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A B S T R A C T

Hydrogen chloride is commonly present in syngas produced from municipal solid waste and biomass gasifica-
tion. The influence of HCl on the activity of nickel-based catalysts during catalytic naphthalene reforming was
investigated. Two synthesized and two commercial catalysts were tested for steam reforming at 790 °C and SV
24,000 h−1. In the absence of HCl, nickel supported on limestone (Ni/Limestone) demonstrated lower naph-
thalene conversion (∼80%) compared to nickel supported on alumina (Ni/Alumina) and two commercial alu-
mina supported catalysts (∼100%). In the presence of 2000 ppmv HCl, the naphthalene conversion of Ni/
Limestone rapidly decreased due to the reaction with HCl and, probably, formation of molten CaCl2 deactivating
the supported Ni nanoparticles. These data demonstrate limited applicability of calcium-based nickel catalysts
for naphthalene reforming at the studied temperature. The efficiencies of Ni/Alumina and two commercial
catalysts were maintained at ∼100% naphthalene conversion. However, HCl concentrations of 500–2000 ppmv
had detrimental effect on water-gas shift activity of alumina supported catalysts during naphthalene reforming.
The spent alumina supported catalysts were characterized by N2 adsorption, FESEM/EDS, XRD, XPS, TPR and
TEM after the reforming in the absence and presence of HCl, and the results suggested that HCl increased nickel
sintering in the catalysts causing the loss of water-gas shift activity. The losses of catalytic activity varied among
the catalysts and were the lowest for Ni/Alumina, which contained nanosized porous alumina support and had
the strongest Ni nanoparticle-support interactions.

1. Introduction

Tar is a complex mixture of mostly aromatic hydrocarbons, which is
formed during thermal decomposition of organic compounds and sec-
ondary reactions of the intermediate organic species. Tar is typically
defined as a mixture of organic molecules with molecular weight
greater than benzene [1] and is one of the major hindrances in the
application of syngas for power generation and chemical synthesis. At
gasification temperatures, tar compounds are present in the vapor
phase. However, upon cooling of syngas below approximately
350–400 °C, tar condenses in the downstream piping and cleaning
equipment causing clogging and corrosion issues. When syngas is re-
heated above 400 °C, the tar compounds undergo subsequent decom-
position forming solid coke particles that can also cause fouling and

plugging of the equipment. The acceptable levels of tar in syngas for the
operation of gas engines and gas turbines are low, i.e. 50–100 and
1–10mg/Nm3, respectively [2,3].

Among available technologies for the decomposition of tar con-
taining in syngas, tar reforming is considered the most promising as the
process (1) does not require cooling of the syngas (i.e. heat and effi-
ciency losses are minimized) and (2) does not produce waste water/
solvent stream. As tar reforming reactions are kinetically limited, the
rates can be increased by increasing the temperature and/or using a
catalyst [4]. Application of various catalysts for tar reforming suggests
that nickel-based catalysts are the most active [5]. In addition to the
advantages mentioned earlier, during tar reforming with nickel cata-
lysts, NH3 containing in syngas is converted into N2 [6]. Furthermore,
overall gas composition and calorific value of syngas changes due to
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reforming and equilibrium reactions [5]. Corella et al. [7] reported the
increases in H2 and CO contents by 6-7 vol. % (wet basis) and 4–5 vol.
% (wet basis), respectively, after the catalytic reforming of syngas from
biomass. Simultaneously, the contents of CO2, steam and methane de-
creased by 1–2 vol. % (wet basis), 5 vol. % (wet basis) and 1 vol. % (wet
basis), respectively. As a result, lower heating value of the syngas and
gas yield increased by 0.3MJ Nm−3 and 0.2 Nm3 kg−1 biomass, re-
spectively.

During tar reforming, catalysts lose their activity due to carbon
deposition and poisoning by sulfur species resulting in gradual reduc-
tion of the conversion efficiency [8–11]. Particulate matter containing
in syngas was also reported to deposit on catalysts decreasing the re-
forming activity [12]. Depending on feedstock, the content of HCl in
syngas varies from several tens (e.g., for biomass) to several hundreds
ppmv (e.g., for municipal solid waste, MSW). Albertazzi et al. [12]
observed a decrease in steam reforming of pure methane over a com-
mercial nickel catalyst in the presence of above ca. 500 ppmv HCl.
Other studies reported that HCl released from chlorinated hydrocarbons
during reforming poisons methane reforming and water-gas shift ac-
tivity of nickel catalysts [13–16]. High water-gas shift activity of re-
forming catalysts is beneficial as steam (which is typically present in
syngas) can be converted into a valuable hydrogen:

CO+H2O ↔ H2+CO2 (1)

Furthermore, lower steam concentration in syngas is advantageous
if desulfurization with metal oxides (for instance, ZnO) is carried out
downstream of the reformer as water can influence the thermo-
dynamics of H2S sorption [17].

In the previous studies [12–16], the mechanisms for the loss of
activity of nickel-based catalysts in the presence of HCl were not clar-
ified. Furthermore, the studies were conducted using only a single
catalyst. It is unclear how the losses of activity vary among different
nickel-based catalysts and how to tailor the properties of catalysts in
order to overcome the detrimental effect of HCl. To address these is-
sues, this study investigated the influence of HCl on the activity of four
nickel-based catalysts during steam reforming of naphthalene. Naph-
thalene is one of the major [18] and the most stable tar compounds in
the syngas produced from gasification of biomass and MSW [19–21].
Two commercial reforming catalysts and two synthesized catalysts with
different chemical and textural properties were compared. One of the
synthesized catalysts was prepared using limestone (a cheap natural
material with tar reforming activity [22]) as a support, while another
catalyst was synthesized using a nanosized alumina precursor. Based on
the performances of the four catalysts, the deactivation mechanisms of
the catalysts by HCl and the catalyst properties related to the high re-
sistance to HCl poisoning were established.

2. Materials and methods

2.1. Materials

Two nickel catalysts were synthesized using a nanosized alumina
precursor and limestone as supports. For the preparation of alumina-
based catalyst, aluminum hydroxide H3AlO3·xH2O (Sigma-Aldrich) was
pelletized and the prepared pellets were crushed to obtain particles
with sizes 0.56–1.18mm. Approximately 17.2 g of particles were added
to the solution containing 10.9 g Ni(NO3)2∙6H2O (Sigma-Aldrich) in
10mL deionized water and mixed. The solvent was evaporated using a
rotary evaporator Hei-Vap Precision (Heidolph Instruments, Germany).
The material was dried overnight in an oven at 105 °C and then calcined
in air at 500 °C for 2 h (heating rate 2 °Cmin−1). Limestone supported
catalyst was prepared similarly from 17.2 g of limestone with particle
size 0.56–1.18mm (China), 10.9 g Ni(NO3)2∙6H2O and 10mL deionized
water. After calcination, the samples were sieved again to remove fines
and collected particles with 0.56–1.18mm size were stored in sealed

containers. The lab-made nickel catalysts prepared using alumina and
limestone are denoted as “Ni/Alumina” and “Ni/Limestone”, respec-
tively.

Two commercial Ni catalysts supported on alumina from different
manufacturers (6-holes monoliths from Xian Sunward Aeromat Co.,
China and 19×19×10mm rings from Pingxiang Hualian Chemical
Ceramic Co., China) were crushed and sieved to obtain 0.56-1.18mm
particles, and used as the reference materials. The catalysts are denoted
as “Commercial 1″ and “Commercial 2″, respectively.

2.2. Naphthalene reforming

The experimental setup for catalytic tar reforming is shown in
Fig. 1. In this setup, naphthalene was used as the model tar compound.
The concentration of naphthalene during the experiments was fixed at
4.2 ± 0.4 g Nm−3 (average ± standard deviation based on 5 mea-
surements). The naphthalene vapors were generated by flowing N2 gas
through the evaporator. The actual concentration of naphthalene was
measured in blank runs by capturing naphthalene vapors with an iso-
propanol (200mL) trap and analyzing the solution with calibrated
GC–MS. Steam and hydrogen chloride were produced by feeding
deionized water containing HCl with a syringe pump using a separate
evaporator. Hydrogen was supplied during the experiments to reduce
catalysts (typically, nickel in fresh commercial and as-synthesized re-
forming catalysts is in the oxidized form) and maintain the reducing
environment during the reforming process. The concentrations of steam
and hydrogen were 26 vol. % and 10 vol. %, which are typical for
syngas from wet biomass and MSW.

In a typical run, a catalyst (0.5 mL) was loaded inside a quartz re-
actor on a quartz mesh with 50–90 μm openings, and then the tem-
perature of the reactor increased to 790 °C by an electric heater at
15 °Cmin−1 in 20 vol. % H2 −80 vol. % N2 (total gas flow 50mL-
STPmin−1). Afterwards, the catalyst was reduced at that temperature
for 30min. The reforming of naphthalene was performed by flowing the
gas mixture containing 0.14 vol. % naphthalene – 26 vol. % H2O – 0,
500, 1000 or 2000 ppmv HCl – 10 vol. % H2 – N2 (balance) over the
reduced catalyst at 790 °C. The total gas flow rate was 200mL-
STPmin−1 (space velocity 24,000 h−1). After the reforming, gases
passed through traps with deionized water to capture HCl and silica gel
to remove moisture. Gas sample (N2, H2, CO and CO2) was collected
every 30min of reaction and analyzed by a calibrated gas chromato-
graph (Agilent 7890B, USA) equipped with one FID and two TCD

Fig. 1. Catalytic steam reforming setup.
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detectors. During the reforming, naphthalene was converted to CO and
CO2 measured by the gas chromatograph. From the volumes of these
gases, the amount of converted naphthalene was calculated. The con-
version efficiency was determined as a ratio between the naphthalene
converted to CO and CO2 and initial naphthalene concentration de-
termined by GC–MS. According to gas chromatography, the con-
centrations of C1–C5 hydrocarbons in product gas were below detection
limits. In separate runs, it was confirmed that the water trap did not
influence the concentrations of CO and CO2 gases. The trap with silica
gel slightly decreased the concentration of CO2 during the measurement
of first data point but did not influence the CO2 content thereafter. All
experiments unless otherwise stated were triplicated and the results are
presented as averages of three experimental runs.

2.3. Characterization of catalysts

The surface morphology and elemental distribution of the catalysts
were investigated using a field emission scanning electron microscopy
(FESEM, JEOL JSM-7600F) equipped with the energy dispersive X-ray
spectroscope (EDS, Oxford Xmax80 LN2 Free). The transmission elec-
tron micrographs were obtained using a transmission electron micro-
scopes (TEM, JEOL JEM-1400 and JEM-2010). Chemical composition
was characterized using X-ray fluorescence analysis (XRF, PANalytical
Axios mAx). N2 adsorption isotherms were obtained using
Quantachrome Autosorb-1 Analyzer at −196 °C and surface areas were
calculated applying a BET model. The crystalline structure was studied
using an X-ray diffractometer (Bruker AXS D8 Advance) at the scan rate
of 0.02 s−1. The X-ray diffractometer was operated under 40 kV and
40mA with high-intensity monochromatic Cu-Kα (λ=1.5418 Å) as the
X-ray source. X-ray photoelectron spectroscopy (XPS) was conducted
using a Kratos Axis Supra spectrophotometer with a dual anode
monochromatic Kα excitation source. All binding energies for elements
of interest were corrected against an adventitious carbon C 1s core level
at 284.8 eV. XPS peaks were fitted using Shirley background together
with Gaussian-Lorentzian function using CASA XPS software.
Temperature programmed reduction (TPR) was performed by flowing a
5% H2/N2 gas mixture (30mLmin−1), with a temperature ramp of
10 °Cmin−1 up to 900 °C.

3. Results and discussion

3.1. Catalysts

Table 1 summarizes the porous characteristics of pristine Ni-based
catalysts. The Ni/Alumina has the highest specific surface area
(213m2 g−1) and total pore volume (0.31 mL g−1) while Ni/Limestone
is a non-porous material with the lowest specific surface area
(< 1m2 g−1) and total pore volume (< 0.01mL g−1). According to
pore size distributions in Fig. S1, Ni/Alumina contained pores with sizes
between 4 and 20 nm. The differences in porous properties of the
synthesized catalysts could be attributed to the different porosities of
supports, which also influenced the distribution of nickel in the pre-
pared supported catalysts. Fig. 2 shows the cross-sectional EDS ele-
mental mappings of the catalysts. In Ni/Alumina, nickel was homo-
geneously integrated into the alumina support, while in Ni/Limestone,
nickel was mainly accumulated on the outer surface of the support,

forming a core-shell microstructure. As the EDS mapping did not detect
any differences in the nickel distribution of the three alumina catalysts
(i.e. Ni/Alumina, Commercial 1 and Commercial 2), the samples were
characterized by FESEM in a back-scattered electron (BSE) mode
(Fig. 3). According to Fig. 3, the morphology of Ni/Alumina was dif-
ferent from that of the commercial samples. In the BSE imaging, elec-
tron scattering of heavier elements such as Ni is stronger than that of
lighter elements (such as Al) leading to brighter regions due to stronger
signal intensity. It can be seen from the images that in Ni/Alumina, Ni is
more uniformly distributed on the support compared to Commercial 1
and Commercial 2 catalysts. To confirm that nickel was the heaviest
element, the catalysts were characterized by XRF analysis (Table 2). Ni/
Alumina and Commercial 1 catalysts mainly contained Ni and Al, while
Commercial 2 catalyst contained Ni, Al and Ca, among which Ni is the
heaviest element. Thus, the strongest signal intensity in the back-scat-
tered electron mode (i.e. brighter spots in the images) can be ascribed
to Ni.

According to chemical composition (Table 2), NiO contents in
Commercial 1 and Commercial 2 catalysts were ∼20% and ∼22%,
respectively. Commercial 2 catalyst also contained considerable
amount of CaO. Although Ni/Alumina and Ni/Limestone were prepared
using similar nickel to support mass ratios, concentrations of NiO in the
pristine catalysts were different, probably due to different mass losses of
supports during calcination.

Fig. 4a illustrates X-ray diffraction (XRD) patterns of the catalysts.
NiO diffraction peaks can be clearly identified in Commercial 1, Com-
mercial 2 and Ni/Limestone catalysts. However, in Ni/Alumina, no NiO
diffraction peaks were detected by XRD analysis. Additionally, α-Al2O3

and calcite (CaCO3) phases were present in Commercial 1 and Ni/
Limestone, respectively. The allotropic phase of alumina in Commercial
2 catalyst could not be determined from the XRD pattern. The XRD
pattern of Ni/Alumina consists of broad alumina peaks at ca. 38°, 46°
and 67°, which together with the absence of NiO peaks, suggest non-
crystalline and/or nanosized structure of the catalyst. High resolution
TEM image in Fig. 4b confirms the nanosized structure of Ni/Alumina.
Darker spots in the image appear to be NiO particles with sizes smaller
than 5 nm. The support consisted of hollow spherical and ellipsoidal
particles with diameters smaller than 50 nm and wall thicknesses
smaller than 10 nm.

X-ray photoelectron spectroscopy (XPS) was used to characterize
the chemical states and interactions between elements on the surface of
the catalysts. Fig. 5 depicts the high-resolution Ni 2p3/2 core level
spectra of pristine catalysts. The Ni 2p3/2 spectra of Ni/Limestone and
Commercial 1 catalysts can be deconvoluted to peaks with binding
energies at ∼854 and ∼856 eV, and a shake-up satellite peak at ∼861
eV (Table S1). These peaks are characteristics of Ni (II) in unsupported
NiO and NiO that is weakly bound to the support [23–26]. On the other
hand, the Ni 2p3/2 spectra of Ni/Alumina and Commercial 2 catalysts
can be deconvoluted to peaks with binding energies at ∼856 eV only
and a shake-up satellite peak at ∼861 eV. The disappearance of the
peak with lower binding energies (∼854 eV) suggests the increased
interactions between the Ni (II) in oxidized nickel and the support in
these catalysts [24–26]. According to [25], the observed characteristics
of XPS spectra may also suggest the transformation of NiO into NiAl2O4-
like species. However, the formation of NiAl2O4 spinel in the catalysts
was not confirmed by XRD data.

Fig. 6 illustrates Ca 2p (Ni/Limestone), Al 2p and Ni 3p (alumina-
supported catalysts) and O 1s XPS spectra of the pristine catalysts. The
Ca 2p spectra of Ni/Limestone with binding energies of 346.8 and
350.4 eV correspond to Ca (II) in CaCO3 [27], which was detected by
XRD analysis (Fig. 4a). The O 1s spectra contains the XPS peak with
binding energy ∼531 eV for oxygen in CaCO3 and NiO [27]. Alumina-
supported catalysts show the XPS peaks with binding energies at
∼68 eV attributed to the Ni 3p core level of Ni (II), ∼74 eV attributed
to the Al 2p core level of Al (III) of the supports and∼531 eV attributed
to the O 1s core level of oxygen in aluminum and nickel oxides [27].

Table 1
Properties of pristine catalysts.

Catalyst BET surface area
(m2 g−1)

Total pore volume
(mL g−1)

Bulk density
(g mL−1)

Ni/Alumina 213 0.31 0.99
Ni/Limestone <1 <0.01 1.43
Commercial 1 24 0.02 1.44
Commercial 2 90 0.10 1.27
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TPR profiles confirm the different state of nickel in the catalysts
supported on alumina (Fig. 7). Typically, the reduction of unsupported
NiO occurs at 300–400 °C, while the reduction of NiO, which is strongly
attached to the support requires higher temperatures [28–30]. The re-
duction temperatures of NiO in the three catalysts increased in order of
Commercial 1 < Commercial 2 < Ni/Alumina. Commercial 1 had

one main peak at 400 °C and one small peak at 550 °C, indicating the
presence of unsupported NiO particles and/or NiO that is weakly bound
to the support. NiO in Commercial 2 and Ni/Alumina required higher
temperatures for reduction. Commercial 2 had a single broad peak at
600 °C, while Ni/Alumina contained two peaks at 590 and 780 °C. The
highest reduction temperature of Ni/Alumina could be attributed to the

Fig. 2. FESEM/EDS images of the pristine catalysts.
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strongest bonding of Ni (II) to the support in the catalyst. The XPS and
TPR data suggest that the state of Ni (II) and the extent of interactions
between the support and Ni (II) species varied among the catalysts. The
catalysts were used for steam reforming of naphthalene in the presence
of HCl in order to investigate the influence of structural differences on
catalytic activity.

3.2. Naphthalene reforming

Fig. 8 depicts the naphthalene conversion using the Ni-based cata-
lysts in the absence of HCl. The three alumina supported catalysts had
conversion efficiencies above 90% for at least 5 h. Despite the highest
nickel content, Ni/Limestone converted only ∼80% of naphthalene.
The lower catalytic activity of Ni/Limestone was likely caused by poor
distribution of nickel (Fig. 2) and its lower porosity and specific surface
area compared to pristine alumina supported catalysts (Table 1).

Fig. 3. Secondary electron (top) and back-scattered electron (bottom) images of the pristine alumina supported catalysts.

Table 2
Composition of pristine catalysts (wt. %).

Ni/Alumina Ni/Limestone Commercial 1 Commercial 2

Al2O3 67.2 0.1 74.3 41.9
NiO 28.7 37.9 19.9 21.9
Na2O 2.3 – a 0.1 0.3
K2O – – – 0.1
MgO 0.6 0.3 0.08 0.5
CaO 0.4 61.4 3.8 22.0
SiO2 0.5 0.1 0.3 4.8
Fe2O3 – – 0.1 1.5
TiO2 – – – 1.6
MoO3 – – 1.4 3.7
Other 0.3 0.2 <0.1 1.7

a Not detected.

Fig. 4. (a) XRD patterns of the pristine catalysts and (b) high resolution TEM of the pristine Ni/Alumina.
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Fig. 9a demonstrates the conversion of naphthalene over Ni/Alu-
mina in the presence of HCl. Regardless of the HCl concentration
(0–2000 ppmv), the conversion of naphthalene was stable (∼100%) for
at least 5 h. The highest HCl concentration (2000 ppmv) was further
selected to investigate the effect of HCl on reforming activity of all
catalysts (Fig. 9b). The three alumina supported catalysts maintained
naphthalene conversion above 90% for 5 h, suggesting no significant
influence of HCl on the reforming reactions. Previously, Albertazzi et al.

[12] observed a decrease in pure methane reforming by a commercial
catalyst at HCl concentrations above 500 ppmv. Other studies using
methane and chlorinated hydrocarbons have shown that when con-
version efficiencies are close to unity, the released HCl mainly decreases
water gas shift activity and CH4 reforming of Ni catalysts [13–16]. In
the previous studies, reforming of hydrocarbons was carried out using
one nickel-based catalyst only and thus, the influence of properties of
catalysts on the catalytic activity in the presence of HCl was not in-
vestigated.

Unlike the alumina supported catalysts, Ni/Limestone was rapidly
deactivated in the presence of HCl, demonstrating naphthalene con-
version as low as 15% after 2.5 h (Fig. 9b). The deactivation was ac-
companied by morphological changes as shown in Fig. 10. After re-
forming in the presence of HCl, the spent catalyst had rough surface
with disordered nickel coverage compared to the spent catalyst after
reforming in the absence of HCl. Furthermore, elemental mapping
showed that chlorine was chemisorbed on the support in the presence
of HCl. According to these data, the deactivation of Ni/Limestone was
likely attributed to the reaction of support (i.e. calcium species) with
HCl during the reforming [7]. This could be explained by the formation
of CaCl2, which is present in a molten state at the reforming conditions
(melting point 772 °C) and could encapsulate nickel nanoparticles, re-
sulting in the decreasing catalytic activity. The obtained results suggest
that nickel catalysts supported on limestone and other calcium-based
supports, in general, are not suitable for the application with HCl
containing gases.

Two catalysts, namely Ni/Alumina and Commercial 1 were selected
to investigate the effect of poisoning on the subsequent naphthalene
reforming. For these tests, the catalyst loading was decreased to
0.35mL to obtain lower naphthalene conversion (space velocity
34,286 h−1). The reduced catalysts were treated at 790 °C for 5 h with
the gas stream containing 26 vol. % H2O – 2000 ppmv HCl – 10 vol. %
H2 – N2 (balance) followed by 5 h naphthalene reforming in the pre-
sence of 2000 ppmv of HCl and 5 h naphthalene reforming in the ab-
sence of HCl, and are denoted as Ni/Alumina (Exp. 1) and Commercial
1 (Exp. 2). The experiments were duplicated. The conversion efficiency
of naphthalene decreased for both catalysts due to the shorter residence
time but remained stable during reforming in the presence and absence
of HCl (Fig. 11). The activity of Commercial 1 (Exp. 2) was higher
compared to Ni/Alumina (Exp. 1) (89% vs 72%, respectively). For
comparison, the conversion of naphthalene over fresh Ni/Alumina
catalyst without HCl poisoning denoted as Ni/Alumina (Exp. 3) is in-
cluded into the figure demonstrating the similar activity with Ni/Alu-
mina (Exp. 1). According to these data, neither HCl poisoning nor re-
moval of HCl from the gas stream had significant influence on the
reforming of naphthalene during the 5 h tests.

3.3. Water-gas shift activity

Although the conversion of naphthalene by alumina supported
catalysts was not significantly influenced by HCl up to 2000 ppmv, the
composition of product gases changed during the 5 h tests. Fig. 12 de-
monstrates the evolution of CO and CO2, which were the main reaction
products along with H2, during catalytic reforming in the absence and
presence of HCl. According to the results obtained from gas chroma-
tography, the concentrations of C1–C5 hydrocarbons were below de-
tection limits in the product gas. Dotted lines correspond to the contents
of CO and CO2 in gas at thermodynamic equilibrium calculated based
on the gas composition of the feed using HSC Chemistry 9 software.
According to the calculations, the equilibrium can be achieved through
the reforming of naphthalene by steam into CO and H2 followed by CO
conversion by steam into CO2 and H2 via water-gas shift reaction [13].
Gibbs free energies of the reactions at 790 °C are −603.4 and
−0.8 kJmol−1, respectively. The negative value of Gibbs free energy
for the reforming of naphthalene suggests that the reaction is thermo-
dynamically feasible at this temperature. Water gas shift reaction is at

Fig. 5. Ni 2p3/2 core level XPS spectra of the pristine catalysts.
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equilibrium. The composition of product gas at thermodynamic equi-
librium is shown in Table S2. The actual contents of CO and CO2,
especially in the absence of HCl, were close to equilibrium concentra-
tions in the beginning of reaction (i.e. 5–30min) and changed there-
after (Fig. 12). Specifically, the CO production increased while CO2

production decreased during the 5 h tests. Previously, similar changes
in gas composition were demonstrated during reforming of phenol and
bio-oil compounds in the absence of HCl [31,32] and reforming of
chlorinated hydrocarbons [13–16] and were attributed to the poisoning
of water-gas shift activity.

Fig. 6. Ca 2p (Ni/Limestone), Al 2p and Ni 3p (alumina-supported catalysts) and O 1s core level XPS spectra of the pristine catalysts.
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In the presence of 2000 ppmv of HCl, the contents of CO and CO2 in
gas reached plateau after 2.5 h of reaction, while at lower HCl con-
centrations (500 and 1000 ppmv), the stabilization of CO and CO2

contents required longer time. In the absence of HCl, there was a
continuous drift of CO and CO2 contents during the 5 h test. These re-
sults suggest that deactivation of catalyst occurred both in the absence
and presence of HCl. The presence of HCl in the gas stream accelerated
the process. Furthermore, with increasing HCl concentration from 0 to
2000 ppmv, the final content of CO increased from 0.7 to 1.0 mL-STP
while the final content of CO2 decreased from 0.8 to 0.5mL-STP, in-
dicating more severe deactivation of the catalyst. According to Fig. S2,
decreasing the space velocity from 24,000 to 6000 h−1 offsets the de-
activation of catalysts and the concentrations of CO and CO2 are close
to equilibrium during the 5 h tests. This could be due to the presence of
sufficient amount of catalyst for the equilibration of water-gas shift
reaction even though catalyst was partially deactivated during re-
forming.

Fig. 13 shows the CO/CO2 ratios in the gas during naphthalene
reforming over the catalysts in the absence and presence of HCl. In the

absence of HCl, the CO/CO2 ratios were similar for all catalysts and
relatively low (CO/CO2 < 2), which could be due to higher water-gas
shift activity (Fig. 13a). Nevertheless, these ratios were higher than the
ratio corresponding to thermodynamic equilibrium (CO/CO2=0.41),
indicating that equilibrium was not attained at this space velocity.
Compared to the reforming in the absence of HCl, the CO/CO2 ratios
after 5 h tests increased in the presence of 2000 ppmv HCl to 1.8, 6.5
and 2.4 for the Ni/Alumina, Commercial 1 and Commercial 2 catalysts,
respectively (Fig. 13b). The increase in CO/CO2 ratio of Ni/Alumina,
Ni/Limestone and Commercial 2 was more pronounced within the first
30–150min of reaction depending on the catalyst. However, the CO/
CO2 ratio of Commercial 1 continued to increase during the 5 h test
indicating that longer time was required for stabilization of catalytic
activity compared to the other catalysts. The smaller difference be-
tween the two ratios in the absence and presence of HCl for Ni/Alumina
(i.e. CO/CO2 ratios 0.9 and 1.8, respectively) indicates higher resistance
to HCl poisoning compared to the commercial catalysts. Unlike the
alumina supported catalysts, the CO/CO2 ratio of Ni/Limestone barely
changed in the presence of HCl and was close to the thermodynamic
equilibrium (CO/CO2=0.45) (Fig. 13b). Probably, the catalyst main-
tained high conversion of CO to CO2 due to the low CO production from
naphthalene and, consequently, lower amount of catalyst was required
for the equilibration of water-gas shift reaction compared to the other
catalysts (Fig. 9b).

Fig. 14a shows the CO/CO2 ratios obtained during naphthalene

Fig. 7. TPR profiles of the pristine catalysts.

Fig. 8. Naphthalene conversion in the absence of HCl.

Fig. 9. Naphthalene conversion (a) over Ni/Alumina catalyst in the presence of 0, 500,
1000 and 2000 ppmv HCl and (b) over prepared and commercial catalysts in the presence
of 2000 ppmv HCl.
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reforming after HCl poisoning over Ni/Alumina (Exp. 1) and Com-
mercial 1 (Exp. 2), and without HCl poisoning over Ni/Alumina (Exp.
3). During reforming both in the presence and absence of HCl, the CO/
CO2 ratios of Ni/Alumina (Exp. 1) were maintained at∼4. The CO/CO2

ratio of Ni/Alumina (Exp. 3) that was not exposed to HCl was lower
compared to CO/CO2 ratios of the catalysts utilized after HCl poisoning.
Similar to the data in Fig. 12, there was a drift in CO/CO2 ratio of Ni/
Alumina (Exp. 3) during the 5 h test, indicating continuous deactivation
in the absence of HCl. The CO/CO2 ratio of Commercial 1 (Exp. 2) in-
creased in the presence of HCl within 100min from 0.9 to 8 and then
fluctuated between 8 and 11.4 both in the presence and absence of HCl.
The scattered data for Commercial 1 could be attributed to the lower
accuracy of analysis due to the relatively low concentrations of CO2 in
the gas stream. Nevertheless, the data show that the CO/CO2 ratios of
the catalysts decreased with the increase in the space velocity, which is
consistent with the data in Figs. S2 and 13. Furthermore, when HCl was
removed from the feed, water-gas shift activity was not restored, in-
dicating that the poisoning was irreversible.

To confirm that the increase in CO/CO2 ratios in presence of HCl

Fig. 10. FESEM/EDS images of the spent Ni/Limestone after naphthalene reforming in the presence of 2000 ppmv HCl (top) and in the absence of HCl (bottom).

Fig. 11. Naphthalene conversion (space velocity 34,286 h−1). Exp. 1 and Exp. 2: poi-
soning of the catalysts with 2000 ppmv HCl for 5 h followed by naphthalene reforming in
the presence and absence of HCl. Exp. 3: without HCl poisoning, naphthalene reforming
in the absence of HCl.

Fig. 12. Influence of HCl concentration on the evolution of CO (a) and CO2 (b) during
naphthalene reforming over Ni/Alumina. Dotted lines correspond to CO and CO2 con-
centrations at thermodynamic equilibrium.
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was caused by the poisoning of water-gas shift activity, the spent Ni/
Alumina (Exp. 1) and Ni/Alumina (Exp. 3) catalysts were used to cat-
alyze water-gas shift reaction at 790 °C. The catalysts were subjected to
200mL-STPmin−1 of gas mixture containing 2.3 vol. % CO – 26 vol. %
H2O – 10.2 vol. % H2 – N2 (balance), and are denoted as Ni/Alumina
(Exp. 4) and Ni/Alumina (Exp. 5), respectively. The concentrations of
steam and H2 were similar to those utilized during naphthalene re-
forming, while the concentration of CO was ∼3 times higher than that
produced from naphthalene assuming 100% conversion. Fig. 14b shows
the CO/CO2 ratios obtained during water-gas shift conversion over the
catalysts. During blank experiments without the catalyst, there was no
production of CO2 from CO indicating that at the reforming conditions,
the presence of catalyst is required for the water-gas shift reaction.
After 30min of reaction, which was probably required to stabilize the
gas flow, the CO/CO2 ratio of Ni/Alumina (Exp. 4) was 3.3 and it fur-
ther decreased to 2.8 after 150min of water-gas shift reaction. The CO/
CO2 ratio of Ni/Alumina (Exp. 5) decreased from 2.5 after 30min to 2.1
by the end of experiment. The higher CO/CO2 ratios of Ni/Alumina
(Exp. 4) that was exposed to HCl indicate that water-gas shift activity
was poisoned by HCl. Water-gas shift activity of the catalyst was not
restored during this experiment, indicating that the poisoning was

irreversible. These results are different from the data reported for re-
forming of chlorinated hydrocarbons, which showed that the water-gas
shift activity can be restored after chlorinated hydrocarbons are re-
moved from the gas stream [13]. The differences could be attributed to
either shorter water-gas shift reaction time or the use of HCl in this
study.

To clarify the reasons for different water-gas shift activities of the
nickel based catalysts supported on alumina (i.e. Ni/Alumina,
Commercial 1 and Commercial 2), characterization of the spent cata-
lysts was carried out after the reforming of naphthalene in the absence
and presence of HCl.

3.4. Deactivation mechanism and resistance to HCl poisoning

Table 3 summarizes surface areas and total pore volumes of the
spent alumina supported catalysts calculated from N2 adsorption iso-
therms. According to Table 3, after the reforming in the absence and
presence of HCl, the total pore volumes were similar to the pristine
samples while BET surface areas decreased. The observed decrease in
surface area was likely due to structural changes in catalysts during
heating, reduction of nickel and reforming process. Among the cata-
lysts, the spent Ni/Alumina had the largest surface areas and total pore
volumes, which are typically associated with higher catalytic activity.
However, there were minor differences (if any) in the porous properties
of each catalyst after the reforming in the absence and presence of HCl.

Fig. 13. Influence of catalysts on CO/CO2 selectivity during naphthalene reforming (a) in
the absence of HCl and (b) at 2000 ppmv HCl.

Ni/Alumina (Exp. 3)
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Fig. 14. CO/CO2 ratios (a) during naphthalene reforming and (b) subsequent water-gas
shift reaction in the absence of naphthalene (space velocity 34,286 h−1). Exp. 1 and Exp.
2: poisoning of the catalysts with 2000 ppmv HCl followed by naphthalene reforming in
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water-gas shift reaction in the absence of HCl.
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Furthermore, according to Fig. S3, there were either minor (Commer-
cial 2) or no changes (Ni/Alumina and Commercial 1) in pore size
distributions of the spent catalysts after reforming in the absence and
presence of HCl, suggesting that the observed changes in water-gas shift
activities could not be solely attributed to the porous properties of
catalysts.

It has been reported that NiCl2 evaporates from nickel surfaces ex-
posed to Cl2 [33–35], which could lead to the loss of nickel from cat-
alysts and decrease the catalytic activity. However, the formation of
bulk NiCl2 from Ni and HCl at the reaction conditions used in this study
is not thermodynamically favorable [36]. The absence of bulk NiCl2
was confirmed by XRD analysis as shown in Fig. 15. In the spent
samples, metallic nickel formed via reduction of NiO by H2 was only
present both in the presence and absence of HCl. The appearance of Ni
peaks in the XRD pattern of Ni/Alumina indicated the enlargement of
Ni particles compared to the pristine catalyst. These data were con-
firmed by BSE imaging (Fig. S4). In the spent catalyst, discreet Ni

particles can be observed as opposed to uniform surface coverage by Ni
in the pristine catalyst (Fig. 3). According to XRD analysis (Fig. 15),
there was no formation of other compounds in the presence of HCl (e.g.,
metal chlorides), as suggested by similar XRD patterns of the same
catalyst after reforming (“no HCl” and “with HCl” cases). Previous
studies reported that although at the reforming conditions no formation
of bulk NiCl2 occurs, the spent nickel-based catalysts still contain
chloride on nickel nanoparticles [37,38]. These chloride species can
decrease the number of active sites and influence the water-gas shift
activity of the catalysts. The presence of chloride in the spent Ni/Alu-
mina was investigated using XPS (Fig. 16). After the reforming of
naphthalene in the presence of HCl (“with HCl” case), a Cl 2p peak with
binding energy 198.6 eV was observed, which can be attributed to the
formation of NiCl2 on the catalyst surface [27,37]. After naphthalene

Table 3
Porous properties of spent alumina supported catalysts after naphthalene reforming in the
absence and presence of HCl.

Catalyst No HCl 2000 ppmv HCl

BET surface
area (m2 g−1)

Total pore
volume
(mL g−1)

BET surface
area (m2 g−1)

Total pore
volume
(mL g−1)

Ni/Alumina 123 0.29 135 0.29
Commercial 1 3 <0.01 3 <0.01
Commercial 2 37 0.12 23 0.08
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Fig. 16. Cl 2p core level XPS spectra of the spent Ni/Alumina after naphthalene re-
forming.
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reforming in the absence of HCl, no chloride peak was observed (‘no
HCl’ case). There was also no chloride peak in the sample that was
treated with HCl for 5 h followed by naphthalene reforming in the
presence of HCl for 5 h and in the absence of HCl for 5 h (‘with HCl, no
HCl’ case). These data suggest that when HCl is removed from the gas
stream desorption of chloride species occurs. However, according to the
data in Fig. 14a, CO/CO2 ratio remained similar after the removal of
HCl from the gas stream, indicating that chemisorption of chloride
species cannot explain the observed changes in water-gas shift activity.

The differences in the extent of deactivation among the catalysts
could be explained by the differences in structure and morphology as
shown below. Fig. 17 shows the TEM images of spent catalysts after the

reforming in the presence of HCl. In all samples, well-defined discrete
round spots were observed representing Ni nanoparticles, which were
surrounded by Al support material. There was no observable formation
of filamentous or encapsulating carbon on the spent catalysts (Fig. 17),
which could decrease the catalytic activity [11,39]. The TEM data were
consistent with Raman spectra of the catalysts (Fig. S5), which de-
monstrated no Raman peaks at wavelengths approximately 1350 cm−1

(D-band) and 1580 cm−1 (G-band) corresponding to amorphous and
graphitic carbon, which are present once coking of catalysts takes place
[40]. This is likely due to the high steam content (26 vol. %) and high
temperature used in this study, which eliminated catalyst coking [8].
The elemental analysis of spent catalysts after reforming in the absence

Fig. 17. TEM images at different magnifications of the spent catalysts after reforming in the presence of 2000 ppmv HCl: Ni/Alumina (a, b), Commercial 1 (c, d) and Commercial 2 (e, f).
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and presence of HCl confirmed that there was no significant change in
carbon content compared to pristine catalysts (Table S3).

In Ni/Alumina, the nickel nanoparticles were surrounded by thick
layers of alumina support (Fig. 17a and b) indicating strong nickel
nanoparticle – support interaction. On the contrary, in the commercial
catalysts, some of the surfaces of nickel nanoparticles were either
lacking of contact with the support (specifically, in Commercial 1,
Fig. 17c and d) or covered with thin layers of the support (specifically,
in Commercial 2, Fig. 17e and f). The strong interactions between Ni
nanoparticles and alumina in Ni/Alumina could be attributed to the
nanosized morphology of the support, which can provide better contact
between the materials, and could stabilize the performance of catalyst
in the presence of HCl.

Typically, strong interactions between metal nanoparticles and
support prevent sintering [41]. Sintering of metallic particles is one of
the common reasons for the loss of catalytic activity and is ascribed to
two mechanisms: Ostwald ripening of particles, and particle migration
and coalescence. Ripening involves emission of mobile species (i.e.,
atoms or vapors) from one particle and transport to another. Particle
migration involves the Brownian motion of particles leading to coa-
lescence when particles come in close proximity to each other [42,43].
Sintering typically increases with longer reaction time [43,44], higher
temperature and steam content [45].

To investigate whether sintering increased during the naphthalene
reforming in the presence of HCl, the size distributions of nickel na-
noparticles in the spent catalysts were estimated from TEM images. In
Fig. 18, the size distributions are given for the samples after reforming
in the absence and presence of HCl. In all catalysts, the sizes of nickel
nanoparticles were larger after the exposure to HCl.

After the reforming in the presence of HCl, Ni/Alumina contained
16.5% and 53.4% of nickel nanoparticles with sizes between 1–40 nm
and 40–60 nm, respectively, compared to 0.9% and 27.5% in
Commercial 1, respectively, and 7.0% and 39.1% in Commercial 2,
respectively (Fig. 18). The observed disappearance of smaller nickel
nanoparticles in order Ni/Alumina < Commercial 2 < Commercial 1
is consistent with the increase in CO/CO2 ratios of these catalysts in the
same order (Fig. 13b), suggesting that nickel sintering caused by HCl
was a likely reason for the loss of water-gas shift activity. The differ-
ences in particle size distributions in the absence and presence of HCl
were less pronounced in Ni/Alumina (Fig. 18), indicating the higher
structural stability and resistance to HCl poisoning of this catalyst.

Based on the obtained data, the possible deactivation mechanism of
catalysts by HCl could proceed via two subsequent stages. At the first
stage, HCl reacted with nickel nanoparticles, which seems to increase
mobility of nickel in catalysts [37,38]. At the second stage, sintering of
the produced Ni-Cl species via Ostwald ripening and/or migration and
coalescence of nanoparticles occurred resulting in the increased nano-
particle size and loss of water-gas shift activity. The extent of sintering
varied among the catalysts and was less severe in the catalyst with the
strong interactions between Ni nanoparticles and nanosized alumina
support (i.e. Ni/Alumina). The conversion of naphthalene was not in-
fluenced by the presence of HCl implying that the deactivation me-
chanisms of water-gas shift and steam reforming reactions are different.

Previously, various strategies increasing the stability towards sin-
tering were proposed. Baktash et al. [41] employed atomic layer de-
position of alumina on NiO nanoparticles prior to reduction into me-
tallic Ni. Morales-Cano et al. [46] promoted a nickel catalyst with noble
metals such as Rh, Ir and Ru. This study demonstrated an alternative
approach for the fabrication of nickel catalyst with high sintering re-
sistance and stability to HCl poisoning by utilizing a nanosized alumina
support with high surface area. The disadvantage of such catalysts,
however, is that the prepared tablets or particulates for commercial
reactor may have insufficient mechanical strength unlike conventional
catalysts prepared using dense low surface area supports, such as α-
Al2O3. Furthermore, the porous alumina support may have lower
thermal conductivity compared to dense non-porous material, which is
disadvantageous for reforming reactions limited by heat transfer [47].
Nevertheless, these disadvantages can be overcome by, for instance,
depositing the catalyst as a coating on the heat exchanger where the
mechanical strength and thermal conductivity of catalyst would be not
so important [48].

4. Conclusions

Nickel catalysts supported on alumina had higher and more stable
naphthalene conversion both in the presence and absence of HCl
compared to nickel on limestone. These results could be attributed to
higher dispersion of nickel on the alumina supports due to larger por-
osities and surface areas as well inertness of alumina in HCl containing
atmosphere. Although alumina supported catalysts had ∼100% naph-
thalene conversion at 500–2000 ppmv HCl and SV 24,000 h−1, CO/CO2

selectivity of catalysts changed in the presence of HCl, which could be
attributed to the poisoning of water-gas shift activity. This phenomenon
was related to the increased sintering of nickel nanoparticles caused by
the exposure to HCl. The loss of water-gas shift activity could be
minimized by developing a catalyst with strong interactions between
nickel nanoparticles and support that increase resistance to sintering in
the presence of HCl.
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