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ABSTRACT: Biomass gasification is a sustainable way to convert biomass residues into valuable fuels and chemicals via syngas
production. However, several gas impurities need to be removed before the final synthesis. Understanding of the interactions and
effects of biomass-derived producer gas contaminants (S and K) on the performance of reforming catalysts is of great importance
when it comes to process reliability and development. In the present study, the steam reforming activity at 800 °C of a sulfur-
equilibrated nickel catalyst during controlled exposure to alkali species (∼2 ppmv K) and in its absence was investigated using real
producer gas from a 5 kWth O2-blown fluidized-bed gasifier. Conversions of CH4, C2H4, and C10H8 were used to evaluate the
performance of the Ni/MgAl2O4 catalyst and MgAl2O4 support. A significant and positive effect on the catalyst activity is observed
with addition of gas-phase KCl. This is assigned primarily to the observed K-induced reduction in sulfur coverage (θS) on Nian
effect which is reversible. The catalytic contribution of the K-modified pure MgAl2O4 support was found to be significant in the
conversion of naphthalene but not for light hydrocarbons. The product and catalyst analyses provided evidence to elucidate the
preferential adsorption site for S and K on the catalyst as well as the role of the support. Whereas S, as expected, was found to
preferentially adsorb on the surface of Ni particles, forming S-Ni sites, K was found to preferentially adsorb on the MgAl2O4 support.
A low but still significant K adsorption on S−Ni sites, or an effect on only the fraction of exposed Ni surface area near the metal−
support interface, can, however, not be excluded. The result suggests that an improved Ni/MgAl2O4 catalyst activity and an
essentially carbon-free operation can be achieved in the presence of controlled amount of gas-phase potassium and high sulfur
coverages on Ni. Based on the results, a mechanism of the possible K−S interactions is proposed.

■ INTRODUCTION

Biomass is regarded as a renewable resource suitable for
addressing our increasing energy needs and simultaneously
contributing toward a more sustainable society.1 An attractive
solution for an efficient conversion of a wide range of biomass
feedstock to useful energy carriers, for further upgrading to
valuable products, is gasification.2−4

Producer gas derived from biomass gasification units
contains considerable amounts of secondary products, such
as light and heavy organic compounds,5 and different levels of
particulates and inorganic impurities,6−8 depending on the
type of gasifier and biomass feedstock.
According to Milne et al.,5 tar levels, i.e., (poly)aromatic

hydrocarbons, are in the range of 1−100 g/(N m3), where in
general terms, downdraft gasifiers are considered as the
cleanest; updraft gasifiers have the highest levels and
fluidized-bed (FB) gasifiers are in the lower intermediate
range.5 A high content of such impurities can be problematic
from an operating point of view with condensation, plugging,
and corrosion, being encountered inside and/or downstream
the gasifiers. Additionally, formation of carbon deposits due to
high tar content on catalysts in downstream processes9,10

constitutes a large problem. Therefore, the challenge is to
remove or convert these problematic organic compounds into
useful syngas molecules.10 An attractive method to do so is

secondary catalytic tar reforming, converting tar into
permanent gases.2 Catalytic tar reforming has been performed
with numerous types of Ni-based and noble-metal cata-
lysts.6,10−14 Ni-based catalysts are nevertheless considered as
the most cost-effective for tar reforming applications.12,15

However, catalysts for tar reforming are exposed to several
impurities and contaminants, such as particulates and inorganic
trace compounds (alkali, sulfur, nitrogen, and chlorine species)
present in the producer gas.6−8,16 The concentration of these
components depends on several parameters, such as gas-
ification technology used, process conditions, type of biomass,
and choice of technology for gas cleaning upstream of the
catalytic reactor. Typical gas-phase K-species levels are around
0.01−5 ppmv (db),7,17,18 with one case reported as high as 54
ppmv (db).8 The concentration of particulates in the gas
ranges between 5 and 30 g/(N m3),19 consisting of
unconverted biomass material in the form of ash, char, and
bed material in the case of fluidized-bed gasification. As far as S
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(mainly H2S and some COS) and Cl (mainly HCl)
compounds are concerned, their levels in the biomass producer
gas are generally 20−200 ppmv (db),6 while typical NH3
concentration is in the range of 500−3000 ppmv (db) when
woody biomass is used.20

Cl and NH3 at the concentrations discussed do not affect the
reforming performance of the Ni catalysts,21,22 but sulfur and
alkali compounds play an important role in the activity of tar
reforming Ni-based catalysts. Contradictory effects for the
presence of K and S have been reported in the literature.
Investigations23,24 on K-promoted Ni catalysts report on
minimization of carbon formation, while, on the other hand,
K concentrations above a certain threshold are responsible for
reduction in steam reforming24,25 and hydrogenation activity.26

In addition, even though S is a known and severe poison for
Ni-based steam reforming catalysts, it also tends to inhibit the
formation of whisker carbon above certain surface coverages,
due to blockage of C nucleation sites.24,25,27,28 Ideally, tar
reforming catalysts in biomass-derived producer gas environ-
ment would have just enough S and K additives to inhibit coke
formation but still maintain an appreciable reforming activity.28

Studies examining the effect of gas-phase alkali present in the
producer gas on tar reforming catalysts are limited.29−32 In all
of these studies, the method used to investigate the influence
of K on catalyst differs significantly from actual mechanisms of
K transport, deposition, and equilibration on the catalyst
surface.31 A few of these studies were performed under
exposure to a real producer gas from biomass and none were
investigated under realistic steady-state conditions.29−31,33 The
general observation is a general decrease of the reforming
activity and a loss in the surface area of Ni. Nevertheless, none
of the studies offered a clear picture of the combined effects of
S and K on Ni-based catalysts under steady-state conditions.
In our previous studies, we first developed and implemented

a methodology enabling controlled investigation of the
influence of gas-phase alkali on a tar reforming Ni/MgAl2O4
catalyst activity under realistic steady-state conditions by
eliminating transient effects, caused by sulfur poisoning and
sintering and by tailoring the S surface coverage by adjusting
the H2S/H2 ratio.

34 The methodology was further applied in a
study investigating the combined effects of biomass-derived
gas-phase potassium at varying concentrations together with
sulfur on tar reforming catalyst performance.35 In summary,
these studies provided information concerning the equilibrium
K coverage on a typical Ni-based steam reforming catalyst
under tar reforming conditions. A significant finding was the
actual increase in the catalyst activity toward methane and tar
reforming, as the K surface content increased, contradictory to
previous studies.29−31 This indicates interactions of K with S at
the active Ni sites and/or support and a subsequent decrease in
sulfur content on the catalyst surface with increasing K
coverage. It was also suggested that the significantly increased
reactivity toward tar molecules could partly be due to a K-
modified support surface.
Although a step forward, extended methane and tar

reforming activity studies during the K desorption phase are
needed to gain further insight into the importance of the K-
modified support surface reactivity and preferential sites of
adsorption for S and K.
In the present study, we aim at shedding light upon the role

of the support, S and K interactions with the support, and the
latter’s contribution to the overall catalytic activity, including

an investigation on the preferential site of adsorption site
(support and Ni metal) of the K and S species on a Ni catalyst.
The individual roles of Ni and support are elucidated during

separate K desorption from the Ni/MgAl2O4 catalyst and pure
MgAl2O4 support under steam reforming conditions, and an
overall mechanism is proposed. The above effects are of great
importance when considering gas conditioning requirements
and energy efficiency, especially for applications like dusty gas
autothermal reforming and/or development of catalytic
particulate filters.

■ MATERIALS AND METHODS
Materials. Pine pellets of 1.5−2 mm were used as biomass

feedstock, and their ultimate and proximate analysis results are shown
in Table 1.

The biomass was chosen due to its low ash content, minimizing
biomass ash-derived effects on tar reforming. Nonporous alumina
with a particle size of 63−125 μm was used as a bed material in the
gasifier. The Ni/MgAl2O4 catalyst and the MgAl2O4 support are aged
and surface-saturated with S and K under controlled conditions at the
same time with real biomass-derived producer gas with simultaneous
monitoring of tar and methane reforming activity. The Ni-based
catalyst Ni/MgAl2O4 and magnesium aluminate (MgAl2O4-spinel)
support were provided in a pellet form by Haldor Topsoe (Haldor
Topsoe A/S HT-25934 and HT-80541, respectively). Prior to use,
both the catalyst and the support were ground to an average particle
size of 3.6 mm (3.15 < dp < 4.0 mm). Inert nonporous silica-free
fillers (Vereinigte Füllkörper-Fabriken, Duranit Inert D99) of 3.175
mm diameter were used as bed diluent.

Methods. For the experimental investigation, a 5 kWth bubbling
fluidized-bed (FB) gasifier coupled to a particulate filter and a fixed-
bed catalytic reactor was used. An alkali aerosol generator with a
diffusion dryer was connected at the outlet of the particulate filter.
More details about the experimental setup and alkali dosing system
can be found elsewhere.34

The experimental procedure consisted of three stages, namely, (i)
catalyst aging and pretreatment; (ii) gasification and tar reforming
with alkali dosing (surface saturation stage); and (iii) continued
gasification and tar reforming without alkali addition (K-decay stage).

Prior to pretreatment of the catalyst and support, the experimental
setup was cleaned by steaming at 900 °C for 12 h to volatilize any
residual K located on the walls of the system upstream the reformer
and thus minimize the risk of K uptake other than from the alkali
aerosol generator. Initially, 25 g of catalyst and 25 g of support were
mixed with 50 g of inert diluent and subjected to activation by
reduction in H2 at 550 ± 1 °C for 5 h. After reduction, the bed was

Table 1. Proximate and Ultimate Analyses of Biomass
Useda

proximate analysis

moisture (wt %) 7.40
ash (wt % db) 0.52
volatile matter (wt % db) 80.1
fixed carbon (wt % db) 19.4

ultimate analysis
C (wt % db) 47.7
H (wt % db) 6.3
N (wt % db) 0.16
S (wt % db) <0.012
O (wt % db) 45.3
Cl (wt % db) 0.03
K (mg/kg db) 639
Cl (mg/kg db) 57.3

adb: dry basis.
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subjected to steam aging at 900 °C for 5 h at a steam/H2 molar ratio
of 10.
Aging with steam stabilizes the catalyst and minimizes any further

sintering that would result in erroneous interpretation of activity
changes during operation. To eliminate any transient phenomena due
to a gradual S-coverage of the catalyst during operation, the catalyst
and the support were subjected to “sulfidation” at 803 ± 2 °C at a
H2S/H2 ratio of 1.88 × 10−4 for 4 h (bulk sulfide (Ni3S2) is expected
to form at ratios greater than 0.00136). The H2S/H2 ratio has been
determined experimentally and is the resultant ratio during gas-
ification of biomass under the experimental conditions used in the
study. The actual sulfur coverage, θS, at this temperature and
sulfidation conditions (H2S/H2) would yield a sulfur coverage of
∼0.96 according to Alstrup et al.37 The coverage (θ) as a function of
temperature for different H2S/H2 ratios is depicted in Figure 1.

Once the catalyst and the support were “sulfided,” they were
directly exposed to producer gas from the gasifier with additional KCl
from the aerosol generator until saturation of the surface (surface
saturation stage). The duration of saturation stage was determined
based on previous results performed under similar conditions (catalyst
saturation of K uptake of the catalysts was achieved in ∼20 h on
stream35). The completion of saturation stage was also verified by the
observed stable conversion of CH4, C2H4, and C10H8. After the
saturation stage, the bed was removed, and the catalyst and support
were separated. The catalyst and the bed diluent were then mixed
with additional inert diluent occupying the same volume as the
support to ensure similar hydrodynamic behavior of the catalyst bed
between the saturation and decay stages. The catalyst bed was then
placed in the reactor and exposed to the producer gas but without
KCl aerosol (decay stage). Identical space velocities between
saturation and decay stages were achieved by substituting the
aqueous KCl solution in the aerosol generator with Millipore water.
The duration of the catalyst activity decay stage was again determined
by the observed conversion of methane and naphthalene (C10H8).
The same procedure was followed for the support as well.
Differences in conversion due to the absence of the support in the

initial and final stages of K-decay period would provide information
about the presence of K and the role of the support during the tar
conversion. To address the thermal effects in the absence of
potassium, the bed in the catalytic reactor was replaced by inert
diluent occupying the same volume as the catalyst and the support.
Gas-phase reactions affected by the addition of KCl aerosol to the
system38 were assessed by injecting the aerosol and using an empty
reactor. The detailed experimental conditions are shown in Table 2.
Dry gas composition was determined using a Thermo Scientific

C2V-200 micro-GC, while the tar content in the gas was determined
by the solid-phase adsorption (SPA) method.39

The catalyst and the support were characterized by means of N2
physisorption using an ASAP 2010 instrument for Brunauer−

Emmett−Teller (BET) surface area determination and by ICP/MS
for S and K content determination. Carbon content was determined
using a LECO CS230 analyzer. Upon completion of each of the
experimental stages, a small amount of catalyst and/or support was
withdrawn for characterization. More details about the sampling
procedure are provided elsewhere.34,35

The catalytic activity was evaluated by continuous monitoring of
methane, ethylene, and naphthalene conversions. The conversion was
calculated according to eq 1

X
F

F
1i

i

i

,out

, in
= −

(1)

where Xi, Fi,out, and Fi,in are the conversion and the molar flow at the
outlet and inlet of species i (mol/h), respectively. The estimated error
(standard deviation) in the computed variables (e.g., Xi) from the
experimental data has been determined as follows39

z Dz f a Da b Db n Dn( , , ..., )± = ± ± ± (2)

where z is the computed variable from experimental datasets (a, b, ...,
n), f is a function that corresponds to the mathematical operation
(addition/subtraction or division/multiplication), and Dz, Da, Db, ...,
Dn are the corresponding standard deviations of the computed
variable(z) and the corresponding average values of measured data (a,
b, ..., n).

For addition/subtraction operations, the standard deviation of the
computed variable was calculated according to

Dz Da Db Dn( ) ( ) ... ( )2 2 2= + + + (3)

While for division and multiplication, the computed error was
determined as follows
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■ RESULTS AND DISCUSSION
The producer gas composition was stable throughout the tests
and the average composition of N2-free gas as well as gas and
tar flows to the catalytic steam reformer are listed in Table 3. It
has to be noted that the time on stream corresponds to
cumulative experimental time and average gas composition
refers to time-weighted average of the different gasification
runs under the experimental conditions listed in Table 2. The
water content in the gas has been determined based on the
water gas shift reaction equilibrium.40,41

The Ni catalyst suffered an initial loss in surface area, due to
the accelerated aging step, but no further surface area loss is
observed (Figure 2). Contrary to the Ni catalyst, the MgAl2O4
support maintained its surface area throughout the aging and
testing stages. This comes as no surprise because the MgAl2O4
support system was calcined in air at several hundred degrees
above 900 °C before Ni was added to the system. Hence, the

Figure 1. Ni sulfur coverage (θS) as a function of temperature and
H2S/H2 ratio. The solid line corresponds to θS = 1 at different
temperatures.

Table 2. Experimental Conditions Used in This Study

gasification agent O2

biomass feeding rate (g/h) 208 ± 2
λ 0.24−0.25
average bed temperature (°C) 820 ± 6
average freeboard temperature (°C) 733 ± 5
filter temperature (°C) 850 ± 2
reformer temperature (°C) 803 ± 3
GHSV (h−1) 11 617 ± 981a

aAt 803 °C, excluding N2, and in all cases reported herein with a fixed
total bed volume (catalyst + support + inert diluent) of 97 mL.
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loss in surface area for the Ni/MgAl2O4 catalyst due to the 900
°C H2O/H2 aging procedure is therefore explained solely by
the loss of Ni surface area, i.e., the sintering of the metallic Ni
particles. Therefore, the catalyst reaches a stable performance
and Ni sintering should not be considered to have an
important role in any activity changes. The BET surface
areas for the carrier, fresh catalyst, and aged catalysts are all in
the range of 10−20 m2/g, similar to the areas reported in
previous work.34 Earlier studies indicated that K deposition can
accelerate sintering of Ni particles under certain conditions.25

However, as is already obvious from Figure 2, in our case, alkali
dosing does not affect the total surface area of the catalyst once
thermally stabilized and does not affect the specific Ni surface
area as judged by the very similar S content before K-dosing
and after significant K removal in the decay stage. These
findings also rule out any significant Cl-induced Ni sintering42

in the present study. Unaffected specific surface area upon
deposition of K and relatively constant pore volume, which lies
in the range of 100−150 mL/kg for fresh, aged, and spent
materials, also indicate that the deposition was done from gas-
phase species and that no molten KCl was deposited on the
surface blocking the pores, as reported elsewhere.33 This
suggests that the real mechanism of K deposition on the
surface is different from the impregnation studies.29−31,33

In Figure 3, changes in sulfur and potassium surface
coverages, during saturation and decay stages, are shown,
which are indicative of adsorption−desorption reversibility.

The findings corroborates our previous results,35 observing a
significant decrease in the sulfur content of the Ni/MgAl2O4
system upon K-saturation/equilibration, increasing again at the
end of the K-decay period.
Sulfur sorption takes place only on Ni/MgAl2O4 (Figure 3),

proving the clear preferential adsorption of S on Ni sites
compared to the MgAl2O4 support. Hence, it can be postulated
that any potential K−S interaction occurs on the Ni sites or in
the proximity of the Ni sites, while spillover of S from the Ni
sites to the support is very small, if at all relevant.
The K surface concentration in Figure 3 at K-equilibration is

very similar on the carrier (MgAl2O4) and on the catalyst (Ni/
MgAl2O4), ca. 55 μg K/m2 BET (0.67 K/nm2 BET) in both
cases. This is slightly higher than the 10−40 μg K/m2 BET in
our previous work,35 but still well below the extrapolated
maximum of 100 μg K/m2 BET therein. Given that the K
surface concentration is very similar for the catalyst and the
pure carrier, if K is present on S−Ni sites, it is so in much
lower total amounts than K on the carrier (ca. 0.67 K/nm2

BET), and the adsorbed sulfur amount on Ni, ca. 40 μg S/m2

BET (0.59 S/nm2 BET). Based on our results here, potassium
species can be located: (a) on the support, clearly providing
the main fraction of K adsorption sites, relatively far from the
active nickel sites; (b) in close proximity to the active nickel
sites, e.g., Ni-support interface forming K−O−Ni complexes;43

and (c) on S−Ni sites, but only to a small extent. The absence
of S at the surface (Sads) of the K-saturated MgAl2O4 infers that
any direct interaction of gaseous H2S with support-sorbed
potassium (Kads) or interaction of Sads and Kads in the close
vicinity of the Ni sites would result in a desorbed product.
With respect to K adsorption on the S−Ni system, it has
previously been shown to preferentially take place on top of
the more strongly bound surface sulfur (S−Ni) on Ni(100).44

In the same study, KS desorption products from Ni(100) were
reported for sulfur coverages above S−Ni monolayer saturation
(S/Ni > 0.5, θS > 1). However, gaseous K−S compounds were
not measured in our experiments, and gas-phase thermody-
namic equilibrium calculations, carried out in the present
study, show that KS concentrations should be negligible,
compared to H2S. K−S compounds can therefore not be an
important S sink under our experimental conditions.
The origin of the ∼10% lower S-coverage on Ni upon K

coadsorption during tar reforming conditions remains
unsolved despite our additional studies here, including also
the MgAl2O4 carrier. Potassium catalyst modification is known

Table 3. Average Composition of Producer Gas (N2-Free) at
the Inlet of the Catalytic Reactor

Nm3 gas/kgbiomass 1.42 ± 0.02

compound (% mol)

CO2 19.95 ± 0.05
C2H4 1.65 ± 0.01
CH4 7.19 ± 0.01
CO 27.52 ± 0.11
H2 25.25 ± 0.15
H2O 17.86 ± 0.11
tar excluding benzene (g/h) 8.7 ± 1.1
C10H8 (g/h) 6.2 ± 0.9
C10+ (g/h) 1.6 ± 0.6
KCl (from biomass) <0.2 ppmv35

KCl (from aerosol) 1.8 ppmv
H2S 15 ± 3 ppmv

Figure 2. Effect of thermal aging and changes in surface area of
catalyst and support during the different stages of treatment and
catalytic runs (0 time on stream refers to the moment that the catalyst
and the support are exposed to producer gas from the gasifier).

Figure 3. Surface area normalized K and S uptakes of catalyst and
support during different phases of treatment and catalytic runs (0 h
on stream refers to the moment that the catalyst and the support are
exposed to producer gas from the gasifier) (combined standard
deviations are insignificant and are not shown in the figure).
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to increase the rate of water splitting.45,46 Thus, faster O(H)
transport to Ni may take place that could inhibit the S
adsorption or affect S sorption/desorption rates, particularly at
the gas-phase exposed Ni surface sites located at, and very
near, the Ni/MgAl2O4 interface. The effective local concen-
tration of K is also very high in this metal−support interface
region, where K adsorption and chemical bonding at S−Ni
sites47−49 may induce a significant S−Ni bond weakening per
adsorbed K, leading to a reduced equilibrium S-coverage, as
previously discussed.35 The effect of K on sulfur vacancies and
defects in the S−Ni overlayer could be extended (nonlocal) in
a way similar to Cs adsorbed on the O−Cu system.50 Whether
a result of higher O(H) surface concentrations or the adsorbed
K, or both, the ∼10% lower θS on Ni, in the presence of 2
ppmv K in the gas phase, very likely primarily reflects the local
changes in S-coverage on Ni sites near the metal−support
interface. The increase in S-free Ni sites leads to drastically
increased methane and ethylene conversions as observed and
naturally leads to higher probabilities of larger S-free Ni site
ensembles better able to steam-reform larger hydrocarbons
such as naphthalene.
The effects of potassium adsorption and desorption on the

reforming activity of CH4, C2H4, and C10H8 are shown in
Figures 4−6, respectively. For all of the compounds monitored,

the thermal effects (solid horizontal line) have only a rather
small impact on their conversion. Thermal effects are
becoming more important in the following order CH4 <
C2H4 < C10H8, following the compounds’ respective thermal

stability.51 Introduction of gas-phase potassium has an effect
on the gas-phase conversion of hydrocarbons, as also reported
elsewhere;52 however, this effect is limited (dash-dotted
horizontal line) and is more pronounced for the bulkier tar
molecules.38 The initial conversion observed for all hydro-
carbons corresponds to the conversion achieved with θS ∼ 0.96
on Ni given that potassium equilibration is first achieved after
more than 10 h on stream. As expected,53 the initial catalytic
activity is low for such a high S-coverage on Ni and low
operating temperature.
Introduction of potassium results in a gradual and, over

time, drastic steam reforming activity increase for all of the
hydrocarbons in question. A stable conversion is achieved after
approximately 15 h for methane and ethylene and after 20 h
for naphthalene. The stable conversion indicates that
potassium is in equilibrium with the catalyst surfaces at stable
adsorption−desorption rates.
The conversions of CH4 and C2H4 during the K-saturation

stage are illustrated in Figures 4 and5, respectively. As shown,
the conversion of C2H4 displayed similar trends to CH4,
although C2H4 conversion values obtained were higher. This is
so despite the fact that formation of C2H4 caused by gas-phase
reactions of tar compounds during KCl dosing could be
expected due to the promoted cracking and dehydrogenating
effect of K under tar reforming conditions.38,54

Figure 6 depicts the conversion of C10H8. The total error of
each point is considerably higher than that in the case of the
lighter hydrocarbons due to the greater error sources and
uncertainties during the sampling, extraction, identification,
and quantification steps, associated with the SPA method.55

Nevertheless, a strong positive effect on the C10H8 conversion
during the K-saturation phase is observed.
As seen in Figures 4−6, the falloff values in conversion

during the K-decay phase over the Ni/MgAl2O4 catalyst are
quite different for CH4 and C2H4 compared to C10H8. This
could be related to the different reactivities of the molecules,
differences in internal mass transfer limitations between the
molecules,34 the way the intrinsic activity toward the different
molecules changes on a local scale inside the catalyst particles
because of the K concentration profile dynamically changing
inside the catalyst particles and throughout the bed during the
K-decay stage, and the fact that the K-doped MgAl2O4 support
is active toward naphthalene and not CH4 and C2H4, as will be
discussed later. The calculated effective diffusivities (Deff)

56−59

for CH4, C2H4, and C10H8 are equal to 4.83 × 10−7, 3.65 ×
10−7, and 1.71 × 10−7 m2/s, respectively, under the

Figure 4. Average CH4 conversion versus time on stream.

Figure 5. Average C2H4 conversion versus time on stream.

Figure 6. Average C10H8 conversion versus time on stream.
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experimental conditions of the study, indicating the slower
diffusion of larger tar molecules in the catalyst particles. The
lower the Deff, the more sensitive the conversion rate becomes
to the conditions at the outermost volume of the catalyst
particles. The significantly later falloff in naphthalene
conversion, compared to CH4 and C2H4, could suggest initially
higher K concentrations in the outermost volume of the
catalyst particles, relative to the more central parts, during the
K-decay stage.
During the initial stages of K-decay, with only the catalyst in

the bed (ToS > 32 h filled red squares in Figures 4−6), the
catalytic activity is similar to the one attained during the last
stages of K-saturation/equilibration (ToS ∼30 to 32 h). The
activity, as expressed in conversion terms, is at later stages
diminished to a value that approximately corresponds to the
initial catalytic activity for all of the compounds. This is
consistent with the finding that at the end of the decay stage
(ToS = 52 h), the catalyst very nearly had restored its initial
sulfur coverage (see Figure 3).
The conversion achieved with the MgAl2O4 support during

the decay stage (empty red squares in Figure 4−6 for ToS > 32
h) is considerably lower than the activity observed with the
catalyst (filled red squares in Figures 4−6 for ToS > 32 h).
However, in the case of naphthalene conversion (Figure 6),
although it is lower than that for the Ni/MgAl2O4 catalyst, it is
still significant for the K-doped MgAl2O4 carrier and
approaches those of thermal effects only at the end of the K-
decay stage. These results are consistent with earlier results,
showing Na promotion of tar conversion over an alumina
support.60

Table 4 presents the carbon formation on the Ni/MgAl2O4
and the support during the different experimental stages. As

seen, the carbon content on the Ni/MgAl2O4 catalyst increases
from 0.56 to 2.2 mg/gcat during the K-equilibration stage. This
alternation may be the result of potassium−sulfur interactions
on the nickel sites, allowing for carbon nucleation and growth
on sulfur-free Ni sites. Despite this significantly increased but
still very low C lay-down in the K-saturated stage compared to
before K-dosing and after the K-decay stage, the activity of the
catalyst is still greatly enhanced. The carbon lay-down in the K-
saturation stage is comparable to the one reported by Moud et
al.35 (3.7 mg/gcat after 36 h on stream), operating under similar
conditions, using the same experimental setup and catalyst as
in the present study.
The above result suggests that essentially carbon-free

operation can be achieved with increased Ni/MgAl2O4 catalyst
activity in the presence of a controlled amount of gas-phase
potassium and high sulfur coverages on Ni. Nevertheless,
during the decay stage, the carbon on the catalyst was found to
decrease back almost to its original content of ≤0.5 mg/gcat.
For the MgAl2O4 support, the carbon deposits were measured
to be as high as 19.43 mg/gcat after the K-saturation period,
and even higher (35.7 mg/gcat) after the K-decay stage. The

results demonstrate that the support alone is ineffective in
gasifying the deposited carbon. Furthermore, given that K on
the MgAl2O4 support gives rise to a significant naphthalene
conversion, the deposited carbon on the support derives very
likely primarily from the thermally rather unstable naphthalene
and heavier tars. This can also explain why the amount of
carbon deposited was lower on the Ni/MgAl2O4 catalyst after
the K-decay stage compared to the K-saturated surface.
More carbon of a more reactive type on the catalyst in the

absence of sulfur, compared to less carbon of a less reactive
type on the catalyst in the presence of sulfur was observed by
Xie et al.,61 during steam reforming of liquid fuels at 800 °C. In
their study, it was suggested that in the absence of S, quinone-
like carbon structures are predominant on Ni,61 which could
readily decompose at high temperatures, facilitating carbon
removal. In the presence of sulfur, graphitic carbon was
expected to be deposited, which is more refractory and with
less favorable gasification kinetics.61 Therefore, the carbon
surface coverage and reactivity could readily change with
changes in S-coverage on Ni as we observe.
In Figure 7, the discussed interactions are summarized in a

simplified scheme. Potassium effects are more pronounced for

the heavier tar molecules in the gas phase (region A). Gas-
phase potassium−sulfur interactions were not measured and
thus cannot be excluded from the scheme. Region B in Figure
7 depicts the potentially more reactive (and oxygenated)
carbon deposits on Ni at lower sulfur coverages when gas-
phase K is present. Enhanced water splitting on Kads and
possible spillover of O(H) to Ni sites can also affect the S
sorption and desorption rates, which in turn affect the catalyst
activity (region C).
Region D indicates the preferential sorption of sulfur on the

Ni sites. The K−S interaction due to surface diffusion of sulfur
from Ni to the support is not probable. However, their
interaction due to potassium surface diffusion from the support
to the vicinity of the Ni sites is plausible (arrow 2 in inset).
This interaction along with arrow 1, describing the interaction
between gas-phase potassium with sulfur on the nickel sites,
likely weakens the nickel−sulfur bond,35 which in turn results
in a lower S-coverage due to the equilibrium shifting toward
gas-phase H2S, as shown in Figure 7. The formation and
desorption of the K−S complex from the support surface, as
illustrated by the dashed line arrow, is based on our
thermodynamic calculations not a likely thermodynamic sink
for sulfur.

Table 4. Specific Carbon Content on the Catalyst/Support
(mg C/gcat)

experimental stage Ni/MgAl2O4 MgAl2O4

aging ≤0.50 ≤0.67
sulfidation 0.56 0.60
saturation stage 2.18 19.4
decay stage 0.67 35.7

Figure 7. Simplified mechanisms of K−S interactions on Ni/
MgAl2O4.
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■ CONCLUSIONS

In the present work, the effects of gas-phase potassium on the
activity of a sulfur-equilibrated Ni/MgAl2O4 catalyst was
studied. Common aging, sulfidation, and potassium surface
equilibration for both the catalyst and the support (MgAl2O4)
were carried out to elucidate preferential adsorption of S and K
species as well as to investigate the role of the support on the
observed conversions.
Sulfur adsorbed only on the Ni sites of the Ni/MgAl2O4

proving the clear preferential adsorption of S on Ni sites,
compared to the MgAl2O4 support. The K uptake was very
similar on the Ni/MgAl2O4 catalyst and the pure MgAl2O4

support despite the high S content on the Ni/MgAl2O4

catalyst. It is therefore deemed that the preferential adsorption
site for K is on the support but does not exclude a low but
significant coverage of K on S−Ni sites or a higher coverage of
K on a small fraction of Ni surface area, such as the Ni regions
near the metal−support interface. It is also clear that K
adsorption/desorption on/from the support readily takes place
under steam reforming conditions. The K and S equilibration
is fully reversible with θS on Ni, reestablishing the activity
when K is being desorbed. Potential K−S interaction occurs
most likely on the Ni sites or in the proximity of the Ni sites,
while spillover of S from the Ni sites to the support is very
small, if at all relevant.
The origin of the lower S-coverage on Ni upon K

coadsorption during tar reforming conditions remains
unsolved despite our additional studies here including also
the MgAl2O4 carrier. We consider a plausible explanation for
the reduction in S-coverage on Ni in the presence of gas-phase
K to be related to high local concentrations of K and/or O(H)
in the region near the metal−support interface, but further
experiments are required to gain more detailed insight into the
nature of species and their dynamics.
Introduction of K resulted in lower θS and a gradual, over

time, drastic steam reforming activity increase for both light
hydrocarbons and naphthalene, while at the same time slightly
increasing the carbon deposition. Although the underlying
mechanism for lowered θS on Ni when co-dosing gas-phase K
remains unclear, e.g., related to faster oxygen transport from
the support to Ni particles due to K-enhanced water splitting
rates or just simply K-induced weakening of S−Ni bonds, we
postulate simply that the increased population of S-free Ni sites
results in higher probabilities to form larger ensembles of S-
free Ni surface atoms better able to steam-reform larger and
bulkier tar molecules. The reactivity of deposited carbon is
high, which is supported by the established stable catalytic
activity and the overall carbon deposition.
Importantly, we also find that the K-doped MgAl2O4 support

contributed significantly to tar conversion, but not light
hydrocarbon conversion.
The result suggests that an improved Ni/MgAl2O4 catalyst

activity and an essentially carbon-free operation can be
achieved in the presence of a controlled amount of gas-phase
potassium and high sulfur coverages on Ni. Finally, simplified
reaction mechanisms are proposed for the observed
interactions.
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(58) Da Cruz, F. E.; Karagöz, S.; Manousiouthakis, V. I. Parametric
Studies of Steam Methane Reforming Using a Multiscale Reactor
Model. Ind. Eng. Chem. Res. 2017, 56, 14123−14139.
(59) Bird, R. B.; Stewart, W. E.; Lightfoot, E. N. Transport
Phenomena, 2nd revised ed.; John Wiley & Sons: New York, 2007.
(60) Mudge, L. K.; Baker, E. G.; Mitchell, D. H.; Brown, M. D.; Sol,
J. Catalytic Steam Gasification of Biomass for Methanol and Methane
Production. J. Sol. Energy Eng. 1985, 107, 88−92.
(61) Xie, C.; Chen, Y.; Li, Y.; Wang, X.; Song, C. Influence of sulfur
on the carbon deposition in steam reforming of liquid hydrocarbons
over CeO2−Al2O3 supported Ni and Rh catalysts. Appl. Catal., A
2011, 394, 32−40.

Energy & Fuels pubs.acs.org/EF Article

https://dx.doi.org/10.1021/acs.energyfuels.0c02069
Energy Fuels 2020, 34, 11103−11111

11111

https://dx.doi.org/10.1021/acs.energyfuels.5b02579
https://dx.doi.org/10.1021/acs.energyfuels.5b02579
https://dx.doi.org/10.1021/acs.energyfuels.5b02579
https://dx.doi.org/10.1002/aic.690350110
https://dx.doi.org/10.1002/aic.690350110
https://dx.doi.org/10.1021/acs.iecr.7b03253
https://dx.doi.org/10.1021/acs.iecr.7b03253
https://dx.doi.org/10.1021/acs.iecr.7b03253
https://dx.doi.org/10.1115/1.3267660
https://dx.doi.org/10.1115/1.3267660
https://dx.doi.org/10.1016/j.apcata.2010.12.019
https://dx.doi.org/10.1016/j.apcata.2010.12.019
https://dx.doi.org/10.1016/j.apcata.2010.12.019
pubs.acs.org/EF?ref=pdf
https://dx.doi.org/10.1021/acs.energyfuels.0c02069?ref=pdf

