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Abstract: This paper describes a single-stage synthesis process for activated carbon using cherry
seeds. The influences of the carbonization temperature and the time were investigated. Using the
BET method, the surface area of the obtained activated carbons was determined, as well as the pore
distribution, while SEM images provided further insight into the structure of the surface. Next, the
adsorption isotherm was derived. For the test, Pd(II) chloride complex ions were used. It was found
that the obtained activated carbon were suitable for palladium(Il) recovery from diluted aqueous
solutions. Out of the tested parameters of carbon synthesis, the most optimal one was found to be
500 °C for 3 h. Additionally, it was confirmed that the increase in the adsorption temperature affects
the increase in palladium load from 1.6 mg/g at 20 °C to 15.6 mg/g at 50 °C (for the best-performing
sample). This fact may suggest that the process of adsorption is associated with chemical reactions.

Keywords: adsorption; activated carbon; palladium; recovery; recycling; sustainable technology

1. Introduction

Sorption processes are widely used in environmental and industrial applications
for the removal of contaminants [1,2], as well as for the recovery of precious metals
from aqueous solutions [3,4]. Activated carbons have been recognized as one of the
most influential and versatile sorbents due to their high surface area, microporosity,
and adsorption capacity toward various heavy metals [5,6]. Moreover, using activated
carbon as sorbent may be eco-friendly as they can be derived from renewable resources
and easily regenerated and reused.

Palladium (Pd) is a precious metal that recently has gained increasing attention due
to its unique physical and chemical properties. Pd is widely used in various industrial
applications, such as in catalysis [7,8], electronics [9], and jewelry [10], and it is also an
essential component in automotive catalytic converters [11]. The industry of buying and
reusing catalytic converters is very lucrative since catalytic converters hold up to 7 g of
platinum (which is valued at around EUR 82), up to 7 g of palladium (which is valued at
around EUR 411), and up to 2 g of rhodium (which is valued at around EUR 974). Globally,
approximately 90 tons of platinum, 300 tons of palladium, and 30 tons of rhodium are
utilized annually for the production of catalytic converters. However, Pd is considered a
critical raw material due to its limited availability and high cost [12]. Therefore, developing
efficient and cost-effective methods for recovering Pd from aqueous solutions has become
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crucial in the sustainable management of this element [13]. A promising solution in this
field is the use of activated carbon obtained from organic materials.

There is a growing interest in the use of bio-waste precursors in the synthesis of
activated carbon. A particularly developed direction is the use of organic waste. Pyrolysis
of this type of material allows one to obtain valuable sorption materials while reducing
the need to store troublesome organic waste. Additional advantages of obtaining activated
carbon from bio-waste precursors are their low price and high availability, which applies
practically all over the world. This allows for logistically optimized sorbent production as
the material can be synthesized locally, which affects its price and availability [14]. This is
particularly important in countries with high environmental pollution, where processing
organic waste not only reduces their amount in landfills, but also obtains a sorbent that
allows one to adsorb toxins that have already penetrated groundwater and soil. It is,
therefore, necessary to further develop technologies for the synthesis of activated carbon
from organic waste, which could be implemented cheaply and quickly anywhere in the
world. For this reason, single-stage processes that are as simple as possible will be favored.

In research works from around the world, examples of the synthesis of activated
carbon from coconut shells [15-19], rice shells [20-22], banana peels [23], sugar cane [24-27],
bamboo [28], apricot stones [29], grape seeds [29], cherry seeds [30,31], and many others can
be found. Interestingly, the primary structure and naturally occurring chemical compounds
in these materials affect the properties of the activated carbon obtained from them. Thanks
to this, sorbents synthesized from different precursors may have different properties.
Usually, the carbon obtained in the pyrolysis process requires another process in which
its surface is activated, i.e., functional groups are attached to the surface carbon atoms,
affecting the properties of the sorbent [32,33]. In this process, strong inorganic acids, alkalis,
and oxidants are most often used [34-37]. Organic precursors contain chemical compounds
that could allow one to activate carbon that is already in the pyrolysis process [38]. Thanks
to this, it could be potentially possible to obtain activated carbon in this stage, which makes
the process much simpler and less labor- and energy-intensive.

The sorption capacity of activated carbon can easily be tested with the use of noble
metal ions as model systems and as a potential sorbent content [39]. Their high price is an
economic basis for developing a technology for their recovery with the use of sensitized
activated carbon. However, the sorption capacity of activated carbon can be successfully
used for the sorption of heavy metals [40], dyes [41] and other toxins, especially at the low
price of the obtained activated carbon.

This study focuses on the synthesis and sorption properties of activated carbon ob-
tained from cherry seeds to recover Pd(Il) from aqueous solutions. Cherry seeds are an
abundant waste material generated from the food industry, and their use as a precursor
for synthesizing activated carbon represents an eco-friendly and sustainable approach.
The scale of cherry seed production is very large as the seed makes up about 7-15% of
the fruit weight [42]. Although Turkey is the largest producer of cherries in the world
(approximately 914,000 tons produced in 2020), Poland also produces significant amounts
of this fruit (approximately 203,000 tons produced in 2020) [43]. This represents a large
enough market to develop methods to utilize the seeds produced by the industry rather
than simply treating them as waste.

The aim of this work is to investigate the sorption behavior of activated carbon
derived from cherry seeds toward Pd(Il) ions in aqueous solutions. The resulting carbon
was characterized using scanning electron microscopy (SEM) and Brunauer-Emmett-Teller
(BET) methods to determine their surface morphology and surface area, respectively. The
effects of various parameters, such as solution temperature, the temperature of cherry seeds
roasting, and initial Pd(II) concentration, on the sorption process will be evaluated. The
sorption isotherms and kinetics of Pd(Il) adsorption onto cherry-seed-derived activated
carbon will also be determined. Additionally, the point of zero charges for the activated
carbon obtained at different synthesis temperatures and times was determined to provide
insights into their surface properties and potential applications.
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Overall, the results of this study have the potential to contribute to the development
of efficient and eco-friendly methods for the recovery of Pd from aqueous solutions
while also promoting the usage of cherry seeds as a renewable resource for the synthesis
of activated carbon.

2. Materials and Methods

Cherry seeds were first grounded and then dried for 5 h in 100 °C with a drying oven
(VWR Collection, Lutterworth England). They were ground in a laboratory roller-ring mill
(EKO-LAB, Brzesko, Poland) for 30 s. The ground seeds were roasted in a tube furnace
(Czylok, Jastrzebie-Zdrdj, Poland) in a nitrogen atmosphere (99.999%, Air Liquide, Krakow,
Poland), with a flow rate of 20 L/h. The detailed parameters that were programmed into
the furnace for individual samples are shown in Table 1.

Table 1. Programmed parameters in the furnace for our samples.

Sample Number Synthesis Temperature [°C] Synthesis Time [h]
1 400 1
2 400 2
3 400 3
4 500 3
51 500 3
6 600 3
7 700 3

! This sample was not dried before grinding.

Carbon obtained from roasting cherry seeds was already activated (which is proved
in the following sections); hence, this single-stage synthesis was a success.

The obtained product was then analyzed to determine the exact influence of synthesis
time, synthesis temperature, and drying of seeds before grinding on carbon functionality.
The specific area of carbon was determined by BET analysis. Their adsorption capabilities
were tested by placing them in solutions containing Pd(Il) ions and then placing those
solutions in a shaker (ELPIN, Lubawa, Poland) for four days between each measurement
series to ensure that equilibrium concentration was reached. This shaker is equipped with
a water bath thermostatic system.

Stock solutions containing Pd(II) chloride complex ions were prepared as described in
our previous paper [44]. Next, a further dilution of stock solutions using 0.1 M HCI were
made to obtain the desired concentrations. In this way, solutions with Pd(II) concentrations
of 0.1, 0.25, 0.5, 1, and 2 mM were obtained. These solutions were used to carry out the
adsorption tests of the activated carbon obtained from cherry seeds. In each measurement
series, c.a. 0.334 g of carbon in 200 mL of solution was used. A spectrophotometer Jasco
model V-770 (Tokyo, Japan) and Hellma GmbH (Miillheim, Germany) analytics quartz
cuvettes (1 or 0.2 cm optical paths) were used to study the changes in Pd(II) concentrations
over time.

In order to determine the point of zero charges (ZPC) for the activated carbon obtained
with various synthesis parameters, as is described in Table 1, solutions with a pH of 2-12
were prepared. These solutions were based on 0.1 M NaNO3, acidified with 0.1 M HCIOy,
and alkalized with 0.1 M NaOH. The pH of the solutions during ZPC determination was
measured using a multifunctional ELMETRON CX-505 m (Zabrze, Poland). The device
was calibrated before measurement using the three-point method and buffers with pH
values of 1, 4, and 7 (POCH S.A., Gliwice, Poland,).

BET measurements were carried out on a Micromeritics ASAP 2010 device. The
samples were degassed at 200 degrees Celsius to a vacuum of 4 pmHg for 24 h. The
measurement starts after obtaining a vacuum of 10 pumHg in the measuring cell, with the
first measuring point at a pressure of 40-50 mmHg. The temperature of the measuring
cell was set to 77.35 K, and each sample was measured five times with increasing relative
pressure (the interval between measurements was 120 min).
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The Fourier-transform infrared (FT-IR) spectra (Nicolet 380, Waltham, MA, USA) were
determined. The FT-IR spectroscopy was performed using the transmission method. The
sample was ground in an agate mortar with 0.2 g of KBr (Merck, Germany, Darmstadt).
Since qualitative results will be sufficient for this analysis, we did not measure the specific
masses of carbon for these measurements, while the specific mass of KBr served a purpose
in achieving uniform pellets. Those pellets were prepared by using a punch with a 10 mm
diameter and a hydraulic press that generated a pressure of up to 10 MPa.

Differential thermal analysis and differential scanning calorimetry, DSC-TGA, were
used for the characterization process of the activated carbon synthesis with TA Instruments
SDT Q.600 (TA Instrument, New Castle, DE, USA). Thermal analyses of the cherry pit
materials were conducted in an air/Ar atmosphere with the flow of the gas equal to
100 mL/min unless otherwise stated.

3. Results
3.1. Effect of Synthesis Parameters on the Surface Area

The effect of the activated carbon’s synthesis parameters was investigated to determine
their impact on the resulting activated carbon properties. This study analyzed the influence
of synthesis temperature and the drying of the seeds before synthesis on specific surface
areas of obtained activated carbon. The results of the BET analysis are shown in Figure 1.

Figure 1a shows that increasing the synthesis temperature from 500 °C to 600 °C
results in an increase in the specific surface area of the activated carbon. During roasting,
the volatile organic compounds within the cherry seeds are removed, leaving behind a
carbonaceous residue. As the roasting temperature increases, the carbonaceous residue is
subjected to thermal decomposition, which results in the formation of new pores and the
expansion of existing ones. This, in turn, increases the surface area of the activated carbon.
However, too high a synthesis temperature can destroy the carbon structure, resulting in a
decrease in surface area and pore volume, which explains the significant decrease found in
the surface area of carbon roasted at 700 °C. The BET analysis of carbon obtained by the
synthesis at 400 °C resulted in an error. At low synthesis temperatures, the carbon structure
may not be fully activated and the resulting activated carbon may have fewer and smaller
pores than the activated carbon prepared at higher temperatures. This can lead to a lack of
uniformity in pore size and shape, resulting in errors in the BET analysis. The BET method
relies on a homogeneous surface for the accurate measurement of specific surface areas, so
a lack of uniformity in the pore structure of the activated carbon can result in an inaccurate
or unreliable BET analysis. Therefore, optimizing the synthesis parameters during the
preparation of activated carbon is important to ensure that the resulting material has a
uniform pore structure and is suitable for analysis by the BET method. Figure 2b shows
that drying the seeds before roasting makes virtually no difference in the resulting surface
area compared to seeds that were not dried.

In order to better characterize the structure of the obtained carbons, a longer analysis
was conducted for Sample no. 5. Figure 2c shows detailed N, adsorption and desorption
isotherms for this sample, which provides further insight into the porous structure of our
AC. It is important to note that the desorption curve should have a decreasing course with
increasing pressure, while in our case there is an area where this trend is reversed. This
is a result of the evaporation of nitrogen from the Dewar during the measurement since
this measurement lasted for over 30 h. Figure 1d shows the pore distribution in our carbon
sample. As can be seen, the nanopores are the leading contributors to the overall volume of
pores in the AC. Due to this fact, our AC may be more suited for adsorption of gases since
nanopores can be too small to efficiently adsorb large complex molecules/ions. In addition,
the wettability of its surface for solvent is also difficult to use.
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Figure 1. Results of the BET analysis: (a) influence of synthesis temperature on surface areas;
(b) influence of drying the seeds on surface areas before synthesis; (c) an example of adsorption and
desorption isotherms (Sample no. 4); and (d) an example of the pore distribution obtained from BJH
adsorption analysis (Sample no. 4).
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Figure 2. Effects of synthesis parameters on the PZC of the obtained activated carbon: (a) example
showing how to determine PZC (Sample no. 4); (b) influence of synthesis temperature; (c) influence
of synthesis time; and (d) influence of drying the seeds before synthesis.

3.2. Effect of Synthesis Parameters on the Point of Zero Charge

The point of zero charge (PZC) of the activated carbon is an important characteristic
that determines the surface charge behavior of the material under various environmental
conditions. The PZC of activated carbon is defined as the pH at which the material’s surface
carries no net electrical charge. Below the PZC, the surface of the material is positively
charged, while above the PZC, the surface is negatively charged. At the PZC, the material’s
surface is neutral and has no net electric charge. This is an important parameter that affects
the ion adsorption capabilities of activated carbon. In this study, we investigated the effect
of the synthesis parameters on the PZC of the activated carbon prepared from cherry seeds.
These results are gathered in Figure 2.

Figure 2a presents an example curve that was used to determine the PZC. Next,
Figure 2b presents the influence of the synthesis temperature of AC on the PZC. As can be
seen, higher temperature results in a higher value of PZC. Functional groups with lower
stability dissociate more quickly, undergoing thermal degradation more easily. This may
explain the shift of ZPC toward higher pH values. Figure 2c presents the influence of the
synthesis time of AC on the ZPC. As can be seen, the increase in synthesis time results in a
lower value of ZPC. However, the difference between synthesis in 2 and 3 h is negligible.

It should be noted that the first step of AC synthesis is the distillation of volatile
organic compounds. Most likely, during the first hour, not all the compounds evaporated.
Therefore, the ZPC of this coal is very high. It is also worth recalling the results of BET
measurements, which suggested that the complete carbonization process had not occurred.
Figure 2d shows the results related to the pre-treatment of the sample before AC synthesis.
During drying, the aroma was perceptible. This proves the release of volatile organic
compounds. Thus, pre-dried material undergoes the carbonization process differently
than non-dried ones. This is an exciting observation that has not been previously reported
in the literature.

The optimal synthesis conditions for preparing activated carbon with a low PZC were
a temperature of 400 °C and a synthesis time of 3 h. Under these conditions, the activated
carbon exhibited a PZC of 6.95 (closest to 7), which is favored for it not being a charged
[PACl,(H0);] complex adsorption.

3.3. DSC-TGA Analysis of Cherry Pits

The thermal analysis of cherry pits enables the determination of several key parameters.
Analysis was conducted in two different atmospheres: in argon and in air. Samples
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analyzed in argon were later subjected to tests in air atmosphere, and three tests of this
type were conducted. The results of these tests are shown in Figure 3.

The tests in an argon atmosphere correspond to the conditions required for synthesiz-
ing activated carbon from cherry seeds. The first observed exothermic peak in Figure 3a
at the beginning of analysis was commonly observed during the pyrolysis process of the
biomass, and a slow decline of the sample mass was caused mainly due to the evapora-
tion of moisture [45]. The intense decline of sample mass occurring after the temperature
reached about 250 °C is a result of the gradual decomposition of the organic compounds
contained in the plant tissues, while the slight change in the speed of this decline after
reaching about 350 °C is related to char degradation. Analysis of the air atmosphere allows
us to determine the total ash content in cherry seeds. It also makes it possible to check
whether the observed peaks are endothermic and whether they may be related to the evapo-
ration of volatile fractions. The results obtained are shown in Figure 3b. Finally, the ignition
temperature was investigated (see Figure 3c). As can be seen, the activated carbon ignited
at 492 °C. This is valuable information from the point of view of coal exploitation [46].

These results demonstrate the importance of analyzing materials under different
environmental conditions to fully understand their properties and behavior. TG and DTG
curves only reflect mass changes with temperature, and the changing trends of heat in the
whole process cannot be understood through them [47]. Additional information that can
be obtained from DSC-TGA analysis is the potential energy consumption of the process
when producing active carbons from such a precursor. Of course, we are talking here about
the energy necessary for the changes inside the precursor and not taking into account heat
losses, etc.
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Figure 3. Results of the DSC-TGA analysis: (a) sample in argon atmosphere; (b) sample in air
atmosphere; and (c) sample previously analyzed in argon, later subjected to test in air atmosphere.
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3.4. FT-IR Analysis of Activated Carbon

The FT-IR analyses were performed for all the obtained AC samples. This analysis
may provide evidence of the presence of functional groups in a carbon, and comparing
results for the individual samples gives information about which one has more of them in
those groups (sample with a higher number of peaks will naturally have more functional
groups). For this purpose, the AC samples were triturated with KBr, which has a 100% IR
transmittance. The crystal was then pressed out and analyzed. The obtained results are
shown in Figure 4.

Ak0 Atmospheric

140 (22
120
100
80
60
40
20

0

Transmittance [a.u.]

600 1600 2600 3600 ——7

Wavenumber [cm™]

Figure 4. FT-IR spectra of the synthesized carbon. Numbers in the legend correspond to the numbers
of the samples in Table 1.

Figure 4 shows that temperature and synthesis time significantly affected the func-
tional groups of the activated carbon. The analysis revealed that the carbon obtained at
higher temperatures generally showed smaller peaks in the FT-IR spectra. This suggests
that the higher temperature used during synthesis led to the destruction of the functional
groups responsible for the characteristic peaks in the FI-IR spectra.

The decrease in the number of functional groups in the activated carbon samples
synthesized at higher temperatures can be attributed to their breakdown in the precursor
during the process. As the temperature increases, the chemical bonds become weaker and
are more prone to breaking. This results in the removal of functional groups. On the one
hand, the presence of functional groups on the surface improves the wettability of activated
carbon by water [48]; on the other hand, the deprotonation of functional groups causes the
formation of a surface charge, which can block the adsorption of electrically non-neutral
particles [49].

In general, the FI-IR analysis provided valuable insights into the changes in the
chemical structure of activated carbon due to synthesis. The results suggest that the
synthesis conditions may significantly influence the properties of the activated carbon, and
understanding these changes is crucial for optimizing the production of activated carbon
with desired properties.

3.5. Adsorption Properties of Carbon

The adsorption properties of the activated carbon were evaluated by measuring the
Pd(II) concentration in the solution before and after contact with the activated carbon.
The Pd(II) concentration was determined with a spectrophotometer by measuring the
absorbance of the Pd(II) chlorine complex at a wavelength of 278 nm. It has already been
well documented in the literature that the molar absorption coefficient of Pd(Il) ions at a
wavelength of 278 nm is equal to 5980 dm3 cm~! mol~! [50], and this standard fits well
with our experimental data.



C 2023, 9, 46

90f18

In order to estimate the required time to attain equilibrium in the system, the kinetics
of adsorption for one of our samples was investigated. The result is shown in Figure 5.

100 @
e Sample nr 4
= 995 Starting [Pd(11)] =0.5mM
o Temperature = 30°C
5 9 pH=1
3 Mr = 1000 rpm
2 985 \ a
é i
o 98 °
= 975
g %]
97

0 100 200 300 400

Time [min]

Figure 5. An example of the kinetic curve for the adsorption process of Pd(Il) ions for Sample no. 4
(see Table 1).

As can be seen, the process is fast. Significant changes occur in the first 100 min.
Extending the experiment to 400 min causes further changes of no more than 0.3%. There-
fore, for the purposes of future work, it was assumed that equilibrium is reached after a
minimum of 96 h; this was assumed to ensure that the equilibrium was surely reached.

The Freundlich isotherms were constructed by applying a logarithmic version of the
Freundlich Equation (1) to our data, which allowed us to calculate the adsorption capacity
(X/m). This equation looks as follows [51]:

X 1
log p =log K + ;log Ceq 1)

where X is total mass of the Pd adsorbed (mg); m is the weight of the adsorbent, in this case
activated carbon (g); and K and #, at a given temperature, remain constant for a particular
adsorbate and adsorbent.

X/m can be calculated using the following Equation (2). It looks as follows [51]:

X (Co — ng) xV
e e @
m m
where Cy and C,; (mol/L) are the starting concentration and final concentration of Pd,
respectively, and the volume of the mixture (L) is represented by V.

The constants K and n were determined by plotting the logarithm of the amount of
Pd(II) adsorbed per unit weight of the activated carbon (log(X/m)) against the logarithm
of the Pd(Il) equilibrium concentration in solution (log(C)). Another way of presenting
the adsorption capacity of an adsorbent is to correlate it to the initial concentration of the
pollutant [52] or to its equilibrium concentration [53]. That is why we constructed graphs
showing the mass of the Pd(II) adsorbed per mass of carbon (X/m) for their respected
equilibrium concentrations. Results for sample nos. 3, 4, and 6 (see Table 1) are shown in
Figures 6 and 7, and the obtained values of constants K and n are presented in Table 2.
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Figure 6. Freundlich isotherms of the synthesized carbons: (a) synthesis temperature of carbon = 400 °C
(Sample no. 3); (b) synthesis temperature of carbon =500 °C (Sample no. 4); and (c) synthesis temperature
of carbon = 600 °C (Sample no. 6).

Table 2. The constants K and 7 obtained from Freundlich isotherms.

Sample Number Mixture Temperature [°C] K [(mg/g)(L/moD)"] n
20 0.22 1.69
3 30 0.24 1.76
40 0.80 1.41
50 1.73 1.34
20 0.28 1.44
4 30 0.46 1.27
40 0.29 1.41
50 0.31 1.64
20 0.49 1.36
6 30 0.72 1.18
40 0.67 1.25

50 0.31 1.69
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Figure 7. Mass of the Pd(II) adsorbed per mass of synthesized carbons: (a) synthesis temperature of
carbon = 400 °C (Sample no. 3); (b) synthesis temperature of carbon = 500 °C (Sample no. 4); and
(c) synthesis temperature of carbon = 600 °C (Sample no. 6).

Figures 6¢ and 7c consist of only four different equilibrium concentrations (while
the other graphs consist of five) because they lost their tightness, and the sample was
contaminated with coolant from the thermostat.

Figures 6 and 7 show that the activated carbon obtained from the cherry seeds exhib-
ited excellent sorption properties for the Pd(II) from aqueous solutions, while Table 2 shows
the obtained values of constants K and n. The adsorption capacity of the activated carbon
decreased with increases in the synthesis temperature. The activated carbon roasted at
400 °C for 3 h exhibited the highest adsorption capacity, and had the highest mass of Pd(II)
adsorbed per mass of carbon (15.6 mg/g), which is shown in Figure 7a. Increasing the
temperature of synthesis from 400 to 500 °C (Figure 7b) resulted in a maximum adsorption
capacity decrease to 7.1 mg/g, which is less than half of the previously achieved result.
Figure 7c represents the result of a further increase in synthesis temperature to 600 °C. How-
ever, due to the previously mentioned issue with the mixer, we cannot compare this graph
with values mentioned in Figure 7b,c, since they correspond to the initial concentration
of 2 mM. We can, however, compare the results for the initial concentration of 1 mM. For
the sample roasted at 600 °C, the maximum adsorption capacity was 4.4 mg/g, while this
capacity for the samples synthesized at 400 and 500 °C was 9.9 and 4 mg/g, respectively.

It was observed that an increase in adsorption temperature favored an increase in
adsorption capacity. This is the opposite effect to the typical phenomena of physical
adsorption from the gas phase. However, it should be borne in mind that Pd(II) adsorption
is carried out from aqueous solutions. In the aqueous phase, Pd(Il) has several different
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equilibrium forms. In Pd(II) the —Cl~ — H,O system at pH = 1 is the most dominant form
and should be [PdCl;(H,0O);] at approximately 55.87%, with [PdCl3(H,O)]~ being the
second most dominant at 39.03% [54]. These equilibria also depend on temperature. An
increase in temperature shifts the equilibrium of Pd(II) compounds in such a way that the
preferentially adsorbed form has a higher activity (concentration). Therefore, the adsorption
capacity increases with increasing temperature. For this reason, a thermodynamic analysis
of the adsorption process should be carried out with great care. Positive Gibbs free energy
is often observed for adsorption processes, especially for adsorptions that are conducted at
the condensed phase. There is a fundamental error here in assuming that only one process
depends on temperature.

3.6. SEM Images and EDS Analysis

Scanning electron microscopy (SEM) images were taken to investigate the surface
morphology and pore structure of the activated carbons synthesized from cherry seeds,
as well as to observe how the Pd was distributed on its surface after the adsorption
process. The SEM images were taken for the activated carbon, which performed best in the
adsorption experiments (Sample no. 3) when using the JEOL-6000 Plus instrument (Tokyo,
Japan). Energy-dispersive X-ray spectroscopy (EDS) analysis was conducted as well to
provide some insight into the chemical composition of our samples. The results are shown
in Figures 8 and 9, as well as in Tables 3 and 4.

Figure 8. SEM images of the activated carbon (Sample no. 3) before the adsorption process at
different magnifications: (a) 40 x magnification; (b) 500 x magnification; (c) 2000 x magnification; and
(d) 4000 x magnification (with marked points subjected to EDS analysis).
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Table 3. Results of EDS analysis for the AC before the adsorption process (Sample no. 3). Point
numbers correspond to the point numbers in Figure 8d.

Point Number Mass %
C N (o} Mg Si P K Ca
001 70.48 4.31 22.42 0.62 0.02 0.87 0.92 0.36
002 90.09 ND 9.27 0.02 0.33 0.06 0.18 0.04
003 81.33 241 14.67 0.20 0.36 0.45 0.32 0.26
004 85.34 ND 12.76 0.30 0.39 0.50 0.54 0.16

Figure 8 shows the SEM images of the activated carbon obtained from cherry seeds at
different magnifications. At low magnification (Figure 8a, 40x), the surface of the activated
carbon appears to be quite smooth at the outer parts and porous in the center. At medium
magnification (Figure 8b, 500x), the presence of micropores can be observed, which are
formed due to the removal of organic volatile matter during the activation process. The
micropores are well distributed throughout the surface of the activated carbon, providing a
sufficient surface area for adsorption. High magnifications (Figure 8c,d, i.e., 2000x and 4000,
respectively) provide further insight into the structure of our AC. The surface was highly
porous, and some white points can be observed, which indicates that something was already
adsorbed onto our carbon. The EDS analysis (Table 3) shows that the white points are parts of
the material containing nitrogen, among other elements such as Mg, P, K and Ca, all of which
are essential for all living things, including plants. Cherry seeds naturally have to contain
these elements; therefore, it is not surprising that our AC also contains them.

Figure 9. SEM images of the activated carbon (Sample no. 3) after the Pd (II) adsorption process at
different magnifications: (a) 40 x magnification; (b) 500 x magnification; (c) 2000 x magnification; and
(d) 4000x magnification (with the marked points subjected to EDS analysis).
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Table 4. Results of the EDS analysis for AC after the Pd(II) adsorption process (Sample no. 3). Point

numbers correspond to the point numbers in Figure 9d.

Point Number

N

(0]

Mass %
Si

P

Cl

Pd

001
002
003
004

69.58
56.73
57.98
75.89

11.40

8.29
ND

5.52

20.83

26.58
14.94
8.22

0.29
0.52
0.13
1.25

0.11
0.18
0.89
1.28

0.84
0.62
4.66
7.24

0.05

15.38

9.99
0.61

Figure 9 shows the SEM images of our activated carbon after the Pd(II) adsorption
process. At low magnification (Figure 9a, 40x), the surface does not appear to be very
porous; in fact, it looks quite smooth. At medium magnification (Figure 9b, 500x), the
porous structure can be observed, as well as multiple small white points. High magni-
fications (Figure 9¢,d, 2000 x and 4000 x ) reveal that those white points are quite evenly
distributed in the observed fragment of the carbon surface. Considering the fact that these
images were taken after the process of Pd(II) adsorption, the white points are probably Pd
particles. This was confirmed by EDS analysis (Table 4), which revealed high Pd content in
those areas, while also showing that, outside of them, the Pd content is negligible.

The SEM images and EDS analysis provided further evidence that AC made from
cherry seeds is suited for the adsorption of Pd.

4. Discussion

The synthesis and sorption properties of activated carbon obtained from cherry seeds
in the process of Pd(Il) recovery from aqueous solutions were investigated in this study.
In this section, we will discuss the study’s key findings and their implications, as well as
compare them with previous research in the field.

The results of this study demonstrate that activated carbon from cherry seeds have
a high adsorption capacity for Pd(II) ions from aqueous solutions. The activated carbon
was characterized by DSC-TGA, FT-IR, and BET analysis, which confirmed their surface
area and surface functionality to not be that high, especially for carbon synthesized in
elevated temperatures. However, their sorption capacity was found to be quite acceptable.
A comparison of our AC with some commercially available AC is shown in Table 5.

Table 5. Comparison of AC for Pd(II) adsorption.

Reference

Maximum
Adsorption pH
Capacity [mg/g]

Adsorbent Dose Initial Pd(II)

[g/L] Concentration [M] Temperature [°C]

This study (Sample no. 3)
Sample no. 4)
This study (Sample no. 5)

This study

(
(
(

15.6
6.69
4.37
27
35.7
51.6
414

1.67 0.002 50
1.67 0.002 50
1.67 0.001 50
5-7.5 0.0018 25
6 0.0009 45
0.61 0.1 20
0.7 0.1 20

= N R e

As can be seen in Table 3, the Pd(II) adsorption capacity of our AC (synthesized in
400 °C, Sample no. 3) was not significantly smaller when compared to some commercially
available AC (which were found in the literature). Since low-cost adsorbents made from
agricultural, industrial, and natural materials tend to have inferior adsorption properties
compared to adsorbents made from high-end materials in well-optimized conditions, our
carbon made from cherry seeds have huge potential. Moreover, the utilization of cherry
seeds, which are a byproduct of the food industry, for the synthesis of activated carbon can
provide a sustainable and eco-friendly approach to the recovery of Pd(II) ions from aqueous
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solutions. Our AC synthesized in 500 °C (Sample no. 4) and 600 °C (Sample no. 5) were
characterized by very poor adsorption capacity, which is further highlighted by comparison
to commercially available AC. As we stated in previous subsections, optimizing synthesis
parameters is crucial to obtain the most efficient AC possible, and this also means that it
is likely possible to obtain carbon from cherry seeds, which will have higher adsorption
capacities than our best performing sample (no. 3).

5. Conclusions
Based on the presented results, the following conclusions can be drawn:

e  The temperature and time of the synthesis have an immense effect on the properties
of the resulting carbon. Increasing the synthesis temperature from 500 °C to 600 °C
resulted in drastically degrading the carbon specific area. Synthesis parameters also
significantly affected the PZC of the obtained carbon—the PZC decreased with longer
synthesis time and increased with higher synthesis temperatures. Elevated synthesis
temperatures also negatively affected the presence of the functional groups in the
obtained carbon, which was shown by the FT-IR tests;

e  Adsorption tests showed a near-linear correlation between the adsorption capacity of
the carbon and equilibrium Pd(II) concentrations. The highest value for adsorption
capacity we obtained was 15.6 mg/g, which was for carbon synthesized at 400 °C
for 3 h. Carbon synthesized in elevated temperatures showed worse adsorption
properties, thus corresponding with other tests we conducted (such as FT-IR showing
less functional groups for those carbons). It is very likely that further optimization of
synthesis parameters will result in AC that will outperform our sample synthesized at
400 °C;

e Pd(II) adsorption from aqueous solutions was carried out, where several different
equilibrium forms were present. In the Pd(II)~ C1™—H,O system at pH = 1, the most
dominant form is [PdCl,(H,0),] at approximately 55.87%. Since the activated carbon
surface is negatively charged at pH = 1 (as concluded by determination of the PZC),
it is suggested that this complex is preferably adsorbed as all other complexes are
negatively charged and thus will be repelled from AC. The only exception would be a
[PACI(H,0)3]* complex, which will be attracted to negatively charged AC; however,
it has a miniscule share of about 3.37% [50].
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