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Abstract: For the work presented herein nickel catalysts supported on y-alumina extrudates (Ni/Al)
with an egg-shell structure were prepared, using a modified Equilibrium Deposition Filtration
(EDF) technique. Their performance was compared, for the biogas dry reforming reaction, with
corresponding Ni/Al catalysts with a uniform structure, synthesized via the conventional wet
impregnation method. The bulk and surface physicochemical characteristics of all final catalysts were
determined using ICP-AES, N, adsorption-desorption isotherms, XRD, SEM, and TEM. A theoretical
model describing the impregnation process for the EDF extrudates, based on the Lee and Aris model,
was also developed. It was concluded that following specific impregnation conditions, the egg-shell
macro-distributions can be successfully predicted, in agreement with the experimental results. It
was shown that the Ni/Al catalysts with an egg-shell structure had a higher H; yield in comparison
with the ones with a uniform structure. The difference in catalytic performance was attributed to the
improved surface and structural properties of the egg-shell catalysts, resulting from the modified
EDF technique used for their preparation.

Keywords: biogas reforming; syngas production; nickel catalysts; egg-shell catalysts; surface proper-
ties; transport properties; theoretical modeling

1. Introduction

Biogas is one of the most promising renewable fuels, typically generated from the
anaerobic digestion of biodegradable organic biomass [1,2]. As the main constituents of
biogas are methane (CH,) and carbon dioxide (CO;), the atmospheric compounds mostly
responsible for the greenhouse gas effect, their transformation into hydrogen rich mixtures
and/or synthesis gas (syngas) is a task worth pursuing [3-5].

Biogas typically consists of CHy (50-75%), CO, (25-50%) and 2-8% other gases i.e.,
water vapors (H,O), nitrogen (N5), oxygen (O,), and hydrogen sulfide (HS) [6,7]. However,
the average composition of CH4 and CO; in a molar ratio equal to 1.5 is favorable for the
methane reforming reaction, and furthermore, representative of the biogas produced from
many facilities [8,9]. The product of this reaction, synthesis gas or syngas, consisting of
hydrogen (H;) and carbon monoxide (CO), is an important industrial raw material, as
it can be used for the production of synthetic liquid biofuels and chemicals through the
well-known Fischer-Tropsch (FT) process [10-14].

The dry reforming of methane (DRM) process, producing hydrogen rich mixtures
or synthesis gas with H, /CO molar ratios approximately equal to 1, is regarded as one
the most suitable paths for the valorization of biogas [15,16]. Moreover, its successful
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application could lead to the development of small-scale H, production units close to the
localities where biogas is being produced. Despite its obvious advantages, the commercial
development of DRM is for now restricted, due to the lack of effective catalysts resistant to
carbon formation and sintering at high temperatures [17-19].

The main network reactions included in DMR process are summarized as follows:

CH4 + CO, < 2CO + 2H,, CO, reforming (1)
CO; + Hy @ HyO + CO, Reverse water gas shift (2)
CH, 2 C + 2H,, CH, decomposition 3)

2CO 2 C + CO,, Boudouard reaction 4)

C + H,O 2 CO + H,, Carbon gasification (5)

Nickel (Ni) supported on inexpensive and thermally stable metal oxides (e.g., alu-
minum oxide) has been extensively tested as a catalyst for the DRM reaction, mainly due
to its high activity and its relatively low cost [20-26]. However, the nickel-based catalysts
usually exhibit high activity at the beginning of the reaction, but then deactivate rather
rapidly due to surface carbon deposition [6,11,27]. Thus, the development of nickel cata-
lysts with greater resistance to coking during the dry reforming of biogas is a necessity, if
stable long-term operation is to be achieved.

Modification of the catalyst with alkali metal oxides and/or rare earth metal oxides
has been shown to greatly enhance catalytic stability [10,11,21,28-31]. In addition, the
appropriate macro-distribution of the catalytically active phase within the spherical or
cylindrical particles of the supporting material can greatly enhance the performance of the
catalyst [32-34].

Usually, the DRM supported Ni catalysts are synthesized by impregnating the sup-
port’s particles (spheres or cylindrical pellets) with an aqueous solution of nickel nitrate,
followed by drying and calcination at high temperatures. This procedure results in a uni-
form nickel concentration profile (macro-distribution) on the whole body of the support, i.e.,
across the diameter of the spherical or the cylindrical particle [35]. This is rather expected
as it is known that, following the conventional wet impregnation technique, the nickel
species deposition on the support surface mainly occurs during drying, which follows the
impregnation step by uncontrolled precipitation in the liquid phase inside the pores of the
support due to the evaporation of water.

On the other hand, shell catalysts consist of a compact inert support, in the form of
rings, spheres, tablets or pellets, and a thin active shell that encloses it, and are ubiquitously
used in industrial processes, especially when pellet intraparticle mass and heat transfer
limitations have a negative effect on the activity/selectivity and life of porous catalysts.
Catalysts with a peripheral macro-distribution (namely egg-shell or core-shell) are very
useful for catalytic processes in which the surface reaction proceeds with high rates, and
consequently the intraparticle diffusion becomes the limiting step. In these cases, the
reactants and the reaction products are more easily transferred between the catalytic active
surface and the bulk phase from the periphery of the pellet (egg-shell) than from its inner
core (egg-yolk) [35-37]. Thus, a major advantage of the egg-shell type catalysts is short
transport or diffusion paths and a better heat transport in the catalyst layer [35,38].

As the elimination of the role of pore diffusion is advantageous to a number of
heterogeneously catalyzed reactions, egg-shell catalysts are used, amongst others, for
dimethyl oxalate synthesis, Fischer-Tropsch synthesis, selective hydrogenation, methane
reforming, and methane partial oxidation etc., as the maximum selectivity and yield to
the desired product are obtained when the active phase is located on the external pellet
surface. The thickness of the active phase layer also plays a key role. In several studies,
supported nickel on alumina catalysts with egg-shell structures showed very good activity
and thermal stability in all types of methane-reforming reactions, such as steam reforming
(SR) and DRM, as well as the partial oxidation reaction (POX) [39-43].
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Egg-shell supported catalysts with transition metals as an active phase can be prepared
using different techniques [32,44,45]. Lycourghiotis and co-workers [46—48] have proposed
the Equilibrium Deposition Filtration (EDF) technique as an alternative route to achieve the
optimization of the size of the supported oxidic nanoparticles. Following this technique, a
small amount of supporting material powder is immersed in a considerably large volume
of a dilute aqueous solution of the transition metal ionic species (TMIS), ideally at fixed
pH and ionic strength experimental conditions. The equilibration of the suspension, under
stirring for several hours, is then carried out [24,49]; it is during this step that the TMIS are
deposited at the interface developed between the surface of the support and the aqueous
solution (interfacial deposition).

The impregnation processes have been described by numerous mathematical mod-
els [50-58], which incorporate several factors that determine the active phase’s content
and the final profile of its macro-distribution, including (i) time of impregnation; (ii) pH,
temperature, and initial concentration of the impregnating solution; (iii) the use of additives;
and (iv) the previous state of the support [50]. Whereas, historically, many earlier studies
were focused on the description of the “diffusion-adsorption” mechanism that controls
the active phases profile deposited into formed support material particles adopting simple
adsorption mechanisms, later attempts were focused more closely on the physical process
of adsorption [7,56,59]. Despite the high number of models available in the literature
and the diversity of their complexity, there is still a lack of models that combine detailed
descriptions of the imbibition, diffusion, and adsorption processes.

The purpose of this study was to investigate the effect that different active phase
macro-distributions, i.e., egg-shell vs. uniform structure, have on the catalytic activity and
stability of nickel on y-alumina (Ni/Al) supported catalysts during the dry reforming of
biogas. For this purpose, a modified EDF technique, offering the possibility of tailoring the
active phase radial concentration profile (macro-distribution) on the support’s cylindrical
extrudates (pellets) was applied for the synthesis of egg-shell catalysts, and the conventional
wet impregnation technique was used for the synthesis of uniform catalysts. Moreover,
catalysts with different active phase loadings (6 and 16 wt%) were prepared using each
method. The structural bulk and surface properties of the catalysts, and their dependence
on the preparation method, were determined using BET, XRD, ICP-AES, TEM, and SEM.
Concerning the biogas reforming reaction, catalytic performance was studied according to
the influence of the reaction temperature to CH; and CO, conversion values, as well as to
Hj; yield and to Hy /CO molar ratio, and the role of preparation technique and the active
phase macro-distribution type to the final catalyst’s properties.

In addition, we present a fundamental model for the preparation of the egg-shell
supported catalysts, based on the Lee and Aris model [60]. The model was used to predict
the experimental impregnation parameters concerning the radial deposition concentration
profiles of Ni species on y-alumina cylindrical extrudates, derived from the application
of the modified EDF technique. Parameters such as time of impregnation, pH and the
initial concentration of the impregnating solution were of key importance, whereas the
system was thought isothermal and at room temperature. The imbibition process was
modelled as a simple one-phase flow in a bundle of identical cylindrical tubes, all having
the same pore diameter equal to the average pore diameter of the porous support. Darcy’s
law for the flow of liquids through porous media under quasi-steady-state conditions was
adopted and Laplace’s equation was used for the evaluation of the capillary pressure across
liquid-air menisci, in the same way as pressure gradient along fine capillary tubes was
evaluated using the Washburn approximation [61]. In this way, the model equations that
predict the time evolution of the preparation process and the radial distribution of the
active components were developed.

2. Theory/Calculation

Heterogeneous supported catalyst preparation by impregnating porous carriers with
the desired active species solution is a common technique in catalyst manufacturing. In
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this process, the active species concentration profile within the supporting material pellets
can be controlled by the impregnation experimental conditions [62-64]. The catalyst
preparation method involves three main steps. First, a porous support is brought into
contact with an aqueous solution in which the precursor of a desired catalyst active phase is
dissolved. During this process, the aqueous solution is imbibed through the pore space of
the porous support, due to capillary forces. At the same time, the active catalyst species are
diffused through the pore space already occupied by the aqueous solution and adsorbed
on the high internal support material porous surface. The imbibition process is gradually
decelerated and eventually stopped as equilibrium between capillary forces and trapped air
pressure is established or as the solution approaches the core of the pellet. The second step
is the drying of the pellets in order that the imbibed solution to be removed. During this
process, the solutes migrate due to capillary flow and diffusion, causing a redistribution of
the adsorbed catalytically active species. Finally, calcination and reduction transform the
catalyst from its precursor state into its active form [65-68].

However, for a fixed chemical composition, the macro-distribution of the active
species on the support extrudates also has critical influence on the performance of the
catalyst [69,70]. The first and the second step of the preparation procedure are the key
steps for the determination of the final activity profiles of the impregnated catalysts pellets.
Several profile types can be established, such as egg-shell (deposition of the active phase
in the exterior layer of the pellet), egg-yolk (active phase concentrated in the core of the
pellet), and uniform macro-distribution [50,70,71].

A successful methodology to produce egg-shell catalysts has been already presented
by Goula et al. [33,34]. Nonetheless, a consistent mathematical model of the catalyst prepa-
ration process can help control the preparation process parameters. For this purpose, we
developed a one-dimensional transient model to describe radial impregnation in cylindri-
cal pellets. Imbibition, diffusion, and adsorption were the basic mechanisms that were
included in the model on the basis of the following assumptions:

i.  The catalyst support consists of distinct, dry, homogenous, and isotropic catalytic
particles of cylindrical geometry, non-deformable and not interacting.

ii.  The total amount of the impregnating solution is sufficient to fill the water pore
volume of the support.

iii. The impregnating solution is a Newtonian and incompressible liquid.

iv.  The support pore surface is water wet. The capillary force can be characterized by a
single average pore size.

v.  The size of the pores of the support is in the order of several nanometers so that
gravity force is negligibly small compared with viscous and capillary forces, but the
pores are large enough so that exclusion of the solutes is avoided.

vi. Inertial forces are negligible and quasi steady-state approximation is justified.

vii. Air initially filling the pore space is either totally entrapped and compressed in the
center of the pellet or totally escaped from it.

viii. Imbibition can be thought as one-phase radial plug flow through the porous support
material with the sharp liquid front separating the advancing liquid and the receding
air. The cylindrical pellets are long enough so that edge effects can be ignored. Darcy’s
law is applicable, and the absolute permeability of the porous support is the pertinent
parameter.

ix. Hydrodynamic dispersion of the active species is taken into account through a disper-
sion coefficient that combines effective diffusivity and mechanical dispersion.

x.  Non-equilibrium processes such as dynamic contact angle, surface viscosity, and
dynamic surface tension are not important. Dynamics of thin liquid films do not
influence imbibition flow.

xi.  Surface diffusion of the active species does not take place.

xii. Deposition of the active species on the supporting material pore surface takes place
through isothermal adsorption (sorption and desorption), the overall rate of which is
described by a consistent physicochemical deposition model.
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The dimensional variables of the problem are defined in the nomenclature at the end
of the paper, whereas dimensionless variables and parameters are defined in due course:
Mass balances of the active species in the liquid phase (k=1,2, ..., n — 1):

f JoS f f
% 9%k 90 1a<apk>:o ©)

at Vot Por  “kror\"or

Total mass balance of the liquid phase (continuity equation for incompressible fluids):

d(rvp) _
ox 0 @

Mass balance of the active species in the solid phase (generic equation):

api

Yot

= f(pﬂ, Pys Vp, £, solution, inert species, support, etc.) (8)

The last equation represents the adsorption rate of the active species. There are a lot of
possibilities for the adsorption rate equation, such as adsorption following Langmuir kinetics,

O _avng (i ¥ P P
A el S S Bl B ©)

i k

or adsorption when mass transfer is the rate limiting step (e.g., mass transfer through a
stagnant film),
S
Vaa% = "2k (of — o) (10)
In this study, we choose to work with Langmuir kinetics, since its parameters allow
for a more meaningful physical interpretation. Momentum balance (Darcy’s equation for
Newtonian one phase flow through homogeneous and isotropic porous solids):

evp = X (11)

nor

An additional equation that describes the motion of the sharp front that separates the
advancing liquid, and the receding air must supplement the system of the four independent
equations of the model, i.e., Equations (6), (7), (9) and (11). Actually, the following equation
defines the frontal position, r, as a function of time:

dr
ditf = 7fo (12)

A system of initial and boundary conditions suitable for the aforementioned system of
partial differential equations is the following:
Initial conditions:

t=0,Vr € O,R, pL(0,r) =0, p}(0,r) =0 (13)

Boundary conditions:

0 f api
r=R, Vte (O,te), Vp (pk’ — pk) = DLkg; P="P, (14)

af RZ
pk,P:Par—z—PcorP:Pa—PC (15)

r=rs Vte (0,te), vvppi = DLk?
f
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Definition of dimensionless variables and problem parameters:
f s t
Py VP r\2 2r
ukzi,ekzil({:l—(—)/’[zi th (16)
£,0 £,0 2 p
Py Py R R*Jo
VIg o pe £0 _ ki f0 Vvpt kyr
=" K = O — K0 pe — YT gp — NI
Mk plf(,o pk pk Py Ko Pk k = Dy k Vi (17)
Ve = Vp Ve = kP, f) P
P ™ vpe/ "PC T ueR’ - T Pa

where, uy is the dimensionless impregnating solution concentration of the k-th component
(active species), 6y is the dimensionless surface concentration, & is the dimensionless space
variable, T is the dimensionless time variable, 1 is the relative adsorption capacity, K;)k
is the dimensionless adsorption equilibrium constant, Pe is the (time dependent) Péclet
number, Sty is the (time dependent) Stanton number, v}, is the dimensionless interstitial pore
velocity, v is the characteristic dimensionless interstitial pore velocity of the impregnating
liquid that flows through a porous medium with absolute permeability, k, when the driving
pressure difference is equal to the atmospheric pressure, P,, and P is the dimensionless
pressure. Finally, it is useful to define the dimensionless position of the imbibition front,

2 . . . .
& =1—(§), the dimensionless capillary pressure, 0 = g—;, and the inverse measure of

the capillary force, b = H%, whereas capillary pressure is given by P. = %, where, v
is the surface tension of the active catalyst solution, 8 is the equilibrium contact angle, and
dav is the average pore diameter.

In addition, Dy is the dispersion coefficient of the k-th component (active species)
and ki = % is a generalized mass transfer coefficient based on Langmuir isotherm and
desorption kinetic constant, kpy.

With these definitions the problem equations read now:

Mass balances of the active species (k =1,2,...,n —1):

due 9Ok | dwe 2 9 [ Ok |
ot "9t | 9L DPe ot {(1 8% | =0 (18)
Total mass balance (continuity equation):

9
JF

Mass balance of the active species in the solid phase (Langmuir adsorption):

(Vi) =0 (19)

% _ St
ot 2(1-¥)

Ng
S (nk - _Z?f%) - ek] (20)

j ]

Momentum balance (Darcy’s equation):

- oP
Vp = —2V1~— Ea—a (21)
Equation of motion of the sharp imbibition front:
d&e
i 1 (22)

Initial conditions:

T=0, V& €0,1, u(0,&) =0, 0,(0,&) =0, £(0) =0 (23)
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Boundary conditions:

29 -
£=0,Vre (0,7), E%:uk_l’ P=1 (24)
5 -
E=§&, V1€ (0,7e), p%k%:—éek, P:1+1%5f—%or 25)

The above system of partial differential equations constitutes a moving boundary
value problem, the solution of which can be greatly facilitated by the observation that
Equations (19), (21), and (22) can be solved separately for interstitial pore velocity, vp,
liquid pressure, P, and position of the sharp front between liquid and air, &. The two
remaining Equations (18) and (20) can be solved using the previous results for the two
remaining variables, bulk concentration, uy, and surface concentration, 0y, of the active
species. This way, the system of differential equations is simplified considerably. Essentially,
this was the work done by Lee and Aris [60] for spherical pellets, which was followed
closely here for cylindrical pellets and radial impregnation.

First, there are two choices in Equation (25) concerning the boundary condition im-
posed on the liquid pressure at the moving right boundary, according to whether receding
air filling initially the pore space of the catalytic pellet is entrapped totally in the center of
the pellet or totally escapes from it.

Accordingly, the major result of the first part of the solution is the expression for the
dimensionless interstitial pore velocity, v;,, as a function of the dimensionless liquid front
position, for the two extreme cases examined here, namely total air entrapment within and
total air escape from the catalyst pore space. The two results are given below:

Total air entrapment

_ 1—-b—& 1
Vp = — ,0<&<1-Db 26
P b(l—éf)(ln\/l—ﬁf) Vv1=§ f (26)
Total air escape
Gp= 1P ! o<g<t 27)

b(lnvI— &) Vi-E

From Equations (26) and (27), it becomes obvious that the solution to the problem
lasts for a certain time period, which is denoted by 7., and it corresponds to the time
needed for the imbibition process to be completed, i.e., until interstitial pore velocity
becomes zero. In dimensionless form, T, it is equal to &g, the final position of the liquid
front (see also Equation (22)), and it is given by T = & = 1 — b in the case of total air
entrapment, whereas, in the case of total air escape the same time is given by T = & =1
(catalyst center of the cylindrical pellet). At first sight, it seems that it is not necessary to
calculate the dimensional relation between te and re to actually achieve the final solution.
However, when attempting to evaluate the time span that is needed for the completion
of the imbibition process in dimensional form, it is realized immediately that an infinite
time is needed in both cases. Depending on the fate of the receding air during imbibition,
the time for imbibition completion can be evaluated either analytically or numerically,
according to:

Total air entrapment

b e (1-&)(nyVI—E)
te = _Etc/o 1—b— E.f daf (28)
Total air escape

1 b r&e
te=—5iopt (-0 (In VI g)dy )
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2
where, t. = VL = F{::PR is a characteristic dimensional time.
pc a

With the help of the expressions for the interstitial pore velocity, Equation (26), or
Equation (27), the definition of the key dimensionless parameters of the problem, Pej and
Sty, is complete, and the solution of Equations (18) and (20) can be achieved, with the
appropriate initial and boundary values given in Equations (23)-(25).

However, a more stable solution for the moving boundary problem is achieved by
converting it to a more tractable fixed boundary value one. Defining a new dimensionless
space coordinate, y = E%’ as the fraction of the dimensionless frontal position, and using
the chain rule, the equations of the new problem are written as:

Before imbibition completion: T < e

due (y—-1 1 2 dug _1-yT 2 Kif =0 (30)
Jt T TPeyVpy/1—yt ) 9y ™ PegVpy/1—yT ayz :
aek y aek -
=0, VyE[Ol] uka kaO
1 Buk _ _
y=0, V1€ (0,T), 4 3 ckvpm o =uk—1 (32)
— -t 2 du _ _
y=1 V1€ (0,7) = Peckvpﬂ 3y = Ok
After imbibition completion: T > Te
auk 1 2 auk AR 2 azuk .
0T ' TePey Jy Tg Pe. dy? +h =0 33)
00y B
T="Te, Vy € [0,1], ux = wi(y, Te), Ox = Ox(y, Te)
y =0, VT € (Te,0), u =1 (35)
y =1, Vt € (Te,0), aa% =0

where, fy is the rate of adsorption of the k-th active species given by Equation (20) according
to Langmuir adsorption

St

2Vpy/1—yT

and Pey, Sty are the characteristic (time independent) Péclet and Stanton numbers, de-
fined as:

fx =

Ng
K. i (nk -y 'j]lfe]) - 64 (36)
j

)

_ VPCR
Pey = T (37)
KR
Sty = —X (38)
VpC

Special provisions were taken in order to extend time integration beyond imbibition
completion, in order to take into account possible redistribution of active species on the
catalytic surface that is taking place in times after the completion of imbibition process,
during evaporation step of catalyst preparation. In Lee and Aris [60], integration started
at a time instant greater than zero but arbitrarily close to it, chosen in such a way that
integration results were left unaffected. The same practice was followed also here, to
circumvent divergence of interstitial time dependent pore space velocity at time zero, as
can be seen in Equations (26) and (27). In the same manner, closely following the practice
of Lee and Aris [60], it was assumed that imbibition eventually stops at a finite time instant
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before its actual completion at infinite time, when liquid front, &¢, has reached close to its
final position, but it is still away from it by a small but discernible distance. This distance
was chosen in a similar way as was done previously at the onset of liquid imbibition, so
that the results of integration remain unaffected as well. Finally, total integration time was
chosen so that an unaltered solution was achieved.

3. Results and Discussion
3.1. Catalysts Characterization
3.1.1. Physicochemical Properties

Table 1 presents the physicochemical properties of xNi/Al-edf and xNi/Al-wet cata-
lysts. In all cases, the specific surface area values are significantly lower than that of the
supporting material (y-Al,O3, 195 m? g~1), which is because the internal surface area of
the pore system of the support is gradually covered by Ni species that are adsorbed on
alumina active sites, forming a layer [23,24]. As this process continues, and a monolayer
is being formed, nickel species are no more deposited through adsorption, and thus the
micropores are blocked. These results are in line with those obtained by Rahmani, et al. [72]
for a similar Ni/Al,Oj3 catalyst system. Thus, the catalysts with the lower nickel loadings
(6 wt%) exhibit higher surface areas and smaller nickel species particle sizes, in comparison
with the ones with higher metal loadings (16 wt%). However, especially at low metal
loadings, the reduction in the specific surface area is higher for the catalysts with the uni-
form nickel concentration profile. This finding is attributed to the fact that for the catalytic
samples prepared by the modified EDF technique, the Ni species were mostly adsorbed at
the surface y-Al,O3 adsorption active sites during the impregnation step, which means
that the proportion of Ni species deposited during the drying process was rather small.
As for the ICP results, Table 1 shows that the Ni concentration was approximately 6 and
16 wt%, for the low and high loading, respectively, i.e., very close to the nominal one.

Table 1. Structural and physicochemical properties of the Ni/ Al catalysts used herein.

SBET . o . Ni Species

Catalyst (m2g-1) ICP (Ni, wt%)  Crystalline Phase (XRD) Particle Size (nm)
6Ni/Al-edf 173 590 £0.9 v-Al,O3, NiALL, Oy + 121+1.2
16Ni/ Al-edf 137 16.80 + 0.8 v-AlL O3, NiAL, Oy +++ 172+19
6Ni/Al-wet 163 591 +0.3 v-Al,O3, NiAL, Oy ++ 141+17
16Ni/ Al-wet 141 15.87 + 0.7 v-Al, O3, NiAl,Oy ++++ 25.1+2.1

3.1.2. Crystal Structure

The XRD patterns of the nickel on y-alumina catalysts calcined at 800 °C, for low and
high Ni loadings, are shown in Figure 1. Characteristic diffraction peaks at 20 = 45.9° and
67.0° assigned to y-Al,O3 can be observed for all samples [73,74]. Moreover, according
to the XRD analysis, no reflections belonging to transition aluminas, 8-alumina (25.6°
and 43.3°), or alpha-alumina (31.2° and 36.6°) were observed, indicating that alumina
transformation was not promoted at the temperature used for calcination [24]. The spinel
nickel aluminate phase (NiAl,O4) was identified by diffraction peaks at 26 = 19.0°, 37.0°
and 59.6°, for all the calcined catalysts, [75,76]. On the other hand, no diffraction peaks
corresponding to the nickel oxide phase (NiO) were identified, which indicates either that
these structures are smaller than the typical XRD detection limit or that they are nearly
amorphous [24,76,77]. The presence of NiAl,O4 on the calcined catalysts surface was also
corroborated via TEM analysis (discussed below). The increase in the metal loading from
6 to 16 wt%, irrespective of the preparation method used, is accompanied by increasing
intensities of the peaks at 20 = 37.0° and 59.6°, probably related to an increase in NiAl,O4
concentration in the final catalysts [24].
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Figure 1. XRD patterns for (i): (a) y-alumina, (b) 6Ni/Al-edf, and (c) 16Ni/Al-edf, and (ii) (a) v-
alumina, (b) 6Ni/Al-wet, and (c) 16Ni/Al-wet. All samples calcined at 800 °C.

3.1.3. Electron Microscopy

SEM micrographs of the calcined catalytic samples were recorded in order to analyze
their surface composition, as well as the nickel species concentration profile. These mi-
crographs, presented in Figure 2, reveal that by preparing supported catalysts using the
modified EDF technique, as proposed by the authors, an egg-shell nickel phase concentra-
tion profile along the cylindrical pellet diameter can be accomplished.

(d)

Figure 2. SEM images of calcined: (a) 6Ni/Al-edf catalyst, (b) 16Ni/Al-edf catalyst, (c) 6Ni/Al-wet
catalyst, and (d) 16Ni/Al-wet catalyst.
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The atomic percent of the nickel phase measured at the external pellet surface (pe-
riphery) for the egg-shell catalysts was found to be 7.8% and 19.9%, and at the center
of the catalyst cylindrical particle, 4.5% and 4.8%, for nickel loadings 6 and 16 wt% Ni,
respectively (Table 2). The higher nickel species concentration on the periphery of the
catalysts cylindrical pellets (extrudates) is likely a result of the strong interactions existing
between the nickel particles and the supporting material surface active sites, as a result
of the modified EDF technique used for their preparation. It should be mentioned that
the SEM-EDS analysis was performed not only at the periphery and at the center of the
pellet, but also along the catalyst particle diameter. Thus, the results presented in Table 2
reveal the difference of the atomic percent of nickel in the periphery and the center for the
two different macro-distributions. In order to explain this observation, we should consider
that the deposition of the nickel species on the y-alumina surface may be affected through
the following two processes: (i) adsorption of the nickel species on alumina surface active
sites during the impregnation step, and (ii) precipitation of these species during the step
of drying. The ratio of the adsorbed nickel to the precipitated nickel (Ni,/Nip), depends
on the value of the impregnation parameters, mainly on pH and concentration of the
impregnating solution. For our case, high pH values are related to relatively high density of
adsorption sites, whereas low nickel concentration values do not favor precipitation. These
conditions, encountered in the preparation of the egg-shell profile catalysts, resulted in the
increase of the Ni, /Nij, ratio, and thus of the nickel amount which interacted strongly with
the support surface.

Table 2. SEM-EDS results of calcined catalysts.

Atomic (%)

Atomic (%) Atomic (%) Atomic (%) Atomic (%) Atomic (%) Atomic (%) Atomic (%)

Element Periphery, Center, Periphery, Center, Periphery, Center, Periphery, Center,
6Ni/Al-wet 6Ni/Al-wet 6Ni/Al-edf 6Ni/Al-edf  16Ni/Al-wet  16Ni/Al-wet  16Ni/Al-edf = 16Ni/Al-edf
AlK 91.68 92.38 92.18 95.47 80.65 86.11 80.05 95.20
Ni K 8.32 7.62 7.82 4.53 19.35 13.89 19.95 4.80
Total 100 100 100 100 100 100 100 100

Following EDF it is probable that more than one of the modes of interfacial depo-
sition [33] take place simultaneously during the equilibration of the suspension. This
depends on the nature of the support surface and the species to be deposited mainly on
the nature of the ligand of the TMIS, as well as on the impregnation parameters. The most
important parameters are the pH, the concentration of TMIS, the ionic strength, the impreg-
nation temperature, and the impregnation time; these parameters determine the relative
contribution of each process to the whole interfacial deposition. It is well established that an
increase of concentration value causes an increase to the extent of the TMIS deposition and
thus to its surface concentration. In our case, the nickel profiles were obtained using two
different values of concentration for the impregnation solution and keeping constant all
other experimental conditions of catalyst’ synthesis procedure (e.g., temperature, impreg-
nation time, initial pH). An increase in the concentration of the precursor ions is expected,
which results in an increase of the saturation surface concentration of the adsorption sites
value [34].

Furthermore, the nickel species layer on the periphery of the catalytic samples can
be clearly seen in Figure 2a,b, and its thickness could be estimated at 0.028 mm for the
6Ni/Al-edf and 0.046 mm for the 16Ni/Al-edf. This observation, i.e., that with increase
in the catalyst Ni loading, the thickness of the nickel layer also increases, has been also
confirmed by Kim et al. [40] for nickel-alumina egg-shell catalysts that were prepared by
the multibubble sonoluminescence (MBSL) technique. A final observation that can be
made regarding the results presented in Table 2 is that the catalysts prepared using the
wet impregnation technique show no significant difference on nickel species concentration
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between the periphery and the center of the cylindrical pellets, indicating a uniform nickel
concentration profile.

TEM images of the nickel on y-alumina catalysts after calcination are shown in Figure 3.
As a first observation, the TEM analysis corroborates the formation of the nickel aluminate
spinel phase (NiAl,O4) identified by the XRD results discussed above. EDS analysis
confirms the presence of nickel, oxygen (O) and aluminum (Al) in all analyzed regions,
while some nickel aggregates can be observed on the catalyst surface.

Figure 3. (a) 6Ni/Al-edf, (b) 16Ni/Al-edf, (c) 6Ni/Al-wet, and (d) 16Ni/Al-wet calcined catalysts
TEM micrographs and the analyzed composition by EDS.

The nickel species particle size was determined by the characteristic TEM images,
where discrete enough Ni particles were detected. As expected, for the catalysts with the
low nickel loading, a smaller mean Ni species particle size was determined in comparison
to the ones with the high nickel loading, irrespective of preparation method (Table 1).
Specifically, the nickel particle size was 12.1 nm for the 6Ni/Al-edf (Figure 3a), lower than
the 17.2 nm estimated for the 16Ni/Al-edf (Figure 3b). For the catalysts prepared with
the wet impregnation method, the mean Ni particle size was 14.1 nm for the 6Ni/Al-wet
(Figure 3c) and 25.1 nm for the 16Ni/Al-wet (Figure 3d). Significantly, the nickel particle
sizes are lower for the catalysts with the egg-shell structure, prepared applying the modified
EDF technique, in comparison to those with the uniform structure, prepared using the
conventional wet impregnation technique.

This finding is in agreement with the theory underpinning EDF synthesis, i.e., that
the deposition of the active phase occurs almost exclusively during the equilibration via
adsorption on sites created by the charged surface hydroxyl groups and/or reaction with
the neutral hydroxyl groups of the carrier surface [78-82]. As mentioned above, during
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EDF synthesis, the support is immersed in a large volume of a very dilute aqueous solution
of TMIS, ideally at a fixed pH and ionic strength. Equilibration of the suspension then
follows for several hours under stirring. During equilibration, the TMIS are deposited at the
interface developed between the support surface and the aqueous solution. This mode of
deposition is called interfacial deposition. As reported in the literature [46-49,78,81-84], the
mode of deposition (bulk vs. interfacial) strongly affects the physicochemical characteristics
and results in supported catalysts with very high dispersion of the active phase. This has
been attributed to the fact that their size is controlled by the size and the physicochemical
characteristics of the interface. Moreover, the relatively high dispersion reported also
by other studies following EDF (i.e., where the interfacial deposition predominates), is
frequently reflected in the relatively high activity of the resulting catalysts [78,83,85]. This
is in contrast to the wet impregnation synthesis, where, the deposition takes place mainly
in the step of drying, which follows the impregnation step, by uncontrolled precipitation in
the liquid phase inside the pores of the support due to water evaporation. Lycourghiotis
and co-workers [48,86] argued that the characteristics of the supported phase, and thus the
amount and the size of the crystallites, in respect to the synthesis technique followed for
mounting active metal species on the y-Al,O3 surface, depend on two crucial parameters:
(i) on the ratio ‘amount of active metal species deposited in the impregnation step to
that remaining in the liquid phase inside the pores precipitating thus in the drying step’
closely related with the ratio ‘amount in the deposited phase (isolated surface inner sphere
complexes and surface precipitates) /amount in the precipitated phase formed in the drying
step’, and (ii) on the composition of the precipitated phase.

For the catalytic systems presented herein, the application of the wet impregnation
method resulted into low values for the above ratios, and thus to the formation of a
precipitated phase that is rather unstable; this, upon calcination, was transformed into
loosely bounded crystallites of relatively big size. On the other hand, the application of the
EDF preparation technique resulted into high values for the above-mentioned ratios. As a
result, the deposited phase was predominant and, upon calcination, it was transformed
to well dispersed catalytically active phases that were bound strongly with the support
surface. In other words, following wet impregnation, the deposition does not take place
during the impregnation step but rather during drying, i.e., by uncontrolled precipitation in
the liquid phase inside the pores of the support, due to the evaporation of water. However,
during EDF synthesis, the deposition takes place in the step of the long-time equilibration
of the quite dilute impregnating suspensions via adsorption, which in certain cases is
followed by surface oligomerization, polymerization, or surface (more precisely interface)
precipitation [46-49,78-82,84,85].

3.2. Model Implementation

The model was implemented and solved in an ATHENA Visual Studio process mod-
elling environment (AthenaVisual Studio, 14.0, AthenaVisual Inc., Chicago, IL, USA, 2020).
The problem contains four dimensionless parameters, namely the characteristic Péclet
number, Pe., the characteristic Stanton number, St., the surface active sites to active Nickel
ions ratio, 1, and the Nickel modified Langmuir isotherm adsorption constant, Ki,, for
which a certain degree of uncertainty is contained.

To this end, a four-parameter estimation problem for the Nickel deposition was
established, by forming an estimation parameter vector including those parameters of the

model which are unknown or uncertain to some degree, according to, 0 = (PeC St. 1 K;,) T
In this manner, a statistical investigation of the model is performed and the values of the
unknown or uncertain parameters are estimated from observations. Furthermore, the
variances of the resulting parameter estimates are calculated, and it is made possible to
refine their posterior density function and add confidence interval estimates. For the
solution of the nonlinear parameter estimation problem with single response data, the
Bayesian estimator of the GREGPLUS solver of ATHENA Visual Studio software [23,87,88]
was adapted to the numerical solution of PDAPLUS solver. From the estimated values
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of the unknown parameters, the Nickel dispersion coefficient, Dy, the saturation surface
concentration, n°, and the adsorption and desorption kinetic constants, k; and kp, and
therefore the Langmuir isotherm adsorption constant, K;,, were easily evaluated.

The single response data corresponded to experimental nickel surface concentrations
for the two catalysts with nickel content 6 and 16 wt%, prepared by the modified EDF
technique, respectively as functions of the dimensionless radial coordinate. Only the case
of total air escape was studied hereby, because it represents physically a more realistic situa-
tion, supported by the experimental data, according to which substantial nickel deposition
occurred on the entire catalytic surface along the radial coordinate towards the center of
the cylindrical extrudates.

The conclusion was that following the modified EDF method at constant pH = 7.0,
the egg-shell nickel species macro-distribution profiles can be predicted, in accordance
with the experimental results. The experimental and theoretical concentration profiles are
shown in Figure 4 for the 6Ni/Al-edf and 16Ni/Al-edf samples, respectively, whereas the
estimated values of the parameters derived from the model application, were compared
with values in the literature from previous studies (Table 3). Confidence intervals of the
estimated parameter values were included in Table 3, as well.

100 150
L Ni on y-Alumina D, =293x10" m'ss Ni on y-Alumina D, =2.50x10" m's5
90 I pH=7.0, 6% Ni n =46.45 mmol/m’ [ PH=7.0, 167 Ni n =133.71 umolim”
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Figure 4. Experimental and theoretical distributions for: (a) 6Ni/Al-edf at pH = 7.0, and (b) 16Ni/Al-
edf at pH="7.0.
Table 3. Parameters derived from model application and from bibliography.
This Study This Study
Study Ref. [54] Ref. [46] Ref. [89] (6Ni/Al-edf) (16Ni/Al-edf)
Solution Properties C°=nl/a C°=0.0012-0.003M  C°=0.002M C°=017M C°=0.34M
Estimated Parameters pH =52 pH=6.2 pH =10.6 pH=7.0 pH=70
Kp mol~1) 326 408 1422 715 + 842 781 £ 226
n® (umol m~2) 0.50 0.60 1.82 46.45 + 19.16 133.71 + 8.51
2931078 & 2501078 +
2 —1 _ . _
Dp (m*s75) 1.6610~8 8281071

Note: n/a = not available.

In most of the previous studies, the procedure used for catalyst preparation was based
on the conventional EDF technique as described in the introduction. Thus, the deposition
of the nickel species was taking place through adsorption on and/or surface reaction
with the receptor sites that were developed on the support surface (surface oxygen and
surface hydroxyls) during the equilibration step. Therefore, the n® values corresponded
to the maximum amount of the active phase that was deposited through adsorption
on the alumina surface. On the other hand, in the modified EDF method proposed by
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the authors, not only a major portion of the Ni** ions is deposited by adsorption on
and/or reaction with the solid surface on a single adsorption layer, but a significant
portion of them is also deposited by precipitation on multiple deposit layers during the
evaporation of the water. As a result, the n® values estimated by the modified EDF technique
corresponded to the total amount of the active phase that can be adsorbed and/or deposited
on alumina surface, either by adsorption on a single layer during the equilibration step or
by adsorption/precipitation on multiple layers during the evaporation step.

Nevertheless, the n® value is strongly affected by the precipitation of the active phase,
as it can be expressed as the total amount of the metal ion deposited on the support
surface either on a single or multiple layers. Note again that applying the unmodified EDF
technique, this amount corresponds mainly to the one that is deposited by single layer
adsorption alone. Furthermore, n® is affected by the type of the catalytic support, the pzc of
the support, the pH value and the catalyst preparation procedure. Therefore, due to the fact
that the active species (nickel) solution concentrations used in our study were considerably
higher than those used in the other studies, the estimated values of the saturation surface
concentration, n®, were also reasonably higher than those in the other studies. Additionally,
they include the amount of the active phase that is deposited by precipitation as well and
not only by adsorption on a single adsorption layer on the catalytic surface.

From Table 3 it can be seen that the equilibrium constant, K;,, which is defined as the

ratio of the adsorption to the desorption kinetic constants, K]‘O = %, is not influenced by the
percentage of the active phase that is deposited by adsorption/precipitation and increases
with a parallel increase in the pH of the impregnating solution, assuming Langmuir type of
single layer adsorption isotherm. Therefore, by keeping a constant pH value in the present
study (pH = 7.0), selected to be close to the point of zero charge (pzc) of the y-alumina used
here, the estimated values for the Langmuir equilibrium constant, K;,, were also nearly
the same and in good agreement with the value expected according to the experimental
values reported in previous studies and their dependence on pH. In other words, the K,
values calculated in this study fall within the K, values calculated in the studies reported
in refs. [46,89] (Table 3), as the pH of our solution (7.0) was also between the pH values of
these studies (6.2 and 10.6, respectively).

Finally, the estimated values of the dispersion coefficient of the nickel species were
also included in Table 3. It is remarkable that essentially the same value of the dispersion
coefficient, Dp, = 2.5 x 1078 — 3.0 x 107 8m?s~!, was estimated for the two catalysts with
nickel content 6 and 16 wt%, respectively, as it was anticipated, since all other process
parameters were kept constant, including imbibition flow parameters. This fact supports
the applicability of the proposed model.

In summary, the model presented herein is capable of capturing the characteristics of
the impregnation stage of the modified EDF method proposed by the authors for supported
catalyst preparation.

By applying the model, the egg-shell macro-distributions of the nickel species on y-
alumina cylindrical extrudates were predicted in agreement with the experimental results
under the same experimental conditions. Moreover, reasonable values for the key parame-
ters of the model, namely dispersion coefficient, Dy, and saturation surface concentration,
n®, were estimated, whereas the constants of the Langmuir adsorption isotherm, namely
adsorption and desorption kinetic constants, k; and kj, and therefore Langmuir isotherm
adsorption constant, Ky, were also estimated in good agreement with previous studies.

3.3. Biogas Reforming over Ni/Al,O3 Catalysts
3.3.1. Catalytic Activity

To test the reproducibility of the experimental results the 6Ni/Al-edf experiments
were repeated three times. From these, 95% confidence intervals for the mean value were
calculated, and the results in the form of error bars are depicted in Figure 5. As can be seen,
individual experimental values lay well within the corresponding confidence intervals,
showing a very good reproducibility of the repeated experiments.



Catalysts 2022, 12, 274

16 of 27

100

80

—=a— B6Ni/Al - edf (exp #1)
—e— BNi/Al - edf (exp #2)
—a— 6Ni/Al - edf (exp #3)

100
(a) —a— GNilAl - edf (exp #1) (b)
1| —e— BNi/Al - edf (exp #2)
804 | —a— 6Ni/Al - edf (exp #3)

0 Average 0 Average
32 60 60
% =
= -
5 &
= I
X 40 > 40
20+ 204
0 T T T T T r T 0 T T T T T
700 750 800 850 900 700 750 800 850 900
T,°C T,°C

100

Figure 5. Repeat experiments for the 6Ni/Al-edf catalyst. (a) Conversion of methane (Xcpa4), and (b)
Hydrogen yield (Ypp) (CH4:CO, = 1.5).

The influence of the reaction temperature to the CH4 and CO, conversion values from
700 to 900 °C for the biogas reforming reaction and for the nickel on alumina catalysts, with
egg-shell and uniform macro-distribution, are shown in Figure 6. A general observation
is that an increase in temperature led to an increase in CHy and CO, conversion, which
is expected due to the endothermicity of the reaction. Moreover, as the CHy /CO; ratio at
the inlet of the reactor was higher than unity, methane conversion values are lower than
the carbon dioxide ones for the whole range of reaction temperatures studied. In the work
reported by Yasyerli et al. [90], using feed mixtures containing a CH4/CO; ratio higher
than one, coke formation was excessive and reactor blockage occurred in a short period of
time. In contrast, we observed stable conversion during the tests, which may be due to the
high active phase dispersion of our catalysts. Serrano-Lotina and Daza [91] reported that
when CHy/CO; > 1, methane conversion is lower, but the selectivity to H; is higher.
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Figure 6. Effect of reaction temperature on the conversion of methane (Xcps) and carbon dioxide
(Xcop) for the catalysts with: (a) low (6 wt%), and (b) high (16 wt%), nickel loading (CH4:CO, = 1.5).

Turning our attention first to the low nickel catalysts (Figure 6a), it is clear that the
6Ni/ Al-edf catalyst exhibits significantly higher CH4 and CO, conversion in comparison
with the 6Ni/Al-wet catalyst up to 860 °C. Over this temperature, although the egg-shell
catalyst retains higher Xcps and Xcop, the difference is minimized. It is noted that above
750 °C, the reactions of CHy decomposition and steam reforming of methane can also
occur, to a varying extent, affecting the methane and carbon dioxide conversion values [92].
Concerning water production, it has been reported [93] that the hydrogenation of carbon
dioxide (CO; + 2H, <+ C + 2H50) and of carbon monoxide (CO, + 2H, <> C + 2H,0),
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both exothermic reactions, are associated with carbon formation, as well as with water
production. Furthermore, the methanation reactions (CO, + 4H; <+ CHy + 2HO and
CO + 3H; +» CH4 + H,0O), both exothermic, may also produce water. The extent of the
above mentioned reactions decreases as the temperature increases.

Furthermore, from our results, conversion values for both reactants increase as the
nickel loading increases from 6 to 16 wt% (Figure 6). It is noted that these experiments
were performed over a shorter temperature range, i.e., between 780 and 900 °C. The value
of CHy4 conversion for the 16Ni/Al-edfreaches about 92% and 89% for the 16Ni/Al-wet
catalyst at reaction temperature equal to 900 °C,. According to thermodynamic analysis,
the CHy equilibrium conversion for the biogas reforming reaction, when using a feeding
mixture with CH4/CO, molar ratio equal to 1.5, is about 99% for temperature 860 °C [10].
Additionally, the CO, conversion values reach 95% for the 16Ni/ Al-edf catalyst and 91% for
the 16Ni/Al-wet at reaction temperature equal to 900 °C, very close to the ones predicted
by thermodynamic analysis (equilibrium carbon dioxide conversion value, at 860 °C, equal
to 98%). A further observation is that the performance of the high metal loading catalysts is
not significantly different between the two preparation methods used herein (modified EDF
versus wet impregnation). This is attributed to the high metal loading, which means that
the conversion values are very close to the ones predicted by the thermodynamic analysis.
This finding is in agreement with the works carried out by Ko and co-workers [43,45],
who investigated the performance of egg-shell type catalysts in the steam reforming of
methane. The somewhat higher methane conversion observed for the 16Ni/Al-edf catalyst
in comparison to the 16Ni/Al-wet one is probably due to the extent of the main reforming
and methane decomposition reaction.

Egg-shell catalysts are considered useful in processes where the reaction has a very
high rate and the intraparticle diffusion becomes the limiting step. This is because the
reactants and the reaction products are more easily transported to the surface from the
egg-shell, i.e., the thin layer of active component placed on the outer surface of the catalyst
particles, than from the catalyst inner core [35,94]. Intraparticle diffusive limitations are
especially important for processes taking place in packed beds, as is the case with the
methane reforming reaction [36,95]. A number of literature reports have proven the advan-
tage of using egg-shell catalysts as they have shown that the reaction mostly occurs on the
outer region of pellet (where most of the active sites are located), due to its extremely low
effectiveness factor [43,45,96,97].

The results presented herein regarding the catalysts prepared via the EDF method are
explained by their physicochemical properties. In particular, as shown in Table 1 above, for
both low and high Ni loadings, the Ni species particle size was lower for the EDF catalysts,
in comparison with those prepared via conventional wet impregnation i.e., the NiO and
NiOy species were better dispersed. Moreover, EDF synthesis also led to the presence of
Ni*? ions, interacting strongly with the support in the interfacial layer. Thus, it is likely that
the adverse effects caused by coke formation and the sintering process were less severe
during the reforming reaction [46,86,98]. This is in agreement with other investigators
reported work, where the supported Ni on y-alumina catalysts with the egg-shell structure
exhibited good performance in biogas reforming reactions [40-42,99].

The H; yield values for the biogas reforming reaction, carried out at temperature
values ranging from 700 to 900 °C, for the 6Ni/Al-edf and the 6Ni/Al-wet catalysts, are
shown in Figure 7a. As can be observed, the H; yield values below 750 °C are rather low for
both catalysts, most probably due to the limited extend of the reforming and decomposition
reactions and the function of the reverse carbon gasification reaction. However, over 750 °C,
the H; yield values start to increase for both catalysts, but above 820 °C they become
significantly higher for the 6Ni/ Al-edf catalyst compared to the ones for the 6Ni/Al-wet
catalyst. The reactions that predominate in this temperature range are the main reforming
reaction (Equation (1)) and the methane decomposition reaction (Equation (3)), resulting
in higher hydrogen production. Figure 7b presents the Yy, for the nickel on alumina
catalysts with high metal loading. Again, although the catalyst prepared via the EDF
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Figure 7. Effect of reaction temperature to hydrogen yield (Yyy,) for the catalysts with: (a) low (6 wt%),
and (b) high (16 wt%), nickel loading (CH4:CO, = 1.5).

This improved catalytic performance of the 6Ni/Al-edf arises mainly from its opti-
mum physicochemical properties, such as the higher surface area, the lower nickel particle
size and thus the higher active phase dispersion, as well as the egg-shell nickel concen-
tration profile (macro-distribution), accomplished by the application of the modified EDF
technique. Indeed, the interfacial nickel species deposition on the alumina surface related
to the EDF method results in catalysts with smaller nano-particles and thus in higher
dispersion of the supported nickel phase compared to the ones prepared by the wet im-
pregnation method.

3.3.2. Catalysts Stability

In order to examine catalytic stability in the targeted reaction, short time-on-stream
experiments (5 h) were performed. It is noted that these experiments were carried out
only for the catalysts with the low Ni loading, i.e., the 6Ni/Al-edf and 6Ni/Al-wet. The
results obtained, at a reaction temperature of 860 °C and for feedstock consisting of a
CH4/CO; = 1.5 mixture diluted with helium (He), are depicted in Figure 8. It is obvious
that the 6Ni/Al-edf was more stable than the 6Ni/Al-wet, for the duration of the time-on-
stream experiment. For the former catalyst, Xcra, Xcop, and Ypp took the values (start of
the experiment, and in parenthesis, the end of the experiment): 80% (75%), 95% (92%), and
78 (75%), respectively (Figure 8a). For the 6Ni/Al-wet catalyst, the corresponding values
were: 71% (62%), 85% (76%), and 67% (59%). Moreover, these results are also in agreement
with the ones presented above, confirming that the 6Ni/ Al-edf was more active due to its
the egg-shell nickel concentration profile (macro-distribution).

As discussed above, biogas reforming is also accompanied by several side reactions
that determine the selectivity of the process, such as the reverse water gas shift (RWGS)
reaction (Equation (2)), Boudouard reaction (Equation (4)) and the methane decomposition
reaction (Equation (3)). The RWGS reaction increases CO, conversion and the yield of
CO, while the Boudouard decreases CO, conversion and the yield of CO. On the other
hand, the CH; decomposition reaction increases methane conversion and the hydrogen
yield. Previous studies [100,101] have also reported that fuel (CHy4) activation/conversion
is independent from the amount of co-reactant (CO,) and is generally considered as the rate
determining step in CH4-CO,; reforming reaction. Hence, CH4 concentration in the feed
stream determines the methane reforming rate, while on the other hand CO, concentration
affects the extent of RWGS reaction. A higher CO, concentration seems to help shift the
RWGS reaction towards its equilibrium composition.
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Figure 8. (a) CH, and CO; conversion and Hj yield, and (b) H, /CO ratio, during stability tests for
the 6Ni/Al-edf, and 6Ni/Al-wet. Reaction conditions: T = 800 °C, WGHSV = 1200 h—1.

Within the tested temperature range, the calculated H, /CO ratio was stable at 1.1 for
the 6Ni/Al-edf, and around 0.6 for the 6Ni/Al-wet (Figure 8b). According to thermody-
namics [93], a Hy /CO ratio in the order of 1 can be obtained at high reaction temperatures
and high CO; conversion, indicating high activity and selectivity of the catalyst towards
CO; reforming of methane (as is the case with the 6Ni/Al-edf catalyst). However, elevated
H,/CO values also imply pronounced occurrence of the methane cracking reaction and/or
the Boudouard reaction, which enrich the reformate gas with Hj but are also responsi-
ble for carbon formation [16,19,102]. On the other hand, lower than unity value of the
H,/CO molar ratio can be caused by the RWGS reaction and oxidation of carbon deposits
by CO; [103]. Therefore, the present results may indicate that the 6/Ni/Al-edf catalyst
probably inhibited the reverse water gas shift (RWGS) reaction. Das et al. [104] argued that
the synthesis method has an effect on the distribution of acidic and basic sites. The EDF,
being a more controlled synthesis method, could provide a more uniform distribution of
these sites and positively affect DRM. On the other hand, when acidic and basic sites are
distributed randomly, then higher surface acidity and basicity is expected, promoting side
reactions like RWGS.

These results may also indicate that increased carbon deposition occurred on 6/Ni/Al-
edf, in comparison with the 6Ni/Al-wet catalyst, without, however, an accompanying loss
in catalytic performance. Literature reports [105] suggest that for catalysts with a uniform
distribution of metallic nickel particles, coke deposition occurs both on the outside and
on the inside of the pellets. As coke accumulates inside the pellets, the stress induced
might cause their fragmentation. On the other hand, it has been reported [45] that in
the egg-shell-type catalyst, where the metallic nickel particles were selectively located in
the outer region of the pellets, coke was only deposited and grown on the outer regions
of the pellets. Although coke accumulation also occurred, the stress induced by coke
accumulation appeared to dissipate by the location of Ni particles on the outer region of the
pellets. The excellent stability of the 6Ni/Al-edf catalyst can be attributed to its egg-shell
structure, as well as from its bulk and surface properties, i.e., its high surface area and
active phase dispersion.

4. Materials and Methods
4.1. Catalysts Preparation

The supporting material of all the nickel-based catalysts consisted of y-Al,O3 extru-
dates (cylindrical pellets), supplied by Akzo Nobel. The physicochemical properties, i.e.,
surface area, pore volume, bulk density, and mean pore diameter, before treatment, have
been previously presented in ref. [10].
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Prior to catalyst synthesis, the y-Al,O3 support was calcined at 800 °C, resulting
in an Sggr of 195 m? g’l. Ni(NO3),-6HO, purchased from Sigma Aldrich, was used
for the catalyst preparation. Two different concentrations (x wt%) were used, ¢; = 0.17
M and c¢; =0.34 M, so that the Ni content of the final catalysts would be 6 and 16 wt%,
respectively. The water used for the solutions was distilled and de-ionized (NANOpure
Diamond UV unit, Barnstead International). Two different preparation methods were used,
i.e., a modified EDF technique [24,46] and wet impregnation.

For the preparation of the egg-shell type nickel on y-alumina catalysts (xNi/ Al-edf)
via EDF synthesis, a thermostated vessel (250 mL), equipped with a pH adjusting and
controlling device and a glass/saturated calomel electrode (Metrohm 703 Ti Stand), was
used. The EDF samples were prepared at a constant temperature (T =25 £ 0.1 °C) and at a
pH value equal to 7.0, which is the point of zero charge (pzc) of the y-alumina used, i.e., the
pH value at which the negatively and the positively charged sites on the y-Al,O3 surface
are equal. The pH of the impregnating solution was adjusted and controlled by adding
small amounts of ammonium hydroxide via an NH4OH aqueous solution (c = 0.1 M) to
the preparation vessel. During the preparation process, nitrogen gas was bubbled into the
vessel to prevent dilution with atmospheric CO; and subsequent change in the pH. The pH
was kept constant for approximately 2.5 h.

The nickel on y-alumina catalysts with uniform structure (xNi/Al-wet) were syn-
thesized applying the wet impregnation technique, where a pre-weighed amount of the
cylindrical support (w = 10 g) was added to 100 mL of aqueous solution of the metal salt
under continuous stirring. The volume of the impregnation solution was approximately
15 times higher than the pore volume (Vp) of the y-Al,O3 used herein.

For all catalysts, the water was evaporated using a rotary evaporator at temperature
value equal to 60 °C, and for a period of time equal to 4 h. In addition, all the final catalyst
samples were air-dried overnight and were calcined at 800 °C for 5 h. The samples were
labelled as xNi/Al-edf and xNi/Al-wet, where x is the active phase concentration (wt%).

4.2. Catalysts Characterization and Testing

The bulk and surface physicochemical characteristics of all final catalysts were deter-
mined using Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES), Np
adsorption-desorption isotherms, X-ray Diffraction (XRD), Scanning Electron Microscopy
(SEM), and Transmission Electron Microscopy (TEM). In brief, (i) ICP-AES was used for the
determination of the metal loading (wt%) of the final catalysts, and was performed on a
Perkin-Elmer Optima 4300 DV. To avoid any dissolution issues the following procedure was
used: an acid digestion procedure involved the weighting of an appropriate amount of the
catalyst in a Teflon beaker. The exact weight of the sample was recorded to the nearest 0.0001
g. The sample was transported to the fume hood, where 1 mL of concentrated sulphuric
acid was added. The mixture was heated to dryness at low heat on a hot plate overnight.
Then, 2 mL of concentrated hydrochloric acid and 2 mL of concentrated nitric acid were
added to the beaker. The heating was terminated after 5-10 min, when the reaction of
dissolution was completed. At that point, approximately 2 mL of de-ionized water was
added and the beaker was left to cool. The resulting clear solution was loaded into a 50 mL
volumetric flask in order to make up an accurate fixed volume adding deionized water.
(ii) N, adsorption-desorption isotherms were used for the determination of the specific
surface area (SSA) via the BET technique, and the experimental work was performed on a
Micromeritics Tristar apparatus, with Micromeritics VacPrep 061 Sample Degas System;
(iif) XRD was used for the determination of the crystalline phases of the calcined catalysts,
and was carried out on a Siemens D500 diffractometer using Cu-Ka radiation; (iv) SEM
was used for the determination of nickel distribution along the cylindrical pellet diameter
(macro-distribution), and was performed on a JEOL 6300 instrument, equipped with a
microanalysis device; (v) TEM was used to determine the morphology of the catalytic
surface and the particle size of the surface nickel species, and was carried out on a JEOL
JE-2010 instrument.
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The catalytic testing was carried out in a fixed bed continuous flow reactor, at at-
mospheric pressure. The experimental rig and procedure followed has been described
previously in ref. [10]. Succinctly, a quartz glass reactor was used, operating at between 700
to 900 °C. The feed consisted of CH4/CO, in a molar ration 1.5 and was further diluted
with He (200 mL min~"! in total, of which 50% was He). The amount of catalyst used in
the catalytic bed was 10 cm?, diluted with an equal amount of inactive y-Al,O3 extrudates;
thus, the Gas Hourly Space Velocity (GHSV) value was equal to 1200 h~!. Prior to perform-
ing any catalytic reaction measurement, catalysts were in situ activated by flowing pure Hp
for 2 h at 700 °C. Catalytic stability was examined at 860 °C, during short (5 h) tests. The
gaseous reaction products were analysed on-line by gas chromatography in a CG-Agilent
7890 A gas chromatographer. The instrument utilised parallel HP-Plot-Q (19095-Q04,
30 m length, 0.530 mm I.D.) and HP-Molesieve (19095P-MSO, 30 m length, 0.530 mm L.D.)
columns, and was equipped with TCD and FID detectors at the exit. Methane conversion
(XcHa4), carbon dioxide conversion (Xco), hydrogen yield (Yi2), carbon monoxide yield
(Yco), and Hy /Co molar ratio were determined according to the following equations:

I:"CH4,in - 1:CH4,0ut

Xcn, (%) = Fon x 100 (39)
Xco, (%) = FCOZ'?‘C_O;EOZ"’“* x 100 (40)
Yi, (%) = ZFiI;z,m x 100 (41)
Yco(%) = chmef;C%m x 100 (42)
Molar ratio = M (43)

CO,out

5. Conclusions

Nickel supported on y-Al,O3 catalysts with different types of the active phase concen-
tration profiles were prepared, characterized, and tested for the biogas reforming reaction.
We were able to show that the interfacial deposition, related to the application of the
modified EDF method, results to catalysts with slightly smaller nano-particles, and thus,
to a higher dispersion of the nickel supported phase, compared to the ones prepared by
the wet impregnation method. Concerning the biogas reforming reaction, at high metal
loadings, the catalysts revealed similar catalytic performance, resulting in high conversion
rates above 800 °C. On the other hand, at low metal loadings, the catalyst with an egg-shell
structure showed increased methane conversion and hydrogen yield. We also concluded
that the catalysts with the egg-shell structure, especially for low metal loadings, probably
inhibit the reverse water gas shift reaction, which is related to H, consumption and CO pro-
duction. Succinctly, the improved catalytic performance of the 6Ni/Al-edf catalyst, is due
to its unique properties, including a higher surface area and active phase dispersion, and
its egg-shell structure that is generally considered to be beneficial in reforming reactions.

Concurrently, a theoretical model was developed and applied to the impregnation
stage of the nickel supported on the cylindrical y-alumina extrudates catalysts preparation
process (modified EDF technique), where the active ions were adsorbed on the active sites
of alumina and precipitated forming multiple layers. The model was able to predict that a
pH = 7.0 would produce catalytic materials with nickel egg-shell macro distributions, in
agreement with the experimental results.
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Nomenclature
b= 1_%0 inverse measure of the capillary force, dim/less
C concentration of aqueous solution of ammonium hydroxide, NH;OH, M
dav average pore diameter, m
&, ¢q, 00 initial concentration of the impregnating liquids, M
Dyx dispersion coefficient of the k-th active species, m?/s
DL, Nickel dispersion coefficient, m2/s
fx rate of adsorption of the k-th active species, dim/less
k absolute permeability, m?
Kok = % Langmuir isotherm adsorption constant of the k-th active species,
Kp = % Nickel Langmuir isotherm adsorption constant,
Kiok 11%1; pﬁ’f modified Langmuir adsorption constant of the k-th active species, dim/less
Ki[, = % p%fi Nickel modified Langmuir adsorption constant, dim/less
k al"_kgk generalized mass transfer coefficient based on Langmuir isotherm of the
k-th active species, dim/less
ki adsorption kinetic constant of the k-th active species, m3-pore volume
kq Nickel adsorption kinetic constant, m3-pore volume m solid volume/kg-s
Kok desorption kinetic constant of the k-th active species, m solid/s
ko Nickel desorption kinetic constant, m solid/s
Kp = % Nickel Langmuir isotherm adsorption constant,
L pellet average length, m
Nk = \;?}5 relative adsorption capacity of the k-th active species, dim/less
k
n “’)?0 Nickel relative adsorption capacity, dim/less
ny saturation surface concentration of the k-th active species, kg/m? solid volume
nS Nickel saturation surface concentration, kg/ m3 solid volume
P= P% dimensionless pressure
P, atmospheric pressure, N/ m?
P capillary pressure, N/m?
Pe = % local (time dependent) Péclet number of the k-th active species, dim/less
Pey = \g’i{ characteristic (time independent) Péclet number of the k-th active
species, dim/less
Pe; = VBCLR Nickel characteristic (time independent) Péclet number, dim/less
r radial coordinate, m
I liquid front position, m
R pellet radius, m
SBET pellet surface area, m?2/ kKg
Sty = l;—l;r local (time dependent) Stanton number of the k-th component, dim/less
= = characteristic (time independent) Stanton number of the k-
Stac l;kpl? haracteristic (time independent) Stant ber of the k-th

component, dim/less
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St. = \% Nickel characteristic (time independent) Stanton number, dim/less

t time, s

te = V—I;C = 'LifPI:Z characteristic imbibition time, s

te imbibition termination time, s

Uk impregnating solution concentration of the k-th component, dim/less

vp local (time dependent) interstitial liquid pore velocity, m/s

Vp = :—}i local (time dependent) interstitial liquid pore velocity, dim/less

Vpe characteristic (time independent) interstitial liquid pore velocity, dim/less

Vp pellet pore volume, m3 pore volume/kg

a mean pore radius, m

ay specific catalytic surface, m? solid surface/m? total volume
surface tension, N/m

€ porosity, m® pore volume/m? total volume

Oe equilibrium contact angle, radian

0 = 2—% dimensionless surface concentration of the k-th component

k

0= V;:E“ dimensionless Nickel surface concentration

u h viscosity of the impregnating solution, Pa s

V= 1’78 ratio of solid to pore pellet volume, m? solid volume/m3 pore volume

E=1- (ﬁ)2 dimensionless radial space coordinate

&=1- (LRf)Z dimensionless liquid front position

e termination liquid front position, dim/less

PB pellet bed density, kKg/m3

pli mass concentration of the k-th active species in the liquid (fluid) phase,
kg/ m3 pore volume

pfj equilibrium mass concentration of the k-th active species in the liquid
(fluid) phase, kg/m? pore volume

ok Nickel mass concentration in the liquid (fluid) phase, kKg/m? pore volume

pf(’o initial mass concentration of the k-th active species in the impregnating
liquid, kKg/ m> liquid volume

p{(loi Nickel initial mass concentration in the impregnating liquid,
kKg/m?3 liquid volume

pi mass concentration of the k-th active species in the solid phase,
kKg/m? solid volume

PR Nickel mass concentration in the solid phase,
kg/m3 solid volume

o= g—: dimensionless capillary pressure

T= % fot vpdt dimensionless time variable

Te imbibition termination time, dim/less

y = 5% dimensionless radial space coordinate with respect to liquid

front position
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