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� Char supported nickel catalysts were prepared for model tar reforming.
� Effect of nickel precursors and hydrazine on catalysts’ performance were studied.
� Char with nickel nitrate precursor was more effective than char with nickel acetate.
� The presence of naphthalene affected reforming of toluene.
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The purpose of this study was to utilize gasification derived char as a catalyst support for tar removal. Red
cedar char collected from downdraft bed gasification was chemically activated into activated carbon and
impregnated with nickel acetate and nickel nitrate. The effects of nickel salts precursor, nitric acid treat-
ment of support and reduction of nickel in hydrazine medium on catalyst performance were studied. It
was found nickel nitrate was a better nickel precursor than nickel acetate for preparation of char sup-
ported nickel catalyst. The catalyst impregnated with nickel nitrate was found more active in steam
reforming of toluene than the catalyst impregnated with nickel acetate. TEM results indicated that nickel
particle size of the catalyst impregnated with nickel nitrate was much smaller than that of the catalyst
impregnated with nickel acetate. Toluene showed higher removal efficiency than naphthalene. The pres-
ence of naphthalene decreased the toluene removal.

� 2016 Published by Elsevier Ltd.
1. Introduction

Gasification, a biomass thermochemical conversion technology,
converts biomass into synthesis gas (syngas), a mixture of primar-
ily carbon monoxide, carbon dioxide and hydrogen. The produced
syngas can further be used as a feedstock for hydrocarbon fuels
production through the Fischer–Tropsch synthesis (FTS) process,
which produces hydrocarbons of different lengths. Syngas can also
be used as an alternative to natural gas fuel for hydrogen or power
production. However, biomass-generated syngas cannot be used
directly because it contains high concentration of tars which are
a mixture of several aromatic compounds. The components of bio-
mass tars can be categorized into five classes: undetectable, hete-
rocyclic, light aromatic hydrocarbons (LAH), light polyaromatic
hydrocarbons (LPAH) and heavy polyaromatic hydrocarbons
(HPAH) [1].

The tars must be removed prior to utilization of syngas [2,3]
because tars cause a lot of equipment problems, such as condensa-
tion on facility leading to fouling [3]. The environmental legislation
also requires removal of toxic aromatic compounds from syngas.
Wet scrubbing, catalytic conditioning and high temperature ther-
mal cracking are three major syngas cleaning methods. Catalytic
conditioning is of the most promising because of its high condi-
tioning efficiency. In addition, catalytic conditioning of syngas tars
can increase syngas H2/CO [1,4,5] that is, typically, inadequate (<1)
for the FTS (about 2.0) and other syngas conversions [6].

Recently, biochar, one of the byproducts of biomass gasification,
was reported as a potential catalyst for tar removal [7]. The cat-
alytic activity of char for tar elimination can be related to its high
pore size, surface area, and ash/mineral content. Char can also be
activated into activated carbon and used as a support for preparing
metal catalysts [8,9]. When used as a catalyst support, activated
carbon has unique properties, such as its stability in both acidic
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and basic media, the possibility of easy recovery of precious metals
supported on it and the possibility of tailoring both its textural and
surface chemical properties [10,11].

Pretreatments to the carbon support can significantly affect the
properties and performance of the carbon-based catalysts. High
surface area, acid groups and oxygen-containing functional groups
on the surface play an important role in catalyst reactivity of bio-
char. The metal dispersion ratio and metal–carbon interactions
also affect the reactivity of carbon supported metal catalysts. Sev-
eral studies have confirmed that pre-treatments of activated car-
bon increase metal dispersion ratio, support surface area and
surface functional group, thus, influence its reactivity [12,13].
Pre-treatment includes acid treatment of carbon with various acids
(H2SO4, HNO3) and reducing agents (hydrazine and NaBH4). Acid
treatment can increase surface oxygenated groups on the activated
carbon, and thus increase its catalytic activity [12,14–16]. Aksoylu
et al. [12] studied the effect of HNO3 treatment on Pt/carbon cata-
lyst performance in the benzene hydrogenation reaction. The
results showed that HNO3 treatments not only led to increase in
oxygen bearing groups on the exterior and interior surfaces of
the activated carbon, but also enhanced dispersion of Pt. The cata-
lyst activity test showed that the treated catalyst exhibited higher
efficiency as compared to the untreated catalyst [14]. Besides acid
treatment, hydrazine treatment has also been widely used in cata-
lyst preparation as a reducing agent of metallic catalyst. Treating
the catalyst with reducing agent produces nanoparticle metal cat-
alyst with small average particle size and high dispersive ratio
[13,17,18]. Wojcieszak et al. [13] compared the properties of
hydrazine treated catalysts (reduction of nickel by aqueous hydra-
zine) and classically prepared catalysts (without the hydrazine
treatment) and found that the hydrazine reduction process
improved metal dispersion and catalyst efficiency.

Nickel based catalysts have been widely used in tar reforming
[19–22]. Świerczyński et al. [23] found that the nickel based cata-
lyst was very effective in reforming of tars. Michel et al. [20] com-
pared performances of olivine-based catalysts for steam reforming
of methylnaphthalene (MNP) as a model tar compound. The results
showed that conversion efficiency of MNP to CO/H2 with olivine
alone (4%) was much lower than that with Ni/olivine (30%).

The objective of this study was to develop novel char based cat-
alysts. Red cedar-derived char was used as a precursor for making
activated carbon support material for nickel. The effects of pre-
treatment method and precursor on the catalytic performances
were studied: the first type of catalyst was prepared by mild oxida-
tion of activated carbon (support) with nitric acid and reduction of
impregnated nickel acetate or nickel nitrate with hydrogen; the
second type of catalyst was prepared by reduction of nickel acetate
with hydrazine. The properties of char based catalysts were evalu-
ated using TEM, XRD and N2 isotherms, and the catalysts’ perfor-
mances were tested in steam reforming of toluene and
naphthalene (model tar compounds). Toluene was used as light
monoaromatic model tar compound. Naphthalene was used as
light polyaromatic model tar compound because high molecular
weight compounds, such as naphthalene, are difficult to crack
and have not been studied extensively.
2. Materials and methods

2.1. Materials

The char for making catalysts in this study was produced from
gasification of eastern red cedar in a unique downdraft gasifier as
described in previous study [24]. The resulting biochar contained
66.4% C, 1.9% H and 0.2% N on dry basis [24]. The gasification
temperature was around 900 �C [24]. Ni(NO3)2�6H2O,
Ni(CH3COO)2�4H2O (P99.0%) and hydrazine anhydrate (50–60%)
were purchased from Sigma Aldrich (St. Louis, MO, USA). The
KOH was purchased from Fisher Scientific (Pittsburgh, PA, USA).

2.2. Activated carbon preparation

Chemical activation is a widely used activation method for
making activated carbon [25,26]. This method uses chemicals such
as KOH and NaOH as an activator to develop pores. In our study,
char was mixed with KOH and soaked for 2 h. The mixture was
dried in an oven overnight at 105 �C. The dried mixture was then
placed in a fixed-bed tubular reactor and activated. The reactor
was first heated to 300 �C and held at this temperature for 2 h to
prevent carbon loss from char. For carbonization, the temperature
was then raised to 800 �C and char was activated at this tempera-
ture for 1.5 h under nitrogen flow of 200 ml/min. After carboniza-
tion, the char was washed with deionized water until the pH of
leaching water reached 7. The activated carbon prepared using this
method contained 79.03% C, 1.92% H, and 0.51% N on dry basis.

2.3. Catalyst synthesis

The activated carbon was treated with 30 vol.% HNO3 before
loading nickel. Activated carbon was loaded in a round bottom
flask equipped with a thermometer and reflux condenser. The flask
was immersed in a water bath at 70 �C. The activated carbon sus-
pension was stirred continuously using a magnetic stirrer bar.
After 1.5 h acid treatment, activated char was filtered from the sus-
pension into a funnel and washed with deionized water until pH of
the filtered solution reached neutral. The acid soaked char was
then dried in an oven at 105 �C overnight. The activated carbon
treated with acid contained 69.18% C, 1.04% H, and 0.56% N on
dry basis. The dried acid treated activated char was the wet
impregnated in a solution of nickel acetate or nickel nitrate. The
concentration of the nickel acetate solution was calculated before
impregnation in order to achieve 10 wt.% nickel loading. The mix-
ture was ultrasonicated for 3 h and kept in a vacuum desiccator for
16 h. The soaked samples were then dried in the oven at 105 �C and
denoted as Ni-AC-N (activated char loaded with nickel nitrate) and
Ni-AC-A (activated char loaded with nickel acetate).

To study the effect of hydrazine reduction on catalyst proper-
ties, Ni-AC-A was further treated with hydrazine using a method
reported in literature [13]. The catalyst precursor was soaked in
a 2.0 M hydrazine solution for reduction. The reduction of nickel
catalyst precursor was performed in a 250 ml three necked flask
that was immersed in a hot water bath. The reaction flask was fit-
ted with a reflux condenser, a thermometer and a gas tubing for
using helium to purge the air out of the flask. The mixture of nickel
catalyst precursor and hydrazine solution was stirred at 80 �C for
4 h. After reduction, the catalyst was filtered and the excess hydra-
zine left in catalyst was washed off with deionized water. The cat-
alyst was then dried in an oven at 105 �C before test and denoted
as Ni-AC-AH.

2.4. Catalyst activity test

2.4.1. Steam reforming of toluene
The catalytic reforming tests were performed in a fixed bed

reactor with a 1/2 in. inner diameter. One layer of quartz wool
was kept beneath the catalyst (particle size of 0.3–0.6 mm and
weight of 0.25 g) for support and one layer of quartz wool was kept
above the catalyst. The catalyst was reduced in 200 ml/min hydro-
gen (50% hydrogen, 50% nitrogen) flow at 350 �C for 3 h before test-
ing. During testing, 150 ml/min nitrogen controlled by mass flow
controller (Burkert, Charlotte, NC, USA) was introduced into the
reactor. The water and toluene were injected into evaporator by



130 K. Qian, A. Kumar / Fuel 187 (2017) 128–136
two syringe pumps (KDS scientific, model 200, Holliston, MA, USA)
and carried by nitrogen gas into the reactor. The gas pipes were
heated to 250 �C to prevent tar condensation. The feeding rate of
water was adjusted to achieve steam to carbon ratio of 2. Condi-
tioning temperatures for toluene only (no naphthalene) were
600, 700 and 800 �C. The gas hourly space velocities (GHSV) were
about 8000 h�1. Sample was injected at about 50 min.

2.4.2. Steam reforming of naphthalene/toluene
As naphthalene is a solid at room temperature, naphthalene

was used in a solution with toluene as solvent (10 wt.% of naph-
thalene). The water and naphthalene/toluene mixture were
injected into an evaporator by syringe pumps and carried by nitro-
gen gas into the reactor. Because naphthalene was harder to
reform, conditioning temperatures for naphthalene/toluene were
set at 700, 800 and 900 �C. The steam to carbon ratio and gas
hourly space velocities for naphthalene/toluene mixture were
same with that for toluene. However, only Ni-AC-N was used for
catalytic reforming of naphthalene/toluene mixture.

2.4.3. Tar and gas composition analysis
Concentration of reactor outlet gas (hydrogen, carbon monox-

ide, carbon dioxide and methane) was measured by a gas chro-
matograph with FID detector (Model CP-3800, Varian, Inc., Palo
Alto, CA, US) and installed with a packed column (HayeSep DB).
The toluene and naphthalene concentration was determined by a
gas chromatograph installed with a capillary column (DB-5) and
a mass spectroscopy detector (GC 7980A, MS 5975, Agilent, Santa
Clara, CA, US).

The tar conversion can be defined by Eq. (1) [27]:

Conversion ð%Þ ¼ Cin
tar � Cout

tar

Cin
tar

� 100 ð1Þ

where Cin
tar and Cout

tar were the model tar (naphthalene or toluene)
molar flow rates of the inlet and outlet gases. Benzene yield as Eq.
(2) [27]:

Benzene yield ð%Þ ¼ 6� Cout
benzene

7Cin
toluene þ 10Cin

naphthalene

� 100 ð2Þ

Gas composition was calculated as Eq. (3) [27]:

Gas composition ð%Þ

¼ mole of each gas product
total mole of gas products ðH2 þ COþ CO2 þ CH4Þ � 100 ð3Þ
2.5. Catalyst characterizations

2.5.1. XRD, SEM and TEM
The morphologies of activated char supported catalysts were

characterized by X-ray diffraction (XRD) and transmission electron
microscopy (TEM). Particle size and crystalline phase of Ni were
determined using XRD (Philips X’pert X-ray diffractometer,
Westborough, MA, USA). XRD experiments were performed using
Cu Ka radiation, 0.15418 nm at 40 kV and 100 mA. Diffraction data
was recorded using continuous scanning at a step size of 0.02�,
0.5 s per step. The average particle size of Ni was calculated
according to the Scherrer–Warren equation. The Ni dispersion
was examined using transmission electron microscopy (TEM)
(JEOL JEM-2100, AKISHIMA-SHI, Tokyo, Japan). TEM images were
obtained by dispersing catalysts on carbon grids in isopropanol
under supersonic-wave shaking. The morphologies of the activated
char, fresh and used catalyst (used in reforming for 2 h) were
examined by Scanning Electron Microscopy (SEM) (FEI Quanta
600, FEI Company, Hillsboro, OR, USA).
2.5.2. Surface area and Temperature-Programmed Desorption (TPD)
Surface area and pore properties (pore distribution and average

pore size) of catalysts and char were measured via N2 adsorption at
�198 �C using a surface area analyzer (Autosorb-1C, Quan-
tachrome, Boynton Beach, FL, USA). Surface area (SBET) was ana-
lyzed using Brunauer–Emmett–Teller (BET) theory. Pore volumes
and pore size distribution were estimated using Quenched Solid
State Functional Theory (QSDFT).

TPD experiments of activated char supports were carried out in
the same equipment with N2 adsorption. Samples were first dried
at 140 �C for 60 min to remove moisture under 40 ml/min helium
flow. The dried sample was cooled to 100 �C before test and then
heated from 100 �C to 900 �C at a heating rate of 20 �C/min. The
evolved CO and CO2 were detected by a thermal conductivity
detector (TCD).

2.5.3. Fourier Transform Infrared (FTIR) analysis
Surface functional groups of char were analyzed using Fourier

transform infrared spectroscopy (Nicolet FT-IR 6700, Thermo Elec-
tron Corporation, Madison, WI, USA). For each sample, 256 scans
were obtained at 8 cm�1 resolution from 4000 to 650 cm�1. Ambi-
ent air was scanned as background signal prior to scanning sam-
ples. The FTIR spectral peaks were analyzed by comparing the
peak position with known peaks.
3. Results and discussion

3.1. Catalyst characterization

3.1.1. Nitrogen adsorption
Specific surface areas (SBET) and pore volumes were measured

using a liquid nitrogen isothermal method and listed in Table 1.
Based on the results, char surface area was significantly increased
by chemical activation (increased from 68 m2/g to 1570 m2/g). Acid
treatment did not significantly reduce the surface area of the acti-
vated char. 10% nickel loading significantly decreased the surface
area of the activated char (reduced about 30–40%). The char was
dominated by mesopores (52 vol.%), followed by micropores
(42 vol.%) with total pore volume of 0.04 cm3/g. After activation,
the total pore volume of activated char increased and so did the
volume percent of micropores. More detailed pore size information
was obtained from pore distribution analysis (see Fig. 1). Large
quantities of micropores (<2 nm) and mesopores (2–50 nm) were
detected. The mesopores were mostly composed of small meso-
pores (<8 nm).

Compared with acid activated char, the pore volume percent of
micropores of Ni-AC-N and Ni-AC-A increased while pore volume
percent of mesopores of Ni-AC-N and Ni-AC-A decreased (see
Table 1). Peak corresponding to mesopores with pore diameter of
8–10 nm (Fig. 1) appeared in the activated char supports but did
not appear in Ni-AC-N and Ni-AC-A. The decrease of mesopores
was probably due to integration of nickel to mesopores. A similar
finding was discovered by Domingogarcia et al. [9] on carbon based
nickel catalyst. They found that nickel dispersion positively related
to the mesopores and macropores volume of the carbon support,
and concluded that only mesopores and macropores were accessi-
ble by nickel precursor.

3.1.2. TPD and FT-IR
Oxygenated functional groups on activated char were analyzed

using TPD and FT-IR. Volatiles desorption occurred at different
temperatures due to decomposition of various oxygenated func-
tional groups over activated char surface. The decomposition tem-
peratures of oxygen bearing surface groups with TPD are well
studied in literatures [12,28]: the low temperature peak resulted



Table 1
Texture properties of the different activated chars and char supported Ni catalysts.

SBET (m2/g) Vmicro (cm3/g) Vmicro (%) Vmeso (cm3/g) Vmeso (%) Total pore volume (cm3/g) DNi, TEM (nm) DNi, XRD (nm)

Raw char 68a 0.02a 42.85b 0.02a 52.38d 0.04a NA NA
AC 1570d 0.50c 62.50c 0.30d 37.50c 0.80c NA NA
Acid AC 1524d 0.50c 70.40d 0.21c 29.60b 0.71c NA NA
Ni-AC-N 965c 0.31b 73.80d 0.11b 26.20b 0.42b 7–13 NA
Ni-AC-A 945c 0.30b 75.00d 0.10b 25.00b 0.40b 15–39 18
Ni-AC-AH 1021c 0.35b 79.50d 0.06a 20.50a 0.44b 11–18 17
Used Ni-AC-N 265b 0.07a 21.80a 0.19c 59.37d 0.32b NA NA

‘‘NA” means not applicable.
SBET, Vmicro and Vmeso represent BET surface area, micropore and mesopore volume respectively.
Means followed by the same letter within a row are not significantly different (a = 0.05).

Fig. 1. Pore distribution of activated char and char supported Ni catalysts.

K. Qian, A. Kumar / Fuel 187 (2017) 128–136 131
from decomposition of carboxylic acids (200–300 �C); the medium
temperature peaks were assigned to lactones (190–650 �C); higher
temperature decompositions were assigned to carboxylic anhy-
drides, carbonyl, phenols, ethers, carbonyls and quinone groups
(700–1000 �C). As seen in Fig. 2, peaks were observed in all tem-
perature regions for both activated char and acid treated activated
char, indicating that activated char and acid treated activated char
contained multiple oxygen functional groups. The peaks of acid
treated activated char were higher than peaks of raw activated
char, indicating that acid treatment increased the quantity of sur-
face oxygen functional groups on activated char.

Small bands observed in regions 1140–1000 cm�1, 1620–
1450 cm�1 and 1700 cm�1 FTIR spectra (Supplementary material,
Fig. S1) were assigned to ether, quinone and lactonic groups [28].
Those three bands on the spectrum of acid treated activated char
were more intense than activated char, suggesting that the acid
Fig. 2. TPD profiles of raw activated char and acid treated activated char.
treated activated char contained higher amounts of ether, quinone
and lactonic groups than the activated char. The observation of
higher quinone groups was consistent with results from TPD.

3.1.3. X-ray Diffraction (XRD)
One broad peak at 23� and one weak peak at around 43� were

observed on the activated char (Supplementary material, Fig. S1).
The peak at 23� was attributed to the (0 0 2) reflection of the
graphitic-type lattice and the peak at 43� corresponded to a super-
position of (1 0 0) and (1 0 1) reflections of the graphitic-type lat-
tice. The broadness and weakness of two reflection peaks of
activated char indicated a low degree of graphitization. The XRD
patterns of the Ni-AC-A and Ni-AC-AH showed three reflection
peaks (Supplementary material, Fig. S1) at 44.5� and 51.5� and
76.4�. Those peaks were assigned to crystal planes of 111, 200
and 220 of metallic nickel with a face-centered cubic structure
[13]. The spectrum signals of Ni-AC-AH were less intense than that
of Ni-AC-A, suggesting a smaller nickel particle size and better
metal dispersion on Ni-AC-AH. XRD pattern of Ni-AC-N only
showed two peaks at 44.5� and 51.5�. Both peaks were less intense
than XRD peaks of Ni-AC-AH and Ni-AC-A, suggesting that Ni-AC-N
had the highest nickel dispersion and smallest nickel particle size.
The nickel crystal sizes of Ni-AC-A and Ni-AC-AH were estimated
(see Table 1) using the Scherrer equation through line broadening
at half the maximum intensity of the most intense peak. The esti-
mation of nickel crystal size of Ni-AC-N was not possible due to dif-
ficulty in obtaining the line broadening at half the maximum
intensity of the most intense peak.

Activated carbon showed only one XRD peak associated with
minerals and that peak corresponded to Nickel. The peaks associ-
ated with inherent minerals of biochar were not visible because
of the negligible concentrations of minerals in the prepared acti-
vated carbon. The contents of Ca, K and Mg (three most abundant
metallic minerals) in raw eastern redcedar char were 3.91 wt.%,
0.23 wt.% and 0.14 wt.%, respectively. During preparation of the
activated carbon, these inherent minerals were washed out. Many
studies have reported that the inherent minerals did play catalytic
role during biomass pyrolysis and gasification. However, consider-
ing the low/unnoticeable contents of minerals in prepared acti-
vated carbon and high contents of nickel (10 wt.%), the catalytic
effect of the inherent minerals on tar reforming is considered
insignificant compared to that of nickel.

3.1.4. TEM
As shown in Fig. 3, the shape of the nickel particles on the three

catalysts was essentially spherical. Ni-AC-N (Fig. 3(a)) showed the
highest nickel dispersion and smallest particle sizes, which was
consistent with the results obtained from XRD. The nickel particle
size of Ni-AC-A (Fig. 3(b)) was larger and agglomeration of nickel
particles was more severe, while the nickel particle of Ni-AC-AH
(Fig. 3(c)) dispersed better and was smaller, indicating hydrazine
treatment improved the metal dispersion on catalyst with nickel



(a) Ni-AC-N (b) Ni-AC-A 

(c) Ni-AC-AH 

Fig. 3. TEM of activated char supported nickel catalysts.
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acetate precursor. The same phenomenon was also observed by
Wojcieszak et al. [13]. While preparing activated char supported
nickel catalysts for benzene hydrogenation, they found that the
nickel catalysts prepared by hydrazine chemical reduction had
much smaller particle size (<5 nm) than that prepared by hydrogen
reduction methods (10–40 nm). The nickel particles sizes of Ni-AC-
N, Ni-AC-A and Ni-AC-AH measured from TEM were 7–13, 15–39
and 11–18 nm, respectively (Table 1).

3.2. Catalyst activity

3.2.1. Steam reforming of toluene
3.2.1.1. Influence of reforming temperature and catalyst on toluene
removal. It can be seen that the reforming temperature signifi-
cantly influences toluene conversion. Nickel precursor also greatly
affected toluene conversion (see Fig. 4). Catalyst prepared from
nickel nitrate precursor (Ni-AC-N) showed the highest toluene con-
version (72% and 80% at 600 and 700 �C, respectively), whereas cat-
alysts prepared from nickel acetate (Ni-AC-A and Ni-AC-AH)
showed lower toluene conversion (58% and 65% for Ni-AC-A, 63%
and 72% for Ni-AC-AH). The lower activity of the catalysts prepared
from nickel acetate than the catalyst prepared from nickel nitrate
was probably due to lower dispersion and larger metal nickel par-
ticle sizes as seen from the results of XRD and TEM. The lower cat-
alyst activity was also probably due to the incomplete reduction of
nickel acetate. Wojcieszak et al. [29] found that the catalyst with
nickel acetate precursor was more difficult to reduce than the cat-
alyst with nickel nitrate precursor. The nickel acetate precursor
was not completely reduced by hydrogen at temperature below
733 K while the nickel nitrate catalyst could be easily reduced into
metal nickel (Ni0, metallic state) at 623 K [29]. The nickel nitrates
precursor was able to reduce at such low temperature because
nickel nitrates species could easily be calcined into NiO even at
low temperature (500 K) [9].

Performances of various catalysts in steam reforming of toluene
as model tar have been studied (Table 2) and different tar remov-
ing efficiencies have been reported. The efficiency of Ni-AC-N was
close to other nickel catalysts reported in literature [23,30]. How-
ever, the efficiency of Ni-AC-A was lower than those reported.
However, direct comparison of different catalysts as reported in
different studies may not be reasonable, because reforming condi-
tions, such as steam to carbon ratio and space time, were different.
Those conditions were proven to affect catalyst performance. For
instance, two space times were used to test activity of three com-
mercial catalysts (Cerium zirconium platinum, Hifuel R110 and
Reformax 250) by Mudinoor et al. [31] and the results showed that
high space velocity heavily enhanced the catalysts’ efficiency.
3.2.1.2. Gas composition and benzene yield of steam reforming of
toluene. Various reactions mechanisms have been hypothesized in
literatures during toluene reforming and are summarized as fol-
lows [23,32]:

Steam reforming : C7H8 þ 7H2O ! 7COþ 11H2 ð4Þ

C7H8 þ 14H2O ! 7CO2 þ 18H2 ð5Þ
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Fig. 4. Toluene conversion and gas compositions for steam reforming of toluene with three catalysts at 600–800 �C (dry and nitrogen free basis).

Table 2
Catalytic performance of different catalysts reported in literatures.

Catalyst Temperature (�C) Space time (kgcat h/m3) Toluene conversion (%) Reference

Ni/olivine 600–850 9a 74–100 [23]
Ni-CeO2/SBA-15 700–850 16a 80–99 [30]
Cerium zirconium platinum 700 7.5E�4–1.26E�3b 70–95 [31]
Hifuel R110 700 7.5E�4–1.26E�3b 80–97 [31]
Reformax 250 700 7.5E�4–1.26E�3b 75–93 [31]

a Defined as the catalyst weight over the volumetric flow rate of toluene vapor.
b Defined as the catalyst weight over the volumetric flow rate of total gas flow.
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Water gas shift : COþH2O $ CO2 þH2 ð6Þ

Dry reforming : C7H8 þ 7CO2 ! 14COþ 4H2 ð7Þ

Hydrodealkylation : C7H8 þH2 ! C6H6 þ CH4 ð8Þ

Methane steam reforming : CH4 þH2O ! COþ 3H2 ð9Þ

Water gas reaction : CþH2O $ COþH2 ð10Þ

Boudouard reaction : Cþ CO2 $ 2CO ð11Þ
As shown in Fig. 4, low benzene yield was observed at all

conditions (Null-2%), except for Ni-AC-A catalyst at 600 and
700 �C (4–9%). For all catalysts, benzene yield decreased as the
reaction temperature increased from 600 to 800 �C. The decrease
in benzene yield was probably because high temperature promoted
the decomposition of benzene into permanent gases. Benzene is
more thermally stable than toluene and its decomposition requires
more energy [33].

The primary gas product of steam reforming of toluene was H2

followed by CO and CO2 (see Fig. 4). CH4 was not detected in any
experiments. The absence of CH4 in the final products indicated
that CH4, as an intermediate of hydrodealkylation reaction, was
consumed by methane steam reforming. The H2 and CO2 decreased
as the temperature increased from 600 to 700 �C while the CO
increased with decrease in temperature. This might be caused by
the improved endothermic reverse water gas shift reaction (Eq.
(9)) at high temperature [30]. This trend was also reported by
Tao et al. [30] during steam reforming of toluene over Ni/SBA-15
catalyst. Since H2 and CO can potentially generate from either reac-
tion of steam with activated carbon or toluene, a control experi-
ment at 700 �C with steam was performed to compare H2 and
CO/CO2 yields from toluene with the activated carbon catalyst
and from the activated carbon catalyst (no toluene). Results
showed that H2 and CO/CO2 yields from only activated carbon cat-
alyst (no toluene) were negligible as compared to those from
toluene with the activated carbon catalyst. This implies that
toluene reforming was the major reaction that contributed to the
production of H2, CO and CO2. However, the carbon support with
nickel loading have found to react with hydrogen [13] and results
of this study have also shown indicated that the carbon support
was partly converted into gaseous form.

3.2.2. Steam reforming of naphthalene/toluene
3.2.2.1. Catalyst activity for steam reforming of naphthalene/
toluene. Because Ni-AC-N was found to be the most effective in
steam reforming of toluene, Ni-AC-N was selected as the catalyst
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for steam reforming of naphthalene/toluene. The results of toluene
and naphthalene steam reforming are shown in Fig. 5. At temper-
ature below 900 �C, the conversions of toluene and naphthalene
were similar. At 900 �C, the conversion of toluene was significantly
higher than that of naphthalene. Increase in temperature signifi-
cantly increased reforming efficiencies of both toluene and naph-
thalene: the toluene conversion increased from 36% to 99% and
naphthalene conversion increased from 37% to 92% as temperature
increased from 700 to 900 �C.

The reforming efficiency of toluene only was significantly
higher than that of naphthalene/toluene. The conversion of toluene
was 87% at 700 �C, while conversion was only 36% for naph-
thalene/toluene reforming. This indicated that steam reforming
of toluene in naphthalene/toluene was more difficult than steam
reforming of toluene alone. This phenomena was also found by Jess
[34] during catalytic reforming of naphthalene and benzene in the
presence of hydrogen and steam. Jess found that the conversion of
benzene during catalytic reforming of benzene/naphthalene was
significantly lower than conversion of benzene only (no naph-
thalene). The decrease of benzene removal efficiency in the pres-
ence of naphthalene was explained as follows: the adsorption of
naphthalene on the surface of the catalyst occurred strongly,
thereby decreasing the conversion of benzene. Benzene adsorbed
only weakly and thus did not influence the catalytic conversion.
For this study, temperature below 900 �C, naphthalene did not
completely reform and the unconverted naphthalene strongly
adsorbed on the surface of the catalyst. As a result, adsorbed naph-
thalene might have covered the active sites on catalyst and
affected the reforming efficiency.
3.2.2.2. Gas composition and benzene yield of steam reforming of
naphthalene/toluene. Benzene yield and product gas composition
are presented in Fig. 5. The benzene yields were very low (less than
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Fig. 5. Naphthalene and toluene conversions and compositions of gas for steam
reforming of naphthalene/toluene with Ni-AC-N at 700–900 �C.
3%) and decreased with temperature. The benzene yield of naph-
thalene/toluene reforming was slightly higher than that of toluene
(0–1% at 600–800 �C). In the product gas, H2 was the main compo-
nent at all temperatures followed by CO and CO2. The amount of
CH4 was unnoticeable at all temperatures. H2 molar composition
was the highest at 700 �C and kept nearly constant at 800–900 �C
(65% at 800 �C and 66% at 900 �C). Similar to H2, the composition
of CO2 was the highest at 700 �C and held nearly constant at
800–900 �C. The CO composition showed a different trend with
respect to temperature as compared to H2 and CO2. CO composi-
tion was the lowest (13%) at 700 �C and the highest at 800 �C (28%).

Zhao et al. [35] performed thermodynamic analysis on steam
reforming of toluene with different steam to carbon ratios (1.0–
4.0) and temperatures (650–1500 �C). Their calculation was based
on equivalent reaction described in literature [27,35]. Trends of H2,
CO2 and CO with respect to temperature based on thermodynamic
equilibrium was different from the trends obtained in this study’s
experimental data. H2 held almost constant at all temperatures
based on the thermodynamic equilibrium while it was the highest
at 700 �C in our experimental results. CO composition almost lin-
early increased with temperature based on thermodynamic equi-
librium while it was first increased then decreased with
temperature. CO2 decreased with temperature and was at highest
at 700 �C. Similar to the absence of methane in this study, methane
was absent in thermodynamic equilibrium results. The difference
in gas composition between the results of thermodynamic equilib-
rium study and this experiment indicates that steam reforming of
naphthalene/toluene over a char based catalyst is more compli-
cated than the equivalent reaction described [27,35].
3.3. Used catalyst characterization

The used Ni-AC-N was characterized by nitrogen adsorption
and SEM. Total surface area, total pore volume and micropore vol-
ume of the used Ni-AC-N are listed in Table 1. The surface area of
the used catalyst (265 m2/g) was significantly lower than that of
the fresh catalyst (965 m2/g). The used catalyst was primarily com-
posed of mesopores (59%) followed by micropores (22%) and
macropores (19%).

The morphologies of the activated char, fresh and used catalyst
were examined by Scanning Electron Microscopy (SEM). As shown
in SEM images of activated char and the fresh catalysts (Fig. 6(a)
and (b)), we can still see the basic fibrous structure of the red
cedar. The micropores (<2 nm) on activated char was too small to
be seen due to the limitation on SEM resolution. On the images
of the used catalyst (Fig. 6(c)), structural damage seemed to occur
on the activated char support. This resulted from coking [32] and
thermal degradation of the catalysts. As discussed earlier, the car-
bon support was also found to react with methane when nickel
was present in the catalyst, resulting in thermal degradation and
structural damage to the carbon support. The char support may
also react with CO2 and steam at the reaction temperature (600–
900 �C). The structural destruction of the used catalyst may have
caused destruction of micropore structure of the activated char
and thus leading to significant decreases in surface area and pore
volume of micropores (see Table 1).

Fig. S3 (Supplementary material) showed the backscattered
image of fresh catalyst and used catalyst. Only a very small amount
of supported nickel appeared to scatter on the surface of fresh cat-
alyst, since most of the nickel was impregnated in the pores of acti-
vated char. In comparison, a large portion of nickel particles
appeared to disperse on the surface of the used catalyst. This was
probably because of the exposure of the impregnated nickel due
to the structural destruction of the activated char support during
reforming.
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Fig. 6. Scanning electron microscopy (SEM) images of (a) activated char, (b) fresh catalyst and (c) used catalyst.
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4. Conclusions

The catalytic efficiency of toluene removal for the three
catalysts was ranked from the highest to the lowest as Ni-AC-N >
Ni-AC-AH > Ni-AC-A. Nickel particle size of the catalyst
impregnated with nickel nitrate (Ni-AC-N) was smaller than
that of catalyst impregnated with nickel acetate (Ni-AC-A and
Ni-AC-AH). The particle size of catalyst impregnated with nickel
acetate decreased with hydrazine reduction but was still larger
than catalyst impregnated with nickel nitrate. Steam reforming
of naphthalene/toluene showed that toluene had higher removal
efficiency than naphthalene. The presence of naphthalene
decreased the toluene removal. TPR and SEM results indicated
that the char based catalyst was prone to react during steam
reforming.
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