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Abstract: The influence of the addition of expired paracetamol, naproxen, ibuprofen, and
their blend on the course of pyrolysis of sunflower stalks was studied using the gravimetric
technique as well as the techniques of IR and UV, XRD, and SEM and EDX spectroscopies.
It was ascertained that ibuprofen has the highest effect in reduction of hydrocarbons in
the composition of volatile pyrolysis products, which lowers the contribution of bands:
saturated and unsaturated hydrocarbons by about 2.36 times; compounds with carbonyl
groups by almost by three times; and the contribution of alcohols, phenols, and esters
by 2.5 times in the FT-IR spectra. The reasons for a greater effectiveness of ibuprofen in
reducing hydrocarbons in volatiles can be its lower temperature of decomposition and
distinct composition of formed volatile pyrolysis products. Up to the temperature of 450 ◦C,
paracetamol inhibits the migration of AAEMs from the pyrolyzed sample, the blend of
pharmaceuticals accelerates the migration of all AAEMs except inorganics with Mg atoms.
In the sediment of char of ibuprofen additive, there is a higher amount of Ca, Mg, and
Cl atoms than in other chars, which can explain a greater influence of ibuprofen on the
reduction of hydrocarbons in the composition of volatiles.

Keywords: energy recovery; circular bioeconomy; NSAIDs disposal

1. Introduction
The withdrawal of fossil fuels from energy production and the adaptation to the

circular bioeconomy require a more rational approach to the thermal processing of biomass,
including agricultural biomass waste. From the viewpoint of carbon neutrality, biomass
is perceived as a good source of energy. However, the presence of polycyclic aromatic
hydrocarbons, polar compounds, and compounds containing carbonyl groups in volatile
products of biomass decomposition can lead to their aggregation and formation of particu-
late matters (PM) [1,2] that negatively affect human health and the natural environment.

In order to dispose of compounds polluting the environment, the optimization of
biomass energy processing should be achieved in two ways:

(a) to develop the construction of appropriate technical devices and apparatus in the form
of various purifying filters, adsorbers, and absorbers, removing harmful substances
from volatile products of biomass pyrolysis;

(b) to introduce the so-called auxiliary raw materials into the composition of processed
biomass, the use of which leads to a reduction of harmful compounds in the composi-
tion of pyrolysis products in the energy recovery process.
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The first way requires high investment costs and costs connected with the use of
chemical reagents or regeneration of adsorbents and absorbers. The second way seems to
be much simpler and cheaper provided that wastes are taken as auxiliary raw materials.

Sunflower stalks are attributed to the waste biomass emerging during vegetable oil
production. Sunflower oil is the second most popular vegetable oil in Poland. The world
production of sunflower oil reaches almost 21 million tons and Poland’s participation
in its imports was 13.3%. The wastes from oil production are generated in many farms
and cause certain problems with regard to their energy utilization for local farmers. So
far, no effective and simple methods for energy recovery from these wastes on small
farms have been proposed due to the lack of information on threats that may arise during
energy processing.

Organic wastes include expired pharmaceuticals that are generated in households
and require high disposal costs. The non-steroidal anti-inflammatory drugs (NSAIDs)
available in pharmacies without prescription constitute the largest group of expired waste.
Mgharbel et al. [3] suggest that the pyrolysis of pharmaceutical wastes can be an ecologically
sufficient and an economically sustainable treatment of pharmaceutical wastes in the
context of circular economy. The expired NSAIDs were added to hard bituminous coals
in order to improve the plastic properties of a high volatile bituminous coal [4] and to
decrease the coking pressure of dangerous coals [5]. It was stated recently that expired
pharmaceuticals can be disposed during their co-pyrolysis with specific types of biomass,
reducing the amount of hydrocarbons in the composition of volatile products [6]. It
was ascertained in this publication that paracetamol and naproxen additives reduce the
presence of harmful compounds during their co-pyrolysis with pea husks, do not change the
composition of volatiles from their co-pyrolysis with corn cobs, and increase the presence
of undesirable substances during co-pyrolysis with sunflower insolence.

Similar to other agricultural biomass species, sunflower stalks are classified as ligno-
cellulosic biomass, the main components of which (hemicellulose, cellulose, and lignin)
are decomposed during pyrolysis in certain temperature ranges [7]. Aldehydes, ketones,
phenols, alcohols, furan, and pyran compounds, along with other reactive chemical com-
pounds, are present in the composition of products of their thermal decomposition [8–10].
The explanation of the mechanism of thermochemical changes taking place in samples
of lignocellulose biomass is a complex task that faces many difficulties. There are some
interactions between the components of biomass and the products of their decomposi-
tion during pyrolysis that affect both the yield of pyrolysis products [11–13] and their
composition [14–16]. Moreover, during pyrolysis interactions occur between the volatile
products of pyrolysis and the formed char that regulate the course of secondary reactions be-
tween compounds present in the gas phase [17–19]. Apart from biogenic elements, biomass
also contains inherent inorganic species that occur in the form of metalloporphyrins, which
are organic minerals such as Ca-Mg-K-Na oxalates, organic calcium compounds, soluble
salts, insoluble minerals, etc. [20–22]. It has been established that inorganics can influence
the thermal behaviour of biomass, and change the yield of pyrolysis products [20,23] and
the composition of volatile products [21,24–27]. During the process of pyrolysis, inorgan-
ics can migrate in a pyrolyzed sample and escape from biomass together with volatile
products [28,29]. The migration process of inorganics can lead to changes in their concen-
tration in the studied samples, thus affecting the interaction between biomass components
and the volatile–char interactions.

In light of the currently prevailing principles of circular economy, it made sense to
investigate the influence of expired NSAIDs such as paracetamol, naproxen, and ibuprofen
on the changes in composition of volatile products of pyrolysis of sunflower stalks and
to evaluate the impact of each additive. Taking into account the possibility of collecting
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expired pharmaceuticals and segregating them into types, it was essential to study the
influence of a 1:1:1 blend of paracetamol, naproxen, and ibuprofen on the changes in
composition of volatiles and present the characteristics of the obtained pyrolysis products

2. Materials and Methods
2.1. Materials

The research objects (sunflower stalks) were washed in distilled water and dried
first at room temperature and then in a vacuum drier (VDL23 manufactured by Binder
GmbH, Tuttlingen, Germany). Sunflower stalks (SS) were blended with the crushed tablets
of expired NSAIDs, such as naproxen (NP), paracetamol (PR), ibuprofen (IB), and their
ternary blend (BL). According to the IUPAC nomenclature, paracetamol (called N-(4-
hydroxyphenyl) acetamide was the pharmacologically active substance in APAP tablets,
naproxen (called 2-(6-methoxynaphthalen-2-yl) propanoic acid) in Apo-Napro tablets, and
Ibuprofen (called (RS)-2-(4-(2-methylpropyl)phenyl)propanoic acid) in IBUPROM tablets.
Before testing, tablet coatings containing excipients were removed.

An Elementar Vario Micro Cube CHNS Analyzer (Elementar Analysensysteme GmbH,
Langenselbold, Germany) was used for the ultimate analysis of a single SS sample, and the
content of inorganic elements was determined with a Thermo Scientific Niton Goldd+ ana-
lyzer (Thermo Fisher Scientific Inc., Waltham, MA, USA). Table 1 presents the characteristics
of the SS sample.

Table 1. The characteristics of SS sample.

Ultimate analysis [%]

Cd 44.60 ± 0.02
Hd 6.05 ± 0.01
Nd 0
Sd 0
Ad 4.91 ± 0.08
Oadiff 43.44 ± 0.04

Content of inorganic elements [mg·kg−1]

Si 4728 ± 277
P 280 ± 113
S 1442 ± 86
Cl 4931 ± 62
K 7476 ± 115
Ca 26,344 ± 421
Zn 37 ± 5

Higher Heating Value [MJ·kg−1]

HHVb 17.99 ± 0.12
(a) calculated by difference, Odiff [%] = 100 − C − H − N − S − Ash; (b) calculated by HHV [MJ·kg−1] = 0.3491·Cd

+ 1.1783·Hd + 0.1005·Sd − 0.0151·Nd − 0.1034·Odiff − 0.0211·Ad; (d) dry basis.

The confidence interval in the determination of inorganic content was checked by
comparison with the reference materials: NIST-1575a (Pine Needles), NIST-1573a (Tomato
leaves), and IC-INCT-PVLT-6 (Tobacco leaves). As shown in Table 1, the excessive content
of O element in the SS sample can result in an increased content of oxygen-containing
compounds in the products of its pyrolysis and combustion. The values of the HHV
parameter of the SS sample are similar to those of other biomass types studied in works by
other authors [30,31], which confirms the possibility of using SS wastes in energy recovery.

The SS sample and the tablets of expired pharmaceuticals were ground to grains of
<0.2 mm in size. The blends with SS were prepared from the ground material with the
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additions of 2 wt.% of NP, PR, IB, and BL. Weighing was performed on a Precisa 92SM-202A
analytical balance (Precisa Instruments AG, Dietikon, Switzerland) with an accuracy of four
decimal places. The prepared blends were densified into tablets with the following density:
with NP—1.035 ± 0.035 g·cm−3, with PR—1.027 ± 0.019 g·cm−3, with IB—1.028 ± 0.023
g·cm−3, and with BL—1.031 ± 0.025 g·cm−3. The density of tablets of the SS sample without
additives was 1.011 ± 0.014 g·cm−3.

2.2. Methods
2.2.1. Pyrolysis of Studied Samples

The densified samples were heated to a temperature of 780 ◦C in a Q50 thermobalance
(TA Instruments Inc., New Castle, DE, USA) under a high-purity nitrogen atmosphere with
the heating rate of 10 ◦C·min−1. The carrier gas flow rate through the thermobalance was
10 mL·min−1, and through the transfer line, 90 mL·min−1. The TGA curves of the weight loss
of samples were recorded along with the DTG curves of the weight loss rate. The obtained
DTG curves were deconvoluted with an OMNIC9.2.86 software to determine the contribution
of basic components of biomass in the formation of these curves according to the procedure
described in works [32,33]. During the deconvolution of DTG curves, the temperature ranges
of decomposition of hemicellulose, cellulose, and lignin [7] were taken into account.

Figure S1 presents the examples of DTG curve fittings. The fitting was performed
automatically after assigning the Gaussian/Lorentzian function. The surface areas of
sub-peaks corresponding to the weight loss rate of biomass components were calculated
by software. The contribution of individual components was calculated assuming the
surface of DTG peak as 100%. The changes in the surface of the sub-peak of the studied
component indicate changes in its thermal stability and its contribution to the formation
of the DTG curve under the influence of the additive. The volatile products of pyrolysis
were transported via Interface (Thermo Fisher Scientific Inc.) to a Nicolet iS10 spectrometer
(Thermo Fisher Scientific Inc.), by which their FT-IR spectra were registered.

The FT-IR spectra were elaborated by an OMNIC9.2.86 software in order to remove the
non-specific background and to measure the surface of bands. Moreover, the FT-IR spectra
of volatile products were normalized with regard to the height of CO2 band. The ratios
of surfaces of the bands assigned to saturated and unsaturated hydrocarbons (ACH, the
range of wavenumbers of 3250–2500 cm−1), compounds with carbonyl groups (ACO, the
range of wavenumbers of 1900–1600 cm−1), alcohols, phenols, and esters (AAPE, the range
of wavenumbers of 1320–900 cm−1) to the surface of CO2 band (ACO2) were calculated.
The obtained ratios were taken into account during the analysis of the influence of the used
additives on the changes in contribution of hydrocarbons in the composition of volatile
products of studied samples. Additionally, the expired pharmaceuticals and their blend
(1:1:1) were pyrolyzed separately in a thermobalance under the same conditions as the
biomass samples. The TGA and DTG curves along with the FT-IR spectra of volatile
products of pyrolysis of the additives (PR, NP, IB, and BL) were recorded.

In parallel, all studied samples were put in quartz cuvettes, then placed in a Czylok
(Company PRC 70x708/110 M, Jastrzębie-Zdrój, Poland) tube furnace and pyrolyzed
under a 99.999% nitrogen atmosphere with an average heating rate of 10 ◦C·min−1 to a
temperature of 450 ◦C. The carrier gas flow rate was 330 mL·min−1. The isothermal hold
was 30 before cooling in nitrogen. The formed volatiles were passed through a methanol
layer cooled by ice-water to obtain a material condensed in methanol.

2.2.2. Spectroscopic Investigations

After removal of methanol, the condensates were kept under a vacuum until their
weight was constant and then studied in a Nicolet iS10 spectrometer equipped with a
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Smart MIRacle module and ZnSe monocrystal. The ATR spectra were recorded in the
wavenumber range of 4000–600 cm−1. OMNIC9.2.86 software was applied to remove the
non-specific background, to include the local optical minima, and to normalize spectra
automatically to make their visual comparison easier. The height of the band near the
wavenumber of 1600 cm−1 was taken as reference because it corresponds to the bonds of
C=C type.

Next, the condensates weighing 0.0001 g were poured into a laboratory glass beaker
and dissolved in 50 mL of acetonitrile. The dissolution was ultrasonically assisted. The
recording of spectra was conducted in a double-beam Jasco V-630 spectrophotometer in the
wavelength range of 190–350 nm. The UV spectra were normalized at the wavelength of
190 nm by a Jasco Spectra Manager II software version 2.08.04.

2.2.3. Investigations of Chars

The XRD, SEM, and EDX techniques were used to analyze the obtained chars. The samples
were first heated in a tube furnace to a temperature of 450 ◦C and then studied at room
temperature with an X’Pert Pro X-ray diffractometer (PANalytical Company, Malvern, UK). The
diffractometer modes were as follows: U = 40 kV, I = 45 mA, range of 2θ = 10–55 deg., with a
step of 0.033 deg. Before analysis, all samples were crushed in an agate mortar. Additionally,
10% NaF used as an internal standard was added to the samples prepared this way and then
mixed well. The samples were weighed by a Precisa analytical balance with the accuracy of four
decimal places. The normalization of diffractograms was conducted with respect to the height
of (002) the reflex from NaF. The calculations of ratios of the integral intensity of common reflex
of γ-fraction and (002) chars to the integral intensity of (002) reflex from NaF were carried out
along with those of inorganics.

The chars heated to a temperature of 750 ◦C in a Q50 thermobalance were separated
into surface, subsurface, and inner layers, then pasted onto the adhesive tape of the
sampler and placed in a Quanta 3D FEG scanning electron microscope (SEM). The EDX
microanalysis was carried out to obtain information about the elemental composition of the
material of separated layers of chars from all samples. The accelerating voltage was 20 keV.

3. Results and Discussion
3.1. Changes in Composition of Volatile Products of Pyrolysis

Figure 1 presents the FT-IR spectra of volatile products from the SS sample and its
blends with pharmaceuticals at a temperature of 335 ◦C and at the maximum weight loss
rate (350 ◦C).

A visual comparison of the surface of bands in the normalized FT-IR spectra indicate
that the used PR, NP, and IB additives, along with their BL blend, reduce the surface
of bands assigned to saturated and unsaturated hydrocarbons (CH), compounds with
carbonyl groups (CO), alcohols, phenols, and esters (APE) in the composition of volatile
products of the blends from the SS sample with additives. The calculated values of the
ratios of band surfaces for the sample without additives (S) to the corresponding band
surfaces of samples with Sad additives (emitted at the temperature of 350 ◦C) are presented
in Table 2.

The data in Table 2 clearly indicate that the greatest reduction in the surfaces of bands
of hydrocarbons in the composition of volatiles is caused by the IB additive. The total
surface of CH band in volatiles from the sample with IB decreases by 2.36 times, that of
CO band by 2.98 times, and that of APE band by 2.51 times. The blend of pharmaceuticals
containing 33.3% of the IB additive has a lower effect on reduction in CH in volatiles than the
PR and NP pharmaceuticals used separately, but it is more efficient in the reduction in CO
and APE than the NP additive. The presented data clearly imply that the used additives
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effectively reduce the contribution of CH, CO, and APE in the composition of volatile
products that can lead to the formation of PM in the products of biomass combustion [1,2].
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Figure 1. The FT-IR spectra of volatile products of pyrolysis from the SS sample and its blends
with additives.

Table 2. The ratios of surfaces of bands in the FT-IR spectra of blends of the SS sample with additives
(Sad) to the corresponding bands in the FT-IR spectra of a single SS sample (S).

Sample

Band in FT-IR Spectra

HC
(Range 3250–2500 cm−1)

CO
(Range 1900–1600 cm−1)

APE
(Range 1320–900 cm−1)

With IB 2.36 ± 0.14 2.98 ± 0.11 2.51 ± 0.15
With PR 1.33 ± 0.17 1.39 ± 0.08 1.35 ± 0.11
With NP 1.35 ± 0.12 1.23 ± 0.10 0.83 ± 0.12
With BL 1.26 ± 0.12 1.38 ± 0.15 1.17 ± 0.17

The used additives were pyrolyzed in the thermobalance in order to explain the reasons
for changes that were observed in Figure 1. The TGA and DTG curves (Figure 2a,b) prove that
the temperatures, at which an active decomposition of the used additives begin, vary. It should
be noted that these curves are similar to those presented in the literature [34–38]. Naproxen has
a softening temperature of approx. 156 ◦C [34], and paracetamol, 169.55 ◦C [35]. That is why
their decomposition takes place at higher temperatures compared to ibuprofen: paracetamol
intensively decomposes at T = 275 ◦C [35], and naproxen—at 287.0 ◦C [36]. The IB sample starts
to decompose at a lower temperature (Figure 2a). According to Lerdkanchanaporn [37], the
evaporation of ibuprofen starts at a temperature of 73.5–74.88 ◦C and ends when the boiling
temperature is reached. Krupa et al. [38] point out that ibuprofen totally evaporates at a
temperature of 250 ◦C. The weight loss rate of the IB additive is the highest at a temperature of
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184 ◦C (Figure 2b). Apart from the maximum at this temperature, there are two smaller maxima
near 230 and 340 ◦C in the DTG curve. The occurrence of these maxima influenced the shape of
the TGA curve, in which some abrupt changes are present. As a result of pyrolysis, IB loses 93%
of its weight. Such abrupt changes are not noticeable in the TGA curves of PR and NP samples.
PR and NP completely decompose during pyrolysis whereas BL sample retains 2% of its weight
after pyrolysis.
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According to the authors of works [39–41], the pyrolytic atmosphere influences the
course of pyrolysis process to a great extent. The FT-IR spectra of volatiles in Figure 2c prove
that the ‘atmospheres’ formed by the products of the decomposition of pharmaceuticals
inside densified blends are different. This gives grounds to suggest that in these ‘atmo-
spheres’ there are compounds that substantially differ both by the presence of functional
groups and their contribution ratios. The volatile products of distinct composition as well
as the radical recombination products, which were formed as a result of thermal destruction
of pharmaceuticals, interact with biomass components in different ways. The IB additive
has the greatest effect in reducing the contribution of hydrocarbons and compounds with
carbonyl groups in the composition of volatiles (Figure 1). This additive decomposes
at a temperature lower than that for other additives. That is why the products of such
decomposition ‘start’ an active pre-treatment of SS material much earlier.

Figure S2 presents the identification data of volatile pyrolysis products of used ad-
ditives based on a comparison with the Aldrich Vapor Phase Sample Library. It follows
from the comparison that norcamphor is present in volatiles of IB sample, among other
components (the match factor is 80.12). The software does not suggest the presence of this
compound in volatile products of other pharmaceuticals. This gives rise to the assump-
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tion that the presence of this compound in volatiles of IB sample can be the main reason
for its greater influence on the reduction in hydrocarbons in volatile pyrolysis products.
Figure 3a,b present the results of a thermogravimetric investigation of an SS sample and its
blends with additives. The distinct temperatures of intensive decomposition of pharmaceu-
ticals and the differences in composition of the products of their pyrolysis influence their
interaction with SS material in various ways. The weight loss of blends with PR, NP, IB,
and BL is the same at a temperature of 335 ◦C and totals 55.6% (Figure 3a). However, the
products of decomposition of IB only cause a visible reduction in the bands of hydrocarbons
in the FT-IR spectra (Figure 1).
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The differences in shape of the TGA curves (Figure 3a) become more visible at temper-
atures above 350 ◦C. There are visible bends in the shape of the DTG curves of samples with
additives in the temperature range of 270–350 ◦C. The occurrence of these bends implies
that, under the influence of additives in this temperature range, the thermal stability of
these biomass components, the weight loss of which causes the changes in shape of the
DTG curves (Figure 3b), varies. The deconvolution results for these curves are presented
in Figure 3c. This figure presents the values of surface areas of sub-peaks corresponding
to particular biomass components. An increase in surface area of the sub-peak of the
component indicates the intensification of its decomposition and a greater contribution
in the formation of the DTG curve. Such an increase in surface of a peak results from a
decrease in thermal stability of the component in the biomass material. The presented
deconvolution results show that the contribution of hemicellulose component in the for-
mation of the DTG curve of studied samples is much greater than that of cellulose and
lignin, and changes from 43.0% to 50.4%. The values in Figure 3c are somehow higher than
the values of basic biomass components determined by chemical methods as presented
in the literature [42,43]. Thus, the data in Figure 3c imply that the additives change the
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decomposition rate of basic biomass components in a different way. Namely, PR and IB
additives restrain the decomposition of lignin, PR and NP additives do not affect the overall
cellulose decomposition, whereas the BL additive inhibits it. All additives used in the in-
vestigation intensify the decomposition of hemicellulose because, under their influence, the
contribution of hemicellulose in the creation of DTG curves increases. This may facilitate
the reduction in hydrocarbons in volatile products. Fushimi et al. [44] also pointed out
that the addition of xylan, which is a basic hemicellulose component, greatly enhances the
evolution of gases (CO2, CO, CH4 and H2) during its interaction with cellulose and lignin in
the pyrolysis process. Moreover, while studying volatile-char interactions, Ding et al. [45]
also noted that the change in composition of hemicellulose can affect these interactions and
regulate the composition of volatiles. In Figure 3a,b, there are visible changes in the shape
of TGA and DTG curves at temperatures above 425 ◦C. These changes can result from the
aforementioned interactions of the chars formed from blends and the volatile products
of pyrolysis, which affect the course of secondary reactions between compounds in the
composition of volatiles [20,21,24,25].

3.2. Results of Spectroscopic Investigation of Studied Pyrolysis Products

The evidence of the changes in composition of the volatile products of co-pyrolysis of
the studied samples is the ATR spectra of the material condensed in methanol (Figure 4).
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A comparative analysis of the normalized ATR spectra of the condensed material
obtained during the co-pyrolysis of blends and single SS sample shows that the additives
increase the surface area of a broad band in the range of 3700–2400 cm−1. Within this
range, bands from hydrogen bonds occur, indicating a greater presence of compounds with
hydroxyl groups. This gives grounds to suggest that there is an increase in the amount
of polar compounds capable of aggregation in the composition of studied condensates.
The BL additive has a greater effect on the formation of hydrogen bonds. At the same
time, the contribution of compounds of Cal-H type lowers in the condensates from blends
with additives.

There is a reduction in height in the 1800–900 cm−1 wavenumber range for band 2 (quinines
and quinines methides—the band of spectrum near 1657 cm−1), band 5 (pyran ring symmetric
scissoring C-H deformation, asymmetric in-plane fragments from lignin and hemicellulose—the
band of spectrum near 1374 cm−1), and band 6 (pyran ring symmetric scissoring C-H deforma-
tion, asymmetric in-plane fragments from lignin and hemicellulose—the band of spectrum near
1330 cm−1). However, a height increase for bands 7 (C-O-C stretching vibration ring skeletal
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pyranose—the band of spectrum near 1170 cm−1) and 8 (C-O stretching in cellulose—the band
of spectrum near 1080–1020 cm−1) suggests that the amount of decomposition products from
cellulose and lignin becomes greater in condensates. The addition of NSAIDs distinctly alters
the height of bands 1 (C=O vibrations of esters, ketones, and aldehydes—the band of spectrum
near 1710 cm−1) and 4 (aromatic skeletal vibrations of guaiacyl rings—the band of spectrum
near 1515 cm−1).

Attention is drawn to the fact that the surface area of the band of Car-H vibrations
in the range of 900–600 cm−1 increases. Such an increase indicates a rising amount of
basic aromatic hydrocarbons in the condensed material. These aromatic hydrocarbons can
aggregate with polar compounds and compounds capable of forming hydrogen bonds [1,2],
which, in turn, reduces their release during the pyrolysis process and thus increases their
presence in char. This suggestion can be confirmed by a decrease in weight loss of the SS
sample with BL additive during pyrolysis at a temperature above 350 ◦C (Figure 3a).

Further evidence of the influence of small amounts of additives on changes in the
composition of volatile pyrolysis products in the SS sample is provided by the normalized
UV spectra in Figure 5. Figure 5 shows that the UV spectra of the condensates of the studied
samples differ by the shape of the curves. Attention should be drawn to the spectrum of the
condensate from the SS sample with NP additive which is characterized by higher values of
absorbance and the presence of two distinct maxima near 205 and 225 nm. The presence of
these maxima implies the presence of two groups of cyclic compounds with chromophore
groups in the condensed material. In the spectrum of the condensate with BL additive near
225 nm, there is a visible maximum, but its absorbance is much lower in comparison to
the absorbance of the maximum of the condensate of the SS sample with NP additive. The
presence of this maximum in the curve of the condensate of the blend with BL additive can
prove the influence of NP additive that is present in BL additive in the amount of 33.3%.
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3.3. Results of Investigation of Chars

Figure 6a presents the diffractograms of the SS sample and its blends with additives
pyrolyzed at the temperature of 450 ◦C, which were obtained at room temperature in the
range of 2θ angles from 10 to 55 degrees. The values of the ratios of integral intensity of
selected reflexes to the integral intensity of (002) reflex from NaF (parameter Aγ+char/ANaF)
were calculated.

It is noteworthy that the contribution of C atoms involved in the coherent scattering
of reflected X-ray beams and in the formation of the total (002) reflex of char and the
γ-fraction in the range of 15–33 degrees increased under the influence of additives. Under
the influence of IB additive, this Aγ+char/ANaF parameter increased to the value of 1.81, and
under the influence of BL additive it rose to the value of 1.96. This confirms the suggestion
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about a possible increase in aggregation of basic aromatic hydrocarbons under the influence
of BL additive, leading to their condensation on the surface of char.

Energies 2025, 18, x FOR PEER REVIEW 11 of 20 
 

 

 

Figure 5. The normalized UV spectra of condensates of the SS sample and its blends with addi-
tives. 

3.3. Results of Investigation of Chars 

Figure 6a presents the diffractograms of the SS sample and its blends with additives 
pyrolyzed at the temperature of 450 °C, which were obtained at room temperature in the 
range of 2θ angles from 10 to 55 degrees. The values of the ratios of integral intensity of 
selected reflexes to the integral intensity of (002) reflex from NaF (parameter Aγ+char/ANaF) 
were calculated. 

 

Figure 6. The diffractograms of chars from SS samples and their blends with additives (a) along with 
the results of calculation of the surface area of reflexes from inorganics to the surface area of (002) 
reflex from NaF (b). 

It is noteworthy that the contribution of C atoms involved in the coherent scattering 
of reflected X-ray beams and in the formation of the total (002) reflex of char and the γ-
fraction in the range of 15–33 degrees increased under the influence of additives. Under 

Figure 6. The diffractograms of chars from SS samples and their blends with additives (a) along with
the results of calculation of the surface area of reflexes from inorganics to the surface area of (002)
reflex from NaF (b).

The calculations of the surface of reflexes from inorganics imply that the ratios of their
integral intensity to that of NaF (parameter AIn/ANaF in Figure 6b) changed under the
influence of used additives. The data presented in Figure 6b show that the addition of PR
up to the temperature of 450 ◦C stops the migration of inorganics with K and Ca atoms
and does not affect the migration of Mg atoms because the parameters of corresponding
AIn/ANaF are higher for the char from blend with PR additive compared to the results for
the char sample without additive.

Other additives generally accelerate the release of inorganics containing K atoms from
chars. At the temperature of 450 ◦C, the exceptions are inorganics with Mg atoms that do
not migrate with volatiles, that is why their content in all chars is the same. IB and NP
additives do not facilitate the release of Ca atoms up to the temperature of 450 ◦C, but the
BL additive accelerates its migration.

The phenomenon of migration of alkali and alkaline earth metals (AAEMs) with
volatile products of pyrolysis has been noticed by many researchers [27,29,40,41,46,47].
Keown et al. [28] calculated that more than 80% of inherent Na, K, Mg, and Ca atoms can
be released from biomass. However, Long et al. [29] presented the following data on the
release of AAEMs during the pyrolysis process: 53–76% are alkaline metals and 27–40% are
alkaline earth metals. This also applies to inorganic species that can catalytically affect the
thermal conversion of biomass [27,46,48]. According to Feng et al. [41], volatile AAEMs
present in volatile products of biomass pyrolysis can accelerate homogeneous secondary
reactions of these products. Yu et al. [49] suggest that the presence of AAEMs can change
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the distribution of volatiles, increase their concentration of CO2 and H2, and inhibit the
production of CO, CH4, and C2H4. This implies that, under the influence of AAEMs present
in biomass, the concentration of CO2, H2, and CH4 in the composition of emitted pyrolytic
gases can undergo changes [27,46,50]. Such changes are observed in Figure 1 as the change
in the surface of hydrocarbon bands in the normalized FT-IR spectra of volatile pyrolysis
products from the studied blends with additives.

Figure 7 presents a comparison of SEM images of similar morphological structures of
piths and barks inside the chars of densified SS samples and their blends with additives that
were pyrolyzed at a temperature of 750 ◦C. The results of quantification of peaks in the EDX
spectra are placed next to the images. It is noteworthy that the amount of AAEM elements
causing the appearance of peaks in the EDX spectra of chars without additives (Figure 7a,f)
differs from the content of these elements in chars with additives. A comparison of the
amount of K atoms in the chars of pith in Figure 7a–e implies that the addition of NP hardly
changes this amount.
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The amount of K atoms in the chars of pith with BL and IB additives is somehow
greater, but the PR additive inhibits the migration of this element from the appropriate
char of pith. Ca and Mg atoms do not show such substantial concentration changes in
their samples for chars of pith. In the morphological structures of chars of bark in the
blends in Figure 7g–j, the concentration of K and Ca atoms decreases under the influence of
PR, NP, and IB additives. Contrarywise, the concentration of Mg atoms increases under
the influence of additives and reaches the value of 13.15 wt.% in char with IB additive
(Figure 7i). The BL additive causes a smaller increase in concentration of these atoms,
probably due to a lower content of IB in BL blend. The images presented in Figure 7 and
the results of quantification of atoms show that different morphological structures of chars
from the SS samples and their blends have distinct AAEM content and diverse ability of
elements to migrate from the material of these structures together with volatile products.
The IB additive had the greatest positive effect on the composition of volatile products
formed during the pyrolysis of the densified sample. In char, the composition of the amount
of atoms was as follows: Mg—13.15 wt.%, K—3.55 wt.%, and Ca—41.98wt.%. Zen et al. [46]
observed an increase in yield of H2 under the influence of Mg and Ca compounds. In the
case of the blend with IB, a synergetic effect from inorganics that have a catalytic effect on
secondary reactions in volatiles cannot be excluded.

Figure 8 presents the SEM images of morphological structures of chars of rind in
the subsurface layer (Figure 8a–e) and on the surface of the chars of densified samples
(Figure 8f–j). The amount of K atoms in the subsurface layer of chars with additives
is greater in comparison to the amount of these atoms of chars of the sample without
additives and many times higher compared to that on the surface. This gives grounds
to suggest that a lower concentration of K atoms on the surface of chars is connected
with an easier evaporation of these atoms from the surface of densified samples with
additives but depends on the composition of volatiles that facilitate such migration. The
amount of Ca atoms in the subsurface layer of chars with additives is generally higher than
in chars of the sample without additives, with the exception being the sample with PR
additive. The highest concentration of Ca atoms (43.27 wt.%) was determined for chars
of the SS sample with IB additive, which contained Mg (7.68 wt.%), K (9.16 wt.%), and
Cl (2.12 wt.%). Moreover, other atoms were also present (Figure 8i). The concentration
of Mg atoms increases in the surface layer of chars of all samples, the greatest number of
atoms of this element are formed in the sediment under the influence of PR additive. The
chars from the subsurface and surface layers of blends with additives (apart from BL) have
an increased presence of Cl atoms compared to the chars of the sample without additives,
which can be a result of the influence of the addition of particular pharmaceuticals on the
migration of Cl atoms with volatile products. A greater contribution of Ca, Mg, K, and Cl
atoms in the char of the SS sample with IB additive implies that this set of atoms influences
the reduction in hydrocarbons in volatile products of pyrolysis.

The analysis of SEM images of the subsurface and surface layers of chars in Figure 8
clearly indicates that the sediment is formed not only as a result of the loss of C atoms
from the surface of chars due to their interaction with volatiles but also as a result of the
condensation of material from the gas phase.

As evidenced by the shape of condensed material, the greatest amount of condensed
material containing Mg atoms in the form of spheres present on the surface of char with PR
additive is visible at a magnification of w M100k, as shown in Figure 9. There are two types
of objects visible in the char with IB additive: spherical with dimensions from 20 to 2 µm
and cubes with edge dimensions of about 10 µm. The cubes look similar to an aggregation
of smaller spheres. Their composition was not determined because of the decomposition of
these objects caused by a beam of electrons. It cannot be excluded that these objects may
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have a catalytic effect on the composition of volatile products of pyrolysis of the SS sample
with IB additive.
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The data above indicate clearly that the addition of expired IB, PR, NP, and BL to
a SS sample affects the composition of volatile products of pyrolysis and changes the
contribution of environmentally harmful hydrocarbons in them. Moreover, taking into
account the measurable costs of NSAID disposal [6], expired pharmaceuticals can be
disposed as a part of the energy processing of sunflower stalks, resulting in a positive effect
according to the principles of circular economy.

4. Conclusions
Based on the conducted research, the following was stated:

1. The volatile products of decomposition of the used additives, such as expired parac-
etamol, naproxen, ibuprofen, and their blend, change the composition of volatile
pyrolysis products of sunflower stalks towards reducing the contribution of satu-
rated and unsaturated hydrocarbons, compounds with carbonyl groups, alcohols,
phenols, and esters. The studied volatile decomposition products of additives re-
duce the contribution of undesirable hydrocarbons during energy recovery from
sunflower stalks.

2. Among the studied NSAIDs, ibuprofen was the most effective. At a temperature of
350 ◦C, there was a reduction in the amount of saturated and unsaturated hydrocar-
bons in volatiles by about 2.36 times, by 2.5 times for alcohols, phenols, and esters,
and by 3 times for compounds with carbonyl groups.

3. The obtained results give grounds to suggest that the primary reason for the effective-
ness of ibuprofen in the reduction in hydrocarbons in the composition of volatiles is
its low temperature of thermal decomposition. The formed products of evaporation of
ibuprofen make a pre-treatment of biomass material, accelerating the decomposition
of cellulose and hemicellulose.

4. During pyrolysis of expired pharmaceuticals without additives and their blend, a
diverse atmosphere of compounds with distinct functional groups is formed. The
second reason for the distinct influence of the additives on the thermal stability of
components in the material of the SS sample is the differences in composition of the
products of decomposition of expired pharmaceuticals.

5. All additives facilitate an increase in the contribution of compounds capable of form-
ing hydrogen bonds in the composition of condensed volatile material. This promotes
their aggregation and greater ordering of C atoms inside the chars of samples with ad-
ditives at a temperature of 450 ◦C. These processes occur in the char with BL additive
to a greater extent, which results in a decrease in its weight loss.

6. The used additives influence the changes in the migration rate of inherent AAEMs
during pyrolysis of the SS sample. The addition of paracetamol inhibits the migration
of AAEMs up to a temperature of 450 ◦C. On the surface of chars with additives, a
sediment is formed that has a greater contribution of Ca and Mg atoms than in the
char without additives. Such composition of sediment can favor the reduction in
hydrocarbons during the interaction between volatiles and char.

7. The volatile AAEMs present in the gas phase of volatile products of pyrolysis initiate
secondary reactions between volatile products of biomass pyrolysis, are condensed
on the surface of chars, and actively participate in intensification of the interaction
between volatiles and chars. Under the influence of naproxen, cyclic compounds with
chromophore groups are formed in volatile products, whereas under the influence
of ibuprofen, the volatile products of biomass pyrolysis are condensed and form
aggregates of various geometric shape and size.

8. Thus, the conducted research proved that the process of energy recovery from the
agricultural waste of sunflower stalks can be optimized with small amounts (about 2
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wt.%) of expired pharmaceuticals according to the principles of circular economy in a
way that reduces pollution of the environment with harmful substances.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/en18061509/s1, Figure S1: Results of fitting of curves
DTG; Figure S2: The identification data of volatile pyrolysis products of used additives based on a
comparison with the Aldrich Vapor Phase Sample Library.
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