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Introduction
High growth of fossil fuels prices and tighten environmental 

requirements, which restricts emissions of the contaminants released 
to the atmosphere affected on increase of the share of energy possessed 
from renewable sources, including biomass. One of the most popular 
ways of processing vegetable oils is their transesterification, which leads 
to obtaining so called biodiesel. This process gives, beside the main 
product, technological waste, which is glycerol fraction. This waste 
contains up to 80% of glycerol and constitute average ~10 wt. % of 
produced esters. In the European Union, biodiesel use is projected to 
increase from 12.7 bln L in 2014 to its highest level of almost 14.8 bln L 
in 2020 and world biodiesel production is expected to grow up to ~38 
bln L in 2024 (Fig. 1) [1]. This means significant increase of biodiesel 
production concluding in rising problems related to utilization of the 
glycerol waste fraction.

Fig. 1. Development of the world biodiesel market –production 
and trade in bln L [1]

Beside already known applications of glycerol in pharmaceutical, food, 
cosmetics and tobacco industry or explosives materials, scientists began to 
propose new processes having their purposes in fitting up this waste (e.g. 
receiving such chemicals as dihydroxyacetone [2, 3], 1,3-propanediol [4-6], 
glycerol ethers [7, 8] and glycerol esters [9, 10]). As a result of dehydration 
can be obtained acrolein, which is an important chemical compound 
used for the production of acrylic acid [11]. Glycerol can be used as a 
biocomponent to engine fuels and even can be burned as a fuel. Wide 
information about classical and novel glycerol phase utilization processes 
can be found in reviews [e.g. 12, 13].

Another way of utilization of high amounts of glycerol waste 
fraction seems to be process of its conversion to the hydrogen and 
synthesis gases, on which products is still growing demand (e.g. for 
hydrogen fuel cells) [14]. The literature data show few routes, on 
which this process could be realized: aqueous phase reforming [15], 
autothermal reforming [16], gasification in supercritical water [17] and 
steam reforming [18, 19]. Especially big hopes are connected with 
steam reforming reaction.

Glycerol can be converted into syngas by steam reforming process 
according to the following reaction:

C3H8O3 + 3 H2O → 3 CO2 + 7 H2   (1)

This overall reaction can be written as two separate processes: 
glycerol decomposition to hydrogen and carbon monoxide (2) and 
followed by water-gas shift reaction (3):

C3H8O3 → 3 CO + 4 H2    (2)

CO + H2O ↔ CO2 + H2    (3)

From many catalytic systems used for glycerol steam reforming can 
be mentioned those based on metals such as Ru [17, 20, 21], Rh [16, 21], 
Ir [21–23], Pd [21, 24, 25], Pt [16, 21, 26–29], and Co [22]. Also different 
supports were used, including CeO2 [20, 22, 30, 31], Al2O3 [20, 21, 29, 
32], MgO [30], TiO2 [30] and ZrO2 [31]. However, the most investigated 
catalysts are those based on nickel [21, 22, 25, 28, 30, 33, 34].

Literature data show that the addition of promoters to the nickel 
catalysts can improve their properties such as: resistance to coking (K, 
Mo) and thermal stability (La, Ce) [35]. 

In contrast to the extensive literature related to the Pt-Re catalysts for 
the gasoline reforming, information on Ni-Re catalysts for the reaction of 
hydrocarbons with steam or carbon dioxide is very little. Wang et al. [36, 
37] have shown interesting properties of the nickel catalyst with 2 wt.% 
Re addition in the steam reforming of hydrocarbons reaction, particularly 
in the presence of sulphur compounds. Borowiecki et al. [38] found that 
rhenium as a promoter of nickel catalyst in the steam reforming reaction 
of methane has unusual properties. It significantly improved resistance to 
carbon deposit formation, but not only did not causes declines in activity, 
but even increased it by ~ 50%. 

Pt-Re catalyst, in the glycerol steam reforming reaction, were 
described by Dumesic et al. [26, 27, 39] and others [40–43]. 
According to our information there are no articles concerning Ni-Re 
catalysts in the glycerol steam reforming reaction.

The aim of this work was to investigate the influence of rhenium 
addition to nickel catalyst on its activity and stability in the glycerol 
steam reforming.

experimental

2.1 Catalysts preparation
Catalytic studies were carried out using the samples of a commercial 

nickel catalysts G–0117 (INS Puławy, NiO ~17 wt. %) on the alumina 
support (α–Al2O3). Pellets of catalysts were disintegrated to 0.3–0.6 
mm grains. Different amounts of rhenium (0.5, 1, 2 and 4 wt. %) from 
the aqueous solution of ammonium perrhenate 99+ (Aldrich) were 
introduced to catalysts. After impregnation catalysts were dried at 70°C 
and then calcined at 500°C for 6 hours.



sc
ie

nc
e 

• 
te

ch
ni

qu
e

nr 5/2016 • tom 70 • 267

2.2. Catalyst characterization
Some of the Ni-Re catalysts physicochemical properties were 

described in work [38].
The contents of nickel and rhenium were determined by means 

of X-ray fluorescence method by using the ED XRF Spectrometer 
(Canberra-Packard). 

The total surface area of the samples was determined by measuring 
nitrogen adsorption at the temperature of liquid nitrogen in the ASAP 
2405N (Micromeritics Instrument Corporation). The BET isotherm in 
the relative pressure range of 0.05-0.3 were obtained after degassing 
the sample at 200°C for 2 h. 

Pore volume in range 2–300 nm and the pore size distribution 
was calculated from desorption branch of the corresponding 
nitrogen isotherm by applying the Barrett, Joyner, and Halenda (BJH) 
method. The active surface area of Ni (after the reduction step) was 
determined by means of hydrogen chemisorption at 40°C by using 
Quantachrome Autosorb System (Quantachrome Instruments), 
assuming the chemisorption stoichiometry H:Ni = 1:1, and the surface 
area occupied by one hydrogen atom of 0.065 nm2 [44]. The hydrogen 
uptake due to chemisorption was then determined by extrapolating 
the straight-line part of the isotherm to zero pressure [44, 45].

The mean size of nickel crystallites was determined by two methods:
• dH from the chemisorption data, according to the formula

(4)

where: γNi – nickel density (g/cm3)
SH – surface area of the reduced Ni (m2/gNi)
• dX from the width of X-ray diffraction lines fitting the 
Warren-Scherrer equation [46].

2.3 Catalysts activity and stability measurements
Steam reforming of glycerol over Ni-Re/Al2O3 catalysts was 

conducted in a continuous down-flown fixed-bed quartz tubular reactor 
under atmospheric pressure within temperature range of 650-800°C 
(in 50°C steps). 10 mg of catalyst sample, between two quartz wool 
layers, was loaded into reactor. Before an activity measurement the 
catalysts were reduced by heating up to 800°C in hydrogen stream (20 
cm3/min) and then hold in this conditions for two hours. The aqueous 
solution of glycerol with S:C = 3 was introduced to the reactor by 
syringe pump with feed flow rate (FFR) 0.066 cm3/min. Helium was 
used as carrier gas (10 ml/min). Before mixture reach the catalyst bed it 
passed vaporizer where was heated above 290°C. The outlet products 
were condensed and separated into gas and liquid fractions. Gases 
were chromatographically analyzed for the content of H2, CO, CO2, 
CH4 and C2H4 by GC-8340 (Fisons) equipped with TCD detector and 
HayeSep DB (Alltech) packed column. Liquid phase was determined 
for unreacted glycerol by GC-2010 (Shimadzu) with FID detector using 
ZB-Wax Plus (Phenomenex) capillary column. The performance of 
the catalysts is presented in terms of H2 yield and selectivity, glycerol 
conversion degree and CO, CO2, CH4 and C2H4 selectivity, calculated 
from the following Eqs. (5 - 8):

(5)

where: Θ – diffraction angle,
l – length of the X-ray for used copper lamp (1.54179 Å),
B1 – full width at half maximum of the sample peak,
B2 - full width at half maximum of the standard.

(6)

(7)

 (8)

(9)

where: RR is the reforming ratio (7/3), defined as the ratio of moles of 
H2 to CO2 formed species i = CO, CO2, CH4 and C2H4.

Also, during liquid product analysis, other than glycerol oxygenates 
were noticed. Therefore, in fact that there were trace amounts of these 
compounds, they were not taken into account in the calculations.

Results and discussion

3.1 Catalysts characterization
Table 1 presents catalysts composition, total and active surface 

areas, pores volume and diameter and mean size of nickel crystallites. 
Rhenium addition to the nickel catalyst causes slightly decrease in total 
surface area. As it was reported in paper [47] this effect could be related 
to the changes in the pore structure of the catalysts.

Increasing amount of additive caused an increase in active surface 
area and the nickel dispersion. Average crystallite size determined by 
XRD were less than calculated from chemisorption data. This is due to 
the possibility of the occurrence of agglomerates of Ni crystallites and 
it finds confirmation in the literature [45,46].

table 1 
Properties of Ni-Re catalysts

catalyst

Amounts of 
metals

[wt. %]

total 
surface 

area

[m2/g]

Pores 
volume

[cm3/g]

Average 
pore

diameter

[Å]

active 
surface 

area 
[m2/g]

Mean size of 
nickel crystalli-

tes [nm]

Ni Re dH dX

Ni 14.0 - 6.6 0.01631 92.6 1.29 73.4 42

Ni-0.5Re 14.4 0.56 6.9 0.03256 166.3 1.47 66.1 35

Ni-1Re 14.2 0.96 6.7 0.03278 172.1 1.52 62.8 34

Ni-2Re 14.1 1.85 6.1 0.03379 190.6 1.49 63.8 29

Ni-4Re 14.4 3.52 5.8 0.03132 190.4 1.6 60.6 20

Temperature-programmed reduction (TPR) studies [38] show that 
rhenium addition to the nickel catalysts does not affect the course of 
reduction. One maximum of the reduction rate in temperature range 450–
460°C is observed. Further information and TPR profiles as well as XRD 
patterns of catalysts investigated can be found in mentioned work [38].

3.2 Catalytic performance tests
Results of the effect of the reaction temperature on catalysts 

activity are shown in Figure 2. The glycerol steam reforming process 
was carried out in temperature range 800–650°C in four 60 min long 
stages (50°C step). The best values for both glycerol conversion degree 
(close to 100%) and hydrogen selectivity were obtained at 750–800oC. 
Rhenium addition to the nickel catalyst increased conversion but only 
if Re content was up to 1 wt.% and reached the highest values for 0.5 
wt.%. Further Re addition caused lower glycerol conversion degrees. 
The same relationship is observed in case of selectivity to hydrogen, 
which can be seen in Figure 3. It was changing from ~50% at 800°C 
for Ni-1Re catalyst to ~12% at 650°C for Ni–4Re catalyst. For both 
glycerol conversion and selectivity to hydrogen 4 wt.% modifier 
addition gave the lowest values from all investigated objects.
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Figure 4 presents methane and ethylene selectivity at 650°C and 
800°C. As can be seen, the lowest values were obtained for catalysts 
with 1 wt.% Re addition and also depend on the reaction temperature. 
At 650°C selectivity to methane increased to 16% and to ethylene to 
8% from 9.8% and 2.3% in 800°C, respectively. So it means, that 
Re presence in catalyst not only increases the glycerol conversion 
rate and hydrogen production but also prevents catalyst from losing 
its activity. Production of this two gaseous products by unwanted 
side reactions could be related to carbon deposit formation at lower 
reaction temperatures [48, 49].

Fig. 2. Glycerol conversion and gaseous product selectivity over 
Ni-Re catalysts. Reaction conditions: 1 atm, 650-800oC, 

ffR 0.066 cm3/min, S/C=3

Fig. 3. Hydrogen selectivity obtained during reaction over Ni-Re catalysts. 
Reaction conditions: 1 atm, 650-800oC, ffR 0.066 cm3/min, S/C=3

Fig. 4. Methane and ethylene selectivity obtained during 
reaction over Ni-Re catalysts. Reaction conditions: 1 atm, 650oC 

and 800oC, ffR 0.066 cm3/min, S/C=3

Figure 5 depicts hydrogen yield by means of moles of hydrogen 
obtained from one mole of glycerol during steam reforming reaction. 
The highest values were obtained again by the object with 1 wt.% 
Re addition reaching 2.9 moles of H2 at 800°C and rapidly decreasing 
with the reaction temperature drop. The lowest hydrogen yield was 
received by Ni-4Re catalyst at 650°C – less than 0.3 moles.

From received results emerge thesis that the most interesting catalyst 
from investigated series is sample with 1 wt.% Re addition. In the light of 
information received from aforementioned measurements, 10 hours-long 

at 750°C stability tests were performed. For comparison Ni/Al2O3 catalyst 
without rhenium was also checked. Obtained results by means of glycerol 
conversion degree are presented in Figure 6. As can be seen Re modified 
catalyst proved to be stable during whole reaction time providing glycerol 
conversion rate above 90%, while the Ni catalyst showed in first 3 hours 
conversion drop to 64% and remained on this level till the process ended.

Fig. 5. Hydrogen production over Ni-Re catalysts. Reaction 
conditions: 1 atm, 650oC and 800oC, ffR 0.066 cm3/min, S/C=3

Fig. 6. Glycerol conversion during 10 hours–long at 750oC 
stability tests over Ni-Re catalysts

conclusions
The series of Ni/α–Al2O3 catalysts modified with different amount 

of rhenium in the steam reforming of glycerol were investigated. The 
addition of Re to the nickel catalysts caused a slight increase in the 
nickel active surface but did not affect Ni reduction course. Both the 
glycerol conversion and selectivity to hydrogen increased with Re 
addition but only up to 1 wt.%. Further addition caused depletion 
of this values. Among tested catalyst the most promising results 
were obtained by Ni–1Re catalyst by means of glycerol conversion, 
hydrogen selectivity, stability and resistant to coking. It was proved 
that catalysts activity increase with reaction temperature and get their 
maximum values at 750–800°C. 

Ni-Re catalysts proved to be active and stable in steam reforming 
of glycerol reaction and could provide syngas with high CO:H2 molar 
ratio, which can be useful for many organic synthesis.
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