions.

Rapid oxidation, the second phase, begins when the rate of
the OH�-producing reaction exceeds the rate of the reverse,
oxide-repairing reaction. During this phase, hydrogen and heat
evolve at the same time as a hydroxide. At low reaction
temperatures, or when coarse aluminum particles are used, the
hydroxide may adhere to the particle, preventing complete
oxidation.13–15 In these cases, the formed hydroxides begin to
slow, and ultimately quench, the reaction. Otherwise, the
RSC Adv., 2022, 12, 12335–12343 | 12335
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Fig. 1 The vapour dome of water with the supercritical region shaded.
The circles mark the densities of water used in this study, the star
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reaction quenches when all of the metal has been consumed. It
has been shown that complete oxidation of coarse particles is
possible when high-temperature liquid water or supercritical
water are used as the oxidizer.2

Aluminum, when reacting with water, releases approxi-
mately half of its energy as chemical energy (H2), the other half
as thermal energy, and will form one of three solid products.
The reaction pathways are shown in eqn (1)–(3). The ratio of
hydrogen to aluminum stays the same, that is 1.5 molH2

per
molAl, but the solid products change to reect the change in the
stoichiometric amount of water. The thermal products, Qn¼1,2,3,
range in value from 400–450 kJ per molAl. Experimental work
has demonstrated that the reaction pathway is a function of
temperature and pressure.2,9,16–18

2Al + 6H2O / 3H2 + 2Al(OH)3 + Q1 (1)

2Al + 4H2O / 3H2 + 2AlO(OH) + Q2 (2)

2Al + 3H2O / 3H2 + Al2O3 + Q3 (3)

The bulk of aluminum–water research for hydrogen
production has concentrated on improving reaction rates at low
temperatures. The addition of alkalis to the oxidizer,19–21 alloys
to the metals,22–24 or the use of nanopowders, which have high
specic surface areas,10,25 andmechanical activation26–30 have all
been tested. Although successful, to varying extents, at
increasing reaction rates, the approaches are hindered by
increased complexity and expense, corrosive reaction products,
and low reaction onset temperatures.31 The low reaction
temperatures are not only a safety concern, but the heat that
evolves from low temperature reactions is of low quality, which
means that, effectively, half of the energy of the fuel is wasted.

Temperature increase has been shown to also increase
reaction efficiency,2,13–15 with complete oxidation being
observed, even for large particles, under supercritical condi-
tions.2 The Arrhenius expression shows that reaction rate D
(s�1) is exponentially dependent on temperature T (K):

D ¼ A e
�

�
Ea

RT

�
(4)

with A being the pre-exponential factor, Ea being the activation
energy (kJ mol�1), and R being the universal gas constant (kJ
mol�1 K�1). What is less understood is the effect of pressure,
and consequently water density, under supercritical conditions
on rates and yields.

An increase in density (pressure) would increase A which
should serve to increase reaction efficiency. However,
increasing density also increases relative permittivity, 3, the
property which governs solubility.32 An increase in 3 decreases
the solubility of non-polar species in the uid, which may lead
to the formation of hydroxides that passivate the bulk metal
thereby slowing reaction. Vlaskin et al.39 contend that water
vapour is a more effective oxidizer than liquid water when
temperature is held constant but other studies2,10,13,15,17,25 have
reported empirical results that contradict Vlaskin's contention.
In the supercritical regime, it is unclear whether the increase in
12336 | RSC Adv., 2022, 12, 12335–12343
number density or the reaction-slowing properties of the water
will dominate.

Previous work by Trowell et al. showed that supercritical
water would fully oxidize coarse aluminum, but no attempt was
made to describe reaction rates at this temperature. In rate
studies by other researchers, low-density water was used,25 or
the study stayed below the critical temperature.14,15

In this study, aluminum powders and slugs are exposed to
varying densities of water at 655 K, just above the critical
temperature of 647 K. High-density water (z450 g L�1), low-
density water (z200 g L�1), and vapour-density water (z50 g
L�1) is used in these experiments. The specic volume of the
water used in these experiments are indicated with circles on
Fig. 1.
2 Methodology
2.1 Experimental procedure

The experiments were carried out using a purpose-built appa-
ratus, illustrated in Fig. 2. The apparatus consists of two high-
pressure micro reactors manufactured by High Pressure
Equipment Company. The top reactor was an MS-13 (10 mL
internal volume), and the bottom reactor was an MS-11 (5 mL
internal volume). A Hipco air-operated valve, also procured
from High Pressure Equipment Company, was used as a control
valve and separated the two reactors. Each reactor was tted
with a dual-output K-type thermocouple with an Inconel
sheathing to monitor temperature. A pressure transducer
(Omega) was connected to the top part of the apparatus to
monitor pressure. The reactors were heated by a 3.5 kW, semi-
cylindrical, ceramic bre heater (Watlow). A wide temperature
gradient between the top and bottom reactor was observed
during testing of the apparatus and therefore an auxiliary heater
and temperature controller were added. The auxiliary heater
was a 475W strip heater (McMaster-Carr) and was placed next to
the bottom reactor during experiments. The open side and top
of the cylindrical heater was blocked with refractory bricks to
create an oven-like environment around the reactors. Data from
the pressure transducer and both thermocouples were recorded
marks the critical point of water.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Illustration of the two-reactor apparatus used in this work. The
top reactor, which holds the water, and bottom reactor, which holds
the aluminum, are separated by a valve. Once the system stabilizes at
the experimental temperature, the valve is opened. Temperature and
pressure data are recorded for the duration of the experiment.
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using a Raspberry Pi data acquisition system. The readings from
the pressure transducer proved to be very noisy and therefore an
eighth-order polynomial was t to the data.

For each of the high- and low-density water experiments, 10 g
of water were loaded into the top reactor and the reactor sealed.
The free volume of the bottom reactor was adjusted, through
the use of stainless steel (316 SS) spheres, to create the different
densities of water. For the vapour-density water experiments, 6 g
of water were used. Approximately 0.33 g of aluminum was
loaded into the bottom reactor for each experiment. Three
forms of aluminum were used: a 10 mm powder, a 120 mm
powder, and 3 mm aluminum slugs. The powders, supplied by
Valimet are 99.7% pure aluminum. The slugs were procured
from Alfa Aesar and have a purity of 99.99%. The aluminum
samples had no coating except the naturally-occurring passiv-
ation layer and no pre-treatment was done.
© 2022 The Author(s). Published by the Royal Society of Chemistry
Once both reactors were connected, loaded, and sealed, the
heaters would be moved into place and the system heated up to
655 K, at which point the control valve would be opened and
reactants allowed to mix. The system was held at temperature
for 30 minutes, then cooled back down to room temperature.
The nal pressure was recorded before the relief valve was
opened to depressurize the system. In addition to the experi-
ments, baseline tests were also run at each density of water.
Each baseline test was set up using the protocol described
above, except no aluminum was loaded into the bottom reactor.
2.2 Data analysis

The hydrogen yield of the reaction in moles, nH2
, was determined

using the ideal gas law and the difference between the initial
pressure (P1) and the nal pressure aer cooling (P2), in bars:

nH2
¼ ðP2 � P1ÞV

RT
(5)

where V is the free volume inside the apparatus (cm3), R is the
universal gas constant in units of cm3 bar mol�1 K�1 and T is
temperature in Kelvin. In these experiments, V refers to the
internal volume of the apparatus that is not occupied by water,
or the stainless steel spheres. Moles of hydrogen are then con-
verted to cm3 of hydrogen at standard temperature and pressure
(STP) and reported as a percentage of full yield, which is
approximately 1260 cmH2

3 per gram of aluminum.
Very little on the rates of aluminum–water reactions at

temperatures above approximately 500 K has been reported in
the literature. At elevated temperatures and pressures the
solubility of hydrogen in water is signicant,33 and H2–H2O
mixtures do not behave ideally. Setiani et al.15 addressed the
challenge of hydrogen dissolution by running experiments in
different time increments, and reporting the yield of each case.
This approach gives a good rst estimate of reaction times, but
has the drawback of not capturing the induction period or, in
some cases, the onset of rapid oxidation.

In this study, we aimed to determine the dynamic evolution
of hydrogen around the critical point of water, but this region
poses particular challenges. In our experiments, a difference in
pressure, DP, is observed between the experimental runs (with
aluminum) and the correlating baseline tests (no reactive
powder). Although the DP observed can be attributed to
hydrogen evolution in the system, on its own it is insufficient to
determine instantaneous reaction yield because of the inter-
molecular behaviour of the water and hydrogen molecules.2

The critical region is notably difficult to characterize because
of the wild uctuations in pressure, with even small changes in
temperature, rendering pressure alone an unreliable indicator
of hydrogen evolution or the rate thereof. Under supercritical
conditions, and as pressure (density) of the uid increases, the
occurrence of polymeric water due to hydrogen bonding also
increases.32 At the pressures seen in these experiments, clusters
of up to 20 molecules have been reported.34

Furthermore, the H2–H2O system at temperatures above 650
K, the region of these experiments, has been reported to be
a single-phase mixture by some researchers,35 although others
RSC Adv., 2022, 12, 12335–12343 | 12337
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have proposed that at temperatures around 650 K, phase sepa-
ration does occur.36 The two phases exist in equilibrium with one
being aqueous with dissolved hydrogen, and the other being
hydrogen-rich with some dissolved H2O.36 Further evidence for
the existence of phase separation has been provided by experi-
ments by Seward and Franck, who directly observed the phase
transition point using an apparatus with optical access,33

however the exact temperature of the transition is not reported.
In the Redlich–Kwong equation of state (EOS), eqn (6), the

variable Vm is molar volume (cm3 mol�1), T is temperature in
Kelvin, P is pressure and R is the universal gas constant.

PðtÞ ¼ RTðtÞ
VmðtÞ � b

� a

VmðtÞðVmðtÞ þ bÞT0:5ðtÞ (6)

The constant a describes the attractive intermolecular forces
and b captures the repulsive forces. These constants are typi-
cally derived empirically. The Redlich–Kwong EOS can be used
to describe H2–H2O systems, if accurate a and b constants are
available. Constants proposed by Rimbach et al. for a and b for
H2–H2O mixtures have proved to be insufficiently accurate to
capture H2–H2O behaviour in the region of these experiments,
a weakness recognized by the authors themselves.36

To analyze our data, we developed an approach which assumes
a phase separation. This approach accounts for the hydrogen
present in the water-rich component by calculating the concen-
tration of hydrogen, and the hydrogen in the hydrogen-rich phase
is calculated using the Redlich–Kwong equation of state.

The concentration of hydrogen in an aqueous solution, CH2

(cm3 gH2O
�1), is the ratio between the product of the fugacity

coefficient, f, and the partial pressure of hydrogen PH2
and the

conversion factor between fugacity and concentration, Y, as
shown in eqn (7). In these calculations, the DP described above
is taken to be PH2

.

CH2
ðtÞ ¼ fPH2

ðtÞ
Y

(7)

The calculation of the fugacity coefficients used in this work
relies on expressions developed by Shaw et al.:37

ln f ¼ C1PH2
þ C2PH2

2 þ C3

�
exp

��PH2

300

�
� 1

�
(8)

C1 ¼ exp(�3.8402T0.125 + 0.5410) (9)

C2 ¼ exp(�1263 T0.5 � 15.980) (10)

C3 ¼ 300 exp(�0.11901T � 5.941) (11)

In the Shaw equations, pressure is in units of bar and
temperature is in degrees Celsius. The conversion factor data, Y,
are taken from Kishima et al.38 The volume of hydrogen in the
aqueous phase (VH2,1

, cm3) is calculated by multiplying the
concentration by the mass of water in the system. Depending on
the initial mass of water and the hydrogen yield, no more than
4% of the initial water mass is consumed, therefore the mass of
water is treated as a constant in the calculations.
12338 | RSC Adv., 2022, 12, 12335–12343
The hydrogen in the hydrogen-rich component of the mixture
was calculated using eqn (6). Pressure is in bar and the R is in the
same units as in eqn (5). For non-polar species such as hydrogen,
the constants can be calculated using eqn (12) and (13)).

a ¼ 0:42748
R2Tc

2:5

Pc

(12)

b ¼ 0:08664
RTc

Pc

(13)

Aer solving the Redlich–Kwong EOS for Vm, moles of
hydrogen, nH2

can be calculated using eqn (14) if the volume of
the hydrogen-rich phase is known.

nH2;2
ðtÞ ¼ VðtÞ

VmðtÞ (14)

The volume of the hydrogen-rich phase is equivalent to the
free volume, V(t), inside the reactor. The total reactor volume
and the volume of spheres inside the reactor is known, leaving
only the volume of water, VH2O(t), to be determined. The mole
fraction of hydrogen was always small in the aqueous phase (no
more than 0.03) therefore, for the purposes of ascertaining V(t),
the water was treated as pure water. Once again holding mass of
water constant, VH2O(t) was calculated by dividingmH2O by water
density, rH2O(t), at time t. rH2O(t), was calculated as a function of
temperature and pressure (T(t) and P(t)) using the IAPWS IF-97
water property formulations.

The total hydrogen in the system at time t, VH2
(t), is the sum

of the hydrogen in the aqueous phase, VH2,1
(t), and the hydrogen

in the hydrogen-rich phase, VH2,2
(t):

VH2
ðtÞ ¼ VH2;1

ðtÞ þ VH2;2
ðtÞ ¼ CH2

ðtÞmH2O þ nH2;2
ðtÞRTSTP

PSTP

(15)

The rate of hydrogen evolution is calculated by taking the
derivative of eqn (15)

V
�

H2
ðtÞ ¼ dVH2

dt
(16)

The authors recognize that the simplifying assumptions
made in this analysis likely leads to an overestimation of
hydrogen in the aqueous-phase (VH2,1

), by as much as 3%, and
an underestimation of the hydrogen present in the hydrogen-
phase (VH2,2

), with consequences for the rates derived. This
study aims to understand the drivers of supercritical water
oxidation around the critical point of water and therefore the
qualitative ndings are more important than the quantitative
ndings at this juncture.
3 Results
3.1 Typical pressure and temperature trace

Fig. 3 shows a typical pressure and temperature trace from an
experiment, in this case the 120 mm powder in water with
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Curves of hydrogen production of aluminum powders and
slugs in 450 g L�1 water. The 10 mmpowder reaches full hydrogen yield
with the first two minutes. The 120 mm powder and the 3 mm slugs
evolve hydrogen more slowly, with hydrogen evolving during the last
12 minutes of the experiment.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
A

pr
il 

20
22

. D
ow

nl
oa

de
d 

on
 6

/1
2/

20
26

 3
:5

9:
53

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
a density of 450 g L�1. In this gure, t ¼ 0 is the moment the
valve is opened (the heating and cooling portions of the exper-
iment are not shown). The top panel shows the raw measure-
ments of temperature and pressure, and the baseline pressure.
The difference between the two pressure lines is treated as the
partial pressure of hydrogen PH2

, and is taken to be an indicator
of the presence of a hydrogen-rich phase. The “dip” in
temperature (and consequently pressure) is due to the opening
of the valve. The slight variation in pressure is due to the
difficulty in maintaining a constant temperature in this
particular experimental apparatus.

The bottom panel shows the calculated hydrogen evolution,
comprised of the sum of the hydrogen in the aqueous phase of
the solution, VH2,1

, and the hydrogen in the hydrogen-rich phase,
VH2,2

. There is a short induction period, lasting less than one
minute, followed by the rapid evolution of hydrogen phase,
which lasts approximately 4 minutes, then a slowing of
production is observed and the total amount of hydrogen levels
off near the nal yield. The decrease in hydrogen evolution
between the 10 and 20 minute marks is an artefact of the poor
temperature control and not an indication that evolved
hydrogen is oxidizing back to water.

Hydrogen production, for all three samples in the dense
supercritical water (450 g L�1) are shown in Fig. 4. Markers relay
the hydrogen yield of each sample aer being held at temper-
ature for the full thirty minutes. In the case of the 10 mm
powder, hydrogen production is completed within the rst
three minutes, while the 120 mm powder and the slugs take
longer.

The hydrogen production rates during the rst 10 minutes of
the experiments using the 120 mm powder are shown in Fig. 5.
Aer the 10 minute mark, the production rate tapers to nearly
zero, an indication that the reaction has slowed or even
quenched. The reactions in dense water peak faster, peak
higher and last longer than the reaction in vapour-density
water. Again, the dense water reactions outperform the
vapour-density water.
Fig. 3 Typical temperature and pressure traces from an experiment wit
mental pressure and baseline pressure. (Bottom) Hydrogen in the aqueou
to determine total hydrogen as it evolves. DP, is one of the component
standard temperature and pressure.

© 2022 The Author(s). Published by the Royal Society of Chemistry
3.2 Hydrogen yield and maximum rates

The hydrogen yields, reported as a percentage of full yield are
shown in the top panel of Fig. 6 and the maximum rates are
shown in the bottom panel. The critical density at the critical
temperature is marked with a dotted grey line for reference. For
all three forms of aluminum, there is a marginal difference in
hydrogen yield between the high-density and the low-density
water. A large drop in yield is observed for the vapour-density
water. In each case there is approximately a 35% decrease in
yield from the high-density water to the vapour-density water,
compared to a difference of 0% to 5% between the high- and
low-density water. For the high- and low-density water, the 10
mm powder has a yield of 100% and nearly 100% (respectively)
before dropping to approximately 50% in the vapour-density
water. Similarly, the slugs have a hydrogen yield between 50%
and 60% in the high- and low-density water, but only 20% in the
vapour-density water. The 120 mm powder shows a similar
trend, but with a greater gap in yields between the high- and
low-density water.
h 120 mm powder and high-density water. (Top) Temperature, experi-
s phase (VH2,1

) and in the hydrogen-rich phase (VH2,2
) are added together

s used to determine hydrogen as it evolves. Volume of hydrogen is at

RSC Adv., 2022, 12, 12335–12343 | 12339
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Fig. 5 Hydrogen production of the 120 mmpowder at 655 K. The peak
rate of hydrogen evolution is highest in the high-density water.

Fig. 6 Hydrogen production rates and yields at varying densities. (Top)
Hydrogen yield as a function of water density, reported as a % of full
yield. (Bottom) Maximum hydrogen production rate. At initial water
densities above 200 g L�1, yields do not improvemuch as a function of
density whereas the maximum reaction rate increases significantly as
density increases.
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The reaction rate of the 10 mm powder is the most sensitive
to water density. In the high-density water, the maximum
reaction rate is approximately 675 cmH2

3 min�1 gAl
�1. This

peak reaction rate drops to 226 and 145 cmH2

3 min�1 gAl
�1 in

the low- and vapour-density experiments, respectively. The
decline in peak reaction rate as water density declines is
observed in the 120 mm powder and the slugs, but the drop in
12340 | RSC Adv., 2022, 12, 12335–12343
peak reaction rate as water density decreases is not as
extreme.
4 Discussion
4.1 Comparison to other work

Very little work has been carried out in the supercritical water
regime. The closest study was done by Vostrikov and coworkers
who published the results of two experiments carried out at
temperatures around the critical point.25 One of the experi-
ments is similar to the one described in this work: using water
vapour with a density of 150 g L�1 at 665 K, with aluminum
pieces that, in terms of specic surface area, were equivalent to
the 3 mm slugs used in these experiments. We found a peak
reaction rate and yield in line with their results. Vostrikov et al.
report a peak reaction rate of 120 cmH2

3 min�1 gAl
�1, which is

higher than our peak rate of 105 cmH2

3 min�1 gAl
�1 using the

200 g L�1 water. The hydrogen yield in the Vostrikov work was
47% while ours was 51%.

The main difference between the two works is that the oxide
coating on their samples was removed under a nitrogen atmo-
sphere before being loaded into the reactor. No such prepara-
tion was done on our samples. The effect of the particle
preparation is negligible in terms of the yield, but seems to
increase the peak reaction rate by approximately 15%. A higher
reaction rate is unsurprising since the goal of such surface
preparation is to increase rates. It is effective because the
induction period, during which the oxide layer must be
compromised, is eliminated allowing for a very rapid evolution
of hydrogen. It is worth noting that in both the Vostrikov work
and the experiments with the 3 mm slugs in this work, the peak
reaction rate occurs at the 2 minute mark. Aer the rst few
minutes, the advantage of the surface preparation is negated by
the usual reaction mechanisms, resulting in similar yields.

Using a 100 mm powder, and at a much lower temperature of
615 K, Setiani and coworkers found that approximately 57mmol
of hydrogen was produced in just over 1 hour, which implies
a mean reaction rate of approximately 20 cmH2

3 min�1 gAl
�1.15

Vlaskin et al. reported 95% yield in 10 minutes using a 77.5 mm
power at 640 K,14 implying a mean rate of 117 cmH2

3 min�1

gAl
�1. In both cases, liquid water was used as the oxidizer. In the

dense water experiments using the 120 mm powder, 80%
hydrogen yield was realized in the rst 5 minutes, which
correlates to a mean reaction rate of 200 cmH2

3 min�1 gAl
�1.

These few data points illustrate the exponential effect of
temperature on reaction rate described by eqn (4).
4.2 Effect of water density on reaction efficiency

The yield results of these experiments directly contradict
a reaction mechanism proposed by Vlaskin et al. in another
work.39 They assert that, at a given temperature, steam is a more
efficient oxidizer than liquid water. In this study, we nd the
exact opposite, both in terms of yield and rate. The mechanism
proposed by Vlaskin et al. neglects the fundamental, electro-
chemical nature of the reaction and fails to explain empirical
results published by others.2,10,13,15,17,25
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Viscosity (h), diffusion, and relative permittivity (3) are the
key properties of supercritical water that contribute to the
effectiveness of the uid as an oxidizer. These properties are
also greatly affected by density (pressure). The ionic product,
which has been shown to be important for reactions in the
subcritical region,2 does not change much with density in the
supercritical region.40

Low viscosity enhances mass transfer promoting diffusion-
controlled reactions.35 It is believed that the aluminum–water
reaction is at least partially diffusion-controlled12 but that other
rate-limiting steps play a role.9 When temperature is held
constant, the viscosity of supercritical water increases with
pressure, thus the reaction should be slower in high-density
water.

Mutual diffusion, J as described by Fick's law, is driven by
concentration gradients.

J ¼ �D d4

dx
(17)

At the critical point, J goes to zero, a phenomenon called
“critical slowing down”.35 This phenomenon has been shown to
be pronounced in concentrated solutions, resulting in reaction
rates of diffusion-controlled reactions that are much slower
than would be expected.35 At innite dilution, critical slowing
down must be zero. In these experiments, the solution is dilute
thus the effect is less pronounced35 but nevertheless serves to
negatively impact rates.

Tuning pressure inside the reactor vessel can inuence the
solubility properties of the uid because 3, the property that
governs the solubility properties of a uid, increases with
density in the supercritical region. The rapid change in 3 as
density increases is shown in Fig. 7. The increasing 3 is corre-
lated to a decrease in the solubility of the non-polar hydroxides
formed in the reaction. The decrease in solubility means that
the hydroxides that formmay offer some passivating effect, thus
leading to lower yields and reaction rates. It is important to note
that although 3 increases, 3 for dense supercritical water is still
Fig. 7 Relative permittivity as a function of water density at 655 K. The
open circles indicate the density of the water used in this study, the star
marks the critical density. Relative permittivity increases significantly
with density (pressure). Calculations for this figure were done using the
1997 IAPWS release on the relative permittivity of water.41

© 2022 The Author(s). Published by the Royal Society of Chemistry
only on the order of 1/10th the value of 3 for water at ambient
conditions. Taken together, the effect of increased density on
viscosity, diffusion and 3 should lead to lower reaction rates and
yields in the dense uid, but that is not what is observed.

An increase in reaction efficiency as a function of increased
reaction temperature, as described by the Arrhenius expression
(eqn (4)), has been shown by many authors.2,10,13–15,17 When
temperature is held constant, the inuence of the pre-
exponential factor emerges. The collision theory of reaction
states that for a chemical reaction to occur, particles must
collide in the correct orientation and with enough kinetic
energy to overcome the activation energy (EA) barrier. With the
temperature held constant, the kinetic energy of the oxidizer
molecules is constant but the increased density of the oxidizer
results in more collisions thereby increasing the reaction rate
and yield. In this heterogeneous reaction, the pre-exponential
factor is likely a function of both the frequency of collisions
as well as the concentration of OH� ions in the oxidizer.

As shown in the bottom panel of Fig. 6, reaction rate is
proportional to number density. A high-density uid, which has
a higher concentration of OH� ions, likely increases the rate of
absorption of OH� into the oxide/hydroxide protective layer.
This rate of absorption is thought to be part of the rate-
controlling mechanism of aluminum–water reaction. It is also
possible that the rate of hydroxide dissolution or porosity
increase in the formed hydroxides are also proportional to uid
density. An increase in either mechanism would lead to
a proportional increase in reaction rate with density.

The effect of oxidizer density on peak reaction rate is most
pronounced for the 10 mmpowder. The peak reaction rate of the
10 mm powder drops by a factor of nearly 5 when the water
density is reduced by a factor of 2.25. The difference between
the low-density water and the vapour-density water is negligible
in comparison. As particle size increases, the effect of
decreasing density is less pronounced, although in all cases the
vapour-density water results in the slowest rates.
4.3 Prompt hydrogen production

In the experiments using the high-density water, the 10 mm
powder exhibits no induction period, seeming to begin with
a non-zero amount of hydrogen (see Fig. 4). The hydrogen
production curve is nearly vertical for the rst few seconds of
the experiment. This has been observed for 100 nm and 3.8 mm
powders at lower reaction temperatures (around 368 K).10 Yavor
and coworkers showed that in 365 K liquid water, a 10 mm
powder has an induction period of approximately 1 minute, and
at 390 K the induction period is on the order of 0.6 seconds.
According to the Arrhenius law (eqn (4)), reaction rate increases
exponentially with temperature. Extrapolating from these two
points, an induction period near zero, and well below the time
resolution of the sampling rate of these experiments, is ex-
pected. The use of a valve, although it completely opens in
under 1 second, may be too slow to allow for the accurate
collection of rate data in these crucial rst few milliseconds.
The authors suggest that further experiments are needed. In
this future work, the valve should be replaced with a diaphragm,
RSC Adv., 2022, 12, 12335–12343 | 12341
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and a mechanism to assure fast mixing. The data acquisition
system should be capable of sampling on the order of
megahertz.
4.4 Hydrogen yields in pre-mixed vs. pre-heat experiments

The experiments carried out in this study can be categorized as
pre-heat experiments because the reactants were brought to
temperature separately. The experiments done in an earlier
study by the authors2 created a pre-mixed reaction regime by
heating the reactants together. Using the same materials, and
holding at temperature for the same amount of time, consis-
tently lower hydrogen yields were observed in the pre-heat
experiments. For example, it was reported that the 3 mm
slugs fully oxidized in water with a density close to the critical
density (322 g L�1) aer being held at 650 K for 30 minutes,
whereas in this study, the yield was 51% and 58% for water with
a density slightly below and above (respectively) the critical
density. Similar results are seen in the 120 mm powder.

Although in both cases the reactants are held at temperature
for 30 minutes, the reality is that in the pre-mixed protocol, the
aluminum is exposed to an effective oxidizer for much longer.
In the earlier study, the 3 mm slugs began signicantly
oxidizing at 575 K, just above the temperature corresponding to
the peak ionic product.2 The 120 mm powder also exhibited
a rapid increase in reaction efficiency around the same
temperature. This is evidence that the reaction begins once
conditions are favourable, and is sustained until the system is
cooled down or all the metal is consumed. It is possible that the
reactions in this study do not actually quench on their own but
were articially quenched by beginning the cooling procedure
aer 30 minutes. A subject of future work would be hold the
reactants at temperature longer to understand if the lower
yields in pre-heat experiments are due to the reaction self-
quenching or due to the shorter time exposure to oxidizer.
5 Conclusions

The high-density supercritical water proved to be the most
efficient oxidizer, both in terms of rates and yields, for the
aluminum powders and slugs used in this study. Three key
properties linked to enhancing oxidation, low viscosity, high
diffusion, and low relative permittivity, are properties of low-
density supercritical water. Regardless, the highest reaction
rates and hydrogen yield were observed in experiments which
used the high-density (450 g L�1) supercritical water as oxidizer.
The increased reaction efficiency can be attributed to the
increased frequency of collisions expected from a denser
oxidizer, illustrating that the benets of increased collision
frequency are greater than the drawbacks of increased viscosity
and relative permittivity.

A decline in peak reaction rate as water density decreased
was observed in all cases, and the degree of this decline
increased as particle size decreased. The decline in peak reac-
tion rate was most notable in the 10 mm powder, indicating that
ner powders are most sensitive to oxidizer density in super-
critical aluminum–water reactions. In all three samples, the
12342 | RSC Adv., 2022, 12, 12335–12343
hydrogen yields of both the high- and low-density density water
were similar, then dropped off signicantly in experiments
where vapour-density water was used. This is further evidence
that dense water is a more effective oxidizer than water vapour,
even if that water vapour is at high temperatures.

The hydrogen yields recorded in this study were lower than
a previous study conducted by the authors using the same
aluminum powders and slugs. The lower hydrogen yield is
attributable to the shorter amount of time that the aluminum in
this study was exposed to an effective oxidizer.

The results of this study are a rst attempt to characterize the
reaction rates of aluminum with supercritical water. While the
quantitative values need to be veried with further experiments
and analysis, qualitatively it can be said that dense supercritical
water is the most promising oxidizer for aluminum. High-
pressure, high-temperature aluminum–water reactions hold
the most promise for hydrogen production rates which are high
enough to meet the power demand of some of the more difficult
to decarbonize power applications.
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