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1 Introduction

With fossil fuel reserves running out in additiarthe increasing environmental concerns, solutions
sustainable energy sources are sought. Amongkhthen alternative energy sources, metal fuels have
been regarded as a promising candidate for regplthie environmental issues as they release
considerable amount of heat energy without thearadioxide formation. Bergthorson et al. [1] have
selected those metal fuels based on their 1) @ifficeactivity with atmospheric oxygen for energy
purposes, 2) costs, 3) toxicity, and 4) abundasgmas on earth. Such metals included lithium (Li),
boron (B), magnesium (Mg), aluminum (Al), silico8i), iron (Fe), and zinc (Zn). The current study
focuses on Mg particles, which are then subjeatetivb distinct aging conditions, namely a drying
condition containing silica gels within a storageclp and an atmospheric condition having moisture.
Such aging conditions affect the thermochemicaperties and change the reaction kinetic paths. The
combustion efficiency is also investigated whileywag the Q flow rate to obtain @rich and lean
condition dependencies.

The work presented marks a kinetic analysis by aoimdp the statistical information on the activation
energy values for Mg as a metal fuel. It is founat tatmospheric moisture enables Mg oxidation even
at O-lean condition while decreasing the reactivitydogating Mg hydroxides as the product of such
hygrothermal aging. However, thermally aged Mg weced heat of reaction in accordance with the
aging duration due to the decreased activationggresr increasing oxide film thickness. Also, at O
rich condition, thermally aged Mg showed an inceeiasthe heat of reaction, presumably due to more
Mg particles involved in the oxidation process. idiere, the reaction paths of the pristine Mg nieed
be subsequently modified as both hydroxides andiemfiorm during the hygrothermal aging at different
O flow rates.

2 Experimental details and kinetics calculations

2.1 Materials

Mg powder (purity: 99.9%, particle size: #) was utilized for thermochemical analysis. Albty
powder was aged to identify the temperature asagdtumidity effects on the thermal properties gt M
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The samples were packed with silica gels for drgiogditions, and another batch was kept without the
moisture absorber for atmospheric conditions. Mme types of Mg were stored in the oven at the
temperature of 74C for various thermal (accelerated) aging perio@dld 1 shows the aging conditions.

Table 1: Utilized samples and specific aging caads.

Sample label Aging conditions
Temperature Drying treatment Period
Mg #0 (Pristine) - - -
Mg #1, Mg #1-D Mg #1-D 1 week
Mg #2, Mg #2-D 71°C Mg #2-D 2 weeks
Mg #3, Mg #3-D Mg #3-D 3 weeks
Mg #4, Mg #4-D Mg #4-D 4 weeks

2.2 Thermal analysis

The various thermodynamic characteristics for ddgdnetal fuels were obtained by applying the DSC
experiments. The utilized instrument was DSC 3+ ehdédbm Mettler Toledo. In general, metals can
release substantial heats during the oxidationticmaavhile moderate heat energy must be supplied
simultaneously. Thus, the temperature range was@B€E at various heating rates of 1, 2, 3, 4, and
5 °C/min. During the experiments, oxygen gas was pexithto the furnace at different flow rates of
50 mL/min {/,,) and 100 mL/miny, ) each to identify the combustion efficiency degagan oxygen

flow conditions. Mg powder samples were put inte 40uL standard aluminum crucibles as evenly as
possible to avoid any concentrated heat localinatioing the measurement. The utilized sample weigh
was empirically obtained around 0.3~0.4mg, suitdblepreventing any self-heating problem. The

conducted experiments strictly followed the Inteior@al Confederation for Thermal Analysis and

Calorimetry Kinetics Committee’s recommendatioristfPobtain further the reliable results.

2.3 Chemical reaction kinetics extraction via thedman-isoconversional method

Based on the obtained DSC results, kinetic parametere extracted by applying the Friedman-
isoconversional method [3]. Under non-isothermaddittons which utilize various heating rategs<
dT/dt), the differential isoconversional method can égresented by the heating rate and the reaction
rate, given by Eq. (1). Taking the logarithm attbsides of Eq. (1), the activation energy)(and pre-
exponential factor (If(a)A.) can be calculated by the slope and y-intercegpectively, as shown by
Eq. (2). Here, the x-axis BT,; and the y-axis denotes I{{da/dt),,] each.

da _ -E,
ﬁE_A,exp(Rij(ﬂ) (1)
ln{[ﬁ.%} }:In[f(a)Aa]—R'? @)

wherea, T, andR indicate the reaction progress, the absolute testyre (K), and the gas constant
(J/K-mol) each. The subscriptandi represent isoconversional values and heatingcoatditions.

2.4 Statistical analysis

The extracted activation energy on the reactiorversion were utilized for statistical analysis. 8as
on the activation energy on the whole range oféfaetion progress, a normal distribution was oletin
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for each sample. Here, the calculated average y@uad the standard deviatias) (vere employed to
identify the aging effects as well as €upply conditions on Mg with respect to the stead aspect.

3 Results

3.1 Thermochemical behaviors of a pristine sample

Figure 1 shows the DSC thermograms for unaged Mglpg namely Mg #0, under 50 mL/min of O
flow rate around the furnace, at five different tivegrate conditions. Similar to other solid eneige
materials, Mg #0 showed the heating rate effedicating the initiation as well as the peak intgnef

the exothermic reactions is proportional to thetingaate. The calculated heat of reaction angtak
temperature for the current samples are depictdalie 2. The provided exothermic reactions denote
the oxidation process of Mg particles as givendn B).

2Mg (s) + Q (g) — 2MgO (s), AH = — 1,203 kJ/mol ©)
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Figure 1: DSC thermograms of Mg #0 (pristine) a¢ filifferent heating rates (1, 2, 3, 4, and
5 °C/min).

3.2 Aging effects on thermal properties

Now, the nonisothermal DSC measurements were coedlifr aged Mg metal particles. The extracted
thermal properties viz. heat of reaction and thekgemperature of unaged and 4 weeks aged samples
are provided in Table 2. The heat of reaction tdridedecrease in accordance with the aging duration
Mg #4-D only contained about 80% of the value of ¥y For peak temperatures, the aged one had
slightly increased values except for the low heatate of 1°C/min. Hygrothermal aging effects on
peak temperatures could also be found; Mg #4-Dadnd have lowered peak temperatures updo 7
when compared to the values for Mg #4. Mg partigkgh drying treatments showed better reactivity

in general although the heat performance was gimgzardless of the storage conditions, which @n b
resulted from the effect of the oxide film thickees the metal particles.

Table 2: Aging effects on thermal parameters ofrivigal fuels.

Heat of reaction,
Sample Name AH (k/g) Peak temperaturéq)
585.11 (1°C/min), 596.33 (2C/min), 599.77 (3C/min),
Mg #0 22.3420.76 607.72 (4°C/min), 606.58 (SC/min)
582.84 (1°C/min), 600.76 (2C/min), 610.91 (3C/min),
Mg #4 18.52+1.03 608.39 (4C/min), 611.48 (3C/min)
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580.03 (1°C/min), 598.02 (2C/min), 603.57 (3C/min),
609.35 (4°C/min), 606.37 (3C/min)

Mg #4-D 18.03+1.03

3.3 Aging effects on statistical parameters

Figure 2 illustrates normal distributions to thesetved Mg metal fuels on the extracted activation
energy values. Figures 2(a) and 2(b) are correlatettie obtained results conductedvaandyv,,

respectively. Aged Mg metals tended to have deetkagerage values of the activation energy whereas
standard deviations were increased. Under theoB condition, as given by Fig. 2(b), the corrasging
effects were much noticeable. For metals, the agimgess can be explained by the process of
oxidization on the surface of the particle. For Mgstabilization process right after a sudden emxe
can follow when oxide film thickness ranges ovdrim [4] as shown in Fig. 2(c), which signifies that
the aged samples in the current study have forimedxtide film which is thicker than at least Qrh.
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Figure 2: Aging effects on the activation energyNty, represented by a normal distribution and the
activation energy as a function of oxide thicknelsklg. (a) The Glean (50 mL/min), (b) the £rich
(100 mL/min), and (c) the relationship betweenation energy and oxide thinkess of Mg.

3.4 O flow rate effects — @rich conditions as tested

Table 3 shows obtained thermal parameters for gleel &g treated with drying condition. Regarding
the heat of reaction, Mg #1-D showed a decreate 80% of its pristine value. The degree of de@eas
was much rapid i, condition. After another week of aging elapsed ¢2eD), however, the released

heat tended to recover. This can be explained defiect of the oxide thickness of Mg; the activati
energy starts to decrease and stabilize ovep®.bf oxide film (Fig. 2(c)). [4] As the lowering of
energy barrier which leads to a lowered activagoergy during aging, it becomes easier for the
remained Mg to participate in the recovery of teatrof reaction. Also, thesQich condition showed a
continuously increasing trend, whereas in thde@n condition, the released heat tended to deerea
Likely the higher amount of Osupply increases the probability of oxidation leérimally aged Mg.
Meanwhile, except for the Mg #1-D case, peak teatpees increased at &b-rich conditions.

Table 3: Q flow rate effects on thermochemical parametefgl@#n-D.

Sample Heat of reactiony/H (kJ/g) Peak tempearturéd))

Name V50 VlOO VSO leO
Mg #1-D 17.81+1.52 15.48+1.41 608.85°(@min) | 596.05 (3C/min)
Mg #2-D 19.49+1.83 17.29+£1.39 608.46°(Fmin) | 610.52 (3C/min)
Mg #3-D 19.14+1.54 19.00+1.62 605.58°@min) | 605.72 (3C/min)
Mg #4-D 18.03+1.03 19.32+1.37 603.57°@min) | 604.40 (3C/min)
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In Fig. 3, Mg #0 showed a clear difference in ttagistical results depending on the fl@w rate. The
value ofs showed an inverse trend to the f@w rate whereas the was almost constant. Figure 4
elucidates the observed changes in normal disiibsidepending on the,@ow rate. Here, Fig. 4(a)
and 4(b) show the results for Mg metals aged uatteospheric conditions while Fig. 4(c) and 4(d)
indicate drying conditions. £lean and @rich conditions provided a noticeable differeneg iof Mg
metals. For Mg #n cases, ths tended to move fast to lower values with a dee@asFor Mg #n-D
cases, however, an opposite tendency is foundhkr evords, theueo had a tendency to shift quickly
towards lower values. Depending on the presengigeafoisture content during its storing conditions,
the kinetics distribution can change as metal sulgsts can be reactive to the presence of eithgeoxy
or moisture. The results for Mg #n in Fig. 4(a) &tk) showed the opposite tendency to the restilts o
Mg #0 and Mg #n-D, which signifies that the existerof the moisture can significantly alter the
combustion reaction paths for Mg metal fuels byrfimig hydroxides as opposed to oxides. During the
heating process, Mg hydroxide further decompogedvigO and HO at 332°C without oxygen supply
as shown in Eq. (4). Subsequently, thel€éan condition can give rise to a stoichiometgaation of
magnesium. However, thermally aged Mg treated yihgrcondition needs to be supplied with more
oxygen for an efficient combustion to proceed asadditional source of oxygen supply such as
Mg(OH): is in absence.

Mg(OH). (s)— MgO (s) + HO (g) at 332C, AH = — 80 kJ/mol 4)

4 Conclusion

This work has demonstrated the aging effects antbastion efficiency of Mg metal fuels based on the
thermochemical analysis. The degradation of thetingy due to accelearted aging at differentlow
conditions is observed as a decrease in heat dfisaaand the increased peak temperature during the
exothermic chemical reaction. Also, the activagorergy value of Mg decreased with aging indicating
the formation of the oxide film with its thicknesgell over 0.1um. Depending on the presence of
atmospheric moisture during aging, the reactioetics are considerably affected by the abundance of
oxygen supplied. Hygrothermally aged Mg showedddereasing trend of activation energy inl€an
conditions, which is due to more hydroxides gemnenatHHowever, the aged Mg at dry condition showed
lowered activation energy in-@ich conditions due to the formation of more oxid&herefore, the
performance of Mg in its thermochemical charactiesscan degrade upon the exposure to moisture
during the oxidation process, and the full exothenmm@action paths can change due to the appearance
of hydroxides. For effective utilization of Mg-bakmetal fuels, a close attention must be paid tb bo
the mosture condition as well as the oxidation @gmd
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Figure 3: Q flow rate effects on the activation energy for ¥y represented by a normal distribution.
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Figure 4: Q flow rate effects on the activation energy forclg metal fuels represented by a
normal distribution. (a) Mg #1, (b) Mg #4, (c) Md-®, and (d) Mg #4-D.
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