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ARTICLE INFO ABSTRACT

The intrinsic kinetics of Steam Methane Reforming (SMR) on a non-conventional nanostructured and strongly
adherent Ni coating on a metal substrate was experimentally studied using an integral packed bed reactor. The
coating was characterized by means of SEM, N, adsorption/desorption, EDX, XRD and TPR. The reactor was
designed and the operating conditions selected to guarantee negligible interfacial and intra-particle transport
limitations, plug flow, isothermal operation and a sufficiently small pressure drop. Experiments were carried out
at temperatures between 450 and 600 °C, space times between 0.033 and 0.1 mol/(g.,.s) and steam-to-carbon
ratios of 2.87 to 5.53. Discrimination between potential reaction mechanisms and rate determining steps and
estimation of the rate parameters and their confidence intervals followed from regression and statistical and
physicochemical testing. Measurements confirmed that the water gas shift reaction reached equilibrium for each
condition. A comparison with reported intrinsic kinetics for a conventional SMR catalyst was made and optimal
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catalyst coating thickness, accounting for intra-catalyst diffusion limitations was evaluated.

1. Introduction

Hydrogen is expected to play an increasingly important role in the
refining and petrochemical industries, but also as future energy carrier
[1]. Although significant progress has been made towards efficient
electrochemical and photocatalytic production of hydrogen [2-8], the
widely used conversion of natural gas to hydrogen/syngas by steam
methane reforming (SMR) is expected to play a crucial role in the
successful transition to a hydrogen economy. The conversion of natural
gas to clean synthetic fuels [9-14] and combined steam and dry re-
forming [15-20] also gained interest, driven by the availability of
natural gas and concerns about CO, emissions-related global warming
[21-23]. The increase in hydrogen demand is expected to be further
fueled by the growing fertilizer market and related ammonia produc-
tion [24]. Increasing the capacity and efficiency of steam methane re-
formers therefore recently gained attention from the industries but
faces limitations related to the currently used reactor technology.

Steam methane reforming is conventionally done in multi-tubular
packed bed reactors using Ni/MgAl,O, catalyst pellets. To supply the
heat for the strongly endothermic reactions, the reactor tubes are
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suspended in a furnace. Heat transfer between the tube inner wall and
the process gas is often limiting the reactor performance. Radial tem-
perature uniformity is maintained by using 4 inch-diameter tubes. To
limit the pressure drop in the 11-12m long packed beds, relatively
large cm-sized pellets are used, introducing strong intra-particle diffu-
sion limitations. A catalytically active layer of a couple of millimeters
therefore is utilized with the particles being perforated to reduce the
diffusion distance and increase the amount of active catalyst layer.
Despite that, catalyst effectiveness factors for the steam reforming re-
actions are typically low, of the order of 2-5% [25].

Structured catalytic reactors can manage many of the limitations
introduced by conventional catalyst pellets. For example, a structured
metal substrate with a thin Ni coating (typically a few microns) can be
used. Whereas the use of a thin catalyst layer allows operating with
high catalyst effectiveness factors, the metal substrate itself can be
structured to minimize the pressure drop and intensify the heat transfer
between the tube inner wall and the process gas. The “bed density”,
which can be calculated from the specific geometric surface area (m?
catalyst interface per m? reactor) and the catalyst layer thickness, is
typically lower than that of conventional packed beds, but this can be
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Nomenclature

A(ky Preexponential factor of rate coefficient ki

A(Ky) Preexponential factor of adsorption constant KA

ays the specific external particle surface, per unit volume
particle [m? interface/m? solid] (solid includes inert and
catalyst particles)

Bi,, the thermal Biot number at the inner wall, Bi,, = h;,,dp/
Aer [/]

b the volumetric bed dilution [m® inert/m? solid]

bmax the maximum volumetric bed dilution [m? inert/m? solid]

Ca the concentration of A in the bulk fluid [kmol A/m? fluid]

(Cas)’ the concentration of A in the fluid at the external surface
of the solid [kmol A/m? fluid]

AChp g5 the difference between the concentration of A in the bulk
fluid and at the particle surface [kmol A/m? fluid]

Co the total molar concentration at the inlet [kmol/m? fluid]

Cpg the gas phase heat capacity [kJ/(kg gasK)]

D, or Dy, the diffusivity of the gas phase / of A in the gas
mixture [m? gas/s] or [m? catalyst/s]

Daeff = Dames/7 the effective diffusivity of A in the catalyst [m?
fluid/(m catalyst-s)]

Dea the axial dispersion coefficient [m? reactor/s]

Dya Knudsen diffusivity [m? fluid/(m catalyst.s)]

dp the particle diameter [m]

d; the inner tube or bed diameter [m reactor]

E, the activation energy of the reaction [kJ/kmol]

f the friction factor [/]

G the fluid mass flux [kg fluid/(m? reactor-s)]

(-AH)) the heat of reaction [kJ/kmol]

(-AH,)  adsorption enthalpy of specie A [kJ/kmol]

h catalytic layer thickness [m]

s the gas-solid heat transfer coefficient [kJ/(m?
interface's’K)]

Riw the heat transfer coefficient at the inner wall [kJ/(m?
interface's’K)]

Jom = f(Re,) the j-factor for mass/heat transfer [/]

k; rate coefficient of reactions I [mol. bar'/?/(kgca.S)]

ko rate coefficient of reaction II [mol/(kgc,.s.bar)]

ks rate coefficient of reactions III [mol. bar'/?/(kgca:.s) for
model A and mol /(kgc,.s) for model B]

kg the gas-solid mass transfer coefficient [m?® fluid/(m? in-
terface's)]

L the bed length [m]

M., the fluid molecular mass [kg/kmol]

n the reaction order [/]

Pa the partial pressure of specie A [bar]

Piot the total pressure [bar]

AP the pressure drop [bar]

Pe. = Ugyp'dp/(e'Dea) the Péclet number for axial mass trans-
port [/] (typical values between 1 and 2)

Pe,, = Ugypdy/(eDe;) the Péclet number for radial mass trans-
port [/] (typical values between 8 and 12)

Pr = UgCp¢/Ag the Prandtl number [/]

R the universal gas constant [kJ/(kmol K)]

Re, = pglsup'dp/Hy = Gdp/ug the particle Reynolds number
/]

Rl the maximum allowable relative importance of interfacial
mass transfer limitations for a given reaction rate [%]

Ta the intrinsic reaction rate of A [mol A/(kg catalystss)]

a0 the reaction rate of A at the reactor inlet [mol A/(kg cat-
alyst-s)]

ri the intrinsic rate of reaction i [mol/(kg catalyst:s)]

7 the observed rate of reaction i [mol/(kg catalyst-s)]

Ip pore radius [m]

Alpel the maximum acceptable relative difference between the
observed and intrinsic reaction rates [%]

AS4 adsorption enthalpy of specie A [kJ/(mol.K)]

Sc = pg/(pgDg) the Schmidt number [/]

T the bulk fluid temperature [K]

Tw the inner reactor wall temperature [K]

ATaq the adiabatic temperature rise in the reactor [K]

ATings the difference between the average particle temperature
and the temperature at the external surface of the particle
[K]

ATy the difference between the bulk fluid and solid phase
temperature [K]

AT, p the difference between the near-wall bed temperature and
the average bed temperature [K]

ATy the difference between the inner wall temperature and the
centerline bed temperature [K]

Usup the superficial velocity [m? fluid/(m? reactors)]

w weight of catalyst [kg]

Xa the conversion of A [/]

Xdil the conversion obtained with the diluted bed

AXrel the acceptable relative deviation of the conversion [%]

a)° the mole fraction of A in the feed [kmol A/kmol total]

e the film factor [/]

e the bed porosity [m® fluid/m?® reactor]

s the internal void fraction or porosity of the catalyst [m®
fluid/m? catalyst]

i catalyst effectiveness factor for reaction i

Aer the effective radial thermal conductivity of the bed [kW/
(m reactorK)]

Ag the gas phase thermal conductivity [kW/(m gas'K)]

As the solid phase thermal conductivity [kW/(m solidK)]

PB the active bed density = (1-¢)ps(1-b) [kg catalyst/m* re-
actor]

Ps the active solid density [kg catalyst/m?® catalyst]

T the catalyst tortuosity [/]

E non-dimensional position in the catalytic layer

compensated by the significantly higher catalyst effectiveness factors.
Several structured catalytic reactor designs have been considered for
use in steam methane reforming, such as ZoneFlow  Reactor
Technology [26]. Pressure drop and heat transfer have been char-
acterized both experimentally and through detailed CFD (Computa-
tional Fluid Dynamics) simulations. If the intrinsic reaction kinetics for
the catalyst used are known, CFD can also be used to calculate the re-
actor performance under typical commercial conditions and to study
scale-up and optimization [27,28].

A critical issue in the conception of structured catalytic reactors is
the deposition of a stable, well-anchored and active catalyst layer. A
popular technique is wash-coating with a slurry containing the active

catalyst [29-33]. While wash-coating is extensively used for pellets,
with alternative substrate geometries (mesh, monolith, complex struc-
tures, etc.) it becomes challenging to ensure reproducibility, stability
and minimal loss of catalyst (i.e. delamination) under severe operating
conditions. To prevent the latter, pretreatment of the substrate is cri-
tical [34] but does not guarantee robust performance. Alternative
techniques were proposed, based on the deposition of an intermediate
structured ceramic layer (alumina) which acts as an anchor for the
catalyst that is deposited by classical wash-coating. The presence of this
intermediate layer was shown to increase the coating adherence
[35-37] but can impact reaction performance. Solution combustion
synthesis (SCS) followed by wet impregnation [38], physical vapor
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deposition (PVD) [39], electrophoretic deposition [40] or chemical
vapor deposition (CVD) [41] were also studied and show promise but
are demanding processes for large scale operations.

In the present work, the intrinsic kinetics of steam methane re-
forming on a specific thin, nanostructured and adherent Ni coating is
experimentally studied. This unconventional catalyst formulation pro-
cess meets many of the challenges required for harsh environment
performance and adds a new feature to catalyst design, the post-coating
forming of the material to the final geometrical structure. Details on the
catalyst and the experimental set-up are given in the next sections. The
experimental results and kinetic modelling are discussed thereafter.
Finally, an evaluation of the required coating thickness is made.

2. The ASC Ni catalyst

Alloy Surfaces Company, Inc. (ASC) has developed proprietary
processing technology for producing thin, nanostructured Ni coatings
on metal substrates. The coatings are interdiffused into the metallic foil
substrate in-situ, resulting in strong adherence [42]. In a typical coating
process, a metal substrate (Inconel) is coated with a slurry consisting of
ASC’s proprietary catalyst formulation using continuous web-based
processes that allow precise control of coating thickness and uni-
formity. The coated metal substrate is then subjected to heat treatment
under reducing environment resulting in the formation of various alu-
minides. This alloyed layer is bound to the metal substrate through
metallically bonded inter-diffusion zones. The alloyed layer is then
chemically treated to create the desired porosity, consequently re-
sulting in a catalytically active surface. The inter-diffusion layer enables
intimate connectivity between the active elements for reaction and the
base substrate, resulting in mechanical robustness. These metal-sup-
ported catalyst materials (total thickness: 100-250 um) provide unique
advantages for hydrogen production via SMR at high space velocities, at
least partly due to their ease of fabrication into complex geometries.
Such geometries can be formed after deposition of the coating, in
contrast to classical wash-coatings that have to be deposited after
forming the structure.

The catalyst was characterized by SEM, EDX, XRD, TPR and ni-
trogen adsorption/desorption. SEM, EDX and XRD were performed on
the catalyst material used for the kinetic testing, but in oxidized state.
TPR and nitrogen adsorption/desorption used coating scraped off from
the catalyst material. Fig. 1 shows an SEM picture of a cross section of
the catalyst, which was previously embedded in an epoxy resin, and a
picture of the external surface of the catalyst. Three layers are clearly
visible in Fig. 1(a). The central substrate support is non-porous and
inactive. The second layer is the uniform inner coating and is ap-
proximately 7 um thick. The third layer (discontinuous due to epoxy) is
the outer coating and averages 40 um in this case, but can be varied.

EHT = 20.00 kV
Mag = 400 X

WD = 10 mm

50 um
— 06 Jan 2010

(a)
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The external surface uniformity of the coating can be seen in Fig. 1(b).
Because of inter-diffusion, both the inner and external layers contain
aluminum and nickel, as confirmed by energy-dispersive X-ray spec-
troscopy analysis, and are catalytically active. The EDX spectra for the
intermediate and external layers are presented in Fig. 2(a-b). The
presence of oxygen in the EDX spectra indicates catalyst in oxidized
state. The XRD pattern of the catalyst in Fig. 2(c) shows, on the other
hand, the characteristic peaks of Ni, observed at 26 = 44.2°, 51.4° and
75.6°. In contrast to what was observed by EDX, no peaks for NiO were
observed, indicating the formation of a very thin NiO passivation layer
upon contact with air. This explains the experimentally observed short
catalyst reduction time.

Temperature Programmed Reduction (TPR) using scraped off
coating confirmed the formation of a NiO passivation layer. Prior to the
TPR tests, 350 mg of catalyst were placed in a quartz reactor and flu-
shed with air at 200 °C for 2.0 h and then cooled to room temperature
under Ny flow. During the test, the temperature was increased from
50°C to 600 °C under a 50% H,/N, gas mixture flow at 40 ml/min,
imposing a 10 °C/min heating rate. The consumption of H, was mon-
itored via on-line mass spectrometer (QGA Hiden Analytical). The TPR
profile is shown in Fig. 2(d). The main reduction peak around 300 °C is
attributed to the reduction of NiO particles in low interaction with the
support or the passivation layer over the exposed nickel. The broader
consumption peak beginning at 425 °C and reaching a broad maximum
near 475 °C and continuing until the termination of the test is attributed
a strong NiO-support interaction [43,44]. Both of these consumption
peaks are consistent with the ASC formulation having both the outer
and inner coatings respectively.

The pore size distribution and surface area of a used catalyst coating
were measured by nitrogen adsorption and desorption in a TriStar 3000
gas adsorption analyser. A total of 476 mg of intermediate and external
layer, separated from the Inconel support, was used for the analysis.
Vacuum degassing was carried out at 300 °C during 12h. The tem-
perature was then reduced to 77.15K and the pressure was in-
crementally increased for adsorption and then decreased for desorption.
The recorded volume of adsorbed gas was correlated to the pore size
distribution and the total surface area, using the standard BET analysis.
The cumulative and incremental pore size profiles are shown in Fig. 3.
The porosity was measured to be 0.084 and the BET surface area
7.4m?/g, relatively low but consistent with the methodology used to
produce the catalyst [42]. Direct comparison with conventional Ni-
based SMR catalysts is difficult, with large variations on the reported
values. Ross and Steel (1973) and Sepehri et al. (2016) reported BET
surface areas above 150 m?/g for conventional fresh Ni/Al,O5 catalyst
[45,46], whereas Hou and Hugues (2001) and Yang (2017) reported
respectively 14.3 and 26.3m?/g for tested catalyst [47,48]. Xu and
Froment (1989) studied a Ni/MgAl,O,4 catalyst and reported a BET

g O
WD = 10 mm
Mag = 430 X 9 Nov 2017

(b)

Fig. 1. SEM picture of (a) a cross section and (b) the external surface of the ASC catalyst.

186



F. Minette et al.

4000 |- Ni
0
3000
E
S 2000
O Al
1000 5
Cr  Fe }\
L
0 2 4 6 8 10
keV
(a)
Ni
£ Ni
ZE
B ' Ni
I \
10 20 30 40 50 60 70 80
260

(c)

Applied Catalysis B: Environmental 238 (2018) 184-197

3000

2000

Count

1000

Ha consumption (a.u.)

00

I
100 200 300 400 5l 600

Temperature (°C)

(d)

Fig. 2. EDX spectra of the (a) intermediate and (b) external layers of an oxidized sample of the ASC catalyst with the chemical composition in mass fraction, (c) XRD

pattern and (d) TPR profile of the catalyst.
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Fig. 3. Cumulative and incremental pore volume versus the pore diameter for
the intermediate and external layers (oxidized sample).

surface area of 58 m?/g for fresh catalyst [49]. A wide range of reported
BET surface areas is also reported for structured catalysts. Liu et al.
(2012) measured a BET surface area of 174 m?/g for a fresh Ni catalyst
used in micro-channel reactors [36], while Vita et al. (2015) obtained
5.3 mz/g for a Ni/CeO, coating over a cordierite monolith [38].

Table 1 summarizes the main physical properties of the inter-
mediate and external layers of the ASC coating in oxidized state.

3. Experimental set-up

The experiments were carried out in a tubular fixed bed reactor in
integral operation. A simplified schematics of the experimental setup is
shown in Fig. 4. Detailed information can be found in Lugo-Pimentel
(2017) [50]. All gases (No, CH4 and H, - T.W. Smith, Research Grade,
5.0) were introduced to the reactor via mass flow controllers (Tylan FC-
2808S) (3) and pre-heated via a resistive heat tape (Omega Engineering,
cat #SST051-080) wrapped around a %4” stainless steel tube controlled

by a Variac regulator (6). Water was introduced via a vaporizer system
(5). Distilled water was fed from a pressurized cylinder using a reg-
ulation valve to ensure a uniform delivery pressure. The water passed
through a 10 pm filter (Swagelok SS-4MG) followed by a high-precision
metering valve and a downstream rotameter (4) (Gilmont instruments
GF2060) and was evaporated prior to mixing with the other gases in a
mixing chamber (7). The gas flow controllers had an accuracy of = 1%
of full scale, whereas the water flow controller had an accuracy
of + 5% of the reading. The pre-heated gas mixture is fed to the reactor
(1) installed in a 5-zone vertical electric furnace (Mellon Company) (2)
controlled to achieve the target reactor temperature. Immediately after
exiting the reactor, the product mixture is cooled in an ice bath to
condense water (8). The pressure in the reactor is set using a metering
valve (Swagelok SS-4L-MH). The dry effluent is directed to a micro-gas
chromatograph (Inficon series 3000) quantifying CH,4, CO5, CO, Ho, N5
with provisions to identify C, species. Mass balances determined pri-
marily using carbon were closed within 5% or less and confirmed using
hydrogen and oxygen balances.

Prior to kinetic testing, the reactor was always purged and the
catalyst conditioned with a 17% H,/N, mixture while the target tem-
perature of 600 °C was achieved at a rate of 20 °C min~'. The reactor
was kept at 600°C for 1.5h to ensure a consistent catalyst surface
baseline. Xu and Froment [49] observed a rapid decrease in activity
during the first 24 h a conventional Ni catalyst was on stream. The data

Table 1
ASC coating physical properties (intermediate + external layers, oxidized
state).

Coating thickness (um) 7 + 40(Fig.1-a)

Coating mass fraction (gcoat/8tot) 0.075
Ni content (wt.%) (reduced state) 75-85
BET surface area (m?/gcoqr) 7.4
Density (geoat/CMzoat) 5.78
Pore volume (cmg/gma[) 0.0145
Porosity (cm3/cmzoa) 0.084
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Fig. 4. (a) Flowsheet of the experimental setup: 1: tubular fixed bed reactor, 2: furnace, 3: mass flow controllers, 4: rotameter, 5: evaporator, 6: pre-heater, 7: mixing
chamber, 8: ice water bath, 9: water trap, 10: gas chromatograph. (b) Details of the micro-packed bed reactor.

that were used for the kinetic modelling in this study were obtained
with a catalyst that had been more than 50h on stream.

4. Experimental reactor design and operating conditions

The reactor was designed and the window of operating conditions
determined to allow studying the intrinsic reaction kinetics. Several
constraints have to be met that are not easily combined. Verifying the
functional form of a rate expression is in practice only possible on the
basis of isothermal data [51]. This implies that radial and axial tem-
perature gradients in the reactor have to be kept sufficiently small. An
ideal plug flow type flow pattern is aimed at to facilitate the inter-
pretation and treatment of the data. Furthermore, interfacial mass and
heat transfer limitations and intra-particle diffusion limitations have to
be avoided. Finally, a sufficiently low pressure drop across the bed is
required. Criteria discussed hereafter have been developed to evaluate
the above constraints and have been used to design the reactor and
select the experimental operating conditions. The main reactor design

Table 2

parameters are the bed diameter and length and the particle diameter
and bed dilution. The experimental conditions include the different feed
flow rates and the operating pressure and temperature. Application of
certain criteria requires known reaction kinetics. Because the kinetics
with the ASC catalyst is not a priori known, the criteria are first eval-
uated using the Xu and Froment (1989) kinetics for a conventional Ni
catalyst [49]. After deriving the kinetics for the ASC catalyst from the
experimental data, it was re-verified that for all the experimental con-
ditions listed in Table 4, the criteria of Table 2 were respected.

To guarantee plug flow, the velocity has to be sufficiently high such
that Re, = G-dp/ug; > 10-20 [52]. For a negligible effect of axial dis-
persion, the bed has to be sufficiently long compared to the particle
diameter. Carberry and Wendel (1963) found L/d, > 20-50 is required
[53]. Young and Finlayson (1973) proposed a criterion based on the
comparison of the reaction and axial dispersion time scales, i.e. Pe,,, =
Usup'dp/(€Dea) > > Tagprdp/(UsypyCo) With typical values of Pe,, be-
tween 1 and 2 [54]. The criteria involving the reaction kinetics are
usually evaluated at the reactor inlet where the reaction rates are

Criteria for the design of a lab-scale fixed bed reactor and the selection of the operating conditions to study intrinsic reaction kinetics.

Plug flow
8

Negligible axial dispersion L S 20-50
dp
q
Pepg = —:;ei
Negligible radial dispersion e 10
dp

Radial temperature difference

AT, g = |=AHI| rap,

Gdp
Rep = —= > 10-20

K
rA0Phdp

If d/d, > 100:

If d/d, < 100:

dp
ATy pe=(1 + SM)FAH\ rAPy

Carberry, 1976
[52]
Carberry and Wendel, 1963 [53]

Young and Finlayson, 1973 [54]
usCo
Chu and Ng, 1989 [55]

Mears, 1971
[56,57]

RTY
1 o

(d)?
A¥;
320y < A

(d)?
32er

2
RTy
Al —2
< rel Fa

Maximum volumetric bed dilution b _ AXpel Berger, 2002 [59,60,61]
max —
Axpe] +0.5 XdilTp
Gas-catalyst heat transfer limitations I-AH | rappdp RT2 Mears, 1971 [56,57]
A= gy < 4mg
gs a
Gas-catalyst mass transfer limitations ACy = kYAPs < Ak ca Mears, 1971 [56,57]
gs s n
Negligible intra-catalyst diffusion limitations w1 AP Weisz and Prater, 1954 [63]
G e
2 /| Dy, €5 0
Negligible intra-catalyst heat transfer limitations —AH| ,Apsdg RT2 Anderson, 1963 [64]
ATy s = Ty < AryelTa

Small pressure drop AP < 0270
n

188
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assumed maximum under isothermal operation. A negligible effect of
radial dispersion and avoiding short-circuiting along the wall requires a
sufficiently high tube-to-particle diameter ratio, d./d, > 8-10 [55].
Eventually Pen,=  Uspdy/(eDey) can be calculated. For
10 < Re, < 2000, Pen,,/[1 + 19.4(dp/dt)2] has a typical value between
8 and 12.

To avoid radial temperature and resulting concentration gradients
and guarantee isothermal operation, the tube diameter, d;, cannot be
too large. Mears (1971) derived criteria for the maximum allowable
radial temperature difference in the reactor for a maximum acceptable
relative difference between the observed and intrinsic reaction rates,
Arye (in %, e.g. 0.05) [56,57]. For di/d, > 100, AT, g = |-AH|Tapg(d)*/
(32Aer) < ArerR(Ty)?*/E, where AT,y is the difference between the
near-wall bed temperature and the average bed temperature. For d/
d, < 100, ATy pe= [1 + 8d,/(Biy d)1|-AH|rapp(d)*/
(32Aer) < AreyR(Ty)*/E where AT, . is the difference between the
inner wall temperature and the centerline bed temperature and Bi,, the
thermal Biot number at the inner wall, Bi,, = hjwdp/Aer. The effective
radial thermal conductivity of the bed, A.;, and the heat transfer coef-
ficient at the inner wall, h;,, can be calculated as in De Wasch and
Froment (1972) [58]. With highly exo- or endothermic reactions, such
as steam methane reforming, the radial temperature difference in the
reactor can only be kept sufficiently small by diluting the particle bed.
Uniformity has to be guaranteed and excessive dilution avoided. Berger
et al. (2002) derived a criterion for the maximum volumetric bed di-
lution, bpax, as a function of the acceptable relative deviation of the
conversion, Ax,, in % (e.g. 0.05). It was shown that byax = AXrel/(AXyel
+ 0.5:xgirdp/L) with xg4; the conversion obtained with the diluted bed
[59-61].

Negligible interfacial mass and heat transfer limitations require
sufficient turbulence and operation at sufficiently high flow velocity,
not evident in an experimental reactor [62]. For a gas phase reaction in
a packed bed, Mears (1971) proposed a criterion to estimate the max-
imum allowable temperature difference between the process gas and
the catalyst surface, AT, based on a maximum acceptable relative
difference between the observed and intrinsic reaction rates, Ar. (in %,
e.g. 0.05). It was shown that ATgs < ArR(T)*/E. The expected AT,
can be estimated from ATy, = |-AH|7appdy/(6hgs). In a similar way, a
criterion for the maximum allowable relative importance of interfacial
mass transfer limitations for a given reaction rate, Ary (in %, e.g. 0.05)
was derived by Mears (1971). It was shown that ACp g5 < Aryel “Ca/n,
where AC, g can be calculated from ra:ps/(kgay,s) and ay s is the specific
external surface area per unit volume particle [56,57]. Correlations for
the gas-solid heat and mass transfer coefficients in packed beds, hgs and
kg, can be found in Froment et al. (2010) [51]. The absence of inter-
facial transfer limitations can eventually be experimentally verified by
varying the molar flow rate F at given space time W/F, where W is the
mass of catalyst in the bed.

Weisz and Prater (1954) derived a criterion for negligible intra-
particle diffusion limitations, later extended by different authors [63].
For an n-th order reaction, & [(n+1)/2]-[(raps)/
(Da efr(Ca,8)*(ay,s)?)] < < 1. The concentration of A in the fluid at the
catalyst surface can be estimated from (Ca,)° = Ca - ACags. For the
verification of the Weisz-Prater criterion and considering excess steam,
a first order steam methane reforming reaction was assumed. Experi-
mentally, the absence of intra-particle diffusion limitations can be
verified by reducing the dimensions of the catalyst particles until no
effect on the measured reaction rates is observed. Intra-particle heat
transfer resistance is typically negligible, but can be verified using
Anderson's criterion [64], based on the maximum allowable difference
between the average solid particle temperature and the temperature at
the external surface of the particle for a maximum allowable relative
difference between the observed and isothermal/intrinsic reaction rate,
Ay (in %, e.g. 0.05), i.e. ATines < AryerR(T)?/E. The actual ATy, s can
be estimated from ATy s = |-AH|Taps(dp)*/(60As). Finally, the pres-
sure drop over the bed has to be kept sufficiently small. A frequently
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used criterion is AP < 0.2-P,,/n, with n the reaction order. The
pressure drop over the bed, AP, can be calculated from the Ergun
equation [65]. The different criteria are summarized in Table 2.

Meeting all criteria limits the window of operating conditions in
which experiments can be carried out. The catalyst foil was perforated
into small disks, 2.5 mm in diameter and 1.52 mm in equivalent dia-
meter. Perforating smaller disks was not possible without significantly
damaging the catalyst. Guaranteeing isothermal operation is challen-
ging with the highly endothermic steam methane reforming reactions.
Bed dilution was applied to reduce the specific heat consumption. The
reactor was loaded with 1.5 g of catalyst mixed with 28.5 g of a-alu-
mina diluent particles, 300 um in diameter. Because of the strong bed
dilution, the criteria for plug flow, axial and radial dispersion, radial
temperature uniformity, interfacial mass and heat transfer limitations
and pressure drop are evaluated using the diameter of the inert parti-
cles. The criteria for intra-catalyst diffusion and heat transfer are ver-
ified using the catalyst coating thickness. To further dampen the reac-
tion rates in the inlet region and the heat consumption in general,
hydrogen is co-fed at a H,/C-ratio of 1.25 with the methane/steam-
mixture in the steam methane reforming experiments. The reactor
housing was manufactured from Inconel-625 with a 1.0 cm inner dia-
meter. The total length is 20 cm, including a top and bottom inert bed,
4 cm long each, to have a 12 cm length active bed. Five k-type, 1.6 mm
diameter thermocouples (Omega Engineering) were located equidistant
along the length of the reactor providing center and radial measure-
ments. The average temperature is reported and is measured with an
error of = 3°C. In all tests, the temperature difference over the bed
could be kept below 6 °C.

The operating conditions at which experiments were carried out are
given in Table 3. Within the range of possible operating conditions,
experiments were carried out at 5 different target temperatures
( £ 450, 510, 550, 570 and 600 °C). For each temperature, the space
time was varied, keeping the S/C-ratio and the H,/C-ratio at target
values. At two temperatures, an additional experiment was carried out,
changing the S/C-ratio. The temperature is lower than that practiced in
commercial operation in order to avoid temperature gradients or
reaching chemical equilibrium, that prevent measuring intrinsic reac-
tion kinetics.

5. Kinetic modelling and parameter estimation
5.1. Reaction mechanism and kinetics

The global reaction that are studied are:

CH, + H,0 = 3H, + CO o
CH, + 2H,0 = 4H, + CO, (11D

The second SMR reaction (III) is often not accounted for assuming it
follows directly from combining reactions (I) and (II). As pointed out by
Xu and Froment (1989), reaction (III) can, however, proceed via a
different reaction mechanism, so that it has to be explicitly accounted
for and evaluated [49]. Three possible reaction mechanisms were re-
tained from the literature. Mechanism 1, shown in Fig. 5, is adopted
from Xu and Froment [49] and accounts for the second SMR reaction
(I11) and the presence of adsorbed CH,O species [66]. Xu and Froment

Table 3
Operating conditions for the steam methane re-
forming experiments.

Pressure (bar) 1.8-3.6
Temperature (°C) 450-600
H,0/CH,4 molar 2.9-55
H,/CH,4 molar 1.25
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Table 4
Experimental data.

S/Cratio xcmy (%)  xco, (%) Approach to

TCO w/Fy, (8earht/ e
quilibrium (%o

mol)

450 0.803 3.4 0.4 0.4 5.3

450 0.601 3.5 0.3 0.3 5.7

450 1.207 3.5 0.4 0.4 5.9

510 1.166 4.5 4.9 4.4 29.3
510 0.585 3.0 2.0 1.6 15.0
510 1.167 3.0 5.3 4.7 22.9
510 0.585 3.0 1.2 1.0 8.1

550 1.203 3.5 9.5 8.9 28.0
550 0.603 3.5 6.7 6.2 28.3
550 0.804 3.5 8.8 8.2 27.3
570 1.168 2.9 15.0 12.5 34.8
570 1.168 5.5 15.8 13.4 59.9
570 0.585 2.9 8.7 6.6 30.7
600 0.602 3.5 13.4 11.9 44.8
600 0.804 3.5 16.8 15.2 45.7
600 1.207 3.5 20.4 18.2 47.0

[49] showed steps (s7), (s8) and (s9) to be rate determining for re-
spectively reactions (I), (II) and (III), with corresponding rate expres-
sions:

pCOP?I
ky _ 2
( /p;sz) PcuyPh,0 K

DEN? (€9)
PmPco
(k2/sz)(Pcoszo_ ZKH 2)
n= DEN? 2
2 Pcozplir
k: 2
( 3/plgfzs)(I)CH“pHZO_ K )
5= DEN? 3

and with the denominator given by:

Pw,0
Pm, (€)]

DEN =1+ KCH4pCH4 + KCOpCO + KHZPHZ + KHzO

Reduced mechanism 1-red is identical to mechanism 1 but does not

HyO|+ €= O—( + H,
81
e (s13) ] +¢

(s12)

(G + ¢

(¥2) |

£
Hy— € —— oH—¢
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account for the second SMR reaction (III), i.e. elementary step (s9).
Mechanism 2, shown in Fig. 6, only accounts for the first SMR (I) and
water-gas shift reactions (II) and does not consider adsorbed CH,O
species. Adsorbed CO and then CO, are assumed to be formed from
adsorbed C species. Different rate determining steps can be considered
for each of the reaction mechanisms. The corresponding rate equations
were then derived following the Langmuir-Hinshelwood-Hougen-
Watson approach [51]. Finally, a last kinetic model was adopted from
Wei and Iglesia (2004) [67]. From kinetic and isotopic measurements,
the rate of the forward steam reforming reaction (I) is assumed pro-
portional to the partial pressure of CH4 and independent of the partial
pressure of the co-reactant. Furthermore, a very low catalyst surface
coverage by CO was observed, making competitive adsorption of CO
and CH, on metal sites unlikely. The co-reactant and the reaction
products influence only the extent to which the equilibrium is ap-
proached. The net reaction rate can then be written as:

PcoPIirz ]

T = ki 1-
'l Pchy ( Per,Pryo K

5)

Wei and Iglesia (2004) [67] furthermore assumed reaction (III) as a
combination of reactions (I) and (II). As written in Eq. (5), the ad-
sorption group, typical for Langmuir-Hinshelwood-Hougen-Watson
type rate expressions, is not directly recognized. Eq. (5) can be re-
formulated as:

PCOPISiz ]

k
T = P—o [pCH4pH20_ K,

Hy

(5bis)

Except for the adsorption group, rate Eq. (5 bis) is similar to the rate
expression for the first SMR reaction (I) derived by Xu and Froment
(1989) [49], Eq. (1), but based on reaction mechanism 1 and rate de-
termining steps (s2) or (s3).

5.2. Methodology

The integral method of kinetic analysis was applied using a non-
linear least square analysis based on the minimization of the residual
sum of squares of the observed and calculated conversions of methane
and carbon dioxide [51,68]. The Athena Visual Studio software was

Mechanism 1

Global reaction Steps involved

= (s1), (s2), (s3), (s4), (s5), (s6) (s7),
(1) CH, + H,0 = CO + 3H, (510), (512), (s13)

(I) CO +H,0 = CO, +H, (s1), (s8), (s10), (s11)
(s1), (s2), (s3), (s4), (s5), (s6)

(Ill) CH, + 2 H,0 = CO, + 4H, 9], 10, (53}, 1%)

CHy—¢ Mechanism 1-red
@ | +e - -
CH;— € + Het Global reaction Steps involved
1) | +£ N (s1), (s2), (s3), (s4), (s5), (s6) (s7),
Git l ¢+ H-t (1) CH, + H,0 = CO + 3H, (s10), (s12), (s13)
+0-¢ +0-¢ i
= (Il) CO + H,0 = CO, + H, (s1), (s8), (510), (s11)
SHoO—€ + ¢
CHz i (Ill) CH, +2 H,0 = CO, + 4H, {1+ ()
(56) ‘ +¢
CHO—-¢ + H-¢
(=9) | (s7) | +£
COy — ¢ + H-¢

CO—¢ + H-¢
(s11) | + O—£ | (=8) (s10)

(s11)

COs 4+ ¢

CO2—£2+¢

CO+¢

Fig. 5. Reaction mechanisms 1 (Xu and Froment, 1989) [49] and 1-red for steam methane reforming.
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+0=0-0+H
(31
“ (s11) I +¢
+¢
H2 ¢ m 2H-¢
+ Mechanism 2

(s2) - -

CHy—¢ Global reaction Steps involved

(s1), (s2), (s3), (s4), (s5),

w | +e (1) CH, + H,0 = CO + 3H,

CH3z— ¢+ H-¢ (s6) (s7), (s8), (s11), (s12)
oo | +2 () CO +H,0 = CO, +H, (s1), (s8), (59), (510)

CH, —| fr -t (Il) CH, +2 H,0 = CO, + 4H, I+
(=3)
CH-{ + H-¢
0 | +£

C—¢+H-¢
+0-¢ |
1 (7)
CO-Ct+¢
+0-¢ |
(9) (#8)
R Co +¢
(510)
CO, + ¢

Fig. 6. Reaction mechanism 2 for steam methane reforming. Adapted from Hou and Hughes (2001) [47].

Table 5
Reaction mechanisms and rate determining steps (r.d.s.) tested and model discrimination based on physicochemical and statistical testing.

Mechanism r.d.s. reaction (I) r.d.s. reaction (III) Physicochemical tests F-value R?

1 (s1) (s1) Eq. (10) not satisfied 150.7 0.935
1 (s2) (s1) Eq. (10) not satisfied 352.7 0.959
1 (s3) (s1) Eq. (10) not satisfied 182.7 0.959
1 (s6) (s1) Eq. (10) not satisfied 627 0.984
1 (s7) (s1) Egs. (10) and (11) not satisfied 646.4 0.984
1 (s10) (s1) Eq. (10) not satisfied 305.9 0.967
1 (s1) (s2) Egs. (10) and (11) not satisfied 292.5 0.949
1 (s2) (s2) Eq. (10) not satisfied 268.3 0.962
1 (s3) (s2) Egs. (10) and (11) not satisfied 182.7 0.96
1 (s6) (s2) Egs. (10) and (11) not satisfied 204.7 0.964
1 (s7) (s2) Egs. (10) and (11) not satisfied 203.7 0.964
1 (s10) (s2) Eq. (10) not satisfied 306.6 0.975
1 (s1) (s3) Eq. (10) not satisfied 228.1 0.956
1 (s2) (s3) Egs. (10) and (11) not satisfied 252.4 0.961
1 (s3) (s3) OK 57.6 0.699
1 (s6) (s3) Eq. (10) not satisfied 633.1 0.984
1 (s7) (s3) Egs. (10) and (11) not satisfied 646.8 0.984
1 (s10) (s3) Eq. (10) not satisfied 399.1 0.974
1 (s1) (s6) Eq. (10) not satisfied 633 0.984
1 (s2) (s6) Eq. (10) not satisfied 633 0.984
1 (s3) (s6) Eq. (10) not satisfied 401.9 0.98
1 (s6) (s6) Eq.(10) not satisfied 633.9 0.984
1 (s7) (s6) OK 661.4 0.984
1 (s10) (s6) Eq. (10) not satisfied 633.1 0.984
1 (s1) (s9) Egs. (10) and (11) not satisfied 365.9 0.972
1 (s2) (s9) Egs. (10) and (11) not satisfied 329.9 0.977
1 (s3) (s9) OK 325.5 0.976
1 (s6) (s9) Eq. (10) not satisfied 460.5 0.983
1 (s7) (s9) OK 447.8 0.977
1 (s10) (s9) Eq. (11) not satisfied 295.1 0.974
1-red (s1) N.A. Eq. (10) not satisfied 163.7 0.939
1-red (s2) N.A. Egs. (10) and (11) not satisfied 283.8 0.965
1-red (s3) N.A. Egs. (10) and (11) not satisfied 426.5 0.965
1-red (s6) N.A. Eq. (10) not satisfied 561.5 0.981
1-red (s7) N.A. Eq. (11) not satisfied 568.2 0.982
1-red (10) N.A. Eq. (11) not satisfied 199.3 0.944
2 (s2) N.A. Eq. (10) not satisfied 106.4 0.731
2 (s3) N.A. Egs. (10) and (11) not satisfied 397.2 0.962
2 (s7) N.A. OK 465.5 0.972
2 (s8) N.A. OK 343.3 0.947
Wei and Iglesia model (2004) [67] N.A. N.A. Eq. (10) not satisfied 256.6 0.894
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used for the parameter estimation and statistical analysis. To calculate
these conversions with a specific kinetic model, the set of species
continuity equations for CH, and CO, were integrated using a fourth-
order Runge-Kutta routine. Let xcy, and xco, be the conversion of
methane and carbon dioxide respectively:

0

Fep, —Fehy _ Fcop

Xco, = FO
CHy

XeHy = Ry
4

The species continuity equations are ordinary differential equations
that can be written:

& = Ichy
d(Fg:M) (6)
& = Ico,
d(Fg;t) )

The parameter estimation was based on data at different tempera-
tures using non-linear least squares regression. To reduce the effect of a
high correlation between pre-exponential factors and activation en-
ergies or adsorption enthalpies on the regression, the rate and adsorp-
tion constants were reparametrized:
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Ky = A(KA)exp(—%) = KA,Tmexp{—% (%— TL)} ©

Model discrimination was based on physicochemical and statistical
testing. For the physicochemical testing, thermodynamics imposes that
L
AH = E,— E, . For endothermic reactions, this leads to:

E, > |AHI (10)

Note that with few exceptions [49,69-72], values for the activation
energies not respecting criterion (10) are reported in the literature.
Since adsorption reduces the entropy of the system, a thermodynamic
criterion for the adsorption constants is:

ASf <0 < A(S) = exp[ASf/R] <1 11
Furthermore, for non-dissociative adsorption [73]:
—AS)a < Sy 12)

The sets of rate equations with parameters satisfying criteria (10) to
(12) were retained and the others eliminated. Statistical tests were
applied for further model discrimination [51,68]. The F-test was used to
compare the model adequacy. The significance of the estimated para-
meters was tested and the 95% confidence intervals calculated by
means of the t-test.

During the steam reforming experiments, the water-gas shift (WGS)
reaction approaches equilibrium, so that a statistically significant value

o Ei(1 1 for k; cannot be estimated. Therefore, the rate expression and constant
ki = A(ki)exp(—ﬁ) = ki,TmeXp{—? (?— T_m)} 8) of Xu and Froment (1989) were adopted for the WGS reaction. In a
commercial steam reformer, the WGS reaction will typically also
Table 6
Parameter estimates for the retained kinetic model for use with partial pressures in bar and reaction rates in mol/kgcx.s.
(a)-Model A
Parameter Value Unit t-value 95% Confidence intervals
Aky) 5.23x10% mol. barl/2/(kg.,. s) 17.4 5.23 + 0.62 (x10%)
A(ky) 5.43x10° mol/(kg,,. s. bar) Xu and Froment [49]
Alks) 1.66x10%* mol. bar'/%/(kg . s) 29.89 1.66 + 0.12 (x 10%%)
Eq 291.4 kJ/mol 49.99 2914 + 119
Egn 67.13 kJ/mol Xu and Froment [49]
Eg3 301.1 kJ/mol 87.39 3011 £ 7.1
A(K150) 5.8x10° 93.62 5.8 + 0.059 (x 10%)
AHp,0 88.68 kJ/mol Xu and Froment [49]
A(Kcny) 4.71x1073 bar~1 0.43 471 + 3.68 (x1073)
AHcpy, —38.28 kJ/mol Xu and Froment [49]
A(Kco) 8.23x10°° bar—! “
AHco —70.65 kJ/mol “
A(Kp,) 6.12x107° bar~! “
AHp, —82.90 kJ/mol “
(b)-Model B
Parameter Value Unit t-value 95% Confidence intervals
Ala) 7.48x 10" mol. bar'/%/(kg ;. S) 27.98 7.48 + 0.54 (x10'2)
A(ka) 5.43x10° mol/(kg,,. s. bar) Xu and Froment [49]
Alks) 9.56x 10" mol/(kgey- 8) 28.43 9.56 + 0.68 (x 1011)
Eq 226.4 kJ/mol 60.16 2264 + 7.5
Eq 67.13 kJ/mol Xu and Froment [49]
Eg3 210.4 kJ/mol 59.03 2104 £ 7.2
A(Km,0) 2.09%10° 71.29 2.09 % 0.06 (x 105)
AHp,0 88.68 kJ/mol Xu and Froment [49]
A(Kcny) 2.68x10°* bar~! 1.2 2.68 + 203 (x107%)
AHcpy, —38.28 kJ/mol Xu and Froment [49]
A(Kco) 8.23x10°° bar—! “
AHco —70.65 kJ/mol “
A(K) 6.12x107° bar-! «
AHp, —82.90 kJ/mol “
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rapidly approach equilibrium [25]. An accurate description of the WGS
reaction kinetics is then not essential for reactor simulation. Because of
the very low partial pressure of CO and very low value of Ky, at the
experimentally tested temperatures, Ky, and K¢o were also not re-es-
timated. Finally, the assumption was made that the adsorption en-
thalpies are equal to those with the conventional SMR catalyst so that
only the pre-exponential entropic terms for K¢y, and Ky,o were re-es-
timated. The total number of parameters to be estimated was as such
limited to 6 for the reaction mechanism 1 (Fig. 5), to 4 for the reaction
mechanism 2 (Fig. 6) and to 2 for the Wei and Iglesia (2004) model.

6. Parameter estimation and model discrimination

The experimental data used for the parameter estimation and sta-
tistical testing are shown in Table 4. A total of 41 sets of rate equations,
derived assuming a certain reaction mechanism with given rate de-
termining steps, were tested as shown in Table 5. For only six sets of
rate equations, the estimated rate parameters respected criteria (10) to
(12). Based on the F-test and the R? value, two competitive models were
retained. The first model (model A) is identical to the one proposed by
Xu and Froment (1989) for the conventional SMR catalyst [49], i.e.
mechanism 1 with rate determining steps (s7) and (s9) for reactions (I)
and (II) respectively - viz Egs. (1)-(4). The F-value obtained with
model A is 447.8, the R%-value is 0.977. The rate parameters and their
corresponding 95% confidence intervals are given in Table 6-a, for use
of the rate expressions (1), (2) and (3) with partial pressures in bar and
reaction rates in mol/(kgca..s). Note that kg, refers to the catalytically
active intermediate and external layers. The variance-covariance matrix
of the parameters showed that the correlations between the different
model parameters were all significantly below 0.95, except for A (ks)
and (Kp,0) with a correlation of 0.996.

The second model (model B), with the highest F and R? values of

CH4 molar conversion

+
0.2
- e
T 015
8 o
3
£ 01 i
o
& ¢
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*
*
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(a)
CH,4 molar conversion
*
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respectively 661.4 and 0.984, is also based on reaction mechanism 1
(Fig. 5) but with rate determining steps (s7) and (s6) for reactions (I)
and (III) respectively. The rate equation of reaction (III) then becomes:

4
ks, 2 2 _ PcorPry
PHy0PH, bcnyPrso Knr

DEN?

5= (3-bis)

The rate parameters and 95% confidence intervals are given in
Table 6-b, for use of the rate expressions (1), (2) and (3-bis). The de-
nominator is identical and given by Eq. (4). The correlations between
the different model parameters were all significantly below 0.95 and in
general less than with model A. Only for the correlation between Eg;
and E_,; a value of 0.971 was found. Although the rate determining step
for reaction (III) is (s6), which is also an elementary step in the me-
chanism of reaction (I), it was found necessary to account for CO, and
H, formation through reaction (III). None of the tested models based on
reaction mechanism 1-red was found to respect criteria (10) to (12).

The observed and predicted conversions of methane and carbon
dioxide are compared in Fig. 7 for the two retained models. The reac-
tion enthalpies of the steam reforming reactions do not exceed 225 kJ/
mol for reaction (I) and 196 kJ/mol for reaction (III) over the whole
temperature range (experimentally tested and industrially practiced),
so that the values for activation energies given in Table 6-a and 6-b
satisfy criterion (10). For the adsorption constant of methane, the
standard entropy of methane at 25°C is 186.1 J/(mol.K), so that cri-
terion (12)

0

ASgH a —Scw, g
A(Kep,) = exp| —22 | > exp| ——2 | = 1.9027 x 1071°
4.
R R 13)

is also satisfied over the whole temperature range for the two models.
Regarding the adsorption constant of steam, the value of A(Kp,o) does
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Fig. 7. Parity plots for the molar conversion of CH4 and CO, with (a)-(b) model A and (c)-(d) model B.
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not satisfy equation (11). Because step (s1) in the reaction mechanism 1
in Fig. 5 combines two elementary steps:

H,0+ 1 = H,0-1 (s1—a)

HO0-1+1=0-1+H, (sl-b)

and Ky, o is defined by:

Dw,- Co-r

Ko =
: Pmo- C,

as
this term is, however, not the true adsorption constant of steam and is
not necessarily subject to the van’t Hoff equation and thermodynamic
constraints (11) and (12).

A comparison between the rate parameters of a conventional SMR
catalyst (Xu and Froment 1989) and the ASC catalyst coating is pre-
sented in the form of a Van't Hoff / Arrhenius diagram, in Fig. 8-a for
the model A and in Fig. 8-b for the model B [49]. The temperature
range covers the temperatures experimentally tested
(1.15 < 1000/T < 1.3) and commercially applied. Note that a steam
reformer operates typically between 500 and 800 °C while a dry-re-
former operates at higher temperatures, between 600 and 1000 °C.

Fig. 8-a shows that the differences in the values of the rate para-
meters for model A mainly come from the pre-exponential factors of the
rate constants that are related to the total concentration of active sites.
In the entire temperature range, significantly higher values for k; and
even more for k3 are obtained for the ASC catalyst than for the con-
ventional catalyst (Xu and Froment, 1989). For example, the value of k3
for the ASC catalyst is around 7 orders of magnitude higher than k; for
the conventional catalyst. The k; factors are closer, with ASC k; being 6
orders of magnitude higher than for the conventional catalyst. In
practice, this potentially higher selectivity towards the formation of
CO, and H, is of course affected by the WGS reaction that typically
approaches equilibrium in a commercial reformer. Per kilogram of
catalyst, the ASC catalyst contains, however, around 75 wt.% nickel,
whereas the conventional magnesium spinel-supported catalyst only
15wt.% (Xu and Froment, 1989). The net reaction rates are not only
determined by the rate constants k; and ks, but also by the values of the
adsorption constants — see Egs. (1)-(4). Fig. 8 shows values for K¢;y4 and
Kioo that are significantly higher, i.e. 7.1 and 3277 times higher re-
spectively, for the ASC than for the conventional catalyst over the entire
considered temperature range. As a result, with model A, the ASC
catalyst is intrinsically much more active than the conventional cata-
lyst, but the reactions are strongly inhibited by steam, due to a large
coverage of the catalyst surface by adsorbed oxygen atoms.

Fig. 8-b shows that for model B, the value of k; is around 30 times
lower for the ASC catalyst than for the conventional catalyst over the
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whole temperature range. For ks, similar values are found over the
experimentally tested temperature range and values less than 10 times
lower than for the conventional catalyst are predicted at typical in-
dustrially practiced temperatures. This again leads to a potentially
higher selectivity for CO, and H,. The ASC catalyst is as such in-
trinsically slightly less active than the conventional catalyst. With
model B, the adsorption constants Kcy4 and Kyzo have values very close
to the ones estimated by Xu and Froment (1989), however. The reac-
tions are, hence, much less inhibited by steam than in model A. The
higher F and R>-vaules are in favour of model B.

7. Optimal coating thickness

The catalyst effectiveness was evaluated by calculating species
concentration profiles inside the catalyst layer under typical operating
conditions. The species continuity equations in the catalyst are written
[51] :

d dps CHy
—| D : = 107°RT. k2. -
d»;( SO g rera () £ (15a)
d dpa COy )
— DQ’CO - = 107°RT. h%. Tco (ps . Ps
dé ( Podg P (15b)
with the corresponding boundary conditions:
d d
'Ps,CH, _ 'Ps,co, —0at£=0
d¢ d§

Pscry = Pery 5 Pscoy = Peo, @ §=1

and ¢ the dimensionless intra-catalyst coordinate and partial pressures
in bar.

The reaction rates are given by Egs. (1)-(3) for model A and Egs.
(1), (2) and (3-bis) for model B. The effectiveness factor for a given
global reaction can be calculated from:

1
. S, iy de
’ ey 16)
The species effective diffusivity is calculated from:
- 5p-
Pea= 20 a7

The tortuosity factor T accounts for the tortuous nature of the pores
and eventual pore constrictions [51]. Values ranging from 2 to 5 were
reported in the literature [70,74-77]. Kolitcheff et al. [78] reported
different correlations to calculate the tortuosity from the catalyst

T
—— & : ASC catalyst
107 weses k1 : Xu & Froment (1989)
e k3 1 ASC catalyst
« kg : Xu & Froment (1989)
108 Ko : ASC catalyst
wwsses Kp1g0 + Xu & Froment (1989)
——— Kcu, : ASC catalyst
103 Kcuy : Xu & Froment (1989)
10! - .
11 1
1073 ‘ ‘
0.7 0.8 0.9 1 1.1 1.2 1.3
1000
- XY

(b)

Fig. 8. Arrhenius / Van't Hoff diagrams: comparison of the rate parameters with a conventional catalyst and with the ASC catalyst coating for (a) model A and (b)
model B respectively. Rate constants k; in mol. bar'/?/1 (kgcar-s) or mol/(kgc,..s) and adsorption constants K, in bar ™ ! (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.).
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Fig. 9. Partial pressure profiles of (a) CH4 and (b) H, inside a 10 pm catalyst coating under typical experimental reaction conditions (T = 550 °C, P = 3 bar,

Yers = 0.13, yeo = 0.01, yeoz = 0.04, S/C = 4.4, H,/C = 1.25).

Fig. 10. Partial pressure profiles of (a) CH4 and
45 (b) H, inside catalyst coatings of different
’ thickness under typical commercial SMR op-
erating conditions (T = 700°C, P = 28bar,
= - Youa = 0.18, ymo = 0.6, ym =012
= g yco = 0.01, ycoz = 0.05) with models A (solid
. = lines) and B (dashed lines) and (c) related
vag o catalyst effectiveness factors for the two global
By R
SMR reactions.
4
1 |
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
4 ¢
Model A Model B
—— Layer thickness: 10 pm === Layer thickness: 10 pm
—— Layer thickness: 30 um - - - Layer thickness: 30 pm
—— Layer thickness: 50 pm - - - Layer thickness: 50 pm
(a) (b)
Model A Model B
Layer thickness )i Nt M N
10 pm 0.959 0.909 0.995 0.998
30 pm 0.784 0.620 0.954 0.978
50 pm 0.606 0.454 0.884 0.937
(c)

porosity. For the measured ASC catalyst coating porosity of 0.084, these
correlations [79-82] give values of © between 1.4 and 3.6. For a con-
ventional Ni/MgAl,O, catalyst with a porosity of 0.52, Xu and Froment
(1989) found, however, a value of 3.54 [25]. Therefore, a value of
T = 4 was considered for the ASC catalyst coating. The diffusivity of the
reacting species A are calculated from the molecular and Knudsen
diffusivities:

-1
Dy(rp) = (L + DkAl(Vp))

Dpa
From the pore size distribution given in Fig. 3, the average diffu-
sivity of species A is given by:

18

Dr =

ZZ Dy (1) S(rp) )

where S(7,;) is the void volume fraction taken by the pores with radii

ranging from r,; to 7p ;1.

The profiles of the species partial pressures inside the catalyst
coating and corresponding effectiveness factors for a 7 um coating
under typical experimentally tested operating conditions are shown in
Fig. 9. With kinetic model A, the effectiveness factors, calculated by Eq.
(16), are i, = 1.028 for the first SMR reaction (I) and 7,; = 0.98 for the
second SMR reaction (III). With model B, 7, = 1.013 for reaction (I) and
7y = 1.003 for reaction III. This confirms that experiments were car-
ried out under conditions of negligible intra-catalyst diffusion limita-
tions.

The influence of the catalyst coating thickness was studied under
typical commercial steam methane reforming operating conditions.
Fig. 10 shows the calculated species partial pressure profiles in catalyst
coatings of 10, 30 and 50 um respectively, calculated with the two re-
tained kinetic models. Under the given conditions, significant intra-
catalyst diffusion limitations are observed with model A in the 30 ym
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Fig. 11. (a) Observed reaction rates and (b) effectiveness factors for the two global SMR reactions (log-log), as a function of the catalyst coating thickness. Typical

commercial SMR operating conditions as in Fig. 10.

and 50 um catalyst coatings. Diffusion limitations are also observed
with model B, but to less extent. Fig. 11 shows (a) the observed (or
average) reaction rates in mol/me,.s:

7= nhog. 1 (20)

and (b) the catalyst effectiveness factors as a function of the catalyst
coating thickness with the two kinetic models. Under the given condi-
tions and for model A, n becomes proportional to 1/h for both SMR
reactions when the catalyst coating thickness exceeds 40 um, so that
increasing the catalyst coating thickness has a negligible effect on the
observed conversion. The behavior is different for model B for which
increasing the coating thickness beyond 40 um is still favorable on the
observed conversions, the effectiveness factor being close to 1 for a
coating thickness up to 50 pm.

8. Conclusions

An experimental study of the intrinsic kinetics of steam methane
reforming (SMR) on an adherent nickel-based coating on a metal sub-
strate from Alloy Surfaces, Co. Inc. (ASC) was carried out. SEM and N,
adsorption/desorption characterizations revealed inner and outer
coatings measuring an average of 7 and 40 um respectively with a BET
average area of 7.4 m?/g, porosity of 0.084 and Ni content of 75-85 wt
%. EDX, XRD and TPR analysis indicated formation of a very thin NiO
passivation layer upon contact with air. An experimental fixed bed
reactor was designed and operating conditions selected to guarantee
measurements of the intrinsic reaction kinetics. Discrimination between
different kinetic models and the corresponding sets of rate equations
followed from physicochemical and statistical testing. Two possible
models were retained, both based on the reaction mechanism of Xu and
Froment (1989) [49] with a second SMR reaction forming CO, and H,
and CO and CO, formation through CH,O surface species. The first
model confirms the rate determining steps proposed by Xu and Froment
(1989) [49]. The estimated rate parameters for the ASC catalyst coating
show that it is intrinsically more active than the conventional SMR
catalyst, but the reactions are inhibited by strong adsorption of steam.
The second model indicates a different rate determining step for the
second SMR reaction. The estimated parameters show the ASC catalyst
coating to be intrinsically somewhat less active than the conventional
SMR catalyst. Adsorption constants are, however, more in line with
those determined by Xu and Froment (1989) and the reactions are
much less inhibited by adsorption of steam. Therefore, and based on the
statistical testing, the second model is finally favored. Simulations of
the intra-catalyst diffusion-reaction under typical commercial SMR
conditions show that for the two SMR reactions, catalyst effectiveness
factors close to 1 are possible with a catalyst coating thickness of up to
50 pm. Finally, both under the experimental conditions studied and
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under typical commercial SMR conditions and in contrast to what was
observed with a conventional SMR catalyst, the ASC catalyst is nearly
equally or more active for the second SMR reaction, producing CO, and
Ho, than for the first SMR reaction, producing CO and H,.
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