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Biochar is a promising catalyst/support for biomass gasification. Hydrogen production from biomass
steam gasification with biochar or Ni-based biochar has been investigated using a two stage fixed bed
reactor. Commercial activated carbon was also studied as a comparison. Catalyst was prepared with an
impregnation method and characterized by X-ray diffraction, specific surface and porosity analysis,
X-ray fluorescence and scanning electron micrograph. The effects of gasification temperature, steam to
biomass ratio, Ni loading and bio-char properties on catalyst activity in terms of hydrogen production

K?y words: . were explored. The Ni/AC catalyst showed the best performance at gasification temperature of 800 °C,
Biomass gasification R . o o .2
Biochar S/B =4, Ni loading of 15 wt.%. Texture and composition characterization of the catalysts suggested the

Ni interaction between volatiles and biochar promoted the reforming of pyrolysis volatiles. Cotton-char sup-

Interaction ported Ni exhibited the highest activity of H, production (64.02 vol.%, 92.08 mg g~! biomass) from bio-

H, mass gasification, while rice-char showed the lowest H, production.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

The use of fossil fuels for energy and chemicals has significant
challenges, considering the storage and environmental constrains
(Sharma et al., 2015). The negative impacts of using fossil fuels
have accelerated the exploration of renewable resources such as
biomass, which can provide many kinds of sustainable and valu-
able fuels (Chen et al., 2014; Yang et al., 2016). Thermo-chemical
treatment such as pyrolysis and gasification is one of the most
promising methods for the utilization of biomass.

Hydrogen rich gas can be produced from biomass gasification
using steam as gasifying agent. Up to 60-70 vol.% of H, concentra-
tion has been achieved in bench-scale fixed bed (Liu et al., 2014;
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Tang et al., 2015) and pilot scale fluidized bed (Fremaux et al.,
2015) in the presence of catalyst. Catalyst plays an important role
to enhance hydrogen production from biomass gasification. Among
them, Ni-based catalyst is attractive, as it can reduce tar content
and increase hydrogen production during biomass gasification,
due to its good catalytic performance and relatively low cost
(Wu and Williams, 2011; Zhao et al., 2015). Al;03 is commonly
used as catalyst support due to its physicochemical stability and
excellent mechanical properties (Wu and Williams, 2009).

However, a significant problem of using Ni/Al,0s is the catalyst
deactivation caused by coke deposition on the surface of catalyst.
Promoters such as Li, Na, Ca have been introduced into the Ni-
based catalyst, as these promoters can activate H,O to generate
02~ that is efficient to reduce coke formation (Srinakruang et al.,
2005; Weerachanchai et al., 2009).
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It is known that some metals such as K and Ca are existed inside
the biomass material. After pyrolysis, the contents of these metals
are concentrated in the bio-char (pyrolysis residue). Some of these
metals such as alkaline and alkaline earth metals (AAEMs) have
been suggested to enhance the decomposition of hydrocarbons
and water gas shift reaction during biomass reforming process
(Hu et al.,, 2015; Shen and Yoshikawa, 2014). It is therefore inter-
esting to apply bio-char as a primary catalyst to enhance the
thermo-chemical conversion of biomass. In addition, some
oxygen-containing functional groups presented in biochar have
been reported to facilitate the decomposition of hydrocarbon vola-
tiles (Shen, 2015; Song et al., 2014). Yan et al. (2010) and Sattar
et al. (2014) studied the gasification of different bio-chars in a fixed
bed reactor, suggesting that bio-char was an effective material for
enhancing hydrogen-enrich gas production under optimal process
conditions (e.g. temperature and steam content). Krerkkaiwan
et al. (2015) reported the promising catalytic effect of biochar con-
taining AAEMs for the reduction of tar derived from biomass
gasification.

The combination of Ni and bio-chars were therefore suggested
for hydrogen production from biomass gasification. Xiao et al.
(2013) explored the gasification of waste biomass using a Ni/
coal-char catalyst; a high H, yield of 25 mmol g~! biomass was
obtained at the optimum operation conditions. NiO mechanically
mixed with wood-char and coal-char were prepared for the
cleanup of biomass gasification syngas; more than 97% of tars
removal efficiency had been achieved (Wang et al., 2011). Ni sup-
ported on biochar with different granular sizes were studied by
Wang (2013); a middle size catalyst of 50-60 mesh were observed
to result in the best performance in relation to the production of
syngas and the removal of tar.

To our best knowledge, there are few studies investigating bio-
chars produced from pyrolysis of different biomass samples for
hydrogen production. It is reported that the composition, morphol-
ogy and structure of biochars depended on the biomass feedstock
(Liu et al., 2015). In addition, it is essential to understand the rela-
tionship between catalytic effect of biochar and its consumption
(char gasification) during the process of hydrogen production from
biomass gasification. The novelty of this work also includes the
investigation of loading active Ni sites on biochars, produced from
pyrolysis of wheat straw, rice husk and cotton stalk. These are
common biomass feedstocks in China.

This work aims to enhance hydrogen production from biomass
gasification using Ni-based catalyst with biochar as support. Inter-
actions between metal, char and vapors from biomass pyrolysis
will be particularly studied for fundamental understanding of the
performance of the catalyst. The experimental work was carried
out using a fixed two-stage reaction system for hydrogen produc-
tion from biomass gasification.

2. Materials and methods
2.1. Experimental materials

The biomass material used in this research was wheat straw,
with particle size between 100 and 200 um. Three bio-chars,
assigned as WG, RC, CC, were obtained from fast pyrolysis of wheat
straw, rice husk and cotton stalk, respectively, in a lab-scale tube
furnace at 500 °C. The bio-chars were used as catalyst supports.
Commercial active carbon (AC) was also applied for the controlled
trial.

It is noted that three biomass samples including wheat straw,
rice husk and cotton stalk were used to prepare bio-chars, and
one of the biomass sample (wheat straw) was also used as the
raw material for hydrogen production from gasification process.

The results of proximate and ultimate analysis of the three biomass
samples are summarized in Table 1. X-ray fluorescence (XRF) anal-
ysis of the bio-chars are shown in Table S1. It shows that all the
biomass are representative agricultural crops with low N and S
content (<1 wt.%), representing clear raw resources. Table S1
shows the bio-chars contain large amount of Si, K and Ca metals.
In particular, there is higher than 30 wt.% Si inside both WC and
RC samples, about 19.0 wt.% K in the WC sample and around
15.85 wt.% Ca in the CC char sample.

2.2. Experimental setup and method

The pyrolysis-gasification process of biomass was conducted in
a two-stage fixed bed reactor (Fig. S1), as mentioned in our previ-
ous paper (Yao et al., 2014). The reaction system consists essen-
tially of a quartz tube gasification reactor (I.D. 51 mm) with two
temperature ranges (Zone [: pyrolysis zone 310 mm height; Zone
II: gasification zone, 310 mm height), a continuous feeding system,
gas condensing system with ice and water mixture and a gas clean-
ing section followed by gas-sampling and measurement system.

Before each experiment, 0.85 g char with or without 0.15 g Ni
was loaded in the middle of zone II, and a quartz basket with 1 g
biomass was hold in the top of the reactor. High-purity nitrogen
(99.99%) was supplied as carrier gas at 150 ml min~", also prevent-
ing the catalyst from oxidation. The reactor zone [ was set at 500 °C
for biomass pyrolysis, while the gasification temperature (T2) of
zone Il was set ranging from 600 to 900 °C with a 100 °C gap. After
the reactor was heated up to the preset temperature and kept
stable, the basket containing biomass sample was introduced into
the middle of zone I. Biomass was promptly decomposed to form
volatiles, undergoing catalytic reforming. Gas hourly space velocity
(GHSV) was varied from 5000 to 7500 h~! depending on the cata-
lyst used (with or without Ni). After pyrolysis and catalytic reform-
ing, the gas product was passed through a two-stage ice-water
condenser for to collect condensable vapors. The non-
condensable gases were periodically sampled with a 5L gas bag.
Experiments were repeated at least twice to ensure the reliability
of the results.

The concentration of gas product (Hp, CO,, CO, CHy, N3) was
measured using a gas chromatograph (GC) (Micro-GC 9790Il, Fuli
Corp., China) equipped with a thermal conductivity detectors
(TCD). The yield of each gas (H,, CO, CHy, CO,) is quantified by:

H,(CO,CH4,CO,) yield (mg,g~! biomass)

_ mass of H(CO,CH4,CO,) obtained
B biomass mass in the feed

And the total gas yield was calculated as the sum of them. The
liquid yield was obtained as:

W: - W,
— 5 X

W, 100

Liquid yield (wt.%) =
where Wy and W, is the mass of condenser and pipeline before and
after each experiment, and Wy means the total mass of feed (bio-
mass and steam).

2.3. Catalyst preparation and characterization

Ni-based catalysts were prepared with an impregnation
method. 10 g char was impregnated with an aqueous solution of
Ni(NOs3),-6H,0, then the precursors were stirred for 4 h and dried
at 105 °C overnight, followed by the calcination under N, atmo-
sphere at 800 °C. The Ni-based catalyst using activated carbon as
support was denoted as Ni/AC. The loading of Ni of the Ni/AC cat-
alyst was 5, 10, 15, 20 wt.%, respectively. 15 wt.% of Ni was loaded
on the bio-chars (WC, RC and CC) produced from for Ni based
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Table 1
Proximate analysis and ultimate analysis of biomass.
Biomass Proximate analysis, d % Ultimate analysis, d % HHV d MJ/kg
\Y A FC C H N S 0]
Wheat straw 66.04 15.95 18.01 39.39 5.36 0.87 0.29 38.14 16.81
Cotton stalk 78.62 2.72 18.67 44.29 5.66 0.65 0.20 46.49 17.78
Rice husk 67.69 16.21 16.10 41.76 5.34 0.30 0.08 36.30 16.16

" was calculated by difference.

biochar. And the catalysts were denoted as Ni/WC, Ni/RC and Ni/
CC, respectively. The catalysts were crushed and sieved to a parti-
cle size between 100 and 200 pm.

Quantification of inorganic species in bio-char samples was
conducted by XRF (EAGLE III, EDAX Inc., USA). The surface area
and pore structure of the chars and Ni-based catalysts were deter-
mined from N, adsorption isotherms operated at 77 K using auto-
matic adsorption equipment (ASAP2020, Micromeritics, USA).
Species identification of the fresh and reacted catalyst was per-
formed with a X-ray diffraction (XRD) analyzer (X'Pert PRO, PANa-
lytical B.V., Netherlands), with peaks being identified using High
Score Plus software package. The measurement was completed in
the 20 range from 5° to 85° with a scan step size of 0.026°. Scan-
ning electron micrograph (SEM) (JSM-5610LV, JEOL, Japan) operat-
ing at 20 kV was carried out to observe the morphology of carbon
deposited on the catalyst, while surface elemental analysis of sam-
ples was conducted by energy dispersive X-ray spectroscopy
(EDX).

3. Results and discussion

The process of biomass steam gasification can be divided into
two main stages: (1) pyrolysis stage, where biomass is decom-
posed into char, volatiles and gases; and (2) reforming stage where
volatiles/gases were reformed to produce gases like CO and H; in
the presence of steam and catalyst. The following reactions are
suggested to be included during the thermo-chemical conversion
of biomass.

CH,0, — (H, +CO +CO+CHy + Cy +-++) + Tar+ Char + Q (1)

CeHy + 2xH,0 — XCO; + (2x +y/2)H, + Q 2)
CO + H,0 — CO, + H, — 41 kj/mol (3)
C +H,0 — CO + H, + 131.3 kJ/mol (4)
C + €O, — 2C0 + 162.4 kJ/mol (5)
CH,4 + H,0 — CO + 3H, + 206.3 k] /mol (6)

Prior to the investigations of the interactions between biomass,
biochar and Ni-based catalyst, several key process parameters such
as temperature have been studied. As shown in Table S2, gas yield
increased from 0.34 to 0.74 g g~ ! biomass with the increase of gasi-
fication temperature from 600 to 900 °C. From Fig. S2(a), H, yield
increased slightly from 33.89 to 47.48 mg g~ ! biomass when the
reforming temperature increased to 900 °C. It is suggested that
the decomposition of biomass (Eq. (1)) and reforming of volatiles
(Eq. (2)) were intensified with increasing temperature because of
the endothermic nature, resulting in the production of light gases
such as H,, CO, CO, and CH4. However, char gasification (Egs. (4)
and (5)) was promoted at higher temperature resulting in more
CO generation. The concentrations of other gases were reduced.
Therefore, H, concentration was reduced from around 64-53 vol.
%. In addition, water gas shift reaction (Eq. (3)) was not favored

at higher temperature, and might also contribute to the reduce of
hydrogen concentration at higher reaction temperature. In addi-
tion, at higher reforming temperature, the reactions of carbon gasi-
fication (Egs. (4) and (5)) were suggested to be enhanced,
promoting the further increase of CO production. In consideration
of the limitations of operating costs and problematic Ni sintering
for high temperature processes (Sehested et al., 2004), a proper
temperature of 800 °C was suggested for the following studies
about using different bio-chars as catalyst supports.

From Fig. S2(b), it can be seen that with the increase of the S/B
ratio from O to 4, hydrogen concentration was increased from
40.54 to 50.07 vol.%, and H,/CO increased significantly from 0.88
to 1.46 vol.%, while H, yield was doubled to 40.02 mg g~'. It is pro-
posed that more H,0 favored the water gas reactions and hydro-
carbons reforming (Eqs. (2)-(4)) resulting in more production of
H, and CO,. Ni/char reactivity was also increased as more steam
enhanced Eq. (4). With the further increase of the S/B ratio to 8,
hydrogen yield and concentration were changed slightly. It is sug-
gested that extra steam needed more energy to evaporate and
decreased the partial reactor temperature temporarily, which
weaken the reforming reactions and result in the production of
large quantities of tar (Parthasarathy and Narayanan, 2014).

The effect of Ni loading on the gas distribution and yield is illus-
trated in Fig. S2(c). It can be found that higher loading produced a
high molar fraction of H, and lowered content of CO, and CH,.
When Ni loading rising from 0 to 15 wt.%, H, content climbed to
50.07 vol.% and CH4 declined to 6.61 vol.%. However, H, yield
was decreased as loading going up to 20 wt.%. It might be due to
the agglomeration at high Ni loading (Trane et al., 2012). Thus,
there exists an optimum value for Ni loading (15 wt.%) was used
for further studied in this work.

3.1. Interactions between the pyrolysis volatiles and the biochar/AC

In this section, the interactions between Ni, biochar and vola-
tiles from biomass pyrolysis were studied, by carrying out experi-
ments including three groups: (1) pyrolysis of biomass at the first
stage and the derived volatiles were steam reformed at the second
stage in the absence of char and activated carbon (AC) (this exper-
iment is assigned as BIO); (2) only steam gasification of bio-chars
and AC at the second stage, without biomass pyrolysis at the first
stage; (3) pyrolysis of biomass at the first stage, and the pyrolysis
volatiles were catalytic steam reformed at the second stage in the
presence of various bio-chars and AC. The yields of hydrogen and
gas are shown in Table 2.

It can be observed that for the BIO experiment (no bio-char/AC),
the total gas concentration of CO, CO, is about 60 vol.% and the H,
yield is very low (4.8 mg g ! biomass). Regarding the second group
of experiment (steam gasification with the bio-char/AC at the sec-
ond stage), much higher concentrations of hydrogen and CO were
obtained (a total concentration of CO and H, is up to 95 vol.%). Fur-
thermore, the ratio of H,/CO is close to 3 for the steam gasification
of the bio-char/AC. Among the studied bio-chars, CC showed the
highest steam gasification activity with H, yield of 34.62 (mg g~'
biomass) and gas yield of 39.45 wt.%, respectively. From Table 2,
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Table 2

Biochar steam gasification properties and their effect on biomass gasification.
Catalyst 1st Group 2nd Group 3rd Group

BIO? AC WC CC RC BIO + AC® BIO + WC BIO + CC BIO + RC

H, yield, mg g~' biomass 4.80 17.83 21.69 34.62 15.34 20.56 27.61 45.91 19.98
Gas yield, wt.% 34.06 37.48 13.51 39.45 17.06 66.30 52.35 81.09 45.75
Gas composition, vol.%
H, 18.20 48.08 74.51 61.64 63.29 35.36 46.61 50.12 42.34
CH4 17.63 0.52 0.17 0.35 0.26 10.64 9.07 6.65 11.60
co 35.03 21.50 21.06 24.81 20.42 20.96 26.31 21.11 22.37
CO, 29.14 29.90 4.25 13.20 16.02 33.03 18.01 22.12 23.69

2 Biomass pyrolysis followed by volatiles steam reforming without any char in the second stage.

b Biomass in the first stage and char in the second stage.

the gas yield (13-17wt.%) and hydrogen production (14-
20mgg ' biomass) from the steam gasification of WC and RC
are quite low; might be attributed to that the wheat straw and rice
husk have much higher ash content (~15wt.%), as shown in
Table 2. Steam gasification of the three lignocellulosic biochars in
this work showed higher reactivity towards H, selectivity (60-
75 vol.%), compared with the work carried out by Sattar et al.
(2014), who reported an average H, content around 53 vol.% at
800 °C during steam gasification of rapeseed, wood, sewage sludge
and miscanthus biochars.

Regarding the biomass gasification with bio-char (3rd group
experiments), the volatiles from biomass pyrolysis were further
reformed in the presence of biochar to produce more gases, result-
ing in the significant increase of H, yield as well as the concentra-
tion of syngas. Cotton char displayed the most efficient catalytic
activities in terms of the reforming of pyrolysis volatiles, as the
gas yield was 81.9 wt.% which is much higher than the biomass
gasification without biochar (34 wt.%). Compared to the char gasi-
fication (2nd group experiments), biomass pyrolysis with char (3rd
group experiments) generated much higher gas yield, although the
hydrogen concentration was lower for the biomass gasification
with the bio-char or AC. It is therefore suggested that the carbon
conversion to gases was increased when both biomass and bio-
char/AC were used. The concentration of hydrogen was reduced
in each 3rd group experiment, as the fraction of H, was diluted
by other gases such as CO,. However, it is not clear the enhanced
carbon conversion was ascribed to the biomass sample (in the
1st stage reactor) or the bio-char/CC (in the 2nd stage reactor).
Therefore, the interactions between biomass and bio-char/AC were
further studied.

The comparison between the calculated and experimental value
of H, yield from biomass gasification with different bio-chars was
presented in Fig. 1. The calculated value was obtained by adding up

I Claculated value
40 [ Experimental value

1

H, yield, mg g~ biomass

20+

BIO+AC

BIO+WC  BIO+CC  BIO+RC

Fig. 1. Calculated and experimental value of H, yield using different biochar for
biomass gasification.

the H, yield from the 1st group experiment (BIO) and the 2nd
group experiment (char steam gasification). The difference
between the calculated value of hydrogen yield and the experi-
mental hydrogen yield (obtained from the 3rd group experiments)
was used to investigate the interactions between biochar and vola-
tiles derived from biomass pyrolysis. As shown in Fig. 1, the exper-
imental value of hydrogen production (45.90 mg g~ ! biomass) was
higher than the calculated value (39.42 mg g~ ' biomass), when the
cotton char was used. It is suggested that there were clear interac-
tions between the pyrolysis volatiles and the cotton char. The WC
char showed a slight positive interaction with the pyrolysis vapors,
in terms of the production of hydrogen (Fig. 1). However, there was
no clear difference of H, yield between the calculated and the
experimental value of hydrogen production for the RC char. It is
suggested that the highest catalytic effect of the CC was due to
the presence of alkali and alkaline earth metals (AAEMs). As shown
in Table S1, about 15.9 wt.% of Ca was presented inside the CC. The
RC has the highest content of Si (50 wt.%, Table S1), which had
almost no catalytic effect during biomass gasification (Hu et al.,
2015 and Shen et al., 2015). Therefore, the poor catalytic effect of
the RC was suggested due to its higher content of Si, and lower
contents of AAEMs.

The alkali and alkaline earth metals (AAEMs) have been
reported to enhance biochar gasification activity through the
increase of the absorption of H,O molecule (Wang et al., 2015).
Similar phenomenon was found by Sattar et al. (2014), who pro-
posed that the effective catalytic role of a rapeseed biochar was
mainly because of the presence of high content of K and Ca. AAEMs
were also suggested to exhibit catalytic effect to the reforming of
pyrolysis volatiles (Hu et al., 2015).

However, when the AC and RC were used for the gasification of
biomass, there are small interactions between the pyrolysis vapor
and the char. It is suggested that the production of hydrogen and
carbon conversion to gas are also influenced by other factors such
as the temperature distribution of the reactor, the physical con-
tacts between materials and also the diffusion of reactants.

3.2. Investigation of the addition of Ni-based catalysts

15 wt.% of Ni was loaded on the different bio-chars and the AC.
The four catalysts were used for the catalytic thermos-chemical
conversion of biomass. From Fig. 2, it can be seen that a significant
improvement to the gas yield was obtained with the introduction
of the Ni-based catalysts. For example, an increase of H; yield from
27.61 to 42.48 mg g~ ! biomass was observed when the WC catalyst
was replaced by the Ni/WC. The enhancement of hydrogen produc-
tion was also reported (Shen and Yoshikawa, 2014), when a Ni/char
catalyst was used to compare to a biochar catalyst during biomass
gasification.
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Fig. 2. Gas composition and gas yield of biomass gasification with different Ni/biochar catalyst.

The Ni/CC catalyst showed the highest catalytic activity towards
H, production (92.08 mg g~ ' biomass) compared to the Ni/AC, Ni/
WC and Ni/RC catalysts. The highest gas yield (about 90 wt.%) was
also obtained in the presence of the Ni/CC catalyst (Fig. 2). In addi-
tion, the Ni/CC and Ni/WC showed high concentration of H,
(around 60 vol.). Therefore, the Ni-catalyst with the cotton char
as support is suggested to be an efficient catalyst for hydrogen pro-
duction from the thermos-chemical conversion of biomass.

As shown in Table S3, the original bio-chars showed low BET
surface areas (13-28 m? g~!), which were similar to the value
reported in the literature (Zhu et al., 2015). The low surface value
of pyrolysis bio-char is because of the incomplete decomposition of
biomass and tar-like compounds are entrapped within the pores.
However, in this work, during the preparation of Ni-based catalysts
using bio-char as catalyst support, the porosity of the catalyst was
increased due to the calcination step. Among the four Ni supported
biochar catalysts, the Ni/CC showed the biggest surface area of
92m?g ! and the Ni/RC had the lowest surface area of
64 m? g~!. The Ni/CC also had a higher external area than the other
catalysts; the large external surface area of catalyst was reported to
offer extra channels for the interactions between catalyst and
pyrolysis volatiles (Zhu et al., 2015).

It is suggested that the presence of AAEMs is more important
towards H, production compared to the pore structure. Zhang
et al. (2016) investigated hydrogen production from biomass gasi-
fication using biochar. They reported that a demineralized biochar
produced lower hydrogen yield compared with an original biochar.
They also reported that a low-surface area biochar (13.21 m? g !)
produced H, yield up to 65% during catalytic reforming process.
In this work, the Ni/CC catalyst showed much high hydrogen pro-
duction compared to the Ni/AC catalyst (Fig. 2), although the Ni/CC
catalyst has much lower surface area and pore volume (Table S3). It
is noted that hydrogen production (92.08 mg g~ ! biomass) using
the Ni/CC catalyst is much higher than the data reported from lit-
eratures. For example, a hydrogen yield of 50 mg g~ ' biomass was
reported by Xiao et al. (2013) using a Ni/coal-char catalyst.

Fig. S3 shows the surface morphology of the three reacted Ni/
bio-char catalysts obtained from the SEM analysis. Clear visual dif-
ferences of the surface morphology are observed for the three
reacted catalysts, due to the nature of the bio-char and also the
process of devolatilization during pyrolysis (Downie et al., 2009).
Some globular particles can be easily observed on the surface of
the reacted catalysts. EDX analysis for specific point was presented
in Fig. S3. The globular particles mainly consist of unreacted car-
bon, silicon, nickel and AAEMs, which are shown in the XRF results
(Table S1). In addition, the reacted Ni/CC catalyst has the lowest
content of Si; this is consistent with the element analysis for the
fresh chars (Table S1). Fryda et al. (2008) reported that the pres-
ence of AAEMs and Si would lead to serious agglomeration at high

operation temperature. It is suggested that the globular particles
were formed as a consequence of the interaction between biochar
and Ni. Si presented in biochar was easily melted at high reaction
temperature, resulting in the sintering of Ni together with other
metals such as K, Ca and Mg. This is supported by the observations
of globular particles formed on the surface of the reacted catalysts
(Fig. S3). It is noted that metal sintering reduces the dispersion of
catalytic active site of Ni.

4. Conclusions

The interaction between CC and volatiles contributed to the
good performance of CC for H, production due to the presence of
high content of AAEMs.

The addition of Ni metal was suggested to be more important
compared to the morphologic structure in terms of hydrogen and
gas production.

The Ni/CC catalyst showed much higher hydrogen production
(~90 mg g~ ! biomass) compared with the Ni/RC and the Ni/WC,
might be due to the higher content of AAEMs and also the much
higher external surface area.
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