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Abstract

Mechanistic kinetic models were postulated for the catalytic steam reforming of
concentrated crude ethanol on a Ni-based commercial catalyst at atmosphere
pressure in the temperature range of 673-863 K, and at different catalyst weight to
the crude ethanol molar flow rate ratio (in the range 0.9645-9.6451 kg catalyst
h/kg mole crude ethanol) in a stainless steel packed bed tubular microreactor. The
models were based on Langmuir-Hinshelwood-Hougen-Watson (LHHW) and
Eley-Rideal (ER) mechanisms. The optimization routine of Nelder-Mead simplex
algorithm was used to estimate the inherent kinetic parameters in the proposed
models. The selection of the best kinetic model amongst the rival kinetic models
was based on physicochemical, statistical and thermodynamic scrutinies. The rate
determining step for the steam reforming of concentrated crude ethanol on
Ni/AlL,O; catalyst was found to be surface reaction between chemisorbed CH;0
and O when hydrogen and oxygen were adsorbed as monomolecular species on
the catalyst surface. Excellent agreement was obtained between the experimental
rate of reaction and conversion of crude ethanol, and the simulated results, with
ADD% being +0.46.

Keywords: Crude ethanol, Steam reforming, Mechanism, Kinetic model,
Optimization, Rate-determining step.

1. Introduction

The combustion of non-renewable energy resources, such as fossil fuels,
constitutes the supply of the majority of current energy needs. However, this is
associated with the release of large quantities of greenhouse gases (GHQ),
especially carbon dioxide (CO,), nitrogen oxides (NO,), hydrocarbons and other
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Nomenclatures

AAD Average absolute deviation

B Oxygenated hydrocarbon fraction, CH,O

C Carbon dioxide

G Bulk concentration of component i , kmol/m’

C‘,f Heat capacities of component 7 in the ideal-gas state, J/K
E Ethanol

E, Backward activation energy, J/mol

E, Forward activation energy, J/mol

h Heat transfer coefficient, J/(m” s K)

I Methane (hydrocarbon)

K; Thermodynamic equilibrium adsorption coefficient

k. Mass transfer coefficient, m/s

ki, I Specific reaction rate coefficient

M Methyl (CHs;)

MO Methoxide

N Number of experimental data points

Ng, Initial molar feed rate of crude ethanol, mol/h

N; Molar rate of component i, mol/h

Ny, Initial molar feed rate of steam, mol/h

n Order of reaction
p Number of parameters

R Radius of catalyst particle, m

R, Universal gas constant, J/(mol K)

R; car Calculated rate of component i, g mol/(g cat h)

R obs Observed rate of component i, g mol/(g cat h)

S, Schmidt number, dimensionless

S2 Combined population variance

S, (=SD) Standard deviation of the difference of the means

T Reaction temperature, K

v Velocity, m

w Weight of catalyst, g

Xe Fractional conversion of crude ethanol, dimensionless
XE cale Calculated conversion of crude ethanol, dimensionless
)?E’mlc Calculated mean conversion of crude ethanol, dimensionless
XE obs Observed fractional conversion of crude ethanol, dimensionless
)?i e Observed mean conversion of crude ethanol, dimensionless
Greek Symbols

AG Gibbs free energy, J/mol

AG o5k Standard Gibbs energy of formation at 298.15 K, J/mol
AH 6 Enthalpy of adsorption, J/mol

AH® 0 Standard heats of formation at 298 K, J/mol

AHy Heat of reaction, J/mol

AS, s Entropy of adsorption, J/mol K
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Oy Bulk density of catalyst bed, kg/m’
Abbreviations

Ipd Internal pore diffusion

WP Weisz-Prater

harmful emissions such as particulate matters to the indoor and outdoor atmosphere
[1-3]. The gradual depletion of the fossil fuels reserves and efforts to combat
pollution and greenhouse gas emissions have stimulated a considerable interest in
using alternative resources of energy [4, 5]. Consequently, efforts are being geared
toward commercialization of the use of fuel cells such as the proton exchange
membrane (PEM) fuel cell. This commercialization can be used for the generation
of electric power for both electric vehicles and distributed electric power plants [6]
owing to the high-energy efficiency of the fuel cell with an overall energy
efficiency of about 85% [7]. With an equally strong interest in the use of hydrogen
as the fuel, PEM fuel cells are the most certain to meet future ultra low NO,, SO,
CO, CH4 and CO, emission targets [6]. The fast development of fuel cell
technologies and particularly of the solid polymer fuel cell (SPFC) [8] involves the
storage of a liquid fuel free from sulphur, which is crucial for processes involving
metal-based catalysts, and which will be transformable into hydrogen without
polluting emissions. Thus, hydrogen (H,) has a significant future potential as an
alternative fuel that can solve the problems of CO, emissions as well as the
emissions of other air contaminants.

There exists several routes for commercial production of hydrogen on a large
scale which include electrolysis of water using Hoffman’s apparatus, coal
gasification, as off-gases from petroleum refinery operations, steam reforming of
natural gas and other fossil fuels [9, 10], autothermal reforming (O, is added to
equilibrate the endothermicity of the steam reforming reaction) and biomass [11].
Its current worldwide production is about 5 x 10'" m® per year [12]. It is primarily
used as a feedstock in the chemical industry, for instance, in the manufacture of
ammonia and methanol, and in the refinery re-processing and conversion
processes. However, a new eco-friendly reservoir of hydrogen is needed if a
global cycle of clean and sustainable production of energy is envisaged. A
promising route for hydrogen production involves the steam reforming of
alcohols, primarily methanol and ethanol. Ethanol, a form of biomass, presents
several advantages related to natural availability, storage, handling and safety [13,
14]. Ethanol can be produced renewably from several biomass sources, including
energy plants, waste materials from agro-industries or forestry residue materials,
organic fraction of municipal solid waste, etc. It ought to be noted that about 352
liters of ethanol can be produced from approximately 1 tonne or 1 acre of wheat.
As such, ethanol provides an environmentally responsible energy source that can
significantly reduce GHG emissions [5]. The process of bio-ethanol conversion to
hydrogen has the significant advantage of being nearly CO, neutral [15], since the
CO, produced is consumed for biomass growth thus offering a nearly closed
carbon loop. Furthermore, since ethanol does not contain heteroatoms (such as
nitrogen and sulphur which can form different oxides in the presence of oxygen)
and metals, its use as source of energy does not result in emissions of NO,, SO,,
particulate matters and other toxic chemicals.
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In addition, ethanol is mostly an oxygenated hydrocarbon, which leads to
complete combustion during its application to produce power. As such, little or no
CO is produced. Thus, ethanol is economically, environmentally and strategically
attractive as an energy source. Ethanol can be a hydrogen source for countries that
lack fossil fuel resources, but have significant agricultural economy. This is
feasible because virtually any biomass can now be converted into ethanol as a
result of recent advances in biotechnology [16]. These attributes have made H,
obtained from ethanol reforming a very good energy vector, especially in fuel
cells applications. Hydrogen production from ethanol has advantages compared to
other H, production techniques, including steam reforming of methanol and
hydrocarbons. Unlike hydrocarbons, ethanol is easier to reform and is also free of
sulphur, which is a catalyst poison in the reforming of hydrocarbons [15]. Also,
unlike methanol, which is produced from hydrocarbons and has a relatively high
toxicity, ethanol is completely biomass-based and has low toxicity and as such it
provides less risk to the population [8]. The fact that methanol is derived from
fossil fuel resources also renders it an unreliable energy source in the long run.
Conclusively, amongst the various processes and primary fuels that have been
proposed for hydrogen production in fuel cell applications, steam reforming of
ethanol is very attractive. Ethanol reforming, proceeds at temperatures in the
range of 300-600°C, which is significantly lower than those required for CH, or
gasoline reforming. This is an important consideration for the improved heat
integration of fuel cell vehicles. Thermodynamic studies revealed that steam
reforming of ethanol is feasible at temperatures higher than 500 K resulting in
production of methane, carbon oxides and hydrogen as the main products [17-20].

The production of hydrogen by catalytic steam reforming of pure ethanol has
been widely investigated, with different water to ethanol molar ratios [5, 17-20, 21-
29]. In all these cases, water was needed as a co-feed to the process. Hence, there is
no need to reduce the water and organic contents of fermentation product
(fermentation broth produced from a fermentation process) since this contains
approximately 12%v/v ethanol, which is within the range of water to ethanol molar
ratios used in the literature [21-24]. Besides, by using crude ethanol, the other
organic compounds present in the fermentation broth could equally be reformed to
produce additional hydrogen. Moreover, this process eliminates the large amount of
energy wasted during distillation to remove water from fermentation broth in order
to produce dry or pure ethanol. Haga et al. [5] suggested that in order to obtain a
widespread use of ethanol for hydrogen production, the economics and energy
consumption of the ethanol production process have to be greatly improved. Thus,
by circumventing the distillation and drying step, this process of reforming crude
ethanol (obtained from fermentation broth) provides an ability to produce hydrogen
from crude ethanol solution in a cost-effective manner.

Extensive studies on hydrogen production from ethanol have been reported in
the literature [5, 13, 15, 22, 23, 25, 27, 30-34]. However, there is very little or no
exhaustive kinetic investigation on the steam reforming of crude ethanol in the
literature. Few reports are available in the literature on the mechanism of steam
reforming of ethanol [16, 35-44]. Akande [16] and Akande et al. [43] investigated
the mechanism of crude ethanol (15% v/v). They formulated their elementary steps
using Eley-Rideal (ER) mechanism and reported that the rate determining step is the
dissociation of adsorbed ethanol. Diagne et al. [37] reported the reaction mechanism
on steam reforming of ethanol over Rh-based catalyst. They suggested that the
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limiting step for the production of hydrogen from ethanol is the formation of CH,4
via the surface reaction of adsorbed oxametallacycle intermediate. All the
investigators mentioned earlier except Akande [16] and Akande et al. [43] agreed
that acetaldehyde is the most likely intermediate formed during ethanol
decomposition. Although many kinetic models have been developed for steam
reforming of ethanol (as cited above), formulation of a feasible and comprehensive
mechanistic rate expression for the reaction is sparse in the literature. Moreover,
only limited attempts [41, 42] have been made in testing the validity of their rate
expressions against experimentally obtained results. Sun et al. [42] and Vaidya and
Rodrigues [44] showed that the steam reforming of ethanol is first order with
respect to ethanol. Akande et al. [45] formulated an ER based kinetic model for
reforming of crude ethanol by assuming the dissociation of adsorbed ethanol as the
rate-limiting step. However, this model did not predict excellently the experimental
data of steam reforming of crude ethanol. Thus, there is a need to develop a new
and reliable kinetic model for the steam reforming of ethanol, which can be used for
sizing the reformer and optimization studies.

The objective of this study was to develop a feasible and comprehensive
mechanistic kinetic model for steam reforming of concentrated crude ethanol on
Ni/Al,O; catalyst based on atomic and molecular adsorption of oxygen and
hydrogen using Langmuir-Hinshelwood-Hougen-Watson (LHHW) and Eley-
Rideal (ER) approaches. The inherent kinetic parameters in the kinetic models
were estimated using Nelder-Mead simplex optimization scheme, and certain
criteria were employed with a view to discriminating amongst rival kinetic
models and thus obtain the rate-determining step for the reforming reaction.

2. Development of Mechanistic Kinetic Models for Catalytic Steam
Reforming of Concentrated Crude Ethanol

In this study, a detailed and feasible reaction mechanism for steam reforming of
concentrated crude ethanol on Ni/Al,O; catalysts was developed. A notable difference
in the proposed reaction mechanisms was in the assumption of active sites for the
adsorbed species. Since oxygen and hydrogen were involved, two modes of oxygen
and hydrogen adsorptions were considered: atomic and molecular, together with the
assumption that all adsorbed species compete on the catalyst surface.

Catalytic steam reforming of ethanol on Ni based catalyst is a process that produces
primarily hydrogen and carbon dioxide, as well as traces of carbon monoxide (about 1-2
mol%). The main reactions that occur on this type of catalyst are:

¢ Ethanol steam reforming: C,HsOH + 3H,0 — 2CO, + 6H, (D
¢ Ethanol decomposition to methane: C,HsOH — CO + H, + CH, 2
e Ethanol dehydration: C,HsOH — C,H, + H,0O 3)
e Ethanol dehydrogenation: C,HsOH — CH;CHO + H, 4)
e Ethanol decomposition to acetone: 2C,HsOH — CH3COCH; + CO + 3H, (5)
e Water-gas shift reaction: CO + H,O — CO, + H, (6)

The development of kinetic model requires a good formulation of elementary
steps from the feed materials to products. The overall reaction employed for the
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development of the kinetic models for the steam reforming of crude ethanol is
given by [44, 46]:

C,H,0H+3H,0 - 2CO, + 6H, AH,y, = +174kJ/mol 7

Ethanol was used as the representative material for crude ethanol for
simplicity and owing to its much higher concentration compared to other
components that are present in the crude ethanol mixture during the experimental
investigation of steam reforming of ethanol [43]. Empirical and mechanistic rate
models that were proposed to fit the experimental data are outlined below.

Firstly, different empirical, irreversible power law rate models that were based
on fixed feed molar flow rate were proposed as follows [47]:

(rp) = koe RTNG = kN ®)
(1) = koe RTNEN = kNEN ©)
(-r.)= koe%wg (4+N,) =kNZ(4+ N, ) (10)

Secondly, different mechanistic kinetic models were developed based on
Langmuir-Hinshelwood-Hougen-Watson (LHHW) and Eley-Rideal (ER)
approaches by considering each of the elementary steps in Cases I, II and III as the
rate-determining step and applying quasi-steady state approximation to the other
elementary reactions in the proposed mechanisms. However, in the construction of
plausible Langmuir-Hinshelwood-Hougen-Watson reaction mechanisms for the
reaction expressed in Eq. (1), both atomic and molecular hydrogen adsorptions as
well as atomic and molecular adsorptions of oxygen were considered (as stated
earlier). For the three different cases considered, the total concentration of active
sites, Cr’s (as the case may be) consists of vacant and adsorbed sites.

Case I: oxygen and hydrogen are adsorbed as atomic species, and the
following assumptions were made:

o Adsorption of crude ethanol is rate-controlling.

¢ Dissociation of adsorbed crude ethanol to form chemisorbed radicals (CH;0
and CH3;) is rate-controlling.

¢ Molecular adsorption of steam is rate-controlling.

e Surface reaction of adsorbed steam to produce surface chemisorbed oxygen
radical and free hydrogen vapour is rate-controlling.

e Surface reaction between chemisorbed CH;0 and O is rate-controlling.
e Surface reaction between chemisorbed CH; and O is rate-controlling.

e Desorption of adsorbed carbon dioxide is rate-controlling.

e Molecular arrangement of adsorbed atomic hydrogen is rate-controlling.

¢ Desorption of adsorbed molecular hydrogen is rate-controlling, we have:

Case II: oxygen and hydrogen are adsorbed as molecular species, and the
following assumptions were made:

Adsorption of crude ethanol is rate-controlling.
e 11.Dissociation of adsorbed crude ethanol to form chemisorbed radicals
(CH30 and CHj) is rate-controlling.
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e Molecular adsorption of steam is rate-controlling.

e Surface reaction of adsorbed steam to produce surface chemisorbed O, and
free hydrogen vapour is rate-controlling.

e Surface reaction between chemisorbed CH;0 and O, is rate-controlling.
e Surface reaction between chemisorbed CH; and O, is rate-controlling.
e Desorption of adsorbed carbon dioxide is rate-controlling.

e Desorption of adsorbed molecular hydrogen is rate-controlling.

Case III: For the Eley-Rideal mechanism, the following assumptions were
made to derive the rate expression for steam reforming of ethanol:

e Molecular adsorption of crude ethanol is rate-controlling.

e Dissociation of adsorbed crude ethanol into chemisorbed radicals (CH,O and
CH,) is rate-controlling.

e Surface reaction of chemisorbed CH,O with non-adsorbed water vapour is
rate-controlling.

e Surface reaction of chemisorbed CH; with non-adsorbed water vapour is
rate-controlling.

e Desorption of adsorbed carbon dioxide is rate-controlling.

3. Materials and Methods

The experimental data were obtained at atmospheric pressure (total pressure,
P, =1atm) using a packed bed reactor at reaction temperatures of 673, 763 and
863 K, and W/N,, of 0.9645 to 9.6451 g cat h/g mol crude ethanol [46]. The

crude ethanol used for the experiment by Akpan et al. [46] was analysed by High
Performance Liquid Chromatograph (HPLC), and the results are presented in Table 1.

Table 1. Composition of Crude Ethanol Used [46].

Crude ethanol Mol % Mol % on a water free
components basis
Ethanol 17.86 78.71
Lactic acid 2.90 12.76
Glycerol 1.93 8.51
Maltose 0.0023 0.01
Water 77.31 Not applicable

Based on this result, the molecular formula for the mixture was found to be
Cy17Hg140135. Thus, the stoichiometric equation for the reforming of
concentrated crude ethanol can be written as:

C217H140135 + 2.99H,0 2.17CO, + 6.06H, (1
eé

The catalyst used in the experimental investigation was a nickel based
commercial catalyst obtained from REB Research and Consulting, Ferndale, MI,
USA [46]. The Ni/Al,O5 catalyst was used because Ni enhances steam reforming
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reaction [23]. Ni also ensures C-C bond rupture of ethanol or other oxygenated
hydrocarbon components of crude ethanol [25, 26]. Moreover, nickel enhances
ethanol gasification, and reduces selectivity of acetaldehyde and acetic acid [27].
The support used was y-Al,O; because it is cheaply available, and has high
surface area and thermal stability [48]. The details of the experimental procedure
and results were reported by Akpan et al. [46]. The experiments were conducted in
the regime where mass transfer and diffusion did not affect the kinetics of reaction.

The fractional conversion, Xz of crude ethanol was calculated using the
expression below:

P kmol organics in — kmol organics out
o=

(12)

kmol organics in

Organics here refer to ethanol + lactic acid + glycerol + maltose.

For reproducibility of the experimental data, all data presented in this work
were repeated thrice and the average taken.

The experimental rates, ;, of reaction (shown in Table 2) were obtained by
differentiating the conversion, X, versus space time, W/N , data since the continuity
equation of the reaction components in a plug flow tubular reactor is given by
7 =dN/dw , Wwhere N is the vector of molar flow rates, N; , defined as
N, = N, (1 - X,) for ethanol (E); N}, =N, (6, —2.99X,), 6, =N,,, / N, for
steam (W); N.=2.17N, X, and N, =6.06N, X, are for the reaction products
(carbon dioxide (C) and hydrogen (H) respectively). The expressions for N, ,N,, , N
and N, were obtained from the stoichiometric Eq. (11). The molar flow rates of the

chemically reactive species participating in the steam reforming of concentrated crude
ethanol are presented in Table 2, with the experimental rates obtained thus:

(Cr)e_ LN dx, dx,

- = - = =] g mol crude ethanol/(g cat. h 13
Woa - dwin,) " a0 [=lg (g ) (13)

The value of the overall thermodynamic equilibrium constant, K, , was
calculated using Eq. (14) [49]:

* AGy - AHy  AH{ AC, AC;
AG. _AG U SR Gl 3 O —dT(14)

-InK, =
RT RT, RT T°% R 7o

where

r AC? T Ad | T+1 T
8 RT" dT=Aaln| —— |+ AT, + AcT02+T2T2 - (z-1), r=— (1)

0 0 0

The values of various constants in Egs. (14) and (15) are presented in next section.

In agreement with the expression given in Eq. (14), the general expression for
K, was found to be:

7295.22

+17.64 InT—9.75x 10T +1.0003x 107> — -70.338 (16).

118,475
InKg =— —a
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The Nelder-Mead modified simplex optimisation routine was used to estimate
the reaction rate constants and adsorption equilibrium constant parameters for the
steam reforming of ethanol on Ni/Al,O; catalyst. This method is quite robust,
effective, and easily implementable on a digital computer. Details of the method
with a comprehensive algorithm/information flow chart for flexible polygon
search can be found in Yang et al. [50], which was adapted in this work in
MATLAB environment. Derivative methods, although more efficient, are not
recommended because of the difficulty of performing both analytical and
numerical differentiation needed in their algorithm [51-55]. Although evaluation
of the derivatives by difference schemes can be substituted for evaluation of the
analytical derivatives, the numerical error introduced, particularly in the vicinity
of the extremum can impair the use of such substitutions.

A multi-dimensional search procedure was employed, as there were many
parameters to be estimated. The specific reaction rate and thermodynamic equilibrium
constants were obtained using the scheme discussed earlier to minimise the sum of
squares of all errors between experimental and predicted conversions. Hence, for each

model, we find K eR™ that minimizes the sum of square of the residuals, that is:

&= J(E) :\/ Z”:[X(K’Hk) = X observea ]2 (17)

& :J(K):\/Zn:[r(ﬁ’gk)_ rk,abserved]z (18)

subject to K;>0;i=1, 2, ....., m; where X(E,H) and r(ﬁ,ﬁ) are the respective
conversion and rate model as a function of K =[K1 Ky ... K, ]T , the vector of

regression parameters; and 6, the so-called space time, is the independent variable. 6,
is, of course, the value of @ at the " data point, X opserved aNA 7y opservea are the
respective observed value of X and r at the £ data point, and  is the error.

Minimisation of the sum of squares of all errors between experimental and
predicted rates was also used [as given in Eq. (18) to verify the values of the
estimated parameters, whereby the predicted rates were obtained using Eq. (13).
The number of experimental and simulated data points used in Eq. (17) or (18)
was 5. The optimization routine employed initial guesses for all constants until it
found no other values that produced a smaller error.

The sets {K;}of the required constant parameters that minimise the error as
given in Eq. (17) or (18) are the required values of the constant parameters.
Having estimated the parameters, further discrimination amongst rival models
was effected by means of an analysis of residuals, which tests the adequacy of the
models. The #-test, which tests for the significance of a regression coefficient, was
performed using the equation [56]:

3 (Xire = Foue | + XX~ Xon ]
, SJ:SC\/Es SL': i=1 Z I = b, b, (19)
n 2(n-1)

The significance of the global regression was evaluated by means of an F-test,
based upon the ratio of the mean regression sum of squares to the mean residual
sum of squares [57], given by:

‘Xam = X

Sy

t=
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F = pi- (20)

Moreover, all the kinetic models were assessed against the Boudart-Mears-
Vannice guidelines [58, 59] in order to test their thermodynamic adequacy. This
criterion for endothermic reaction is given by:

AS,, <12.2-0.0014AH,,, <10 21

where

K = —Ad + AS (22)
RT R

4. Results and Discussion

Simulations and results would be presented and discussed in this section.

4.1. Simulation results

Heat and mass transfer limitations and their respective effects would be
discussed here.

4.1.1. Heat and mass transfer limitations

It is well known that intrinsic kinetic data can only be obtained experimentally in
the absence of mass and heat transfer resistances. Theoretical criteria were used to
determine whether there were any effects of interparticle and intraparticle mass
and heat transfer limitations on the rate of steam reforming of crude ethanol on
Ni/Al,O; catalysts at the highest temperature of 863 K used for the reforming
reaction. This is due to the fact that the severest mass and heat transfer resistances
occur at the highest temperature of the reaction; if at all those resistances exist.

4.1.2. Heat transfer effects

The internal pore heat transfer resistance was estimated using the Prater analysis,
given by:

AT — Deﬁ' (CAS - CAC XAHR ) (23)

max, particle /1
ef

where AT,.4 paricie 15 the upper limit to temperature variation between pellet centre
and its surface, AH, is the heat of reaction, C,, and C,. are the respective
concentrations at the pellet surface and centre (assumed to be the same as bulk
concentration and zero respectively, as suggested by Levenspiel [60], D
represents the effective mass diffusivity (=D 43 &/7) [61], with D5 being the bulk
diffusivity of component A (ethanol) in component B (water), which, in turn, is
estimated using Brokaw equation [62]. The value for D,z at the maximum
temperature of 863 K was found to be 4.73x10™ m%s. The void fraction of the
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bed, g, defined as the ratio of the volume occupied by the voids to the total
volume of the bed, was estimated to be 0.5. The tortuosity factor, 7 , was taken as
8 [61]. The effective diffusivity, D,y was estimated to be 2.9563x10° m?/s. The
effective thermal conductivity, A, was obtained using the correlation given by
Walas [63] for packed bed tubular reactors: A.;= (5.5 + 0.05Re)A, where A4, the
molecular thermal conductivity, calculated using Wassiljewa correlation [62], was
determined to be 8.57x107 kJ/(m s K). The effective thermal conductivity, A
was found to be 9.3x10° kJ/(m s K). Using these values obtained in Eq. (23), a
value of 0.2 K was obtained for A7, pamicie» Which is indicative of the fact that the
pellet more or less had a uniform temperature.

The heat transfer limitation across the gas film was determined by:

AT _ L(_ rA,ob.rX_ AHR)

max, film A (24)
where AT),q, i 1s the upper limit of temperature difference between the bulk gas and
pellet surface; L is the characteristic length, and (-7, ,») represents the observed rate of
reaction. The heat transfer coefficient, 4, was estimated from the correlation:
JFFJD:(h/vap)PrZ/3 , where Jy is the heat transfer J factor, Pr is Prandtl number
(=C,1/\), C, and A represent the heat capacity and thermal conductivity respectively.
The Jp factor is given by the following correlations: Jp=(0.4548/5,)Re*** and
Jy=(kJv)Sc*? [64]; Sc = 14/ pD 45, Re = pvd,/i(1- &), k. is the mass transfer coefficient
obtained to be 0.33 m/s based on the J factor analogy. The heat transfer coefficient,
h, was determined to be 0.57 kJ/(m* s K). Hence, a value of 0.4 K was obtained for
AT, fum- Both values of AT, paricie and AT, sy confirm the absence of heat
transfer limitations externally and internally, which lend credence to the assumption of
isothermal operation conditions during the steam reforming of crude ethanol [60].

Moreover, a more rigorous criterion for determining the onset of heat transfer
limitation during the reforming reaction, developed by Mears [65], was also used
to ascertain the absence of heat transfer resistance as given by:

(robs )pb RE(_ AI—IR)
hT’R,

<0.15 (25)

On substituting the numerical values for the terms on the left side of Eq. (25),
a value of 0.02 was obtained, which is less than 0.15. Hence, heat transport
limitation effects are negligible.

4.1.3. Mass transfer effects

The internal pore mass transfer resistance was calculated using Weisz-Prater
criterion, given by:

-r, ., o R?
Copipa = M (26)
’ D C s

where C,,,, is the Wiesz-Prater criterion for internal pore diffusion, p, the

pellet density and R the catalyst radius. The estimated value for Cy,, ,, was 0.071,
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which is much less than 1. Thus, this is indicative that the concentration on the
catalyst surface is indistinguishable from the concentration within its pores, that is,
no concentration gradient exists within the pellet. This result comes as a
consequence of the absence of internal pore diffusion limitations [61].

To determine whether film mass transfer rate has any effect on the rate of
reaction, the ratio of observed rate to the rate if film resistance controls was
examined. This criterion is given by:

observed rate (_ T4, 0bs ) d »

- 27)

rate if  film resistance controls Cpk, 6

The estimated value for the ratio in Eq. (27) was 2.5x10°, which indicates that
the observed rate is very much less than the limiting film mass transfer rate. Thus,
the resistance to film mass transfer certainly should not influence the rate of
reaction [60]. Mears’ criterion [61] is often considered a more rigorous criterion
for determining the onset of mass transport limitation in the film. Therefore, this
criterion, given by Eq. (28), was applied to determine if there was any mass
transfer limitation during the collection of the kinetic data:

(_ T 4, 0bs )pb nR
k.C,

c

<0.15 (28)

The value of the left side of Eq. (28) was 5.7x107, which is far less than 0.15.
Hence, it can be concluded that there was no mass transport limitation in the film.

The experimental parameters and conditions used in collecting the kinetic data
are shown in Tables 2 and 3. Table 3 also contains the variation of crude ethanol
conversion with space time at reaction temperatures 673, 763 and 863 K. The plot
of crude ethanol conversion, X, , against space time is shown in Fig.1.

4.2. Experiments

In order to ensure plug flow conditions (i.e. zero radial velocity and temperature
profile), absence of back-mixing, and absence of channelling, the criteria reported
by Rase [66] and Froment and Bischoff [57] were utilised. These criteria are:
(z,/d,)=50 and(d/d,)>10 . In this study, (z,/d,)and(d/d,) were calculated
to be 88.33 and 13.33 respectively, and, hence the conditions for plug flow were
met. Internal mass transfer resistance was considered to be negligible and
isothermal reaction conditions were assumed inside the porous bed. The pressure
drop inside the bed was assumed to be negligible.

4.3. Discussion

Figure 1 shows the experimental results for the variation of fractional conversion,
X, of crude ethanol with ratio of weight of catalyst to flow rate of crude ethanol

W/Np, at reaction temperatures of 673, 763 and 863 K. These results show that the
fractional conversion of crude ethanol increased with an increase in W/Ng,.

The proposed empirical, irreversible power rate law models given by Egs. (8)-
(10) were fitted to the experimental data using the non-linear least squares method
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Table 2. Experimental Kinetic Data.

Experimental rate (g mol crude

T(K) Ng(mol/h) Ny (mol/h) N¢(molh) Ny (mol/h) ethanol/g cat. h)

0.0691 0.2509 0.0750 0.2094 5.37x107 £0.0003
0.0639 0.2354 0.0862 0.2408 4.05x107* £0.0005
673 0.0612 0.2271 0.0922 0.2576 2.95x107 £0.0004
0.0559 02113 0.1037 0.2897 9.85x10° £0.0001
0.0529 0.2023 0.1102 0.3079 1.49x107 £0.0003
0.0576 02165 0.1000 0.2792 7.09x107* £0.0008
0.0518 0.1992 0.1125 03142 3.94x107 £0.0006
763 0.0478 0.1872 0.1212 0.3386 2.79x107 +0.0008
0.0429 0.1724 0.1320 0.3686 1.55x107* £0.0002
0.0380 0.1579 0.1425 0.3979 1.01x107* £0.0001
0.0495 0.1924 0.1175 0.3281 1.13x107" £0.0005
0.0425 0.1713 0.1327 0.3707 5.64x107 £0.0007
863 0.0369 0.1545 0.1450 0.4049 3.76x10°* +0.0009
0.0288 0.1304 0.1625 0.4538 1.88x107* +0.0007
0.0242 0.1166 0.1725 0.4817 1.13x107 +0.0004

Table 3. Reaction Conditions and Parameters used in
Collecting Kinetic Data: Ny, =0.1037 Mol Crude Ethanol/h [46].

TK) W@ W/ N g, (kg cat. h/kmol crude ethanol ~ Conversion, X

673 0.331+0.0013
763 0.1 0.9645 0.44 £ 0.0052
863

0.52%0.0011
673 0.38 & 0.0034
763 02 1.9290 0.50 £ 0.0004
863

0.59 & 0.0064
673 0.41 £ 0.0034
;((g 0.3 2.8935 0.54 % 0.0076

0.64 + 0.0039
673 0.46 & 0.0044
;gg 0.6 5.7870 0.59 & 0.0037

0.72 + 0.0064
673 0.49 1+ 0.0012
763 1.0 9.6451 0.63 + 0.0047
863

0.77 £ 0.0047

of analysis and none of the models correlated the experimental data well within
the range of temperatures investigated in this study. Hence, the power rate law
cannot be used to describe the kinetics of steam reforming of crude ethanol on
Ni/ALO; catalyst in the temperature range of 673-863 K.
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The constants for calculating equilibrium constant K, are presented in Table 4.

0.9

0.8

o4 e
0.6

05 -

T=673 K

Fractional conversion of crude ethanol, Xg

03 m T=763K
4 T=863K
02 - - -T=863 K, SD=0.0620, t=0.0048, F=10992.80
— -T=763 K, SD=0.047, t=0.0234, F=6855.36
04 ——T=673 K, SD=0.0555, t=0.063, F=2870.03
0
0 2 4 6 8 10

Space time, W/Ng, (g cat. h/ g mol crude ethanol)

Fig. 1. Comparison of Experimental and Predicted Fractional Conversion of
Crude Ethanol against Space Time at Different Temperature Levels.

Table 4. Constants for Calculating Equilibrium Constant, K sr [67].

0 0
AH/,2981< AG/,298K

Component a b c d

(J/mol) (J/mol)
C,HsOH 3.518 2.00x 102 -6.002 x 10° 0 -235,100 -168,490
H,O 3.470 1.45x 107 0 1.21x 10* -241,818 -228,572
CO, 5457  1.045% 10° 0 1,157 % 10° 393,509 394,359
H, 3249 422x%10* 0 8.30x 10° 0 0

where A= 6.06xH, +2.17xCO, -C,H,OH —2.99x H,0 . Hence, Aa = 17.64,
Ab=-0.0195, Ac=6.002E — 06, Ad =— 237601, AH| =104,221.29 J/mol and
AG, = —3838.75 J/mol.

Selection of the best model was based on the positiveness of the rate and
equilibrium constants, the goodness of fit as determined by the values of the objective
function, the decrease of the specific reaction rate constants, &, , k; , and increase of

thermodynamic equilibrium constants, K;, with increase in temperature respectively,
thermodynamic scrutiny and statistical tests. Particular difficulties associated with the
optimisation problem arise because non-linear systems can have more than one
optimum. The optimisation method of Nelder and Mead is capable of finding one or
more of the optimum points depending on the initial guesses and step sizes used. It
was observed that at initial guesses and step sizes of 0.5, 1.0 and 5, there was no effect
of change in step size on the values of the optima.
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Amongst the rival models, the best fit of the experimental conversion/rate
against W/F,,, data with positive rate and equilibrium constants was obtained for

surface reaction between chemisorbed CH;0 and O as the rate-determining step
during steam reforming of crude ethanol, with oxygen and hydrogen being
adsorbed as a monomolecular species on the catalyst surface, that is:
K c,C;
kSZ(KCKMHKH) SR 4 E~W 1 %
K i PRy s
S2 C CC[[? SR

7
, ccCi
(_rM ): 5 | x Cz
KM KE KS3 (KSI KW )4 CE C;’ + (K(_ K}\/[II K]I )A u

1+K,.C. + ; - 3
(KCKMHKH)A CCCH/E KS3(KSIKW)A

4
+ K,%CW+(KSIKW)%CC—W+KC%CC+(KMHKH)%CZ,/§+K§CHZ} (29)
Hy

The predicted results are shown in Table 5, with the objective function values.
From the estimated kinetic constants, the forward and backward activation
energies, and the enthalpy of adsorption with corresponding pre-
exponential/frequency factor were evaluated using the least-squares technique via
the application of the Arrhenius law and plots, and Van’t Hoff law and plot
respectively. The adsorption entropy change, AS,,;, for the process was computed
using Eq. (22). The temperature dependencies of the surface reaction rate
coefficients, kg, k’s; and of the adsorption equilibrium constants, K, are

depicted in Figures 2 and 3 respectively. The corresponding forward and
backward activation energies, E; and E;, enthalpies of adsorption, AH,q, and
adsorption entropy change, AS,,, were computed and their calculated values are
shown in Table 6, together with respective frequency factors. From this table, it
can be deduced that the condition spelt out in Eq. (27) is satisfied, that is, for
steam reforming of crude ethanol on Ni/Al,O; catalyst, -427.64<-176.83<10,
implying that model 5, expressed in Eq. (29) satisfies thermodynamic scrutiny.

7 Inks; = 7919.2T" - 7.8806

In Keg = -16240T" + 51.436

365 " Inkey =5021T" +29.547
M

£ 0 P
0001 00012 00014 0.0016 oot a2 e e

I
T

Fig. 2. Variation of Forward and Backward Fig. 3. In Ky against 7 1 for Steam
Surface Reaction Rate Constants with Reforming of Concentrated Crude
Temperature during Steam Reforming of Ethanol on Ni/ALO; Catalyst.
Concentrated Crude Ethanol on Ni/Al,O;
Catalyst.
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Table 5. Estimated Kinetic Parameters for Steam Reforming of
Crude Ethanol with Hydrogen and Oxygen Being Adsorbed
as a Monomolecular Species on Ni/Al,O; Catalyst.

Parameter Temperature

673K 763 K 863 K
kgo 4.5838x10"°  1.6043x10™  6.4599x10"
ks, 48.7330 12.1627 3.6536
Ksy 9.41x10"  1.32x10"°  1.77x10"
K¢ 1.7834x10°  7.9683x10™  2.1437x107
Kymr 0.8119 103.8125 6945.87
Ky 2.1719x10°  0.1472 5.6825
Kgp 7.3220x10'"  1.2068x10"  1.4887x10"
Kg 0.1365 1.9157 18.8928
Ky 0.1881 7.0086 161.1188
Kg; 1.25%10*  4.09x10*  1.25x107
Kg 6.3279x10*  4.1890x10™  1.5844
Ky 0.0121 0.4843 11.8426
Cr 0.1616 0.3470 0.6042

Objective function  8.1103x10° 54372 x10°  3.7759 x10”

Table 6. Calculated Values of Energies and Frequency
Factors for the Preferred Model for Steam Reforming of
Crude Ethanol on Ni/AL,O; Catalyst.

Model E; Frequency E, Frequency AH .5 Frequency (ﬁ;ﬁl
(J/mol) factor (J/mol) factor (J/mol) factor K)
5 4.98x10*  6.8x10"  -6.58x10*  3.78x10"  1.35x10°  2.18x10”  427.64

The excellent agreement between the model predictions and the
experimentally measured conversions is shown in Fig. 1, with their

corresponding standard deviation (SD), S, , calculated F' and ¢ values. The

kinetic model 5 has the highest F' values amongst rival models. However, the
model with the highest F value is the most preferred. In order to ascertain the
validity range of the kinetic expression as proposed by this model, a rigorous
error analysis was incorporated by carrying out a residual analysis. If the model
is adequate, the residuals should be structureless [68, 69]. Figure 4 depicts plots
of residuals versus predicted conversion of crude ethanol. It is seen that there is
no obvious patterns. Therefore, model 5 is preferred to other rival models since
its estimated kinetic parameters have satisfied the physicochemical constraints.
Moreover, the kinetic parameters were positive, statistically significantly
different from zero, and they satisfied the thermodynamic conditions of model
adequacy. The preferred model is given by Eq. (29).
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Residuals

*T=673K
®T=763 K
hd AT=863 K

A
°

0.00E+00 1.00E-01 2.00E-01 3.00E-01 4.00E-01 5.00E-01 6.00E-01 7.00E-01 8.00E-01 9.00E-01
-
. A

Predicted conversions

Fig. 4. Residuals against Predicted Ethanol
Conversions at Different Temperature Levels.

5. Conclusion

The rate-determining step for the steam reforming of concentrated crude ethanol on
Ni/Al,O5 catalyst, which can be used for sizing the reformer and optimization studies,
was found to be surface reaction between chemisorbed CH;0 and O when hydrogen
and oxygen are adsorbed as monomolecular species on the catalyst surface.
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