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ABSTRACT

Thermodynamic equilibrium for glycerol steam refanm to
hydrogen, carbon dioxide, carbon monoxide, methatigylene

1.0 INTRODUCTION

The last century witnessed the rise of the petrolbased
chemistry and the exploitation of fossil resources the
production of energy and chemicals. Neverthelessliiminishing
availability of these resources, together with #mironmental
issues related to greenhouse gas emissions, rethdebirth of a
new chemical industry essential (Nichele et al12)0

Hydrogen is considered as the future energy véQalles et
al., 2009), because it is clean and carbon-freeitacah be used
directly by either thermal combustion or converte electrical
energy by means of fuel cells (Benito et al., 2003y)rrently
hydrogen is produced from fossil fuels, so the amai carbon

and ethane was investigated using Gibbs free energy gioyide formed during its production is the sametret formed

minimization method. As a result, several interraggli
byproducts are formed and end up in the produegastraffecting
final purity of the hydrogen produced. Furthermdte yield of
the hydrogen depends on several process variabled) as
system pressure, temperature, and ratio of reactahe first step
to understanding the effects of the aforementioregihbles is a
complete thermodynamic analysis. In this study,

thermodynamic equilibrium analysis has been peréatifor the
steam reforming process of glycerol over the foltfayvwvariable
ranges: temperature 600-1000 K, and water-to-ghyéeed ratio
2-10%. The equilibrium concentrations of differer@mpounds
were calculated by the method of direct minimizatiof the
Gibbs free energy. The study revealed that the dmesditions for
producing hydrogen is at a temperature >600 oCpspimeric
pressure, and a molar ratio of water to glycerolle%. Under
these conditions methane production is minimized, the carbon
formation is thermodynamically inhibited.

KEY WORDS:Phenol Seam Reforming, Hydrogen
Production, Thermodynamic Analysis.

by direct combustion of these fuels (Czernik et 2002). To
reduce effectively the greenhouse effect and tbbajlwarming,
hydrogen should be produced from renewable ressutoethis
context glycerol has emerged as a promising scafrbgdrogen,
because it has a high hydrogen content and ifésasal non toxic
(Pompeo et al., 2010); moreover glycerol is themimj-product
(approximately 10 wt%) in biodiesel production from
transesterification of vegetable oils extractedrfisiomass (Haas
et al., 2006), so its employ would be highly ddseafor several
reasons. First of all, the expected increase idiegel production
will cause a glut of waste glycerol, whose dispasil rise even
further the price of biodiesel itself; it is thessential to find
useful applications for this by-product. Besideattlylycerol is a
cheap and renewable source of hydrogen, so its ogmiar
hydrogen production would be advantageous from bibid
economical and environmental point of view.

It has already been shown, thermodynamically, hyeinocan
be generated from glycerol steam reforming (SRGar{@vet al.,
2008), dry reforming (DRG) (Wang et al., 2009), cibérmal
reforming (ATRG) (Wang et al., 2009), partial oxida (POG)
(Rennard et al., 2009) and dry autothermal refog{DATRG)
(Kale and Kulkarni, 2010). POG and ATRG processagithe
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merit of fast start-up time because of the exotliemature of the
oxidation reaction. However, the steam reformingcpss
provides the higher hydrogen yield and lower sieictions rate.

A gas phase steam reforming of glycerol was alsdistl.
Adhikari et al. (Adhikari et al., 2007) analyzedetleffect of
process variables for glycerol steam reforming hg direct
minimization of Gibb free energy. They found thate tbest
condition for producing hydrogen is at the tempamtof higher
than 900 K, atmospheric pressure, and the moler odtvater to
glycerol of 9.

However, most of these studies focused on differeattants
(e.g. glycerol, CO2 and/or H20) in reforming reass. Only
Ding et al. (Chen et al.,, 2009) reported adsorp@iohanced
steam reforming of glycerol, which combined glydesteam
reforming with in situ removal of CO2. Their resylbased on a
thermodynamic analysis, showed the maximum numbarates
of hydrogen that is produced can be increased &dm7, which
can be explained by the Le Chatelier's principleotigh the
following overall reaction:

C3H803 + 3H20—~ 3CO2 + 7H2 AH298K =
127.67 kd/mol (1)

H2, CH4, CO, CO2, and C were the total productref/pus
study (Hirai et al., 2005; Soares et al., 2006; ikdh et al.,
2007). However in addition to the mentioned produdh this
work products such as C2H4 and C2H6 was also ekl
Conditions that are conducive to as well as thhtbib carbon
formation can be determined from a thermodynamialyais.
However, it should be noted that the thermodynaamaelysis
does not include the effect of the catalysts.

The aim of this study is to analyze the productibhydrogen
and other compounds and the effects of the pra@sables such
as temperature and water-to-glycerol feed ratio AR with
considering new products such as C2H4 and C2H6hnisithe
main finding of the current work. The equilibriurarcentrations
of different compounds were calculated by a dimgtimization
of G. This analysis has been performed for thenstegforming
process of glycerol over the following variable gas:
temperature 100—-1200 oC and WGFR 2-10%.

2.0 METHODOLOGY

Aspen plus 8.6 software has been used for the sisalyhe R-
Gibbs reactor with Peng—Robinson property methosl Iheen
chosen for the thermodynamic analysis. Glycerothis main
component with the maximum composition of the migtahosen
to simulate the reforming of the glycerol steanorefing. C2H4,
C2H6, CH4, CO, CO2, and H2 were measured as tloennafg

based products on experimental result for Aspens Rlade
requirement of product definition. The glycerol centration and
reaction temperature as a part of reactants conditiust be
stated. The input parameter set in the steam réfgrim because
the reactor temperature in the steam
thermodynamic analysis is controlled by externatheansfer to
the reactor and not the reactor itself (Seo e802). The range

reforming for

of 100-1200 oC and 2-10% were varied for tempeeatamnd
glycerol concentration respectively and the resws shown by
molar fractions of gas products.

3.0 RESULTS

Production of hydrogen and other compounds at rdiffe

temperatures and WGFRs has been analyzed. The steam

reforming of glycerol produces,8,, C,Hs, CH,;, CO, CQ, and
H, together with the unreacted water and glycerolerCthe
temperature and WGFR ranges analyzed, the conwersio
glycerol was always greater than 99.99%, and it dan
considered that the conversion was complete.

3.1 Ethylene and Ethane production

Fig. 2 (a) depicts the ethylene moles and molar fractn
different temperatures and WGFRs. As can be sean this
figure, the number of moles of ethylene increasis increasing
temperature until 550 and decreases again untif@58imilarly,
the number of moles of ethylene increases withiticeeasing
WGFRs. The molar fraction of ethylene is found &Higher in
case of high WGFRs. This is mainly due to the sicgmt amount
of glycerol present in the product at high WGFRise Tinreacted
water reduces the molar fraction of ethylene butmezessarily
the quantity. The greatest quantity of hydrogerprieduced at
highest amount of concentration,Hg almost shows identical

result with GH,. Fig. 2 (b) shows the ethane molar fraction as a

function of temperature. s production increases between the
temperature range of 100 to 4%0. Molar fraction of GHg also
increases with the increase WGFR with the highesbumt at
10% WGFR.
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Figure 2. Effect of temperature and glycerol conits on GH,4
molar fraction(a) and £ molar fraction(b)

1.2. Hydrogen production

Fig. 3 depicts the hydrogen moles and molar fracibdifferent
temperatures and WGFRs. As can be seen from Fighe3,
number of moles of hydrogen increases with increpsi
temperature. Similarly, the number of moles of log#m
increases with the decreasing WGFRs. The molartidracof
hydrogen is found to be higher in case of low WGFR4s is
mainly due to the significant amount of water présim the
product at high WGFRs. The unreacted water redtieesnolar
fraction of hydrogen but not necessarily the qugnTihe greatest
quantity of hydrogen is produced at excess wateralt
temperatures. The best conditions to produce hyragill be
with excess water if the purification problems dsnovercome.
At higher WGFRs, 10%, the number of moles of hyerog
produced at 1000K is lower than in 600. The number of moles
of hydrogen is at its maximum at 600 and decreases thereafter
in both cases. A similar observation was made hyefgberger
and Borup $emelsberger and Borup, 2Q0é dimethyl ether
steam reforming.
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Figure 3 Effect of temperature and glycerol compasion H
molar fraction

1.3. Methane production
CH, competes against,Hand obviously CHis not a desirable
product in the case of fproduction. Fig. 4 shows the methane
molar fraction as a function of temperature and \RGMethane
production decreases when the temperature and tGFRNV
increase. Molar fraction of CHalso decreases with the increase
in temperature and WGFR. At higher temperature9@36), the
formation CH is almost inhibited. As the temperature increases,
moles of water and CHdecrease with increasing CO, £@nd
H,. This can be attributed to the methane steam iogadtd
produce CO or C9and H as given by the following equations
(Amphlettet al., 1981):

CHy(g) + 2H,0(g) <> CO,(g) + 4Hx(Q), 2
CHy(g) + HO(g) <> CO(g) + 3H(9). 3)
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Figure 4 Effect of temperature and glycerol compasion CH,
molar fraction

1.4. Carbon monoxide and carbon dioxide production

1.5.
Oxygenated compounds CO and L£&e considered impurities
because they do not compete againstHity. 5 shows the number

of moles of CO and Cgat different temperatures under selected

WGFRs. Number of moles of CO increases with theease in

temperature but decreases with the increasing W®GfRever,

the smallest number of moles of €@as at lowest WGFR (2%)
but this occur became reverse after 550 oC urt#l highest
amount of temperature. This behavior may be atiibuo the

reformation of CH with CG, (Eq. (4)) Fatsikostast al., 2002:

CH,(g) + COyg) > 2CO(g) + 2H(9) (4)
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Figure 5 Effect of temperature and glycerol comj@sion CO
and CQ molar fraction

3.0 CONCLUSION

A thermodynamic analysis for hydrogen production digam
reforming of glycerol has been performed. The nundfemoles

of hydrogen produced is calculated based on mimigizhe

Gibbs free energy. High temperatures, atmosphegsspre and
high WGFRs favor the hydrogen production. The strelyealed
that the best conditions for producing hydrogen as a

temperature >600 oC and a molar ratio of waterlyoegol of

9:1. Under these conditions methane production iisinnized,

and carbon formation is thermodynamically inhibitédthough

water-rich feed increases the hydrogen productosignificant
amount of unreacted water is resulted in the prtduthe
behavior of this system is very similar to thatstéam reforming
of ethanol.
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