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Abstract 
One of the key issues facing the global society today is to find renewable and sustainable energy 
sources. Hydrogen has gained much attention in recent years since it is one of fuels for fuel cells. 
It emits no carbon dioxide when it is used and so on. In this study, a great rate production of 
high pressure hydrogen rich gas from glycerol/water/metal mixtures was developed since gly-
cerol has become one of the enormous industrial by-products, especially from biodiesel pro- 
cessing plants. It was found that cobalt was the optimum metal additive among tested metals of 
aluminum, cobalt, magnesium and nickel in terms of a hydrogen producing rate, a hydrogen 
partial pressure and a conversion ratio from 50 mol% glycerol/water mixtures under an oper-
ating temperature of 723 K. Concretely, hydrogen rich gas with concentration about 64%H2 and 
high partial pressure about 4 MPaN,H2 could be produced at the great producing rate of 42.9 
LN,H2dm−2min−1 and high conversion ratio about 60%H2. All the produced hydrogen rich gases 
from glycerol/water/metal mixtures were by no means inferior to pure hydrogen as a fuel for 
the polymer electrolyte fuel cell. 
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1. Introduction 
The current generation has been faced with many serious problems such as global warming and exhaustion of fossil 
fuels. Hydrogen is one of the most promising alternative energies since it emits no carbon dioxide when it is used 
to power fuel cells, which must be indispensable technology for the next generation to keep anthropic activities. 

There are so many methods to produce hydrogen such as water electrolysis led as World Energy Network 
(WE-NET) project, thermal, biochemical, photonic, electro-thermal, photo-electric and photo-biochemical 
processes [1]-[5]. However, the methane steam reforming is still the most vital route for hydrogen production 
[6]. In order to establish a sustainable hydrogen society, to find fossil-fuel-free and exhaustless hydrogen 
sources is one of the key issues during the coming decades. 

Here, extrapolating trials of the developed annealing processes of inorganic powders in critical media [7] in-
cidentally provided high pressure hydrogen rich gases from methanol/water and ethanol/water with some metals 
additive under relatively low temperatures ranging from 573 to 723 K [8]. To make these incidental phenomena 
into significant steps for realizing the sustainable hydrogen society, survey of enormous wasted alcohols from 
any industries had been performed, leading to glycerol which is the main by-product from biodiesel processing 
plants, emerged as one of the potential candidates. 

Glycerol already attracted much attention as one of the semi-exhaustless hydrogen sources since it has the 
noteworthy character of decentralized chemical species [9]. And, its popular reforming methods are biological 
fermentation and catalytic steam reforming [9]-[14]. Rather low hydrogen producing rates of a few and below 
LNdm−3hr−1 have been achieved by the biological fermentations. High operating temperatures around 850 K 
have been reported favorable for the catalytic steam reforming to yield improved conversion ratios with pre-
venting carbon deposits on the catalysts simultaneously. Kinetic investigations of the catalytic glycerol steam 
reforming are still scarce in contrast to massive equilibrium outcomes. 

In this study, kinetic experiments of glycerol reforming reactions with various metals additive were carried 
out in the aims of achieving a great hydrogen producing rate and a high hydrogen partial pressure. The optimal 
operating conditions are specified clearly. Further potential strategies for the higher hydrogen partial pressure 
and the grater hydrogen producing rate are logically discussed. 

2. Experimental 
2.1. Experimental Apparatus 
Figure 1 shows a schematic drawing of the prototype high-pressure hydrogen producing apparatus. 

The main body was made of a SUS304 pipe with a 1/4 inch outer diameter and 200 mm height. Inside volume 
of the prototype apparatus was roughly 31 mL, including the upper part with SUS304 joints, a pressure indica-
tor, a safety valve and a gas sampling tap attached. The inside pressure displayed by the pressure indicator could 
be recorded by a remote monitoring system consisted of a web-camera and a PC data logger. The safety valve 
was set so that it was automatically opened if the inside pressure surpassed 15 MPa. 
 

 
Figure 1. Schematic drawing of apparatus. 
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2.2. Experimental Procedures 
Firstly, 1.5 mL of 50 mol% glycerol/water mixture and 0.5 g of a metal additive were fed into the main body 
with an end cap. The tested metals, which were all reagent grade, were aluminum, cobalt, magnesium and nick-
el. Then, the upper part was mounted, creating an airtight system. The gas initially presented inside the appara-
tus was vacuumed out, resulting the inside pressure less than 30 torr. The main body of the apparatus was sub-
mersed in a water bath, and then ultrasonic waves were irradiated for 30 min to homogenize all materials inside 
the pipe (US-5, SND Japan, bath volume: 20 L, ultrasonic frequency: 38 kHz, output power: 300 W). 

The experiments were started by inserting the main body into a cylindrical electric furnace preheated up to a 
preset operating temperature. When the inside pressure reached equilibrium value or surpassed 15 MPa, the 
main body was immersed in a large water bath at a room temperature for immediate quenching to cease any 
reactions. The chemical composition of the produced gas was measured by means of TCD gas-chromatography. 

2.3. Estimating Way for Hydrogen Producing Rate 
Since very small amount of hydrogen was detected in the case without metals additive, any metals composing 
the prototype apparatus of SUS304 could be confirmed to have no capabilities to reform glycerol/water mixture.  

Figure 2 shows time trends of the inside pressures with respect to metals additive. The measured hydrogen 
concentrations of the produced hydrogen rich gases are also filled in. It can be seen that the inside pressures 
proportionally increase over time as denoted by semi-transparent gray belts after respective initiating times less 
than 5 min before starting glycerol reforming reactions (i.e. generation of gases including hydrogen). 

Assuming that the hydrogen concentration through each experiment had been invariable, the hydrogen pro-
ducing rate could be estimated from proportionally increasing speed of the inside pressure towards time under 
an ideal gas approximation as well. 
 

 
Figure 2. Time trend of pressure inside the apparatus 
with various metals additive. 

3. Results and Discussions 
3.1. Overview of Hydrogen Productions from Glycerol/Water/Metal Mixtures at 723 K 
Here, all the produced hydrogen rich gases from glycerol/water/metal mixtures were confirmed by no means in-
ferior to a commercially available pure hydrogen as a fuel for the polymer electrolyte fuel cell, irrespective of 
their relatively low hydrogen concentrations as filled in Figure 2. Consequently, the central characteristics 
forming the core of this hydrogen rich gas production via glycerol reforming reactions with metals additive turn 
to be the hydrogen producing rate and the hydrogen partial pressure for its space-saving design so as to be ap-
plied to fuel cell systems, fuel cell vehicles, and so forth.  
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To compare these two central characteristics described in the previous paragraph viscerally, Figure 3 shows 
time trends of the hydrogen partial pressures converted at the normal condition with respect to metals additive. 
All of their base measured pressures behind are shown in Figure 2. Each of plots in Figure 3 is from the meas-
ured pressure on the assumption of the invariable hydrogen concentration throughout each experiment, taking 
into consideration the ideal gas approximation and the operating temperature as well. 

Steep increases in the hydrogen partial pressure towards time as denoted by semi-transparent gray belts (i.e. 
great-rate hydrogen production) can be clearly seen in Figure 3, excepting the case with aluminum additive. 
Since the safety valve opened before the inside pressure reached equilibrium value in the cases with cobalt and 
nickel additive, further potentials for higher hydrogen partial pressures still remain due to minor alternations of 
the prototype high-pressure hydrogen producing apparatus.  
 

 
Figure 3. Time trend of hydrogen partial pressure at 
normal condition with various metals additive. 

3.2. Optimal Metal Additive 
Table 1 shows the concrete values including the two central characteristic values with various metals additive 
tested, excluding the case with aluminum additive. 

Among tested, cobalt can be concluded the optimal metal additive for currently investigated hydrogen rich 
gas producing process via glycerol reforming reactions with metals additive. Concretely, hydrogen rich gas with 
the high partial pressure 4.04 MPaN,H2 could be produced at the great rate 42.9 LN,H2dm−2min−1 and the high 
conversion ratio 60.9%H2. Accordingly, cobalt has been used in the following experiments. 

 
Table 1. Hydrogen productions with various metals additive. 

Fixed Condition Operating Temperature: 723 K 

Metal Additive 
Characteristics of Produced Hydrogen Rich Gas 

Partial Pressure Producing Rate Conversion Ratio 

Co 4.04 MPaN,H2 42.9 LN,H2dm−2min−1 60.9% 

Mg 2.29 MPaN,H2 15.0 LN,H2dm−2min−1 43.0% 

Ni 1.63 MPaN,H2 19.8 LN,H2dm−2min−1 21.4% 

3.3. Effect of Temperature on Hydrogen Rich Gas Production 
Figure 4 shows time trends of the hydrogen partial pressure at the normal condition from glycerol/water/cobalt 
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mixtures under an operating temperature of 573 K together with that under 723 K, which is completely the same 
as shown in Figure 3. 

Naturally, slower increase in the hydrogen partial pressure towards time can be obtained at the lower operat-
ing temperature of 573 K. In order to evaluate the effect of temperature on the hydrogen rich gas production 
from glycerol/water/cobalt mixtures, the important values are collected up in Table 2. Table 2 also includes the 
concrete values in the cases with other metals additive of aluminum, magnesium and nickel as bases for quantit-
ative comparisons to discuss for the optimal operating temperature. 

The obtained hydrogen producing rate 1.96 LN,H2dm−2min−1 and hydrogen partial pressure 1.90 MPaN,H2 from 
glycerol/water/cobalt mixture at 573 K are supposed not so bad values in contrast to the cases with other metals 
additive at 723 K, taking heating temperature differences into consideration. Therefore, it is found that this hy-
drogen rich gas production via glycerol reforming reactions with cobalt additive is workable under quite a low 
temperature of 573 K. 

Nevertheless, far better hydrogen producing rate and hydrogen partial pressure (i.e. great rate of hydrogen 
production 42.9 LN,H2dm−2min−1 and quite high hydrogen partial pressure 4.04 MPaN,H2) from glycerol/water/ 
cobalt mixture at 723 K can be realized. Moreover, the operating temperature of 723 K is rather low, comparing 
with other hydrogen producing methods such as methane steam reforming, UT-3 and IS process [2] [15]-[17]. 
Then, operating temperatures around 723 K and above are concluded favorable for this hydrogen rich gas pro-
duction via glycerol reforming reactions with cobalt additive in terms of the great hydrogen producing rate and 
high hydrogen partial pressure in the produced hydrogen rich gases. 
 

 
Figure 4. Time trend of hydrogen partial pressure at 
normal condition with respect to temperature. 

 
Table 2. Important values of hydrogen rich gases from glycerol/water/metal mixtures. 

Temperature Metal  
Additive 

Characteristics of Produced Hydrogen Rich Gas 

Hydrogen  
Concentration Partial Pressure Producing Rate Conversion Ratio 

573 K Co 40.0%H2 1.90 MPaN,H2 1.96 LN,H2dm−2min−1 39.0% 

723 K Co 64.2%H2 4.04 MPaN,H2 42.9 LN,H2dm−2min−1 60.9% 

723 K Al 91.0%H2 3.43 MPaN,H2 5.2 LN,H2dm−2min−1 49.0% 

723 K Mg 91.0%H2 2.29 MPaN,H2 15.0 LN,H2dm−2min−1 43.0% 

723 K Ni 25.9%H2 1.63 MPaN,H2 19.8 LN,H2dm−2min−1 21.4% 
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4. Conclusions 
A grate rate production of high pressure hydrogen rich gases from glycerol/water/metal mixtures was experi-
mentally developed. 

The results indicated that cobalt was the optimum metal additive in terms of a hydrogen producing rate, a hy-
drogen partial pressure and a conversion ratio. Concretely, hydrogen rich gas with the high hydrogen partial 
pressure about 4 MPaN,H2 could be produced at the great producing rate of 42.9 LN,H2dm−2min−1 and high con-
version ratio 60.9%H2. 
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