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Abstract

Valorization of agro-wastes into high performance functional materials is a topic that is receiving
growing interest. Agro-wastes could be converted into biochar by slow pyrolysis and could be
even given high added value by in situ deposition of nanoparticles. Herein, we investigate for the
first time the impregnation of copper and nickel nitrates on sugarcane pulp bagasse powder and
its slow pyrolysis at 500 °C. The process permitted to obtain unusual hierarchically structured
porous biochar material with 40 nm-sized immobilized bimetallic copper-nickel alloy
nanoparticles. The materials were characterized by XRD, XPS, Raman spectroscopy, TGA and
SEM. As the pure biochar does not exhibits any highly porous structure, it is suggested that
copper and nickel salts, or the metallic nanoparticles, are responsible for the fishing net-like
structure obtained for the underlying biochar. The alloyed metal nanoparticles are extremely well
dispersed over the biochar, with narrow size distribution (40+3 nm).

This work clearly demonstrates that sugarcane pulp bagasse has a particular behavior and could
provide highly porous biochar, in one step, for catalytic and other applications where high
porosity and surface area are required. More importantly, such a porosity does not require any
harsh acidic or basic treatment, and only the catalyst precursors are required.
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1. Introduction

Sugarcane pulp bagasse (SCPB) constitutes the main fibrous waste product of the sugar
production process after conventional grinding and juicing of sugarcane. Sugarcane grows
rapidly and has high production worldwide, large amount of SCPB as a by-product is discarded
after processing[1]. If bagasse is reused as a renewable raw material, it can be called one of the
alternative biomass resources [2]. There are several functional groups present in sugarcane pulp
bagasse, including hydroxylaliphatic, carboxyl, carbon and oxygen functional group[3]
[4], which contribute to wastewater treatment [5]. However, the adsorption capacity in the
environment for SCPB biomass is limited [6]. It follows that conversion of the initial biomass
into biochar via slow pyrolysis is an appealing strategy to fabricate porous adsorbents for water
treatment [7]. Moreover, combining biochar with immobilized catalysts is an emerging topic of

great interest for efficient removal of pollutants [7, 8].

The literature shows that bimetallic catalysts are a reasonable choice, which is a

combination of high activity metal and high selectivity metal, and the synergistic effect between



the two metals may improve the performance of bimetallic catalysts[9]. The two kinds of metal
particles are evenly dispersed and supported on the surface of the carbonaceous material with
high specific surface area, thereby supported bimetallic catalysts have higher catalytic activity
through the pyrolysis process[10, 11]. Recently, we decided to tackle the preparation of bimetallic
copper-nickel/biochar catalyst by direct pyrolysis of copper and nickel nitrate-impregnated olive
stone powder [12, 13]. Transition metal Ni is chosen due to high activation ability of C-H and C-C
bonds[14] whereas Cu is a less active transition but due to highly selective common metals[15]. The
copper-nickel/ biochar served for the degradation of methyl orange and nickel imparted magnetic
properties to the biochar [12, 13]. It is worth to note that bimetallic copper/nickel nanocatalysts serve for
catalysing the conversion of CO, into dimethyl carbonate [16], reduction of para-nitrophenol [17]
electrooxidation and nonenzymatic sensing of glucose [18], electroreduction of nitrates [19], and removal
of dyes from water [20]. Copper precursors are low cost while nickel compounds are reasonably priced
which make the preparation of CuNi bimetallic nanocatalyst cost effective. Moreover, it was found that
catalytic activity of CuNi is superior to those of the invidual monometallic nanocatalysts, on the one hand,
and improved when the bimetallic nanocatalyst is dispersed on a support [17].

Despite the rich literature on CuNi bimetallic nanocatalyst, loading CuNi bimetallic
nanocatalysts in- and on the surface of biochar remains sparse [21]. Our ongoing research work
consisted in the direct slow pyrolysis of olive pit powder by copper and nickel nitrate mixtures
under various conditions [12, 13], instead of the two-step method consisting in biochar making
followed by impregnation of copper and nickel salts and their in situ reduction into bimetallic
nanocatalyst, in the furnace under H, flow [21].

The aim of this work was to prepare the copper/nickel bimetallic nanoparticles-loaded
sugarcane pulp bagasse biochar via slow pyrolysis at 500 °C, and to investigate the influence of
agricultural waste powder was impregnated with copper and nickel nitrate prior to pyrolysis on
the crystallinity, surface chemical composition, morphology, and thermal stability in air
atmosphere of the biochar by X-ray diffraction (XRD), X-Ray photoelectron spectroscopy (XPS),
Raman spectroscopy, scanning electron microscopy (SEM), thermogravimetric analyses (TGA)
characterization. To the very best of our knowledge this is the first report on CuNi nanocatalyst
loaded on sugarcane pulp bagasse by slow pyrolysis. One key feature is that the pyrolysis of the

pulp bagasse impregnated with copper and nickel nitrates led to unusual porous biochar structure



loaded with bimetallic nanoparticles, without any harsh acidic or basic pretreatment of the

biomass. This is what has motivated us most to report these preliminary results.

2. Materials and methods
2.1. Biomass and Chemicals

The used sugarcane bagasse was cultivated and provided from Egypt (Saccharum

officinarum). Sugarcane pulp bagasse (SCPB) agricultural was finely ground prior to use. Metal
nitrate salts Cu(NO3),-3H,0 and Ni(NOs),-6H,O were purchased from Aldrich and used as

received. We used distilled water to dissolve metal nitrates before pyrolysis.

2.2. Synthesis of biochar loaded with Cu/Ni bimetallic nanoparticles

SCPB particles were impregnated with an aqueous copper and nickel solution (0.5/0.5

mmol initial molar ratio of Cu(NO3)2+3 H,O/Ni(NO3),*6 H,0 each per 1 g SCPB using a minimal

amount of deionized water ) (see Figure 1). Stir the powder on a glass lens with a spatula and

dry at 40 degrees until the powder did not change in weight. Subsequently, the mixture

containing CuNi-impregnated particles was transferred into a tube furnace and prepared at 500 °C

by

pyrolysis at N, atmosphere for 1h with a heating rate of 20 °C min™. The same agrowaste

SCPB without any metallic nitrate was pyrolyzed at same condition.

Table 1. Preparation of Pure Biochar and Metallic Nanoparticle-Coated Biochar including
pyrolysis conditions.

Before
. . . L Pyrolyzed Biochar
Materials E/Iesls(;?) &l;(;:%))/zn?nl;lg? ’\l\llllgglso(s))zlrﬁ?n%ol \?vlasttélrle(% L) SCB+Metal Mass (g) Experimental condition
g g g lon IYield (%)
Mixture(g)
Temperature: 500 °C
SCPBB@CUNi 0.996 120.8/0.5 145.4/0.5 20 1.226 0.352/28.71 Heating rate: 20 °C - min
Residence time: 1h
Gas: N, atmosphere
N, flow rate: 2L- min*
SCPBB 2.143 / / / / 0.504/23.51




2.3. Materials Characterization

The XRD patterns of carbon powder samples were performed in the range 20° <26< 80°
using a D8 Advance Bruker diffractometer (Cu Ka radiation) with X-ray generator voltage of
40 kV and the current of 40 mA., and step size of 0.33° using scan speed 1.11° s, the applying

of a technique through the use of the Highscore and Origin software line shape to the peaks.

XPS spectra of biochars were recorded using a K Alpha+ apparatus (Thermo, East Grinsted,
UK). The machine is fitted with a mono Al Ka. (source energy = 1486.6 eV), and a flood gun for
charge compensation build up. The pass energy was set to 200 eV to record the survey spectra
and 80 eV for the acquisition of the narrow regions. Avantage software version 5.9902 was used
for data acquisition and processing.

Raman spectra analysis was conducted by a Horiba HR 800 instrument to determine the
carbon signature at a wavelength of the He—Ne laser beam set to 633 nm. The spectrum recorded

in the 800—2700 cm* energy region for the biochar without metal nanoparticals.

We have employed a Hitachi SU 8030 Scanning Electron Microscope (SEM) Field
Emission Gun (FEG) SEM for the observation of the samples morphology. No charge
compensation was used, and the source-sample distance was set at 4.2 mm. ImageJ software was

used for SEM images processing.

TGA conducted were conducted using a Setaram machine Setsys Evolution model to measure the
mass loss kinetics of biochar (with or without metallic nanoparticles). The experiments were
performed over a temperature range of ambient from 30 °C to 800 °C using a constant heating

rate of 10 °C/min under air atmosphere.



3. Results and Discussion
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Figure 1. General pathway for making bare biochar and magnetic copper nickel nanoparticle-
loaded biochar by slow pyrolysis. Right hand side picture: NB: the SCPBB@CuNi biochar

powder attracted by a magnet is circled in the right hand side picture.

We have adopted the method devised by Khalil et al. [12], however with some modifications
concerning the initial masses and pyrolysis conditions. The main difference is the use of
sugarcane pulp bagasse, which is rather not explored in the literature compared to the total
sugarcane bagasse. The final SCPBB@CuNIi is easily attracted by a magnet, despite the two-fold

lower content of CuNi.

The XRD analysis were conducted on bare SCPBB and copper nickle nitrate impregnation
of biochar. The diffractogram correspond to SCBPP@CuNi and reference biochar in Figure 2.
The XRD pattern displays two corresponding peaks at at 51.5°, 59.8° and assigned to structures
of copper nickel metals (111), (002) crystallographic planes, respectively (ICSD n 98-062-8543).
This indicates that SCBPP@CuNi showed the presence of a crystalline structure, copper nickel as

alloy was produced with the pyrolysis of copper nickel nitrate-impregnated biomass.



—_
=

Copper Nickel ICSD n® 98-062-8543

SCPBB@CuNi

Intensity (a.u.)

haa XYURN . SCPBB

20 30 40 50 60 70 80

20 ()
Figure 2. XRD patterns of SCPBB and SCPBB@CuNi composite.

Figure 3 displays the XPS survey spectra of the biochar (Figure 3a) and the SCPBB@CuNi
(Figure 3b). Cu2p and Ni2p are shown in inset and testify for the resence of these elements in the
metallic states (Ni2ps, at ~852.1 eV; sharp Cu2ps/, peak centred at 932.1 eV). Surface oxidation
is also noted for nickel as evidenced by the oxide peak (855.3 eV) and its satellite (860.7 eV). A
shake up satellite too is noted for copper (843.9 eV) and is characteristic of Cu(ll) oxidation state
[22]. The Cu/Ni atomic ratio is ~2, two fold higher than the expected one, indicating possible

preferential occurrence of copper at the surface of the NPs.
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Figure 3. XPS spectra of pure biochar (a) and SCPBB@CUuNi (b).
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Figure 4. Raman spectra of bare SCPBB biochar and SCPBB@CuN:i obtained at 500 °C.

In order to have further insights into the structural transformations of bare SCPBB and to
infer the presence of graphitic characteristics [23, 24], biochar was investigated by Raman
spectroscopy with 633 nm laser to assess the degree of carbonation of carbonaceous materials
[25]. The Raman spectrum of biochar from 650 to 2700 cm ™' is shown in Fig. 4. The two
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prominent bands at 1346 and 1588 cm ™' are assigned to D-band (represents disordered) and G-
band (represents graphitic), respectively [26, 27]. Some researchers have proposed that bagasse
biochars contain multi-layer-like or graphene oxide-like organizational structures [24, 25, 28].
The Ip/lg ratio = 0.91 for pure biochar, quasi matching 0.97 for SCPBB@CUuNi. The sharp G
bands indicate relatively high degree of graphitization of the biochar [29].

The thermogravimetric (TG) curves for the bare biochar and SCPBB@CuNi are shown in
Figure 5. Thermal analysis was conducted in air to monitor the thermal stability and determining
the mass loading. These curves shows the residual weight % of CuNi-decorated biochar is higher
than that of SCPBB at a high temperature, the weight loss of SCPBB about 90% at 800 °C The
addition of copper and nickel to biochar resulted in significantly higher residual weight %,
although biochar decomposed. Copper and nickel from the bimetallic NPs convert to metallic
oxides, hence SCPBB@CUuNIi yields slightly higher weight %.
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Figure 5. TG curves of SCPBB and SCPBB@CuNi. Analysis in air; heating rate = 10°C min .

Representative SEM micrographs of two biochars with or without CuNi NPs are shown in
Figure 6a-g. The biochar SCPBB@CuNI (Figure 6a-d) is observed at various magnifications; it

forms the ordered arrangement with uniform pores, similar to fishing net. The pores are



elongated, almost like slits with length in the 3 to 12 um range and ~1 pum slit width (Figure 6a).
The pores are of smaller size, which is ascribed to dehydration of the cell structure. Nanoparticles
start to be visible in Figure 6b, but are very well distinguished in Figure 6c; the NPs are densely
and homogenously dispersed over the surface avoiding any aggregates. This conforms with our
previous findings [12] on CuNi bimetallic NPs loaded on olive stone powder biochar. The
protocole is therefore very well reproducible and yields similar results on a different biomass
(herein sugarcane pulp bagasse). The presence of porous structure in the SCPBB@CuNi sample
ensures they can increase the properties during the adsorption or catalytic processes. From 6d,
one could estimate the average CuNi nanoparticle size to 40+3 nm. The SCPB-derived biochar
exhibits plainer surface compared to SCPBB@CuNi (Figures 6e-g) with only fewer micrometer-
sized pores. It follows that the activation of the biomass with copper and nickel nitrates favours
the formation of slits, and therefore the highly porous structure without any use of harsh acidic or
basic media. Indeed, the slits shown in Figures 6a-c seems to originate from the pores exhibited
by the SCPBB biochar (Figures 6f,g).
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Figure 6. SEM images of SCPBB@CuN:i (a-d) and SCPBB (e-g) at various magnifications.
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4. Conclusion

To sum up, bimetallic copper-nickel alloy nanoparticles were prepared over highly porous
sugarcane pulp bagasse biochar (SCPBB@CuN:i), in one step by slow pyrolysis at 500 °C for 1h.
The material exhibits unusual hierarchical micro/nano structure. Biochar arranged in an usual
network resembling to fishing net with decorated ~40 nm-sized bimetallic nanoparticles is
magnetic due to the presence of nickel. Unlike olive stone biochar, impregnation of the initial
sugarcane pulp bagasse with copper and nickel nitrates results in an un-expected highly porous
structure induced by the metal salts. This study demonstrates that impregnation of biomass with
copper and nickel nitrates yield biochar@CuNi with evenly dispersed alloyed CuNi

nanoparticles.

We are exploring the process with other biomasses in order to determine whether and why a
given initial biomass is prone to the highly porous structure demonstrated in this work, or if this

is mainly due to metallic salts, or if there is any synergetic biomass/metal salt effects.
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