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Abstract

In this study, hydrogen production by steam reforming was carried out in a tubular fixed-bed reactor. The influence of some
operating variables such as temperature, flow rate of the feeding glycerol solution and space velocity on hydrogen production
under a non-catalyzed reaction was analyzed. The results showed that the hydrogen yield increased with temperature and
decreased with the space velocity. As the feedstock flow rate increased, the hydrogen yield decreased rapidly. Compared with a
reference experiment without fixed-bed, the use of non-porous alumina fixed-bed showed better results. Under the best reaction
conditions (900 °C and a feedstock flow rate of 0.85 g/min), 17 L/h of syngas were obtained, with a purity of about 55% of
hydrogen and a production of 2.7 moles of hydrogen by mol of glycerol.
© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Currently, the development of alternative fuels is being very important due to the increase in energy demand. In
this way, hydrogen could be a suitable alternative and an important energy vector in the future. Hydrogen can be ob-
tained from different renewable and non-renewable sources (natural gas, methane, ethanol, glycerol) and processes:
steam reforming, gasification, partial oxidation, autothermal reforming, dark-fermentation, electrolysis [1]. Among
all of them, steam reforming is the most dominant method to obtain hydrogen from glycerol and other feedstocks.
However, glycerol presents some advantages compared with other sources: lower temperatures (700-900 °C) and
higher hydrogen molar flow by the same molar feedstock. According to the global steam reforming reaction (Eq. (1)),
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it is possible to obtain 7 mol of hydrogen from 1 mol of glycerol. This equation included glycerol decomposition
and water—gas shift reaction. As final product, it is obtained a gaseous mixture that contains as main components
hydrogen, methane, carbon dioxide and carbon monoxide, called synthesis gas. This syngas can be used to generate
heat and electricity, hydrogen, or synthesis of liquid fuels such as ammonia and methanol [2,3].

C;HgO3 + 3H,O — 3CO, + 7H, (D

On the other hand, reforming of glycerol for hydrogen production needs to be improved since other reactions,
like methane and coke formation, occur decreasing the rate and purity of obtained hydrogen [4]. According to
literature [5-7], high temperature, low pressure, and high water/glycerol molar ratio are suitable for hydrogen
production from glycerol steam reforming. Therefore, it is important to analyze the effect of these parameters.

Catalytic reforming is also used in the steam reforming of glycerol for hydrogen production. The most used
catalysts for this process are noble metals (Pt, Ru, Rh, Ir) or non-noble transition metals (Ni, Co, Ce, Zr) [6]. The
noble metals are highly active and less susceptible to deactivation through coke depositions, but they are expensive
and present lower availability. Then, nickel is the most used in glycerol steam reforming. Regarding catalyst support,
some materials such as alumina, zirconium dioxide or silica, have been used as metal supports for their high surface
areas, its stability of the catalyst via metal-support interactions. However, for its higher availability and low cost,
the most commonly used media are silica and alumina. The most widely used support for catalysts reformed is
y-Al,O3 due to its high chemical stability and its high specific surface.

Many researchers have investigated the effect of different catalyst and supports to obtain high yields [8], but
there are few studies related to the study of the effect of the support on the process without any other catalyst. In
this research, non-catalyzed glycerol steam reforming has been carried out in a fixed-bed reactor with alumina. The
aim of this research is to examine the effect of an alumina fixed-bed reactor on steam reforming of glycerol, and
the influence of feedstock flow rate, temperature, and space velocity.

2. Experimental
2.1. Experimental system and procedure

Fig. 1 shows a schematic drawing of the setup used, which consist of four main elements: feeding system,
fixed-bed reactor, condensates tank and gas analyzer. A mixture of water and glycerol (20 wt%) is feed to the

center of the reactor through a peristaltic pump (D25Vplus, Dinko Instruments) at different flow rates (0.35, 0.85,
1.04, and 1.48 mL/min).

Temperature
register

Reactor

Z4— Thermocouple
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Ice water bath

Fig. 1. Scheme of the experimental system: feeding system (1), fixed bed-reactor (2), condensates tank (3), and gas analyzer (4).

The fixed bed reactor consists of a boiler steel cylindric reactor with a length of 700 mm and inner diameter of
48 mm. It was placed in an electrical tubular furnace (TR4, Hobersal) for heating the reactor at two different
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operation temperatures (800 °C and 900 °C). To analyze the influence of bed height, two different operating
conditions were assessed: without alumina (named as Reference), using only a perforated metal cylinder of 70 mm
length and 30 mm of inner diameter, and with the cylinder loaded with a nonporous alumina spheres of 3 mm
diameter, 92% Al,03, density of 3670 kg m*(named as AL). In the last operating condition, two different heights
were assessed: 30 mm (which correspond with 40 g of alumina), and 60 mm (which corresponds with 80 g).

The gas products were condensed in a thermostatic bath and the condensable liquids were collected in borosil
transparent gas wash bottles of 250 mL. Finally, composition and flow rate of the dry gas was measured in a gas
analyzer (Mamos, Madur), which allows a continuous measurement and data stored of the concentration of CO,
CO,, CHy and H; (in this study, only the data related to the latter gas are shown). In all experiments, the final
reaction time was 45 min, and the measurements was carried out each minute.

2.2. Data analysis

Based on the measurements registered in each case, and considering that seven is the maximum number of moles
of hydrogen that can be produced per mol of glycerol (Eq. (1)), the following parameters were analyzed:

Gas flow rate and compositions. Both values were measured directly in the experimental system.

Feedstock flow rate. The optimization of this parameter is a considerable point since, as previous studies point
out [9], a high liquid flow rate can produce low conversion (a fact that will reduce the purity of the hydrogen
produced) while a low flow rate can provoke a low gas production (this fact would improve hydrogen purity, but
the process is less efficient). For that, hydrogen production from steam reforming of glycerol was analyzed at
different liquid flow rate (from 0.35 to 1.48 g/min).

Hydrogen production (Py»), which can be obtained as follows:

P — moles H, in gas products 2
T noles glycerolin the feedstock

Hydrogen yield (Y), which can be defined according to Eq. (3).

obtained moles H,
Y (%) = - x 100 3)
theoretical moles H,

The weight hourly space velocity (WHSV), which is inversely proportional to residence time, and gas hourly
space velocity (GHSV). Both parameters can be defined with the following equations:

mass flow rate

WHSV(h™") = x 100 4

mass of alumina

syngas flow rate

GHSV(h ™ = x 100 (5)

volume occupied by alumina

3. Results and discussion

Table 1 shows the operating conditions of all experiments and the results obtained under different bounding
conditions of temperature, fixed-bed height, material of the bed and feedstock flow rate. Some of these parameters,
such as the existence of a larger fixed-bed or the application of a higher temperature, have a direct influence on the
gas outlet flow rate. As shown in Fig. 2, the higher the temperature (considering the same fixed-bed size), the higher
the flue gas flow rate (a logical fact considering the excess of energy supplied to the reaction). What is noteworthy
is the influence of fixed-bed height on gas production. As it was observed, as the bed height was increased and the
flow rate was analyzed for different feedstock flow rates, the shape of the output flow curve changed from a linear
shape with a very low slope to a logarithmic shape with a much steeper slope. This fact shows that this parameter
has a significant influence on the gas outlet flow rate produced.

Regarding the hydrogen production (Py) and yield (Y) obtained in the process, it was observed (Table 1) that
increasing the temperature by 100 °C, under the same bed conditions, causes an increase in the order of 50%—100%
in both parameters (especially at low feedstock flow rates: 0.35 and 0.85 g/min) [10]. This fact again shows that
(1) a higher energy input favors the glycerol steam reforming endothermic reactions (1), i.e., when the temperature
increases, the reaction shifts towards hydrogen production; (2) the glycerin flow rate influences the reaction yield, as
reported in [9]. As shows in Fig. 2 the feed flow rate increases, the flow rate of gases produced increases. However,
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Table 1. Experimental conditions and results, for different bed types: only a metal cylinder (R), and cylinder loaded both with
nonporous alumina (AL).

Exp Acronym T (°O) Alumina Feedstock P Y (%) H, purity
amount flow rate (%)
(€3] (g/min)
1 R800-0.35 800 0 0.35 1.08 15.48 26.7
2 R800-0.85 800 0 0.85 0.55 7.92 37.7
3 R800-1.04 800 0 1.04 0.58 8.35 39.0
4 R800-1.48 800 0 1.48 0.42 5.98 37.0
5 R900-0.35 900 0 0.35 223 31.88 53.8
6 R900-0.85 900 0 0.85 1.06 15.19 50.9
7 R900-1.04 900 0 1.04 0.95 13.59 454
8 R900-1.48 900 0 1.48 0.61 8.76 43.0
9 AL40-800-0.35 800 40 0.35 1.17 16.72 51.6
10 ALA40-800-0.85 800 40 0.85 0.53 7.51 532
11 ALA40-800-1.04 800 40 1.04 0.62 8.91 46.9
12 ALA40-800-1.48 800 40 1.48 0.51 7.22 45.8
13 AL40-900-0.35 900 40 0.35 2.24 31.99 62.2
14 AL40-900-0.85 900 40 0.85 1.04 14.86 58.0
15 ALA40-900-1.04 900 40 1.04 0.93 13.36 54.5
16 AL40-900-1.48 900 40 1.48 0.63 8.95 45.5
17 AL80-800-0.35 800 80 0.35 1.67 23.88 434
18 AL80-800-0.85 800 80 0.85 1.45 20.72 41.8
19 AL80-800-1.04 800 80 1.04 1.54 21.98 38.2
20 ALB80-800-1.48 800 80 1.48 1.21 17.25 36.8
21 AL80-900-0.35 900 80 0.35 5.19 74.19 5717
24 AL80-900-0.85 900 80 0.85 2.66 38.01 50.7
23 AL80-900-1.04 900 80 1.04 2.45 35.04 46.2
24 ALB80-900-1.48 900 80 1.48 1.59 22.78 43.1
24
20
gle| T e il
= e e T T
2 ——
S12 /,,/’:;—""
,:Z el
& R800 —— R900
AL40-800 — — AL40-900
----- AL80-800 AL80-900
0
0.3 0.5 0.7 0.9 1.1 1.3 1.5

Feedstock flow rate (g/min)

Fig. 2. Influence of glycerin feed flow rate on the gas outlet flow rate, under different temperature and fixed-bed height conditions.

this does not cause an increase in the yield of Hy) produced. In fact, the data obtained showed that, regardless of
the working temperature, in the Reference and AL40 experiments, less than one mole of Hy) per mole of glycerol
was produced at high flow rates (1.04 and 1.48 g/min), which means that more than 50% of the gases produced at
the end of the process were not Hy().

With respect to the fixed bed influence, it was observed that, for the same conditions of temperature and flow rate,
generally, the yield increases as the bed height increases as occurs in [11], achieving in consequence the lowest yield
in the reference experiments and the highest in the AL80 experiments. In addition, it was observed that the increase
of the fixed-bed up to a considerable value (in this case 60 mm), caused that although working at temperatures of
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800 °C, the yields, gas outlet flow rates, and purity of hydrogen, were higher than those obtained in the reference
experiments, regardless of the feedstock flow rate supplied. This fact could be due to (1) the longer retention time
of the glycerin inside the reactor which favors the conversion, and (2) to the fact that the alumina acts in a certain
way as a catalyst of the reaction favoring that this takes place at a lower temperature than necessary. This would
mean that at 800 °C with a higher alumina content, an excess of energy is provided for the conversion to take place.

As it can be observed in Table 1, the syngas composition was also influenced mainly by the temperature and
feedstock flow rate. The highest amount of hydrogen purity (62%) was obtained at higher temperature (900 °C),
lower feedstock flowrate (0.35 g/min) and 40 g of alumina; however, a lower gas outlet flow rate (10 L/h) was
obtained in comparison with 80 g of alumina at same conditions (14 L/h). Thus, it is necessary to look for a
compromise solution between obtaining higher gas flows, their purity and maximum use of the glycerol feedstock.

When the alumina is placed into the reactor, it is expected that the residence time increases and the ability
to process the reagent, improving the glycerol steam reforming and therefore the hydrogen production and yield
(Y) [12]. Similar results should be obtained when feedstock flow rate decreases [13]. Fig. 3 shows that hydrogen
yield increase when de WSHYV decreases for the same amount of alumina. The same behavior was observed when
the amount of alumina was increased for the same feedstock flow rate. The values of space velocity increased
gradually with the flow rate, resulting in shorter residence time. This provoked that glycerol did not react totally
inside the reactor. According to the experimental results, the appropriated values of WHSV depend strongly on
temperature, being 1.3 h™! at 800 °C and 0.6 h~! at 900 °C.

80 2 --o - AL40-800 80 b) --o - AL80-800
—o— AL40-900 —o— AL80-900
60 60
=40 < 40
o )
= >

20

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
0.0 0.5 1.0 WHSV 1.5 2.0 2.5 WHSV

Fig. 3. Influence of WHSV on hydrogen yield at different amount of alumina: (a) 40 g, (b) 80 g.

The effect of gas hourly space velocity on hydrogen yield (Y) is shown in Fig. 4a for different conditions: 40 g
of alumina at 800 °C (AL40-800) and at 900 °C (AL40-900), 80 g of alumina at 800 °C (AL80-800) and at 900 °C
(AL80-900). It can be observed that hydrogen yield decreased when GHSV increased, especially for AL80-900,
where this parameter dropped from 74% to 22%. For AL80-800, with the same amount of alumina and lower
temperature than before, the values of Y keep constant around 20%. Similar behavior was observed for AL40-800
and AL40-900, at the highest temperature the hydrogen yield decreased from 62% to 45% when GHSV increased,
whereas at 800 °C the values were around 50%.

The gas hourly space velocity is also influenced by feedstock flow rate (Fig. 4b). High GHSV, give high synthesis
gas yields; however, the feed rate is so high that the contact time decreases and the ability to process the glycerol is
reduced, resulting in a lower yield. At longer contact times, the activity of the alumina increases since the interaction
of the glycerol and water molecules increases [12]. Combining the obtained results in both figures, it can be said
that the best results are at 80 g of alumina, 900 °C and a feedstock flow rate of 0.85 g/min.

4. Conclusions

The hydrogen production of glycerol steam reforming was carried out in an alumina fixed-bed reactor. From the
study of the main variables of steam reforming of glycerol, it can be concluded that the presence of alumina as a
fixed-bed inside the reactor favors the reaction. The same effect was observed increasing the temperature. On the
other hand, by increasing the feedstock flowrate, a greater amount of syngas is produced with lower purity, being
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Fig. 4. (a) Influence of GHSV on hydrogen yield. (b) Effect of feedstock flow rate on GHSV.

necessary to find a compromise solution between both parameters. Under the optimal reaction conditions, 17 L/h
of syngas were obtained, with a purity of about 55% of hydrogen and a production of 2.7 moles of hydrogen by
mol of glycerol.
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