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Abstract: Pyrolysis is a thermochemical technology for converting biomass into energy and chemical
products consisting of bio-gas, bio-o0il, and biochar. Several parameters influence the process effi-
ciency and properties of pyrolysis products. These include the type of biomass, biomass preliminary
preparation, gaseous atmosphere, final temperature, heating rate, and process time. This manuscript
provides a general summary of the properties of the pyrolytic products of waste rapeseed cake, with
particular emphasis on the sorption properties of biochar. Biochar, produced by the pyrolysis process
of biomass, is emerging as a powerful tool for carbon sequestration, reducing greenhouse gas emis-
sions, and purifying water from contaminants such as potentially toxic elements and antibiotics. The
review found that the biochar obtained as a result of pyrolysis of chemically modified waste rapeseed
cake is characterised by its excellent sorption properties. The obtained sorbents are characterised by
sorption capacity relative to the copper(Il) ion, ranging from 40 mg- g_l to 100 mg- g_l, according to
the pyrolysis conditions and chemical modification method. The purified pyrolysis gas obtained in
the high-temperature process can be used to generate heat and energy. Bio-oil, with its significant
combustion heat of 36 M]-kg_l, can be a source of environmentally friendly green biofuel.
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1. Introduction

Industrial activities are closely related to waste generation, which has a negative
impact on the natural environment. The negative impact of anthropogenic pressure is
intensified by demographic growth and rapid civilisation development. Therefore, among
the main goals of all policy areas of European Union countries, as expressed in Direc-
tive 2008/98/EC, are activities favouring technological and equipment solutions aiming
to reduce the amount of waste that is generated and regulate the waste management
system [1-8].

The volume of the industrial production of sulphuric(VI) acid worldwide has been
increasing for years. It is estimated that a total of approximately 279 million metric tons of
monohydrate will be produced in 2024. This will constitute an increase of approximately
13% in the production volume in 2015 [9]. In Poland, the annual production of sulphuric(VI)
acid has been fluctuating at around 1.5-2.0 million metric tons of monohydrate for many
years. HSOy is produced in three types of industrial plants: metallurgical plants, sulphur
plants, and wet catalysis plants. The type of installation determines the amount and type
of waste that is generated [10-13].

Waste wash acids are produced in metallurgical installations. They are created at the
purification stage of the process gas that is sent to sulphuric acid factories directly from the
metallurgical unit. Process gas purification aims to remove impurities that may be harmful
at further stages of sulphuric(VI) acid production using the contact method. The amount
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and chemical composition of the wash acids that are produced depends on many factors.
In the metallurgical unit, waste electrolytic acids are produced as a result of the electrolysis
process. Waste electrolytic acids are characterised by a much higher acid concentration
than wash acids. Table 1 shows sample concentrations of agents contaminating the acids in
question [10-15].

Table 1. Characterisation of waste acids from the non-ferrous metals industry [11,15].

Compound Content, ppm
Cu 1-300
Zn 2-100
As 2-1000
Fe 10-100

A commonly used method for managing and utilising waste acids is the process
of chemical stabilisation of the contaminants contained in them, which involves their
precipitation in the form of sparingly soluble compounds. The precipitated sediments
can be deposited or recycled. However, this technological process poses many difficulties,
primarily due to the diverse composition and variable properties of the waste. Therefore,
attempts are being made to develop new, more technologically advantageous ways of
separating valuable components from the wastewater in question [10-15].

The adsorption process is a well-known and widely used method in chemical technol-
ogy. It is characterised by high universality, mainly due to the high adsorption capacity of
the sorbents used, the simplicity of the technological process and its high neutrality to the
natural environment [16-20]. Activated carbons are the most frequently used adsorbents
in the treatment of industrial wastewater containing potentially toxic elements [21-27].
However, this type of commercial adsorbent is expensive, which limits their use in many
industrial processes. The development of a cheap and effective sorbent for the adsorption
of ions of potentially toxic elements may be an attractive solution for industry, but it con-
stitutes a serious challenge for materials engineering. Biochar offers great promise in this
aspect. It is characterised by a specific, well-developed surface and porous structure with
many different functional groups and mineral components. It has a porous structure that
is similar to the structure of activated carbon, thanks to which it can become an effective
adsorbent for the removal of both inorganic and organic contaminants from water. Addi-
tionally, unlike activated carbon, biochar is a new type of adsorbent, with low cost and high
efficiency. The technology used to produce activated carbon requires a relatively higher
process temperature and an additional activation process. Biochar, on the other hand, is
cheaper to produce and uses less energy. It can be obtained from waste biomass. Therefore,
biochar is a renewable resource, and ideal for water purification technologies due to its
economic and environmental benefits [28-36].

One of the types of biomass that can be used in this way is waste rapeseed cake. It is
obtained in the oil production process by pressing and extracting rapeseed seeds. Rapeseed
is one of the most important oil plants [37-40]. The total production of rapeseed in the world
has been increasing for many years, reaching nearly 90 million metric tons in 2022 [41-43].
The world leaders in rapeseed production are the European Union (19.5 million metric
tons), Canada (19 million metric tons), and China (14.7 million metric tons) [43]. The world
production of rapeseed oil in 2022 was approximately 32 million metric tons [43]. The
increase in rapeseed oil production is accompanied by a proportional increase in waste, and
in the case of meal, annual global production reached 71 million metric tons [44]. Rapeseed
is also widely used as a source of protein for food and industrial applications, in the
pharmaceutical industry and as an ornament, owing to the variety of flower colours [45-47].

The properties and composition of waste rapeseed cake depend on the rapeseed
species and the technology and process conditions used. It is a form of organic waste
rich in carbon and oxygen. It is characterised by its relatively low nitrogen and hydrogen
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content and trace sulphur content. Currently, this waste is most often used as an animal
feed additive.

This article summarises and compares the methods used to modify waste rapeseed
cake and the properties of the carbon materials obtained from it, with particular emphasis
on sorption and separation properties relative to the copper(Il) ion [48-50]. The importance
and purposefulness of this study are justified by the fact that copper deposits are being
depleted in the world, and the demand for this metal is increasing. The demand for copper
is estimated to double in the next 20-30 years [51,52].

2. Methods of Modification of Waste Rapeseed Cake

The waste rapeseed cake used in this study came from Prem-Vit Sp. J. Inowroctaw,
Poland. The authors’ preliminary study has shown that the pyrolysate obtained from
waste rapeseed cake is characterised by unsatisfactory physicochemical and adsorption
properties. The material obtained in the pyrolysis process at a temperature of 700 °C proved
to be non-porous, with a specific surface area of 0.35 m?-g~!. There are few functional
groups on its surface, which is why it has relatively weak adsorption properties [48-50].

Therefore, in the process of obtaining biochar from waste rapeseed cake, it is necessary
to chemically modify the charge for the pyrolysis furnace to improve the effectiveness of
the stage of creating a porous structure. For this purpose, before undergoing pyrolysis, raw
rapeseed cake was subjected to modification processes:

Biochar 1—rapeseed cake was impregnated with a 40% solution of ammonium perox-
ydisulfate [48].

Biochar 2—rapeseed cake was impregnated with a mixture of magnesium chloride
and ammonium peroxydisulfate [49].

Biochar 3—rapeseed cake was impregnated with 3M potassium silicate solution [50].

The mixtures were then left for 72 h at room temperature so that excess water could
evaporate. The raw materials prepared in this way were subjected to pyrolysis at a temper-
ature of 700 °C. The detailed procedure for preparing the charge for the pyrolysis furnace
is described in [48-50].

3. Characteristics of the Obtained Products

The experiments carried out on unimpregnated rapeseed cake showed that the tem-
perature of the pyrolysis process affects the amount of gaseous, liquid, and solid products
obtained in the process. The process temperature had the smallest effect on the amount of
gas that was released. The efficiency of gas production ranged from 11% to 16% (m/m) in
the temperature range from 300 °C to 700 °C. An analysis of the chemical composition of
the pyrolysis gas showed that an increase in the process temperature reduces the amount
of carbon oxide that is emitted, particularly carbon(IV) oxide. At the same time, as the tem-
perature of the pyrolysis process increased, the amount of energetically valuable methane
significantly increased [48-50].

During the pyrolysis process that occurred at 700 °C, a gas sample with a density of
1.499 kg-m~3 was obtained. The gas mixture was then subjected to quantitative analysis in
the Orsat apparatus. The main component of the obtained gas is carbon(IV) oxide—56.7%
(v/v). The remaining components are as follows: methane—34.4% (v/v); unsaturated
hydrocarbons—1.8% (v/v); and carbon(Il) oxide—0.4% (v/v). In the resulting gas mixture,
no hydrogen was observed. The main reason for the formation of such significant amounts
of carbon oxides in the gas mixture is the oxidation of organic substances such as cellulose,
hemicellulose, and lignin [48-50].

Similar results were obtained by Ucar and Ozkan [53], who determined the composi-
tion of the pyrolysis gas obtained at 500 °C using gas chromatography. They determined
the CO, content in the tested mixture to be 69% (m/m). In addition to carbon(IV) oxide,
the main components of the gas they obtained were carbon(ll) oxide, C;, C;—C7, and some
hydrogen sulphide. According to the authors, the formation of the H,S was derived from
the nature of rapeseed oil cake since it contained 0.88% (1 /m) sulphur.
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Considering the chemical composition of the gas, its combustion heat was calculated
to be 1708 kJ-m 3. This value is low and cannot be compared with nitrogenous natural gas,
whose calorific value is 28,000 kJ-m 3. The combustion heat of the obtained gas increases
to 12,702 kJ-m~3 if carbon dioxide is excluded from the calculations. This value allows for
the product to be used for energy purposes, but the obtained pyrolysis gas must be cleaned
of carbon dioxide.

Biogas is purified and modified depending on its use. Typically, biogas is focused
on producing heat and steam, generating electricity, vehicle fuel production, chemical
production, and the injection of biogas into natural gas transmission networks. Most
biogas purification technologies were adapted from known technologies for natural gas
refinement. Currently, several basic methods are used for biogas treatment. These include
the following technologies: physical absorption in water or solvents, chemical absorption,
pressure absorption, membrane separation, and biological conversion [54-58].

The liquid phase production efficiency for the tested process ranged from 50% to
59% (m/m), depending on the temperature used. Ozcimen and Karaosmanoglu [59], who
examined the liquid fraction obtained from the pyrolysis of waste rapeseed cake in detail,
have shown that the bio-oil obtained in this fraction is a fuel with a density of 993 kg:m~3,
which has a high heat combustion value of 36 M]-kg ! and is rich in carbon and oxygen.
Additionally, the liquid fraction is characterised by low nitrogen, sulphur, and ash contents.
According to the authors, the bio-oil obtained in the pyrolysis of waste rapeseed cake can
be used as a raw material in the fractional distillation process to obtain gasoline, diesel oil
or alternative products to fuel oil. The fuels produced in this way could be used, either
directly or indirectly, as an addition to the conventional fuels obtained from crude oil.

The efficiency of obtaining biochar decreases with an increase in the temperature of
the pyrolysis process and does not exceed 40% [48-50].

4. Physicochemical Characteristics of the Obtained Biochars

The results of the Brunauer-Emmett-Teller analysis of the specific surface area of
the studied biochars are presented in Table 2 [48-50]. The presented data show that all
the obtained sorbents belong to porous materials and are characterised by their relatively
small specific surface area. Their pores have a small volume and relatively large diameters.
While Biochar 1 has the largest specific surface area (167 m?-g~1), Biochar 2 has the smallest
(11.4 m2-g~1). It should be emphasised, however, that the surface area of all three biochars
is significantly larger than the surface area of the carbon material obtained from pure cake,
which was 0.35 m?-g~!. This means that attempts to modify the surface result in the creation
of a porous structure in the pyrolysis of waste rapeseed cake. The substances that are used
can dehydrate carbohydrate polymers, accelerating the release of volatile substances and
creating open pores upon heating. The small specific surface area of Biochar 2 compared
to the other two biochars is the result of the pores being blocked by the magnesium oxide
crystals located on the surface [60-65]. These observations were previously reported by
Li et al. [66]. The researchers obtained MgO-modified biochar from sugar cane harvest
residues. They discovered that the coal’s specific surface area decreased from 118 m?.g~!
to 27 m?.g~! as the MgO content increased from 2% to 20%. Additionally, the diameter,
volume, and sorption capacity of pores significantly increased.

Table 2. The surface area and pore properties of the studied biochars [48-50].

Material ABET, m?.g~1 Pore Size, nm Pore Volume, cm3-g~1
Biochar 1 167.0 1.9 0.08
Biochar 2 11.4 2.0 0.04
Biochar 3 150.1 134 0.50

The biochars produced by modifying rapeseed cake have a comparable surface area to
other carbon materials of this type that are described in the literature. For comparison, the
specific surface areas of biochars obtained by Wang et al. [67] at temperatures of 300-700 °C
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from different precursors (peanut husk, mud, bamboo reed, etc.) ranged from 3.75 to
54.05 m?.g~ 1.

Table 3 shows the results of the elemental analysis of carbon, hydrogen, and nitrogen
in the obtained sorbents. The carbon content does not exceed 73%, and the nitrogen
content is relatively high, above 4% [48-50]. The degree of charring, expressed as the
hydrogen/carbon (H/C) molar ratio, according to the data in Table 3, indicates that the
method used to modify waste rapeseed cake significantly affects its value. The observed
H/C coefficients of 0.28 (Biochar 1) and 0.33 (Biochar 2) are similar to those obtained
for commercially activated carbon. The low H/C molar ratios indicate that the biochars
are highly carbonised and lack the typical organic residues found in rapeseed, such as
proteins or lignocellulosic fibres [68]. They are also characterised by a relatively high
nitrogen content (4.5-5.6%). The presence of nitrogen has a positive effect on the adsorption
properties of biochars. It can form highly polar functional groups on the surface of biochar,
making the surface more hydrophilic.

Table 3. Biochars CHN elemental analysis results [48-50].

Material C, % H, % N, % C/H
Biochar 1 63.3 15 5.6 0.28
Biochar 2 58.7 1.6 5.2 0.33
Biochar 3 72.6 2.6 4.5 0.43

The thermogravimetric analysis and differential thermal analysis of biochar samples
were carried out in an air atmosphere at a flow of 100 cm3-min~!, with a heating rate
of 5 °C-min~!. The results are summarised in Table 4 [48-50]. The tested samples were
decomposed in three or four stages. In the first endothermic stage, the samples lost
adsorption moisture. In the second stage, the least stable oxygen groups, i.e., carboxyl,
hydroxyl, and lactone groups, decomposed, and this was accompanied by the further loss
of adsorption water. At the third stage of exothermic decomposition, nitrogen-containing
groups decomposed due to the destruction of the carbon skeleton of the sample. In the
fourth step, the most thermally stable sulphur groups decomposed.

Table 4. TGA-DTA analysis results of biochars [48-50].

Step Mass Loss, % Energy Effect Temperature Range, °C

Biochar 1

1 3.2 Endothermic 31-48

2 7.3 Endothermic 48-196

3 59.1 Exothermic 196-519

4 12.5 Exothermic 519-1000
Biochar 2

1 3.9 Endothermic 23-120

2 9.7 Endothermic 120-173

3 374 Exothermic 173-559

4 3.8 Exothermic 559-698
Biochar 3

1 3.2 Endothermic 22-30

2 41 Endothermic 30-177

3 80.4 Exothermic 177-607

The scanning electron microscope images in Figure 1 show that the sorption materials
that were obtained consist of irregularly shaped particles and grains of varying sizes that
tend to agglomerate. There are also deep cracks or pores on the outer surface of the obtained
biochar, which may be formed as a result of the removal of volatile organic matter during
pyrolysis [48-50].
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Figure 1. SEM images of obtained biochars: (A)—biochar 1; (B)—biochar 2; (C)—biochar 3.

Quantitative and qualitative analyses of the elemental composition of the obtained
biochars conducted by the authors showed that these materials do not contain potentially
toxic elements. This is extremely important in the context of their subsequent use in water
purification processes. In addition to typical elements, such as C, N, O, and H, the authors
only identified the presence of sodium, potassium, calcium, magnesium, aluminium,

silicon, sulphur, phosphorus, chlorine, and iron. The content of the mentioned elements in
unmodified biochar ranged from 0.3 to 3% [48-50].

5. Sorption Properties of the Obtained Biochars

The study showed that the carbon materials that are discussed in this paper have
a relatively high affinity for copper(Il) ion. The adsorption process for the proposed
sorbents mainly depended on the contact time between the adsorbent and the adsorbate,
the copper(Il) cation concentration, the adsorption process temperature, the aqueous
solution’s pH, and the ratio of the solid phase to the liquid phase.
Figure 2 presents the results of tests focusing on how the pH of the solution affects the
efficiency of the copper(Il) ion adsorption process for the studied biochars. This parameter

is crucial in ion adsorption processes with a solid adsorbent, including the proposed
technological solution.

100

<
=

=)
>

>
<

==@= Biochar 1
=== Biochar 2
@by Biochar 3

Adsorption efficiency, %o

Figure 2. The adsorption process efficiency as a function of the aqueous solution pH (T = 25 °C (B1),

30 °C (B2&B3); t = 240 (B1&B2), 120 (B3) min; ¢ = 100 (B1), 200 (B2), 180 (B3) mg-dm~3; mass of
adsorbent = 3.33 (B1), 1.67 (B2), 4 (B3) g-dm*3) [48-50].
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Figure 2 presents experimental data indicating that the adsorption of copper(Il) ions is

less effective in strongly acidic environments compared to solutions with higher pH levels.
At a low pH, functional groups on the sorbent surface become protonated, which reduces
the adsorption of copper ions due to electrostatic repulsion between the cation and the
positively charged sorbent surface. An increase in pH results in a change in the charge
of the sorbent surface, leading to the generation of more negatively charged groups. In
addition to the surface charge, the quality and quantity of ionic species present in the tested
solution also influence the pH dependence of adsorption. It is important to remember that,
at a pH of 5 or lower, copper(Il) ion is present in the solution as Cu?*. When the pH of the
solution increases above 5, copper(Il) hydroxo complexes—Cu(OH)* are formed. Cu(OH),
may be precipitated when the pH of the solution is above 6, dominating adsorption at a
sufficiently high pH [69,70]. The described relationships are consistent with the results
presented for other biochars [71-73]. Unlike the other two tested materials, Biochar 3
shows relatively good sorption properties in a low-pH environment. The cause of this
phenomenon is attributed to the sorbent preparation method. As previously mentioned,
the material underwent hydrothermal modification in a concentrated potassium hydroxide
solution after the pyrolysis process. It can be assumed that the protons in the hydroxyl
groups on the sorbent’s surface were fully exchanged for potassium ions. The resulting
bond between oxygen and the potassium ion is ionic and, therefore, when the Cu?* ion
solution is in contact with Biochar 3, the potassium ion is preferentially replaced by the
Cu?* ion.

The efficiency of the adsorption process is also influenced by the ratio of the solid
phase to the liquid phase (S:L). This parameter determines the capacity of the adsorbent for
the initial ion concentration in the solution. The experimental data presented in Figure 3
clearly indicate that a higher S:L ratio (g-dm~3) increases the obtained process efficiency.
An increase in the mass of the adsorbent that was used provides more active sites for
capturing or binding the copper ion. At the same time, the probability of collisions between

the adsorbent and Cu?* increases, improving the efficiency of cation removal from the
tested solution [74].

=)
S

®
=)

N
=

I
=

«=@== Biochar 1
== Biochar 2
e=de= Biochar 3

Adsorption efficiency, %o

I~
S

2

S, Sdm 1
Figure 3. The adsorption process efficiency as a function of the solid-to-liquid ratio (g-dm~3)

(T =25°C (B1), 30 °C (B2), 20 °C (B3); t = 240 (B1&B2), 120 (B3) min; ¢ = 100 (B1&B3), 200 (B2)
mg-dm~3; pH = 5) [48-50].

An analysis of the data presented in Figure 4 indicates that the efficiency of the
adsorption process is also influenced by the increase in temperature. For all the tested
sorbents, the lowest efficiency values were obtained at a temperature of 20 °C, while the
highest were obtained at the highest tested temperature, i.e., 50 °C. The course of the points
also shows that temperature affects the sorption on Biochar 3 to a much greater extent than
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it affects the other two sorbents. The temperature-dependent increase in process efficiency
indicates that the adsorption process of the copper(Il) cation is endothermic. An increase in
process temperature leads to greater pore penetration by the studied cation and the creation
of new active sites. Additionally, the higher temperature affects the kinetic energy of Cu*,
resulting in increased mobility and spontaneous adsorption. A higher temperature reduces

the viscosity of the solution, which, in turn, increases the diffusion rates and adsorption
efficiency [75-77].

100

®
>

(=)
<

FS
<

==@= Biochar 1
e=fi= Biochar 2
e=de= Bjochar 3

Adsorption efficiency, %o

20

40
35

2
T, °c 20

Figure 4. The influence of the temperature of the adsorption process on its efficiency (t = 240 (B1&B2),

120 (B3) min; ¢ = 100 (B1), 200 (B2), 140 (B3) mg-dm*3; mass of adsorbent = 3.33 (B1), 1.67 (B2),
4 (B3) g-dm~3; pH = 5) [48-50].

The experimental data in Figure 5 show that the efficiency of the copper(ll) cation
adsorption process increases the most during the first two hours of contact between the
adsorbent and the adsorbate for all studied sorbents. The equilibrium state in the tested
systems is achieved relatively slowly. It is important to note that the time taken to reach
equilibrium in the tested systems is not surprising. Previous research has shown that
the adsorption of metal ions on carbon sorbents is slower than that on inorganic, hybrid
or ion-exchange resins in terms of kinetics [78-81]. The initial increase in the efficiency
of the copper(ll) ion adsorption process can be attributed to the presence of numerous

unsaturated adsorption sites and functional groups on the sorbent surface. As a result,
there are more collisions on the surface of the studied sorbents between the Cu?* cation
and the active sites. The subsequent slow sorption is the result of the lower number of
free sites and functional groups. The adsorption of Cu?* cation on the studied sorbents is
limited by two stages: mass transport and diffusion into the pores.

The kinetic models used during the study to describe the processes occurring on

the surface of the tested sorbents showed that their nature is best described by a pseudo-
second-order kinetic model [82,83]. On this basis, it should be assumed that the described
adsorption processes are dominated by chemisorption, and limited by valent and covalent
interactions. Based on the obtained values of k constants for the pseudo-second-order
model—Table 5, it should be concluded that the adsorption process of the copper(II) ion

with a concentration of 100 mg-dm~3 was the fastest on Biochar 3 and the slowest on
Biochar 2.
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Figure 5. The influence of the contact time between the adsorbent and the adsorbate on the efficiency

of the adsorption process (T = 30 °C (B1&B2), 20 °C (B3); ¢ = 100 (B1), 200 (B2), 50 (B3) mg~dm_3,
mass of adsorbent = 3.33 (B1), 1.67 (B2), 6 (B3) g-dm*3; pH = 5) [48-50].

Table 5. Parameters for the adsorption of copper(Il) ion on the studied biochars using the pseudo-
second-order model [48-50].

Parameter Biochar 1 Biochar 2 Biochar 3
Qe exp., Mg-g ! 29.2 55.4 17.0
Qe cal, Mg-g ! 29.6 58.3 17.2
k, gmg~!l-min~! 0.0050 0.0008 0.0414
R? 0.999 0.999 0.999

Isotherm models were used to assess the adsorption capacity of adsorbents and
determine sorption mechanisms. The Langmuir isotherm was found to provide the best
description of the sorption mechanism on all studied sorbents. Langmuir’s theory proposes
that the adsorbate can form a monolayer of molecules that interact with adsorption sites
through “vertical’ interactions, while not interacting or only weakly interacting with each
other through ‘horizontal” interactions. Adsorbate molecules in the liquid phase collide
with the surface, and their probability of adsorption increases with the available free
surface [84,85]. The data presented in Table 6 indicate that the studied sorbents have
different surface structures. During the adsorption process, reactions mainly occur in the

monolayer, without any other interactions that could cause multilayer adsorption effects.

Table 6. Calculated parameters of the Langmuir isotherm for the adsorption process of copper(Il)
ions on the studied biochars [48-50].

Parameter Biochar 1 Biochar 2 Biochar 3
qm, mg-g ! 52.2 90.4 37.7
K, dm?mg~! 0.360 0.149 0.382
R? 0.999 0.999 0.999

The maximum sorption capacity, calculated based on the Langmuir isotherm, reached
the highest value for Biochar 2: 90.4 mg-g~!. Biochar 3 had the lowest sorption capacity:
37.7 mg-g~!. This means that the modification of biochar with magnesium and sulphur
oxides has a positive effect on the sorption properties of the material. The biochar surface



Energies 2024, 17, 498

10 of 16

contains sulphur, resulting in the formation of several functional groups, such as sulphate
and bisulphate. These groups have a positive impact on the Cu?* cation sorption process
occurring on the surface. The presence of Mg(OH), or MgO also has a positive impact
on the adsorption process. The magnesium compounds have the ability to exchange or
precipitate the copper(Il) ion, thereby reducing its availability in waste acids. It is important
to assume that the cation exchange mechanism plays a significant role in the adsorption
processes on biochars [86,87].

It should be emphasised, however, that the sorption capacities of all the discussed
sorbents was comparable to or much higher than those of similar materials of this type.
Table 7 provides a summary of the maximum adsorption capacities obtained for the studied
biochars in relation to the Cu®* cation and the results obtained by other authors for various
types of carbon sorbents.

Table 7. The capacity of various adsorbents to remove Cu?* cation from aqueous solutions.

Adsorbent qm (mg-g~1) Reference
Biochar 2 90.4 [49]
Biochar 1 52.2 [48]
Hydrochar 48.2 [88]
Manure biochar 445 [89]
Biochar 3 37.7 [50]
Activated carbon fibers 36.6 [90]
Sewage sludge biochar 25.6 [91]
Manure biochar 21.9 [76]
Hydroxylapatite-biochar 19.8 [92]
Miscanthus x Giganteus biochar 15.7 [93]
Rapeseed waste 15.4 [94]
Sunflowers husk biochar 13.2 [95]
Apple tree branches biochar 114 [96]
Paddy husk biochar 10.3 [97]
Hardwood biochar 4.39 [98]

Figure 6 represents a conceptual process flow sheet for the recovery of copper(Il) from
waste acidic liquids using a carbon sorbent obtained during the pyrolysis of waste rapeseed
cake. It should be emphasised that the technological solution for waste rapeseed cake
management proposed in the flow sheet eliminates potential threats related to the storage
of the increasing amount of generated waste of this type and, above all, constitutes an
alternative proposal for its management. The production of biochar from waste rapeseed
cake in the pyrolysis process allows for liquid and gaseous fuels to be obtained for energy
production, and the resulting biochar is a valuable carbon material for use in the recovery
of valuable metals, such as copper, from technological streams. The saturated sorbent can
be directed back to the metallurgical process as the equivalent of a part of coke being used
together with copper concentrate as kiln input to the shaft furnace. This will also reduce
the demand for coke used in the process. The proposed solution is attractive because
the nearest prospects predict a further increase in copper demand in industry and the
need to intensify recycling and recovery methods. It should also be emphasised that
sustainable waste utilisation, including waste acids, is considered a preferred option to
dumping or disposing of it untreated, in view of its potential economic and environmental
benefits. Alternatively, the obtained biochar can be successfully used in agriculture and
environmental protection. The application of biochar to agriculture may have a significant
effect, reducing global warming through the reduction in greenhouse gas emissions. It
may also have a significant effect on improving soil health and fertility. At the same time,
biochar can help to sequester atmospheric carbon and purify drinking water [99,100].
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Figure 6. A conceptual flow diagram of the technological process of using biochar obtained from
waste rapeseed cake for the recovery of copper(Il) from technological streams.

6. Conclusions

This article describes the products and compares the sorption materials obtained from
waste rapeseed cake through various modifications of the substrate. The study has shown
that waste rapeseed cake can become a valuable raw material for obtaining highly efficient
carbon sorbents for technological applications. The liquid and gaseous products obtained
in the pyrolysis process can be successfully used in energy processes.

The presented results have proven that the waste modification method plays an
important role in the sorption properties. The obtained sorbents are characterised by their
high sorption capacity relative to the copper(Il) ion, ranging from 40 mg-g ! to 100 mg-g~!.
Therefore, they can be successfully used for copper separation in the process of purifying
waste technological acids. Moreover, owing to its relatively high combustion heat, the
saturated sorbent can be used as a substitute for metallurgical coke.

The bio-gas derived from rapeseed cake primarily consists of carbon oxides, methane,
and some volatile organic compounds. The concentration of carbon oxides in the gas
decreases as the temperature increases, while the amount of methane that is produced
increases. The gas obtained under high-temperature conditions, after the purification
process, can be effectively used to generate heat or energy.

The bio-oil yield is relatively high and ranged around 55%. The analysis of bio-
oil indicates that it is a carbon-rich oxy-fuel containing small amounts of nitrogen and
sulphur. Bio-oil, with a significant combustion heat of 36 MJ-kg~!, can provide a source
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of environmentally friendly green biofuel. Gasoline, diesel fuel, or alternative fractional
products can be obtained through distillation or various processes, such as Fischer-Tropsch
synthesis, cracking, and hydrogeneration. These products can be used alone or blended
with other conventional fuels.
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