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A B S T R A C T

Activated biochars were obtained from pyrolysis and CO2-physical activation of four different biomasses includ-
ing tannery shaving waste (T), vine wood waste (W), barley waste (B) and Sargassum, brown macroalgae of
Venice lagoon (A). The potential of obtained carbonaceous materials as the supports of Ni,Al catalysts was inves-
tigated in levulinic acid (LA) conversion to γ-valerolactone (GVL) as a model hydrogenation reaction. Al-
containing species as the Lewis acid sites for the dehydration step were incorporated to the supports using wet
impregnation or precipitation. Ni as a hydrogenation active phase was added to the supports via wet impregna-
tion. Biochar-based supports and catalysts were characterized by AAS, elemental analysis, FTIR, N2 physisorp-
tion, XRD, SEM, EDS, TEM, He-TPD, NH3-TPD and TPR techniques. The catalysts were tested for LA hydrogena-
tion to GVL in a batch system and aqueous medium. The results showed that Ni supported on activated biochar
was not active due to a lack of Lewis acid sites for dehydration. Precipitated Al-containing species on the biochar-
based supports demonstrated a better catalytic performance in the reaction compared to impregnated one be-
cause of different interactions with the support and Ni species. Among different supports, the activated biochars
obtained from T and W acted as the best ones. A higher catalytic efficiency was strongly influenced by the chemi-
cal (aromaticity and stability, presence of N,O-doped and functional groups), textural (the porous texture and
surface area), and morphological (higher dispersion of active phases) properties of activated biochars obtained
from different biomasses with different natures.

1. Introduction

We are witnessing an era of harsh depletion of fossil resources as a
traditional natural resource. One of the main reasons of this serious de-
pletion is the linear economy approach generating wastes and subse-
quent challenges for the climate, environment, and the humans. There-
fore, the circular economy concept aiming at the diminishing wastes,
emissions, and energy losses is gaining importance [1]. In this aspect,
biomass is a promising substitute for fossil-based raw materials in en-
ergy and fuel industries producing of chemicals, fuels and materials in
several sectors. One of the most applicable processes for valorization of
biomass to energy, fuels, chemicals, and materials is pyrolysis, as a
thermochemical decomposition of biomass in the absence of oxygen
and at high temperature [2]. Biochar, as the byproduct of pyrolysis
comprises carbon (C), hydrogen (H), nitrogen (N), oxygen (O), sulfur

(S) and ashes with different percentage. The amounts of each element
and ashes in biochar are influenced by the origin of initial biomass, the
pyrolysis conditions, and each pre- and post-treatment procedure [3].
Through the pyrolysis process, biomass aliphatic and aromatic carbon
chains are converted to biochar aromatic carbon which is considered as
a non-graphitic/non-graphitizable carbon [4]. Biochar, as a sustainable
carbonaceous material with tunable properties has been used in various
applications such as energy generation, soil amendment, absorbents,
and catalysis which can confirm its efficiency with respect to the princi-
ples established for a circular economy [5,6]. Biochar usually has in situ
self-doped and functionalized groups of nitrogen, oxygen, sulfur, and
phosphorus depending on the native heteroatoms content in the origi-
nal biomass. This can result in promising catalytic activity and also as-
sist a better anchorage and dispersion of the active phase on the car-
bonaceous support [7]. On the other hand, most of the biochars have a
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non-ordered structure with very a low surface area and weak porosity
limiting their utilization in catalytic applications. Several techniques
have been investigated for biochar activation to develop its localized
order and hierarchical porous structure. Examples are given by physical
(with CO2, steam, O3) and chemical (with KOH, NaOH, NH3, K2CO3,ZnCl2, HCl and H2SO4) activations [8,9].

In this study, we aimed to investigate the possibility of using biochar
as a sustainable and active carbon-based support for Ni,Al nanoparticles
with a diminished environmental impact and economic concerns for a
model platform molecule hydrogenation. Hence, four different bio-
masses were selected for the preparation of biochar-based supports: (a)
leather tannery waste: an industrial waste and from animal derived raw
material, classified as the second generation biomass, rich in collagen,
and proteins; (b) vine wood waste: a vegetal and agricultural or food
waste from second generation biomass, typically lignocellulosic, made
of cellulose, hemicellulose, and lignin; (c) barley waste: a vegetal and
agricultural or food waste from second generation biomass, typically
lignocellulosic, made of cellulose, lignin and arabinoxylans and rich in
protein, lipid, fiber, and vitamins; and (d) Sargassum brown macroalgae
of the Venice lagoon: from third generation biomass, rich in protein,
lipid, and carbohydrates. Tannery shaving waste, vine wood waste, and
barley waste are the byproducts of important supply chains in Italy
[10], and Sargassum brown macroalgae has a widespread distribution in
Venice Lagoon and in Po River Delta (Northern Adriatic Sea, Italy)
causing some environmental damages [11]. Natural activated carbon
materials (activated biochars) were obtained from four biomasses py-
rolysis and physical activation using CO2, as an eco-friendly and effi-
cient approach and were used as the supports of bifunctional Ni, Al-
based catalysts for levulinic acid (LA) to γ-valerolactone (GVL) conver-
sion as a model hydrogenation reaction.

GVL can be used as a precursor of several other chemicals and as a
fuel additive, a green solvent, a perfume ingredient or a food additive
[12]. It can be produced from several substrates such as cellulosic car-
bohydrates, furfural, furfuryl alcohol, LA, and alkyl levulinates [13].
One of the most common and key routes for GVL production is hydro-
genation of LA passing from two possible reaction pathways (Scheme
1): (1) LA ketonic group hydrogenation to a very active intermediate, 4-
hydroxypentanoic acid, and its simultaneous dehydration passing from
an intramolecular esterification and cyclisation giving GVL (Scheme 1,
pathway I), and (2) LA dehydration and cyclisation to intermediates α-
angelica lactone or β-angelica lactone and their hydrogenation result-

ing GVL (Scheme 1, pathway II). Overall, each hydrogenation step is
catalyzed with active metal catalyst, and each dehydration step pro-
ceeds over an acid catalyst or under acidic conditions. One of the possi-
ble byproducts of the reaction could be pentatonic acid from subse-
quence dehydration and hydrogenation of 4-hydroxypentanoic acid in
the presence of Brønsted acid sites. Moreover, coke formation is an-
other possible side reaction coming from condensation of LA and espe-
cially angelica lactones under severe acidic conditions [14].

Among heterogeneous catalysts for LA conversion to GVL, noble
metals such as Ru, Pt, Pd, and Ir, and non-noble metals such as Ni, Cu,
Fe, and Mg have been extensively applied as the catalyst‘s hydrogena-
tion active phase [14–17]. Beside the crucial importance of the active
metal phase in LA hydrogenation, a combination of both Lewis and
Brønsted acid sites with a proper concentration and dispersion is de-
sired to guarantee and improve the overall performance of the catalyst
[18]. In addition, the catalytic supports have a vital influence on the
catalytic activity mostly possessing the acid sites for the dehydration
step, and catalysts stability affected by coke formation, metal leaching
and sintering [19,18]. From the literature, oxide type supports such as
ZrO2, TiO2, Al2O3, SiO2, MgO, and ZnO, mesoporous silica-based mate-
rials such as MCM-41 and SBA-15, microporous zeolites, clays, and car-
bon-based materials were reported for the target reaction [14,15]. In
particular, carbon supported Ru materials and supported Ni catalysts
are the most studied catalysts for target model reaction [14–17]. For in-
stance, Cao et al., studied Ru/C and Ru/ZrO@C in both aqueous and
acidic mediums and more than 70 % LA conversion and GVL yield were
obtained at 140 °C and 10 bar H2 for 2 h [20]. In addition, N-doped
multichambered mesoporous carbon microspheres supported Ni cata-
lysts displayed almost full LA conversion and GVL selectivity [21].
Commercial activated carbon was used as the Ni catalyst support in
which 99 % GVL selectivity in 80 % LA conversion was achieved using
dioxane as the solvent of reaction at 200 °C and 30 bar H2, for 4 h [21].
Among utilized supports for both current model reaction and other hy-
drogenation reactions, carbon-based materials exhibited high surface
area, proper porosity, thermal-mechanical stability being suitable for
this application. In particular, natural carbon-based materials
(biochars) as the solid byproducts of different biomasses pyrolysis could
be a highly potential and sustainable carbonaceous support for hydro-
genation catalysts. For instance in our previous study [22], leather tan-
nery shaving waste and hazelnut shell have been used as the biomass
precursors for preparation of activated biochar supports via pyrolysis

Scheme 1. Possible reaction pathways from levulinic acid to γ-valerolactone (AMS: active metal site; AS: acid site).
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and steam-based physical activation to be used in Ru catalysts. These
catalysts were active in selective hydrogenation of 5-
hydroxymethylfurfural to 1-hydroxy-2, 5-hexanedione considering the
highest performance of the catalyst obtained from hazelnut shells. In
another study [23], Pd was incorporated on activated biochar supports
obtained from tannery shaving waste, hazelnut shells, rise husks and
broken rice grains for benzaldehyde hydrogenation. Rise husks acted as
the best biomass for preparation of an efficient support for this model
reaction. In addition, activated biochar obtained from tannery shaving
waste, barley waste and Sargassum brown macroalgae have been suc-
cessfully used in other non-catalytic applications such as lithium-ion
battery [4], lithium-metal free sulphur battery [6], and adsorbent for
cationic dyes [24], respectively. To the best of our knowledge, biochars
from vine wood waste, barley waste, and leather tannery shaving waste
have never been reported as the support of the Ni,Al catalyst for hydro-
genation reactions [25].

In the current study, the aim is to investigate the possibility of using
activated biochars from different animal and vegetal origins and vari-
ous generations of biomass as the supports for bifunctional Ni, Al-based
catalysts in LA hydrogenation as a model reaction. To achieve this aim,
for the first time, activated biochar (obtained from lethaer tannery
shaving waste, vine wood waste, barley waste, and Sargassum brown
macroalgae) were used as the support of Ni, Al for target model hydro-
genation reaction. Since activated biochars naturally possess the Brøn-
sted acid functionalities affected by the origin of the initial biomasses,
this aspect can be considered as a vital inspiration in formulation of an
innovative catalytic system for the bio-based model reactions. More-
over, Al-containing structures as the Lewis acid sites of the catalyst
were introduced to the biochar supports by two different impregnation
and precipitation techniques, and Ni as hydrogenation active metal was
impregnated on the supports. All supports and catalysts were studied by
different characterization techniques and their performances were
tested in LA to GVL transformation as a model reaction.

2. Experimental

2.1. Support preparation

Four different biomasses were selected for preparation of biochar-
based supports: (a) Tannery shaving waste that was obtained from PA-
SUBIO S.p.A. tannery (Arzignano, Italy), provided by GOAST technol-
ogy, Green Organic Agents for Sustainable Tanneries (LIFE project,
LIFE16 ENV/IT/000416); (b) Vine wood waste (W) that was supplied
from a cellar in Conegliano, Italy; (c) Barley waste (B) that was pro-
vided from Padova, Italy; (d) Sargassum, brown macroalgae (A) that
was collected in the Venice lagoon.

Before pyrolysis, T biomass was dried in the air for 48 h, while A
was washed with tap water and distilled water, dried in the air for 48 h
and further dried in the oven at 110 °C for 2 h. On the contrary, W and
B were directly used in pyrolysis without any pretreatment. To obtain
biochar, the pyrolysis of biomass was performed in a laboratory-scale
prototype plant (Carbolite custom model EVT 12/450B) consisting of a
vertical oven with a fixed bed tubular quartz reactor. In a pyrolysis run,
first, 40 g of a particular biomass (size < 0.250 mm) was charged into
the reactor and pyrolyzed at 600 °C, with a heating rate of 5 °C/min,
and a residence time of 30 min under N2 flow of 100 mL/min. Three
different products including gas (bio-gas), liquid (bio-oil), and solid
(biochar) were obtained from pyrolysis process. In particular, slow py-
rolysis was carried out because the aim of the study was obtaining
higher mass percentage of biochar (more than 30 % in this study) as the
solid product of the pyrolysis [22]. The biochars obtained from pyroly-
sis step were labeled as BT, BW, BB, and BA for T, W, B, and A biomasses,
respectively. After 30 min of pyrolysis, the temperature was increased
to 700 °C with a heating rate of 20 °C/min under N2 flow of 100 mL/
min. Then, the gas was switched to CO2 as the activation agent with the

flow of 100 mL/min and the physical activation was carried out for 4 h.
To remove the inorganic residues (ashes), activated biochar was mixed
with HCl (Merck, ≥37.0 wt%) (1 M) solution and was sonicated for 1 h.
Then, the activated biochar was filtered and washed with deionized wa-
ter until achieving a neutral pH. The sample was dried in an oven at
110 °C for 12 h. All materials were grinded and sieved to the particle
size <180 μm in diameter. The final obtained supports were labeled
AT, AW, AB, and AA, respectively.

2.2. Incorporation of Al as the Lewis acid site

Incorporation of Al via wet impregnation was done in the following
way. First a solution of Al(NO3)3·9H2O (Sigma-Aldrich, ≥98.0 wt%) in
5 mL deionized water with a proper concentration was prepared to
have a final Al loading of 10 wt.%. Second, the desired amount of AT ac-
tivated biochar was added to the solution aimed to have a final catalyst
weigh of 1.5 g. Then, the mixture was stirred with the rate of 500 rpm,
at 25 °C for 1 h. Finally, the solution was evaporated in the oven at
90 °C for 12 h. The final sample of this step was labeled Ali/AT.

For incorporation of Al via precipitation first, two solutions were
prepared: (A) a 50 mL solution of Al(NO3)3.9H2O with a proper concen-
tration to have a final Al loading of 10 wt.%, (B) a solution of NaOH
(3 M) (Sigma-Aldrich, ≥98.0 wt%) as the precipitation agent. Then, the
solution A and B were added dropwise to a 100 mL mixture of biochar-
based support (AT, AW, AB, AA) in deionized water using a peristaltic
pump. Therefore, Al(OH)3 was precipitated on the support keeping the
pH of solution in the range of 7, 8 according to the following reaction:

Then, the mixture was filtered, washed with distilled water until
reaching the neutral pH. Finally, the sample was dried in the oven at
90 °C for 12 h. The final samples of this step were labeled Alp/AT,
Alp/AW, Alp/AB, Alp/AA.

2.3. Introduction of active Ni phase by wet impregnation method

For impregnation of Ni, a solution of Ni(NO3)2·6H2O (Merck,
99.999 %) in 5 mL deionized water at the desired concentration was
prepared to have a final Ni loading of 10 wt.%. Then, the Al incorpo-
rated-activated biochar was added to the solution and the mixture was
stirred at 25 °C for 1 h. The solution was evaporated in the oven at
90 °C for 12 h. In addition, a catalyst of AT supported Ni was prepared
following the same approach.

All prepared catalysts were calcined in N2 with a flow rate of 50 mL/
min, at 550 °C, with a heating rate of 5 °C/min, and a residence time of
4 h. After calcination, the catalysts were reduced in the presence of
pure H2 with a flow rate of 50 mL/min, at 400 °C, with a heating rate of
10 °C/min, for 3 h. The prepared catalysts are denoted as Ni/AT,
NiAli/AT, NiAlp/AT, NiAlp/AW, NiAlp/AB, and NiAlp/AA.

2.4. Support and catalyst characterizations

The CHNS elemental analyses of biomasses, biochars, and activated
biochars were carried out using UNICUBE organic elemental analyzer
(Elementar). Then, the amount of inorganic residues (ashes) was mea-
sured via the thermo-gravimetric analysis (TGA 8000 PerkinElmer) fol-
lowing the ASTM-D7582 protocol [26] The percentage of oxygen was
calculated according to the equation below:

The Ni content was determined by atomic absorption spectroscopy
(AAS) after digestion of the samples (100 mg), using a Perkin-Elmer An-
alyst (Perkin-Elmer, Waltham, MA, USA) 100 spectrometer.
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Fourier transform infrared (FTIR) analyses were performed by
Perkin Elmer Spectrum One spectrometer with a wave number range of
400–4000 cm−1 and resolution of 4 cm−1 at room temperature.

X-ray powder diffraction (XRD) analyses were carried by a Bruker
D8 Advance Da Vinci diffractometer equipped with LynxEye detector
and a sealed tube providing Cu Kα radiation at an accelerated voltage of
40 kV and an applied current of 30 mA. The determination of the Ni
crystallite size was accomplished using the Rietveld method as imple-
mented in the TOPAS v.5 program (Bruker AXS). The crystallite size
was calculated as volume-weighted mean column heights based on inte-
gral breadths of peaks according to the Double-Voigt approach.

Scanning electron microscopies (SEM) were performed using a Field
Emission Gun Electron Scanning Microscope LEO 1525, after metalliza-
tion with chromium. The images were acquired by In lens detector
while the elemental composition was determined using Bruker Quantax
EDS.

Transmission electron microscopies (TEM) were performed by JEM-
1400Plus, JEOL Ltd with an acceleration voltage of 120 kV and resolu-
tion of 0.98 nm using Quemsa II MPix bottom mounted digital camera.
A suspension of the gold catalyst in ethanol was applied. TEM images
were used to determine the morphology of biochar-based supports, and
the distributions of Ni nanoparticles and Al-containing nanostructures
on the support.

Specific surface areas and the pore size distributions were evaluated
by N2 adsorption/desorption isotherms at −196 °C using a Tristar II
Plus Micromeritics. Micropores and the total surface area were calcu-
lated using the t-plot and Langmuir methods, respectively [27]. Microp-
ores volume was calculated by t-plot method. The total pore volume
was obtained according to the adsorbed amounts of N2 at P/Po values
near 0.98.

Temperature-Programmed Desorption under helium (TPD in he-
lium) analyses were carried out using a lab-made equipment to study
the presence of oxygenated functional groups on the surface of carbon-
based materials. First, 100 mg of the catalyst were charged in a quartz
reactor and heated up to 900 °C with the heating rate of 10 °C/min un-
der He flow of 40 mL/min. During heating procedure, the decomposi-
tion of oxygenated functional groups occurred by releasing CO and CO2gases which were recorded using a thermal conductivity detector (Gow-
Mac 24-550 TCD instrument).

NH3 Temperature-Programmed Desorption (NH3-TPD) analyses
were carried out using a lab-made equipment to study acidity of the
catalysts. First, 100 mg of the catalyst were charged in a quartz reactor
and degassed in He with a flow rate of 40 mL/min at 500 °C for
90 min. The catalyst was then cooled down to 25 °C prior to adsorp-
tion of ammonia. Then, the adsorption of 5 % NH3/He with a flow rate
of 40 mL/min at 25 °C for 30 min was performed. The physisorbed
ammonia was removed from the catalyst surface by passing He
(40 mL/min) at 25 °C for 30 min. The desorption profiles of NH3-TPD
were recorded using a thermal conductivity detector (Gow-Mac TCD)
from 25 to 900 °C at a heating rate of 10 °C/min under the flow of He
(40 mL/min).

Temperature-Programmed Reduction (TPR) of the catalysts was per-
formed using a lab-made instrument to study reducibility and the
metal-support interactions. First, 100 mg of the sample were charged in
a quartz reactor and the sample was heated from 25 °C to 800 °C with a
ramp of 10 °C/min under 5 vol% H2 in Ar with a flow of 40 mL/min.
The effluent gases were analyzed by a Micrometrics 2900 analyzer
equipped with a TCD detector (Gow-Mac 24–550 TCD instrument).

2.5. Catalytic test

For investigation of the catalytic reactivity, all samples were tested
in a batch system namely a stainless-steel autoclave of 400 mL volume.
A mechanical stirrer was used and the heating was performed using an
electric heater. The autoclave was charged with 50 mL of 0.17 M aque-

ous solution of levulinic acid, and 400 mg of the catalyst to have a LA/
Ni molar ratio of 12.5 : 1. The autoclave was purged ten times with N2to remove the air and then was pressurized with 35 bar of H2. The tem-
perature was increased, and the starting reaction time was considered
once the temperature reached the desired value. When the reaction was
ended, the autoclave was cooled down to 25 °C and the final mixture
was filtered. In addition, the reaction conditions were investigated by
changing temperature, H2 pressure, reaction time, and the LA/catalyst
mass ratio.

For analysis of the products, the filtered solution of each reaction
was injected to a high-performance liquid chromatography (HPLC) Agi-
lent Technology 1260 Infinity II. An Aminex HPX-87H column was used
and the analysis was carried out at column temperature of 57 °C by
passing the mobile phase of 5 mM H2SO4 with the flow rate of 0.6 mL/
min. A UV–vis detector (λ =195 nm) was used for analytes’ identifica-
tion and quantification. The LA conversion (X), GVL yield (YGVL), car-
bon balance in liquid phase (CB), and turnover frequency (TOF) were
calculated using the following equations:

Where corresponds to the reacted mole of LA during the reac-
tion. n0, nGVL and nout represent the initial amount of LA, GVL in the fi-
nal liquid phase, and the content of LA and reaction products in the fi-
nal liquid phase, respectively. The notation “C atoms” corresponds to
the number of carbon atoms in every component. corresponds to the
time of the reaction and nNi is the actual mole of Ni in the catalyst mea-
sured by AAS analysis.

3. Results and discussion

3.1. Characterization of biochars

The data of CHNS elemental analysis of biomasses, biochars, and ac-
tivated biochars are reported in Table 1.

As can be seen, the pyrolysis and activation processes led to an in-
crease of carbon contents and a decrease of H/C ratio in all materials
which can be related to carbonization and aromatization phenomena
[28]. Exceptionally, activation of BB to AB showed an opposite trend
which could suggest that activation of this biochar was not complete in
the applied conditions.

Table 1
CHNS elemental analyses of biomasses, biochars, and activated biochars (The
amount of elements is reported in mass percentage).
Sample C [%] H [%] N [%] S [%] O [%] Ash [%] H/C O/C

T 44.6 6.3 11.5 2.5 N.Aa N.A 0.14 –
BT 73.6 2.7 12.4 0.7 6.1 4.5 0.04 0.08
AT 76.6 1.1 9.4 0.6 9.8 2.5 0.01 0.13
W 46.6 6.0 0.5 0.2 N.A N.A 0.13 –
BW 81.3 1.5 1.1 0.2 8.8 7.1 0.02 0.11
AW 82.1 0.9 1.3 0.2 13.4 2.1 0.01 0.16
B 49.2 6.7 2.8 0.3 N.A N.A 0.14 –
BB 72.8 1.3 5.2 0.2 13.4 7.1 0.02 0.18
AB 67.0 1.5 4.0 0.2 11.6 15.7 0.02 0.17
A 37.1 5.3 4.8 1.3 N.A N.A 0.14 –
BA 43.4 1.2 3.6 2.0 N.A N.A 0.03 –
AA 67.1 1.2 6.8 2.8 7.9 14.2 0.02 0.12
a N.A: not analyzed.
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When comparing different activated biochars, AW and AT displayed
the highest carbon contents being 82.1 % and 76.7 %, respectively,
demonstrating a more aromatic, carbonaceous, and stable structures for
catalytic application. Indeed, the heteroatoms distributions of different
biochars were affected by the nature of original biomass. The decrease
of hydrogen content during pyrolysis and activation is ascribed to the
cracking and cleavage of the weak bonds in the biomass and biochar
carbonaceous skeletons [29]. In addition, nitrogen, oxygen, and sulfur
contents showed different trends in pyrolysis and activation of different
biomasses. In every sample, N,O,S heteroatoms could be present as dif-
ferent functional groups or different doped ones in the carbon structure.
Indeed, every types of functionality and also doped heteroatom could
be connected to the carbon structure or surface with various strength of
the covalent bonds. Hence as mentioned above, although carbonization
leads to the cleavage of the bonds between heteroatoms and carbons
and removal of heteroatoms, it is also highly influenced by the strength
of C–N, C–O, S-O bonds in the biomass and biochar structures [30].
Among different activated biochars, AT, AA, and AB exhibited consider-
able nitrogen contents of 9.4 %, 6.8 % and 4.0 %, respectively, origi-
nating from the protein fraction of T, A, and B biomasses. AW and ABdemonstrated higher oxygen contents and O/C ratios compared to ATand AA. A higher oxygen content of activated biochars might be derived
from carbohydrate and lignin fractions of lignocellulosic biomasses.
The presence of oxygen and nitrogen heteroatoms could suggest more

O,N-doped and functional groups in the activated biochar-based sup-
ports, being crucial for a better anchorage of the active metal phases in
heterogeneous catalysis applications [31]. On the other hand, AA has a
high content of sulfur (2.8 %) compared to others coming from the lipid
fraction of algae which might be a serious issue in catalysis since sulfur
can poison the noble and non-noble active metals [32–35]. Higher ash
fractions of AB and AA can be due to the presence of some elements such
as Si (Fig. S1) which could not be removed by acid washing [11,36].

Fig. 1(a,b) displays the nitrogen adsorption-desorption isotherms of
biochars and activated biochars, respectively. All biochars show an
isotherm type III corresponding to non-porous materials according to
IUPAC classification (Fig. 1a). A low surface area was obtained for the
biochar obtained from pyrolysis of the residual soapberry pericarp at
600 °C [37], while the biochar from pyrolysis of hazelnut shells at
600 °C showed a higher BET surface area of 81 m2g−1 [38]. This con-
firms that the nature of the initial biomass has a vital impact on the
texture or properties of the obtained biochar. Moreover, the low sur-
face area and low porosity of a support could be the issues in catalytic
applications especially for a good dispersion of the active phase.
Hence, an activation step was applied to improve porosity and the sur-
face area of the biochar-based supports. Four different biochars exhibit
different textural behaviors after physical activation procedure being
affected by the nature of the initial biomass. In particular, AA and Awindicate a combination of type I and type IV isotherms suggesting their

Fig. 1. N2 adsorption-desorption isotherms of (a) biochars and (b) activated biochars.
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hierarchical micro-mesoporous texture (Fig. 1b). The H4 hysteresis
loop in the range of 0.4<P/Po<0.99 demonstrate narrow slit-shaped
pores of the samples.

Moreover, the isotherm of AT corresponds to a microporous texture
(type I) with a narrow hysteresis loop and hence the presence of a small
amount of mesopores in this sample. However, the porous texture of ABdid not significantly change by activation. In particular, AB shows a
wide hysteresis loop in the isotherm which can be assigned to the pres-
ence of large and elongated pores in the sample. Overall, a higher sur-
face area and porosity of activated biochars suggest their potential and
efficiency to be used as supports in heterogenous catalysis.

The functional groups of activated biochars were qualified by FTIR
technique. The FTIR spectra of all activated biochars in Fig. 2 display a
band at approximately 3400 cm−1 demonstrating to the vibrations of
O–H functional groups [39]. Higher intensities of these bands for ATand AB are related to the vibration of N-containing functional groups
namely –NH2 from amines and amides groups originated from the pro-
tein fraction of the initial biomasses. The intense band at ca. 1600 cm−1

is ascribed to the stretching vibration of aromatic C=C and C=O
stretching of conjugated quinones and ketones [40,41] which was con-
firmed by TPD analysis in helium (Fig. S2). In addition, a series of over-
lapped bands in the wavenumber range of 1400–900 cm −1 can be re-
lated to the N,O-doped heteroatoms and functional groups in the skele-
ton and at the surface of activated biochars such as C–O bonds in alco-
hols, phenol (confirmed by TPD in Fig. S2), bridging ether between aro-
matic rings, and N–C and N-COO groups [22]. Furthermore, all acti-
vated biochars exhibit the C–H of alkenes at 2850 and 2920 cm−1, and
aromatic C–H out of plane vibrations at 800 cm−1 [42]. Overall, differ-

ent activated biochars displayed different FTIR spectra and hence dif-
ferent functionalities which were confirmed by the presence of het-
eroatoms with different contents in CHNS elemental analysis (Table 1).
Such behavior is obviously due to a different natures of the initial bio-
mass.

3.2. Characterization of the catalysts

The AAS results in Table 2 demonstrate that ca. 7, 8 % Ni was actu-
ally loaded on the supports. Minor differences of the actual Ni loading
in different catalysts might be related to the textural, morphological
properties, and chemical functionality of the biochar-based supports
which led to a different anchorage and stability of Ni active phase on
the support.

From nitrogen adsorption-desorption isotherms displayed in Fig. 3
(a–d), it can be concluded that after introduction of the active sites, the
form of isotherms of AW, and AA activated biochars remained un-
changed, while for AT sample, a partial change in the form of the hys-
teresis loop was observed in some cases especially for NiAlp/AT cata-
lyst. A more prominent change was observed for AB support after intro-
duction of Al and Ni. NiAlp/AB exhibited a combination of I and IV
isotherm type with H4 hysteresis loop in the range of 0.40<P/Po<0.99
demonstrating the presence of micro and mesopores with narrow slit-
shaped in this sample.

When comparing the textural properties of activated biochars in
Table 2, the surface area and porosity of the samples follow the order of
AA>AW>AT>AB. It seems that the biochar from B needed harsher acti-
vation conditions for the improvement of textural properties. The sur-

Fig. 2. FTIR spectra of activated biochars.
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Table 2
Ni loading (determined by AAS), textural properties (obtained from N2 ph-
ysisorption) and Ni,Al crystal size (determinated by XRD) for studied supports
and catalysts.

Sample Ni loading
(%)

SLangmuir
a

(m2g−1)
Smicro

b

(m2g−1)
Vtot

c

(cm3g−1)
Vmicro

d

(cm3g−1)
Ni
crystal
size
(nm)e

+/-
0.1 nm

Al
crystal
size
(nm)e

+/-
0.1 nm

AT – 412 356 0.16 0.10 – –
Ni/AT 7.5 402 335 0.15 0.09 30 –
NiAli/AT 7.9 529 244 0.22 0.10 12 1.1
NiAlp/AT 7.3 487 401 0.18 0.10 21 1.3
AW – 690 571 0.29 0.14 – –
NiAlp/AW 8.0 726 580 0.30 0.13 17 1.1
AB – 79 – 0.04 – – –
NiAlp/AB 8.8 445 353 0.17 0.07 27 1.1
AA – 1305 905 0.56 0.17 – –
NiAlp/AA 7.3 1049 719 0.47 0.11 – –

(a) calculated by Langmuir method, (b) calculated by t-plot method, (c) total
pore volume calculated according to the adsorbed amount of N2 and P/Po values
near 0.98, (d) micropore volume calculated by t-plot method, (e) calculated by
Rietveld method.

face areas and pore volumes of the catalysts show alterations compared
to the supports (Table 2). Particularly, impregnation of only Ni on ATled to a decrease of the surface area and of the pore volume. In addition,
by introduction of both Al and Ni to AT, AW and AB, the surface area and
pore volume increased considering the noticeable increment in the case
of NiAlp/AB. On the contrary, introduction of Al and Ni on AA resulted
in an opposite trend. As it can be seen in the XRD results of Table 2, the
Al crystalline size of all samples is around 1 nm while Ni crystalline size
for all samples is higher than 10 nm. Definitely the most pore blockage
could be mainly related to agglomerated Ni particles rather than very
small Al crystals [43]. In addition, the pore size and shape of every acti-
vated biochar support are different and highly significant. AT is highly
microporous and agglomerated Ni particles did not have the possibility
to enter the pores and block them. Indeed, looking at the Ni/AT con-
firms that the reduction of AT surface area and pore volume was very
slight after impregnation of Ni. This can suggest that most of agglomer-
ated Ni particles stayed on the surface of the catalyst not entered inside
the pores. On the other hand, when both Al, and Ni were introduced to
the AT support by both techniques, the surface area increased which can
mainly be related to the introduction of Al and interaction of both ac-
tive sites with the support. This phenomenon was also observed for AWwhich was mainly microporous and the texture did not suffer from the
entrance of agglomerated Ni particles to the pores and was mainly af-
fected by the interaction of active sites with the support and the surface
area increased. However, AA showed a micro-mesoporous texture and
the agglomerated Ni had this possibility to enter into the mesopores of
the support and block them. This could be the reason that pore blockage
was more effective in this sample which led to the decrease of surface
area after incorporation of active sites. In the case of AB, the support
was almost non porous and the active sites mainly stayed on the surface
of the support and had a very strong interaction with support due to the
typical chemical structure of this support. Overall for all supports, in-
crease of surface area after incorporation of active site can be explained
by: (a) increase of the surface area by introducing alumina, if any,
which itself has a developed porosity [44], (b) interactions between the
active phases with nitrogen and oxygen doped and functional groups of
activated biochars, and inorganic compounds such as silicates in the
biochars (Fig. S1) [45,46]. According to the elemental analysis results
of Table 1, AW and AB samples displayed the highest O/C ratio, while ABand AT exhibited a high mass percentage of nitrogen, which suggests
the high N,O-doped and functionality in these samples.

The interactions between the active phases and doped and function-
alized groups of supports could help in a further activation of the sam-
ples by calcination, (d) several studies mentioned the effect of NaOH in
removal of the silicate based ashes and subsequent biochar surface area
improvement [47,48]. Because NaOH was used as the precipitation
agent in this study and the presence of Si was observed in the EDS
analyses of AT and AB (Fig. S1) of the catalysts, it can be reasonably as-
sumed that NaOH interacted with some of the silicate-based ash in acti-
vated biochars according 2NaOH(s) +SiO2(s)→ Na2SiO3(s) +H2O.
Na2SiO3 formed in this way easily is removed in the water-washing step
of the catalysts. Moreover, in AT and AB, the amount of ash is high
(∼15 %) which could explain an increase of the surface area and poros-
ity after introduction of the metal. Therefore, partial Si-leaching from
activated biochars during Al precipitation could also improve their sur-
face areas and porosities [47,48].

The XRD patterns of the catalysts are shown in Fig. 4. For all sam-
ples, the two broad reflexes at 2θ of ∼25° and ∼44° can be associated to
the (002) and the (100) reflection planes of the carbonaceous material
with respect to hexagonal graphite 2H model. The (002) and the (100)
reflexes could correspond to the assembling of aromatic ring layers and
aromatic molecules extension in every plane of the layer, respectively
[4,22]. In the case of NiAli/AT, two sharp reflexes at 2θ=21° and 27°
are ascribed to the crystalline silica contaminations (see Fig. S1a) which
were not completely removed in the acid washing step of AT sample.

For all samples, the lines of Ni° can be observed at 2θ of 44.4°, 51.8°,
and 76.4° [49]. It should be noticed that the reflex at 2θ of ∼44° over-
laps with the line of Ni° crystal which made the (100) reflection planes
less visible. In addition, the crystal size of Ni0 estimated by the Rietveld
method (Table 2) was 30 nm, 12 nm, and 21 nm for Ni/AT, NiAli/AT,
and NiAlp/AT catalysts, respectively. The difference is due to the pres-
ence of Al and its different incorporation methods. In addition,
NiAlp/AW and NiAlp/AB exhibited Ni crystal size of 17 nm and 27, re-
spectively. This can suggest that the nature and properties of biochar
more exactly the surface area and pore size had also a strong effect on
the Ni crystal size. Comparing three different catalysts that were pre-
pared with similar method meaning NiAlp/AT, NiAlp/AW, NiAlp/AB can
confirm that the higher is the support surface area, the smaller the Ni
crystal size.

Two bumps at 2θ ca. 38° and 65° originate from Al crystals addition
to the system. These broad and weak peaks might be attributed to the
highly dispersed Al on the biochar and the small size of Al crystal (Table
2) in all catalysts [50]. Indeed, it can be predicted that the size and dis-
persion of Al-containing structures could have a significant influence on
the acidic properties of the catalyst and hence its performance in the
target reaction. In addition, the activity and selectivity can be affected
by the Ni° crystal and particle sizes [51,52]. The results for Ni/AT,
NiAli/AT, and NiAlp/AT confirm that the presence of Al and its incorpo-
ration method affected the Ni° crystal size and nickel distribution across
the support.

The SEM images of NiAli/AT, NiAlp/AT, NiAlp/AW, and NiAlp/ABare presented in Fig. 5(a–d), respectively, to study the surface mor-
phologies of the catalysts.

The surface morphologies of the catalysts derived from different
biochar-based supports varies. NiAli/AT and NiAlp/AT display more flat
surfaces with some superficial porosities in macro sizes. It can be as-
sumed that most of the superficial pores in AT-based catalysts are in mi-
cro and meso sizes as it was demonstrated from N2 physisorption results
in Table 2, not being however, visible in SEM images because of the
magnification [23]. On the contrary, NiAlp/AW and NiAlp/AB have
rougher morphologies with irregular surfaces. From the SEM images of
NiAlp/AW (Fig. 5c), the original wood structure is partially visible con-
taining various types of visible porosities such as holes, pits, cavities re-
sulted from the activation procedure which can be confirmed by N2 ad-
sorption desorption isotherms of the sample in Fig. 3b. Moreover, the
surface morphology of NiAlp/AW was similar to those of the previous
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Fig. 3. N2 adsorption-desorption isotherms of the studied catalysts supported on (a)AT, (b) AW, (c) AB, and (d) AA.

studies [53,54]. NiAlp/AB possesses a rigid, uneven surface with few
holes, and meso and macropores (Fig. 5d). Indeed, the isotherm of AB in
Fig. 1b confirmed the presence of large and elongated pores in this sam-
ple. Moreover, dispersion of the active phases on the supports can be
observed from the elemental maps of the catalysts in Fig. S3.

TEM images of NiAlp/AW and NiAlp/AB in Fig. 6 confirm that dis-
persion of the active sites in the catalysts was affected by the surface
area and porosity of the supports. In NiAlp/AW, a higher surface area
and porous texture of AW resulted in highly dispersed active sites, while
the active sites in NiAlp/AB catalyst underwent sintering and agglomer-
ation due to a low surface area and low porosity of AB. Indeed, a smaller
size and a higher dispersion of the active sites could be significant to
have a high surface active sites accessibility.

Reducibility of the catalysts was studied by TPR with the profiles
displayed in Fig. 7. Generally, all catalysts exhibit two main reduction
peaks, below 450 °C, which vary with the extent of interactions be-
tween NiO and activated biochar supports with different nature and
properties, and the catalysts preparation method. In particular, the re-
duction peak below 300 °C for NiAlp/AW could be due to the reduction
of bulk NiO having very weak interactions with the support. For all cat-
alysts except NiAlp/AW, the reduction peak between 300 °C and 450 °C
can be ascribed to the medium strength interactions of the Ni species
with the supports [46]. The peaks at the temperature above 450 °C sug-
gest the reduction of NiO with strong Ni-support interactions
[46,55,56]. Moreover, the peaks at the temperature higher than 500 °C
might be due to methanation of activated biochars by hydrogen
spillover, and the interactions of their surface functional groups with H2[22]. Comparing different catalysts, NiAlp/AW showed the lowest re-

duction temperatures and hence the weakest Ni-support interactions.
This means that NiO was less stabilized on the AW support which had
the lowest amount of N and O according to elemental analysis (Table 1)
and hence the lowest surface functional groups according to FTIR re-
sults (Fig. 2). The reduction temperatures of the other catalysts fol-
lowed the order of NiAlp/AA>NiAlp/AT>NiAlp/AB. Therefore, the
presence of more O, N, S-containing functional groups on the activated
biochars from different origins (Figs. 2 and S2) led to better interactions
of Ni species with the support, their higher stabilization and more diffi-
cult reduction. When comparing NiAlp/AT with NiAli/AT, the two re-
duction peaks of NiAlp/AT appeared at slightly higher temperatures be-
cause of different interactions of NiO with the support. It seems that the
catalyst obtained by precipitation favors strong interactions of NiO with
the support.

The presence of acid sites on the surface of the supports and cata-
lysts weas studied by NH3-TPD the profiles of NiAli/AT, NiAlp/AT, AW,
and NiAlp/AW presented in Fig. 8. In NH3-TPD profiles, three desorp-
tion zones at various temperatures reflect the strength of acid sites. The
desorption peaks at the temperature ranges of 50–300 °C, 300–600 °C,
and above 600 °C correspond to the weak, moderate and strong Brøn-
sted/Lewis acid sites, respectively [57]. Both AT and AW supports exhib-
ited weak, moderate and strong acid sites due to the presence of –COOH
and –OH groups which were also observed in FTIR and TPD in He re-
sults in Fig. 2 and Fig. S2, respectively. In all samples, Al incorporation
contributed to the new acid sites formation on the supports. In the case
of AT sample, presence of aluminum containing species improved weak
and strong acid sites of the support considering higher increments of
these types of acid sites in NiAlpAT and NiAli/AT, respectively. It can be
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Fig. 4. XRD patterns of the catalysts (form bottom to top: Ni/AT, NiAlp/AT, NiAli/AT, NiAlp/AB, NiAlp/AW).

confirmed that addition of Al to the AT support could provide Lewis
acidity in the final catalysts which might have different distributions
and hence diverse interactions and strength depending on the alu-
minum incorporation methods. On the other hand, precipitated Al on
AW led to an enhancement of weak and strong acid sites and creation of
new moderate acid sites.

3.3. The effect of Al introduction on the catalytic performance

The performance of synthesized Ni/AT, NiAli/AT, and NiAlp/AT in
the transformations of LA to GVL was investigated in a batch reactor in
the aqueous medium (Fig. 9). It is noted that all Single Ni, NiAli and
NiAlp were introduced to four different supports of this study and
tested in the target reaction in which the same trend was obtained.
Therefore, only the result of AT support as the best one is reported. Over
Ni/AT, LA was only slightly converted (11 %) without any GVL produc-
tion, whereas bifunctional catalysts were active in the proposed reac-
tion. This can confirm that Ni alone was not able to catalyze LA hydro-
genation through pathway I (Scheme 1). Therefore, the catalyst of this
study was active in the pathway II and we can reasonably assume that
Al as Lewis acid sites were needed to first dehydrate LA to angelica lac-
tone followed by a hydrogenation step to GVL over Ni site. Indeed, NH3-TPD profiles demonstrated the improvement of acid sites of the ATbased catalysts after introduction of Al (Fig. 8). Therefore, the supports
can have a vital influence on the activity mostly possessing the acid
sites for the dehydration step, and catalysts stability affected by coke
formation, metal leaching and sintering [18,58,59]. For instance, when
Ni-Cu/Al2O3 was investigated as the catalyst of the reaction, 96 % yield
of GVL at full LA conversion was obtained at harsher reaction condi-
tions of 250 °C, 65 bar H2 for 2 h [16].

When comparing two catalysts with two Al introduction approaches
namely NiAli/AT and NiAlp/AT, a higher activity was achieved with the
catalyst with precipitated Al giving 95 % LA conversion, 94 % GVL
yield and TOF of 96.10−5 s − 1. Although NiAli/AT showed a higher
amount of strong acid sites compared to NiAlp/AT (Fig. 8a), we assume
that weak acid sites were more active in catalyzing dehydration step

which was more significant in the case of NiAlp/AT. Indeed, these dif-
ferences in acidic properties of the catalysts are due to different synthe-
sis approaches for Al incorporation in the catalysts. It can be confirmed
that precipitation technique resulted in different interactions of Al-
containing particles with the supports, their higher dispersion, and
hence a surface needed for dehydration. Kumar et al. observed that
Lewis acid sites are responsible for dehydration of LA to angelica lac-
tones and Brønsted acid site is prone to ring opening of GVL and forma-
tion of valeric acid and hydrocarbons [60]. López and co-workers re-
ported that strong acid sites can catalyze the formation of organic car-
bonaceous deposits such as humins and fast catalyst deactivation of the
catalyst [61]. Additionally, the Ni° crystal size of NiAlp/AT catalyst
(21 nm) was larger than of NiAli/AT (12 nm) (Table 2), but it seems
that the activity of the catalyst in this case was more affected by the
acidic properties. Hence, Al precipitation as a better method was ap-
plied for other activated biochars support and the effect of type of sup-
ports on the catalytic activities will be discussed in the next section.

3.4. The effect of activated biochar supports on the catalytic performance

The performances of different activated biochars as the supports in
the catalytic transformation of LA to GVL is demonstrated in Fig. 10. A
negligible activity was observed over NiAlp/AA which might be related
to a high amount of sulfur in AA support revealed by the elemental
analysis (Table 1). Several studies demonstrated that sulfur could have
a poisoning effect, block Ni active sites in the catalyst, and hinder its ac-
tivity [52,62,33]. Moreover, activity of NiAlp/AB was not so high giving
27 % GVL yield and TOF of 43 × 10−5 s−1 in 42 % LA conversion. The
mediocre activity of this catalyst is due to a low surface area and poros-
ity of AB support (Fig. 1b and Table 2). This led to a low dispersion of
Al-containing particles and Ni active sites, their sintering and agglomer-
ation (Fig. 3), and hence low active phases dispersion.

NiAlp/AT and NiAlp/AW showed almost the same and the highest
activity giving around 95 % LA conversion and GVL yield, 99 % CB
and TOF of ca. 95 × 10−5 s−1. Highest carbon content of AT and AWsupports (Table 1) compared to other materials could assist a more
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Fig. 5. The SEM images of (a) NiAli/AT, (b)NiAlp/AT, (c) NiAlp/AW, and (d) NiAlp/AB catalysts, with 500X and 5.00 K X magnifications.
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Fig. 6. TEM images of (a,b) NiAlp/AW and (c,d) NiAlp/AB catalysts.

Fig. 7. H2-TPR profiles of the catalysts.

aromatic, carbonaceous, and stable structure of the catalysts. In addi-
tion, higher oxygen and nitrogen contents in AT (Table 1) correspond
to the presences of more O,N-doped and functionalized groups (Fig. 2)
and a better anchorage and stability of active sites on the support.

Considering the textural aspect, both NiAlp/AT and NiAlp/AW showed
high surface areas and adequate porosities (Fig. 3 and Table 2) com-
pared to NiAlp/AB being appropriate for a better dispersion of active
phases on the support. Moreover, the porous surface of NiAlp/AW in
SEM image (Fig. 5), the high dispersion of active phase in NiAlp/AWaccording to TEM image (Fig. 6), smaller Ni° crystals size in NiAlp/ATand NiAlp/AW compared to NiAlp/AB according to XRD (Fig. 4 and
Table 2) could be the vital morphological reasons for higher activity of
the catalysts. Hengst and co-workers investigated the effect of different
methods including wet impregnation, flam spray pyrolysis, precipita-
tion with NaOH, and precipitation with urea for the preparation of
Ni/Al2O3 catalysts to achieve a smaller Ni particle size with a higher
dispersion. Among them, wet impregnation led to a more suitable Ni
particle size (6 nm) and dispersion and a higher catalytic activity giv-
ing LA conversion of 90 % and GVL yield of 75 % in the aqueous
medium at 200 °C, 50 bar H2, for 4 h [51]. In the current work, sev-
eral chemical, textural, and morphological factors guaranteed the high
activities of NiAlp/AT and NiAlp/AW catalysts. In the literature, car-
bonaceous materials were often used as the support of Ru based cata-
lyst for the proposed reaction. For instance, Ru supported on synthe-
sized N-doped carbon nanoflakes was used as the catalyst for LA to
GVL conversion in the presence of formic acid as the hydrogen donor
and water as the solvent. It was demonstrated that the high Ru
nanoparticles dispersion on N-doped carbon guaranteed a high activity
of the catalyst giving 99.8% LA conversion and 100% selectivity of
GVL at 140 °C after 20 h [63]. Carbon supported Ni was also used as
the catalyst in some studies. For example, commercial activated car-
bon was applied as the Ni support (Ni/AC) in which 99 % GVL selec-
tivity at 80 % LA conversion was achieved using dioxane as the sol-
vent at 200 °C and 30 bar H2, for 4 h [21]. A recent study reported
melamine as an N-doped carbonaceous support and introduced Al and
Ni via coprecipitation method [64]. The authors suggested that N-
doped carbon assisted creation of NiNx species and hence a high activ-
ity of the catalyst. A similar result to current study was obtained (LA
conversion of 96 % and GVL yield of 94 %) at 130 °C, 10 bar H2 and
3 h reaction time [64]. Indeed, in our study, the AT activated biochar
in NiAlp/AT, as one of the best catalysts, had a high amount of nitro-
gen heteroatom in the structure which could be both doped and func-
tionalized groups as confirmed by XPS in one of our recent publication
for a different application [4]. This can be an advantage to use a self-
doped carbonaceous material from wastes and use it for a catalytic ap-
plication. In the next section, the optimization of the reaction condi-
tions over NiAlp/AW as one of the best catalyst will be discussed.

Fig. 8. NH3-TPD profiles of (a) AT, NiAli/AT, NiAlp/AT, and (b) AW, NiAlp/AW samples.
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Fig. 9. Transformation of LA to GVL over Ni/AT, NiAli/AT, and NiAlp/AT cata-
lysts. Reaction conditions: 200 °C, 35 bar H2, 4 h, 0.17 M LA, 400 mg catalyst,
50 ml H2O. The relative error of HPLC analysis was generally less than ± 5 %.

Fig. 10. Transformations of LA to GVL over NiAlp/AT, NiAlp/AW, NiAlp/AB,
and NiAlp/AA catalysts. Reaction conditions: 200 °C, 35 bar H2, 4 h, 0.17 M
LA, 400 mg catalyst, 50 ml H2O. The relative error of HPLC analysis was gen-
erally less than ± 5 %.

3.5. Optimization of the reaction conditions over NiAlp/AW catalyst

A series of catalytic runs were carried out to study the effect of reac-
tion conditions such as temperature, H2 pressure, time, and LA/catalyst
mass ratio on the reactivity and finally to select the optimum condition
for GVL production. NiAlp/AW was selected for this investigation be-
cause it was one of the most active catalysts in the screening step. The
increase of the reaction temperature from 150 °C to 180 °C increased
the LA conversion from 69 % to 92 %, and GVL yield from 62 % to
88 %, respectively (Fig. 11a). However, a further increase of the tem-
perature to 200 °C did not show a sharp difference in LA conversion and
GVL yield. Subsequently, 180 °C was selected as the reaction tempera-
ture for further investigation as temperature higher than 200 °C might
lead to formation of degradation compounds such as humins which was
confirmed by a decrease of the CB from 97 % to 94 %, respectively. By
enhancing the H2 pressure from 15 bar to 25 bar, the LA conversion and
GVL were remarkably raised, and from 25 bar to 35 bar, the LA conver-
sion stayed almost similar but GVL yield slightly increased (Fig. 11b).
Therefore, 35 bar of H2 was selected for the experiments with different
reaction times and LA/catalyst mass ratios. Increasing the reaction time
from 1 h to 3 h resulted in a significant increase of LA conversion and
GVL yield (Fig. 11c). Finally, it reached up to the maximum GVL yield
after 4 h. However, further prolonging of reaction time did not signifi-
cantly affect the LA conversion but decreased GVL yield which might be
due to the occurrence of side reactions and production of solid residues
such as coke and humins being explained by decreasing CB from 97 %
to 93 %, respectively. Finally, the increase of LA/catalyst mass ratio re-

sulted in a decrease of catalytic activity (Fig. 11d). It is shown that the
LA/catalyst mass ratio of 2.5 was the optimum value for the proposed
catalytic reaction (nNi/nLA=0.08). Liu et al., reported%99 GVL selec-
tivity over N-doped multichambered mesoporous carbon microspheres
supported Ni catalysts (Ni@NCMs) with nNi/nLA of 0.04 [21], whereas
Obregón and co-workers produced 91 % yield of GVL using Ni/Al2O3catalyst with nNi/nLA of 1.4 [16].

Overall, when optimizing the reaction conditions, no byproduct was
detected in the liquid phase by HPLC and GC/MS analyses. Hence, we
assumed that the byproduct might be in solid phase depositing on the
catalysts surface which was also confirmed by reducing CB value. Inter-
estingly, even at softest reaction conditions of this study, the catalyst
showed a reasonable productivity being a promising factor in catalytic
application.

4. Conclusions

Activated biochar was synthesized as a sustainable and efficient car-
bonaceous support for bifunctional Ni, Al-catalysts in hydrogenation re-
actions. A comparative investigation among different activated
biochars obtained from pyrolysis and CO2-based activation of leather
tannery waste, vine wood waste, barley waste, and Venice lagoon
brown algae suggested that the chemical, textural and morphological
properties of activated biochars are highly affected by the origin of the
initial biomasses. CHNS elemental analysis showed a higher carbon
fraction for AT and AW confirming their higher aromaticity and stability
as catalyst supports. In addition, the highest nitrogen amount for ATand AB, and oxygen amount for AW confirmed higher amounts of N,O-
doped and functional groups of the carbon-based supports, as it was
also observed in FTIR and TPD results, being suitable for introduction
and anchorage of active metal sites. According to N2 physisorption, the
porous textures and high surface areas of all supports were successfully
achieved through activation procedure except for the AB due to a differ-
ent origin of initial B biomass which required harsher activation condi-
tions. The weak porosity and low surface area of AB and the existence of
poisoning sulfur in AA were the main reasons for the low activity of the
catalysts. Hence, AT and AW acted as the best supports of the catalyst al-
lowing better dispersion of the active phases (XRD and TEM results)
and subsequently highest activity in LA conversion to GVL as a model
hydrogenation reaction. Al-containing species as the Lewis acid sites
were introduced by impregnation and precipitation. Precipitation tech-
nique could better improve weak Lewis acid site dispersion and its bet-
ter activity in dehydration step of the reaction. Among all catalysts,
NiAlp/AT and NiAlp/AW acted as the best ones producing ca. 95 % LA
conversion and GVL yield and TOF of ca. 95˟10−5 s−1 at 200 °C, under
35 bar H2, after 4 h in an aqueous medium. The result of this study
proves that not only the selection of different types of biomasses from
animal and vegetal origins could result in different properties of de-
rived biochar based supports, but also with biochar post-treatment ap-
proaches such as activations and functionalization, the desired textural,
morphological and chemical properties could be modified for catalytic
application.
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