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Hydrogen as a chemical fuel and energy carrier can provide the path to solar energy
storage to overcome the intermittency issues. Hydrogen can be produced by various
methods; among them is the thermochemical water splitting of metal/metal oxide
reduction oxidization (redox) reactions. Many redox cycles were identified, including the
non-volatile redox pair, such as the iron/iron oxide. This redox pair has the capability to
produce Hydrogen with rapid reaction rates especially when it is used in powder form due
to the high specific reactive surface area. Yet, this pair suffers from sintering at
temperatures exceeding 500°C. Sintering adversely affects the Hydrogen production
process and inhibits the recycling of the powder. To overcome sintering, experimental
investigations using elemental iron and silica were conducted as detailed in this paper. The
oxidation of elemental iron (Fe) powder by steam to produce Hydrogen was carried out
using a fluidized bed reactor. The investigations aimed at developing a practical sintering
inhibition technique that can allow repeated redox cycles, stabilize the powder reactivity,
and maintain Hydrogen production. The experimental investigations involved varying the
fluidized bed temperature between 630–968°C. The steam mass flow rate was set to 2 g/
min. To inhibit sintering, solid-state mixing of crystalline, or amorphous silica with porous
iron powder was used at various iron/silica volume fractions. The investigations showed
that mixing iron with silica hinders the sintering but reduces the Hydrogen yield. Mixing iron
with crystalline silica with 0.5, 0.67, and 0.75 apparent volume fraction reduces the
Hydrogen yield compared to pure iron by 20, 30, and 45%, respectively. Mixing iron with
amorphous silica reduces the Hydrogen yield by 35 and 45%, as compared to pure iron,
for iron 0–250 and 125–355 µm particle size distribution, respectively. The Hydrogen
production rate for iron/amorphous silica mixtures surpassed that of the iron/crystalline
silica. Mixing iron with amorphous silica prevented sintering at elevated bed temperatures
in the range of 850°C, and only clumping occurred. The clumped samples restored their
original powder condition with minimum agitation. Thus, solid-state mixing of amorphous
silica with iron powder can be a promising technique to retard iron/iron oxide particles
sintering.
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INTRODUCTION

Hydrogen is abundantly available in the Universe in its non-
elemental form due to its reactivity. Sources of Hydrogen include
water and hydrocarbons. To recover Hydrogen from its available
resources, various methods are developed. Some of these methods
are commercially available such as steam methane reformation
(SMR), and others are still in research and development. In 2024,
the global Hydrogen market is anticipated to reach USD191.8
billion with a total production volume of 122.58 million tonnes.
While the current main four production processes include natural
gas steam reforming, oil partial oxidation, coal gasification, and
water electrolysis, the first two held the highest market share in
2019. The global Hydrogen market can be segmented into five
regions: Asia-Pacific, Europe, North America, Middle East and
Africa, and Central and South America. Asia-Pacific produced
the largest share of Hydrogen in 2019, followed by Europe
(GlobeNewswire, 2020).

Hydrogen that is produced by using fossil fuels is referred to as
grey Hydrogen. If Hydrogen is produced using non-renewable
energy sources, such as fossil fuels and nuclear, while meeting the
low-carbon threshold (CO2 management), then it is referred to as
blue Hydrogen (CertifHy Canada Inc., 2020; Giovannini, 2020;
Cloete et al., 2021; Woodside, 2021).

In 2019, it was reported that 70 million tons of Hydrogen are
produced and used in several applications, including ammonia
and ethanol production, oil refining, and transportation fuel
(Ogden, 1999; Roberts, 2018).

Recently interest in Hydrogen as an energy carrier and
feedstock increased as a solution for decarbonization. In
countries where solar energy is abundant and because of the
decline of the cost of solar energy technologies, green Hydrogen
(produced by using renewable energy) is being evaluated, and
several projects and feasibility assessments are being conducted.
Other countries are going through a transitional stage in which
blue Hydrogen production is being considered or even actually
produced (Gielen et al., 2019).

Direct thermal water splitting is one of the Hydrogen
production processes. This method requires extremely high
temperatures, around 2,227°C, to dissociate water into H2 and
O2. Thermochemical water splitting (TCWS) through secondary
reactions of reactive metals/metal oxides enables water splitting at
lower temperatures (Neises et al., 2008; Sattler et al., 2017). This
method can split water into its elemental constituents, Hydrogen,
and oxygen through reduction and oxidation (redox) cycles of
some reactive metals/metals’ oxides. But this method faces several
challenges including, material stability issues, hazardous or
corrosive reactants, and/or products. These challenges
necessitate the need for materials that can withstand corrosive
environments and high temperatures above 1,000°C (Abanades,
2019; Hossain et al., 2019). The high temperature required for
redox cycles can be either provided by utilizing nuclear energy or
renewable energy sources. The latter can provide a pathway for
green Hydrogen production. When renewable energy is used,
redox pairs can be placed in reactors that are placed at the focal
point of a solar-thermal power towers or a parabolic dish
(Agrafiotis et al., 2007). The German Aerospace Center (DLR)

developed reactors in which honeycomb ceramic structures
coated with active redox material of metal oxides powders
were placed in a solar receiver that is mounted at the focal
point in a solar-thermal power tower located in Cologne,
Germany (Roeb et al., 2006; Neises et al., 2008). Kodama
developed a solar chemical reactor with an internally
circulating fluidized bed irradiated from the top using
concentrated solar power (Kodama and Gokon, 2007; Gokon
et al., 2008; Xiao et al., 2012).

Nuclear power plants (NPP) can be used to provide heat for
thermochemical water splitting. The outlet temperature of the
nuclear high temperature reactor (HTR) and very high
temperature reactors (VHTRs) ranges between 850 and
1,000°C. Therefore, the thermal energy generated in the
nuclear reactor can be transferred through a specialized heat
exchanger to provide the required heat for the thermochemical
water-splitting process. One example of TCWS cycles that can be
used with nuclear reactor heat is the sulfur-iodine (S-I) three steps
cycle in which the temperature ranges between 120 and 800°C.
Another example is the three-step copper-chlorine (Cu-Cl) cycle
that requires 600°C (Verfondern, 2007; Jaszczur et al., 2016).

TCWS cycles have the potential to deliver overall system
efficiencies above 40% (T-Raissi, 2003). Various
thermochemical cycles can be used to split water and
ultimately produce Hydrogen. Over 350 cycles were identified
(Charvin et al., 2006; Charvin et al., 2008). Safari and Dincer
evaluated a four-step water splitting using iron-chlorine (Fe-Cl)
cycle. They have modeled the cycle using the Aspen Plus software
package and conducted parametric studies to assess the effect of
pressure, temperature, and steam to feed ratio on reaction
products and conversion rates (Safari and Dincer, 2020).
Abanades et al. screened water splitting cycles available in the
literature that are suitable for utilization with solar energy. They
have established a database for 280 cycles. Based on set criteria
and aiming at reducing the number of cycles to a manageable
number, 30 solar-driven water-splitting thermochemical cycles
were identified. The operating temperature of the cycles ranged
between 400 and 2,000°C. Since at higher temperatures, the cost
and availability of process chemicals will be a concern, the
maximum temperature was limited to 2,000°C (Abanades, 2019).

In general, the TCWS cycles are represented by the following
equations (André et al., 2017; Villafán-Vidales et al., 2019):

MOoxidized →MOreduced + O2 Reduction Step (1)

MOreduced + H2O→MOoxidized +H2 Oxidation Step (2)

M refers to the used metal, and MO refers to the
corresponding metal oxide. The first step, reduction,
represents the solar dissociation of the metal oxide to a lower-
valence metal oxide or elemental metal. The second step is an
exothermic hydrolysis reaction with a metal in which H2 is
liberated, and a corresponding metal oxide is formed
(Steinfeld, 2002). Both steps require high temperatures, usually
exceeding 227°C, depending on the reactive metal.

Several cycles were thermodynamically examined and tested
in solar reactors, including zinc and its oxides (ZnO/Zn) and iron
oxide (Fe3O4/FeO) redox pairs. Other redox pairs such as
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titanium oxide (TiO/TiOx), Cobalt Oxide (Co3O4/CoO), and
Manganese Oxide Mn3O4/MnO have been considered, but the
yield of Hydrogen production is too low (Steinfeld, 2002;
Milliken, 2007; Kreider et al., 2011). Of particular interest is
non-volatile iron oxide redox pairs (Fe3O4/FeO). Iron (Fe) oxides
are widely available, cheap, nontoxic, and can provide high pure
Hydrogen yield. The TCWS using iron oxides can be realized
through the following reactions:

Fe3O4 → 3Fe + 2O2 (3)

3Fe + 4H2O → Fe3O4 + 4H2 (4)

Iron oxide used in the TCWS can be in various forms and
structures, including powder, rod, and monolithic structures. If a
powder is used, it can be either in a fixed or a fluidized bed
reactor. The latter can provide higher reactivity, hence more
Hydrogen yield, due to the increased surface area of the powder.
Yet this method is faced with the challenge of the iron powder
particles sintering (cohesion/agglomeration). During sintering,
the particles start to join by forming necks leading to powder
densification. This densification is a result of the elimination of
internal pores and voids. As a result, particle fluidization and
Hydrogen yield in repetitive reactions’ cycles will be negatively
affected.

In an attempt to reduce sintering in fluidized bed reactors and
avoid attrition, admixtures of catalysts and sintering inhibitors
(usually ceramics) are used. Corradi and Ceresa, and Olsen
studied inhibiting sintering of iron oxide particles by coating
with SiO2 to study its effect on magnetic properties. They have
concluded that coating with silica improves the resistance to
temperature effects hence, retarding sintering (Ceresa, 1979;
Olsen, 1986). Clavenna et al. opined that zirconia, particularly
yttria-stabilized zirconia (YSZ), demonstrate superior
agglomeration resistance and resist attrition (erosion) at
extremely high temperatures of 1,500 and 1,600°C (Clavenna
et al., 1995). They have found that an admixture of catalytically
active metal and YSZ can hinder sintering. They recommend that
admixtures consist of YSZ and a catalyst. The YSZ particle
diameter should range between 30–150 µm and represent
80–99.5% of the total sample weight. The catalyst weight
range should be between 0.5–20% of the total sample weight.
Al-Raqom and Klausner evaluated mixing iron and zirconia
(ZrO2). They have found that the efficacy of zirconia as a
sintering inhibitor was found to be dependent on the iron and
zirconia mean particle size, particle size distribution and iron/
zirconia apparent volume ratio. Mixing iron powder with ZrO2

realized 3–7% sintering only for bed temperatures ranging
between 867 and 895°C. The Hydrogen production rate
realized by oxidizing the Fe/ZrO2 mixture was not affected
when compared to pure iron powder oxidation (Al-Raqom
and Klausner, 2014). Lei et al. evaluated the influence of MgO
coating to prevent the sintering of Fe2O3 particles in a fluidized
bed. They considered different coating methods, including
briquetting-sintering, powder method, slurry-sintering, and
high-temperature injection. Briquetting-sintering and high-
temperature injection are complicated processes and require
high operating costs. All the evaluated methods prevented

agglomeration of Fe2O3 and realized 1 h of fluidization time.
The simplest and most cost-effective method was the powder
method, which involved solid-state mixing of MgO and Fe2O3

powders (Guo et al., 2015). Other researchers explored the option
of depositing iron/iron oxide on honeycomb structures to hinder
sintering. But the coated layer formed by the deposited iron/ion
oxide can suffer from spallation with continuous reactions
(Bobek et al., 2012; Mei et al., 2013; Stehle et al., 2015).

This work was carried out to explore a practical (simple and
cost-effective) technique that can inhibit sintering in the iron/
iron oxide thermochemical water splitting cycle for Hydrogen
production. The research described evaluates using silica of two
different structures (crystalline and amorphous) as sintering
inhibitors with iron/iron oxide powders. The scope of the
experimental work is focused on the solid-state mixing of
silica (crystalline and amorphous) and iron/iron oxide powders.

METHODS

An experimental testing facility was developed to investigate the
reactivity of the various iron/sintering-inhibitor powder
combinations. The facility was constructed and operated at the
University of Florida, Gainesville, United States. The
experimental facility diagram is shown in Figure 1.

A vertical electric furnace obtained from MTI corporation is
used for the experiment. A fused quartz tube extends through the
electric furnace. The tube is 0.6 m long with a 21 mm inner
diameter. The electrical furnace controllable operational range is
continuous for a temperature range of 100–1100°C and can go as
high as 1200°C for an operational time of less than 1 h. The
furnace heating rate is 10°C/minute and is equipped with a built-
in proportional–integral–derivative (PID) controller with 30
programmable segments (+/− 1°C accuracy).

The powder is placed in the quartz tube and supported by a
distributor made of a ceramic thermal insulation material that
withstands temperatures up to 1650°C. The powder is then
fluidized by superheated steam, which is partially used for
Hydrogen production. The outlet gas from the reactor is
directed through a condenser, in which excess steam is
condensed from the Hydrogen gas flow. This condenser is
emptied into a sealed cylinder (water trap) to collect the
condensate. The Hydrogen gas is then directed into a flow
meter and then to an inverted water-filled, graduated cylinder.
The rate of Hydrogen production is recorded by the flow meter.
Hydrogen volume is visually logged by the amount of displaced
water in the graduated cylinder at normal conditions NTP
(Normal Temperature and Pressure; 20°C and 101 kPa). The
rate of Hydrogen production is recorded by an Alicat M-series
mass flow meter (Alicat Scientific, Tucson, AZ, United States)
with an operating range of 0–5 standard liters per minute (sLPM)
and uncertainty of +/− 0.8% of reading plus 0.2% of full scale.

K-type stainless-steel sheathed thermocouples are used to
monitor and record temperatures of the gas entering, exiting
the quartz reactor chamber and the fluidized bed. A national
instruments data acquisition board, NI USAB-6225 (National
Instruments, Austin, TX, United States), is used to collect the
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FIGURE 1 | Experimental Hydrogen production facility.

TABLE 1 | Experiments for iron and crystalline silica mixture.

Experiment Bed
temperature

Experiment
time

Steam Mass flow
rate

Sintering
condition

Silica apparent
volume
fraction

H2 fractional yield at
20 min

SiO2 size

(°C) (Min) (g/min) ϕ (%) (µm)

Iron-1 652 28 2 S - 53 -
Iron-2 760 29 2 S - 66 -
Iron-3 871 35 2 S - 87 -
Iron-silica-1 644 31 2 S 0.5 39 200–300
Iron-silica-2 642 33 2 S 0.5 40 200–300
Iron-silica-3 650 35 2 PS 0.67 35 200–300
Iron-silica-4 643 29 2 PS 0.75 28 200–300
Iron-silica-5 645 27 2 C 0.33 28 0–45
Iron-silica-6 632 57 2 S 0.33 26 0–45
Iron-silica-7 640 42 2 C 0.67 25 0–45
Iron-silica-8 961 23 2 S 0.67 65 45–106
Iron-silica-9 962 36 2 S 0.67 72 45–106
Iron-
silica-10

968 26 2 S 0.67 70 45–106

S, Sintered (full hard block); PS, Partially Sintered (mixed hard and soft parts); C, Clumped, soft, and can be restored to powder with minimum agitation.

TABLE 2 | Experiments for iron and amorphous silica mixture.

Experiment Bed temperature Experiment time Steam Mass
flow rate

Sintering condition H2 fractional
yield at 20 min

(°C) (Min) (g/min) (%)

Iron-3 871 35 2 S 87
DE-iron (0-250)-1 854 35 2 C 69
DE-iron (0-250)-2-OX-1 845 35 2 C 77
DE-iron (0-250)-2-OX-2 900 36 2 C 29
DE-iron (0-250)-3 845 35 2 C 68
DE-iron (125-355)-1 847 35 2 C 79
DE- iron (125-355)-2 846 36 2 C 86

DE, Diatomaceous Earth; S, Sintered (full hard block); PS, Partially Sintered (mixed hard and soft parts); C, Clumped, soft, and can be restored to powder with minimum agitation.
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thermocouples and flow meters voltage signals. A LabVIEW
virtual instrument is used to observe, control, and collect the
experimental data.

A few initial runs are conducted for each set of tests,
including reacting fresh iron powder as a base case to
compare against. The base case temperatures are set at 650
and 950°C. Table 1 lists the bed temperature that is indicative
of the reaction temperature.

The used iron powder, Ancor MH-100 (GKN Hoeganaes
Corporation, Cinnaminson, New Jersey, United States), is
99.56% pure and porous with a mean particle size of 98 μm
and a wide particle size distribution (0–250 μm). Each sample
included 25 g (9 ml) of iron powder.

To inhibit sintering, silica, both crystalline and amorphous silica
were used. The crystalline silica was obtained fromUS Silica, Katy, TX,
United States. The amorphous silica, known as Diatomaceous Earth
(DE), was from Natures Wisdom LLC, Prosper, TX, United States.
Crystalline Silica (SiO2) is regarded as an effective anti-sintering agent
(Olsen, 1986). Crystalline silica in the iron/silica mixture apparent
volume fractions (Φ) is 0.33, 0.5, 0.67, and 0.75. The crystalline silica
particle size distribution included three sets, 0–45, 45–106, and
200–300 μm. The amorphous silica in the iron/silica mixture
represented 0.67 volume fraction, and 25 g of iron powder is used
in two sets 0–250 and 125–355 µm to evaluate the effect of the particle
size distribution on sintering. The experimental investigations’ details
are listed in Tables 1, 2 for crystalline silica and amorphous silica,
respectively.

The main focus of this work is on the oxidation step since
upon the reaction of iron and steam, iron picks up mass (oxygen)
and form iron oxide. This addition of mass at high temperatures
causes sintering. The oxidation step of the reaction was carried
out using crystalline and amorphous silica. One complete cycle
that involved oxidation, reduction, and then oxidation was
carried out to assess the recyclability of the iron/silica mixture.

Before each experiment, the experimental setup was purged
with nitrogen. The nitrogen flow is initiated through the
reactor with a volumetric flow rate of 1.5 sLPM to purge
the system. The nitrogen flow continues till the desired bed
temperature is reached. After that, the superheated steam is
introduced to the powder at 2 g/min for a duration that is
shown in Tables 1, 2. The experiments were terminated when
the Hydrogen production seized. The purging procedure is
followed before and after each experiment.

To ensure that the powder mixture is fluidized, the steam was
introduced at a mass flow rate of 2 g/min (13 cm/s velocity). This
velocity exceeds the minimum fluidization velocity of the iron

powder and silica. The Minimum fluidization velocity shown in
Table 3 was obtained using the following equation (Babu et al.,
1978):

Umf �
μf
ρf dp

( �����������������(25.252 + 0.0651Ar)√ − 25.25) (5)

Where:

Umf: Minimum fluidization velocity
dp: Mean particle diameter (m)
µf: Fluid (steam) dynamic viscosity (kg/m.s)
ρf: Fluid density (kg/m3)
ρp: Particle density (kg/m3)
Ar: Archimedes number, Ar � d3pρf (ρp−ρf )g

μ2f

In the reduction step, iron oxide formed in the oxidation step is
reduced to elemental iron. The reduction reaction shown in Eq. 3
is achieved at a very high temperature exceeding 1500°C. Thus, to
maintain the powder form and prevent further sintering that will
occur if the iron oxide is reduced at high temperature (1500°C), a
reduction agent Carbon Monoxide (CO) was used to lower the
reaction temperature. This allowed for the reduction step to be
carried out at 850°C. The COwas introduced at a rate of 0.1 SLPM
for 2 h and 15 min. The reduction step is shown in Eq. 6.

Fe3O4 + 4CO→ 3Fe + 4CO2 (6)

RESULTS

Experiments were conducted to evaluate the effectiveness of
crystalline silica in hindering iron/iron oxide powder sintering.
As indicated in Table 1, all pure iron samples get sintered. The
pure iron after reaction converted tomagnetite (Fe3O4), hence the
dark black color. Figure 2 shows the sintered sample of pure iron
reacted at 850°C. The sample was solid and hard.

TABLE 3 | Minimum fluidization velocity for the powder.

SiO2 Steam Iron Steam

Dp Umf _m Dp Umf _m

(µm) (cm/s) (g/min) (µm) (cm/s) (g/min)

0–45 0.09 0.013 98 9.72 1.49
45–106 0.98 0.16
200–300 10.33 1.58

FIGURE 2 | Picture of the sintered sample after the pure iron experiment
(850°C).
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Figure 3 illustrates the samples after experiments at bed
temperatures of 645°C (clumped), 650°C (partially sintered),
and 961°C (sintered). Iron-silica-3 sample partially sintered
after reacting the sample for 35 min, as shown in Figure 3
(middle). Similarly, Iron-silica-4 partially sintered after 29 min
of reaction time. It is noticed that for the SiO2 particle size range
of 200–300 µm, the samples either partially sintered or fully
sintered. Those that sintered had a lower SiO2 volume fraction
of 0.5. This coincides with the patent disclosure of Clavenna et al.,
1995. The range of the ZrO2 mass fraction described by Clavenna
et al. was 80–99.5%, reflecting this on the SiO2 experiments
conducted in this research. This would be equivalent to 0.67
and 0.75 SiO2/Fe volume fractions.

In Iron-silica-5 and Iron-silica-7 experiments, the powder
clumped. The clumped powder was reverted to its original
loose condition with simple mechanical agitation sufficient to
break up the powder’s clumped parts. Iron-silica-6 sintered as the
experiment was run for a longer time (57 min). It is noticed that
the silica volume fraction did not affect the sintering condition for
the silica particle size range of 0–45 µm.

For the higher temperature experiments, above 950°C, all
samples sintered. The narrow particle size distribution was
used to test its effect on sintering at higher temperatures. Al-

Raqom and Klausner showed that iron mixed with ZrO2 could
hinder sintering (7% of sample sintered) at higher temperatures
reaching 898°C (Al-Raqom and Klausner, 2014).

The smaller-sized silica particles inhibited the sintering as the
sample tends to clump rather than sinter when larger particles
were used. When larger particles were used, higher silica volume
fraction reduced sintering as the samples only partially sintered.

The stoichiometric Hydrogen volume that can evolve from the
iron/steam oxidation for 25 g of iron powder was estimated to be
14.47 L. To compare the Hydrogen volume evolving from each
experiment, Hydrogen fractional yield was calculated as follows:

Hydrogen fractional yield (%) � Mass of H2 produced @ 20Min
Mass of H2 stoichiometric

(7)

Since the experiment time varied, the Hydrogen fractional
yield was estimated for each experiment after 20 min to unify the
experiment duration.

The minimum Hydrogen fractional yield averaged about 26%
for the smaller silica particle size distribution of 0–45 µm. When
the particle size was increased to 200–300 µm, the Hydrogen
fractional yield increased to an average of 38%. This means that

FIGURE 3 | Picture of the Fe/SiO2 powder after Iron-silica-5 experiment (left), Iron-silica-3 experiment (middle) and Iron-silica-8 experiment (right).

FIGURE 4 | SEM images of Iron-silica-3 (left) and Iron-silica-7 (right).
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the particle size of the sintering inhibitor can affect the reaction
kinetics as it can reduce the reactive powder surface area by
blocking it when it adheres to the surface. Figure 4 shows
scanning electron microscopy (SEM) images of iron/silica
samples of experiments Iron-silica-3 (left) and Iron-silica-7
(right). The purple particles are the SiO2, and the yellow/pink
are iron/iron oxide (Fe3O4). It is shown that the larger silica
particles do not block the iron reactive surface area while the
smaller ones are dispersed and block the reactive surface area by
intruding into the pores. The average Hydrogen fractional yield
for higher reaction temperature (above 950°C) was 69%. This
high yield is due to the higher reaction temperature.

Figure 5 displays the Hydrogen yield for iron mixed with
200–300 μm silica powder with different silica volume fractions at
650°C. Increasing the silica apparent volume fraction decreases the
Hydrogen yield. Increasing the silica apparent volume fraction to
0.5, 0.67, and 0.75 reduces the Hydrogen yield compared to pure

iron by 25, 34, and 47%, respectively. This is an average reduction
of 33% compared to pure iron that reacted for 20min at a similar
temperature range.

The Hydrogen production rate is shown in Figure 6. The
Hydrogen production rate decreased as the silica volume fraction
is increased. The maximum Hydrogen rate for iron was 1.27
sLPM, and the average maximum rate for iron/silica was 1.08
sLPM. The rate for Iron-silica-1 and Iron-silica-2 was close as
both experiments were for SiO2 volume fraction of 0.5.

Hydrogen yield for the mixed iron and silica (0–45 µm) with
various silica volume fractions at 650°C set furnace temperature is
shown in Figure 7. As observed, changing the silica volume
fraction did not reveal any difference in terms of Hydrogen yield.
Yet, it reduced Hydrogen yield by 53% as compared with pure

FIGURE 5 | Hydrogen yield for mixed iron and silica (200–300 µm) with
various silica volume fractions at 650°C (set furnace temperature).

FIGURE 6 | Hydrogen production rate for mixed iron and silica
(200–300 µm) with various silica volume fractions at 650 °C set furnace
temperature).

FIGURE 7 | Hydrogen yield for mixed iron and silica (0–45 µm) with
various silica volume fractions at 650 °C set furnace temperature.

FIGURE 8 | The Hydrogen production rate for mixed iron and silica
(0–45 µm) with various silica volume fractions at 650 °C set furnace
temperature.
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iron at 20 min of experiment time. The Hydrogen production rate
is shown in Figure 8. The Hydrogen production rate drastically
decreased to a maximum of 0.34 sLPM.

Figure 9 shows the Hydrogen yield for iron/silica (45–106 μm)
with a 0.67 volume fraction at a set bed temperature of 950°C. The
average Hydrogen production yield at 20min of experiment time was
10 L. When pure iron was reacted at 871°C, Hydrogen production
yield at 20min of experiment time was 12.6 L. Thus, at high
temperatures (950°C, set reactor temperature), the Hydrogen yield
was reduced by 21% compared to pure iron case. Unfortunately,
having iron-only experiments was not feasible as the iron sintered and
destroyed the thermocouple measuring the fluidized bed temperature
and compromised the data collection. The maximum Hydrogen
production rate dropped from 1.2 sLPM for the iron only (Iron-3)
to an average of 0.7 sLPM for the Iron-Silica mixture (Figure 10).

Another type of silica was investigated, and that was
amorphous (non-crystalline) silica, commonly known as
diatomaceous Earth. Diatomaceous Earth (DE) is a
naturally available silica source composed of prehistoric
plants’ skeletons, or diatoms, containing less than one
percent crystalline silica. The DE has irregularly shaped
diatoms; hence it is amorphous and exhibits a small
apparent density that is 260 g/L. Diatomaceous Earth melts
at 1700°C (Fighting, 2001). The food-grade DE used in the
experiments contained less than 1% silica.

The operational conditions for iron and DE experiments are
listed in Table 2. The experiments included using 25 g iron
powder in two sample size distributions of 0–250 µm and
125–355 µm mixed with DE and 0.67 volume fraction. One
reduction/oxidation (redox) cycle was carried out (DE-0-250-
2-OX-1 and 2) to evaluate the DE/Fe powder mixture’s
recyclability.

FIGURE 9 | Hydrogen yield for mixed iron and silica (45–106 µm) with
0.67 silica volume fractions at 950°C set furnace temperature, pure iron
furnace set temperature is 850°C.

FIGURE 10 | The Hydrogen production rate for mixed iron and silica
(45–106 µm) with 0.67 silica volume fractions at 950°C set furnace
temperature, pure iron furnace set temperature is 850°C.

FIGURE 11 | Hydrogen yield for mixed DE/Fe (0–250 µm) and set
furnace temperature of 850°C.

FIGURE 12 | The Hydrogen production rate for mixed DE/Fe (0–250 µm)
at set furnace temperature of 850°C.
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Iron with a particle size distribution of 0–250 µm mixed with
DE experiments is shown in Figure 11. The Hydrogen fractional
yield of the DE/Fe powder combinations averaged 71% at 850°C
average temperature, and it was 87% for pure iron powder at
871°C.

The samples with DE clumped, making it easier to proceed to
consecutive redox cycles. Comparing the Hydrogen fractional
yield (71%) for the iron (0–250 µm)/DE (800°C temperature
range) to 69% of the iron (45–106 µm)/crystalline silica (900°C
temperature range), the values were comparable.

Since the DE experiments showed better results in hindering
sintering, a complete redox cycle was attempted to evaluate the
recyclability of the DE/Femixture. TheHydrogen production rate
for this experiment is shown in Figure 12. First elemental iron
was reacted with 2 g/min steam in DE-Iron (0-250)-2-OX-1,
which is the oxidation step. Then to test the recyclability of
the mixture, a reduction step was carried out.

After the reduction step, the second oxidation step was carried
out in experiment DE-Iron (0-250)-2-OX-2. The maximum

Hydrogen production rate slightly dropped from 0.994 to
0.866 sLPM for oxidation-1 and oxidation-2, respectively, as
shown in Figure 12. The maximum average rate was 1.18
sLPM for pure iron (Iron-3).

The Hydrogen yield, shown in Figure 11, was drastically
reduced in the second oxidation step. This is attributed to the
reduction cycle’s effect, which did not realize the full reduction of
magnetite (Fe3O4), formed after the iron/steam oxidation step, to
elemental iron. The Hydrogen fractional yield dropped from 77 to
29% for oxidation-1 and oxidation-2 experiments, respectively. In
general, the Hydrogen production rate when diatomaceous Earth
is used as a sintering inhibitor with iron powder was lower than
that for the unmodified iron powder.

Throughout the experiments, mixing iron with DE led to
clumping only of the powder samples after the reaction cycles
were conducted at temperatures exceeding 800°C. As compared
to crystalline silica, this is considered a good achievement. A
picture of the DE/Fe sample before and after the reaction is shown
in Figure 13.

Another set of experiments were carried out with 125–355 µm
iron particle size distribution to investigate the effect of
eliminating the smaller particles in reducing the clumping.
The Hydrogen yield for DE/Fe (125–355 µm) is shown in
Figure 14. The Hydrogen fractional yield was 79 and 86% for
DE-Iron (125-355)-1 and DE-Iron (125-355)-2, respectively.
Both samples clumped and were crushed easily with minimum
agitation restoring their initial powder condition.

SEM images of the sample after DE-Iron (0-250)-2-OX-2
experiment under various magnifications are shown in
Figure 15. The DE adheres to the iron particles surface, as
shown in Figure 15, bottom left image. Figure 15 top right
indicates the diatoms porous structure.

DISCUSSION

Sintering is found to be inhibiting Hydrogen production in the
repetitive redox cycles. Accordingly, a series of experiments
were carried out to evaluate the effectiveness of solid-state
mixing of porous iron powder with silica (crystalline and

FIGURE 13 | DE/Fe sample before reaction (left), DE-Iron (0-250)-2-OX-1 (middle) and DE-Iron (0-250)-2-OX-2 (right).

FIGURE 14 | The Hydrogen yield for mixed DE/Fe (125–355 µm) at set
furnace temperature of 850°C.
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amorphous) in hindering the sintering of iron/iron oxide during
redox reactions. A total of ten crystalline SiO2 and five
amorphous SiO2 mixed with Fe experiments were conducted.
Various iron/silica powder combinations were inspected,
including different silica volume fractions (0.33, 0.5, 0.67,
and 0.75), iron particle distributions (0–250 and
125–355 µm) and silica size distribution (0–45, 45–106, and
200–300 µm). Initially, pure iron experiments were carried out
as a base case. All pure iron samples sintered. In the case of
crystalline SiO2, most of the samples sintered as well. It was
observed that incorporating amorphous silica in the iron
powder shows promising results in hindering sintering in the
oxidation step compared to reacting pure iron powder or iron
powder mixed with crystalline SiO2. All amorphous SiO2

samples clumped, their initial loose powder condition was
restored with minimum agitation. When the clumped DE/Fe
oxide sample was inspected, it was found that the DE particles
cling to the surface of the iron particles preventing them from
sintering, leading to soft clumping.

For the crystalline silica, the Hydrogen fractional yield at
20 min ranged between 26 and 69%. The higher yield was
observed for the silica particle size range of 45–106 µm, and
the rate of Hydrogen production was 0.7 sLPM on average. The
smaller yield was for, the smaller silica particle size distribution of
0–45 µm. This indicates that the smaller size of the silica can
inhibit Hydrogen production as it blocks some of the iron pores.
As the silica apparent volume fraction increased from 0.5, to 0.67,
and 0.75 the Hydrogen yield decreased by 25, 34 and 47% as
compared to pure iron.

The amorphous silica experiments involved varying the iron
powder particle size distribution. Two ranges were inspected,
including 0–250 and 125–355 µm and 0.67 volume fraction. One
full reduction/oxidation (redox) cycle was carried out to evaluate
the DE/Fe powder mixture’s recyclability. The Hydrogen
fractional yield of iron (0–250 µm) mixed with DE averaged
71% at 850°C average temperature, and it was 87% for pure
iron powder at 871°C.

The samples with DE clumped, making it easier to proceed to
consecutive redox cycles. The average Hydrogen fractional yield
(71%) for the iron (0–250 µm)/DE (800°C temperature range)
was comparable to that of the iron (45–106 µm)/crystalline silica
(900°C temperature range), which was 69% on average.

Since the DE/Fe mixture showed better results in terms of
sintering, its recyclability was further inspected by conducting
a complete oxidation/reduction/oxidation cycle. The mixture
went through oxidation, reduction, and then oxidation cycles.
The Hydrogen fractional yield dropped from 77 to 29% for
oxidation-1 and oxidation-2 experiments, respectively. This
decrease is attributed to the reduction cycle as the full
reduction of magnetite (Fe3O4) to elemental iron was not
realized.

In general, experiments results showed that using
amorphous silica can yield a higher Hydrogen rate
compared to crystalline silica. In crystalline silica, the
smaller the particle reduces the iron/iron oxide’s sintering.
The use of amorphous silica prevents sintering and leads to
clumping. The clumped samples can retain their initial loose
powder condition with minimum agitation.

FIGURE 15 | SEM image of the sample DE-Iron (0-250)-2-OX-2 under various magnifications.
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CONCLUSION

Sintering can hinder Hydrogen production in iron redox cycles.
The experimental assessment discussed in this work aimed at
investigating solid-state mixing of silica and iron/iron oxide
powder to inhibit sintering.

It was found that mixing iron with silica reduces the
Hydrogen yield in the first oxidation step. This is mainly
because the silica particles tend to clog some of the pores
within the porous iron, reducing the reactive surface area.
Moreover, increasing the silica apparent volume fraction
decreases the Hydrogen yield. When the crystalline silica
apparent volume fraction varied between (0.5–0.75), the
Hydrogen yield reduced by (25–47%). In the case of the DE,
amorphous silica, it is observed that the Hydrogen yield
appears to be independent of silica volume fraction.
However, it is reduced by 31% compared to pure iron. It is
believed that the smaller silica particles block the pores of the
iron powder and reduce sintering and Hydrogen production.
When comparing the Hydrogen production rate for the tested
samples, it is noted that it is higher when the iron is mixed with
the amorphous silica compared to the case of the crystalline

silica, which can be attributed to the porosity of the amorphous
silica.

The utilization of silica as a sintering inhibitor can be
further inspected to arrive at the optimum combination that
allows better Hydrogen generation in repetitive iron redox
cycles. Future work can investigate using amorphous silica
with various iron particle size ranges. Full redox cycles can be
examined to assess the recyclability of the DE-Fe mixture and
the hydrogen yield.
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