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Abstract This work is devoted to the investigation of the
effect of alkali and alkaline earth metals addition on Ni/
ZrO, catalyst activity in high-temperature cellulose con-
version. The catalysts containing 20 % of Ni and 1 % of
Ca, Mg, Na and K (calculated per amount of oxide)
introduced on ZrO, surface by impregnation method were
prepared. The surface properties of the investigated sam-
ples were characterized by X-ray diffraction, temperature-
programmed reduction, flame atomic absorption spec-
trometry, scanning electron microscopy and energy-dis-
persive X-ray spectroscopy. The composition of the
gaseous products was identified using gas chromatography.
The performed studies demonstrated that introduction of
alkali and alkaline earth metals on the surface of nickel
catalyst resulted in the considerable increase in the pro-
duction of hydrogen in comparison with Ni/ZrO, reference
sample. The highest hydrogen yield was formed in the
presence of the catalyst modified by calcium.
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Introduction

Lignocellulosic biomass is considered one of the most
promising renewable energy sources. Due to its high
availability and relatively low price, this type of feedstock
can be used for the production of alternative fuels or var-
ious high-value chemical compounds (Fig. 1) [1, 2]. The
literature data demonstrate that a large number of the
studies focused on the efficient formation of hydrogen-rich
gas [3-5]. However, the biomass conversion is not an easy
task. It results from the fact that the selectivity and pro-
ductivity of this process are not satisfactory. Therefore, in
order to develop a competitive method of hydrogen pro-
duction from biomass, an application of the catalyst is
necessary.

It was demonstrated that alkali and alkaline earth metals
are catalytically active materials which can be used as
independent catalysts or catalyst dopants in biomass con-
version process [6, 7]. Shimada et al. [8] examined alkali/
alkaline earth chlorides (NaCl, KCI, CaCl,, MgCl,) and
their impact on the yield of several low molecular weight
organic compounds in the cellulose pyrolysis. It was
showed that the presence of alkali and alkaline earth metals
allowed for a decrease in the temperature of pyrolysis.
Both groups of metals had influence on the yield of low
molecular weight products; however, alkaline earth metals
had stronger impact on the reduction of pyrolysis temper-
ature. The investigation performed by Acharya et al. [9]
confirmed that an application of CaO as a catalytic material
and its addition to biomass increased the amount of pro-
duced hydrogen in steam gasification of biomass.
Rane et al. [10] described the studies focused on the effect
of CaO doping with other alkali metals on its catalytic
performance in oxidative coupling of methane. It was
observed that introduction of other metals led to significant
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Fig. 1 Products of thermal decomposition of cellulose

loss of the surface area of CaO. However, an increase in the
number of basic sites, selectivity and higher hydrocarbons
yield was also noticed. A combination of sodium and
calcium oxides resulted in the formation of the largest
amount of C,, hydrocarbons.

On the other hand, the literature data show that due to
their catalytic properties and relatively low price, nickel-
based systems become the most popular catalysts in the
thermo-chemical conversion of biomass [11, 12] (for
example—the cost of synthesis of supported nickel catalyst
using nitrate precursor is from a few to tens times lower
than the price of the platinum-containing material, even
taking into account introduction of lower percentage of
precious metal) [13]. However, it is known that the cat-
alytic activity and deactivation rate of Ni catalysts in the
pyrolysis or gasification of lignocelluloses strongly depend
on the presence and type of the applied support [12]. The
results of our earlier investigations demonstrated that the
use of zirconia, due to its high thermal and coking resis-
tance, allowed to prepare the most active Ni catalyst in the
cellulose conversion process [14]. However, it was shown
that the presence of alkali and alkaline earth metals has
also a positive effect on the performance of nickel catalyst,
which is connected with their ability to adsorb CO, formed
in the high-temperature conversion of biomass and control
of acid-base properties of the catalyst surface [15].

Chen et al. [16] discussed an impact of the addition of
alkali and alkaline earth metals on the resistance of Ni/
Al,O5 catalyst against the carbon deposit formation in
catalytic cracking of n-hexane. The obtained results
demonstrated that potassium was the most effective in
reducing the coking rate of the investigated catalysts, while
application of magnesium resulted in the smallest effect
among the studied dopants. Nichele et al. [17] investigated
ethanol steam reforming. They noticed that modification of
Ni/ZrO, by CaO inhibited the carbon deposition on the
catalyst surface. It was reported that an addition of calcium
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oxide did not affect the morphology and crystalline struc-
ture of the catalyst, but it directly influenced reducibility of
nickel oxide. Moreover, it was demonstrated that an
increase in the CaO content resulted in a decrease in Lewis
acidity of the zirconia-based catalysts which was connected
with the drop in the coke deposition rate. The obtained data
showed also that doping with CaO allowed for formation of
oxygen vacancies which provided activated OH or O rad-
icals the ability to stop the accumulation of carbon at the
interface between Ni and the support. The investigations of
carbon deposit formation on Ni/ZrO, catalyst surface in
CO,/CH, reforming were also described by Liu et al. [18].
It was exhibited that addition of CaO resulted in the gen-
eration of basic sites on the catalyst surface which took part
in the chemisorption of CO, and promoted the gasification
of deposited coke.

Wang et al. [19] studied the formation of the carbon
deposit on the surface of Ni/ZrO, catalyst modified by CaO
in dry reforming of methane and linked its deactivation
with the reduced accessibility of the nickel phase for the
reactants. It was showed that the presence of calcium oxide
allowed for the reduction of the catalyst coking rate.
Moreover, it was evidenced that in CO,-rich conditions,
CaCOj; rather than nickel carbide is formed on the surface
of the studied sample. It confirmed chemical adsorption of
carbon dioxide on CaO phase.

The research on the modification of Ni/ZrO, by calcium
conducted by Chen et al. [20] suggested the possibility of
the formation of alkaline metal layer on the catalyst surface
that allows the interaction between CaO or MgO and the
ZrO,. The arisen extra oxygen vacancies were most likely
responsible for removal of the carbon species that have
already been accumulated on the catalyst. Takano et al.
[21] discussed an influence of calcium oxide concentration
on the support structure and catalytic performance of Ni/
7Zr0O, in CO, methanation. It was exhibited that in the case
of low CaO content, unfavoured monoclinic ZrO, was
formed, while in calcium-rich environment, amorphous
ZrO, or CaZrO5 phases were observed. Optimized amount
of the dopant led to arising of tetragonal ZrO, with oxygen
vacancies coming from layer of alkaline metal. Introduc-
tion of calcium on tetragonal ZrO, resulted in high cat-
alytic activity of the prepared material.

Xu et al. [22] investigated an impact of MgO addition to
Ni catalyst supported on Al,O3, TiO, and SiO, on its
activity in CH4/CO, reforming. The presence of solid
solution of Ni-Mg-O, was found near the surface of the
catalyst. It blocked the support species and was responsible
for lower activity of the modified catalyst. Higher catalytic
activity was obtained for the materials doped with alkali
metal. The work of Takenaka et al. [23] confirmed the
possibility of the formation of solid solution and mixed
phase containing nickel and magnesium oxides. Sun et al.
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[24] reported that an addition of MgO to the Ni/ZrO,
favoured the formation of the solid solution that prevented
transformation of ZrO, phase from tetragonal to mono-
clinic, which led to the substantial increase in the thermal
stability of the catalyst in coal bed methane reforming to
synthesis gas. An et al. [25] examined impact of both CaO
and MgO on the physicochemical properties of ceria—zir-
conia. The significant difference was found between those
two dopants. Calcium oxide was incorporated effectively
into the catalyst microstructure due to proper ionic radius,
which was confirmed by X-ray diffraction (XRD) mea-
surements. In the case of MgO, small solubility of Mg*" in
ceria lattice decreased overall oxygen storage capabilities
(OSC) of the catalyst and led to the collapse of its structure.

The influence of the addition of potassium and sodium
oxides on activity of ZrO,—CeO, catalyst in temperature-
programmed reactions of diesel soot model compound
(carbon black) was studied by Liang et al. [26]. They
demonstrated that introduction of potassium was the most
effective and allowed for a highest increase in activity of
ceria—zirconia in the described process. The positive effect
of the addition of sodium and/or potassium oxides during
the preparation of zirconia was also reported by Chuah and
Jaenicke [27]. They noticed that modified support was less
susceptible to sintering in high temperatures and was
obtained as tetragonal zirconia after preparation.

Taking into account the information presented above,
we decided to investigate the influence of the addition of
alkali and alkaline earth metals (Na, K, Ca and Mg) on the
activity of Ni/ZrO, catalyst in cellulose conversion process
towards hydrogen rich gas. Moreover, the impact of
dopants on the physicochemical properties of the synthe-
sized materials was determined.

Experimental
Catalyst preparation

ZrO, was prepared from ZrOCl,-8H,O (Sigma-Aldrich,
pure for analysis (>99.5 %)) by precipitation with NaOH
followed by calcination at 700 °C in air. First, 200 mL of
0.4 M ZrOCl,-8H,0 was added dropwise to 60 mL of 5 M
NaOH (StanLab, pure for analysis). Then, the mixture was
heated to 104 °C and stirred for 24 h. The precipitate was
filtered on a Biichner funnel and washed with 0.05 M
solution of NH4NO; (Chempur, pure (min. 99 %)) and then
with distilled water until neutral pH. It was then dried in air
at 110 °C overnight and calcined in air at 700 °C for 3 h to
obtain ZrO, from Zr(OH), (Fig. 2). The support prepared
this way was treated as a base for reference catalyst after
introduction of nickel—this sample will be referred as Ni/
Zr (Table 1).

NaOH
104°C24h

Air flow

erC|2 700°C3h

Zr(OH)4 ZrOo

Fig. 2 Reaction scheme of the precipitation of support

Table 1 Abbreviations of the catalysts used in the studies

Sample name Abbreviation
20 % Ni/ZrO, Ni/Zr

20 % Ni/l % CalZrO, 1 % Ca IMP
20 % Ni/l % Mg/ZrO, 1 % Mg IMP
20 % Ni/l % Na/ZrO, 1 % Na IMP
20 % Ni/l % K/ZrO, 1 % K IMP

In the case of the synthesis of M,O,~ZrO, supports
(where M = Ca, Mg, Naand K — calculated for the amount
of oxide — 1 %), impregnation method was used. Calcu-
lated amount of alkali metal precursor: Ca(NOj3),-6H,O
(Sigma-Aldrich, 99.9 %), Mg(NO3),-6H,0 (Sigma-Aldrich,
99.9 %), Na,CO;3 (Chempur, 99.9 %) and K,CO5; (Chem-
pur, 99.9 %) was dissolved in the small amount of water and
added to the beaker containing a portion of ZrO,. It was
stirred for several minutes and aged for 24 h at room tem-
perature. Then, water was evaporated and supports were
calcined in air flow at 700 °C for 3 h.

The supported 20 % Ni catalysts were prepared by
the impregnation method. Nickel was introduced from
Ni(NO3),-6H,0 (Chemland, pure for analysis (>99.5 %))
on the ZrO, reference and modified supports. The samples
were aged for 24 h at room temperature. After evaporation
of water, the catalysts were dried at 110 °C for 2 h and
then calcined in air flow at 700 °C for 3 h. The prepared
materials will be later referred to as 1 % M-Zr IMP
(Table 1).

Catalyst characterization

The surface area of the investigated catalysts was measured
by the comparative method. Low-temperature adsorption
of hydrogen (gas mixture 95 vol% H, and 5 vol% Ar with
flow rate 40 mL min~") on the sample cooled with liquid
nitrogen was measured with thermal conductivity detector
(TCD)—bridge current 200 mA. Al,O; was used as a
reference—surface area 123.8 m? g~'. Before the mea-
surements, samples were dried in crucibles at 120 °C for
2 h and then cooled down to room temperature in desic-
cator. About 0.1 g of the measured sample was weighed on
the analytical weight, then placed in the U-tube and cooled
in liquid nitrogen in a gas flow. After 5 min, liquid nitrogen
thermos was switched for beaker containing water at about
5 °C and the analytical signal was collected with the usage
of TCD.
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Temperature-programmed reduction (TPR) was per-
formed on AMIl system from Altamira Instruments
equipped with a TCD and used for examining the
reducibility of the catalysts calcined at 700 °C. In the
experiments, mixture of 5 vol% H, and 95 vol% Ar at a
flow rate of 30 mL min~' and linear temperature ramp of
10 °C min~" was used.

Powder XRD were collected using a PANalytical X Pert
Pro MPD diffractometer. The X-ray source was a copper
long fine focus X-ray diffraction (XRD) tube operating at
40 kV and 30 mA. Data were collected in the 5°-90° 260
range with 0.0167° step. Crystalline phases were identified
by references to ICDD PDF-2 (version 2004) database. All
calculations were performed with X’Pert High Score Plus
computer program. Crystalline size was calculated with
Scherrer method.

Scanning electron microscope (SEM) UHR FE-SEM
Hitachi SU8020 and attached energy-dispersive X-ray
spectroscopy (EDS) system were used for the investi-
gation of the morphology and composition of the cata-
lysts” surface. The measurements were taken at the
acceleration voltage of 5.0 kV and the current of about
10 pA.

Percentage of nickel deposited on the catalyst surface
was examined by flame atomic absorption spectrometry (F-
AAS) using GBC 932 plus instrument. The mixture of HCl
(30 %, Merck) and HNO;3; (65 %, Merck) in Microwave
Digestion System (Anton Paar 3000) was used to extract
the metal from the catalysts. After that, the solutions were
transferred to 100-mL volumetric flasks. Due to the
inability to fully decompose zirconia, the suspensions were
filtered before the metal determination. Calibration curve
for the measurements was prepared using the working
standards synthesized by dissolving of commercially
available nickel standard stock solution 1000 mg mL ™'
(Merck).

Catalyst activity

The activity of the investigated Ni/M,O,~ZrO, catalysts
was tested in stirred batch reactor (with a volume of
approximately 250 mL) under near-atmospheric pressure
at 700 °C for 4 h. The reaction temperature was chosen
based on preliminary measurements. The conversion of
the model biomass sample—a-cellulose (Sigma-Aldrich,
pure)—was conducted in the presence of nickel catalysts.
In each case, 5 g of a-cellulose and 0.2 g of the catalyst
were used.

An analysis of the reaction products exhibited the for-
mation of gaseous mixture, liquid fraction and carbona-
ceous residue. An amount of permanent gases such as
hydrogen, methane, carbon oxide and carbon dioxide was
determined wusing gas chromatograph (GCHF 18.3,
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Chromosorb 102 column) equipped with a TCD. The
minimal flow of Ar was used in order to direct the formed
gases from the reactor to the gas chromatograph. The
gaseous products were collected every 0.5 h (each time,
three different gas samples were injected to gas
chromatograph).

Results and discussion

The comparison of selected physicochemical properties of
Ni catalysts modified by calcium, magnesium, sodium and
potassium oxides with the reference Ni/ZrO, sample is
presented in Table 2. It is clear that type of the introduced
dopant has a strong impact on the surface area of the
investigated catalysts. The results demonstrated that addi-
tion of calcium and magnesium caused a substantial drop in
the surface area of the catalysts. This effect was not
observed in the case of the introduction of sodium and
potassium, where the high surface area of the prepared
samples was retained. Their hydroxides are used as pre-
cipitating agents in the synthesis of the high-surface zir-
conia, which may suggest that they have positive impact on
the development of porous structure. On the other hand,
decomposition of alkaline nitrates during calcination can
lead to destruction of the zirconia porous structure or cre-
ation of monolayer of alkaline metal oxide that covers
71O, surface. Usually, such layer exhibits increased oxy-
gen storage capacity that helps to remove carbonaceous
deposit from the catalyst, which may explain why lower
surface sample containing calcium reveals the highest
activity in cellulose conversion process [17].

F-AAS measurements confirmed that the amount of
nickel deposited on the surface of the investigated catalysts
was close to 20 % which was expected. A slightly higher
Ni concentration was observed for the samples containing
calcium and sodium.

The results of TPR measurements are presented in
Fig. 3. The TPR profiles exhibit considerable differences in
the NiO reduction behaviour introduced on the surface of
modified catalysts. In the case of unmodified Ni/ZrO,
sample, the reduction of the catalysts begins from 300 °C
and finishes slightly below 700 °C. There is only one
maximum of the hydrogen consumption rate at about
550 °C. The similar TPR run was noticed for potassium-
containing sample. However, in other cases, more than one
reduction peak is observed on the TPR profiles. This is
especially evident for the catalysts with calcium and
magnesium addition. In this case, two maxima of the
hydrogen consumption rate are noticed (between 450 and
500 °C and close to 600 °C, respectively). The comparison
of the area of the mentioned peaks demonstrates that for the
catalyst containing magnesium, most of the hydrogen is
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Table 2 Physicochemical properties of the investigated samples

Surface area/m? g~

1

NiO crystallite size/nm (XRD)

Ni content/mass% (AAS)

1 % Ca IMP 2 36 18.2
1 % Mg IMP 7 31 16.4
1 % Na IMP 128 21 18.0
1 % K IMP 148 23 16.5
Ni/Zr 164 26 18.4
ZrO, 202 - -
TCD Signal/a.u. Intensity/a.u. mZr0, ® NiO
[ 3
4/\/_\ —1%CalMP b———.J\:o n me
A :_'T.JU AN\ /n _U
\ - 1%MgIMP o '
)’ \ 7o Mg 1% K IMP J "
7z --- ]
———————— - . S~- «ee+1 9% Na IMP 1% Ca IMP. 3 j\ S, ‘4"\-—-'”
.................................... T . \ )\
RN - 1%KIMP J_Z_"AH.'MP___L\J s -
............ e LT LN\ UV IS W N .
___________________ - TS - Nz |
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Fig. 3 TPR measurements of the investigated catalysts

consumed below 500 °C, while in the case of the catalyst
with the addition of calcium, the areas of both peaks are
similar. The obtained results might suggest the presence of
the interaction between active phase and support, of which
strength can change for different samples or creation of two
types of crystallites on the sample surface after introduc-
tion of dopants. Further case can be linked with the exis-
tence of both a fraction of bigger slowly reduced
crystallites and smaller NiO particles that undergo reduc-
tion in gas mixture very quickly. The similar phenomenon
was reported by Youn et al. [28].

The next step of the studies was devoted to XRD mea-
surements. In all cases, the X-ray diffractograms revealed
the presence of diffraction lines at 20 values of 37.2; 43.1,
62.8; 75.3, 79.4 and 29.8; 34.8; 49.5, 59.4 originating from
NiO and ZrO, tetragonal phases, respectively (Fig. 4). The
diffraction lines corresponding to the presence of alkali or
alkaline earth metal oxides were not observed (probably
due to the formation of amorphous layer on the support
surface). The XRD method was also used for the estimation
of NiO crystallite size (Table 2). It was calculated with the
use of Scherrer equation [29]. The largest nickel oxide
crystallites were noticed for the samples doped with cal-
cium and magnesium (36 and 31 nm, respectively). The
samples with the addition of sodium and potassium con-
tained smaller NiO particles (about 21-23 nm) with the

Fig. 4 X-ray diffraction patterns

Table 3 Concentration of the investigated metals obtained from
SEM-EDS measurements

Sample Concentration/mass%

Ni Zr Dopant®
1 % Ca IMP 335 32.1 1.0
1 % Mg IMP 25.6 34.7 0.6
1 % Na IMP 17.9 43.5 1.5
1 % K IMP 16.7 44.8 0.6
Ni/Zr 29.2 29.8 -

% Calculated concentration of appropriate alkali/alkaline earth metal
as dopants

size similar to that observed for unmodified Ni/ZrO, cat-
alyst (26 nm).

SEM-EDS measurements were taken in order to com-
pare the composition and morphology of the surface of the
modified catalysts. The obtained results (Table 3) showed
that despite low surface area, the highest amount of nickel
was present on the surface of calcium-doped sample
(33.5 %). In the case of the catalyst modified with mag-
nesium, the Ni content was lower (25.6 %) but still
noticeably higher than in the case of the samples containing
sodium and potassium. The reverse regularity was
observed for zirconium. The investigation of the concen-
tration of alkali and alkaline earth metals showed that
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sodium was the most abundant among the studied ele-
ments. However, it should be taken into consideration that
NaOH was used as precipitating agent in the synthesis of
ZrO, support. Therefore, the amount of this metal is the
sum of atoms introduced in the impregnation of the catalyst
with sodium carbonate and synthesis of ZrO, with the use
of sodium hydroxide.

The SEM images collected from the surface of the
modified catalysts are presented in Fig. 5. They demon-
strated that alkali and alkaline earth metal oxides cover the
surface of Ni/ZrO, catalyst. The particle size of the oxides
varied depending on the kind of the used metal. The larger
grains were observed in the case of calcium oxide (about
0.2-0.5 pm) and magnesium oxide (in the range of
0.5-1 pm), while for sodium oxide and potassium oxide,
the particles of smaller size were found (0.1-0.2 pm).

The catalytic activity of the modified catalysts was
investigated in the high-temperature cellulose conversion
process. Moreover, the experiments with reference Ni/ZrO,
sample were performed for comparison. The activity tests
revealed that besides gaseous fraction, also liquid phase
and solid residue (carbonaceous material) were formed. It

Fig. 5 SEM images of
investigated catalysts: a 1 %
Ca-, b 1 % Mg-, ¢ 1 % Na-,
d 1 % K-doped samples and
e unmodified Ni/ZrO, catalyst
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was noticed that amount of liquid fraction was doubled
when magnesium and potassium were added to the catalyst
(~0.6-0.7 g), as compared to samples containing calcium
and sodium (~0.3-0.4 g). The composition of liquid phase
was very complex. It contained a mixture of different
organic compounds such as hydrocarbons, carboxylic
acids, aldehydes, ketones, alcohols.

The results of activity tests revealed that the main gas-
eous products of the studied process were hydrogen, carbon
dioxide, carbon oxide and methane. However, the amount
of the produced H, and CO, was noticeably higher than the
produced CO and especially than CHy yield.

A comparison of the catalytic performance of the tested
catalysts exhibited that application of the modified samples
allowed for the formation of considerably higher amount of
hydrogen (13-17 mmol g~' cellulose) than it was observed
for reference Ni/ZrO, (slightly more than 10 mmol g_1
cellulose) (Fig. 6). The production of CO, varied between
10 mmol g~ cellulose and 13 mmol g~ cellulose for all
analysed catalysts, and its amount slightly exceeded the
yield of hydrogen only in the case of unmodified Ni/ZrO,.
As it was mentioned, the production of CO and CH, was
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Gas yield/mmol g~
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Fig. 6 Gas yield obtained in the presence of the investigated catalysts

Table 4 Values of H,/CO, H,/CO, and H,/CH4 ratios calculated on
the basis of the activity tests of the investigated catalysts

Ratio Ni/Zr 1% 1 % 1% 1 %
Ca IMP Mg IMP Na IMP K IMP
H,/CO 1.33 1.86 1.76 2.48 2.06
H,/CH4 4.20 7.07 5.53 10.47 7.45
H,/CO, 0.94 1.27 1.16 1.30 1.19

lower and ranged from 6 to 9 and from 1 to 2 mmol g~ ',

respectively. It was observed that addition of alkali and
alkaline earth metals resulted in more efficient formation of
hydrogen, while the amount of other gaseous products did
not change as much as H,. It caused the increase in the
value of H,/CO and H,/CO, ratio in the gaseous phase
(from 1.33 and 0.94 for unmodified sample to 1.76-2.48
and 1.16-1.30 in the case of modified catalysts, respec-
tively) (Table 4). Cellulose pyrolysis process is very
complex, and there are many simultaneous reactions taking
place including formation of hydrogen, carbon dioxide and
monoxide, water, volatile organic compounds (VOC), lig-
uid fraction containing heavier compounds (tar) and car-
bonaceous residue (char) (1). The obtained results suggest
that modified catalysts can adsorb carbon dioxide on their
surface, which shifts the equilibrium of the water gas shift
reaction to the right and allows for the increase in the
amount of the formed hydrogen (2) [3].

C¢H,0¢ — H, + CO, + CO + H,O + VOC + tar + char
(1)
CO + H,0 — CO, + H; 2)

On the other hand, an increase in the value of H,/CO
ratio in the presence of the doped catalysts may indicate
that in this case, decomposition of cellulose occurs more
readily via decarboxylation than via decarbonylation route
comparing to unmodified material [30].

Mechanism of the interaction between gas phase, nickel
grains and support surface was proposed by Sun et al. [31].
According to their studies, the residual carbon can be
removed from the catalyst surface in the subsequent CO,
pulse by reverse Boudouard reaction. This way, the nickel
phase remains free from the carbon deposit and ready for
the next catalytic act to occur.

The activity tests revealed also that the addition of
calcium and magnesium to Ni/ZrO, catalyst resulted in an
increase in the hydrogen production even before reaching
the set temperature of the process, while the samples
containing sodium and potassium were more active at the
highest reaction temperature —700 °C.

The literature data [32] suggest that the deactivation rate
of the catalyst in the investigated process is associated with
the formation of carbon deposit. It seems that alkali and
alkaline earth dopants inhibited this phenomenon, which in
turn enhances overall activity of the modified materials
[17, 25]. The limitation of the carbon deposit formation
allows also to maintain catalytic activity of the tested
systems for a longer time [31]. Unfortunately, in our case,
the amount of deposited coke could not be determined due
to the fact that the catalyst was mixed with the solid residue
in the reactor during the reaction.

Conclusions

The effect of the addition of alkali and alkaline earth
metals (Na, K, Ca and Mg) on the activity of Ni/ZrO,
catalyst in cellulose conversion process towards hydrogen
rich gas was investigated. The obtained results revealed
that introduction of dopants on the surface of nickel
catalyst led to the considerable increase in the production
of hydrogen in comparison with unmodified sample. The
highest hydrogen yield was observed in the presence of
the sample containing calcium. SEM-EDS measurements
demonstrated that this catalyst retained the highest
amount of nickel on its surface after the preparation step.
It is suggested that NiO particles are not so easily deac-
tivated with carbon deposition in the presence of used
dopants, which is beneficial for the enhanced catalytic
activity and increase in the hydrogen yield. Furthermore,
adsorption of carbon dioxide on the surface of the mod-
ified catalysts can additionally shift the equilibrium of the
occurred reactions and allow to form higher amount of
H,. However, further measurements are necessary to
explain the mechanism of the studied process in detail.
The next step of the investigation should be also focused
on the optimization of the catalyst synthesis method and
content of dopants.
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