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Sreńscek-Nazzal, J.; Kiełbasa, K.;

Grzeszczak, J.; Serafin, J.;

Wróblewska, A. Carbon-Supported

Nickel Catalysts—Comparison in

Alpha-Pinene Oxidation Activity.

Sustainability 2023, 15, 5317. https://

doi.org/10.3390/su15065317

Academic Editor: Mariateresa Lettieri

Received: 1 February 2023

Revised: 10 March 2023

Accepted: 13 March 2023

Published: 16 March 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

sustainability

Article

Carbon-Supported Nickel Catalysts—Comparison in
Alpha-Pinene Oxidation Activity
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Abstract: In this work, carbon-supported nickel catalysts with different Ni content (1, 2.5, 5, 10, and
20 wt%) were tested in the oxidation of alpha-pinene in solvent-free reaction conditions. The process
of catalyst preparation consisted of two stages. In the first stage, the activated carbon from spent
coffee grounds was obtained. In the second stage, the active phase in the form of nickel compounds
was applied using two methods: (1) the impregnation of the material with the nickel salt solution,
and next reduction in H2, and (2) the hydrothermal method in the autoclave using the reductor and
the reaction stabilizer. The obtained catalysts were subjected to the following instrumental studies:
FT-IR, XRD, SEM, and N2 adsorption at −196 ◦C. The performed catalytic tests showed that the
catalysts containing 5 wt% of Ni (porous material obtained by the impregnation method) and 1 wt%
of Ni (porous material obtained by the hydrothermal method) were the most active in the oxidation
of alpha-pinene, and the main oxidation products were alpha-pinene oxide, verbenol, and verbenone.
Ultimately, the hydrothermal method of catalyst preparation turned out to be more advantageous
because it allows one to obtain higher selectivities of the epoxide compound, probably due to the
greater stability of this organic compound in pores.

Keywords: carbon-supported catalysts; activated carbon; nickel compounds; oxidation of
alpha-pinene; alpha-pinene oxide; verbenone; verbenol

1. Introduction

Due to their developed specific surface and the presence of macropores, mesopores,
and micropores, as well as the presence of different functional groups on the surface,
activated carbons are gaining more popularity as functional materials for various applica-
tions [1]. Activated carbons can be obtained from alternative precursors of natural origin
and commercial carbon solid precursors [2,3]. The first group includes waste products
from the agriculture and food industries [4], and also lignocellulosic materials [5]. Most
agricultural waste biomasses contain chemical ingredients that have a high carbon content,
which makes them suitable precursors for activated carbon production [6]. In addition,
activated carbons produced from agricultural waste have a large specific surface area and
are characterized by a well-built internal pore structure [7]. Moreover, the advantage
of producing carbonaceous materials from biomass is the fact that this raw material is
cheap and easily available [2]. The second group consists of materials used commercially
on a large scale [8]. Carbon precursors used in the production of activated carbons on
the industrial scale are wood, anthracite, lignite, coal, and peat, but these materials are
limited in terms of quantity and are non-renewable [2]. Global coffee production is around
7 million tons of beans per year. Spent coffee grounds are produced as waste products in
the production of instant coffee and the brewing of coffee. It was estimated that 1000 kg
of green coffee produces 650 kg of coffee grounds [9]. Vegetable tannins, chlorogenic acid,
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and caffeine are the chemical compounds present in spent coffee grounds that can pose
a risk to the environment if they are not properly disposed of and neutralized, making it
difficult to reuse them into value-added products [10]. The presence of these compounds
limits the possibility of using this biomass as an additive to animal feed [11]. It has been
proven that caffeine and tannins have an adverse effect on the aquatic environment [12].
In turn caffeine also has an adverse effect on the growth of plants [13], fungi [14], and
bacteria [15]. Moreover, chlorogenic acid has an adverse effect on seed germination and
plant growth, which limits the use of this waste as an additive to plant fertilizers [16].
Currently, used coffee grounds are processed into biofuels [17], applied as a component
of organic compost [18], used as raw material for obtaining bioethanol [19], and used as a
precursor for activated carbons production [20].

Carbon materials are used in an increasing number of applications in catalysis, either
as supports for the active phases or as catalysts on their own. Usually, metal nanopoar-
ticles are the active phase of the catalyst. Bottom-up methods are used to obtain metal
nanoparticles with high stability and high chemical purity, as well as of desired sizes [21].
These methods include hydrothermal synthesis, co-precipitation of nanoproducts in so-
lution, sonication [22], and chemical reduction, including hydrogen jet reduction [23].
Bottom-up methods use metal oxides and salts as precursors for metal nanoparticles and
substances that reduce the precursors to specific metallic structures. In these techniques,
the dispersion mode, shape, and dimensions of the nanoparticles can be controlled by the
modification of the reaction conditions [24]. Only a few publications refer to the synthesis of
carbonaceous catalysts containing Ni in a structure that has been described in the literature.
Lestinsky et al. [25] synthesized carbonaceous-nickel catalytic materials using microwave
pyrolysis. Fildago et al. [26] deposited metallic nickel on the commercial activated carbon.
To obtain metallic nickel from nickel compounds, the team applied a hydrogen reduction
method. In turn, Malobela [27] synthesized a bimetallic Cu–Co catalyst based on activated
carbon. The metallic nanostructures were obtained thanks to the reduction of the metal
precursor in the hydrazine solution. To produce nickel-containing carbon catalysts, the
method of thermal decomposition of the metal precursor in a tube furnace in the presence
of N2 [28] and a co-impregnation method followed by calcination [29] were also used.
In recent decades, metallic nanoparticles have also attracted attention as highly active
and ecological catalysts in many processes [30], including oxidation reactions of many
compounds. According to available knowledge, only a few studies concern the use of
metal catalysts for the oxidation of alpha-pinene. The oxidation of alpha-pinene is most
often catalyzed by nanoparticles of copper [31], cobalt [32], iron [33], ruthenium [34], ti-
tanium [20], vanadium [35], and bimetallic nanoparticles of Au–Cu [36]. Alpha-pinene
belongs to a broad group of compounds which are called terpenes. This organic compound
is the main secondary metabolite of many plants, and it occurs in large amounts in turpen-
tine conifers [37]. From an economic point of view, the richness of terpenes in nature and
the possibility of obtaining them from natural sources (biomass) make them a promising
starting material for the synthesis of many valuable compounds [38]. The main products
of alpha-pinene oxidation are alpha-pinene oxide, verbenol, and verbenone [34]. These
compounds are widely used in the perfume and cosmetic industries and in the production
of aromas [39]. In addition, verbenone is used for synthesis of taxol, a therapeutic agent for
the treatment of cancer [40].

The aim of our work was to find an effective and inexpensive method of transformation
of waste from the food industry (spent coffee grounds) into active carbon-supported nickel
catalysts as an added value. First, a high-temperature carbonization process and chemical
activation with KOH were used to convert this waste into valuable carbon material. The
obtained activated carbon was used as the support for the active phase (nickel nanoparticles)
of the catalysts. Next, the influence of the textural parameters of the carbon catalyst, the
method of applying the active phase (method of impregnation of the carbon material with
the nickel salt solution and the reduction in H2, and the hydrothermal method synthesis
in the autoclave) and content of Ni on the catalytic activity of the obtained catalysts in
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the oxidation of alpha-pinene was investigated. According to the available knowledge,
the use of such catalysts for the oxidation of alpha-pinene has not been described in
the literature. In this study, two of the most widely used methods for the preparation
of heterogeneous catalysts were used: the impregnation method and the hydrothermal
method. The advantages of these methods are the simplicity of execution, the minimal
amount of waste, and the low cost [41]. Compared to other metals commonly used as
catalysts for oxidation reactions, nickel salts are inexpensive precursors. The literature data
indicate that the price of NiCl2 is USD 0.1 per 1 mmol, while PtCl2—USD 32.2/1 mmol,
AuCl3—USD 35.6/1 mmol, and RhCl3—USD 51.8/1 mmol [42]. The catalysts described in
the literature and mentioned in the introduction required the reaction to be carried out in
the presence of a solvent (usually chloroform, acetonitrile) and/or an oxidant other than
oxygen (including H2O2 or tert-butyl hydroperoxide (TBHP)). It is important to note that
the use of catalysts obtained by our team allows the oxidation of alpha-pinene to be carried
out without solvents, making this method of carrying out the process environmentally
friendly and cost effective (due to the absence of high costs of recovery and disposal
of solvents).

2. Materials and Methods
2.1. Preparation of Activated Carbon (AC)

The synthesis of the activated carbon from biomass was carried out according to
the methodology previously developed and described by our research team [20]. In this
method, spent coffee grounds were washed several times with deionized water and dried.
Next, this biomass was mixed with the chemical activator—an aqueous saturated KOH
solution (Sigma-Aldrich, Burlington, MA, USA) and carbonized in the furnace (Alpina,
Konin, Poland) at 800 ◦C for 1 h and under nitrogen atmosphere (99.999%, Messer, Chorzów,
Poland). After carbonization, the sample was prewashed with distilled water, then flooded
with 1 M water solution of HCl (37%, Sigma-Aldrich, Burlington, MA, USA), and washed
again with distilled water to remove inorganic residues.

2.2. Preparation of Metallic Catalysts
2.2.1. Impregnation of Activated Carbon with Nickel Salt Solution and Reduction
with Hydrogen

Into each of five flasks, 1 g of the activated carbon from coffee grounds was placed.
Specific amounts of NiCl2 · 6H2O (97%, POL-AURA, Dywity, Poland) in 150 mL of distilled
water were weighed into each flask so that there was (in wt%): 1%, 2.5%, 5%, 10%, and
20% nickel in 1 g of the carrier, respectively. Next, to break down salt crystals into smaller
structures, the flasks were placed (30 ◦C, 30 min) in an ultrasonic cleaner (CHEMLAND,
Stargard, Poland). Next, the mixture of metal salt and activated carbon was placed in a
vacuum evaporator (Heidolph, Schwabach, Germany). The process was carried out at 75 ◦C,
with 70 rpm, until the solvent was completely evaporated. The obtained materials were then
dried in the oven at 100 ◦C (POL-EKO, Wodzisław Śląski, Poland). The materials prepared
in this way were placed in the self-assembled tube furnace with the temperature controller
at the hydrogen (99.99%, Messer, Chorzów, Poland) flow rate of 2 L/h and at 300 ◦C (the
temperature build-up rate was 10 ◦C/min). The sample was kept at the set temperature for
2 h, then the furnace was cooled to the ambient temperature. The obtained samples were
labeled as follows: SCG_1%Ni_H2; SCG_2.5%Ni_H2; SCG_5%Ni_H2; SCG_10%Ni_H2;
SCG_20%Ni_H2.

2.2.2. Hydrothermal Method of Preparation of the Catalysts in the Autoclave

Into each of five flasks, 1 g of the activated carbon from coffee grounds was placed,
and 150 mL of distilled water was added. Then, specific amounts of NiCl2 · 6H2O (97%,
POL-AURA, Dywity, Poland) in 150 mL were weighed into each flask, so that there was
(in wt%): 1%, 2.5%, 5%, 10%, and 20% nickel in 1 g of the support, respectively. To
facilitate the dissolution of the nickel salt in water, the mixtures were placed (30 ◦C,
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30 min) in the ultrasonic cleaner (CHEMLAND, Stargard, Poland). Next, 10 mL of 0.5 M
solution of CTAB (cetyltrimethylammonium bromide—C19H42BrN (stabilizer)) (100%,
Sigma-Aldrich, Burlington, MA, USA) in water was slowly added into each flask and
everything was stirred for 15 min on the magnetic stirrer with 750 rpm, at the ambient
temperature (CHEMLAND, Stargard, Poland). Then an appropriate amount of ascorbic
acid (reductant) (99%, Sigma-Aldrich, Burlington, MA, USA) was added to each flask so
that the molar ratio of reductant to nickel salt used was 1:1. Next the solutions were placed
in the autoclave (Berghof, Eningen unter Achalm, Germany). The process was carried out
at 180 ◦C and for 19 h. The materials were then washed several times with methanol (99%,
POL-AURA, Dywity, Poland) and distilled water. The obtained materials were dried in
the oven (POL-EKO, Wodzisław Śląski, Poland) at 100 ◦C. The obtained samples were
labeled as follows: SCG_1%Ni_autoclave; SCG_2.5%Ni_autoclave; SCG_5%Ni_autoclave;
SCG_10%Ni_autoclave; SCG_20%Ni_autoclave.

2.3. Characteristics of the Catalysts Obtained from Biomass

Characterization of the obtained carbon-supported nickel catalysts was performed
based on the following instrumental methods: N2 sorption measurements at −196 ◦C, XRF,
XRD, FT-IR, and SEM. For the obtained catalytic materials, the total number of acid sites
was also determined using the titration method.

To characterize the textural parameters of the materials with N2 adsorption/desorption
at −196 ◦C, a Quadrasorb evo™ Gas Sorption analyzer (Anton Paar, St. Albans, UK) was
used. Before the studies, samples were degassed at 200 ◦C for 19 h. The specific surface
area was estimated from the nitrogen adsorption data after the application of the Brunauer–
Emmett–Teller (SBET) equation. The total pore volume (Vtot) was calculated by the volume
of N2 adsorbed at a relative pressure of ~0.99. The DFT method (the density functional
theory) based on nitrogen adsorption was used to calculate the volume of micropores and
to determine the pore size distribution.

The elemental composition of the catalysts was analyzed by X-ray fluorescence spec-
troscopy. The studies were carried out with the use of the XRF Analyzer Model Nap8200MB
(Guangdong, China).

The acid-sites concentrations were determined by the application of the acid–base
titration method described by our research team [20]. Accordingly, 0.02 g of catalyst sample
and 10 cm3 of 0.01 M water solution of NaOH (98%, Sigma-Aldrich, Burlington, MA, USA)
were added to the flask. Next, the flask was shaken for 6 h at the ambient temperature.
After this time, the material was filtered off. The pH of the filtrate was determined using
titration with 0.01 M water solution of HCl (37%, Sigma-Aldrich, Burlington, MA, USA) in
the presence of 1% phenolphthalein (POL-AURA, Dywity, Poland) as an indicator.

XRD analyses were performed to determine the structure of the obtained materials.
The X-ray diffraction (XRD) patterns of the catalysts were recorded by an X-ray diffractome-
ter (X’Pert–PRO, Panalytical, Almelo, The Netherlands, 2012), using Cu K (λ = 0.154 nm)
as the radiation source, in the 2θ range of 10–100◦ and with a step size of 0.026. The
obtained diffractograms were analyzed by comparison of the position and intensity of the
reflections on the obtained diffractograms with the standard diffractograms from the ICDD
PDF4+2015 database based on the X’Pert HighScore computer program.

Fourier transform infrared (FT-IR) spectra were recorded on a Nicolet™ iS50 FTIR
Spectrometer (Thermo Fisher Scientific Inc., Waltham, MA, USA, 2021). The samples of
materials for studies were prepared using the KBr pressed-disk technique. A KBr disk
sample was prepared with 200 mg of dried KBr powder (99%, Sigma-Aldrich, Burlington,
MA, USA) and 2 mg of catalyst sample. A pure KBr tablet was used as a blank for
background subtraction. Sixty-four scans were averaged for each sample in the operating
range of wavenumber 4000–400 cm−1.

To visualize the surface structures of the obtained catalysts, the SEM pictures were
taken with a scanning electron microscope (Neon40 Crossbeam, Carl Zeiss SMT GmbH,
Oberchoken, Germany, 2009).
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2.4. Alpha-Pinene Oxidation Method

The oxidation of alpha-pinene was carried out in a 25 cm3 glass reactor placed in
an oil bath with an air bubble and a reflux condenser (CHEMLAND, Stargard, Poland).
The stirring rate was 500 rpm. Molecular oxygen with a purity of 99.99% was used as the
oxidant. The oxygen flow rate was 40 mL/min. For oxidation studies, 10 g of alpha-pinene
(98%, Sigma-Aldrich, Burlington, MA, USA) was used. The oxidation was carried out at the
temperature range of 90–110 ◦C, the catalyst content was changed in the range of 0.1–5 wt%,
and the reaction time was tested from 10 to 300 min. After the reaction was completed, the
post-reaction solution was separated from the catalyst using a centrifuge.

The procedure for performing the qualitative and quantitative analyses of the post-
reaction solutions using the GC method was presented in our previous work [43].

3. Results and Discussion
3.1. Characterization of the Obtained Ni-Modified Carbonaceous Materials

Nitrogen adsorption data were used to evaluate the specific surface area and porosity
of the studied carbonaceous catalysts. Table 1 shows the textural properties of the Ni-
modified carbonaceous catalysts obtained from biomass (the used biomass was spent
coffee grounds).

Table 1. Textural properties of the obtained Ni-modified carbonaceous catalysts.

Sample SBET [m2/g] Vtot [cm3/g] Vmic [cm3/g]

SCG_1%Ni_H2 1534 0.752 0.563
SCG_2.5%Ni_H2 1104 0.569 0.410
SCG_5%Ni_H2 926 0.483 0.405

SCG_10%Ni_H2 838 0.436 0.360
SCG_20%Ni_H2 569 0.305 0.246

SCG_1%Ni_autoclave 105 0.091 0.074
SCG_2.5%Ni_autoclave 46 0.081 0.051
SCG_5%Ni_autoclave 35 0.054 0.038
SCG_10%Ni_autoclave 22 0.040 0.012
SCG_20%Ni_autoclave 13 0.023 0.011

It is observable that catalysts obtained from the spent coffee grounds by the impregna-
tion and H2 reduction method have surface area values in the range of 569–1534 m2/g, total
pore volume values of 0.305–0.752 cm3/g, pore volume of micropores of 0.246–0.563 cm3/g,
and pore volume of mesopores 0.059–0.189 cm3/g. For catalysts obtained by the hy-
drothermal method, the values of the above-mentioned textural parameters are as follows:
13–105 m2/g, 0.023–0.091 cm3/g, 0.0011–0.074 cm3/g, and 0.03–0.008 cm3/g, respec-
tively. Sample SCG_1%Ni_H2 has the maximum specific surface area and total pore
volume, and these values amount to 1534 m2/g and 0.752 cm3/g, respectively. In ad-
dition, this sample also has a maximum pore volume of mesopores (0.189 cm3/g). For
the SCG_1%Ni_autoclave sample, the maximum specific surface area is 105 m2/g, the
maximum pore volume is 0.091 cm3/g, and the pore volume of mesopores amounts
to 0.017 cm3/g. The maximum pore volume of mesopores is visible for the SCG_2.5%
Ni_autoclave sample. For all samples, the specific surface area and the pore volume de-
creased as the metal content increased. The XRF analyses showed the presence of the main
elements in the studied catalysts (Table 2).

Insignificant Si contents (0.29–0.88 wt%) were recorded for all samples. In addition, the
presence of Cl (0.44–1.00 wt%) and K (0.19–0.75 wt%) was noted for the catalysts prepared
by the impregnation method. Amounts of Ni close to the values assumed in the methodol-
ogy were recorded for all catalysts. A similar relationship was observed by Dongil et al. [44].
Figure 1 shows the adsorption isotherms measured on the catalysts prepared by the im-
pregnation and reduction in the H2 method (Figure 1a) and the hydrothermal method in
the autoclave (Figure 1b).
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Table 2. Results obtained by the XRF method for Ni-modified carbonaceous catalysts.

Sample
(wt%)

Si Cl K Ni

SCG_1%Ni_H2 0.42 0.44 0.75 0.92
SCG_2.5%Ni_H2 0.88 0.51 0.23 2.50
SCG_5%Ni_H2 0.62 0.91 0.34 4.91

SCG_10%Ni_H2 0.52 0.97 0.19 9.90
SCG_20%Ni_H2 0.29 1.00 0.16 19.99
SCG_1%Ni_autoclave 0.88 - - 1.05
SCG_2.5%Ni_autoclave 0.53 - - 2.57
SCG_5%Ni_autoclave 0.57 - - 5.08
SCG_10%Ni_autoclave 0.93 - - 10.31
SCG_20%Ni_autoclave 0.39 - - 19.99

Figure 1. Adsorption isotherms for catalysts obtained by: (a) the impregnation and reduction in H2

method, and (b) the hydrothermal method in the autoclave.

The adsorption isotherms for SCG_5%Ni_H2, SCG_10%Ni_H2, and SCG_20%Ni_H2
materials are classified according to the IUPAC classification as a type Ia. It should be
noted that isotherms of SCG_1%Ni_H2 and SCG_2.5%Ni_H2 samples are classified as
type Ib [45]. Both types Ia and Ib correspond to complete monolayer adsorption [46]. The
uptake shows a fairly rapid increase with pressure until finally it reaches a plateau at a
sufficiently high pressure [47]. In addition, type Ia isotherms define microporous materials
in which there are mainly narrow micropores (width ~1 nm). Type Ib isotherms characterize
materials with a pore size distribution, including wider micropores and possibly narrow
mesopores (width ~2.5 nm) [47]. Figure 1b shows the adsorption isotherms for materials
obtained by the hydrothermal method. According to the International Union for Pure
and Applied Chemistry (IUPAC) classification, the isotherms obtained are type II related
to unrestricted monolayer–multilayer adsorption. Type II isotherms correspond to low-
porosity materials [47]. There is a hysteresis loop which can be classified as type H4.
The H4 loop was associated with the filling of micro- and mesopores. In addition, the
presence of micro- and mesopores in the catalysts obtained using the autoclave confirms
the distribution of size pores.

The pore size distribution for Ni-modified catalysts measured by the physical N2
adsorption was presented in Figure 2. Figure 2a shows the pore size distribution for the
samples obtained by the impregnation and reduction in H2 method, and Figure 2b for the
samples obtained by the hydrothermal method in the autoclave.
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Figure 2. Pore size distribution derived by applying the DFT method to N2 adsorption–desorption
isotherms determined at −196 ◦C for samples obtained by: (a) the impregnation method, and (b) the
hydrothermal method in the autoclave.

Micropores in the range of 1−1.7 and mesopores in the range of 2–2.7 nm were
mainly present in all samples obtained by the impregnation method. It was stated
that the SCG_1%Ni_H2 and SCG_2.5%Ni_H2 samples showed significant differences in
pore volume in the range of 2–3.5 nm in comparison to other samples. In addition, the
SCG_2.5%Ni_H2 sample showed the pore size distribution in the range of ~5–5.5 nm.
These results are consistent with the results obtained during textural studies (BET, Vtot,
Vmic), isotherms of N2 sorption, and pore size distribution. The catalysts obtained by the
hydrothermal method were characterized by the presence of pores in the range of 1–2 nm,
2.4–3.1 nm and 5–5.7 nm (catalyst SCG_1%Ni_autoclave), 1–1.4 nm and 2.3–2.8 nm (cata-
lyst SCG_2.5%Ni_autoclave), 1.4–2.1 nm and 3.4–3.8 nm (catalyst SCG_5%Ni_autoclave),
1.8 nm–2.5 nm, 3 nm–3.4 nm and 3.9 nm–4.5 nm (catalyst SCG_10%Ni_autoclave), and
2.8–3.7 nm and 5.2–5.9 nm (catalyst SCG_20%Ni_autoclave). For catalysts obtained by both
methods and containing 5–20% Ni in the structure, significantly smaller pore volumes were
recorded. This may indicate that the pores of the catalyst are clogged by the applied active
phase. This effect has been previously reported in other works, and it was attributed to the
blocking of pores [48].

X-ray diffractograms of the obtained nickel catalysts are depicted in Figure 3. For the
carbon-based catalysts with 1–10 wt% of Ni in structures and obtained by the impregnation
method (Figure 3a), the diffraction profiles exhibit two broad peaks at approximately
2θ = 25◦ and 43.5◦, which are assigned to the reflection from (002) and (100) planes,
respectively [49]. Moreover, broad peaks indicate an amorphous structure of the activated
carbon support [20]. In addition, the reflection at 2θ = 43.5◦ may be assigned to NiO
nanoparticles [50]. There is no noticeable difference in the XRD patterns between catalysts
with 1–10 wt% Ni in their structures, which suggests that the method of impregnation with
a reduction in H2 and metal content (1–10 wt%) introduced into the carbon support has
no significant effect on the structure of carbonaceous catalysts. Only the SCG_20%Ni_H2
sample showed significant differences. According to JCPDS card 25-1044, this sample
contained a NiCl2 · 6H2O compound with monoclinic crystallographic systems. Similar
results were obtained by Yuan et al. [51].
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Figure 3. XRD patterns of the catalysts prepared by: (a) the impregnation method, and (b) the
hydrothermal method in the autoclave.

X-ray diffractograms of all samples obtained by the hydrothermal method (Figure 3b)
showed the broad peaks at 2θ = 25◦ and 43◦. This also indicated the amorphous carbon
structure and was assigned to the activated carbon support [20]. For the catalysts with
2.5–20% Ni and obtained by the hydrothermal method, the presence of a sharp peak
at 2θ = 20◦ was observed, and it was assigned to Ni(OH)2 [52]. In addition, for the
SCG_20%Ni_autoclave sample, two peaks around 2θ = 37◦ and 60◦ were observed, which
were referred to as the diffraction peaks of NiO nanoparticles [53]. The results of the
acid–base titration method, which was used to determine acid-site concentrations, are
presented in Table 3.

Table 3. Acid-site concentration determined using the acid–base titration method.

Sample Acid-Site Concentration (mmol/g)

SCG_1%Ni_H2 1.738
SCG_2.5%Ni_H2 2.182
SCG_5%Ni_H2 2.588

SCG_10%Ni_H2 3.415
SCG_20%Ni_H2 4.522

SCG_1%Ni_autoclave 1.549
SCG_2.5%Ni_autoclave 1.222
SCG_5%Ni_autoclave 1.289
SCG_10%Ni_autoclave 1.157
SCG_20%Ni_autoclave 1.109

It is observable from Table 3 that for catalysts obtained by the impregnation method,
the concentration of acid-sites increases with increases in nickel content in the catalyst,
which may be related to the amount of active phase deposited on the carbon support. The
highest concentration of acid-sites was determined for the SCG_20%Ni_H2 sample, while
the lowest concentration was determined for the SCG_1%Ni_H2 sample. The active phase
that influences the increase in the concentration of acid-sites was probably represented by
NiCl2 · 6H2O structures that were not reduced in the hydrogen flow. The presence of Ni and
Cl in the catalysts was also confirmed by XRF analysis (Table 2). For catalysts obtained by
the hydrothermal method, the concentration of acid-sites decreases when the nickel content
in the catalyst increases. The highest concentration of acid-sites was determined for the
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SCG_1%Ni_autoclave sample, while the lowest concentration of acid-site was determined
for the SCG_20%Ni_autoclave sample. It can be concluded that acid-site concentration was
related to the presence of the active phase in the form of Ni(OH)2. Considering the results
of the titration method, it can be concluded that the lower concentrations of acid centers
are related to the higher content of Ni(OH)2 in the carbon carrier. The presence of nickel (II)
hydroxide was confirmed using XRD analysis (Figure 3b).

Figure 4a,b show the spectra of the samples of the materials prepared in this study.
FTIR spectra showed no significant differences in the presence of functional groups that
could result from the use of different methods of synthesis of nickel catalysts. On the
FTIR spectrum of all catalysts, the peaks around 3414 cm−1 and 1632 cm−1 were related
to hydroxyl groups [54]. The peak at around of 1100 cm−1 is characteristic of the C–O
stretching frequency of the carboxylic and ether groups [55].

Figure 4. FTIR spectrum of catalysts obtained by: (a) the impregnation method, and (b) the hy-
drothermal method in the autoclave.

Morphologies of obtained catalysts were characterized with SEM analysis. The ob-
tained results are shown in Figures 5 and 6.

The SEM images of all catalysts obtained by the impregnation method (Figure 5) show
the surface of the carbon support, exhibiting some cracks and holes of various diameters and
shapes [20,56]. The presence of white grains attached to the surface of the carbon support
was also noted, which indicates the presence of Ni forms [57]. Furthermore, these structures
were well distributed on the surface of the carbon support and only for the SCG_10%Ni_H2
and SCG_20%Ni_H2 samples were the grains agglomerated into larger spheres.

Figure 6 shows the morphology of material samples synthesized using the autoclave.
The micrographs show the different structures of the catalysts in comparison to the catalysts
prepared by the impregnation method, which are shown in Figure 5. Catalysts prepared
by the hydrothermal method show a smoother and more regular surface compared to the
impregnated catalysts. It has been successfully demonstrated in the literature that surface
roughness is important for the activity of materials used in catalysis [58]. Karra et al. [59]
observed that the chemical activity of catalysts with an irregular and rough surface structure
was higher than the catalysts characterized by a smooth surface.
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Figure 5. SEM micrographs of catalysts obtained by impregnation method: (A) SCG_1%Ni_H2,
(B) SCG_2.5%Ni_H2, (C) SCG_5%Ni_H2, (D) SCG_10%Ni_H2, and (E) SCG_20%Ni_H2.

Figure 6. SEM micrographs of catalysts obtained by impregnation method: (A) SCG_1%Ni_autoclave,
(B) SCG_2.5%Ni_autoclave, (C) SCG_5%Ni_autoclave, (D) SCG_10%Ni_autoclave, and
(E) SCG_20%Ni_autoclave.
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In addition, catalysts obtained by the hydrothermal method exhibited an irregular
structure with a dominant flake form, just as found by Hou et al. [60]. These structures
are most prominent for the SCG_20%Ni_autoclave sample (Figure 6E). As can be seen in
Figure 6, these structures are densely distributed on the surface of the samples. In general,
a good dispersion of nanostructures on the surface of the support is associated with the
increased catalytic activity of the materials due to the availability of more catalytically
active sites where the chemical reaction can take place [61,62]. Therefore, the close adhesion
of nickel structures to each other may cause a decrease in the activity of catalysts obtained
using the hydrothermal method compared to catalysts prepared using the impregnation
method. In addition, the dense surface coverage of the carbon support by the active phase
is also reflected in the parameters describing the porous structure (Table 1). It can be noted
that the catalysts prepared by the impregnation method had significantly larger specific
surface areas compared to the catalysts obtained by the hydrothermal method.

3.2. Activity of Carbon-Supported Nickel Catalysts

To evaluate the catalytic activity of the obtained catalysts, alpha-pinene oxidation
process was carried out with the use of these materials.

In the first stage of catalytic tests, the activity of obtained catalysts was compared
under the same conditions of preliminary tests (temperature 100 ◦C, reaction time 3 h, and
catalyst content in the reaction mixture 1 wt%). The obtained results for catalysts prepared
by impregnation are shown in Figure 7.

Figure 7. Comparison of selectivities of main products and alpha-pinene conversion after 3 h for the
catalysts obtained by the impregnation and H2 reduction method.
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Among the catalysts obtained by the impregnation method, the SCG_5% Ni_H2
sample was characterized by the highest catalytic activity, because the highest values of
conversion of alpha-pinene and the sum of selectivity of the main reaction products (alpha-
pinene oxide, verbenol, and verbenone) were achieved on this catalyst. The alpha-pinene
conversion for this catalyst was 57 mol%. For the remaining catalysts, the conversion
values amounted to 55 mol%, 41 mol%, 57 mol%, and 49 mol% (samples SCG_2.5% Ni_H2,
SCG_10% Ni_H2, and SCG_20% Ni_H2, respectively). For all catalysts, the main product
formed with the highest selectivity was alpha-pinene oxide. Verbenol and verbenone were
compounds formed in smaller amounts and with lower selectivity. For the SCG_5% Ni_H2
sample, the selectivity of alpha-pinene oxide amounted to 26 mol%, verbenone 20 mol%,
and verbenol 17 mol%. The sum of these selectivities was 63 mol%. For other catalysts,
this sum was 54 mol% (for SCG_1% Ni_H2), 59 mol% (for SCG_2.5% Ni_H2), 51 mol% (for
SCG_10% Ni_H2), and 59 mol% (for SCG_20% Ni_H2).

In addition, small amounts of compounds such as campholenic aldehyde, myrtenal,
myrtenol, L-carveol, and trans-pinocarveol were also determined in the post-reaction mixtures.

The second stage of catalytic research concerned the determination of the most favor-
able conditions for the oxidation of alpha-pinene with the use of the most active catalyst.
Considering the results obtained in the preliminary studies on the catalytic activity of
carbon catalysts obtained by the impregnation method, the SCG_5%Ni_H2 catalyst was
selected for these tests. The following parameters were tested: catalyst content in the range
of 0.1–5% wt%, temperature in the range of 90–110 ◦C, and reaction time from 10 to 300 min.
The first parameter tested was the content of the SCG_5% Ni_H2 catalyst in relation to the
amount of alpha-pinene. The reaction was carried out at 100 ◦C and samples were taken
after 3 h. The obtained results are shown in Figure 8.

Figure 8. Influence of the SCG_5%Ni_H2 catalyst content on the selectivity of the main products and
alpha-pinene conversion after 3 h.

Figure 8 shows that the change in the catalyst content in the reaction mixture in the
range of 0.1–2.5 wt% does not significantly affect the alpha-pinene conversion values, while
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for the catalyst content of 5 wt%, a significant decrease in alpha-pinene conversion (7 mol%)
was visible. The highest selectivity of the transformation to alpha-pinene oxide was noted
for the catalyst content of 0.5 wt%, and this value was 30 mol%. On the basis of the results
presented in Figure 8, the amount of catalysts equal to 0.5 wt% was considered to be the
most favorable.

Figure 9 shows the effect of the temperature of the alpha-pinene oxidation process on
the selectivity of the main products and on the conversion of alpha-pinene. This step was
carried out with the SCG_5% Ni_H2 catalyst (its content was 0.5 wt%), and the sample of
the post-reaction mixture (for GC analyses) was taken after 3 h.

Figure 9. Comparison of the selectivity of the main products and the conversion of alpha-pinene at
different temperatures after 3 h and using the SCG_5%Ni_H2 catalyst.

It is observable that as the temperature increases, the conversion of alpha-pinene
increases to reach its maximum value (59 mol%) for the temperature of 110 ◦C. A slightly
lower conversion value was recorded for the temperature of 100 ◦C, and it amounted to
57 mol%. For the temperature of 90 ◦C, a significant decrease in conversion was noted
(20 mol%). The selectivity of the transformation of alpha-pinene to alpha-pinene oxide
is the highest at 90 ◦C and it decreases with an increase in reaction temperature. For the
temperature of 110 ◦C, an almost complete decrease in selectivity to alpha-pinene oxide
(1 mol%) was observed. For all temperatures, as products formed with significant selectivity,
apart from alpha-pinene oxide, verbenol and verbenone were noted (respectively: 15 mol%
and 25 mol% for 90 ◦C, 15 mol% and 17 mol% for 100 ◦C, and 15 mol% and 29 mol%
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for 110 ◦C). Considering both the value of alpha-pinene conversion and the selectivity of
alpha-pinene oxide, the temperature of 100 ◦C was found to be the most favorable.

Figure 10 shows the effect of reaction time on alpha-pinene oxidation. For this stage of
the studies, 8 g of alpha-pinene and 0.04 g of catalyst (0.5 wt%) were used. The temperature
was 100 ◦C. The first sample of the reaction mixture for GC analyses was taken after 10 min,
and the next ones were taken at intervals of 30 min until the reaction time of 300 min.

Figure 10. Influence of reaction time on the selectivity of the main products and alpha-pinene
conversion using the SCG_5%Ni_H2 catalyst.

The conversion of alpha-pinene increased during the prolongation of the reaction
time, and it amounted to 61 mol% for the reaction time of 300 min. The selectivity of
transformation to alpha-pinene oxide reached its maximum value for 120 min (33 mol%);
after this time it decreased, and for the reaction time of 300 min it amounted to 2 mol%.
The increase in the values of alpha-pinene conversion with a simultaneous decrease in the
selectivity of the alpha-pinene oxide values indicates that the oxidation of alpha-pinene is
replaced by the reactions in which alpha-pinene oxide undergoes other transformations
(isomerization, dimerization, and polymerization). The main oxidation products of alpha-
pinene and the exemplary products of follow-up reactions are shown in Figure 11 [63].
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Figure 11. Main and follow-up products of alpha-pinene oxidation.

Figure 12 shows the catalytic activity of the catalysts obtained by the hydrothermal
method under the conditions of the preliminary tests.

Figure 12. Comparison of selectivities of main products and alpha-pinene conversion after 3 h for the
catalysts obtained by the hydrothermal method.
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The most active catalyst from the materials obtained by the hydrothermal method was
selected considering the values of conversion of alpha-pinene and the sum of the selectivity
of the main reaction products.

During the studies for both the SCG_1%Ni_autoclave sample and the SCG_20%Ni_autoclave
sample, the same alpha-pinene conversion value (51 mol%) was obtained. The catalyst containing
1 wt% of Ni in the structure was considered to be the most active because the highest sum of
selectivity (75 mol%) of main reaction products (alpha-pinene oxide, verbenol, and verbenone)
were achieved on this catalyst. For comparison, the sum of the selectivity of main reaction
products for the SCG_20%Ni_autoclave sample was only 60 mol%. The sums of these selec-
tivities for the other catalysts were, respectively: SCG_2.5% Ni_autoclave—61 mol%, SCG_5%
Ni_autoclave—73 mol%, and SCG_10%Ni_autoclave—75 mol%. In addition, in the presence of
the catalysts with 2.5–10 wt% Ni in their structure, the obtained conversion values were much
lower: SCG_2.5% Ni_autoclave—38 mol%, SCG_5% Ni_autoclave—35 mol%, and SCG_10%
Ni_autoclave—39 mol%.

Next, the catalytic studies concerned the determination of the most favorable condi-
tions for the oxidation of alpha-pinene with the use of the SCG_1%Ni_autoclave catalyst.
The following parameters were tested: catalyst content in the range of 0.1–5 wt%, tempera-
ture in the range of 90–110 ◦C, and reaction time from 10 to 300 min. The first parameter
tested was the content of the SCG_1%Ni_autoclave catalyst in relation to the amount of
alpha-pinene. The samples were taken after 3 h. The results of this step of the studies are
shown in Figure 13.

Figure 13. Influence of the SCG_1%Ni_autoclave catalyst content on the selectivity of the main
products and alpha-pinene conversion after 3 h.
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Figure 13 shows that the change in the catalyst content in the reaction mixture in the
range of 0.1–2.5 wt% does not significantly affect the alpha-pinene conversion values. For
the catalyst content of 5 wt%, the largest decrease in alpha-pinene conversion (32 mol%)
was observed. The highest selectivity of the transformation to alpha-pinene oxide was
noted for the catalyst content of 0.5 wt%, and this value was 37 mol%. Based on the results
presented in Figure 13, the amount of catalysts equal to 0.5 wt% was the most favorable.

Figure 14 shows the effect of temperature of the alpha-pinene oxidation process on
the selectivity of the main products and on the conversion of alpha-pinene. This step
was carried out with the SCG_1%Ni_autoclave catalyst (its content was 0.5 wt%), and the
sample of the reaction mixture was taken for GC analyses after 3 h.

Figure 14. Comparison of the selectivity of the main products and the conversion of alpha-pinene at
different temperatures after 3 h and using the SCG_1%Ni_autoclave catalyst.

It is observable that as the temperature increases, the conversion of alpha-pinene
increases to reach its maximum value (51 mol%) for the temperature of 100 ◦C. The slightly
lower conversion value was recorded for the temperature of 110 ◦C, and it amounted to
50 mol%. For the temperature of 90 ◦C, a significant decrease in conversion was noted
(21 mol%). The selectivity of transformation to alpha-pinene oxide was the highest at 90 ◦C,
and this value was 33 mol%. For the temperature of 110 ◦C, the decrease in selectivity
of transformation to alpha-pinene oxide (24 mol%) was observed. For all temperatures,
as products formed with significant selectivity, apart from alpha-pinene oxide, verbenol
and verbenone were noted. Considering both the value of alpha-pinene conversion and



Sustainability 2023, 15, 5317 18 of 23

the selectivity to alpha-pinene oxide, the temperature of 100 ◦C was found to be the
most favorable.

Figure 15 shows the effect of reaction time on the alpha-pinene oxidation process. For
this stage of the research, 8 g of alpha-pinene and 0.04 g of catalyst (0.5 wt%) were used.
The temperature was 100 ◦C. The first sample of the reaction mixture for GC analyses was
taken after 10 min, and the next were taken at intervals of 30 min until the reaction time of
300 min.

Figure 15. Influence of reaction time on the selectivity of the main products and alpha-pinene
conversion using the SCG_1%Ni_autoclave catalyst.

The conversion of alpha-pinene increased during the prolongation of the reaction time
and amounted to 61 mol% for 300 min. The selectivity of alpha-pinene oxide reached its
maximum value for the reaction time of 150 min (34 mol%); after this time, it decreased,
and for the reaction time of 300 min it amounted to 8 mol%.

The comparison of the results of catalytic tests of the materials obtained by the two
different methods shows that the materials obtained by the hydrothermal method were
more active, taking into account the selectivity of alpha-pinene oxide (Figures 7 and 12),
e.g., the comparison materials containing 1 wt% Ni shows that the use of the catalyst
obtained by the hydrothermal method allows one to obtain about 80% higher selectivity
of the transformation to alpha-pinene oxide at the similar value of conversion of alpha-
pinene. For materials obtained by the impregnation method, the higher selectivity of the
transformation of alpha-pinene to campholenic aldehyde, which is formed with several
times higher selectivity in reactions with the participation of porous materials obtained by
the impregnation method, is also noteworthy. This proves that part of the alpha-pinene
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oxide formed in the process is isomerized to this compound, and this process takes place
on the external surface of the catalyst, not in the pores. Among materials obtained by
the method of impregnation followed by the reduction in hydrogen, the SCG_5%Ni_H2
material was the most active. For the SCG_5%Ni_H2 catalyst, the reaction under the most
favorable conditions proceeded at 100 ◦C, at atmospheric pressure, with the catalyst content
of 0.5 wt%, while the reaction time was 120 min. In these conditions, the conversion of
alpha-pinene amounted to 35 mol%, and the selectivity of alpha-pinene oxide was 33 mol%.
The catalytic studies with catalysts obtained by the hydrothermal method showed that the
SCG_1%Ni_autoclave material was the most active. For this porous material, the reaction
under the most favorable conditions also proceeded at 100 ◦C, at atmospheric pressure, with
the catalyst content of 0.5 wt%, while the reaction time was 150 min. In these conditions,
the conversion of alpha-pinene was 34 mol%, and the selectivity of alpha-pinene oxide was
34 mol%.

The comparison of the results of instrumental tests for materials that turned out to
be the most active in alpha-pinene oxidation shows that the material obtained by the
hydrothermal method was characterized by 60% lower acid-site concentration (Table 3)
than the material obtained by the impregnation method, and yet it was more active. This
difference is probably due to the location of the active centers—in the impregnated material,
they are located only on the outer surface of the catalyst, while in the material obtained
by the hydrothermal method, they are also located in the pores. The alpha-pinene oxide
formed in the pores is probably more stable than the same compound but formed on
external active sites, where it can more easily undergo subsequent reactions. Therefore, the
use of the material obtained by the hydrothermal method as the catalyst, but containing
less nickel, is more advantageous—the narrow space in the pores provides greater stability
in forming the epoxide compound. Comparing the pore size of materials obtained by
two different methods (Figure 2a,b), it can be seen that the most active catalyst obtained
by the hydrothermal method has pores of 1.8–1.9 nm, which are not present in any other
obtained materials. It is most likely that pores of this size determine the greater activity of
the SCG_1%Ni_autoclave material.

3.3. Determination of the Kinetics Parameters Determination of the Kinetics Parameters

These kinetic studies explore the alpha-pinene oxidation over sample SCG_1%
Ni_autoclave. A series of experiments was performed in which the influence of the various
parameters on the reaction rate was checked: temperature, reaction time, and amount of
catalyst. One assumption was made, i.e., the oxygen uptake (expressed in mol/dm3) was
constant during all experiments, and simultaneously the oxygen uptake/alpha-pinene
ratio (defined in molO2.molα-pinene) was changing. In these conditions, the reaction mixture
composition was determined for each temperature (90 ◦C, 100 ◦C, and 110 ◦C; PO2 = 1 bar).
The kinetic curves were differentiated to calculate the alpha-pinene oxidation rates. It was
observed that the turbulence generated near the catalyst particles by a vigorous stirring of
the reaction mixture was helpful in eliminating the external diffusion resistance between the
bulk liquid and the surface of the catalyst. Internal diffusion resistance was also insignifi-
cant because of the small size of catalyst particles. It was evidenced that the product content
slightly depends on the oxygen uptake/alpha-pinene ratio. Furthermore, the alpha-pinene
oxidation rate increases along with the increase in the oxidation temperature.

Activation energy calculated from Arrhenius dependence was 89.2 ± 3.4 kJ/mol, and
the effective kinetic constant was keff = 1.0 × 1010 mol 0.5.dm−1.5.min−1. The model fits the
experimental data very well (the regression coefficient equals 0.9163). Therefore, under the
reaction conditions, the reaction rate of alpha-pinene oxidation by molecular oxygen can
be described as follows:

RO = keff·f(concentration)0.5·P0
O2.exp(-Ea/RT) [mol.dm−3·min−1]

The estimated activation energy is in accordance with typical values of activation en-
ergy for alpha-pinene oxidation by molecular oxygen (81.3 kJ/mol) [64], for alpha-pinene
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oxidation over FeCl3-modified carbonaceous catalysts from orange peels (92.7 kJ/mol) [43],
for cis-pinene oxidation (79.5 kJ/mol) [65], and dibenzyl ester oxidation initiated by
azoisobutyronitrile (93.66 kJ/mol) [66].

4. Conclusions

This work described the simple method for processing food industry waste—coffee
grounds—for which disposal and safe storage are still a challenge for waste management
entities. Considering the presented results, it can be concluded that coffee grounds can be
an excellent raw material for obtaining activated carbons, which can be used as catalyst sup-
ports. An example of such application of activated carbons obtained from coffee grounds
can be their modification with nickel salts. In this way, it was possible to obtain cheap cata-
lysts that were active in the oxidation of alpha-pinene. As a result of two different methods
of synthesis of carbon catalysts, two groups of catalytically active materials were obtained,
which differed in their physical and chemical properties. Among the catalysts obtained
using the method of impregnation followed by the reduction in hydrogen, SCG_5%Ni_H2
material was the most active; among the catalysts obtained by the hydrothermal method,
SCG_1%Ni_autoclave material was the most active. With the SCG_5%Ni_H2 catalyst, the
reaction under the most favorable conditions proceeded at 100 ◦C, at atmospheric pressure,
and with the catalyst content of 0.5 wt%, while the reaction time was 120 min. In these con-
ditions, the conversion of alpha-pinene was 35 mol%, and the selectivity of transformation
to alpha-pinene oxide was 33 mol%. With the SCG_1%Ni_autoclave catalyst, the reaction
under the most favorable conditions was also carried out at 100 ◦C, at atmospheric pressure,
with the catalyst content of 0.5 wt% and for 150 min. At these mild process conditions, the
conversion of alpha-pinene was 34 mol%, and the selectivity of transformation to the main
product (alpha-pinene oxide) was 34 mol%.

Considering the nickel content of the carbon support, it can be concluded that the
hydrothermal method is the better synthesis method in terms of economy, as it allows
one to obtain the catalyst with a much lower nickel content (1 wt% Ni) and with similar
catalytic activity in comparison to the catalyst obtained by the impregnation method (5 wt%
Ni). In addition, our research indicates that alpha-pinene oxide formed in the pores of the
catalyst is likely to be more stable than the same compound formed on external active sites,
where it can more easily undergo subsequent reactions. Therefore, the use of the material
obtained by the hydrothermal method as the catalyst, but containing a lesser amount of
nickel, is more advantageous—the narrow space in the pores provides greater stability to
the formed epoxide compound. At the same time, our research shows that the pore size of
materials obtained by the hydrothermal method and used in the alpha-pinene oxidation
process may be of great importance for the final oxidation results—the most active catalyst
obtained in our research using the hydrothermal method had pores of 1.8–1.9 nm, which
were not found in any other material obtained in this work. It can therefore be assumed
that it is most likely that pores of this size determine the greater activity of the material
named SCG_1%Ni_autoclave.
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