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Assignment of NMR spectral data of diastereomeric 
tetrahydrofuranyl acetals directly from their mixture by 

spectral simulation 
MILAN S. NEŠIĆ, MILICA D. NEŠIĆ and NIKO S. RADULOVIĆ*# 

Department of Chemistry, Faculty of Science and Mathematics, University of Niš, 
Višegradska 33, 18000 Niš, Serbia 

(Received 14 June, revised 3 August, accepted 27 August 2023) 

Abstract: In this study, an NMR spectral analysis of the mixture of diastereo-
meric acetals, synthesized from 2,3-dihydrofurane and a racemic mixture of cit-
ronellol, was performed. 1H-NMR full spin analysis was achieved by manually 
adjusting δH and J values (previously calculated using the Spartan software) to 
fit the experimentally available values, followed by further optimization using 
MestreNova software. The simulated 1H- and 13C-NMR spectra of individual 
diastereomers, as well as their superimposed and summed spectra, were com-
pared with the obtained experimental spectra. Spin simulation of proton signals 
was particularly useful for the assignment of the diastereotopic protons of tetra-
hydrofuranyl moiety and diastereomer discrimination. The NMR spectral data 
of individual diastereomers – chemical shifts, coupling constants, HMBC and 
NOESY interactions were systematized in appropriate tables and schemes. To 
the best of our knowledge, this is for the first time that the complete assignment 
of tetrahydrofuranyl moiety was performed, and the data obtained herein may 
be of great importance for the utilization of this protecting group in the future. 

Keywords: tetrahydrofuran; citronellol; spectral assignment; spin simulation; dia-
stereomers; mixture. 

INTRODUCTION 
The acetal moiety can be found in many natural, as well as synthetic, organic 

compounds, thus a lot of research is focused on the development of synthetic 
procedures for the conversion of alcohols and aldehydes into acetals.1–3 In addit-
ion to being protective groups for alcohols and aldehydes, acetals can also be 
transformed into a range of other functionalities, making them valuable synthetic 
intermediates. They can be allylated,4 undergo substitution,5–7 and other trans-
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formations,8,9 and some, such as tetrahydrofuranyl (THF) and tetrahydropyranyl 
(THP) acetals,10–12 can undergo reductive ring cleavage,13 a synthetically very 
useful transformation.  

Tetrahydrofuranyl (THF) and tetrahydropyranyl (THP) acetals exhibit rem-
arkable stability in the presence of strong bases (e.g., LDA, terc-BuOK, HMDS), 
reducing agents (e.g., H2/Rh, H2/Ni, H2/Pd; NaBH4, LiAlH4, Na/NH3), organo-
metallics (e.g., RLi, RMgX, RCuLi), certain electrophilic reagents (e.g., RCHO, 
RX) and specific oxidizing reagents (e.g., KMnO4, OsO4).1,2 One of the main 
advantages of THF and THP acetals, unlike the other alcohol-protecting groups, 
is their great stability under basic and neutral conditions combined with very easy 
deprotection under mildly acidic conditions, such as diluted acetic acid in aque-
ous tetrahydrofuran.14,15 These can be selectively removed in the presence of 
other alcohol-protecting groups, such as benzyl ethers, various esters and t-butyl-
diphenylsilyl ethers, which can also be selectively removed using H2,Pd/C or 
Na/NH3,16,17 basic conditions1,18 and fluoride-containing reagents,1,18,19 res-
pectively, the conditions under which THF and THP acetals are stable.1 These 
acetals display different reactivity compared to other acetals, such as benzylidene 
acetals used for diol protection, which can be selectively removed using H2/  
/Pd(OH)2,16 and dimethyl acetals, which exhibit slightly higher stability under 
mildly acidic conditions.20,21 THF acetals also find utility in protecting other 
functional groups, such as amine and thiol groups in peptides.22,23 Subtle dis-
tinctions in the stability of THP and THF acetals indicate the potential for THF 
acetals to be hydrolyzed under slightly gentler conditions compared to THP 
acetals.14 

Citronellol (1, Fig. 1) is an acyclic monoterpene alcohol known for its dis-
tinctive rose-like scent, found in the essential oils of various plant species, and 
valued for its diverse pharmacological activities.24 It is widely used as a frag-
rance ingredient in the perfume industry and in formulations targeting mosquito 
repellency.25 Derivatives of citronellol, including rose-oxide (2, Fig. 1) with a 
herbal-floral odor, obtained through the photooxidation of citronellol,26 and 
acetaldehyde methyl-citronellyl acetal (3, Fig. 1) with a refreshing floral-citrus 
fragrance, obtained through the transacetalization of acetaldehyde dimethyl ace-
tal with citronellol,27 have also found significant applications in the fragrance 
industry. 

The tetrahydrofuranyl acetal of citronellol is characterized by an intense, 
warm, floral-honey fragrance reminiscent of the fragrance of linden bee honey.27 
Due to its attractive smell, simplicity of preparation, and stability in neutral and 
elevated pH environments,1,2 it can find practical use as a component of a frag-
rance composition intended for perfuming soaps, detergents, and cosmetics.27 

Despite such great application and convenience in synthesis and industry, 
THP and THF acetals are less preferred or even avoided in some cases. One of 
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the reasons may be that the NMR spectra of these acetals are very complex, espe-
cially the part of the spectrum originating from the THF or THP group, which is 
difficult to analyze. Also, considering that the chemical shifts are around 2 and 4 
ppm in the 1H-NMR, and in the range of 20–70 ppm in the 13C-NMR spectrum, 
they can overlap (1H-NMR) or be very close (13C-NMR) to the signals origin-
ating from the rest of the molecule which can make the spectral assignment of 
these acetals uncertain. In addition, commercially available monoterpene alco-
hols often represent a mixture of enantiomers, thus the obtained tetrahydrofur-
anyl acetals of these alcohols will represent a mixture of chromatographically 
difficult-to-separate diastereomers, due to the newly formed chiral center on the 
tetrahydrofuran moiety. In order to address primarily the difficulties in the NMR 
assignment of THF acetals, more specifically those of compound 4 (Fig 1), dir-
ectly from a mixture of diastereomers, herein we performed a detailed analysis of 
the corresponding NMR spectra of 4, and utilizing molecular modeling and spec-
tral simulation tools, this resulted in the complete assignment of 1H- and 13C- 
-NMR spectra of 4. The data provided could be generally used for the assign-
ments of other THF acetals, significantly facilitating future work on this protect-
ing group.  

 
Fig. 1. Citronellol (1) and its derivatives: rose oxide (2), acetaldehyde methyl-citronellyl 

acetal (3), tetrahydrofuranyl acetal of citronellol (4) and tetrahydrofuranyl acetal of 
cis-3-hexen-1-ol (5). 

EXPERIMENTAL 
General procedures 

All herein used reagents (citronellol, 2,3-dihydrofuran, cis-3-hexen-1-ol, p-toluenesul-
fonic acid) and solvents (hexane and diethyl-ether) were obtained from commercial sources 
(Sigma–Aldrich; Merck; Carl Roth, Karlsruhe, Germany) and used as received. 

Gas chromatography/mass spectrometry (GC/MS) analysis was performed on a Hewlett– 
–Packard 6890N gas chromatograph equipped with a fused silica capillary column DB-5MS 
(5 % polydiphenylsiloxane, 95 % polydimethylsiloxane, 30 m×0.25 mm, film thickness 0.25 
μm; Agilent Technologies, Santa Clara, CA, USA) and coupled with a 5975B mass selective 
detector from the same company. The injector and interface were operated at 250 and 320 °C, 
respectively. The oven temperature was raised from 70 to 315 °C at a heating rate of 5 °C/min 
and then isothermally held for 30 min. As a carrier gas helium was used with a flow of 1.0 
ml/min. The samples, 1 μl of the sample solutions in diethyl ether (10 mg dissolved in 1 ml), 
were injected in a split mode (split ratio 40:1). Mass selective detector was operated at the 
ionization energy of 70 eV, in the 35–850 amu range and scanning speed of 0.34 s. The relat-

___________________________________________________________________________________________________________________________

(CC) 2024 Serbian Chemical Society.

Available online at: http://www.shd.org.rs/JSCS



4 NEŠIĆ, NEŠIĆ and RADULOVIĆ 

  

ive abundance of the reaction mixture components was calculated from the peak areas without 
the use of correction factors. Retention indices (RIs) were determined using a mixture of n- 
-alkanes from C8−C40. Analytical TLC separations were done on coated Al silica gel plates 
(Kieselgel 60 F254, 0.2 mm, Merck, Darmstadt, Germany). TLC plates were initially visual-
ized by UV light (254 nm) and then sprayed with 50 mass % aqueous H2SO4 followed by 
heating. Infrared (IR) measurements (attenuated total reflectance) were carried out using a 
Thermo Nicolet 6700 FTIR spectrometer (Thermo Fisher Scientific, Waltham, MA, USA). 
Microanalysis of carbon and hydrogen were carried out on a Carlo Erba 1106 microanalyzer 
(Carlo Erba Strumentazione, Italy). High-resolution mass spectrometry (HRMS) analysis was 
performed using an MStation JMS-700 mass spectrometer (JEOL, Peabody, MA, USA) with 
an ionization energy of 70 eV, an ionization trap current of 300 μA, and a source temperature 
of 230 °C. 

The 1H- and 13C-NMR spectra were recorded on a Bruker Avance III 400 MHz NMR 
spectrometer (Fällanden, Switzerland; 1H at 400 MHz, 13C at 100.6 MHz), equipped with a 5 
mm dual 13C/1H probe head. All NMR spectra were recorded at 20 °C in deuterated chloro-
form with TMS as the internal standard. Chemical shifts (δ) are reported in ppm and refer-
enced to TMS (δH = 0.00 ppm) in 1H- and to the (residual) solvent signal in 13C-NMR and 
heteronuclear 2D spectra (residual CHCl3 δH = 7.26 ppm and 13CDCl3 δC = 77.16 ppm). 
Scalar couplings are reported in Hz. The sample (30 mg of the acetal mixture) was dissolved 
in 1 mL of deuterated chloroform, and 0.7 mL of the solution was transferred into a 5 mm 
Wilmad, 528-TR-7 NMR tube. 

Analytical and spectral data of the compounds are given in Supplementary material to 
this paper. 
Synthetic procedure 

Preparation of 2-((3,7-dimethyloct-6-en-1-yl)oxy)tetrahydrofuran (4). In a flask equip-
ped with a stirrer and a thermometer, 5 g (32 mmol) of citronellol 40 ml methylene chloride, 
and 0.025 g (0.145 mmol) of p-toluenesulfonic acid were added. Then, 2.4 g (35 mmol) of 
2,3-dihydrofuran was added dropwise, and stirring was continued for 3 h at room temperature. 
The reaction mixture was basified with an aqueous solution of Na2CO3 and washed with water 
to pH 8. After drying with anhydrous MgSO4 and removing the solvent under vacuum, the 
residue of 7.5 g (containing about 88 % of 4, GC–MS analysis) was subjected to purification 
by silica gel column chromatography using a mixture of hexane and diethyl ether as the elu-
ent. 4.5 g (62 %) of a colorless product was obtained, containing 99 % (GC analysis) of com-
pound 4, characterized by an intense, warm, floral-honey fragrance.  

Preparation of (Z)-2-(hex-3-en-1-yloxy)tetrahydrofuran (5). The same procedure was used 
as described for the preparation of 4. 3.2 g of cis-3-hexen-1-ol was used, and 3.49 g (64 %) of 
5 was obtained.  
Quantum-mechanical calculations 

Conformational search, geometry optimization, and NMR calculation details. Searches 
for the lowest energy conformers of THF acetals and calculation of the coupling constant were 
performed using a multi-step conformation method incorporated in Wavefunction’s Spartan 
‘20 software. Initially, a maximum number of meaningful conformers are considered, and 
their energies are calculated using the MM2 force field method (over 4000, in the case of 4). 
Then, in subsequent steps, which included the energy calculation and geometry optimization, 
the energy window was narrowed, leading to a reduction in the number of conformers. Simul-
taneously, the level of theory is elevated, also using a more complex basis set, and with it the 
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precision of the calculation increased, ensuring more accurate results (for more details see 
Supplementary material, Figs. S-14–S-17). The final energy calculations were performed 
employing WB97X-V density functional with 6-311+G(2DF,2P)[6-311G*] basis set on the 
pool of around 50 conformers, making up the 99.99 % Boltzmann population. In the first case, 
referred to as “Spartan-NMR”, the energy calculation, geometry optimization, and calculation 
of coupling constants using the method incorporated in Wavefunction’s Spartan 20 software 
did not account for solvent effects. In the second case, referred to as “Spartan–Karplus” the 
solvent effects were considered through energy calculations and geometry optimizations, util-
izing a method implemented within the software. However, the calculation of coupling cons-
tants involved the utilization of a dihedral angle and the incorporation of substituent effects 
through the modified Karplus equation.32-34 The copies of the reports from this software, inc-
luding the Cartesian coordinates for the lowest energy conformers (one per compound), are 
provided in the Supplementary material (Figs. S-14–S-17). The obtained 3D structures were 
used in the appropriate figures within the manuscript. 
1H-NMR full spin analysis 

1H-NMR full spin analysis of tetrahydrofuranyl acetal of citronellol was performed by 
manually adjusting δH and J values to fit the experimentally available values and further opti-
mized using MestReNova 11.0.3 software (tools/spin simulation). This procedure led to a system-
atic refinement of all calculated NMR parameters until the simulation outcome was in excel-
lent agreement (NRMSD < 0.05 %) with the experimental data of the synthesized compounds. 

RESULTS AND DISCUSSION 

Tetrahydrofuranyl acetal of citronellol (4, Fig. 1) was obtained by a modified 
procedure described in Patent PL224652.27 The target acetal contains two chiral 
centers giving rise to 4 possible stereoisomers, two pairs of enantiomers (Fig. 2). 
The TIC chromatogram, obtained by GC–MS analysis of the isolated product 
(Supplementary material, Figs. S-7 and S-8), contained two almost completely 
overlapping peaks – each corresponding to one of the enantiomeric pairs, with a 
relative ratio of 1:1, based on TIC peak integration. A combination of 1D- and 
2D-NMR experiments (Supplementary material, Figs. S-3–S-6), homonuclear 
selective decoupling experiments were initially employed to perform an approx-
imate assignment of 1H- and 13C-NMR spectra directly from the mixture without 
any separation. 

 
Fig 2. Structures of diastereomeric tetrahydrofuranyl acetals of citronellol. 
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Calculation of coupling constants and chemical shifts from 3D models has 
found application in the stereochemical assignment of molecules having complex 
NMR spectra, or higher order multiplets.28–31 Unfortunately, the straightforward 
application is limited to conformationally rigid molecules, due to the fact that in 
these cases all parameters can be usually calculated based on only one structure/  
/conformer. In order to apply such an approach to conformationally flexible 
molecules, an additional parameter had to be considered - the energy of the con-
formers, and thus their Boltzmann population, under the assumption that these 
are in fast equilibrium (see Experimental). Based on these parameters, numerous 
conformers were selected for each diastereomer, comprising well over 99 % of 
the total population. Coupling constants were then calculated for these con-
formers using two different methods. The first method utilized the built-in func-
tionality of Wavefunction’s Spartan 20 software (Table I, Spartan-NMR col-
umns), while the second method employed a modified Karplus equation (Table I, 

TABLE I. The comparison of the calculated coupling constants of 4 and 5, and the ones 
obtained by spin simulation; designations “r” and “s” of hydrogen atoms refer to the prochir-
ality of these hydrogens 

JH-H 
Tetrahydrofuranyl group (from 5) Tetrahydrofuranyl acetal of citronellol (4) 
Spartan- 
-NMR 

Spartan– 
–Karplus 

Spin 
simulation

Spartan-NMR Spartan–Karplus Spin simulation 
SS(RR) SR(RS) SS(RR) SR(RS) SS(RR) SR(RS) 

1 - 2r 6.6 4.5 5 4.7 5.3 4.9 5.7 5.3 5.3 
1 - 2s 0.8 1.5 1.5 1.2 0.7 1.3 1.9 0.9 0.9 
2r - 3r 12.1 7.8 8.3 13.1 12.6 11.2 7.9 8.3 8.3 
2r - 3s 6.2 5.9 10 8 7.3 7.1 8.1 10 10 
2s - 3r 2.3 7.6 8.5 7.7 7.7 7.4 8.3 8.5 8.5 
2s - 3s 12.2 7.6 4 0 0.5 2.0 4.4 4 4 
3r - 4r 10.2 5.8 7.3 10.8 9.4 9.2 8.7 7.3 7.3 
3r - 4s 2.2 4.3 5.6 10.3 9.4 9.1 6.1 5.6 5.6 
3s - 4r 7.8 5.2 6.2 0.7 1.1 2.4 5.7 6.2 6.2 
3s - 4s 9 6.0 7.5 7.6 7.8 9.0 8.8 7.5 7.5 
1'r - 2'r – – – 6.1 3.9 6.8 8.2 6.2 7.9 
1'r - 2's – – – 1.1 2.2 5.9 3.6 7.9 5.5 
1's - 2'r – – – 13.1 12 3.9 4.7 6.2 7.7 
1's - 2's – – – 3.8 1.6 6.9 8.1 7.9 6.9 
2'r - 3' – – – 4.1 1.5 11.4 8.0 8.5 6.5 
2's - 3' – – – 11.4 12.4 4.6 7.2 6.5 8.5 
3' - 4'r – – – 12 12.3 10.5 6.0 9.2 6.0 
3' - 4's – – – 4 1.7 4.8 7.0 5 6.2 
4'r - 5'r – – – 3.5 3.6 4.0 3.9 2.3 5.9 
4'r - 5's – – – 4.4 3.2 11.2 11.0 7.6 9.8 
4's - 5'r – – – 4.6 3.2 11.2 11.0 7.4 8.1 
4's - 5's – – – 13.5 13.1 4.1 4.4 5.6 4.2 
5'r - 6' – – – 11.6 4.1 8.2 7.5 7.6 7.6 
5's - 6' – – – 5 11.4 8.2 8.0 6.6 6.6 
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Spartan–Karplus columns).32–34 In the latter approach, the calculation was based 
on the dihedral angle obtained from the Spartan software, as well as the attached 
substituents. The resulting coupling constants were multiplied by the relative 
abundance of each conformer and summed. 

These parameters were employed in the initial spin simulation, which was 
followed by manual iterative adjustments to accurately reproduce the original 1H- 
-NMR spectrum. However, achieving a complete spin simulation proved chal-
lenging due to signal overlap in the 1H-NMR spectrum of compound 4 (protons 
in positions 3 and 5'). To overcome this, a tetrahydrofuranyl acetal of a non- 
-chiral alcohol, cis-3-hexen-1-ol, was synthesized and used for proton assignment 
of the tetrahydrofuranyl moiety, as in this case, appropriate signals do not overlap 
(Supplementary material, Figs. S-9–S-13, Table S-II). The chemical shifts and 
coupling constants, obtained from the spin simulation (Table I and Fig. 3) of 1H- 
-NMR spectrum of this acetal were then utilized in the spin simulation of the tet-
rahydrofuranyl acetal of citronellol. The coupling constants derived from the cal-
culations were compared to the coupling constants obtained after the iterative 
adjustments and are presented in Table I. 

 
Fig. 3. Upper trace: simulated 1H-NMR (400 MHz) spectrum of 5; lower trace: 1H-NMR (400 

MHz, CDCl3) spectrum of 5. 

Table S-I of the Supplementary material provides the assigned NMR 
chemical shifts of 1H signals for the tetrahydrofuranyl acetals of citronellol, 
along with an interpretation of the couplings. The NMR chemical shifts 13C 
signals, HMBC and NOESY interactions relevant to the assignment are sum-
marized in Table S-I (Supplementary material), while Fig. S-2 (Supplementary 
material) highlights the key interactions used in the assignment process. The final 
result of the simulation of 1H-NMR spectrum of the sample confirmed that it 
consisted of an equimolar mixture of stereoisomers 4a–d. 

The differences in chemical shifts and coupling constants between the ana-
logous hydrogens of diastereomers of 4 are small but can be brought into con-
nection with the spatial arrangement of the groups within these molecules. Fig. 4 
shows important coupling constants between hydrogens in positions 1’ to 5’, as 
well as the appearance of signals of 1’ and 4’. The differences in the dihedral 
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angles between these hydrogens in the highest abundant conformers of each dia-
stereomer (shown in Fig. 4) are in agreement with the value of the couplings 
obtained by simulation. 

 
Fig. 4. The most stable conformers of the diastereomerers of 4. Important coupling constants 

between hydrogens in positions 1’ to 5’, and the appearance of signals of 1’ and 4’. Upper 
spectra represent spin simulations, while the bottom ones represent a comparison of 

the added simulated spectrum and the experimental one. 

CONCLUSION 

In conclusion, this study successfully performed an NMR spectral analysis 
of diastereomeric acetals derived from 2,3-dihydrofurane and a racemic mixture 
of citronellol, as well as corresponding acetal of cis-3-hexen-1-ol. Conformat-
ional analysis and calculation of coupling constants were done using Spartan 
software and Karplus equation, followed by manual adjustments to correspond to 
experimental values, using MestreNova software. Spin simulation of proton sig-
nals allowed the assignment of the diastereotopic protons of tetrahydrofuranyl 
moiety and diastereomer discrimination. The assignment of the tetrahydrofuranyl 
moiety was achieved for the first time, providing valuable data for the future util-
ization of this protecting group. 
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SUPPLEMENTARY MATERIAL 

Additional data and information are available electronically at the pages of journal 
website: https://www.shd-pub.org.rs/index.php/JSCS/article/view/12436, or from the corres-
ponding author on request. 
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И З В О Д  
АСИГНАЦИЈА NMR СПЕКТРАЛНИХ ПОДАТАКА ДИЈАСТЕРЕОМЕРНИХ 
ТЕТРАХИДРОФУРАНИЛ-АЦЕТАЛА СПЕКТРАЛНОМ СИМУЛАЦИЈОМ 

ДИРЕКТНО ИЗ ЊИХОВЕ СМЕШЕ 

МИЛАН С. НЕШИЋ, МИЛИЦА Д. НЕШИЋ и НИКО С. РАДУЛОВИЋ 

Департман за хемију, Природно-математички факултет, Универзитет у Нишу, Вишеградска 33, 
18000 Ниш 

У овом раду извршена је НМР спектрална анализа смеше дијастереомерних тетра-
хидрофуранил-ацетала синтетисаних из 2,3-дихидрофурана и рацемске смеше цитро-
нелола. Потпуна 1H-NMR спинска анализа је остварена итеративним подешавањем 
вредности δH и J (израчунатих помоћу софтвера Spartan) до поклапања са експери-
менталним вредностима коришћењем софтвера MestreNova. Извршено је поређење 
симулираних 1H-NMR спектара сваког дијастереомера понаособ, као и њихових пре-
клопљених и сумираних спектара са експериментално добијеним спектрима. Спинска 
симулација сигнала водоника омогућила је асигнацију протона тетрахидрофуранил- 
-групе, као и одређивање релативне конфигурације хиралних центара. Хемијска поме-
рања, константе купловања, HMBC и NOESY интеракције систематизовани су у одгова-
рајућим табелама и шемама. Ово је први пут да је извршена потпуна асигнација протона 
на тетрахидрофуранил-групи, а добијени резултати могу бити од великог значаја за већу 
будућу примену ове заштитне групе. 

(Примљено 14. јуна, ревидирано 3. августа. прихваћено 27. августа 2023) 
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S1 

SUPPLEMENTARY MATERIAL TO 
Assignment of NMR spectral data of diastereomeric 

tetrahydrofuranyl acetals directly from their mixture by 
spectral simulation 

MILAN S. NEŠIĆ, MILICA D. NEŠIĆ and NIKO S. RADULOVIĆ* 
Department of Chemistry, Faculty of Science and Mathematics, University of Niš, 

Višegradska 33, 18000 Niš, Serbia 

J. Serb. Chem. Soc. 89 (1) (2024) 1–11 

EXPERIMENTAL AND ANALYTICAL DATA 
2-((3,7-Dimethyloct-6-en-1-yl)oxy)tetrahydrofuran (4). 1H NMR (400 MHz, CDCl3) and 

13C (100.6 MHz, CDCl3) for each diastereomer are given in Table S-I; FTIR (neat, cm-1) 
2912, 1025; MS (70 eV): m/z (%): 226 (0.2), 154 (4.4), 123 (2.5), 95 (4.5), 81 (5.5), 71 (100), 
69 (14.1), 67 (5.9), 55 (5.8), 41 (13.8); (+)ESI-HRMS (m/z): calculated for 
[C14H26O2]+ 226.1933, observed 226.1929; Elemental analysis for C14H26O2: Calculated. C 
74.28, H 11.58, O 14.14; found C 74.26, H 11.59. RI (DB-5MS) 1553 and 1554 for each 
diastereomer. 

(Z)-2-(Hex-3-en-1-yloxy)tetrahydrofuran (5). 1H- (400 MHz, CDCl3) and 13C-NMR 
(100.6 MHz, CDCl3) are given in Table S-II; FTIR (neat, cm-1) 2911, 1022; MS (70 eV): m/z 
(%): 170 (0.04), 101 (6.2), 87 (6.2), 82 (5.6), 71 (100), 67 (8.9), 55 (12.7), 43 (19.7), 41 
(20,1), 39 (9.9); (+)ESI-HRMS (m/z): calculated for [C10H18O2]+ 170.1307, observed 
170.1310; Elemental analysis for C14H26O2: Calculated. C 70.55, H 10.66, O 18.79; found C 
70.57, H 10.65. 

 
Fig. S-1. Atom numbering scheme of tetrahydrofuranyl acetals of citronellol (4a-4d). 

 

* Corresponding author. E-mail: nikoradulovic@yahoo.com 
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Fig. S-2. Key HMBC (a) and NOESY (b) interactions. 

Table S-I. 1H (400 MHz) and 13C (100.6 MHz) NMR data of tetrahydrofuranyl acetals of 
citronellol (CDCl3, NMR parameters are derived from manual iterative full spin analysis 

Position 
4c/4d 4a/4b 

HMBCb NOESYc δH (m, J (Hz), 
Integral)a δC δH (m, J (Hz), Integral) δC 

1 
5.1072 (dd, 3J1,2r = 
5.3, 3J1,2s = 0.9, 1 

H) 
103.80 5.1032 (dd, 3J1,2r = 5.3, 

3J1,2s = 0.9, 1 H) 103.99 2, 3, 4, 1’ 2r, 2s 

2r 

1.9160 (dddd, 
2J2r,2s = -11.5, 3J2r,3r 

= 8.3,  
3J2r,3s = 10.0, 3J1,2r = 

5.3, 1 H) 
23.66 

1.9160 (dddd, 2J2r,2s = -
11.5, 3J2r,3r = 8.3,  

3J2r,3s = 10.0, 3J1,2r = 5.3, 
1 H) 

23.66 1, 3, 4 1 

2s 

1.8710 (dddd, 
2J2r,2s = -11.5,  

3J2s,3r = 8.5, 3J2s,3s = 
4.0, 3J1,2s = 0.9, 1 

H) 

1.8710 (dddd, 2J2r,2s = -
11.5,  

3J2s,3r = 8.5, 3J2s,3s = 4.0, 
3J1,2s = 0.9, 1 H) 

3r 

1.9720 (ddddd, 
2J3r,3s = -11.4, 3J2r,3r 

= 8.3, 
 3J3r,4r = 7.3 3J2s,3r = 
8.5, 3J3r,4s = 5.6, 1 

H) 
32.47 

1.9720 (ddddd, 2J3r,3s = -
11.4, 3J2r,3r = 8.3, 

 3J3r,4r = 7.3 3J2s,3r = 8.5, 
3J3r,4s = 5.6, 1 H) 

32.46 2, 4 4r, 4s 

3s 

1.8158 (ddddd, 
2J3r,3s = -11.4, 3J3s,4s 

= 7.5,  
3J2r,3s = 10.0, 3J3s,4r 

= 6.2, 3J2s,3s = 4.0, 
1 H) 

1.8158 (ddddd, 2J3r,3s = -
11.4, 3J3s,4s = 7.5,  

3J2r,3s = 10.0, 3J3s,4r = 6.2, 
3J2s,3s = 4.0, 1 H) 
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4r 
3.8897 (ddd, 2J4r,4s 

= -8.1, 3J3r,4r = 7.3, 
 3J3s,4r = 6.2, 1 H) 

66.91 

3.8897 (ddd, 2J4r,4s = -
8.1, 3J3r,4r = 7.3, 

 3J3s,4r = 6.2, 1 H) 
66.91 1, 3 3r, 3s 

4s 
3.8570 (ddd, 2J4r,4s 

= -8.1, 3J3s,4s = 7.5, 
3J3r,4s = 5.6, 1 H) 

3.8570 (ddd, 2J4r,4s = -
8.1, 3J3s,4s = 7.5, 
3J3r,4s = 5.6, 1 H) 

1’r 

3.3694 (ddd, 
2J1’r,1’s = -9.6, 
3J1’r,2’s = 7.9,  

3J1’r,2’r = 6.2, 1 H) 
65.72 

3.4089 (ddd, 2J1’r,1’s = -
9.7, 3J1’r,2’r = 7.9,  

3J1’r,2’s = 5.5, 1 H) 
65.58 1, 2’, 3’ 2’r, 2’s 

1’s 

3.7168 (ddd, 
2J1’r,1’s = -9.6, 
3J1’s,2’s = 7.9, 

 3J1’s,2’r = 6.2, 1 H) 

3.6801 (ddd, 2J1’r,1’s = -
9.7, 3J1’s,2’r = 7.7,  

3J1’s,2’s = 6.9, 1 H) 

2’r 

1.3886 (dddd, 
2J2’r,2’s = -13.2, 

3J2’r,3’ = 8.5,  
3J1’r,2’r = 3J1’s,2’r = 

6.2, 1 H) 36.71 

1.6008 (dddd, 2J2’r,2’s = -
13.6, 3J1’r,2’r = 7.9, 

 3J1’s,2’r = 7.7, 3J2’r,3’ = 
6.5, 1 H) 

36.83 1’, 3’, 4’, 
10’ 1’r, 1’s 

2’s 

1.6145 (dddd, 
2J2’r,2’s = -13.2, 

3J1’s,2’s= J1’r,2’s= 7.9, 
3J2’s,3’ = 6.5, 1 H) 

1.3846 (dddd, 2J2’r,2’s = -
13.6, 3J2’s,3’ = 8.5, 

3J1’s,2’s= 6.9, J1’r,2’s= 5.5, 
1 H) 

3’ 

1.5332 (ddqdd, 
3J3’,4’r = 9.2, 3J2’r,3’ 

= 8.5,  
3J3’,10’ = 6.7, 3J2’s,3’ 

= 6.5, 3J3’,4’s = 5.0, 1 
H) 

29.70 

1.5359 (dqddd, 3J2’s,3’ = 
8.5, 3J3’,10’ = 6.7, 

3J2’r,3’ = 6.5, 3J3’,4’s = 6.2, 
3J3’,4’r = 6.0, 1 H) 

29.74 1’, 2’, 4’, 
5’, 10’ 10’ 

4’r 

1.1885 (dddd, 
2J4’r,4’s = -14.3, 

3J3’,4’r = 9.2,  
3J4’r,5’s = 7.6, 3J4’r,5’r 

= 2.3, 1 H) 
37.36 

1.3336 (dddd, 2J4’r,4’s = -
14.3, 3J4’r,5’s = 9.8,  

3J3’,4’r = 6.0, 3J4’r,5’r = 
5.9, 1 H) 

37.18 2’, 3’, 5’, 
6’, 10’ 5’r, 5’s 

4’s 

1.3422 (dddd, 
2J4’r,4’s = -14.3, 

3J4’s,5’r = 7.4, 
3J4’s,5’s = 5.6, 3J3’,4’s 

= 5.0, 1 H) 

1.1448 (dddd, 2J4’r,4’s = -
14.3, 3J4’s,5’r = 8.1, 

3J3’,4’s = 6.2, 3J4’s,5’s = 
4.2, 1 H) 

5’r 

1.9617 (dddd, 
2J5’r,5’s = -14.3, 

3J5’r,6’ = 7.6, 
 3J4’s,5’r = 7.4, 

3J4’r,5’r = 2.3, 1 H) 25.58 

2.0006 (dddd, 2J5’r,5’s = -
14.3, 3J4’s,5’r = 8.1,  

3J5’r,6’ = 7.6, 3J4’r,5’r = 
5.9, 1 H) 

25.58 3’, 4’, 6’, 
7’ 

4’r, 4’s, 
6’ 

5’s 

2.0107 (dddd, 
2J5’r,5’s = -14.3, 

3J4’r,5’s = 7.6, 
3J5’s,6’ = 6.6, 3J4’s,5’s 

1.9635 (dddd, 2J5’r,5’s = -
14.3, 3J4’r,5’s = 9.8, 

3J5’s,6’ = 6.6, 3J4’s,5’s = 
4.2, 1 H) 
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S4 NEŠIĆ, NEŠIĆ and RADULOVIĆ 

 

  

aCoupling constant values were initially inferred from 1H homonuclear selective decoupling NMR experiments 
and afterward refined through a manual iterative full spin analysis.  bgHMBC correlations observed between the 
hydrogen in this row and the carbon in the listed position. cCross-peaks observed in the NOESY spectrum

= 5.6, 1 H) 

6’ 

5.0946 (ddqq, 
3J5’r,6’ = 7.6, 

3J5’s,6’ = 6.6, 4J6’,8’ = 
4J6’,9’ = -1.4, 1 H) 

124.97 

5.0946 (ddqq, 3J5’r,6’ = 
7.6, 

3J5’s,6’ = 6.6, 4J6’,8’ = 
4J6’,9’ = -1.4, 1 H) 

124.97 4’, 5’, 8’, 
9’ 5’r, 5’s 

7’ / 131.22 / 131.21 / / 

8’ 
1.6790 (dq, 4J6’,8’ = 
-1.4, 4J8’,9’ = -0.8, 3 

H) 
25.85 1.6790 (dq, 4J6’,8’ = -1.4, 

4J8’,9’ = -0.8, 3 H) 25.85 4’, 6’, 7’, 
9’ / 

9’ 
1.5996 (dq, 4J6’,9’ = 
-1.4, 4J8’,9’ = -0.8, 3 

H) 
17.75 1.5996 (dq, 4J6’,9’ = -1.4, 

4J8’,9’ = -0.8, 3 H) 17.75 5’, 6’, 7’, 
8’ / 

10’ 0.8898 (d, 3J3’,10’ = 
6.7, 3 H) 19.57 0.8898 (d, 3J3’,10’ = 6.7, 

3 H) 19.72 2’, 3’, 4’ 3’ 
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Antioxidant activity according to bioactive compounds content 
in dried pumpkin waste 
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3University of Novi Sad, Institute for Food Technology in Novi Sad, Bulevar Cara Lazara 1, 

Novi Sad, Serbia 

(Received 23 May, revised 11 June, accepted 21 July 2023) 

Abstract: In this study freeze-drying and oven-drying (at 50 and 65 °C) were 
applied for the preparation of dried pumpkin waste. The effect of drying 
methods on physical properties (moisture content, water activity, hygroscopic-
ity, water solubility, bulk and tapped density, flowability and colour), content 
of bioactive compounds (carotenoids and phenolics) and antioxidant activity 
were investigated. Also, the influence of one-year storage at –20 °C on the bio-
active compounds content and the antioxidant activity of dried pumpkin waste 
was examined. Results indicated that drying method showed a significant imp-
act on the investigated characteristics. Bioactive compounds content and anti-
oxidant activity by DPPH test of freeze-dried were higher than of oven-dried 
pumpkin waste, while higher antioxidant activity in reducing power assay was 
determined by oven-dried pumpkin waste. An artificial neural network model 
was developed, for the anticipation of antioxidant activity according to bioact-
ive compounds content (phenolics and carotenoids), in oven-dried (at 50 and 
65 °C) and in freeze-dried pumpkin waste after one-year storage. These models 
showed good prediction properties (the r2 value during training cycle for output 
variables was 0.999). It was demonstrated that pumpkin waste is potentially an 
important source of bioactive compounds, which can be used after extraction in 
suitable forms in the development of functional food products. 

Keywords: Cucurbita moschata; carotenoids; polyphenols; antioxidants; arti-
ficial neural network. 
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INTRODUCTION 
Cucurbita moschata pumpkin is one of the most commonly cultivated pump-

kin species.1,2 It contains numerous bioactive compounds (such as carotenoids, 
phenolic compounds and vitamins) and possesses a wide range of pharmaco-
logical activities.3 During processing of pumpkin into various products, such as 
purées, dishes and juices, a large amount of waste (i.e., thick rind, large seeds and 
pressed residues) is generated.1,4 Unutilized waste can lead to potential problems 
for its handling and disposal.4 Also, these waste materials can be considered as 
potential source of valuable bioactive compounds.5,6 

A limiting factor of using wastes as raw materials for the extraction of bio-
active compounds may be their deterioration. For the inhibition of microbial 
growth and facilitating storage of plant materials different drying methods have 
been employed.7 The most commonly used drying method includes convection. 
This method is not expensive, but has the disadvantage of reducing the content of 
some valuable compounds which often undergo oxidation at higher temperature.8 
Freeze drying, also known as lyophilization, is based on sublimation process 
where the product is frozen first.9 In this process, drying is performed at low 
temperature and pressure, i.e., under conditions that allow removal of water by 
sublimation, which involves direct phase transition of water from solid to vapor 
without passing through the liquid phase.9 Therefore, freeze drying is one of the 
most useful processes for drying thermosensitive substances.9,10 Freeze-drying 
provides excellent quality characteristics such as colour, flavour and chemical 
composition of the product, but this method includes very high expenses and 
requires a lot of time.8 Although, in most cases, freeze dried products exhibit 
much higher contents of bioactive compounds than hot air dried products, some 
studies have shown that freeze drying can led to greater loss of bioactive com-
pounds than hot air drying.7 The effect of a particular drying method on the 
retention of raw quality is not predictable and depends on the bioactive com-
pounds and the specific plant material involved.7 Accordingly, the selection of 
drying treatment as preservation technique of waste materials can have a great 
influence on the retention of their bioactive constituents and raw quality. 

The isolation and utilization of bioactive compounds from waste are of 
special interest for the food, cosmetic and pharmaceutical industries.5,6 However, 
the effectiveness of bioactive ingredients depends on preserving their stability 
and bioactivity.11,12 Since the content of bioactive compounds which remains 
available can be significantly reduced under the adverse conditions during food 
processing and storage (temperature, oxygen, light), their potential health bene-
fits can be restricted.11 Therefore, the aim of our study was to determine and 
compare physical properties, content of bioactive compounds and antioxidant 
activity of C. moschata pumpkin waste subjected to oven and freeze drying. 
Another objective of this study was to investigate the possibility of predicting the 
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antioxidant activity of oven-dried (50 and 65 °C) and freeze-dried (–40 °C) 
pumpkin waste after one-year storage, according to the content of phenols and 
carotenoids in the samples. These tasks were achieved using artificial neural net-
work model.   

EXPERIMENTAL 
Chemicals 

Folin–Ciocalteau reagent, 2,2-diphenyl-1-picrylhydrazyl radical (DPPH•), Trolox and 
trichloroacetic acid were purchased from Sigma Chemical Co. (St. Louis, MO, USA), ferric 
chloride was obtained from J.T. Baker (Deventer, Holland). All other chemicals and solvents 
used were of the highest analytical grade. 
Plant material and dried pumpkin waste preparation 

Fresh Cucurbita moschata pumpkin waste material was obtained after pressing the pulp 
as by-product from the baby food industry (“Juvitana”, Inđija, Serbia) and dried by different 
methods, in oven (model ST-06, Instrumentaria, Zagreb, Croatia) at 50 °C for 14 h and at 65 
°C for 12 h without air flow and in freeze drier (model Christ Alpha 2-4 LSC, Martin Christ, 
Osterode am Harz, Germany) at –40 °C for 72 h (until moisture content was reduced to 9–11 
g/100 g). Dried pumpkin waste was ground, packed in plastic bags, vacuumed and kept at –20 
°C until further analysis. Dry matter content was determined by weighing the initial and final 
weight, and calculated percentage of dried weight. 
Physical characterization 

Water activity (aw), moisture content, hygroscopicity, bulk density, tapped density and 
colour parameters (L*, a* and b*) were determined as reported previously.13 Colour para-
meters (C* and h°) and browning index (BI) was calculated as described by Phuon et al.14 The 
classification of the flowability was made as described by Shishir et al.15 Solubility was deter-
mined according to the method of Yamashita et al.,16 with some modifications. 

Water activity. aw was determined by placing approximately 3 g of dried pumpkin waste 
in the sample holder of a LabSwift-aw metre (Novasina, Switzerland) at 25 °C.  

Moisture content. The moisture content of dried pumpkin waste was measured using an 
air oven method at 105 °C until a constant weight was achieved.  

Hygroscopicity. For hygroscopicity 2 g of dried pumpkin waste from the Petri dishes 
were placed at 25 °C in an airtight plastic container filled with NaCl saturated solution (75.29 
% RH). After 1 week, hygroscopic moisture (hygroscopicity) was weighed and expressed as g 
of moisture per 100 g dry solids.  

Solubility. The dried pumpkin waste (0.1 g) was dissolved in 10 mL of distilled water, 
stirred (Unimax 1010, Heidolph Instruments GmbH, Kelheim, Germany) at 150 rpm and 
room temperature for 30 min, and then centrifuged (centrifuge Lace 24, Colo Lab Experts, 
Novo Mesto, Slovenia) at 4000 rpm for 5 min. The supernatant was transferred to a pre- 
-weighed Petri dish and dried at 105 °C until constant weight was achieved. After drying, the 
dried weight of the soluble solid was measured and used to calculate the percentage solubility. 

Bulk and tapped density. For determination of bulk density (Db), the sample (10 g) was 
poured into a measuring cylinder and the initial volume was noted as the bulk volume (Vb). 
The Db was calculated according to the formula: 
 Db = m/Vb (1) 
where m is the mass of the sample. 
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For determination of tapped density (Dt), the sample was tapped 250 times and then the 
volume was measured. Tapping was continued until the difference between successive 
volumes was less than 2 % and this value was registered as the tapped volume (Vt) and Dt was 
calculated by the formula:  
 Dt = m/Vt (2) 

Bulk and tapped density of the samples were expressed in g mL-1.  
Flowability. The values of the Carr index and Hausner ratio indicate the quality of the 

powder in terms of the flow property. Carr index and Hausner ratio were calculated according 
to the equations:  
 Carr index = 100((Dt–Db)/Dt) (3) 
 Hausner ratio = Dt/Db (4) 

Colour. The colour parameters (CIE L*, a* and b*) were determined with a Minolta 
reflectance colorimeter (Minolta ChromaMeter CR-400, Konica Minolta Inc., Tokyo, Japan) 
using D65 illumination source at observer angle of 2°. The colour of dried pumpkin waste was 
measured using attachment for granular materials CR-A50. The liquid extracts were measured 
in a 10 mm glass cell CM-A98 fixed using specimen holder CM-A96, while standard white 
calibration plate was fixed behind the cell because of the sample transparency. Chroma (C*) 
and hue angle (h°) were calculated according to the formulas:  
 C* = (a*2 + b*2)1/2 (5) 
 h° = arctan (b*/a*) (6) 

Browning index (BI) was calculated using the following expression: 
 BI = 100((X – 0.31)/0.17) (7) 

where  
 X = (a* + 1.75L*)/(5.645L* + a* − 3.012b*) (8) 
Extraction procedure 

For the determination of the content of bioactive compounds and antioxidant activity pre-
viously described extraction procedure with modification was used.10 Briefly, dried pumpkin 
waste was extracted using acetone:ethanol mixture (36:64 volume ratio) in solid to solvent 
ratio 1:10 using a laboratory shaker (Unimax 1010, Heidolph Instruments GmbH, Kelheim, 
Germany) at 300 rpm, under light protection, at room temperature. The extraction was per-
formed three times with the same volume of solvents. The obtained three extracts were filtered 
(Whatman paper No.1), combined, and stored in dark bottles at –20 °C till further analysis. 
Determination of β-carotene and total phenolic content 

The content of β-carotene was analysed spectrophotometrically using a Multiskan GO 
microplate reader (Thermo Fisher Scientific Inc., Waltham, MA, USA) according to the 
method of Nagata and Yamashita,17 adapted for 96 well microplate. The β-carotene content 
was expressed as mg of β-carotene equivalents per 100 g sample (dry weight, DW). The total 
content of phenolics was determined spectrophotometrically by Folin–Ciocalteau method,18 
adapted for 96 well microplate. The results of total phenolics content were expressed as gallic 
acid equivalents (GAE) per 100 g sample (DW). 
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HPLC analysis 
Qualitative and quantitative analysis of flavonoids and phenolic acids was performed by 

HPLC analysis.19 Also, analysis of carotenoids was done according to the HPLC method des-
cribed previously.13 
Determination of antioxidant activity 

Antioxidant activity on DPPH radicals (DPPH assay) was estimated spectrophotomet-
rically using a 96-well microplate reader, following the method described by Girones-Vil-
aplana et al.20 Reducing power (RP assay) was performed with the method of Oyaizu21 
adapted for 96 well microplate. The calibration curves were made with Trolox and results 
were expressed as mg Trolox equivalents (TE) per 100 g of sample (DW). 
Storage stability test 

Dried pumpkin waste samples were stored at –20 °C in high-density polyethylene bags 
for one year. The effect of storage on the stability of bioactive compounds and antioxidant 
activities were measured using the appropriate methods described above. 
ANN modelling 

A multi-layer perceptron model (MLP), with three layers was applied for artificial neural 
network (ANN) modelling, to investigate the antioxidant activity of oven-dried (50 and 65 °C) 
and freeze-dried (–40 °C) pumpkin waste samples after one-year storage, on the basis of the 
bioactive compounds content. The experimental database was normalized in order to improve 
the behaviour of the ANN. Broyden–Fletcher–Goldfarb–Shanno (BFGS) algorithm was emp-
loyed in solving nonlinear problems during the network modelling.22 A series of different top-
ologies (more than 100,000) were tested during the modelling, changing the number of neu-
rons in the hidden layer (from 5 to 20), randomly setting initial weights and biases.23 

The accuracy of the model. The numerical investigation of the developed ANN model’s 
accuracy was performed applying the common used statistical tests, such as coefficient of det-
ermination (r2), reduced chi-square (χ2), mean bias error (MBE), root mean square error 
(RMSE), mean percentage error (MPE), average absolute relative deviation (AARD) and sum 
of squared errors (SSE).24 

Global sensitivity analysis 
The Yoon’s interpretation method was used to determine the relative influence of bio-

active compounds content on antioxidant activity of oven-dried and freeze-dried pumpkin 
waste samples. This method was applied using the weight coefficients of the developed ANN 
model.25 
Statistical analysis 

All experiments were done in triplicate. The results were expressed as mean value ± 
standard deviation (±SD, n = 3). The calculations were performed using StatSoft Statistica 
2010 software.  

RESULTS AND DISCUSSION 

Physical properties of dried pumpkin waste 
In recent years, the need for dried products of high quality has been inc-

reased. Much attention has been focused to the quality of dried materials.26 In 
our study, oven-drying and freeze-drying were applied to obtain dried pumpkin 
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waste materials. After oven-drying (at 50 and 65 °C) and freeze-drying, dry 
matter content was determined to be 15.42, 15.40 and 15.37 %, respectively. The 
influence of drying methods and temperatures on the physical properties of dried 
pumpkin waste is shown in Table I. 

TABLE I. Physical properties of oven-dried (at 50 and 65 °C) and freeze-dried (–40 °C) 
pumpkin waste; the results are presented as mean ± SD; different letters (a–c) in rows indicate 
that there is significant difference at p ≤ 0.05, according to Tukey-s HSD test 
Physical properties Oven-dried (50 °C) Oven-dried (65 °C) Freeze-dried (–40 °C) 
Moisture content, % 10.78±0.33b 10.18±0.44b 9.10±0.32a 
Water activity (aw) 0.274±0.010c 0.126±0.005b 0.035±0.001a 
Hygroscopicity, g/100 g 13.29±0.47a 15.08±0.71b 15.49±0.48b 
Bulk density, g mL-1 0.40±0.02c 0.36±0.02b 0.11±0.00a 
Tapped density, g mL-1 0.58±0.04c 0.50±0.03b 0.17±0.01a 
Carr index, % 30.05±1.50b 27.31±1.24a 33.35±0.93c 
Hausner ratio 1.43±0.03b 1.38±0.00a 1.50±0.02c 
Flowability Poor Poor Very poor 
Solubility, % 31.19±1.12a 33.30±1.47b 33.76±1.38b 

Colour parameters 
Lightness/darkness (L*) 49.86±0.01a 54.11±0.03b 67.29±0.02c 
Greenness/redness (a*) 9.45±0.03c 7.34±0.03b 5.72±0.01a 
Blueness/yellowness (b*) 23.05±0.00a 25.00±0.01b 29.91±0.01c 
Chroma (C*) 24.91±0.01a 26.05±0.01b 30.45±0.01c 
Hue angle (h°) 67.71±0.06a 73.64±0.06b 79.17±0.01c 
Browning index (BI) 74.49±0.03c 70.36±0.05b 63.46±0.01a 

Moisture content, i.e., quantity of water contained in a food system, is an 
important characteristic of dried powdered products, which is associated with the 
efficiency of drying process.27,28 Also, the moisture content of powders has a 
significant influence on storage stability.29 Similarly as in our study, the moisture 
content of oven-drying pumpkin material was higher than that in freeze-dried 
pumpkin material.3,30 Aydin and Gocmen31 reported that moisture contents in 
hot-air oven-dried and freeze-dried pumpkin flour were 12.64 and 12.56 %, res-
pectively. Probably, the crust formed during hot air drying did not allow remov-
ing the moisture from material.30 Water activity (aw) represents the availability 
of free water in a food system which has a crucial role in biochemical react-
ions.29 Basically, the most of the adverse changes in food system during storage 
such as lipid oxidation, enzymatic reactions, non-enzymatic browning, and mic-
robial growth are almost completely obstructed when the water activity value is 
below 0.4.32 Therefore, the water activity has been considered as one of the most 
important quality parameters for long term storage of dried products.30 In our 
study, the water activity values of dried pumpkin waste samples provide their 
good storage stability. Previously, oven-dried pumpkin materials also had higher 
water activity (0.408) than freeze-dried pumpkin material (0.239).30 Hygro-

___________________________________________________________________________________________________________________________

(CC) 2024 Serbian Chemical Society.

Available online at: http://www.shd.org.rs/JSCS



 ANTIOXIDANT ACTIVITY OF PUMPKIN WASTE 19 

scopicity, i.e., capacity to adsorb ambient moisture, is one of the major factors 
which affect product stability.27,33 A prominent property of freeze-dried products 
is great hygroscopicity.34 Hygroscopicity is related to the gradient of water con-
centration between the product and the surrounding environment, which is 
greater for the less moist powder.33 Indeed, higher hygroscopicity was deter-
mined in freeze-dried pumpkin waste in comparison with oven-dried.  

Tapped density represents the real solid density, whereas the bulk density 
takes into account all the spaces between the particles of powdered products. 
Lower bulk density implies that more occluded air exists within the powder, thus 
there is a greater possibility for oxidation and reduced stability of product during 
storage.28 The bulk and tapped densities were higher in oven-dried in relation to 
freeze-dried pumpkin waste, which is in agreement with the study of Que et al.3 
According to Carr index and Hausner ratio, oven-dried and freeze-dried pumpkin 
waste are classified,15 in terms of flow property as poor and very poor, respect-
ively. Solubility is a property referring to the product behaviour in an aqueous 
phase and is an indicator for its reconstitution quality. Quick and complete recon-
stitution of powder is common requirement for its application.35 The powder 
structure with more cavities and pores allows easier passage of water, thus facil-
itates dissolution. Pumpkin waste dried at 65 °C showed higher solubility com-
pared to the waste dried at 50 °C. Solubility can be associated with the amount of 
starch degradation, since at higher temperature during oven-drying more starch 
can be decomposed.3  

Colour is a significant factor for consumers in food choice.36 It can be used 
as an indicator of the chemical and quality changes as a consequence of thermal 
processing.36 In agreement with our study, oven-drying in comparison to freeze-
drying resulted in a darker colour (lower L* values).3,30 The lower L* value and 
higher a* value could be indicative of the browning reaction.31,37 Compared to 
oven-dried waste samples, freeze-dried waste showed less yellowness and less 
redness (indicated by lower b* and a* values, respectively). Browning is an imp-
ortant colour reaction in food processing such as drying because it affects appear-
ance quality.36 As an indicator of browning, browning index (BI) is often used 
especially in conventional drying since it represents the purity of brown colour 
and is considered to be an important parameter associated with browning.30 In 
this study, the values of browning index of dried waste samples showed that 
oven-drying caused more brown compounds. The difference in browning may be 
related to the removal of water by sublimation and prevention of enzymatic 
browning reactions during freeze-drying.38,39 The yellowish colour of dried 
pumpkin waste powders could be mainly attributed to the presence of carotenoids 
naturally found in this vegetable. Drying conditions, including high temperature, 
light and oxygen exposure can cause changes in food surface that lead to colour 
changes, and also to degradation of carotenoids.32 The lighter yellowness of 
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freeze-dried in relation to oven-dried waste is shown by C* and h° values. Sim-
ilar colour values as in our study, lightness (L*), redness (a*) and yellowness 
(b*) of convective dried (55.57, 22.67 and 35.25, respectively) and freeze-dried 
(77.96, 18.54 and 31.22, respectively) slices of C. moschata pumpkin were 
found.30 In addition, Que et al.3 reported that the freeze-drying process can sig-
nificantly decrease the brownish appearance of pumpkin flour and can produce 
pumpkin powders of high-quality colour. 

Bioactive compounds and antioxidant activity of dried pumpkin waste 
Effect of drying methods, drying temperatures and storage on the content of 

bioactive compounds and antioxidant activity of dried pumpkin waste samples is 
presented in Table II. 

TABLE II. The content (mean ± SD) of bioactive compounds (phenolics and carotenoids, 
mg/100 g DW) and antioxidant activity (DPPH and RP assays, mg TE/100 g DW) of oven- 
-dried (at 50 and 65 °C) and freeze-dried (–40 °C) pumpkin waste; different letters (a–c) in 
rows indicate that there is significant difference at p ≤ 0.05, according to Tukey’s HSD test; 
* – HPLC analysis was performed after drying of pumpkin waste; n.d. – not detected 

Bioactive compounds/antioxidant activity Oven-dried 
(50 °C) 

Oven-dried
(65 °C) 

Freeze-dried 
(–40 °C) 

Total phenolics – after drying 201.31±7.27a 213.61±7.60b 294.69±14.13c 
Total phenolics – after storage 183.47±7.03b 180.34±5.39b 175.60±6.11a 
β-Carotene – after drying 6.51±0.23b 5.56±0.00a 14.26±0.27c 
β-Carotene – after storage 2.85±0.12a 4.57±0.00b 7.89±0.22c 
Gallic acid* 1.658±0.080a 1.757±0.078b 3.802±0.17c 
Protocatechuic acid* 7.644±0.322b 4.555±0.221a 9.217±0.43c 
Catechin* 0.490±0.021a 1.588±0.071b 1.672±0.067c 
Caffeic acid* 0.128±0.005c 0.096±0.003a 0.116±0.003b 
Syringic acid* 0.470±0.021b 0.288±0.011a 1.835±0.076c 
Coumaric acid* 0.103±0.004b 0.097±0.003a 0.108±0.002b 
Chlorogenic acid* 0.049±0.002b 0.038±0.001a 0.224±0.008c 
p-Hydroxybenzoic acid* 2.642±0.131b 1.726±0.076a 12.606±0.598c 
Vanillic acid* 0.171±0.006c 0.117±0.004a 1.385±0.060b 
Myricetin* 0.010±0.001b 0.007±0.001a 1.385±0.056c 
Rutin* 0.127±0.004b 0.083±0.002a 0.313±0.011c 
Total phenolics* 13.492 10.352 31.365 
Lutein* 0.033±0.001a 0.037±0.001b 0.174±0.006c 
Zeaxanthin* 1.598±0.069b 0.403±0.017a 1.660±0.081b 
β-Carotene* 4.406±0.187c 1.303±0.057a 3.247±0.158b 
β-Cryptoxanthin* n.d. n.d. 2.820±0.134 
Total carotenoids* 6.037 1.743 7.901 
DPPH – after drying 99.27±1.52b 78.87±0.55a 131.64±6.40c 
DPPH – after storage 50.56±1.75b 30.41±0.34a 65.66±1.55c 
RP – after drying 66.23±1.97b 140.94±0.77c 17.39±0.28a 
RP – after storage 60.40±2.68b 140.20±3.10c 16.41±0.46a 

___________________________________________________________________________________________________________________________

(CC) 2024 Serbian Chemical Society.

Available online at: http://www.shd.org.rs/JSCS



 ANTIOXIDANT ACTIVITY OF PUMPKIN WASTE 21 

The spectrophotometric determinations were done after drying of pumpkin 
waste and after storage at –20 °C (during one year) of dried pumpkin waste 
samples. Higher content of total phenolics determined by spectrophotometric and 
HPLC methods was determined in freeze-dried pumpkin waste in comparison to 
oven-dried samples. In the study of Aydin and Gocmen,31 higher level of phenols 
(236 mg GAE/100 g DW) was found in oven-dried (at 60 °C) pumpkin (C. 
moschata Duch.) flour compared to freeze-dried (226 mg GAE/100 g DW). Also, 
Que et al.3 reported that content of phenolic compounds (1.64 mg g–1) in hot air- 
-dried (at 70 °C) pumpkin (C. moschata Duch.) flour was 4.6 times higher than 
that in freeze-dried pumpkin (0.39 mg g–1) flour, indicating the formation of 
phenolics during drying at 70 °C. Higher degree of heating could have a great 
impact on the increase of total phenolics of pumpkin flour.3 Beside the difference 
in sample, extraction processes, drying conditions, cultivar, maturation stage, 
geography and climate may cause difference in determination of phenolics.30,40 
In the study of Nawirska-Olszanska et al.,41 the content of phenolics in different 
varieties of C. moschata pumpkin was ranged from 141.16 mg/100 g DW to 
390.61 mg/100 g DW. Potosi-Calvache et al.42 determined the content of total 
phenolics (from 27.7 mg GAE/100 g to 79.9 mg GAE/100 g) in samples of C. 
moschata pumpkin dried under different temperature (45-65 °C) and air flow (4– 
–7 m/s). During processing and storage phenolics can be degraded or formed 
from the availability of their precursors or by non-enzymatic inter conversions 
between them.42 In our study, in investigated pumpkin waste powders, p-hydro-
xybenzoic and protocatechuic acid were determined in highest content of all 
identified phenolic acids, while catechin was determined in highest content of 
identified flavonoids. Kulczyński and Gramza-Michałowska1 reported that the 
profile of bioactive compounds in pumpkin (C. moschata) is considerably diver-
sified in its cultivars. In agreement with our study, the content of identified fla-
vonoids were lower than the content of phenolic acids, and high contents of 
p-hydroxybenzoic and protocatechuic acids were also found.1  

Higher β-carotene content, determined spectrophotometrically, was observed 
in freeze-dried than in oven-dried pumpkin waste samples. Different factors 
(temperature, oxygen and light) during drying process (i.e., drying conditions) 
may cause carotenoid degradation.32,40 In agreement with our study, higher total 
carotenoid content (between 5 and 160 mg/100 g) was obtained with freeze-dry-
ing than by convective drying of 12 pumpkin cultivars.8,40 Previously, higher 
drying temperatures also produced greater pigment losses.32 Colour values, L*, 
a* and b* of extracts obtained after extraction of oven-dried at 50 °C (59.43, 
–5.27 and 66.53, respectively), oven-dried at 65 °C (59.27, –5.61, and 67.16, 
respectively) and freeze dried (56.01, 1.79, and 65.57, respectively) C. moschata 
pumpkin waste, indicated yellow colour that could be attributed to the presence 
of carotenoids. It is interesting to notice that colour parameter a* had negative 
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values in oven-dried samples, indicating the degradation of reddish pigments in 
comparison to freeze-dried sample, which had positive a* values. In our study, 
higher content of total carotenoids determined by HPLC method was found in 
freeze-dried pumpkin waste in comparison to oven-dried samples. β-Criptoxan-
thin was not even identified in oven-dried waste. Interestingly, somewhat higher 
β-carotene content was found in dried pumpkin waste after oven-drying at 50 °C 
than after freeze-drying. Kulczyński and Gramza-Michałowska1 reported high 
variability of carotenoids among pumpkin (C. moschata) cultivars, and on aver-
age the content of zeaxanthin, lutein and β-carotene of different C. moschata cul-
tivars was 2.64, 6.87 and 2.92 mg/100 g DW, respectively. 

After storage, the content of phenolics and β-carotene in dried pumpkin 
waste samples was decreased (Table II). After storage, similar values of phen-
olics content were found in all dried pumpkin waste samples, while the highest 
content of β-carotene was determined in freeze dried waste in comparison to 
oven-dried pumpkin waste samples. 

Freeze-dried pumpkin waste exhibited higher antioxidant activity by DPPH 
test, while higher antioxidant activity in reducing power assay was achieved by 
oven-dried pumpkin waste (Table II). This can be explained by various mech-
anisms by which different antioxidants exert their action.26 Previously, hot-air 
oven dried (at 60 and 70 °C) pumpkin flours showed higher antioxidant activities 
by different assays, than freeze-dried samples.3,31 Phenolics formed from pre-
cursors in hot-air drying treatment or generation of Maillard-type antioxidants 
might be responsible for higher antioxidant activity of hot-air dried pumpkin 
flour.3 Samples of dried pumpkin waste in our study showed somewhat lower, 
but significant antioxidant activity by DPPH test (from 3.15 to 5.26 μmol TE g–1), 
and by reducing power test (from 0.69 to 5.63 μmol TE g–1) in comparison to the 
antioxidant activity of dried pumpkin flours (from 5.57 to 7.21 μmol TE g–1) 
reported by Aydin and Gocmen.31  

After storage, DPPH antioxidant activity in dried pumpkin waste powders 
was decreased, while reducing power was almost unchanged in comparison with 
levels determined before storage (Table II). After storage, the highest reducing 
power was observed for waste dried at 65 °C, while the highest antioxidant 
activity by DPPH test was determined for freeze-dried waste. 

ANN model 
The acquired optimal neural network model could be used to adequately 

anticipate the antioxidant activity of oven-dried (50 and 65 °C) and freeze-dried 
(–40 °C) pumpkin waste samples after one year storage, on the basis of phenolics 
and carotenoids content. The optimal number of neurons was: 9 (network MLP 
14-9-4), while the highest r2 values during the training cycle were 0.999). 
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The obtained ANN model for the anticipation of output variables was com-
plex (175 weights-biases coefficients) due to the high nonlinearity of the obs-
erved system. The goodness of fit between experimental and ANN model cal-
culated values were shown in Table III. 

TABLE III. The goodness of fit tests for the developed ANN model 
Output variable χ2 RMSE MBE MPE SSE AARD r2 
DPPH after drying 1.042 0.589 0.168 0.589 0.957 1.766 1.000 
DPPH after storage 0.456 0.390 –0.036 0.718 0.452 1.091 1.000 
RP after drying 0.267 0.299 –0.193 0.277 0.156 0.601 1.000 
RP after storage 0.690 0.480 –0.349 0.542 0.325 1.046 1.000 

The ANN predicted values were very close to the measured values in most 
cases, in terms of r2 values.43,44 The SSE values obtained with the ANN model 
was of the same order of magnitude as experimental errors for output variables 
reported in the literature.22,45 The ANN model had an insignificant lack of fit 
tests, which means the model satisfactorily predicted output variables.  

Global sensitivity analysis – Yoon’s interpretation method 
According to the Fig. 1, gallic acid, syringic acid, chlorogenic acid, p-hyd-

roxybenzoic acid, vanillic acid, myrcetin, rutin and lutein content were the most 
influential parameters with approximately relative importance of 9.222–10.337 % 
for the prediction of DPPH after drying, while the relative influence of these vari-
ables for the prediction of DPPH after storage reached the relative importance of 
9.583–10.680 %.The RP assay was mostly influenced by the catechin content, 
27.82 % after drying and 28.55 % after the on-year long storage. 

CONCLUSION 

Different drying methods, including freeze-drying and oven-drying (at 50 °C 
and 65 °C) caused significant impact on physical properties, bioactive 
compounds content and antioxidant activity of dried pumpkin waste. In general, 
carotenoids and phenolics content of the freeze-dried pumpkin waste was higher 
than of the oven-dried one. The freeze-dried pumpkin waste exhibited higher 
antioxidant activity by DPPH test, while higher antioxidant activity in reducing 
power assay was determined for the oven-dried pumpkin waste. After storage at 
–20 °C during one year, higher content of β-carotene and antioxidant activity by 
DPPH test, while lower content of phenolics and reducing power were achieved 
by freeze-dried than by oven-dried pumpkin waste samples.  

Also, findings of this study indicate that antioxidant activity of the oven-
dried (50 °C and 65 °C) and the freeze-dried (–40 °C) pumpkin waste samples 
after one year storage could be anticipated, based on the phenolics and 
carotenoids content. The artificial neural network model showed to be adequate 
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for the prediction of output variables (the r2 values during training cycle for these 
variables were: 0.999).  

It was demonstrated that pumpkin waste is potentially an important source of 
bioactive compounds with significant antioxidant properties. In the future, to 
overcome a main drawback for the application of natural bioactive compounds, 
namely their instability, different protection systems including encapsulates 
could be formulated. Therefore, our results support the need for preparation of 
encapsulates of the bioactive compounds extracted from dried pumpkin waste 
and evaluation of their physicochemical and stability characteristics, in order of 
development functional ingredients for value added food products. 

 
Fig. 1. The relative importance of the bioactive compounds content on antioxidant activity 

determined by DPPH assay after drying (a) and storage (b), and by RP assay after drying (c) 
and storage (d) of pumpkin waste samples. 
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ИЗВОД 

АНТИОКСИДАТИВНA АКТИВНОСТ НА ОСНОВУ САДРЖАЈА БИОАКТИВНИХ 
ЈЕДИЊЕЊА У СУШЕНОМ ОТПАДУ ТИКВЕ 
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АНАМАРИЈА И. МАНДИЋ3, ВЕСНА Т. ТУМБАС ШАПОЊАЦ1, ЈЕЛЕНА Ј. ВУЛИЋ1, ВАЊА Н. ТРАВИЧИЋ1 

и МИОНА М. БЕЛОВИЋ3 
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општу и физичку хемију, Студентски трг 12/В, Београд и 3Универзитет у Новом Саду, Научни 

институт за прехрамбене технологије у Новом Саду, Булевар цара Лазара 1, Нови Сад 

У овој студији за припрему сушеног отпада тикве примењено је сушење лиофили-
зацијом и у сушници (на 50 и 65 °C). Испитан је утицај метода сушења на физичка 
својства (садржај влаге, активност воде, хигроскопност, растворљивост у води, насипну и 
тапкану густину, проточност и боју), садржај биоактивних једињења (каротеноида и 
полифенолних једињења) и антиоксидативну активност. Такође, испитан је утицај скла-
диштења на –20 °C у периоду од годину дана на садржај биоактивних једињења и анти-
оксидативну активност сушеног отпада тикве. Резултати су показали да метода сушења 
значајно утиче на испитане карактеристике. Садржај биоактивних једињења и антиокси-
дативна активност DPPH тестом лиофилизованог отпада били су већи у односу на отпад 
тикве сушен у сушници, док је већа антиоксидативна активност тестом редукционе спо-
собности одређена у отпаду тикве сушеном у сушници. Развијен је модел вештачке 
неуронске мреже, за предвиђање антиоксидативне активности према садржају биоактив-
них једињења (полифенолна једињења и каротеноиди), у отпаду тикве сушеном лиофи-
лизацијом и у сушници (на 50 и 65 °C) након годину дана складиштења. Ови модели су 
показали добра својства предвиђања (вредност r2 током циклуса тренинга за излазне 
варијабле била је 0,999). Показано је да је отпад тикве потенцијално важан извор био-
активних једињења, која се након екстракције могу користити у одговарајућим обли-
цима у развоју функционалних прехрамбених производа. 

(Примљено 17. маја, ревидирано 11. јуна, прихваћено 21. јула 2023) 
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Abstract: In search of new food-grade pH sensitive formulations, red beet ext-
ract rich in betacyanin was included in different inorganic matrices based on 
silica and aluminosilicate to improve the stability of the dye. By the direct 
method of encapsulation of the pigments in silica support, stabilizing agents 
such as inclusion complex forming β-cyclodextrin and ascorbic acid were 
added. The post loading system assumes the synthesis of porous silica and alu-
minosilicate powders and the adsorption of the beet extract by these supports. 
The unloaded carriers were structurally and texturally characterized (X-ray dif-
fraction, FTIR, N2-physisorption). The presence of betanin, approved as a red 
food colorant, was evidenced by UV–Vis spectroscopy in all the hosts. Color 
properties were investigated as well as the pH generated color variations of the 
powders exposed to ammonia in the head-space of a sealed vessel. The obtained 
results could widen the field of applications of beet extract, the prepared eco-
logical formulations could provide added value to edible products packaging. 

Keywords: betanin; encapsulation; mesoporous silica; aluminosilicate; color 
parameters. 

INTRODUCTION 
Betalains are the major pigments abundantly found in beetroot (Beta vul-

garis) which are chemically defined as the derivatives of betalamic acid.1 Beta-
lains can be divided into yellow-orange betaxanthins and red-violet betacyanins. 
Of the betalains, betanin is approved for use as colorant in food industry (E 
number E162, CI Natural Red 33) and is considered a better choice than chem-
ically synthesized pigments. It has commercial applications for foodstuff, cos-
metics and pharmaceuticals.2 Betanin is almost totally extracted from beetroot 
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crops and sold as beetroot extract.3 All betalains are water soluble. The main fac-
tors influencing their stability are light, oxygen concentration, temperature, the 
presence of water and pH. They retain their tinctorial strength and color shade 
over a pH range of 3–7.1,2 The fact that betacyanins show sensitivity to pH 
makes them suitable for use as colorimetric indicators for detecting changes of 
the environment especially in case of edible products, thus improving the pro-
tection and shelf life of foodstuffs or pharmaceuticals.4 To preserve the chemical 
structure of the pigment and to facilitate its use in commercial applications, dif-
ferent ways of stabilization were used. Metal–chelates formation, cyclodextrin 
complexes, addition of organic acids, inclusion in different matrices should be 
mentioned.5,6 It was shown that cyclodextrins are promising stabilizing agents of 
betalain molecules, β-cyclodextrin (β-CD) forming an inclusion complex with 
betanin.5,6 Copigmentation was used to preserve betalains color intensity and 
stability. It involves interactions between the dyes and other naturally occurring 
compounds such as ascorbic or citric acid which can be neutralizing agents for 
the electrophilic center of betalains.5,6  

Immobilization of the beet pigments on a solid carrier, organic or inorganic, 
is a promising approach for improving the properties of the plant derived pig-
ments, thus enabling the inclusion of certain additives that can confer better func-
tionality to encapsulated betalain pigments. A wide range of encapsulation sys-
tems have been designed: natural products derived nanocarriers (maltodextrin, 
caseins), lipid-based nanocarriers, biopolymers based nanocarriers (chitosan, pro-
teins) and inorganic carriers (carbon nanotubes, clay minerals, γ-alumina).6–8 
Two approaches for the inclusion of drugs into silica based particles of matrix 
type have been mentioned, namely direct drug encapsulation when the drug is 
dissolved in the liquid precursor prior to formation of the matrix and indirect 
encapsulation or post loading when carrier particles are first synthesized followed 
by encapsulation of the drug.9,10    

The purpose of the present work was to obtain formulations betalains–SiO2 
and betalains-aluminosilicate, respectively, and to explore the two above men-
tioned loading modes of beet pigments into the silica-based carriers. Our results 
provide novel information about the structure and properties of the final hybrid 
pigments, especially the color response toward ammonia, a marker of food spoil-
age, the obtained data contributing to the development of product formulations 
which can favour the properties of food packaging. 

EXPERIMENTAL 
Materials 

Ludox®SM-30 colloidal silica (30 wt. % suspension in water) and sodium hydroxide 
were from Sigma Aldrich. β-cyclodextrine was purchased from Wacker-Chemie GmbH. 
Ascorbic acid pharmaceutical grade was purchased from Intra-Laboratories, cetyltrimethylam-
monium bromide (CTAB) from Carl Roth, aluminium oxide from Merck Millipore, sodium 
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dodecyl sulfate (SDS) analytical grade from Applichem. The concentrated beetroot juice (100 %, 
Biotta food grade), produced by extraction of pigments from red beet and its subsequent pas-
teurization with betanin the major coloring principle, was used as natural dye.  
Characterization 

X-ray diffraction (XRD) analyses were performed using a 9 kW Rigaku SmartLab dif-
fractometer (Rigaku Corp., Tokyo, Japan, operated at 45 kV and 200 mA, CuKα radiation 
λ =1.54059 Å), in scanning mode 2θ/θ, between 2 and 90° (2θ) for wide-angle analysis and 
between 0.05 and 8° (2θ) for small angle analysis, measuring scan step 0.02°, scan speed 8° 
min-1 (wide angle) and 4° min-1 (small angle). Components were identified by comparison 
with ICDD data. FT-IR spectra were recorded on a Brucker Vertex 70 spectrometer with hori-
zontal device for attenuated reflectance and diamond crystal, on a spectral window ranging 
from 4000 to 400 cm-1, at a spectral resolution of 2 cm-1. Spectra were recorded without any 
sample preparation and were processed with OPUS 5.5 program (Brucker). Nitrogen adsorp-
tion–desorption isotherms at 77 K were recorded on a Micromeritics ASAP 2020 automated 
gas adsorption system (Norcross, GA, USA). The samples were degassed at 250 °C for 4 h 
under vacuum before analysis. Specific surface areas (SBET) were calculated according to the 
Brunauer–Emmett–Teller (BET) equation, using adsorption data in the relative pressure range 
between 0.05 and 0.30. The total pore volume (Vtotal) was estimated from the amount adsorbed 
at the relative pressure of 0.99. The pore size distribution curves were obtained from the 
desorption data using the Barrett–Joyner–Halenda (BJH) model. UV–Vis spectra were rec-
orded using a Jasco V-750 spectrophotometer equipped with an integrating sphere that allows 
measurements on solid samples. Chromatic parameters were registered with a Konica Minolta 
CR-410 colorimeter with a white calibration plate (Y = 94.27, x = -1.06, y = 3.45), measure-
ments were done in triplicate and means reported. In the CIE L*a*b* uniform color space the 
color coordinates are: L* (brightness), a* (green-red) chromaticity, b* (blue–yellow) chroma-
ticity to describe the color of the matrices.11 

Preparation 
The two approaches, mentioned above, were used to include beet extract into the car-

riers. In the direct encapsulation procedure an aqueous mixture of 5 ml beet juice and 0.1 g 
β-CD is added, under constant stirring and room temperature, to 20 ml colloidal silica which 
was previously diluted with 12 ml water and brought to a pH of ~4 with an ascorbic acid 
solution of 15 %. Then the dye containing composition was introduced in a vacuum rotary 
evaporator and kept at 30 °C under vacuum until the liquid was evaporated and the precipitate 
was separated and crushed into powder. It was denoted silica-bet 1.  

Two mesoporous supports were prepared for beet juice adsorption. One of them, silica 2, 
was obtained from colloidal silica and CTAB as template agent, the molar ratio SiO2/CTAB 
being equal to 0.12/0.3×10-3. The mixture was brought to an acid pH with an acetic acid sol-
ution 20 %, under stirring and kept for 5 days at room temperature. The other one, an alu-
minosilicate carrier (silicaAl 3) was obtained by a hydrothermal process (90 °C, 48 h) in a 
basic medium from colloidal silica and Na2O⋅Al2O3 using SDS as a structure directing surf-
actant. The molar ratios of the components were SiO2/Al2O3 = 6, SiO2 /Na2O = 10/7, 
SiO2/SDS = 10/1.4. The silica 2 and silicaAl 3 powders were separated by repeated centri-
fugation and washing with distilled water and then they were thermally treated at 600 °C, with 
5 h plateau and a heating rate of 1 °C min-1. 0.8 g of each host material was mixed with 1.2 ml 
beet juice, stirred for homogenization and followed by 5 h vacuum drying in dark conditions. 
A colored powder was obtained. 
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Equal quantities of the three dye loaded powders were spread on plates and were put in a 
PET container together with a Petri dish containing ammonium hydroxide solution 25 %. The 
container was sealed for about 15 min so that the powders should be in contact with the 
ammonium vapours developed into the headspace. The color changes were determined. 

RESULTS AND DISCUSSION 

Structural characterization of the unloaded matrices 
X-Ray diffraction. The crystallographic structure of the as prepared samples 

was evaluated by XRD analysis. The diffraction patterns of the powders are pre-
sented in Fig. 1. As can be seen in Fig. 1a, the diffraction patterns indicate that 
the silica carrier is amorphous, marked by the existence of a broad peak at 2θ in 

 

 
Fig. 1. XRD patterns of Silica 2 and silicaAl 3 (the inset shows SAXS diagram of the same 

unloaded carriers) (a) and details of crystal structure of silicaAl 3 (b). 
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the range 20–35° attributed to amorphous silica.12 The pattern of the alumino-
silicate sample in Fig. 1b shows the formation of a crystalline phase of the zeolite 
Y type (identification was performed using PDXL software from Rigaku con-
nected to ICDD database). 

The inset of Fig. 1a shows the SAXS diagram of the two as prepared 
powders. The variation of the scattering intensities with the scattering vector (q) 
is due to the electron density difference between the matrices and the empty 
pores.13,14 The scattering curves of each of the two samples present a regular 
structure, confirming the long-range well-ordered mesostructured.15,16 

N2 physisorption. In Fig. 2 one can see that both samples show type IV iso-
therms according to IUPAC classification, typical for mesoporous materials. 

 

 
Fig. 2. N2 adsorption–desorption isotherms and pore size distributions (inset of the figures) of 

silica 2 and silicaAl 3 supports. 
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Silica 2 support exhibits a H2 hysteresis loop that indicate the existence of a 
complex pore structure in which network effects are important. In the case of sil-
icaAl 3 support, the hysteresis loop is of H3 type suggesting an assemblage of 
slit-shaped pores. The pore size distribution graphs show a unimodal distribution 
for both types of supports with peak maxima at 12.6 nm for silica and 3.8 nm for 
aluminosilicate. A t-plot analysis indicated the absence of microporosity in the 
silica support, whereas in aluminosilicate an important fraction of micropores 
was detected (~70 %). BET surface area, as well as total pore volume are higher 
for silica type carrier than for zeolite-Y type aluminosilicate (Table I). 

TABLE I. Textural parameters of silica 2 and silicaAl 3 supports 
Sample SBET / m2 g-1 Vtotal / cm3 g-1 
Silica 2 205.3 0.557 
silicaAl3 148.5 0.138 

Porosity measurements as well as the X-ray analysis prove that the supports 
are highly ordered materials. 

Infrared absorption spectra. Fig. 3 shows the FTIR spectra of the unloaded 
matrices. The strongest absorption bands of the two samples lie in the wave-
numbers range 1200–950 cm–1 described as an asymmetric stretching mode 
O–(Si,Al)–O.17 Silica 2 sample shows a peak at 1110 cm–1, while silicaAl 3 at 
986 cm–1. The presence of Al atoms in the structure generates a shift to lower 
wavenumbers.16 

 
Fig 3. FTIR spectra of silica 2 and silicaAl 3 supports. 

In the region 420–500 cm–1 the bands are assigned to O–(Si, Al)–O bending 
mode.17 A strong sharp band can be seen in the spectrum of silica 2 matrix at 464 
cm–1. In the aluminum containing one it is shifted to 434 cm–1 and becomes 
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weaker. Bands corresponding to symmetric stretching modes appear in the range 
650–820 cm–1.17 In the spectrum of the silica 2 sample a single band at 810 cm–1 
can be attributed to Si–O–Si sym stretching,18 while the presence of Al in the 
sample generates a widening and flattening of the bands (781 and 700 cm–1).18 
The absorption bands at 1636 cm–1 show the presence of water in the matrices.12 

FTIR spectra confirm the formation of an aluminosilicate type framework in 
accordance with XRD results and show that the structure directing agent was 
removed by thermal treatment. 

Characterization of matrices loaded with beet juice pigment 
UV–Vis spectroscopy of the dye-carrier formulation. There is an electron 

resonance system based on the two nitrogen atoms of the betalains molecules 
which is linked to the colour properties.19 Bethaxanthins with a more simple 
structure around nitrogen atom have a typical UV–Vis absorption maximum in 
the 457–480 nm region and are yellow while the betacyanins with an extended 
resonance system generate wavelengths in the range 524–542 nm that makes 
them violet.19–22  

Fig. 4 presents the UV–Vis spectra of the three prepared samples by inc-
lusion and adsoption. All display the betanin absorption maximum (535–543 
nm). Compared to silica-bet 1 spectrum, in which case the pigments can be stab-
ilized by inclusion complex formation with β-CD,5 the silica 2 and silicaAl 3 
samples have different profiles. In case of silica 2, an overlapping of the bands is 
observed in the 472–535 nm range and silicaAl 3 spectrum shows shifts to lower 
(415 nm) and higher values (543 nm). Betalains are known as electron donating 
compounds,21 and this fact can be due to interactions with the matrices which 

 
Fig. 4. UV–Vis spectra of the beetroot dye formulations based on silica and 

aluminosilicate. 
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become more significant for a high specific surface area and micro/mesoporos-
ity.23,24 Aluminium coordinative unsaturated sites in the network of silicaAl 3 
enhances the interactions with adsorbed betalains.8,24 

Effect of NH3 vapors on dye-carrier formulations color change. Mean L*, a* 
and b* values for the dye loaded powders before and after ammonium exposure 
are presented in Table II. 

TABLE II. Color parameters for beet juice in different matrices before and after exposure to 
base atmosphere; data are presented as mean ± standard deviation of triplicate analyses 
Sample Color parameters before exposure Color parameters in NH3 

atmosphere 
ΔE 

L* a* b* L* a* b* 
Silica 2 84.78±0.43 4.49±0.17 –1.16±0.033 83.13 ±0.29 3.60±0.14 0.70±0.089 1.87 
SilicaAl 3 86.21±0.35 3.69±0.38 –1.78±0.014 86.34±0.11 1.99±0.05 0.25±0.080 2.65 
Silica-bet1 80.02±0.21 7.68±0.12 –0.24±0.010 85.12±0.47 2.80±0.20 1.72±0.270 7.32 

The other parameter in Table II, ΔE, is the color difference between before 
(L0, a0, b0) and after exposure to NH3 (L, a, B) and was determined using the 
following equation:25 
 ΔE = [(L0–L*)2+ (a0–a*)2 + (b0–b*)2]1/2 (1) 

The values of the color parameters presented above, indicate that the as pre-
pared matrices containing beet juice are different: silica-bet 1 and silica 2 are red-
der, while silicaAl 3 is lighter and yellower. Values ΔE between 1.5–3 (silica 2 
and silicaAl 3 sample) indicate distinct and over 6 (silica-bet 1 sample) great dif-
ferences between the initially prepared samples and the ones exposed to ammonia.26 

CONCLUSION 

Betalains pigments were included in silica and respectively aluminosilicate 
carriers to stabilize and improve their properties for practical applications. The 
direct encapsulation approach enabled the incorporation of other natural occur-
ring compounds besides the dye, such as the complex forming β-CD and ascorbic 
acid, thus upgrading the prepared formulation regarding the color properties and 
the color variation with pH change. Structure directing agents generated meso-
porous silica and zeolite Y-type supports with a complex, regular pore layout for 
the colorant adsorption. Betalains color properties depend on the variation in the 
physicochemical characteristics of the micro/mesoporous supports. 

___________________________________________________________________________________________________________________________

(CC) 2024 Serbian Chemical Society.

Available online at: http://www.shd.org.rs/JSCS



 BETALAIN PIGMENTS IN INORGANIC HOSTS 37 

И З В О Д  

ИМОБИЛИЗАЦИЈА ПРИРОДНИХ БЕТАЛАИНСКИХ ПИГМЕНАТА У НЕОРГАНСКИМ 
МАТЕРИЈАЛИМА 

LIGIA TODAN1, DANIELA C CULITA1, MIRABELA E. SOARE1, RODICA M. ION2, RADU C. FIERASCU2 
и MARIA MAGANU3 

1Ilie Murgulescu Institute of Physical Chemistry, Romanian Academy, 202 Splaiul Independentei, 060021 
Bucharest, Romania, 2National Institute for Research & Development in Chemistry and Petrochemistry- 

-ICECHIM, 202 Splaiul Independentei, 060021 Bucharest, Romania и 3”Costin D. Nenitescu” Institute of 
Organic and Supramolecular Chemistry, Romanian Academy, 202 B Splaiul Independentei, 

060023 Bucharest, Romania 

У циљу испитивању нових pH осетљивих формулација хране, екстракт црвене 
цвекле богат бетацијанином, ради побољшања стабилности његове боје, је наношен на 
различите неорганске подлоге које садрже силицијум-диоксид и алуминосиликате. 
Директном методом инкапсулације пигмента на неорганску подлогу која садржи сили-
цијум-диоксид и алуминосиликат додат је стабилизатор који представља инклузиони 
комплекс β-циклодекстрина и аскорбинске киселине. Систем накнадног пуњења укљу-
чује синтезу порозног силицијум-диоксид и алуминосиликатног праха и адсорпцију екс-
тракта репе на овим подлогама. Пре наношења екстракта извршена је структурна карак-
теризација неорганске подлоге (дифракција рендгенских зрака, FTIR и N2-физисорп-
ција). Присуство бетанина (одобрен као црвена боја за храну) у испитиваним узорцима 
је одређено применом UV–Vis спектроскопије. Испитиване су промене боје, као и pH 
генерисане промене боје прахова изложених дејству амонијака при врху капсулираних 
посуда. Добијени резултати могу допринети већој примени екстракта репе, док пред-
ложене еколошке формулације могу бити од значаја код паковања хране. 

(Примљено 28. октобра 2022, ревидирано 21. јануара, прихваћено 1. марта 2023) 

REFERENCES 
1. S. Chethana, C. A. Nayak, K. S. M. S. Raghavarao, J. Food Eng. 81 (2007) 679 

(https://doi.org/10.1016/j.jfoodeng.2006.12.021)  
2. S. Akan, Ö. Horzum, H. C. Akal, LWT – Food Sci. Technol. 155 (2022) 112877 

(https://doi.org/10.1016/j.lwt.2021.112877)  
3. P. S. Grewal, C. Modavi, Z. N. Russ, N. C. Harris, J. E. Dueber, Metab. Eng. 45 (2018) 

180 (https://doi.org/10.1016/j.ymben.2017.12.008)  
4. O. L. Torres Vargas, Y. V. Galeano Loaiza, M. L. González, J. Mater. Res. Technol. 13 

(2021) 2239 (https://doi.org/10.1016/j.jmrt.2021.05.091)  
5. M. I. Khan, Food Chem. 197 (2016) 1280 

(https://doi.org/10.1016/j.foodchem.2015.11.043)  
6. S. J. Calva-Estrada, M. Jiménez-Fernández, E. Lugo-Cervantes, Food Chem.: Mol. Sci. 4 

(2022) 100089 (https://doi.org/10.1016/j.fochms.2022.100089)  
7. S. Li, B. Mu, X. Wang, A. Wang, Dyes Pigments 190 (2021) 109322 

(https://doi.org/10.1016/j.dyepig.2021.109322)    
8. E. Pérez-Ramírez, E. Lima, A. Guzmán, Dyes Pigments 120 (2015) 161 

(https://doi.org/10.1016/j.dyepig.2015.03.040)  
9. E. S. Dolinina, E. Yu. Akimsheva, E. V. Parfenyuk, J. Mol. Liq. 287 (2019) 110938 

(https://doi.org/10.1016/j.molliq.2019.110938)   

___________________________________________________________________________________________________________________________

(CC) 2024 Serbian Chemical Society.

Available online at: http://www.shd.org.rs/JSCS



38 TODAN et al. 

10. E. Akbar Hussain, Z. Sadiq, M. Zia-Ul-Haq, Betalains: Biomolecular Aspects, Springer 
International Publishing, Cham, 2018, p. 125 (https://doi.org/10.1007/978-3-319-95624-4)  

11. F. Billmeyer, M. Saltzman, Principles of color technology, John Wiley & Sons, New 
York, 2000, p. 1 

12. W. Simanjuntak, S. Sembiring, P. Manurung, R. Situmeang, I. M. Low, Ceram. Int. 39 
(2013) 9369 (https://doi.org/10.1016/j.ceramint.2013.04.112)  

13. D. Paudel, R. Atta-Fynn, D. A. Drabold, S. R. Elliott, P. Biswas, Phys. Rev., B 97 (2018) 
184202. (https://doi.org/10.1103/physrevb.97.184202)  

14. D. Orthaber, A. Bergmann, O. Glatter, J. Appl. Crystallogr. 33 (2000) 218 
(https://doi.org/10.1107/S0021889899015216)  

15. C. Boissière, L. Nicole, C. Gervais, F. Babonneau, M. Antonietti, H. Amenitsch, C. 
Sanchez, D. Grosso, Chem. Mater. 18 (2006) 5238 (https://doi.org/10.1021/cm061489j)  

16. M. Król, A. Koleżyński, W. Mozgawa, Molecules 26 (2021) 342 
(https://doi.org/10.3390/molecules26020342)  

17. Molecular Sieve Zeolites-I, E. M. Flanigen, L. B. Sand, Еds., American Chemical 
Society, Washington, D.C., 1974, p. 201 (https://doi/10.1021/ba-1971-0101.ch016)  

18. J. Yang, Y.-X. Huang, Y. Pan, J.-X. Mi, Micropor. Mesopor. Mater. 303 (2020) 110247 
(https://doi.org/10.1016/j.micromeso.2020.110247)  

19. F. Gandía-Herrero, J. Escribano, F. García-Carmona, Planta 232 (2010) 449 
(https://doi.org/10.1007/s00425-010-1191-0)  

20. F. C. Stintzing, R. Carle, Trends Food Sci. Technol. 15 (2004) 19 
(https://doi.org/10.1016/j.tifs.2003.07.004)  

21. I. Belhadj Slimen, T. Najar, M. Abderrabba, J. Agric. Food Chem. 65 (2017) 675 
(https://doi.org/10.1021/acs.jafc.6b04208)  

22. I. Sadowska-Bartosz, G. Bartosz, Molecules 26 (2021) 2520 
(https://doi.org/10.3390/molecules26092520)  

23. C. Karavasili, E. Kontogiannidou, A.-T. Chatzitaki, P. Barmpalexis, D. G. Fatouros, 
Micropor. Mesopor. Mater. 305 (2020) 110343 
(https://doi.org/10.1016/j.micromeso.2020.110343)  

24. S. Nastase, L. Bajenaru, C. Matei, R. A. Mitran, D. Berger, Micropor. Mesopor. Mater. 
182 (2013) 32 (https://doi.org/10.1016/j.micromeso.2013.08.018)  

25. N. K. Kortei, G.T. Odamtten, M. Obodai, V. Appiah, P.T. Akonor, Croat. Ј. Food 
Technol. Biotechnol. Nutr. 10 (2015) 66 (https://hrcak.srce.hr/147825) 

26. M. Cruz-Romero, A. L. Kelly, J. P. Kerry, Innov. Food Sci. Emerg. Technol. 8 (2007) 30 
(https://doi.org/10.1016/j.ifset.2006.05.002). 

___________________________________________________________________________________________________________________________

(CC) 2024 Serbian Chemical Society.

Available online at: http://www.shd.org.rs/JSCS



  
J. Serb. Chem. Soc. 89 (1) 39–50 (2024) Original scientific paper 
JSCS–5704 Published 12 February 2024 

39 

Study of the metal ion adsorption capacity of palygorskite by 
computer simulation 

CHUAN-WEN LIU1*, MIN-HSIEN LIU2, TO-MAI WANG3, CHENG-LUNG CHEN4 

and TZU-HAO TING1 
1Department of Chemistry, R.O.C Military Academy, Kaohsiung City, Taiwan, ROC, 

2Department of Chemical and Materials Engineering, Chung-Cheng Institute of Technology, 
National Defense University, Taoyuan 335, Taiwan, ROC, 3Institute of Nuclear Energy 

Council, ROC and 4Department of Chemistry, National Sun Yat-sen University, 
Kahsiung 804, Taiwan, ROC 

(Received 8 July, revised 4 September, аccepted 24 October 2023) 

Abstract: Palygorskite is a magnesium-rich aluminosilicate clay mineral with a 
unique chain-layered structure. This structure gives palygorskite a large spe-
cific surface area and interesting physical properties. Many researchers have 
investigated the applications of palygorskite in various fields, including heavy 
metal adsorption, petroleum and chemical industries, building materials, medi-
cine and agriculture. In this study, molecular dynamics simulations were used 
to explore the heavy metal adsorption ability of palygorskite. The results 
showed that polyacrylic acid (PAA) had a heavy metal adsorption ability. In 
terms of the ability of the substrate to adsorb Pb2+, Ni2+ and Cr3+, palygorskite 
(attapulgite, ATP) was more effective than SiO2 or clay. Based on this study, 
the same phenomenon reported in the literature was confirmed, and it was 
demonstrated that molecular dynamics could properly simulate the filtration of 
heavy metal ions in water using novel materials. Moreover, H+ was found to 
play an essential role in assisting PAA/ATP in capturing heavy metal ions. 
Using this method, we were able to observe the details of heavy-ion adsorption. 

Keywords: palygorskite; molecular dynamics; heavy metal adsorption; poly-
acrylic acid. 

INTRODUCTION 
Palygorskite or attapulgite (ATP) is a typical clay soil found throughout the 

world, with the chemical formula (Mg,Al)2Si4O10(OH)·4(H2O). Scientists have 
noted its unique properties and particular chain-layer structure. Numerous res-
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earchers have used ATP in experiments or modified it to improve its properties to 
expand its application. For example, ATP can be used in heavy metal adsorption, 
the petroleum and chemical industries, building materials, medicine and agri-
culture. Rusmin et al. developed a simple method for the preparation of a mag-
netic chitosan-palygorskite nanocomposite that showed excellent effects in terms 
of removing Pb2+ from water; after four adsorption–desorption cycles, it still had 
an 82% capability.1 Eleni et al. presented a method to remove Ca2+ from water 
using sodium-treated ATP and proposed a kinetic model to explain their experi-
mental results.2 Wei et al. synthesized attapulgite-maintained nanoscale zero-val-
ent iron. Their experimental results confirmed that introducing ATP increased the 
Cr(VI) removal efficiency.3 In another study, Ma et al. presented a novel method 
for synthesizing a new material, a polydopamine-modified attapulgite-supported 
nanosized zero-valent iron composite. The new material reduced the toxicity of 
Cr (VI) in the solution, and the results showed that ATP played a significant role 
in this process.4 Using hydrothermal ATP, Zhang et al. demonstrated that ben-
zene, naphthalene and phenanthrene could all be effectively removed after spe-
cial treatment.5 Câmara presented the application of ATP in adsorptive desulfur-
ization in petroleum refining, which produced excellent results regarding the ads-
orption of sulfur compounds in actual diesel fuel.6 Zhai et al. reported that meth-
ylene blue-adsorbed palygorskite could effectively degrade bisphenol A over a 
wide pH range from 3 to 9 through carbonization. Additionally, it can eliminate 
organic pollutants.7 Mavrikos et al. prepared a novel material with natural ATP 
and TiO2, Zn and Cu and demonstrated excellent results for the adsorption of air 
pollution.8 Using ATP and wood fiber, Zhou et al. prepared an aerogel material 
with excellent mechanical properties and the ability to self-adjust to humidity.9 
By combining nano clay minerals (ATP) and rigid polyurethane foams, Wang et 
al. created a novel material that enhanced the thermal insulation performance of 
building materials.10 Chalvatzi et al. found that ATP dietary supplementation 
could render cecal microbial profiles more homogeneous at the start of lactation 
and enable more efficient butyrate production.11 Wang et al. presented an emb-
odiment of palygorskite as a medicine carrier and showed that its plasticity and 
liquidity limits were promising.12 Yong et al. used ATP’s ion adsorption pro-
perties to capture Cr in alkaline soil with cadmium pollution.13 Shao et al. pre-
pared a new nanoparticle composite in which Pd/Fe was supported on organic 
ATP to address soil pollution. This composite removed 4,4'-dibrominated diph-
enyl ether effectively.14 Zhou et al. prepared composite polyacrylic acid (PAA) 
and ATP (PAA/ATP) to adsorb Pb2+, Ni2+ and Cr3+ .15 All these studies showed 
a different adsorption ability of ATP and its composites. In an earlier simulation 
in our laboratory, a technical method was used for the liquid chromatographic 
separation of explosive molecules, and it was a success in that simulation.16 Prior 
to this research, we hypothesized that PAA/ATP would adsorb heavy metal ions 
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but did not know whether PAA or ATP adsorbed more strongly. This was the 
aim of our study, which we addressed via successful simulation. This study sim-
ulated PAA composites of SiO2 (PAA/Si) and clay (PAA/clay). The adsorption 
abilities of these composites were compared with those of PAA/ATP described in 
Zhou’s report. Our goal was to demonstrate that simulation, at least qualitatively, 
predicts complicated composites’ adsorption abilities. 

THEORY AND METHODS 
The Material Studio 6.0 package was used to model these systems in this simulation. In 

addition, the molecular dynamics (MD) simulation Forcite-calculation module was used to 
investigate the adsorption of ions by the composites. The adsorption of Pb2+, Ni2+ and Cr3+ by 
PAA/ATP was experimentally simulated.15 A similar simulation method was also used to 
investigate PAA/SiO2 and PAA/clay systems. 

In this study, molecular dynamics (MD) simulation with the Universal Force Field17 
(UFF) was adopted to carry out the computations. 

In UFF, the interaction energy is: 
 R w vdw el E E E E E E Eθ ϕ= + + + + +  (1) 

where E is the potential energy, ER is the bond stretching energy, Eθ and Eϕ are the angular 
distortions, Ew is the inversion term, Evdw is the nonbonded interaction energy and Eel is the 
electrostatic term. The interaction force and acceleration of each atom are: 

 i i iF m a=
 

 (2) 
 i ia E= −∇


 (3) 

The atomic position and velocity were obtained by numerically solving the Newtonian 
equation by the Verlet method: 

 ( )1 1
2 2

v t t v t t a t tδ δ δ   + = − +   
   

  
 (4) 

 ( ) ( ) 1
2i ir t t r t v t t tδ δ δ + = + + 

 

  
 (5) 

In our simulation, the conventional MD method was adopted, and the system was sim-
ulated to reach thermal equilibrium: 

 3. ~  
2

K E NkT  (6) 

After the system was well equilibrated, further simulations were carried out to collect 
trajectories for subsequent analysis.  

Different radial distribution functions (RDFs) can be calculated using Eq. (7) to analyze 
the simulation results: 

 2
d( )

4π d
rng r

r rρ
=   (7) 

where dnr is the number of atoms distributed in r → r + dr, and ρ is the bulk density. RDF, 
g(r), is the probability of an atom being at a distance r from another tagged atom. It shows a 
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significant probability of probable distance ranges. RDF analyzes atom distributions in the 
solid, liquid and gas phases. 

This research examined four different systems: PAA/ATPno, with the ATP surface 
treated with the PAA functional group in a neutral solution; PAA/ATPH, with the ATP sur-
face treated with the PAA functional group in an acidic solution; PAA/Sino, with the SiO2 
surface treated with the PAA functional group in neutral solution; and PAA/Clayno, with the 
clay surface treated with the PAA functional group in neutral solution. All four systems con-
tained the same ratios of heavy metal ions Pb2+, Ni2+ and Cr3+. Table I displays the com-
ponents for each of the four systems. 

TABLE I. Composition of modeled systems 
Property PAA/ATPno PAA/ATPH PAA/Sino PAA/Clayno 
Pb2+ 30 50 30 30 
Ni2+ 30 50 30 30 
Cr3+ 30 50 30 30 
Cl- 90 150 90 90 
NO3

- 120 200 120 120 
H2O 3300 3300 3300 3300 
H+ – 300 – – 
Substrate ATP (palygorskite, attapulgite) SiO2 (quartz) Clay (kaolinite) 
Density of solution, g/cm3 1.0 1.0 1.0 1.0 
Box size, Å3 52×51×90 52×51×100 50×51×87 51×45×90 

In this simulation, SiO2 and clay were also selected as substrates through the same Si 
atom in their structures. The three-dimensional structure of ATP was adopted from the Inorg-
anic Crystal Structure Database (ICSD) No. 18548518 and the literature.19 The 3D structures 
of SiO2 and clay were also obtained from the ICSD. The structures are shown in Fig. 1 (a, b 
and c). 

The surfaces of the substrates were covered with polyacrylic acid ((C3H4O2)n, n = 5). In 
this simulation, PAA was synthesized from polyacrylic acid and modified ATP. In the first 
step, modified ATP was formed by putting ATP into 3-mercapto-1-propane sulfonic acid 
sodium (C3H7O3S2Na, MPS). In the second step, polyacrylic acid was added to the modified 
ATP, and the polymerization process was conducted. PAA was therefore obtained via two 
steps in this experiment; the final 3D structure of PAA is shown in Fig. 1d.15  

To build the PAA/ATP, PAA/SiO2, and PAA/Clay systems, 10 PAA molecules were 
evenly distributed on the surface of the clay, ATP and SiO2. Solutions of PAA/ATPno, 
PAA/ATPH, PAA/SiO2 and PAA/clay were mixed in the amorphous cell module at a density 
of 0.3 g/cm3. Next, the systems were simulated to their thermal equilibrium states, after which 
they were compressed slightly (3 %), and an MD simulation was carried out until a new 
thermal equilibrium was reached. The above steps were repeated until the system density was 
1.0 g/cm3. After this stage, an MD simulation of 10,000 fs was performed to ensure that the 
solutions were well mixed. Then, these solutions were placed on top of the substrates, and an 
MD simulation of 1,000,000 fs in each system was performed to stabilize the systems. Snap-
shots of the system are shown in Fig. 2. 
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a) 

 
b) c)

 
d)

 
Fig. 1. 3D structure of: a) ATP, b) SiO2, c) clay and d) PAA. 
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a) b)

 
c) d)

 
Fig. 2. Simulation model of the: a) PAA/ATPno, b) PAA/ATPH, c) PAA/Sino and 

d) PAA/Clayno systems. 

RESULTS AND DISCUSSION 

The results from the literature showed the adsorption ability of the PAA/  
/ATP substrate in an acidic solution to be Pb2+ (35 mg g–1) > Cr3+ (16 mg g–1) > 
Ni2+ (2 mg g–1).15 Fig. 3 shows the calculated RDFs of O in the PAA molecule 
to ions in the PAA/ATPH system. Fig. 3 shows that the corresponding peak int-
ensities were 7.2 for Pb2+ at 2.7 Å, 5.8 for Cr3+ at 2.3 Å and 4.4 for Ni2+ at 2.3 Å. 
These peaks indicate that the simulated amounts of adsorption ions were in the 
same order as reported in the literature. Therefore, the correct results obtained 
using our simulation showed that the modeling method is appropriate for these 
composite systems. 
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Fig. 3. RDF of O(PAA)–M+ in the PAA/ATPH system. 

Similar analyses were carried out for the other composite systems. The 
simulated RDFs are shown in Table II. The adsorption abilities were Ni2+ (10.1) > 
Pb2+ (6.2) > Cr3+ (4.6) for the PAA/ATPno system, Cr3+ (15.3) > Pb2+ (11.9) > 
Ni2+ (2.5) for the PAA/Sino system, and Cr3+ (52.3) > Pb2+ (5.5) > Ni2+ (5.1) for 
the PAA/Clayno system. In the PAA/Sino system, the adsorption capacities for 
Cr3+ (15.3) and Pb2+ (11.9) were more significant than those for Ni2+ (2.5). In 
the PAA/Clayno system, the adsorption capacity for Cr3+ (52.5) was more sig-
nificant than that for Pb2+ (5.1) and Ni2+ (5.5). 

TABLE II. RDF analyses of O (PAA) to M+ and O (water) to M+ in the four systems 
System O(PAA)⋅⋅⋅M+ O(water)⋅⋅⋅M+ 

Pb2+ Cr3+ Ni2+ Pb2+ Cr3+ Ni2+ 
PAA/ATPH 7.2 (2.7Å) 5.8 (2.3Å) 4.4 (2.2Å) 1.8 (3.0Å) 2.9 (2.2Å) 2.4 (1.9Å) 
PAA/ATPno 6.2 (2.7Å) 4.6 (2.0Å) 10.1 (2.0Å) 2.3 (2.9Å) 4.7 (2.0Å) 2.3 (2.9Å) 
PAA/Sino 11.9 (2.9Å) 15.3 (1.8Å) 2.5 (1.8Å) 1.9 (3.0Å) 4.0 (2.0Å) 3.1 (2.0Å) 
PAA/Clayno 5.1 (2.7Å) 52.3 (1.8Å) 5.5 (2.0Å) 2.1 (3.1Å) 3.1 (2.2Å) 4.6 (2.0Å) 

As presented in Table II, the RDF of the M+ to O (water) in the liquid sys-
tem shows that the order of adsorption capacity was the same for all four sys-
tems: Cr3+ > Ni2+ > Pb2+. As Cr3+ is the most significant positively charged ion, 
it attracts more O (water) than the other two ions. According to the literature, the 
hydrated radius of Ni2+ is 0.69 Å20 and that of Pb2+ is 1.19 Å.21 Therefore, O 
(water) is closer to Ni2+ than Pb2+, and the number of neighboring water mole-
cules around Ni2+ was more significant than that around Pb2+. 

In Table II, the RDF of O(PAA)–M+ in the PAA/ATPno, PAA/ATPH, PAA/ 
/Sino and PAA/Clayno systems showed that the adsorption capacity for the Pb2+ 
by the PAA polymer was of the order: PAA/Sino > PAA/ATPH > PAA/ATPno > 
PAA/Clayno. The order for Ni2+ was: PAA/ATPno > PAA/Clayno > PAA/ 
/ATPH > PAA/Sino. The order for Cr3+ was: PAA/Clayno > PAA/Sino > PAA/ 
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/ATPH > PAA/ATPno. These results showed that the most significant adsorption 
number of O(PAA)–Pb2+ was observed in the PAA/Sino system, the most sig-
nificant adsorption number of O(PAA)–Ni 2+ was in PAA/ATPno, and the most 
significant adsorption number of O(PAA)–Cr3+ was in PAA/Clayno. 

Fig. 4 shows the RDF of O (PAA) in the four systems. In the dynamic snap-
shot, the peak at 0.61–0.69 Å represented =O and –O in the COOH functional 
group. It has been shown that the distance between the O atoms in the –COOH 
group decreased in the PAA/ATPH, PAA/Sino and PAA/Clayno systems. It was 
also observed that M+ had a greater possibility of moving close to the –COOH 
group, causing the phenomenon that =O and –O became closer to each other in 
the RDF analysis. In addition, the M+ in the PAA/ATP system did not show this 
phenomenon. The peak at 2.27–2.29 Å was the normal RDF of O atoms in the 
–COOH functional group in the four systems. However, the PAA/ATPH system 
had two peaks of low intensity of 2.81 and 4.65 Å, which showed that the PAA 
molecules in the PAA/ATPH system had the possibility of getting closer to each 
other. This phenomenon was most evident in the PAA/ATPH system of the four 
systems. 

 
Fig. 4. RDF analysis of O (PAA) in the four systems. 

The above analysis showed the adsorption of metal ions by PAA. In addit-
ion, we were also interested in the adsorption site of the polymer. By analyzing 
101 frames of trajectories in 10 ps, Pb2+, Ni2+ and Cr3+ near the surface of the 
substrates within 10 Å were counted, as shown in Fig. 5. This shows the number 
of heavy metal ions trapped by PAA/substrate. The count of heavy metal ions 
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inside the PAA molecule differed from the results of the RDF analysis of heavy 
metal ions and the O atom of the PAA molecule. 

On the other hand, the PAA/ATPH system had the most of Pb2+ inside the 
PAA molecule. The PAA/ATPno system was the best for Cr3+, and the PAA/ 
/ATPH system still proved the most effective in terms of capturing Ni2+ in com-
parison with the other systems. The PAA/Clayno system could have shown better 
results regarding the numbers inside the PAA molecule for heavy metal ions. 
However, the RDF results showed that the PAA/Clayno system had excellent 
adsorption of Cr3+. One possible reason for this result was that the heavy metal 
ions were adsorbed by the –COOH group on the PAA molecule, showing that 
this –COOH group played an essential role in the adsorption of heavy metal ions. 
The clay substrate had little effect on the adsorption of heavy metal ions. 

Fig. 5. Analysis of ions inside the PAA 
molecular chain in the PAA/ATPH, 
PAA/ATPno, PAA/Sino and PAA/ 
/Clayno systems. 

According to the PAA/Clayno system data in Fig. 5, the trajectory of the 
Cr3+ near the clay was analyzed, as shown in Fig. 6. The resulting analysis 
showed that the PAA/Clayno dynamic simulation trajectory in 5 ps included 
5000 steps and 51 frames. In the Cr3+ trajectory, it was almost wandering in a 
cube with a side length of 0.6 Å. Therefore, Fig. 6 might provide strong evidence 
to support the conclusion, shown in Fig. 5, that Cr3+ near the surface of the clay 
substrate within 10 Å were almost captured by the –COOH group and occupied 
the site of the –COOH group’s activity. As a result, the low number of ions pre-
sent in the PAA molecular chain of the PAA/Clayno system, depicted in Fig. 5, 
caused a significant difference in the RDF of O (PAA)–Cr3+, as shown in Table 
II. This may be a type of fouling of the PAA molecules in the PAA/Clayno 
system. 

CONCLUSION 

ATP is a clay mineral with expanding applications owing to the development 
of technology. In this research, a 3D model of ATP was built to simulate its beh- 
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Fig. 6. Trajectory of Cr3+ near the surface of the clay substrate within 10 Å. 

avior. Modeling research would assist in follow-up ATP research. According to 
the results, PAA molecules have excellent adsorption ability. The ability of the 
systems with PAA added to the substrate to adsorb Pb2+, Ni2+ and Cr3+ was in 
the order ATP > SiO2 > clay. In comparing the four systems, PAA/ATPno 
proved the most effective in adsorbing the Ni2+, while for adsorbing Pb2+, 
PAA/Sino was the best among the four systems. On the other hand, PAA/Clayno 
was the most effective at adsorbing the Cr3+. For both Pb2+ and Cr3+, the 
PAA/Sino system is the most efficient of the four systems. Furthermore, the H+ 
evenly disperses the PAA molecules to improve the ability of the PAA/ATP 
system to adsorb heavy metal ions such as Pb2+, Ni2+ and Cr3+. According to the 
results of this simulation, the PAA/ATPH system has an excellent ability to ads-
orb heavy metal ions. This simulation could help advance research in nanotech-
nology and its application in ATP. 
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Палигорскит је минерал алуминосиликатне глине богат магнезијумом са јединстве-
ном ланчаном слојевитом структуром. Ова структура даје палигорскиту велику специ-
фичну површину и занимљива физичка својства. Многи истраживачи су истраживали 
примену палигорскита у различитим областима, укључујући адсорпцију тешких метала, 
индустрију нафте, хемијску индустрију, грађевинске материјале, медицину и пољоприв-
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реду. У овој студији, коришћене су симулације молекулске динамике за истраживање 
способности палигорскита за адсорпцију тешких метала. Резултати су показали да поли-
акрилна киселина (РАА) има способност адсорпције тешких метала. Као супстрат за 
адсорбовање Pb2+, Ni2+ и Cr3+, палигорскит (атапулгит, ATP) је био ефикаснији од SiО2 
или глине. На основу ове студије потврђен је исти феномен описан у литератури и пока-
зано је да молекулска динамика може правилно симулирати филтрацију јона тешких 
метала у води користећи нове материјале. Штавише, откривено је да Н+ игра кључну 
улогу у помагању РАА/АТР у хватању јона тешких метала. Користећи ову методу, могли 
смо да посматрамо детаље адсорпције тешких јона. 

(Примљено 8. јула, ревидирано 4. септембра, прихваћено 24. октобра 2023) 
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Abstract: Perovskite oxides (ABO3) due to their high thermal stability and the 
ability to control the physico-chemical properties are considered as an alter-
native to traditional catalysts containing noble and transition metals. Herein, 
the recent research breakthroughs of GdCoO3 catalysts in experimental studies 
are summarized in detail. First, the perovskite-type GdCoO3 complex oxides 
were obtained by co-precipitation method with the various precipitators and 
were characterized by X-ray diffraction (XRD), low temperature nitrogen ads-
orption and IR spectroscopy. Physical and chemical analysis showed that the 
choice of precipitant doesn’t significantly affect the phase composition of the 
perovskites. The catalytic performance of gadolinium cobaltites was discussed. 
It was found that the use of cobaltites obtained by co-precipitation leads to the 
inhibition of the side reaction of the reverse steam reforming of carbon mono-
xide. Finally, the investigation of the used catalysts demonstrated the formation 
of Gd2O2CO3 and metallic cobalt, which indicates the nature of active centres: 
gadolinium is the centre of CO adsorption, while hydrogen chemisorption 
occurs on cobalt-sites. 

Keywords: synthesis gas; catalysis; perovskites; cobalt; conversion. 

INTRODUCTION 
As of this date, oil remains the main source of raw materials to produce 

motor fuel and products of the main organic synthesis. Demand for oil largely 
depends on the current economic situation and prices for oil products. However, 
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the volume of natural oil production is growing every year, and these volumes 
barely have time to cover the existing needs. According to the forecasts of the 
International Energy Agency, the onset of “peak oil” (maximum world oil pro-
duction) should be expected in 2030, after which there will be a decline in pro-
duction volumes around the world. For this reason, today much attention is paid 
to the development of GTL (gas-to-liquids) technology. GTL is the production of 
petroleum products from natural gas or associated petroleum gas, about 30 % of 
which in Russia is simply burned by flares after production. At the same time, 
efforts worldwide to reduce CO2 emissions are driving growing research interest 
in finding effective ways to chemically activate this inert molecule. Catalytic 
processes are of utmost importance in this area, while renewable energy sources 
are the most suitable to provide these high-energy transformations.1 

In this context, carbon dioxide conversion of methane (dry reforming of 
methane, DRM), as the first stage of GTL technology, is an attractive way for the 
transition from the use of fossil resources to the effective conversion of CO2 and 
CH4 into synthetic fuel, because the resulting synthesis gas can subsequently be 
converted by the Fischer-Tropsch synthesis into various hydrocarbon fractions.1 

Moreover, the reaction is environmentally beneficial, because two green-
house gases are used in it:2 
 4 2 2CH CO 2CO 2H , Δ 247 kJ/molH+ → + =  (1) 

DRM is an endothermic process, and it is carried out at operating tempera-
tures above 1000 K, and this requires heat-resistant catalysts with high product-
ivity. Most often, supported catalysts based on noble metals such as Rh, Ru or Ir 
are used for this process.3 Transition metals such as Ni, Co, Fe can also be effect-
ively used as an alternative and cost-effective active phase.3 

In most cases, the most common metallic, bimetallic and oxide catalysts 
have low selectivity and are rapidly deactivated by sintering and carburizing the 
surface, which reduces their efficiency in the DRM. Therefore, the search for the 
most suitable catalyst for this process is an urgent task for many scientists. In this 
regard, the properties of complex oxides with the structure of perovskite are 
being studied. These compounds are stable at high temperatures, easy to prepare 
and have a lower cost than noble metal catalysts. Another interesting feature of 
perovskites is the ability to regulate catalytic characteristics by varying their 
chemical composition at the A- and B-positions.4–8 For example, in previous 
work9 on the study of LnFeO3 under DRM conditions, it was shown that the 
maximum catalytic activity was observed on samples containing gadolinium in 
the A-position, which contributed to the further study of gadolinium-containing 
complex oxides. And the study of GdMeO3 (Me = Fe, Co, Mn) obtained by solid 
phase10 synthesis revealed the influence of the nature of the B-element on the 
efficiency of the catalyst. Moreover, in addition to varying the chemical compo-
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sition, the characteristics of active centres of systems can be influenced by the 
synthesis method,11 which leads to a change in its catalytic properties, and this 
has also been confirmed in our previous works.9,10 

The purpose of this work was to study the catalytic properties of complex 
oxides with the perovskite structure of the GdCoO3 composition under condit-
ions of carbon dioxide conversion of methane, as well as to identify the correl-
ation “synthesis conditions – physicochemical properties – catalytic character-
istics”. 

EXPERIMENTAL 
The synthesis of complex oxides GdСоO3 was carried out by the co-precipitation method 

using solutions of sodium hydroxide and ammonium carbonate as precipitators.12,13 The syn-
thesized GdСоO3 oxides are respectively named as GCOprecipitator. 

GCONaOH. For the synthesis of GCONaOH 3 mol Gd(NO3)3‧6H2O and 4 mol 
Co(NO3)2‧6H2O were dissolved in 40 mL of water. 0.027 mol of anhydrous glucose, 0.08 mol 
ethylene glycol and 60 mL of 4M NaOH solution was added to the resulting solution. The pH 
of the solution was adjusted to 10 by dropwise addition of 15 mL of 5.4 M HNO3. A suspen-
sion was obtained and held for 24 h in a drying oven at 100 ℃. The brown precipitate was 
filtered and washed with more water, then annealed in a muffle oven for 3 h at 300 ℃ and 4 h 
at 700 ℃. 

GCO(NH4)2CO3. For the synthesis of GCO(NH4)2CO3 stoichiometric proportions of 
Gd(NO3)3‧6H2O and Co(NO3)2‧6H2O were dissolved in a small amount of distilled water and 
stirred for 2 h at 80 ℃. Next, the calculated amount of (NH4)2CO3 was also dissolved in dis-
tilled water and then slowly added to the first solution. The resulting suspension was stirred 
for 3 h at 80 ℃. The precipitate was filtered on a Buchner funnel and washed with distilled 
water to give a colourless filtrate. The precipitate was then transferred to porcelain crucibles, 
dried for 12 h at 120 ℃, and calcined for 10 h at 850 ℃. 
Physical and chemical methods of catalysts research 

X-ray phase analysis was carried out on the device Rigaku MiniFlex II X-ray diffracto-
meter with Cu anode (Kα radiation =1.5418 Å). 

IR spectra of the samples were obtained on a Nicolet 6700 spectrophotometer. The 
samples were prepared in powder form for all catalysts. Sample preparation was performed by 
impaired total internal reflection (ATR). Equipped with polycrystalline diamond prefix was 
used. Spectra were obtained in the mid and far IR regions (4000–400 cm-1). 

The parameters of the porous structure of the samples were determined from isotherms 
of nitrogen vapour adsorption at 77 K temperature measured at the ASAP 2020-MR Micro-
merics automatic high-vacuum unit (USA) in the range of relative vapour pressures from 
0.001 to 0.98. Previously, the samples were evacuated to a residual vacuum of less than 10-7 
mm Hg without heating. 
Catalytic tests 

The reaction of dry reforming of methane over synthesized catalysts was carried out in a 
flow-through mode in the temperature range of 773–1223 K at atmospheric pressure and the 
reaction mixture flow of 0.9–1.0 L/h. The ratio of the reactants was CO2:CH4 1:1, the catalyst 
weight in all experiments was 0.1 g. The catalyst was mixed with quartz in a ratio of 1:1 in 
order to avoid the formation of hot spots in the catalytic bed alongside with increasing the 
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volume. Аnalysis of the composition of the reaction mixture was carried out on a Crystal 2000 
M chromatograph (carrier gas – argon, column length – 2 m, diameter – 3 mm, sorbent – 
Porapak Q) using a flame ionization detector and a heat conductivity detector connected in a 
series. Catalytic characteristics such as methane and carbon dioxide (X) conversions, select-
ivity (S) of reaction products were determined and calculated. 

Conversion of CH4 and CO2 reactants were calculated using the formula: 
 ( )0 0100 /iX n n n= −  (2) 

where n – the amount of CH4 or CO2 in exhaust gas, mol; n0 – initial amount of product in the 
reaction mixture, mol. 

Hydrogen selectivity was calculated as the ratio of hydrogen generated to the total 
amount of methane reacted: 
 ( ) ( )2H 2 4 reacted100 H / 2 CHS n n=  (3) 

Carbon monoxide selectivity was calculated as the ratio of CO generated to total CH4 
and СО2, reacted: 
 ( ) ( ) ( )CO 4 2reacted reacted100 CO / ( CH COS n n n= +  (4) 

Carbon balance was calculated as: 

 ( ) ( ) ( )
( ) ( )

ur 4 ur 2

0 4 0 2

CH CO CO
Carbon balance 100

CH CO
n n n

n n
+ +

=
+

 (5) 

where nur(CH4) and nur(CO2) – unreacted amount of CH4 and CO2, mol; n0(CH4) and n0(CO2) 
– initial amount of CH4 and CO2, mol; n(CO) – amount of CO in reaction mixture, mol. 

The quantification error of each component included a measurement error of the tempe-
rature and feed rate of the reaction mixture and did not exceed 5 %. 

RESULTS AND DISCUSSION 

The reaction of DRM over GCO oxides obtained by co-precipitation method 
showed their high catalytic activity in comparison with the previously studied 
oxides.9,10 At temperatures above 950 K, there was a sharp rise in CH4 and CO2 
conversions to 80–90 %. Almost complete transformations of the reactants were 
achieved at 1100 K and these indicators did not decrease with a further rise in 
temperature (Fig. 1). It is worth noting that on the sample obtained with NaOH as 
the precipitant, significant CH4 conversions were observed about 50 K lower 
than on the sample obtained with (NH4)2CO3. Moreover, the choice of precipit-
ator was somewhat affected by the selectivity of the reaction products when the 
highest values were achieved on the sample obtained in the presence of ammo-
nium carbonate as the precipitator (Table I). 

It was found that the hydrogen selectivity values on the test samples were 
significantly higher than the carbon monoxide selectivity values, which in turn 
leads to high ratio values H2:CO of 1.5–2. High “non-stoichiometric” values of 
the synthesis gas ratio for the classical process may indicate the possibility of 
side reactions involving methane. Indeed, in parallel with the decrease in carbon 
monoxide selectivity, a sharp increase in the degree of carbonization of the cat-
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alysts surface was observed in the temperature range 1073–1223 K. The carbon 
balance value did not exceed 65 %. 

 

 

Fig. 1. Effect of temperature on the con-
version of: a) methane and b) carbon dioxide, 
and carbon balance (c) in the presence of 
GCO synthesized by co-precipitation method. 

TABLE I. Catalytic perfomance of GCO catalysts in the temperature range 1123–1223 K 

Parameter 

GCO(NH4)2CO3
 GCONaOH

 

T / K 
1123 1173 1223 1123 1173 1223 

S(H2) / % 99 99 99 89 81 76 
S(CO) / % 57 56 56 48 45 57 
n(H2)/n(CO) 1.82 1.90 1.99 1.96 1.90 1.41 
Х(CH4)/Х(CO2) 0.98 0.98 0.98 0.98 0.97 0.96 

According to the literature data,14 the increase in hydrogen selectivity, the 
ratio of synthesis gas components and a noticeable decrease in carbon balance 
indicate the occurrence of various side processes along with the DRM reaction, 
among which the methane decomposition reaction carried out in two directions 
(Eqs. (6) and (8)), as well as the reverse steam conversion of CO (Eq. (8)) prevail 
under these conditions: 
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 4 2CH C 2H , Δ 74.8 kJ/molH→ + =  (6) 
 ( )4CH CH 4 Hx x→ + −  (7) 
 2 2 2CO H O CO H , 41 kJ/molH+ → + Δ = −  (8) 

Confirmation of the reaction (8) can be the formation of water in the reaction 
products, as well as the ratio X(CH4)/X(CO2) < 1.15 Analysis of the obtained 
results and comparison with previously studied systems9,10 suggests that the use 
of GCO obtained by co-precipitation method as a catalyst leads to suppression of 
the reverse steam conversion reaction of CO. Indeed, we see that the ratio 
X(CH4)/X(CO2) ≈ 1 and water in reaction products for the considered interval of 
temperatures is registered only in insignificant quantity. At the same time, the 
formation of carbon deposits on the catalyst surface and the practical absence of 
hydrocarbons in the products indicate a more intensive side reaction of decom-
position (Eq. (7)). Samples of GCO oxides were characterized by a set of 
methods of physicochemical analysis. Fig. 2 demonstrates results of X-ray phase 
analysis of the GCO complex oxide before (a) and after (b) catalysis. Sample 
diffractograms turned out to be similar to those described in the literature for 
gadolinium cobaltites.16 

  
Fig. 2. XRD patterns of the GCO complex oxide before (a) and after (b) catalysis. 

Testing the catalysts stability was carried out in a periodic mode (heating the 
catalyst to the experimental temperature (T = 1173 K), keeping it in isothermal 
conditions for 9–10 h, cooling in the reaction medium to room temperature and 
repeating all stages of the experiment, number of cycles – 3). Table II demon-
strates results of the catalytic experiment. It was shown that the samples, regard-
less of the preparation method and high surface carbonization, do not lose their 
activity in the DRM reaction: the catalytic characteristics remained practically 
unchanged for more than 30 h of operation under reaction conditions (the total 
residence time of the catalyst under DRM conditions without considering the 
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period of its heating in the methane–carbon dioxide mixture to operating tempe-
rature). 

TABLE II. GCO stability in dry reforming of methane (T = 1173K) 

Sample 
Time, h 

10 20 30 
X(CH4) / % X(CO2) / % X(CH4) / % X(CO2) / % X(CH4) / % X(CO2) / % 

GCO(NH4)2CO3 97 99 98 99 97 99 
GCONaOH 96 99 97 99 96 98 

The presence of a distinctive 100 % high intensity peak at 2θ 33.90° indi-
cates the production of samples with a perovskite phase It is worth noting that the 
use of different precipitators in the synthesis does not affect the width of the 
peaks and their position on diffractograms, which indicates similar values of 
crystallite sizes GCO and is confirmed by calculating the average particle dia-
meter using the Scherrer formula (Table III). 

TABLE III. SBET, average particle diameter and space group of GCO catalysts 
Sample SBET / m2 g-1 rXRD / nm Space group 
GCO(NH4)2CO3 6.9 25 Pbnm 
GCONaOH 6.6 25 Pbnm 

The calculation of unit cell parameters (Table IV) confirmed that the 
samples have an orthorhombic crystal lattice (a ≠ b ≠ c) and belong to the space 
group Pbnm. The calculated parameters of the elementary cells slightly differ 
from the literature, which indicates some distortion of the crystal lattice; how-
ever, the nature of the distortion of the lattice geometry can be associated with 
the presence of impurity phases, despite their absence in the X-ray spectra, due to 
the possible low concentration and detection limits of X-ray diffraction analysis. 

TABLE IV. Lattice parameters (in nm) of GCO 
Sample a b c 
GCO(NH4)2CO3 5.161 5.459 7.512 
GCONaOH 5.320 5.419 7.227 
Literature (PDF # 00-047-0579) 5.218 5.390 7.445 

In such a way, similar conversion and selectivity values may be due to sim-
ilar structural and texture characteristics of the oxides.  

Fig 2b shows diffractograms of samples of GCONaOH and GCO(NH4)2CO3 
after catalysis. Under the reaction medium influence, the perovskite phase par-
tially disappears and three additional phases of Gd2O3, Gd2O2CO3 and Co are 
formed. Analysis of literature data17 suggests that the presence of a carbonate 

___________________________________________________________________________________________________________________________

(CC) 2024 Serbian Chemical Society.

Available online at: http://www.shd.org.rs/JSCS



58 ALLABERGENOVAet al. 

complex in diffractograms after catalysis of the Gd2O2CO3 indicates that the 
adsorption and the further conversions of carbon dioxide takes place at A-type 
(Gd) centers. And the appearance of cobalt in a metal state on diffractograms 
suggests its reduction “from the perovskite structure” with atomic hydrogen 
formed during the chemisorption of methane in reactions (6) and (7). Fig. 3 dem-
onstrates the chemical property of the DRM process on perovskite-type catalysts.  

 
Fig. 3. Illustration of dry reforming of methane reaction. 

Analysis of the X-ray diffractograms also showed the presence of carbon on 
the surface of the test samples, which correlates with the calculation of the car-
bon balance and indicates the occurrence of side reactions: the methane decom-
position (Eq. (7)) and Boudoir reaction: 
 2CO C CO , 72.5 kJ/molH→ + Δ = −  (9) 

In addition to the X-ray analysis, the resulting complex oxides were studied 
by IR spectroscopy. 

Fig. 4 shows the IR spectra for the GCONaOH. The absorption bands corres-
ponding to valence vibrations of Gd–O and Co–O can be observed on the spec-
trum before catalytic transformations in the region of 500–700 cm–1 and no reli-
able signals are observed in the region of 900–4000 cm–1. On the IR spectrum of 
the “used-on” surface, the absorption bands were identified in the region of 
2800–3000 сm–1, corresponding to valence vibration of the C–H bond, which are 
most likely associated with the processes of methane chemisorption on the perov-
skite surface. The bands at 1900–2400 сm–1 belong to the Me–CO2 vibrations 
and indicate the carbon dioxide adsorption both from the environment and after 
DRM on the catalyst surface, which is confirmed by XRD data. A wide high int-
ensity band with ν  = 1078 сm–1 is also observed, which corresponds to the 
valence vibrations of the Si–O bond and is explained by the presence of quartz in 
the samples used as a substrate. The appearance of bands 3600–3800 сm–1, cor-
responding to the valence vibrations of the OH group is due to the presence of 
adsorbed water, with the intensity of these bands exceeding the values of the 
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“clean surface” spectrum. Therefore, it can be said that the water is reactive and 
confirms the progress of the by-process - the reverse water-gas shift reaction. 

 
Fig. 4. IR spectra of the GCONaOH sample before (a) and after (b) catalysis. 

CONCLUSION 

It was found that the GdCoO3 catalyst obtained by the co-precipitation 
method showed high catalytic activity and stability, regardless of the preparation 
method.  Physical and chemical analysis showed that the choice of precipitant 
doesn’t significantly affect the phase composition of the perovskites and as a 
consequence on the catalytic performance. The use of gadolinium cobaltites has 
been shown to inhibit the side reaction of reverse vapour conversion of carbon 
monoxide. The complex of physicochemical methods of the study revealed that 
under the reaction medium influence there is a change in the phase composition 
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of the catalyst sample associated with the appearance of oxycarbonate complexes 
of gadolinium and the metal phase of cobalt. 
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И З В О Д  

СИНТЕЗА, КАРАКТЕРИЗАЦИЈА И КАТАЛИТИЧКЕ ОСОБИНЕ GdCoO3 ЗА СУВО 
РЕФОРМИСАЊЕ МЕТАНА 

REGINA K. ALLABERGENOVA1, DARIA А. ВOBKOVA1, ELIZAVETA M. BORODINA1, TATIANA A. 

KRYUCHKOVA1,2, EKATERINA B. MARKOVA1, TATIANA F. SHESHKO1, NIKOLAI N. LOBANOV3 

и ALEXANDER G. CHEREDNICHENKO1 

1Physical and Colloidal Chemistry Department, Faculty of Science, RUDN University, 6 Miklukho-Maklaya 
St, Moscow, 117198, Russian Federation, 2Moscow Pedagogical State University, MPGU, 1/1 Malaya 

Pirogovskaya Str., Moscow, 119991, Russian Federation и 3Inorganic Chemistry Department, Faculty of 
Science, RUDN University, 6 Miklukho-Maklaya St, Moscow, 117198, Russian Federation 

Перовскитни оксиди (ABO3) захваљујући високој термичкој стабилности и могућ-
ности контроле физичко–хемијских својстава представљају алтернативу традиционал-
ним катализаторима који садрже племените и прелазне метале. У овом раду су пред-
стављени резултати експерименталних истраживања GdCoO3 катализатора. Комплексни 
оксиди GdCoO3 перовскитног типа добијени методом копреципитације са различитим 
таложним агенсима карактерисани су применом дифракције X-зрачења (XRD), ниско 
температурске адрсорпције/десорпције азота и IC спектроскопије. Физичка и хемијска 
анализа је показала да избор таложног агенса не утиче значајно на фазни састав перов-
скита. Такође су испитивана каталитичка својства гадолинијум-кобалтита. Показано је 
да примена кобалтита добијених копреципитацијом доводи до инхибиције споредне 
реакције реверзибилног реформинга угљен-моноксида. Коначно, испитивањем кориш-
ћених катализатора утврђено је да долази до формирања Gd2O2CO3 и металног кобалта, 
што указује на природу активних центара: гадолинијум је центар за CO адсорпцију док 
се хемисорпција водоника одвија на кобалтним центрима. 

(Примљено 17. маја, ревидирано 8. августа, прихваћено 12. децембра 2023) 
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Abstract: The electroanalytical methods have been developed for wide applic-
ation, especially for trace metal ions. In this study, the applicability of 1-butyl- 
-3-methylimidazolium hexafluorophosphate ([BMIm][PF6]) ionic liquid as a 
pasting binder to fabricate a multi-walled carbon nanotube paste electrode 
(MWCNT PE) for detecting Pb2+ and Cd2+ was evaluated. The electrochemical 
properties of electrodes were explored by cyclic voltammetry, electrochemical 
impedance spectroscopy and linear sweep anodic stripping voltammetry. The 
use of [BMIm][PF6] alone as a conductive binder resulted in an electrode that 
was unsatisfactory for electrochemical analysis. However, the MWCNT PE 
with the pasting mixture of silicon oil and [BMIm][PF6] displayed excellent 
sensitivity for the Pb2+ and Cd2+ determinations, with limits of detection of 
2.25 and 1.59 μg L-1, respectively. The proposed electrode was demonstrated to 
be a reliable sensor for accurately quantifying trace amounts of Pb2+ and Cd2+, 
exhibiting good repeatability, reproducibility and stability. 

Keywords: capacitive current; heavy metal; electrochemical analysis; cyclic 
voltammetry; anodic stripping voltammetry. 

INTRODUCTION 
Heavy metals are essential micronutrients for living organisms in small 

amounts. However, they become toxic when their concentrations exceed certain 
thresholds.1–3 The common heavy metals in water are arsenic, cadmium, chro-
mium, lead, copper, nickel and zinc. These metals can damage the brain, lungs, 
kidneys, liver, blood composition and other organs.1 In the long term, heavy 
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metals can also damage DNA repair pathways and protein function, which can 
have a negative impact on the genetic basis of organisms.4 Therefore, analytical 
techniques have been developed for monitoring trace heavy metal ions in water. 

Electrochemical analysis is a powerful technique for the trace determination 
of analytes, especially heavy metals.5–7 Electrical signals generated from redox 
reactions on the working electrode surface are transferred to an electronic device 
that records the variability of electrical parameters.8,9 Therefore, the electro-
chemical properties of the working electrode play an important role in the sen-
sitivity and selectivity of electroanalysis. 

Among popular electrode types, carbon paste electrodes (CPEs) are widely 
applicable because of their low background current, ease of preparation, simple 
renewal, cost-effectiveness and high feasibility.10,11 Graphite,12 glassy carbon,13 
diamond,14 carbon nanofiber15 and multi-walled carbon nanotubes (MWCNTs)16 
have been applied for constructing a CPE. MWCNTs have been shown to have 
interesting electrochemical properties, such as large electroactive sites, chemical 
inertness, a fast electron transfer rate and functional flexibility.17,18 These pro-
perties demonstrate that MWCNTs are a promising material for CPEs. However, 
the sensitivity of CPEs is often limited by the presence of a non-electrical con-
ductive binder in the paste composite.19 Gou et al. fabricated a MWCNT tower 
electrode using a polystyrene binder and found a limit of detection (LOD) of 2.48 
and 2.8 μg L−1 for Pb2+ and Cd2+, respectively.20 In a study by Tarley et al.,21 a 
MWCNT PE with mineral oil binder was constructed, achieving an LOD of 6.6 
μg L−1 for Pb2+ and 8.4 μg L−1 for Cd2+. The higher LODs of 1.31 mg L−1 for 
Pb2+ and 47 μg L−1 for Cd2+ at the MWCNT PE using paraffin oil binder were 
reported.22 

Ionic liquids (ILs) have recently been proposed as an effective pasting binder 
for CPEs due to their high chemical and thermal stability, negligible vapour pres-
sure and high conductivity.19,23 IL-CPEs exhibit enhanced electrochemical res-
ponses for analytical applications.23 Ping et al. reported that the bismuth film- 
-modified graphite PE using n-octylpyridinium hexafluorophosphate binder 
achieved an LOD of 0.12 μg L−1 for Pb2+ and 0.1 μg L− for Cd2+.24 In a careful 
procedure, a pasting mixture of acid-treated MWCNTs, graphite and triphenyl-
phosphine was used to fabricate PE, which can detect Pb2+ and Cd2+ at low 
LODs of 0.012 μg L−1 for Pb2+ and 0.008 μg L−1 for Cd2+.25 Yang et al. used a 
suspension of NH2-functionalized SnO2 nanowire and [C4dmim][NTf2] to modify 
the surface of a glassy carbon electrode for Cd2+ determinations with an LOD of 
0.6 μg L−1.26 More recently, bismuth nanoparticle-modified PE based on carbon 
nanofibers/[EMIm][NTf2]/paraffin oil/graphite composite was shown to be effect-
ive for Pb2+ and Cd2+ detections, achieving LODs of 0.12 and 0.25 μg L−1, res-
pectively.27 
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This study presented a simple protocol to prepare a PE using pristine 
MWCNTs and a mixture of [BMIm][PF6] and silicon oil as a pasting binder for 
individual determinations of Pb2+ and Cd2+. The effects of [BMIm][PF6] on the 
electrochemical behaviour of the fabricated PE were explored. The proposed 
electrode was applied for detecting Pb2+ and Cd2+ in simulated solutions and tap 
water using linear sweep anodic stripping voltammetry (LSASV). The reliability, 
repeatability and reproducibility of the proposed electrode were also evaluated.  

EXPERIMENTAL 
Reagents and materials 

MWCNTs were synthesized by the chemical vapor deposition technique and supplied by 
Vinanotech (Vietnam). Silicon oil, n-hexane, and potassium chloride (KCl) were obtained 
from Merck. Potassium hexacyanoferrate (K3Fe(CN)6), lead, and cadmium nitrate salts were 
purchased from Sigma. All of the chemicals used in this study were in analytical grade. 
Double-distilled water was used for the preparation of all solutions. [BMIm][PF6] was 
supplied by Himedia Laboratories Pvt. Ltd., India. 
Apparatus 

All electrochemical experiments were performed using MPG2 Biologic system (Biologic 
Sci. Ins., India) controlled by ECLab® software. A three-electrode cell was assembled with 
the fabricated electrode as the working electrode, a platinum plate as the counter electrode, 
and an Ag/AgCl reference electrode. All experiments were conducted at room temperature (27 
°C). A 7800 ICP-MS system was operated according to the EPA 200.8 method. 
Preparation of paste electrodes 

Raw MWCNTs were heated at 350 °C for 6 h in nitrogen effluent to remove moisture 
and then used for electrode fabrication.  

i) Preparation of [BMIm][PF6]/MWCNT electrodes. 0.5 g of MWCNTs was dispersed 
into n-hexane solvent in a covered beaker under ultrasonication for 5 min. Different amounts 
of [BMIm][PF6] were then added to this suspension, and the beaker was opened. The weight 
ratios of the [BMIm][PF6]:MWCNT were studied at 15:85, 20:80, 25:75 and 30:70. The mix-
ture was continuously ultrasonicated until a paste form was formed. The fresh paste composite 
was carefully packed onto a 10 mm-deep perforated polytetrafluoroethylene rod with a 3 mm 
inner diameter. A copper wire was inserted into the capillary tube and served as the electrical 
contact component.  

ii) Preparation of silicon/[BMIm][PF6]/MWCNT electrodes. The same procedure was 
performed, but silicon oil was added to the mixture along with [BMIm][PF6]. The desired 
weight ratios of silicon:[BMIm][PF6]:MWCNT were 20:0:80, 19:1:80, 15:5:80, 17:3:80 and 
10:10:80. The obtained electrodes were labelled S-20/B-0, S-19/B-1, S-17/B-3, S-15/B-5 and 
S-10/B-10, respectively. 

The electrode surface was renewed for each electrochemical performance by polishing 
on abrasive paper. 
Electrochemical measurements 

i) Cycle voltammetry (CV) measurements were performed in a 50 ml solution containing 
0.1 M KCl and 50 mM K3Fe(CN)6. Linear weep voltammograms were recorded in a potential 
range from –0.2 to 1.0 V, with scan rates ranging from 10 to 200 mV s-1. A nitrogen flow was 
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bubbled into the analytical solution to remove dissolved oxygen before starting a potential 
sweep. 

ii) Electrochemical impedance spectroscopy (EIS) was recorded in the frequency range 
of 0.01−10 kHz using a single sinusoidal excitation with an amplitude of 10 mV. EIS mea-
surements were performed in the electrolyte containing 0.1 M KCl and 50 mM K3Fe(CN)6. 

iii) The linear sweep anodic stripping voltammetry (LSASV) method was applied to 
detect Pb2+ and Cd2+ in solutions with the following steps: Firstly, the metal ion was accumul-
ated on the working electrode surface for deposition time at a deposition potential while the 
solution was stirred at 150 rpm. Next, the stirrer was stopped until the solution reached a 
resting state. After that, the potential was linearly swept from deposition potential to 0 V with 
a scan rate of 50 mV s-1. The current was recorded during the scan, releasing an anodic 
stripping voltammogram. The LSASV measurements were performed for individual solutions 
of Pb2+ (1, 1.5, 4.5, 9, 18, 27 and 36 μg L-1) and Cd2+ (0.5, 1.5, 3.5, 7, 10, 15 and 20 μg L-1). 
The deposition time and the deposition potential for the LSASV performances were optimized 
in this study. 
Determinations of Pb2+ and Cd2+ in real sample 

Tap water was collected for determining Pb2+ and Cd2+ concentrations using the LSASV 
and ICP-MS methods. According to the standard addition method, 10 mL of Cd2+ solution 
(1.0 mg/L), 10 mL of Pb2+ solution (1.0 mg/L) and 7.45 g of KCl were transferred to a 1000 
ml-volumetric flask and then adjusted to 1000 mL using a tap water sample. This solution was 
next adjusted to pH 4 using HNO3 0.1 M solution. The obtained analytical solution was ext-
racted three repeated times of Pb2+ and Cd2+ determinations. 

RESULTS AND DISCUSSION 

Electrochemical behavior of [BMIm][PF6]/MWCNT electrodes 
Fig. 1 shows the CVs of the [BMIm][PF6]/MWCNT electrodes in 50 mM of 

Fe(CN)6]3−/4− solution. The background responses of the electrodes were large 
due to the contribution of capacitive current generated by both the [BMIm][PF6] 
and MWCNTs at the electrode surface.23,28 This behaviour is inconvenient in 
analytical applications because the large capacitive currents can obscure the elec-
troanalytical signals (faradaic currents), especially at low analytic concentrat-
ions.29–31 The redox peaks appeared most obviously at the electrode containing 
20 % weight of [BMIm][PF6], with peak-to-peak separation (ΔEp) of 455 mV. 
This is larger than the theoretical value of 59 mV, indicating that a multi-electron 
transfer process occurs at the [BMIm][PF6]/MWCNT electrode surface.32,33 
This is likely due to the trapping of ions and/or charges in the [BMIm][PF6] layer 
rather than their transfer to the solution.34,35 This experimental result demon-
strates that using [BMIm][PF6] alone as a conductive binder is insufficient to 
enhance the electrochemical signal. Further improvements are necessary to red-
uce the background capacitive current. 

Electrochemical behavior of silicon/[BMIm][PF6]/MWCNT electrodes 
As discussed above, the [BMIm][PF6]/MWCNT electrode turned out not to 

be satisfactory for electroanalytical applications. To mitigate the background 
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current, silicon oil was used along with [BMIm][PF6] as a pasting binder to fab-
ricate electrodes. CV analyses were conducted to assess the enhancement of the 
electrochemical characteristics of the silicon/[BMIm][PF6]/MWCNT electrode. 

 
Fig. 1. Cyclic voltammograms of the [BM Im][PF6]/MWCNT electrodes (solution containing 

0.1 M KCl and 50 mM K3[Fe(CN6)], pH 4, scan rate: 20 mV s-1). 

It is known that [BMIm][PF6] molecules can cover and interact with the 
outside surface of MWCNTs via π-π interactions,36 causing a thick interface 
layer between the electrode surface and electrolyte. As a result, the cyclic volt-
ammograms obtained in the absence and presence of Fe(CN)6]3−/4− (Fig. 2a and 
b, respectively) show that the non-faradaic current increased with the amounts of 
[BMIm][PF6] applied. As depicted in Fig. 2a, the S-20/B-0 electrode exhibits a 
significantly low background response, contrasting with the S10/B-10 electrode. 
However, the high charge conductivity nature of [BMIm][PF6] contributed to the 
enhancement of the signal response rate of the silicon/[BMIm][PF6]/MWCNT 
electrodes. As a result, the peak currents of the Fe(CN)6]3−/4− redox couple were 
improved, as shown in Fig. 2b and Table I. The oxidation peaks occurred at 0.28 
V and were unchanged at different electrodes. However, the reduction peaks 
were slightly shifted to the left with the increasing [BMIm][PF6] content, result-
ing in a larger ΔEp. This trend is consistent with the previous reports for 
[C4mpyrr][NTf2]/bamboo-like MWCNT31 and [BMIm][PF6]/graphite.37 

The results in Table I show that increasing the amount of [BMIm][PF6] in 
the paste composite increases the ipa and ipc values, indicating a positive effect of 
[BMIm][PF6] on the electrochemical performance of the electrodes. The ipa/ipc 
ratios at the S-20/B-0, S-19/B-1, S-17/B-3, and S-15/B-5 electrodes are close to 
unity (1.034, 0.979, 1.022 and 0.945, respectively), while this ratio at the S-10/B- 
-10 electrode is 0.826. The ΔEp values for all five electrodes are in the range of 
114−162 mV. These results suggest that the electron transfer processes at the 
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S-10/B-10 electrode are irreversible, while the processes at the other electrodes 
are quasi-reversible.32,38 This finding indicates that the use of a mixture of sil-
icon oil and [BMIm][PF6] as a paste binder can enhance the electrochemical 
properties of the electrode, compared to the use of silicon oil or [BMIm][PF6] 
alone. 

 
Fig. 2. CVs in solution of: a) 0.1 M KCl and b) 0.1 M KCl and 50 mM K3Fe(CN)6 at 

(1): S-20/B-0, (2): S-19/B-1, (3): S-17/B-3, (4): S-15/B-5 and (5) S-10/B-10 electrodes (pH 4, 
scan rate: 10 mV s-1). 

TABLE I. Results from CV measurements in solution of 0.1 M KCl and 50 mM K3Fe(CN)6
 at 

silicon/[BMIm][PF6]/MWCNT electrodes (pH 4, scan rate of 10 mV s-1); ipa and ipc are the 
oxidation and reduction peak currents 

Parameter Electrode 
S-20/B-0 S-19/B-1 S-17/B-3 S-15/B-5 S-10/B-10 

ipa / μA 245 320 368 324 251 
ipc / μA 237 327 360 343 304 
ipa/ipc ratio 1.034 0.979 1.022 0.945 0.826 
ΔEp / mV 114 130 152 155 162 

The current response of the Fe(CN6)3−/4− redox couple at the S-17/B-3 elec-
trode was obviously higher than that of the other electrodes. As a result, the 
S-17/B-3 electrode was selected for the following electrochemical studies. 

The S-17/B-3 electrode 
i) Study on cyclic voltammetry. The electrochemical properties of the S-17/  

/B-3 electrode were investigated using CV in Fe(CN6)3−/4− solution at different 
potential sweep rates (v:10, 20, 30, 40, 50, 70, 100, 150 and 200 mV s−1). The 
inset in Fig. 3a shows the recorded CVs, which reveals that the ΔEp increases 
with v. This suggests that equilibrium at the electrolyte-electrode interface has 
not been reached.39 

Fig. 3a shows linear relationships with a non-zero intercept between peak 
currents (ip) and v0.5, which is consistent with previous studies.23,40 This 
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behaviour indicates that the electrochemical process at the S-17/B-3 electrode 
was a diffusion-controlled mechanism.23,38 Additionally, the non-zero intercept 
of ip~v0.5 lines demonstrated the existence of spherical diffusion41 and/or non- 
-faradaic components42 in the electrode processes. This is attributed to the nature 
of a non-planar electrode surface or the capacitive characteristics of the inter-
facial layer.42–44 Furthermore, the ipa~v0.5 line was slightly steeper than the 
−ipc~v0.5 line, indicating that the quasi-reversible redox reactions of Fe(CN6)3−/4− 
occurred at the electrode surface with a faster charge transfer rate in the oxidation 
process, compared to the reduction process.45 

 
Fig. 3. a) Plots of peak currents against squared root of scan rate (the inset: cyclic 

voltammograms) and b) Nyquist plot (inset: equivalent circuit model). Electrolyte: 0.1 M KCl, 
50 mM K3Fe(CN)6, pH 4. 

ii) Study on electrochemical impedance spectroscopy. The characteristics of 
the electrode/electrolyte interface, including electron transfer resistance (Rct), 
double layer capacitance (Cdl) and molecules/species diffusion (ZW) were 
explored by EIS analysis.46 As illustrated in Fig. 3b for the Nyquist plot, the EIS 
represents a semicircle in the mid-frequency range and a tail in the low-frequency 
range. The intercept between the semicircle and the real axis corresponds to the 
solution’s electric resistance (Rs).46 The Randles circuit (the inset in Fig. 3b) was 
preferred to fit the experimental impendence data, revealing Rs = 43.3 Ω, Cdl = 
= 0.46 mF, Rct = 1004 Ω. A similar result was reported in the previous report.47 
The slope of the tail in the Nyquist plot is gentler than 45°, indicating the dif-
fusion processes at a non-planar electrode surface.48 

iii) Optimization of the LSASV conditions. The influence of solution pH on 
the Pb2+ and Cd2+ determinations was investigated. At low pH, the competition 
between H+ and metal ions for the active sites at the electrode surface was more 
intense. Oppositely, it shifts to the hydrolysis of Pb2+ and Cd2+ at high pH, 
which results in the peak currents of Pb2+ and Cd2+ first increasing and then dec-
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reasing with pH rising from 2 to 6, as presented in Fig. 4a. The highest peak cur-
rent is achieved at pH 3 for Pb2+ and pH 5 for Cd2+. Additionally, the stripping 
current of Pb2+ and Cd2+ at pH 4 deviated by 3.1 and 1.8 %, compared to the 
highest current, respectively. Therefore, pH 4 was considered for the following 
analysis. 

 
Fig. 4. Dependence of stripping peak current on: a) solution pH, b) deposition potential, 

c) deposition time (electrolyte: 0.1 M KCl, Pb2+, 10 μg L−1, Cd2+, 10 μg L−1) 

The dependence of the Pb2+ and Cd2+ stripping peak currents on the deposit-
ion potential ranging from −0.4 to −1.2 V was found and shown in Fig. 4b. The 
negative shift of the deposition potential from −0.4 to −1.0 V can improve the 
reduction of Pb2+ and Cd2+ on the electrode surface, resulting in an increase in 
the stripping peak current. However, water in acidic conditions can be electro-
lyzed at a potential less than −1.0 V, forming hydrogen atoms, which are firmly 
active intermediates. This led to the formation of metal hydrides, which then 
released cathode surface.49 As a result, the deposited metal layer was corroded, 
interfering with signal response. Therefore, −1.0 V exhibits a suitable deposition 
potential for subsequent experiments. 

As shown in Fig. 4c, the stripping peak currents of Pb2+ and Cd2+ noticeably 
increased with the deposition time up to 180 s. When the deposition time was 
prolonged, the deposition processes on the electrode surface tended to the equi-
librium. Therefore, with 240 s of deposition time, the stripping peak currents of 
both Pb2+ and Cd2+ were only 1.07-fold higher compared with 180 s of depo-
sition time. For balancing the signal intensity and the analysis time, 180 s was 
considered the deposition time for the electrochemical analysis of Pb2+ and Cd2+. 

As discussed above, the appropriate parameters of LSASV performance 
using the S-17/B-3 electrode for Pb2+ and Cd2+ determinations were found, parti-
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cularly pH 4, deposition potential at −1.0 V and deposition time for 180 s. These 
conditions were applied for all following ASV experiments. 

iv) Application for individual Pb2+ and Cd2+ determinations. In this study, 
the LSASV method was applied to determine the Pb2+ and Cd2+ concentrations 
in the ranges of 1−36 µg L−1 and 0.5−20 μg L−1, respectively. Fig. 5 shows the 
LSASV voltammograms for different ion concentrations at a scan rate of 50 mV 
s−1. The higher metal ion concentration resulted in a broader peak and a higher 
peak current. The stripping peak positions for Pb2+ and Cd2+ were well-defined 
at −0.36 and −0.64 V, respectively, and were unchanged with increasing ion con-
centration. These peaks appeared at more positive potentials than in previous 
studies.21,50 This may be because Cd2+ and Pb2+ were chelated with BMIIM+, 
resulting in a change in their redox status.51–53 

  
Fig. 5. The LSASV voltammograms for different concentrations of: a) Pb2+ and b) Cd2+ (scan 
rate: 50 mV s-1, pH 4, deposition potential: −1.0 V, deposition time: 180 s). Insets: respective 

calibration plots for Pb2+ and Cd2+. 

For evaluating the applicability of the S-17/B-3 electrode for metal ions det-
ermination, linear regressions were performed between peak currents and ion 
concentrations. The insets in Fig. 5a and b show the calibration curves for Pb2+ 
and Cd2+, respectively, which correspond to the following linear equations with 
R2 of 0.998 and 0.996, respectively. 

The S-17/B-3 electrode exhibited a higher sensitivity to Cd2+ (14.7 μA μg−1 
L) than Pb2+ (10.9 μA μg−1 L). The LODs were found to be 2.25 μg L−1 for Pb2+ 
and 1.59 μg L−1 for Cd2+, according to the 3σ criterion (n = 7). These LODs are 
lower than the acceptable limits for Pb2+ (10 μg L−1) and Cd2+ (3 μg L−1) in 
drinking water, according to the WHO guidelines. Therefore, the proposed elec-
trode suits Pb2+ and Cd2+ determinations in real applications. 

The accuracy of the electrode was verified by comparing the analytical 
results from LSASV with those from ICP-MS for individual solutions of Pb2+ or 

___________________________________________________________________________________________________________________________

(CC) 2024 Serbian Chemical Society.

Available online at: http://www.shd.org.rs/JSCS



72 TRAN, TRAN and NGUYEN 

Cd2+. Three simulated solutions of Pb2+ (10 μg L−1) and Cd2+ (10 μg L−1) in 0.1 
M KCl solution (pH 4) were tested, illustrating results in Table II. 

TABLE II. Concentrations of Pb2+ and Cd2+ in simulated solutions by the LSASV and ICP-
MS methods 

Method Simulated sample Mean RSD / % 
#1 #2 #3 

For Pb2+ determination 
LSASV 10.12 9.74 9.53 10.17 5.68 
ICP-MS 9.86 9.93 9.90 9.90 0.35 

For Cd2+ determination 
LSASV 9.64 9.84 9.58 9.69 1.41 
ICP-MS 9.78 9.82 9.86 9.82 0.41 

The mean concentrations of Pb2+ and Cd2+ in simulated solutions were det-
ermined to be 10.17 and 9.69 μg L−1 with the LSASV method, and 9.90 and 9.82 
μg L−1 with the ICP-MS method, respectively. In small values of the relative 
standard deviations (RSDs), the ICP-MS method exhibits a high-reliability 
method for Pb2+ and Cd2+ determinations and was used as the standard method 
in this study. The difference between the results from LSASV and ICP-MS was 
−4.3 % for Pb2+ and −6.0 % for Cd2+, indicating the considerable applicability of 
S-17/B-3 electrode for monitoring Pb2+ and Cd2+. 

v) Repeatability, reproducibility and stability. Six individual solutions of 
Pb2+ and Cd2+ (10 μg L−1) in 0.1 M KCl (pH 4) were prepared for the repetitive 
measurements using the LSASV method with the S-17/B-3 working electrode. 
The peak currents for Pb2+ (108, 104, 98, 106, 110 and 105 μA) and Cd2+ (157, 
146, 161, 155, 148 and 152 μA) were recorded, revealing RSDs of 3.9 % for 
Pb2+ and 3.7 % for Cd2+. Four different S-17/B-3 electrodes were fabricated 
following the identified procedure to assess the reproducibility. These electrodes 
were applied to determine the concentrations of Pb2+ and Cd2+ solutions at 10 μg 
L−1. The RSDs were found to be 4.8 % for Pb2+ and 2.5% for Cd2+. The S-17/B-3 
electrode was also stored at room temperature (25–35 °C), at 60–80 % relative 
humidity, and without exposure to sunlight. Compared to the new electrode, the 
stripping peak currents at the electrode stored for 25 and 28 days declined by 3.4 
and 7.6 % for Pb2+ and 2.1 and 3.2 % for Cd2+, respectively. These results indi-
cate that the S-17/B-3 electrode can be used to determine trace concentrations of 
Pb2+ and Cd2+ in aqueous solutions. 

vi) Interference study. Common ions in tap water, such as Na+, NH4+, Cu2+, 
Ca2+, Cl−, F−, NO3−, HCO3−, were added into the electrolyte containing 10 μg 
L−1 of Cd2+ or Pb2+ for the interference investigations. With ±5 % tolerable 
error, the maximum concentrations of the interfering salts were determined, as 
shown in Table III. The presence of Cl−, F− is not suitable for Pb2+ determination 
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due to the formation of weak dissociative PbCl2 and PbF2 forms. The Cd2+ deter-
mination has been interfered with in a wide range of interfering concentrations.  

TABLE III. Effect of interferences on the individual determinations of Pb2+ (10 μg L-1) and 
Cd2+ (10 μg L-1) 
Interference (concentration 
range) 

Highest concentration of interference with ±5 % tolerable error 
For Pb2+ determination For Cd2+ determination 

NaCl (25−2000 mg/L) Not suitable 500 
NaNO3 (25−2000 mg/L) 1000 1000 
NaF (1−20 mg/L) Not suitable 1 
NaHCO3 (50−500 μg/L) 200 100 
NH4Cl (100−500 μg/L) Not suitable 500 
Pb(NO3)2 (100−500 μg/L) Non test 200 
Cd(NO3)2 (100−500 μg/L) 300 Non test 
Cu(NO3)2 (50−500 μg/L) 500 500 
Ca(NO3)2 (5−500 mg/L) 500 500 

vii) Application for real sample. The collected sample was used to prepare 
electrolytes containing 0.1 M KCl, 10 μg L−1 of Pb2+ and 10 μg L−1 of Cd2+ (pH 
4) for LSASV and ICP-MS analyses. As presented in Table IV, the difference of 
the found Pb2+ and Cd2+ concentrations by LSASV and ICP-MS was less than 5 %. 
This result indicates that the S-17/B-3 electrode can provide good accuracy and 
reliability for the Pb2+ and Cd2+ determinations using the LSASV method. 

TABLE IV. Concentrations of Pb2+ and Cd2+ in working solutions prepared from tap water 
medium 

Method Added, μg L−1 Found, μg L−1 Mean 
#1 #2 #3 

For Pb2+ 
LSASV 10 13.05 12.86 12.92 12.94 
ICP-MS 10 12.42 13.55 13.21 13.06 

For Cd2+ 
LSASV 10 10.12 10.37 10.03 10.17 
ICP-MS 10 10.42 10.55 10.61 10.53 

CONCLUSION 

The MWCNT PEs were fabricated in the presence of [BMIm][PF6]. The 
[BMIm][PF6]/MWCNT PE exhibited high non-faradaic components, making it 
unacceptable for analytical applications. However, the electrochemical behaviour 
of the electrode was improved using the pasting mixture of silicon oil and 
[BMIm][PF6]. Increasing the amount of [BMIm][PF6] increased both the charge 
transfer rate and background response. At a mass ratio of silicon oil to 
[BMIm][PF6] of 17:3, the corresponding S-17/B-3 electrode was the most suit-
able for determining Pb2+ and Cd2+ concentrations, using LSASV method. The 
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influence of solution pH, deposition potential, and deposition time were studied. 
Under optimal conditions, the linear relationships between the analytical res-
ponses and concentrations of Pb2+ (1−36 µg L−1) or Cd2+ (0.5−20 μg L−1) were 
expressed. The low detection limits, good accuracy, high repeatability, repro-
ducibility, and stability of the proposed electrode demonstrated its applicability 
to determining Pb2+ and Cd2+ traces in solutions. However, the results from int-
erference studies showed that the signal response for Pb2+ was significantly int-
erfered with by Cl− and F−. The concentrations of Pb2+ and Cd2+ in tap water 
were successfully determined at the S-17/B-3 electrode with high consistency to 
results from ICP-MS method. 
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И З В О Д  

EЛЕКТРОДА ОД УГЉЕНИЧНЕ ПАСТЕ ТИПА [BMIM][PF6]/СИЛИКОНСКО 
УЉЕ/ВИШЕСЛОЈНЕ УГЉЕНИЧНЕ НАНОЦЕВИ: ЕЛЕКТРОХЕМИЈСКА СВОЈСТВА И 

ПРИМЕНА ЗА ОДРЕЂИВАЊЕ ЈОНА ОЛОВА И КАДМИЈУМА 

HAI D. TRAN1, UYEN P. N. TRAN2 и DINH QUAN NGUYEN3,4 

1Faculty of Environment, Ho Chi Minh University of Natural Resources and Environment, Ho Chi Minh city, 
Vietnam, 2Faculty of Engineering and Technology, Van Hien University, Ho Chi Minh City, Vietnam, 

3Laboratory of Biofuel and Biomass Research, Faculty of Chemical Engineering, Ho Chi Minh City University 
of Technology (HCMUT), 268 Ly Thuong Kiet, District 10, Ho Chi Minh City, Vietnam и 4Vietnam National 

University Ho Chi Minh City, Linh Trung Ward, Thu Duc District, Ho Chi Minh City, Vietnam 

Електроаналитичке методе су развијене за широку област примена, а посебно за 
детекцију трагова метала. У овом раду је испитана могућност примене јонске течности 
1-бутил-3-метилимидазолијум хексафлурофосфата ([BMIm][PF6]) као везива у елек-
троди од пасте вишеслојних угљеничних наноцеви за детекцију Pb2+ и Cd2+. Електрохе-
мијска својства електрода су испитана методама цикличне волтаметрије, спектроско-
пије електрохемијске импеданције и анодне линеарне волтаметрије. Коришћењем самог 
[BMIm][PF6] као везива није добијена електрода задовољавајућих карактеристика за 
електрохемијску анализу. Међутим, паста од угљеничних наноцеви за силиконским 
уљем и [BMIm][PF6] је показала одличну осетљивост за одређивање Pb2+ и Cd2+, са 
границама детекције од 2,25 и 1,59 μg L−1, редом. Предложена електрода се показала као 
поуздан сензор за тачно квантитативно одређивање јона Pb2+ и Cd2+ у траговима, испо-
љавајући добру поновљивост, репродуктивност и стабилност. 

(Примљено 22. јуна, ревидирано 21. јула, прихваћено 11. децембра 2023) 
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Abstract: The aim of the presented work was to obtain a new type of homo-
geneous composite based on an industrial polymer (polybutadiene, PB) and a 
well-known inexpensive filler (carbon black P-234, CB). For this purpose, the 
reaction of oxidative chlorophosphorylation (OxCh) was used. This makes it 
possible to introduce CB into the cross-linked structure of the modified poly-
mer and ensure optimal distribution of the filler in it. The structure and thermal 
stability of the composite synthesized by the OxCh reaction were studied. Ana-
lysis of the composite by Fourier-transform infrared spectroscopy indicates a 
uniform distribution of carbon black in the network structure of the matrix and 
the physical interaction of the phases of the composite. Ultraviolet-visible spec-
trum data confirmed the improvement in light absorption in a wide range of the 
electromagnetic spectrum and the decrease in the optical band gap energy of 
the phosphochlorinated PB (PhPB) matrix with the addition of CB (Eg of PhPB 
= 3.25 eV; Eg of PhPB/CB composite = 2.28 eV). The influence of CB on the 
thermal stability of the PhPB matrix was studied using thermogravimetric and 
differential thermogravimetric analysis. After thermal analysis, the char yield 
for PhPB was 41 wt. %, and for PhPB/CB composite was 35.2 wt. %. Com-
pared to PhPB, the increase in char yield, the decrease in maximum thermal 
decomposition temperature, and the high-integrated thermal decomposition 
temperature for the PhPB/CB composite show the improvement in the thermal 
stability of PhPB due to CB. 

Keywords: rubber; filler; spectroscopy; chemical modification; matrix; infrared 
spectroscopy. 
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INTRODUCTION 
Polymer/carbon black (CB) composites are unusual materials that find ver-

satile applications in a variety of industrial, electronic, and biotechnological dev-
ices. For example, they are used as temperature sensors in many systems,1,2 
including sensors for volatile organic compounds with a wide range of applic-
ations such as toluene, acetone, cyclohexane and carbon tetrachloride.3,4 The 
authors of the studies5,6 discussed the improvement of wear resistance, erosion 
resistance of protective coatings, and electromagnetic shielding through the use 
of polymer/CB composites. Nakashima et al.7 and Inan et al.8 presented feasible 
membrane fuel cells operating over a wide range of temperatures and humidity 
levels in their studies. Nonwoven materials with modified CB nanoparticles in a 
Nylon-6 matrix polymer have been obtained and proposed as an adsorbent mat-
erial (hemodialysis membrane).9 A new structure of carbon nanofibers is dis-
cussed, which will be potentially useful for energy and water purification.10 Har-
raz and colleagues11 successfully created a new gold nanoparticle-decorated 
polypyrrole–CB/SnO2 photocatalyst that was used to remove the insecticide imi-
dacloprid and methylene blue under visible light illumination. A new scheme for 
harvesting solar energy was also demonstrated, based on the pyroelectric effect 
using absorbers from nanocomposite polymers of graphene and CB.12  

Improving the performance of polymer/CB composites in all areas of applic-
ation mainly depends on improving their mechanical, electrical and thermal pro-
perties, which are greatly influenced by CB.13–15 

CB has the appropriate physical and chemical properties and is used in ind-
ustry as a reinforcing rubber filler, UV stabilizer, sorbent and pigment.16–18 CB 
is an amorphous particle with pores, it consists of more than 97 % carbon with a 
very low content of oxygen, hydrogen, sulfur, and organic compounds. CB has 
an interesting surface with various functional groups such as quinine, hydroxyl 
and carboxyl groups, which are necessary to create a cross-linked structure to 
improve the mechanical properties of polymers, especially rubbers. CB particles 
oriented in various morphologies by van der Waals forces exhibit structures with 
medium and high aggregates, as well as graphite-like structures.19,20 Various CB 
structures are important for the thermal and electrical properties of polymer com-
posites.14,21,22 

Analysis of literature data shows that the properties of polymer composites 
using CB are determined not only by the nature of the polymer matrix, but also 
by the degree of uniform distribution of the filler in the matrix. In addition, struc-
tural studies of polymer/CB composites show that for designing such materials 
with the improved performance, it is necessary to achieve a higher degree of dis-
tribution of CB aggregates in the polymer. And the above mentioned, in turn, is 
established by the method of preparing composites.22–25 
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In this paper, we continue our previous studies of phosphochlorinated poly-
butadiene (PhPB) and its composites with various fillers, using the oxidative 
chlorophosphorylation reaction26–28 as a tool. Using this reaction, we are for the 
first time conducting a study of the structure and thermal stability of the PhPB 
composite with the expedient commercially available CB P-234, with the 
assumption of further use. The results on the structure and thermal stability of the 
composite can be taken into account when using it as adsorbents. 

EXPERIMENTAL 
Materials 

PB was purchased from Voronezh Synthetic Rubber Plant (Russia). CB P-234 was pur-
chased from ABA Providing (Russia). PCl3 and CCl4 were supplied by Gorex-Analyt GmbH 
and used without further purification. Oxygen was supplied to the reaction medium by pur-
ging through the concentrated H2SO4. 
Preparation of PhPB/CB composite  

The construction of the cross-linked structure of PB and the preparation of its composite 
with a CB filler was carried out by the OxCh reaction. Initially, a 6 % solution of PB in CCl4 
was prepared in a flat-bottomed three-necked flask. The flask was then equipped with a reflux 
condenser, a thermometer, and a bubbler to supply oxygen gas to the reaction medium. Then, 
CB was added to the PB in a ratio of 1:10 (PB to CB) and the mixing of the mixture was 
started. Oxygen was supplied to the reaction medium at a rate of 7 L h-1. The reaction was 
started with the gradual dropwise addition of 10 ml of PCl3. An increase in temperature to 
56°C indicated the exothermic nature of the reaction. A black solid was formed in the reaction 
medium and the temperature dropped back to room temperature. After completion of the 
reaction, the liquid phase containing PCl3, CCl4, and intermediate product POCl3 was separ-
ated from the solid by distillation using a water jet pump. The resulting product contains func-
tional groups –P(O)(Cl)2 and –OP(O)(Cl)2 and was therefore subjected to hydrolysis at 50 °C 
for 2 h. Hydrolysis product, i.e., the PhPB/CB composite was washed with deionized water 
until neutral pH and finally dried first in air and then in a vacuum drying oven. The synthesis 
mechanism of PhPB/CB composite is given in Scheme 1. 

 
Scheme 1. Synthesis mechanism of PhPB/CB composite. 
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Preparation of PhPB 
To compare the results obtained for the PhPB/CB composite, PhPB with a cross-linked 

structure was synthesized by the OxCh reaction of PB without CB filler.29 
Characterization of CB, PhPB and PhPB/CB composite 

The Fourier-transform infrared (FTIR) spectra of all samples were measured on a Perkin 
Elmer Spectrum 100 FTIR spectrophotometer in the range from 650 to 4000 cm-1. UV–Vis 
spectroscopic studies of the samples were carried out on a Specord 210 Plus spectrophoto-
meter (Analytik Jena, Germany) in the wavelength range from 200 to 700 nm. Absorption 
spectra obtained using UV–Vis spectroscopy were also used to estimate the optical band gap 
energies for the samples using Tauc’s plot.30 TG and DTG analysis of all samples was carried 
out on a Terra-ZA thermogravimetric analyzer in the temperature range from 26 to 750 °C 
(heating rate 10 °C min-1) on a ceramic crucible in a nitrogen atmosphere. Approximately 4– 
–4.5 mg of each sample was used. 

RESULTS AND DISCUSSION 

Characterization of CB, PhPB and CB/PhPB composite 
A comparative analysis of the FTIR spectra of CB, PhPB, and the PhPB/CB 

composite was carried out firstly, to characterize the functional groups on the CB 
secondly, to study the modification of PB by the OxCh reaction and finally, to 
study the possibility of interaction between the CB filler and the modified PhPB. 

The FTIR spectra of CB, PhPB and PhPB/CB composite are shown in Fig. 1. 
In the spectrum of CB the broad band at 3467 cm–1 (Fig. 1c) refers to the stretch-
ing of the –OH hydroxyl groups. The smaller absorption bands at 1239 and 1787 
cm–1 are associated with the elongation of the carboxyl group C–O and C=O, res-
pectively. The slightly intense band at 2328 cm–1 is usually associated with the 
C=O force, also the band at 980 cm–1, indicates C=C–H bending vibrations. The 
bands at 2106 and 2660 cm–1 were attributed to the –CH2 tension. These results 
of the analysis confirmed the presence of hydroxyl (–OH) and carboxyl (–COOH) 
groups on the CB surface. The presence of these functional groups plays a sig-
nificant role in the interaction of CB with the modified PB during the cons-
truction of the composite structure.31,32 

In the spectrum of PhPB obtained by the OxCh reaction (Fig. 1a), peaks 
were found at 3384, 2931, 2868, 2280 and 2099 cm–1, corresponding to the –OH 
vibration of –P(O)(OH)2 functional groups. The associated P=O stretching vib-
rations and P–OH stretching vibrations appear at 1174 and 739 cm–1, respect-
ively. An intense peak at 983 cm–1 corresponds to C–O–P, which indicates the 
addition of the –PO(OH)2 group to the rubber matrix chain through oxygen. The 
adsorption peak at 1446 cm–1 is attributed to –CH2 groups.33  

After the interaction of the filler with the polymer matrix by the OxCh react-
ion, the FTIR spectrum of the obtained PhPB/CB composite (Fig. 1b) shows a 
slight increase in the C–O–R intensity (broad band at 982 cm–1), which is asso-
ciated with the physical interaction of the PhPB with CB functional groups. As a 
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rule, the absence of a significant effect on the FTIR spectra of PhPB after the 
addition of CB indicates a uniform distribution of CB particles throughout the 
polymer matrix. A similar result was observed in the FTIR spectra of HDPE, PP, 
PET and nylon/carbon black composites.1,34 

 
Fig. 1. FTIR spectra of PhPB (a), PhPB/CB composite (b) and CB (c). 

UV–Vis analysis  
UV–Vis measurements were carried out to study the effect of CB particles 

on the optical properties of the PhPB matrix. UV–Vis spectra of the PhPB matrix 
observe absorption at a wide range of 256 to 390 nm due to π–π* absorption of 

Fig 2. UV–Vis spectra of samples 
PhPB (a), PhPB/CB composite (b) 
and CB (c). 
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the conjugate system in the polybutadiene as shown in Fig. 2c.35 This peak 
shifted to a wide range at the visible region in case of PhPB/CB composite as 
seen in Fig. 2b. 

Direct allowed band gap of CB, PhPB and PhPB/CB composite was ana-
lyzed by Tauc’s equation.30 As can be seen in Fig. 3, the optical band gaps of 
PhPB (Fig. 3a) and PhPB/CB composite (Fig. 3c) are 3.25 and 2.28 eV, res-
pectively. The smaller optical band gap of the PhPB/CB composite was attributed 
to disorder in the polymer matrix by the incorporation of CB particles, and thus 
the adsorption shift of the composite (Fig. 2b) into the visible region in the elec-
tromagnetic spectrum, due to the nature of the CB, that CB has black color and 
absorbs UV–Vis light as in Fig. 2a.30 In addition, the decrease in the optical band 
gap of the polymer matrix is a good indicator of the increase in conductivity, 
which adapts the contribution of CB particles to the composite structure. Similar 
optical properties were observed in the polyethylene oxide/carbon black com-
posite.36 

 
Fig. 3. The optical band gap energies of PhPB (a), PhPB/CB composite (b),and CB (c). 

TG/DTG analysis 
Based on the thermogravimetric analysis of CB (P-234), the TG curve in 

Fig. 4 shows two decomposition stages. The first stage below 120 °C is asso-
ciated with the evaporation of adsorbed water from the sample. The second stage 
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on the curve in the range of 120–750 °C is associated with the release of volatile 
oxygen-containing fragments of functional groups onto the surface of the CB.32 
The DTG curve clearly shows maxima (exo-peaks) characteristic of volatile frag-
ments, which are associated with the release of CO2 during the decomposition of 
carboxyl groups in the range of 120–470 °C, and a large amount of CO from all 
oxygen-containing functional groups, reaching a maximum at 700 °C.37 A less 
intense peak in the region of lower temperatures may be associated with the rel-
ease of residual water, which is physically associated with the CB.36 

 
Fig. 4. TG (a) and DTG (b) thermogram CB (P-234). 

To assess the effect of CB on the thermal stability of the polymer matrix, 
TG/DTG analyses of the PhPB matrix and the PhPB/CB composite were carried 
out. The results are presented in Fig. 5. The TG/DTG curves show three stages of 
thermal degradation for both PhPB and the PhPB/CB composite, indicating a 
similar degradation mechanism. A significant weight loss was observed in the 
range of 125–500 °C (second and third stages), weight loss below 125 °C (first 
stage) is due to the evaporation of physically bound water molecules, while the 
decomposition of functional groups and the polymer chain occurs in the second 
and third stages, respectively. The maximum decomposition temperatures and 
weight loss obtained for PhPB and the PhPB/CB composite are listed in Table I. 
The higher weight loss of PhPB compared to the PhPB/CB composite was obs-
erved in the second and third stages, and the apparent weight loss of the polymer 
matrix is due to the high amount of volatile components formed in the process of 
destruction. The composition exhibits greater thermal stability with less weight 
loss. This may be due to the presence of the CB filler, which has a shielding 
effect on the composite and slows down the thermal decomposition process. 
Accordingly, a comparison of the DTG curves of the polymer matrix and the 
composite showed a decrease in tmax in the second and third stages due to the 
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addition of CB to the matrix, as indicated in Table I. This is due to the dispersion 
of the CB of the filler in the PhPB matrix, due to the effect on the matrix cross- 
-link density, as well as by increase of tmax at the first stage due to a larger 
amount of evaporated water adsorbed on the CB filler. The split peak in the third 
stage of decomposition in the polymer matrix and composite results from parallel 
multiple decomposition reactions at higher decomposition temperatures. A large 
amount of residue is also obtained in composites with styrene-butadiene or nat-
ural rubber, including CB as a filler.38,39 

 
Fig. 5. TG/DTG Thermograms of PhBB and PhPB/CB composite. 

TABLE I. Parameter obtained from TG and DTG thermograms 
Sample TG DTG 

Step Temp. range 
°C 

Mass loss
wt. % 

Yield at 750 °C
wt. % 

IPDT
°C 

Tmax 
°C 

DTGmax 
% min-1 

PhPB 1st 
2nd 
3rd 

25–125 
125–303 
303–750 

3.8 
18.9 
42 

35.2 1064 
98 

223.4 
424.3 

0.31 
1.61 
4.16 

PhPB/CB 
composite 

1st 
2nd 
3rd 

26–114 
114–290 
290–750 

5.6 
16.5 
36.9 

41 1316 
55.7 

218.3 
400 

0.84 
2.01 
4.06 

Moreover, the PhPB/CB composite exhibits a higher resistance to thermal 
degradation according to integral decomposition temperature (IPDT) values cal-
culated from the TG curve (Fig. 6) using the Doyle equation:40 

 * *
f i i( )IPDT A K T T T= − +  (1) 

where A* is [(A1+A2)/(A1+A2+A3)], K* is a coefficient [(A1+A2)/A1], and Ti and 
Tf are initial temperatures and final temperature, respectively. A1, A2 and A3 are 
area ratios in TG thermogram as shown in Fig. 4. 
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Fig. 6. Schematic representation of TGA 
area for calculation of IPDT values. 

Probable structure of the produced polymer/CB composite 
According to the results of analysis for the polymer/CB composite using IR, 

UV spectroscopy and TG/DTG, its structure has the following features: 
– There is a chemical bond between the chains of macromolecules and CB in 

the composite; 
– CB is evenly distributed in the polymer matrix. 
The probable polymer/CB structure is shown in Fig. 7. 

 
Fig. 7. Probable chemical structure of PhPB/CB composite. 

CONCLUSION 

PhPB/CB composite was synthesized by OxCh reaction. PhPB/CB compo-
site and its constituent components, i.e., CB and PhPB, were studied by FTIR, 
UV–Vis and TG/DTG analysis methods. According to the results of FTIR spec-
troscopy, we have found that the proposed OxCh reaction succeeded in modify-
ing and constructing the cross-linked structure of PB obtaining well dispersed CB 
P-234 filler into a modified PB structure. The result of UV–Vis studies showed 
that due to the nature of the added CB, the PhPB/CB composite absorbs UV–Vis 
lights in a wider wavelength range than the PhPB matrix. The fact that the optical 
band gap width of the PhPB/CB composite is less than that of PhPB was attri-
buted to the fact that CB imparts electrical conductivity to the polymer matrix. 
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According to the results obtained from the study of the thermal properties of the 
samples, PhPB/CB composite exhibits a higher resistance to thermal degradation. 

Based on the overall results, it can be said that by using the OxCh reaction 
and CB as a filler, it is possible to improve the thermal, electrical, and optical 
properties of PB, as well as to synthesize a composite material with a cross- 
-linked structure. 

И З В О Д  

СТРУКТУРА И ТОПЛОТНА СТАБИЛНОСТ ФОСФОХЛОРИСАНОГ ПОЛИБУТАДИЕН-
ЧАЂ КОМПОЗИТА СИНТЕТИСАНОГ ПУТЕМ ОКСИДАТИВНЕ 

ХЛОРОФОСФОРИЛАЦИЈЕ 

NADA M. EDRES1, 2, IRADA A. BUNIYAT-ZADEH2, SOLMAZ B. ALIYEVA3, SINAN M. TURP4 
и RASIM M. ALOSMANOV2 

1Faculty of Education/Department of Chemistry, Khartoum University, 406, Khartoum, Sudan, 2Faculty of 
Chemistry, Baku State University, AZ1148, Baku, Z. Khalilov, Azerbaijan, 3Women Researchers Council, 

Azerbaijan State University of Economics (UNEC), Istiglaliyyat 6, AZ1001 Baku, Azerbaijan и 4Faculty of 
Engineering, Bitlis Eren University, Bitlis, Turkiye 

Циљ представљеног рада био је да се добије нови тип хомогеног композита засно-
ваног на индустријском полимеру (полибутадиен, PB) и добро познатом јефтином пуни-
оцу (чађ P-234, CB). У ту сврху коришћена је реакција оксидативне хлорофосфорилације 
(OxCh). То омогућава увођење CB у умрежену структуру модификованог полимера и 
обезбеђивање оптималне расподеле пуниоца у њему. Проучавана је структура и топ-
лотна стабилност композита синтетисаног OxCh реакцијом. Анализа композита FTIR 
методом указује на уједначену расподелу пуниоца у умреженој структури матрице и 
физичку интеракцију фаза композита. Подаци ултраљубичастог видљивог спектра 
потврдили су побољшање апсорпције светлости у широком спектру електромагнетног 
спектра и смањење оптичког енергетског јаза фосфохлорне PB (PhPB) матрице са до-
датком CB (Eg 3,25 eV; Eg PhPB/CB композита 2,28 eV). Утицај CB на топлотну стабил-
ност PhPB матрице проучаван је коришћењем термогравиметијске и диференцијалне 
термогравиметријске анализе. Након термалне анализе, остатак за PHPB је био 41 мас. 
%, а за PhPB/CB композит 35,2 мас. %. У поређењу са PHPB, повећање остатка, смањење 
максималне температуре топлотног распадања и висока температура термалне декомпо-
зиције за PhPB/CB композит показују побољшање топлотне стабилности PHPB због CB. 

(Примљено 31. јула, ревидирано 14. септембра, прихваћено 21. октобра 2023) 
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Abstract: Beeswax is selected as a natural coating material for the development 
of new colon specific drug delivery systems charged by mesalamine. In a first 
step, beeswax microparticles are prepared using hot-melt process of micro-
encapsulation where drug:beeswax ratio, stirring speed, emulsifier concen-
tration and pH of external phase are varied for the optimization of the drug 
entrapment and microparticles’ morphology. The effect of the nature of the 
emulsifier is also discussed by studying the hydrophilic–lipophilic balance 
(HLB) value. In a second step, to obtain delayed delivery systems, bi-layered 
microspheres are elaborated by the process of emulsion–solvent evaporation 
using ethylcellulose or cellulose acetate butyrate as outer enteric coating layer. 
All formulations are characterized by infrared spectroscopy, X-ray diffraction, 
scanning electron microscopy and optical microscopy. The drug release is 
established in simulated gastric, small bowel and colon liquids and the release 
mechanism is discussed by applying the Korsmeyer–Peppas model. 

Keywords: beeswax; mesalamine; colon-specific delivery; double walled mic-
rospheres. 

INTRODUCTION 
Mesalamine or 5-aminosalicylic acid (5-ASA) is an active substance that has 

been used as a potent non-steroidal anti-inflammatory drug, its efficacy is proved 
against gastrointestinal tract diseases and especially that of colon part, such as 
ulcerative colitis and Crohn's desease.1,2 Obviously, the oral administration of 
the drug remains a painless and favourite method for patients but it can reduce 
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the drug bioavailability and therefore its therapeutic efficacy. In fact, mesalamine 
is absorbed into the proximal small intestine and metabolized without reaching 
the therapeutic levels in inflamed sites.3 So, multiple kinds of colonic drug deli-
very systems such as gastroretentive dosage forms, pH-dependent dosage forms, 
or mucoadhesive dosage forms are developed to improve the effectiveness of inf-
lammatory bowel diseases treatments.3–5 In these systems, the active therapeutic 
substance is usually coated in a shell that controls the drug release through three 
parameters often operating in a combined way; the first one is related to the pH 
values of the gastrointestinal tract, this formula generally showed neglected rel-
ease in a strongly acidic environment.5,6 The second parameter is based on the 
transit time of the gastrointestinal tract;5,7 for example, as reported by Souza et 
al.,8 the delayed drug delivery is acquired by the relaxation behaviour of Xylan 
chains in the first 4 h; in this study, the microspheres were able to reach the large 
intestine with about 40 % of initial drug load, which could be sufficient for the 
local treatment of inflammation according to the researchers.8 Finally, the pre-
sence of colonic flora ensures a specific release of the drug, this type of micro-
scopic vector is generally based on polysaccharides since they are indigestible in 
the small intestine. However, they undergo complete or partial degradation by 
carbohydrate-active enzymes (CAZymes) in the colon.9–11 For example, pH– 
–enzyme double-dependent mesalamine colon-specific delivery system were 
developed by Jin et al.;12 the authors succeeded in developing a dual pH-dep-
endent and enzymatic degradation systems based on chitosan and eudragit S100 
for the specific release of mesalamine in the colon.12 

Thus, in the present investigation, an attempt is made to prepare colon drug 
delivery microspheres using mesalamine as active ingredient and beeswax as 
natural coat. Beeswax is a complex mixture composed of hydrocarbons, free fatty 
acids, esters of fatty acids and fatty alcohol, diesters and exogenous substances.13 
This coat material is chosen, in one hand, for its edible properties and long resis-
tance to external environmental factors (oxygen, humidity, digestive proper-
ties).13,14 In the other hand, it is confirmed by several studies that the drug 
encapsulation using this lipid material is effective in protecting and improving 
the release properties of compounds, especially in the medical field, as it allows a 
prolonged release of the drugs using simple methods with low production 
costs.15–19 Beeswax is mostly used as gastro-resistant coat for anti-inflammatory 
drugs.15,18,19 and it has been also tested to obtain delayed formulations for an 
anti-cancer drug.17 So, the objective of the present work is to develop new reser-
voir devices by a combination of beeswax, as primary coat and cellulose deri-
vative polymers as second layer, for a colon specific drug delivery. For the res-
earch purpose the optimized beeswax microspheres are firstly prepared by emul-
sion–melt solidification technique and by varying some process parameters, i.e., 
drug:polymer ratio, stirring speed, emulsifier nature and concentration and the 
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pH of external phase. Secondly, double walled microspheres are formed using 
emulsion–solvent evaporation technique where ethylcellulose and cellulose acet-
ate butyrate are chosen and tested as second coat to obtain colon-specific drug 
delivery systems. 

EXPERIMENTAL 
Materials 

Mesalamine is obtained from SALEM laboratory (Algeria), beeswax is obtained from 
beekeeping farm (west of Algeria), ethyl cellulose (EC, 22 mPa s) and cellulose acetate 
butyrate (CAB, M = 70000) are purchased from Sigma–Aldrich. Polyvinyl alcohol (PVA, 98– 
–99 % hydrolysed, polymerisation degree:1700–1800, viscosity: 25–32 cP) is from Biochem 
Chermopharma, Tween 80 origin is Sigma–Aldrich, Span 80 is from Biochem Chermopharma 
and dichloromethane (DCM) is from Sigma–Aldrich. 
Preparation of microspheres and double coated microspheres  

Mesalamine microspheres based on beeswax are prepared by using hot-melt technique of 
micronecapsulation; 2g of beeswax is melted in a water bath at 90 °C, then 0.25 g of mesa-
lamine is added under magnetic stirring. The mixture is then emulsified in 100 mL of hot (85– 
–90 °C) aqueous solution (distilled water with pH 6.1±0.1 or acetate buffer solution at pH 
4±0.1), containing 1.5 % of emulsifier and stirred mechanically at 800 rpm using DLS stirrer. 
After 3 min of emulsion, the system is cooled using an ice bath until 10° C under continuous 
stirring. After 20 min, solidified microspheres are collected by filtration and washed with dis-
tilled water and finally dried at room temperature for 48 h. 

To obtain double walled microparticles, solvent evaporation method is used; so selected 
beeswax microspheres are dispersed in 25mL of DCM coating solution containing 0.4 g of EC 
or CAB as matrix, the polymer:microspheres ratio is maintained at 1:1. This organic phase is 
then poured into 100 mL of 1 % of PVA aqueous acetate buffer solution (pH 4) under stirring 
(800 rpm) for 3 h until the complete solvent evaporation. After filtration, the obtained double 
walled microspheres are washed with distilled water and dried at room temperature for 48 h. 
Microparticles’ characterization  

For microparticles’ characterization, FTIR spectra of drug, beeswax and formulations are 
registered using a Bruker Alpha FTIR spectrometer in the absorbance range of 4000–400 cm-1. 
Powder X-Ray diffractogramms of mesalamine, beeswax and D11 batch of microspheres are 
recorded using Rigaku diffractometer type Ultima IV. The samples are scanned in the range of 
2θ from 0 to 80° using an incident beam the Kα1 line of copper. Shape and surface morpho-
logy of microspheres are examined using Hitachi TM-1000 scanning electron microscope 
(SEM). The particles are observed using the optical microscopy type Optika stereomicroscope 
of the series SZM 1 and equipped with a camera and software, in order to identify the size and 
morphology of microparticles. The mean diameter, d10, is calculated using the following 
equation and by counting and measuring more than 500 microparticles of each batch: 

 10
i i

i

n dd
n

=


 (1) 

where di is the droplet diameter, ni is the number of droplets with diameter di; d10 is the 
average number diameter. 
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Determination of the drug content and encapsulation efficiency 
5 mg of microspheres are dispersed in 10 mL of a suitable solvent (0.5 M HCl solution) 

under stirring for 15 min at 90 °C for the complete removal of mesalamine. After cooling at 
room temperature, the obtained mixture is filtered and analysed by UV–Vis spectrophoto-
metry using Shimadzu 240 1PC spectrophotometer at λmax = 305.8 nm, the drug extraction is 
carried out in triplicate and the results are expressed by the mean ± SD. 

The entrapment efficiency and drug content are calculated using the following formulas: 

 drug extract

initial drug
Efficiency 100

m
m

=  (2) 

 drug extract

microsphers
Drug loading 100

m
m

=  (3) 

In-vitro drug release studies  
The drug release is monitored using a Shimadzu 240 1PC dual beam UV–Vis spectro-

photometer. 200 mg of microspheres are dispersed in 900 mL of dissolution medium at 37±0.4 
°C under magnetic stirring of 100 rpm. At selected time intervals, 3 mL of sample is with-
drawn and analysed and quickly reintroduced into the release reactor. The drug release is car-
ried out in simulated gastric medium of pH 1.2 for a period of 2 h, in simulated small bowel 
liquid (pH 8) for 6 h and in colon simulated liquid at pH 6.5 for 5 days. These mean values of 
periods are selected based on the available studies on patients with active ulcerative colitis and 
Crohn disease.20-23 
Kinetic treatment of mesalamine release data 

The release data are mathematically fitted according to Korsmeyer–Peppas kinetic model: 

 K
i

t nm K t
m

=  (4) 

where mt is the amount of drug release in time t, mi is the initial amount of drug in the micro-
sphere and mt/mi fractional mass of drug released at time t. KK is the rate constant of Kors-
meyer–Peppas model and n is the diffusion exponent according to Korsmeyer–Peppas, this 
model is verified for 60 % of the drug released.24-27 The selected model is applied for each 
step of drug release in selected time intervals corresponding to the pH medium (from 0–120 
min for pH 1.2, from 120–360 min for pH 8 and from 1440–7200 min for pH 6.5). 

RESULTS AND DISCUSSION 

Optimization of beeswax microspheres  
In order to obtain the ideal combination of morphology, encapsulation effi-

ciency and yield, some process parameters, i.e., drug:beeswax ratio, stirring 
speed (N, rpm) and external phase pH was studied, and in these experiments 
PVA is used as surfactant and its concentration was also varied. As shown in 
Table I, using a drug:beeswax ratio of 1:4 (D0 formulation), the droplets clung 
together and formed aggregates. Consequently, to obtain individualized formul-
ations, the drug concentration is reduced to 1:8 (drug:beeswax) and the effects of 
both the emulsifier concentration and the stirring speed on the drug entrapment 
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were studied in two external phases of pH 6.1 and 4. The results showed that 
using pH 6.1 of the external phase, the obtained microparticles are spherical but 
the drug entrapment efficiency didn’t exceed 42 %; it increased when the PVA 
concentration was risen to 1.5 % and it decreased when the stirring speed of 
emulsion is increased. For these formulations (D1–D5), the microspheres’ size 
(d10) varied from 94 to 133 µm and is largely affected by the stirring speed. In 
fact, the particle size decreased when the stirring speed of emulsion increased 
and the results is in agreement with the inertial break-up theory.28 

TABLE 1. Composition and physicochemical properties of bee wax microspheres 
Code Drug:pol. 

ratio 
N 

rpm 
PVA 

% 
pH of external 

phase  
Particles’ 

shape 
Drug loading

%±SD 
Entrapment 
efficiency 

%±SD 

d10 
µm 

D0 1:4 800 1 6.1±0.1 Aggregate 6.5±0.6 32.5±2.9 122.2 
D1 1:8 800 0.5 6.1±0.1 Spherical 2.3±0.4 20.9±4.1 100.8 
D2 1:8 800 1 6.1±0.1 Spherical 4.1±1.1 37.2±10.3 133.0 
D3 1:8 800 1.5 6.1±0.1 Spherical 4.6±0.5 41.7±4.6 124.0 
D4 1:8 800 2 6.1±0.1 Spherical 3.4±0.4 30.7±4.1 131.9 
D5 1:8 1000 1 6.1±0.1 Spherical 2.4±0.2 21.5±2.2 94.1 
D6 1:8 800 0.5 4.0±0.1 Spherical 2.6±0.2 23.1±2.3 106.2 
D7 1:8 800 1 4.0±0.1 Spherical 5.2±0.1 47. 1±0.9 139.0 
D8 1:8 800 1.5 4.0±0.1 Spherical 5.2±0.5 47.3±4.7 129.8 
D9 1:8 800 2 4.0±0.1 Spherical 3.6±0.6 32.7±5.7 133.7 

In order to improve the drug encapsulation, the beeswax solution was emul-
sified in an external phase with a lower pH (pH 4) where mesalamine was less 
soluble.29 Indeed, the spherical microparticles were obtained and a highest 
encapsulation efficiency of 47.3 % was obtained for D8 formulation. On the basis 
of these experimental results, D8 experimental conditions were subsequently 
maintained for the preparation of another formulations where the emulsifier nat-
ure was varied as following. 

HLB value effect on loaded beeswax microspheres properties 
An attention was drawn on the surfactant effect, in fact, it had been proved 

that the surfactant nature can affect the drug transfer in the external phase and so 
the drug entrapment.30 Really, surfactants are agents that reduce the surface ten-
sion or interfacial tension, and these excipients can be added in drug formulation 
especially to improve the drug solubility.31,32 It was reported that surfactants 
having HLB (hydrophilic–lipophilic balance) values higher than 15 were best 
solubilising agents.33 So, Span 80 was selected and used to reduce the HLB value 
and consequently to reduce the drug solubility in the aqueous phase. 

For the purpose, new formulations (D10 and D11) were prepared using 
Tween 80 (HLBA = 15) as hydrophilic surfactant and a mixture of Tween 80 
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(HLBA = 15) and Span 80 (HLBB = 4.3) as lipophilic surfactant (Table II). The 
HLB value of the surfactant mixture was set to 9; this value of HLB is required 
for the lipid phase such as beeswax to form stable emulsions.34 The surfactant 
ratio is determined according to the following theoretical calculation:35 

 B

A B

100(9 )HLBA
HLB HLB

−=
−

 (5) 

The results as shown in Table II are promising, in other words the drug 
entrapment efficiency was successfully increased using the surfactant mixture; 
indeed, the drug entrapment efficiency in formulation D11 reached 86 %, in this 
case the HLB value is lower and the lipophilic character of emulsifier mixture 
may prevent the drug loss. However, the use of Tween 80 alone has led to the 
decrease of drug entrapment.  

TABLE II. Effect of surfactant on bee wax microspheres properties 
Code Emulsifier nature HLB value Drug loading

%±SD 
Entrapment efficiency 

%±SD 
d10 / µm 

D8 PVA 18 5.2±0.5 47.3±4.7 129.8 
D10 Tween 80 15 4.7±0.8 42.3±7.5 70.2 
D11 (Span 80 +Tween 80) 9 9.6±0.9 86.2±8.1 91.6 

Regarding the particles’ size, using Tween 80, the microsphere size clearly 
decreased compared to PVA. In fact, the HLB value has a significant effect on 
the droplet size,36 the same results are obtained by Kim and Cho36 where small 
droplets are obtained at HLB value between 13.5 and 14.5. While the micropar-
ticles’ size increased when the mixture Tween 80:Span 80 is used as remarked by 
Kim and Cho,36 the size droplet increased when HLB value was lower than 13. 

Double-walled microspheres’ characteristics  
The experimental conditions of batch D11 gave the most desired results with 

the highest encapsulation efficiency of 86.2 % and the suitable spherical par-
ticles, so they are chosen for the second coating process. Ethylcellulose (EC) and 
cellulose acetate butyrate (CAB) are selected for covering the beeswax micro-
spheres of the D11 batch, as described in the Experimental. The results are dis-
played in Table III.  

TABLE III. Double walled microspheres’ characteristics 
Code Polymer 

matrix 
Particles morphology Drug loading 

%±SD 
Entrapment efficiency 

% ±SD 
d10 / µm 

F1 EC Spherical 8.6±0.4 77.9±3.5 144.7 
F2 CAB Spherical aggregates 7.8±0.1 70.6±0.1 131.6 
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Through this study, actually, the particles’ size increased due to the presence 
of the second wall but a difference is noticed between the two polymeric coats . 
The microspheres coated by EC are more spherical and larger than those obtained 
by CAB. The double coating process induced a loss of drug entrapment of 1 and 
1.8 % for EC and CAB, respectively. The lower loss can be related to the higher 
viscosity of EC organic phase which can limit the drug migration to the external 
phase.37,38 We concluded that the EC–beeswax formulations called F1 gave the 
best results, i.e., the spherical microparticles with the uppermost drug entrapment.  

Microparticles’ characterization 
Infrared spectroscopy analysis is performed to identify the interaction 

between mesalamine and coating polymers. So, FT-IR spectra of the individual 
constituents and microparticles are acquired as shown in Fig. 1. The infrared 
spectrum of pure mesalamine displayed characteristic bands39,40 like C–N 
stretching vibration at 1262 cm–1, the bending vibration of N–H at 1616 cm–1, 
C=O of acrylic acid stretching vibration at 1645 cm–1 and a large band between 
2500–3300 cm–1 which corresponds to the stretching vibration of O–H of acid 
bond and NH2 group, and C–H bond of the aromatic group at 807–833 cm–1. 

Fig. 1. Infrared spectra of mesalam-
ine, beeswax and formulations (F1, 
F2 and D11). 

The beeswax spectrum showed alkanes adsorption bands assigned to C–H 
stretching at 2954 and 2848 cm−1, C–H bend or scissoring at 1472 cm−1; and 
CH2 rocking seen in long-chain alkanes (718 cm−1). The sharp band observed at 
1736 cm−1 is attributed to the carbonyls in the ester linkages between the fatty 
acids and glycerol backbone.41 

All absorption bands of mesalamine and beeswax are observed in the 
infrared spectrum of microparticles as shown for D11 in Fig. 1, which confirms 
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the actual mesalamine loading and also the absence of chemical interactions 
between the components during the formulation process.  

In addition to the bands already distinguished in D11 spectrum, the FT-IR 
spectra of double walled formulation, i.e., F1 and F2 showed a small absorption 
at 1056 cm−1, which can correspond to the glycosidic C–O–C vibration band of 
cellulose.  

Beeswax X-ray diffractogram (Fig. 2) displayed sharp and intense peaks at 
2θ 22.1 and 24.51° in addition to weaker peaks at 2θ 19.98 and 36.7°. The mes-
alamine pattern showed a range of intense peaks at 2θ 8, 15.6 and 17.1° and other 
weak peaks between 23.1 and 48.9° confirming crystalline forms of beeswax and 
mesalamine. An important diminution of the mesalamine peak intensity is obs-
erved in the XRD pattern of microparticles, indicating a reduced drug crystal-
linity after the process formulation. Beeswax XRD peaks remained virtually 
unchanged. It has been also seen that mesalamine loses its crystallinity when it is 
loaded in PLGA nanoparticles.42 

Fig 2. X-ray diffractograms of 
beeswax, mesalamine and micro-
particles of D11. 
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Microscopic observation of the lots D8, D10, D11 and F1, as shown in Fig. 3, 
revealed spherical shape of microparticles. The surface of beeswax microspheres 
and the double walled microspheres appeared in SEM micrographs (Fig. 4) with 
rough and spotted state. The surface of the double walled microparticles is dif-
ferent from that simple beeswax microspheres; EC gave rise to an uniform ext-
ernal layer, as remarked in the case of F1batch. 

 
Fig. 3. Optical microscopy images of microparticles of lots D8, D10, D11 and F1. 

Fig. 4. SEM micrographs of micropar-
ticles of lots  D8, D10, D11 and F1. 
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In-vitro drug release studies 
The drug release is carried out in three selected simulated digestive liquids 

with pH 1.2, 6.5 and 8. The mesalamine release profiles of D8, D10, D11 beeswax 
lots and F1 and F2 double walled beeswax microspheres are given in Fig. 5. It is 
well distinguished that in the acidic medium (pH 1.2), the drug is discharged 
from simple beeswax formulations (D8, D10, D11) and is not discharged by 
double walled microspheres F1and F2. In pH 8, the drug release began slightly in 
F1 and F2 formulations and increased in pH 6.5. 

 
Fig. 5. Drug release profiles of mesalamine from single beeswax and double walled beeswax 

microparticles in simulated liquids (pH 1.2, 8 and 6.5). 

The release data are summarized in Table IV. The percentage of mesalamine 
released from the formulations D8, D10 and D11 and detected in the acidic 
medium (pH 1.2) after 120 min of release time varied from 8 to 13.5 %. How-
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ever, for the double walled microparticles of F1, the drug release didn’t occur 
during 120 min of contact time. In the simulated small bowel liquid (pH 8) and 
after 6 h of contact time, the drug release varied from 14 to 26 % and from 2.1 to 
5.4 % for simple beeswax formulations (D8, D10, D11) and double coated for-
mulations (F1 and F2), respectively. Finally, in the colon simulated liquid where 
pH 6.5 and after 96 h (4 days) of contact time, the % of drug release for D8 and 
F1 didn’t exceed 60 % and for D10 and D11 reached 91 % and remained at 70 % 
for F2 microspheres. 

TABLE IV. Mesalamine release data in simulated gastric (pH 1.2), small bowel (pH 8) and 
colon (pH 6.5) liquids  
Formulation pH Drug rel., % Korsmeyer–Pepas model 

Time interval, min K n R2 
D8 1.2 7.9 0–120 0.024 0. 23 0.843 

8 14.0 120–360 0.004 0.61 0.950 
6.5 59.3 1440–7200 0.001 0.73 0.932 

D10 1.2 12.3 0–120 0.037 0.25 0.918 
8 20.2 120–360 0.008 0.55 0.932 

6.5 90.6 1440–7200 0.003 0.64 0.964 
D11 1.2 13.4 0–120 0.052  0.18 0,879 

8 26.1 120–360 0.010 0.55 0.977 
6.5 91.6 1440–7200 0.008  0.54 0.963 

F1 1.2 0 0–120 – – – 
8 2.1 120–360 – – – 

6.5 52.9 1440–7200 3 10–5 1.12 0.959 
F2 1.2 4.2 0–120 – – – 

8 5.4 120–360 – – – 
6.5 70.7 1440–7200 1510–5 0.97 0.987 

In summary, the mesalamine is slowly discharged from D8 microparticles 
which are prepared using PVA as emulsifier, in contrary to D10 and D11 beeswax 
microspheres, that are prepared using Tween 80 and a mixture of Tween 80 and 
Span 80. So, D8 beeswax microparticles can be used for sustained and prolonged 
drug release. The results can be related to the microparticles’ size, since it is 
known that the smaller particle size results in an increase of dissolution because 
the contact surface area is increased;43 in fact, the D8 microparticles’ size is 
higher than those of D10 and D11 and then it causes a slowly drug dissolving and 
release. 

Regarding the bi-layered beeswax microparticles F1 and F2, these devices 
exhibited a delayed release effect in simulated gastric media due to the acid resis-
tance of the outer enteric coating layer,5,44 so they can be considered as colon- 
-specific delivery systems. In fact, the coating using pH-sensitive polymers or 
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biodegradables matrices, such as polysaccharides, provides delayed release and 
protects the active drug from gastric fluid.45. 

In addition, the results showed that the percentages of drug released in the 
first eight hours, i.e., before reaching the simulated colon region are 22, 33 and 
50 % for D8, D10 and D11 formulations, respectively. It didn’t exceed 10 % for 
the F2 double coated microparticles and is lower than 3% for F1 microparticles.  

Release data analysis  
In order to identify the drug dissolution mechanism through beeswax and 

double coated beeswax microparticles in each release medium, the Korsmeyers– 
–Peppas model was tested. This model is developed to analyse both Fickian and 
non-Fickian release of drug from swelling or non-swelling polymeric delivery 
systems. As reported in Table IV, the release data are fitted according to the 
selected model in the appropriate time intervals which are specified in Table IV. 
In the semi-empirical model of Korsmeyer–Peppas (Eq. (4)), the exponent of 
time (n) is related to the drug release mechanism. So, n-values are indicative for 
diffusion or relaxation/erosion-controlled drug release. In one hand, the limit 
values of n depend on the dosage form geometry; it is equal to 0.50, 0.45 and 
0.43 for slabs, cylinders and spheres, respectively. In the other hand, this limit is 
also dependent on the width of spherical polymeric particles' size distribution.46 
If we consider the spherical geometry, when n = 0.43, the release mechanism is 
controlled by Fick’s diffusion. When 0.43 < n <0.85, the drug release mechanism 
is related to non-Fick’s diffusion or anomalous transport. When n = 0.85, the 
drug release mechanism is governed by Case-II transport.47 It is also reported 
that when n > 0.85, the release mechanism belongs in matrix erosion or relax-
ation and generally when the exponent n < 0.5, the drug release mechanism is 
related to the quasi-Fickian diffusion model, and the value of n = 1 indicates zero 
order release.48–50 

So, regarding the mesalamine release from D8, D10 and D11 formulations, 
and for the first two hours corresponding to the retention time in the stomach, the 
coefficient of regression R2 of Korsmeyer–Peppas model varied between 0.843– 
–0.918 (Table IV). On the basis of n-values of Korsmeyer–Pepas equation which 
are lower than 0.43, the release mechanism can be assumed to be the quasi-Fick-
ian diffusion model, it assumed to non-swellable matrix diffusion.49 In this step 
of drug release (pH 1.2), the formulations F1 and F2 didn’t discharge the drug. 

In the simulated small bowel medium (pH 8), the model is fitted from 120 to 
360 min so during the next four hours, and the results showed that R2 varied from 
0.932–0.977 for D8, D10 and D11 formulations. However, the value of the Kors-
meyer–Pepas exponent, n, is close to 0.55, which belongs to 0.43 < n < 0.85 
demonstrating that the release mechanism corresponds to a non-Fickian or ano-
malous transport, so that the release mechanism is governed by simultaneously 
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various phenomena such as diffusion and relaxation.46,49 Concerning the double 
coated microparticles of F1 and F2, the experimental data are not sufficient to 
apply the mathematical model. 

Finally, in the colon simulated medium (pH 6.5), the model is fitted from the 
first to fifth day of drug release. The results showed that the mesalamine is dis-
charged in this medium from all formulations. For the beeswax microparticles, 
the coefficient R2 of Korsmeyer–Pepas model varied from 0.932–0.964 and the n 
exponent varied from 0.54 to 0.73, indicating that the drug release is also ano-
malous and is governed by a non-Fick’s transport. About the double walled for-
mulations (F1 and F2), the release data are well fitted according to the Kors-
meyer–Pepas model (R2 0.959–0.987) and the values of the exponent n are 1.12 
and 0.97 for F1 and F2, respectively, so they can be considered as close to unit, 
in this case, the release mechanism is controlled by Case II transport or zero 
order release. The obtained release profiles obviously indicate that the drug rel-
ease is actually delayed using these new formulations.   

CONCLUSION 

The objective of this work is to develop colon specific drug delivery systems 
that use natural materials and should be capable to deliver the most drug quantity 
in colon region. Really, beeswax is chosen as matrix for mesalamine drug for-
mulation and successful results are being recorded. The optimization of the mic-
roencapsulation process by varying some parameters such as drug:beeswax ratio, 
emulsifier concentration and nature, and the stirring speed of emulsion permitted 
to allow spherical microparticles, with a drug entrapment efficiency varying from 
42 to 86 %. The D8 bath of microparticles offered a slow and prolonged drug 
release which became faster in simulated colon liquid. In addition, bi-layered 
microparticles which are prepared using cellulose derivatives, i.e., ethylcellulose 
and cellulose acetate butyrate are promising, in fact, the drug release didn’t occur 
in acidic medium from these new devices. The drug release mechanism is related 
to the quasi-Fickian diffusion model in acidic medium (pH 1.2), to a non-Fick’s 
transport in the simulated small bowel medium (pH 8) and in the colon simulated 
medium (pH 6.5), it is assumed to a non-Fick’s transport for beeswax formul-
ations and controlled by Case II transport or zero order release for the double 
coated microparticles. In conclusion, this bi-layer coating methodology can suc-
cessfully be applied to produce delayed and especially colon specific drug release 
formulations.    
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И З В О Д  

ПРИПРЕМА И IN VITRO ЕВАЛУАЦИЈА ЈЕДНОСЛОЈНИХ И ДВОСЛОЈНИХ 
МИКРОЧЕСТИЦА НА БАЗИ ПЧЕЛИЊЕГ ВОСКА ЗА КОЛОН-СПЕЦИФИЧНУ ДОСТАВУ 

МЕСАЛАМИНА 

RYM BRAHMI1, KHEIRA DIAF1, ZINEB ELBAHRI2 и MILAD BAITICHE3 

1Laboratory of Macromolecular and Physical Organic Chemistry, Faculty of Exact Sciences, Djillali Liabes 
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Пчелињи восак је одабран као природни материјал за облагање ради у циљу нових 
система за доставу и контролисано отпуштање лекова специфичних за колон, уз додатак 
месаламина. У првом кораку, припремљене су микрочестице пчелињег воска кориш-
ћењем поступка микроинкапсулације топљењем, где је вариран однос лек:пчелињи во-
сак, брзина мешања, концентрација емулгатора и pH спољне фазе ради оптимизације 
задржавања лека и морфологије микрочестица. Такође је разматран утицај природе 
емулгатора праћењем вредности хидрофилно–липофилног баланса (HLB). У другом ко-
раку, како би се добили системи за одложено отпуштање лека, израђене су двослојне 
микросфере поступком испаравања растварача уз употребу етилцелулозе и ацетилбу-
тирата целулозе као спољног слоја за облагање. Све формулације су окарактерисане 
инфрацрвеном спектроскопијом, рендгенском дифракционом анализом, скенирајућом 
електронском микроскопијом и оптичком микроскопијом. Ослобађање лека је испити-
вано у симулираним течностима желуца, танког црева и дебелог црева, а механизам 
ослобађања је разматран применом Korsmeyer–Peppas модела. 

(Примљено 1. маја, ревидирано 17. јула, прихваћено 20. новембра 2023) 
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Abstract: Some active pharmaceutical ingredients (APIs) and excipients can 
form deep eutectic solvents (DESs), which will lead to severe defects in solid 
preparations. This work first prepared related typical DESs by mixing APIs and 
excipients from marketable drugs. Then two different types of the binary 
eutectic mixtures were investigated, which were composed of menthol (HBD) 
and citric acid (HBA), ME/CA, as well as phenyl salicylate (HBA) and benzoic 
acid (HBD), Salol/BA. These binary mixtures were applied to investigate their 
possible effects on capsules and tablets, which could be liquefaction or the 
stickiness of the solid formulations. The comprehensive characterizations and 
studies on phase behaviours of the binary mixtures were carried out, and the 
spectral analysis confirmed the formation of the eutectic liquids from indivi-
dual components. Furthermore, the binary mixtures have increased the tablet 
strength when increasing the compression force, leading to the stickiness of 
powders during pressing. Moreover, the capsules were softened by the exist-
ence of DESs. After morphological observation and quantitative analysis, the cor-
responding suggestions and countermeasures were provided in the conclusions. 

Keywords: excipients; marketable drugs; binary mixtures; phase behaviours. 

INTRODUCTION 
Deep eutectic refers to the phenomenon of wetting or liquefaction after mix-

ing two or more substances. Sometimes it can be used, but occasionally it adv-
ersely affects the products.1 The resulting deep eutectic solvents (DES) or deep 
eutectic liquids (DEL) have attracted considerable attention recently, which cor-
respond to a broad class of low melting temperature liquids that are composed of 
at least two substances with H-bonds, mainly a hydrogen bond acceptor (HBA) 
and a hydrogen bond donor (HBD).2 These eutectic liquids are generally featured 
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by strong solubility, biodegradability, a wide range of polarity, high thermo-
chemical stability, water compatibility and a negligible toxicity profile.3 More-
over, H-bonds play an essential role in their properties (e.g., melting point, 
density, viscosity, etc.), which can be revealed by infrared and nuclear magnetic 
resonance spectroscopy.4 Besides that, some possible reactions occurring 
between two kinds of solids also attract attention from researchers and some key 
mechanisms are being continuously explored.5,6 

The breakthroughs achieved in green solvents promote the emergence of 
therapeutic deep eutectic solvents (THEDES) or active pharmaceutical ingre-
dient–deep eutectic solvents (API–DESs), and many APIs are HBD for contain-
ing amines, carboxylic acids or hydroxyl groups. The most commonly used is 
menthol, which can be combined with coenzyme Q10, borneol, paeonol, ibupro-
fen, aspirin and other APIs to form DESs.7–9 Moreover, three kinds of arginine- 
-based THEDES were designed as drug solubilization vehicles for lidocaine;10 
Shekaari et al.11 have successfully prepared a stable ion-gel system containing an 
anti-cancer drug, 5-fluorouracil, and a choline chloride-ascorbic acid DES. A rec-
ent study12 showed that DESs could play the multiple roles of the solvent, react-
ant and shape control agent simultaneously. With the increasing application of 
DES in the pharmaceutical field, many problems that have not been paid attent-
ion to before need to be studied; one of them is the effect of DES formation on 
various solid preparations. 

Despite all the promising features of DESs in the pharmaceutical field, there 
are some potential problems that are related to the formation of eutectic mixtures 
between APIs or between APIs and excipients upon the manufacturing processes, 
resulting in incompatibilities and instability of the final pharmaceutical products. 
For the solid preparations, the granules can be liquefied, the tablets can be 
adhered, or the capsules can become soft or leak resulting from deep eutectic 
phenomena. Sticking on the formed punch is a severe issue in the tablets pro-
duction process; when it occurs, the tablet machine must be repaired, which is a 
costly process.13 In fact, it is known that applying the compression forces causes 
damage and changes in terms of the drug properties. Moreover, the contact 
between the APIs and the excipients upon compression facilitates the formation 
of the eutectic mixtures. Ibuprofen is one of the APIs that is commonly used in 
tablet preparation. However, when mixed with other drugs or excipients, this 
component forms a eutectic mixture. Setyawan et al.14 studied the sticking phen-
omena of ibuprofen–stearic acid due to the formation of the eutectic liquid by the 
compression forces. This eutectic formation was further confirmed by FTIR, 
X-ray powder diffraction, scanning electron microscopy and hot-stage micro-
scopy studies. To the best of our knowledge, there are no studies focused on the 
effect of deep eutectic solvents on solid pharmaceutical preparations. After 
searching and summarizing for marketable medicines, it has been found that the 
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mixtures of some ingredients show deep eutectic behaviours and can affect rel-
ated solid preparations (see Fig. S-1 of the Supplementary material to this paper); 
however, a part of the DELs was unstable (e.g., the acetaminophen, ibuprofen 
and salicylic acid series). Racemic menthol, citric acid, phenyl salicylate and 
benzoic acid are four common components in these medicines (the former two as 
ingredients in Orofar capsules, Pharma Express, France; the latter two as ingre-
dients in Hyophen tablets, BioComp Pharma, Inc., USA), and there is a chance of 
using them together. Meanwhile their mixtures can become stable DESs. 

EXPERIMENTAL 
Chemical reagents and materials 

Menthol (99.0 %), citric acid (98.5 %), phenyl salicylate (98 %) and Sudan red were 
from Aladdin Company (Shanghai, China). Benzoic acid (95.5 %) was obtained from the 
Fangzheng reagent factory (Tianjin, China). Ethanol (99.5 %), glycerin (99 %), methanol (99 
%), choline chloride (99.0 %) and urea (99.5 %) were bought from Kelong Chemicals Inc. 
(Chengdu, China). Acetone (99.5 %) was purchased from Changlian Chemicals Inc. (Chengdu, 
China). Deionized water was obtained by a UPH-1-10T water purification system (Chengdu, 
China). Empty gelatin capsules, glutinous rice capsules, and enteric capsules were obtained 
from a local drug store. 
Formation of DESs 

According to the DESs in Fig. S-1, menthol was mixed with citric acid at 150 °C under 
constant stirring for 2 to 4 h until a homogeneous liquid formed. The mole ratios of the eutec-
tic compositions were found to be 3:1, 4:1, 5: and 6:1 (marked as DES 1–4) for menthol and 
citric acid. The prepared mixtures were dried under vacuum at 50 °C for 24 h before charac-
terization. 

The second kind of DES was prepared by mixing phenyl salicylate and benzoic acid in 
different molar ratios at 80 °C for 3 h until transparent liquids were obtained. The unsuccess-
ful preparations were also eliminated for further characterization; only the products with mole 
ratios of 12:1 and 9:1 were liquids at room temperature.  
Characterization of DESs 

Attenuated total reflection-Fourier transformed infrared spectroscopy (ATR-FTIR) ana-
lysis. ATR-FTIR analysis of DESs and their individual components was performed by using a 
Spectrum Two FTIR spectrometer equipped with ATR (PerkinElmer, Waltham, USA) for 
liquid samples. For each sample, 32 scans were taken from 4000 to 400 cm-1. Spectra were 
analyzed using Excel Ms. The results are shown in Fig. S-2 of the Supplementary material. It 
can be found that the FTIR spectrum of menthol exhibits a series of typical IR absorbance 
peaks, as illustrated in Fig. S-2A, which includes the stretching modes of the OH at 3255 cm-
1, and the C–H at 2959 and 2868 cm-1. The FTIR spectrum of citric acid showed absorption 
bands at around 3491 cm-1 for the free hydroxyl group (–OH) in the molecule, C=O stretching 
at 1728.30 cm-1, a peak at approximately 1133 cm-1 corresponding to the C–OH band, and 
786 cm-1 attributed to CH2 stretching. The menthol–citric acid binary mixtures spectrum 
displays O–H, C–H, C=O, and C–O stretching modes, appearing at around 3600–3230 cm-1, 
2958–2846 cm-1 and 1711 and 1019 cm-1, respectively. Both representative groups of compo-
nents were identified, and the O-H stretching band was shifted in the spectra of the prepared 
binary mixture, which confirms the formation of the eutectic liquid. 
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Similarly, Fig. S-2B shows the FTIR spectra of the pure components and their binary 
mixtures of different mole ratios (12:1 and 9:1), the spectrum of benzoic acid exhibits strong 
broad band around 3300–2500 cm-1, which can be assigned to O–H stretching; the featured 
band at 1670 cm-1 corresponds to carbonyl (C=O) stretching vibration, and the C–O stretching 
of benzoic acid exists at 1287 cm-1. Salol exhibited O–H bonding at 3400–2900 cm-1 and a 
C=O carbonyl stretching vibration peak at 1687 cm-1. There are also several peaks due to C–O 
stretching vibrations around 1335–1127 cm-1. The FTIR results of the DESs prepared by 
salol-benzoic acid further confirm the formation of eutectic solvents. The vibration bands at 
nearly 3300 to 3000 cm-1 refer to the hydroxyl group. The peaks at 1679 cm-1 refer to the 
presence of the C=O carbonyl stretching vibration peak. The peaks at 1330–1125 cm-1 are due 
to C–O stretching vibrations. The FTIR spectra of binary mixtures displayed the main vib-
ration frequencies corresponding to pure components with slight shifts, which supports the 
formation of a eutectic system. Furthermore, FTIR validated the formation of H bonds 
between choline chloride and various HBDs by shape changes and shifts in the characteristic 
absorbance of the specified chemical compounds. 

Proton nuclear magnetic resonance analysis. Proton NMR spectra were recorded with 
an AV II-400 MHz spectrometer (Bruker, Billerica, MA, USA), and the chemical shift data 
were processed using MestReNova software. The 1H-NMR spectra of menthol, citric acid and 
the DESs are shown in Fig. S-3A–F of the Supplementary material. All the normal peaks of 
both pure components appeared in the spectra of the prepared DES with a slight shift, this 
suggests the formation of the hydrogen bonds between the menthol and citric acid again. The 
proton NMR analysis of the phenyl salicylate–benzoic acid and its pure components are 
shown in Fig. S-4A–D of the Supplementary material. The 1H-NMR spectra of the mixtures 
are almost identical to those of the pure components. Moreover, the chemical shift of the –OH 
group of phenyl salicylate was slightly shifted from 10.52 to 10.54 ppm; this slight shift of 
hydrogens of the neat components toward the downfield of the spectra is the evidence of 
hydrogen bonds forming between phenyl salicylate and benzoic acid. 

Phase diagrams. The melting points of the DESs were measured using the generally 
acknowledged thermometer method. A small amount of each mixture was put in a sample 
tube attaching to a WRS-1A thermometer (Jiahangbochang Sci. & Tel. Inc., Beijing, China) 
placed in a heating bath (±0.1 °C), and the temperatures at which the mixtures started to melt 
and the temperatures at which the mixtures melted completely were recorded. All the exper-
iments were performed in triplicate. 

Viscosity. The viscosity of DESs was determined using the NDJ-5S/8S type digital rotary 
viscosity rotational viscometer (Meiyu Instrumental Inc., Shanghai, China) equipped with a 
water circulator (±0.1 °C). The heating profile was set at a temperature range from 5 to 35 °C 
for the menthol–citric acid DESs and 35 to 55 °C for the phenyl salicylate–benzoic acid DESs. 
All the experiments were performed in triplicate. The viscosity–temperature dependence of 
the tested DESs can be described in this work using the VTF equation: 

 0( /( - )e B T TAη =  (1) 

where η is the dynamic viscosity, mPa s; T is the temperature in K; A, B and T0 are VTF 
fitting parameters. The fitting parameters of A (mPa s), B (K) and T0 (K) are tabulated in 
Table S-I of the Supplementary material along with the fitting coefficient R2 values. The 
predicted viscosity values are depicted in Fig. S-5 of the Supplementary material. 

Density. The density of the newly synthesized DESs was determined using the pycno-
meter method. Firstly, the dry flask and stopper were weighed on the analytical balance; sec-
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ondly, the pycnometer filled with UP water was also measured using the analytical balance; 
finally, the pycnometers filled with the prepared eutectic mixtures were measured on the pre-
cise analytical balance (±0.0001 g). After determining the weight of each sample, the density 
was calculated using the following formula: 

 M p
M w

w p

m m
m m

ρ ρ
−

=
−

 (2) 

where ρM is the density of the DESs, g/cm3; ρw is the density of water, g/cm3; mM is the mass 
of the dry pycnometer full of DESs, g; mp the mass of the dry pycnometer, g; mw is the mass 
of the dry pycnometer full of water, g. Each measurement was repeated in triplicate, and the 
average value was adopted. All the measurements were carried out in a temperature range of 5 
to 35 °C for menthol–citric acid DESs and 35 to 55°C for the phenyl salicylate–benzoic acid 
DESs. 

The excess molar volume was determined using the following equation: 
 VE = V – x1V1 – x2V2 (3) 
where V represents the molar volume of the mixture, cm3/mol; x1 and x2 are the mole fraction 
of component 1 and 2, respectively, and V1 and V2 are the molar volume of component 1 and 
component 2 of the system, respectively, cm3/mol. 
Determination of DESs solubility in different solvents 

The saturated solubility of DESs in various solvents, including water, glycerin, ethanol, 
methanol and acetone, was determined at room temperature according to the appendix of 
China Pharmacopoeia (2020 edition). The results are provided in Table S-IV of the Supple-
mentary material. 
Study of eutectic liquids formed by APIs on capsules 

Dissolving test. Three different types of capsules were chosen for the study of the eutec-
tic phenomenon in capsules, including enteric, glutinous rice and gelatin capsules; each type 
of capsule shell was cut into small pieces, then placed in sample vials that contained 5 ml of 
the prepared eutectic mixtures based on menthol and citric acid (DES 1–4). Each vial was 
placed into a temperature-controlled bath at different temperatures (±0.1 °C) with constant 
stirring (300 rpm). The dissolving process was observed during different periods, namely after 
12 and 24 h. 

Corrosion test. The eutectic liquids in different molar ratios were mixed with the pigment 
of Sudan red, which was used to make the corrosion in the capsules easier to notice. Then, 
each capsule type was loaded with the mixture of the tested eutectic liquid and this red pig-
ment. The filling was in the body part of every capsule, which was closed by putting the top 
half of the capsule over the bottom and pressing down. Then, the loaded capsules were placed 
on filter papers in a vertical position in the incubator at 25, 30 and 40 °C for observing the 
change. 

Soften test. Each type of capsule was cut into strips of several mm in length and placed in 
vials containing DESs of different molar ratios. The capsule shell fragments were kept in the 
DESs for one day. The tension measurements were carried out by using a ZP-5 type digital 
force gauge test machine (<0.5 kg, ±0.001 kg, Fuma Electrical Instrument Inc., Dongguan, 
China). Soften coefficient of the different types of capsules incubated in DESs of different 
mole ratios, which was calculated using the following equation: 
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 Soften data after soften by DESSoften coefficient 100
Soften data after soften by DES

=  (4) 

Study of eutectic liquids formed by APIs on tablets 
Tablet pressing. For clear observation, the tablets were made of pure components of 

phenyl salicylate and benzoic acid without any pharmaceutical excipients, as well as the bin-
ary mixtures of phenyl salicylate–benzoic acid in the previously known ratios, forming DES 
mainly in the 12:1 and 9:1 ratios. The powders were mixed in a mortar to homogenize the 
mixture and then compressed using the HY-12 type tablet pressing machine (Tianguang 
Optical Instrument Co., Ltd., Tianjin, China) in various compression forces (5, 10, 15, 20 and 
25 MPa) and held for 3 min. 

Tablet tensile strength. The previously prepared tablets were compressed with different 
forces and used to measure the tablet tensile strength. Each tablet was measured in thickness 
and diameter using a digital caliper (±0.01 cm). The hardness of the tablets was measured 
using the YPD-300d tablet hardness tester (Huanghai Drug Testing Instruments Co., Ltd., 
Shanghai, China). Tensile strength was determined using the following equation: 
 σ = 2F/πDt (5) 
where σ is tensile strength, N/cm2; F is tablet hardness, N; D is tablet diameter, cm; T is 
thickness of the tablet, cm. 
Fourier-transform infrared spectroscopy  

The powders were mixed with KBr and compressed at 15 MPa using a hydraulic press 
until a transparent disc was formed. The FTIR spectra were obtained using the spectrophoto-
meter (PerkinElmer, Fermont, USA) in the range of 450–4000 cm-1. 
Scanning electron microscopy 

The morphology of compressed pure components and binary mixture tablets was observed 
using JSM-7500F scanning electron microscopy (SEM, 25–800,000×, JEOL, Tokyo, Japan). 

RESULTS AND DISCUSSION 

In the following study, two different types of deep eutectic systems were 
investigated, including the binary mixtures of menthol (HBD) and citric acid 
(HBA), ME/CA, as well as phenyl salicylate (HBA) and benzoic acid (HBD), 
Salol/BA. Firstly, the formed DESs were identified according to the spectral 
analysis shown in Figs. S-2–S-4 of the Supplementary material. As we know, to 
determine the system composition and melting temperature at the eutectic point 
as well as melting temperature of the system at any specific composition, phase 
diagram of the eutectic systems, should be known. Thus, a binary phase diagram 
obtained by measuring the melting points of individual component, i.e., menthol 
(ME) and citric acid (CA) as well as their binary mixtures, is shown in Fig. 1A. 
As depicted, the melting temperatures of the system at any examined compo-
sition of ME/CA mixture are lower than those of the individual components, 
forming a single eutectic point at mixture composition of 80 mol % ME and 20 
mol % CA. This system is a simple eutectic, with a eutectic temperature of 37.0 °C. 
In the case of Salol/BA (Fig. 1B) a depression of the melting temperature, similar  
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Fig. 1. Phase diagrams of binary mixture: A) menthol/citric acid (ME/CA) and B) phenyl 

salicylate/benzoic acid (Salol/BA); temperature dependence of: viscosity of: C) DES-1 and D) 
DES-2, density of: E) DES-1 and F) DES-2, and excess of molar volume of: G) DES-1 and 
H) DES-2; DES-1 and DES-2 denotes eutectic systems ME/CA and Salol/BA, respectively. 

___________________________________________________________________________________________________________________________

(CC) 2024 Serbian Chemical Society.

Available online at: http://www.shd.org.rs/JSCS



114 TOUFOUKI et al. 

to the first examined system (ME/CA), occurs for 80 mol % Salol and 20 mol % 
BA (eutectic composition), and melting temperature/point of mixture at eutectic 
composition is 36.5 °C. This result was consistent with prior investigations15 that 
found DESs to have a lower melting temperature than their individual compo-
nents. The results indicate that they can remain liquid under normal drug pro-
duction, storage and transportation temperatures (0.0–50.0 °C) once the DESs are 
formed, thus having a significant impact on the appearance and quality of solid 
preparations. 

Generally, DESs have a higher viscosity than organic solvents, which will 
make the solid preparations sticky. The viscosity of the DES-1 with different 
composition of single compounds, i.e., ME/CA mole ratio: 3:1 (DES-1A), 4:1 
(DES-1B), 5:1 (DES-1C) and 6:1 (DES-1D) when temperature varied in the 
range 5.0–35.0 °C, was examined. For the second examined system (DES-2), 
viscosity was determined for two different composition of single compounds, i.e., 
Salol/BA mole ratio 12:1 (DES-2A) as well as 9:1 (DES-2B) when temperature 
varied in the range 35.0–55.0 °C. As shown in Fig. 1C and D, the temperature 
significantly affects the viscosity of both chemical types of DESs (DES-1 and 
DES-2) at all DESs eutectic compositions (DES-1A-D and DES-2A-B).The order 
of decreasing the DESs viscosity was DES-1A > DES-1C > DES-1B > DES-1D. 
Furthermore, the viscosity of the mixture increases (at a given temperature) as 
the CA proportion in examined mixtures increases. This was confirmed by Shafie 
et al., who noticed that increasing the concentration of citric acid in the mixtures 
led to a high viscosity value.16 

Density is widely used to evaluate the fluidity and compressibility of par-
ticles, which has a significant impact on all aspects of pharmaceutical production. 
It also helps researchers to understand the liquid behaviours. Likewise, the tem-
perature and liquid composition effects on density. At room temperature, most of 
the previously studied DESs have densities in the range of 1.0–1.35 g cm–3,17 
and are generally higher than those of water.18 With the temperature increased 
from 5.0 to 35.0 °C, the density values decreased for DES-1A from 1.028 to 
0.9730 g cm–3, DES-1B from 0.9950 to 0.9894 g cm–3, DES-1C from 0.9850 to 
0.9651 g cm–3, and for DES-1D from 0.9767 to 0.9600 g cm–3 (see Fig. 1E). As 
is expected, the increase in the citric acid molar ratio in the mixture results in a 
high density of DESs, which explains why DES-1A has a higher density than the 
other binary mixtures. This finding is in accordance with Shafie’s study, which 
found that increasing the concentration of citric acid leads to a higher density.16 
As shown in Fig. 1F, the densities of phenyl salicylate–benzoic acid mixtures 
decreased as the temperature increased from 35.0 to 55.0 °C; it can be clearly 
noticed that the density of the mixtures increased when the molar ratio of phenyl 
salicylate to benzoic acid increased from 9:1 to 12:1. Therefore, the temperatures 
as well as composition of examined DESs are affect its measured density. Fur-
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thermore, it was found that as the amount of Salol increases in the mole ratio, the 
density of DES-Bs decreases. At 25.0 °C, choline chloride–urea DES (as control) 
has been reported to have densities ranging from 1.0921 to 1.4851 g cm–3, which 
is higher than the densities of the menthol–citric acid DESs studied here. This is 
due to the larger molecular size and the polar nature of the choline chloride-based 
DESs compared to the formed DESs in this study.18 Overall, at 35.0 °C, the high-
est density was obtained for molar ratio of Salol to BA of 12:1 (DES-2A), while 
the lowest density was observed for molar ratio of ME to CA of 6:1 (DES-1D). 
Commonly, the thermal motion of ions and the increase in free volume increase 
the coefficient of isobaric expansion as the temperature increases, meanwhile the 
density becomes lower. Here isobaric thermal expansion coefficients at 35.0 °C 
for Salol to BA of 12:1 and ME to CA of 6:1 were also investigated and com-
pared here. As the result, 4.91±0.05 K–1 (for the former) and 2.78 ± 0.07 K–1 (for 
the latter) were obtained, respectively. It indicates the thermal motion within mole-
cules in DES-1D system was more sensitive to temperature change than in DES-2A. 

The excess molar volumes (VE) of DESs for different molar ratios of single 
component at different temperatures can be used to understand more about the 
behaviour of eutectic mixtures; moreover, it can provide information on a sol-
ution’s non-idealities and the intermolecular interactions. According to the results 
in Tables S-2 and S3 and Fig. 1G–H, the VE values were negative for all the 
DESs-1A–1D. The negative VE of menthol and citric acid DESs are attributed to 
their strong interactions, unlike molecular interactions through hydrogen bond-
ing.19 Therefore, a more efficient packing interaction occurred when the two 
components were mixed. Furthermore, the VE values decreased when the concen-
tration of menthol in the mixture increased, which indicates that the mole ratios 
have an effect on the excess molar volume and that the concentration of menthol 
in the mixtures has a more significant effect on the volume of the mixture com-
pared to the concentration of citric acid in the mixtures. Moreover, the higher the 
temperature, the lower is VE. This result indicate that the mixture exhibits a lower 
volume than the sum of the pure menthol and pure citric acid volumes in DES- 
-1A–1D and pure phenyl salicylate–benzoic acid in the DES 12:1 and 9:1 It is a 
characteristic of eutectic mixtures and reflects the strong intermolecular interact-
ions and the formation of a single solid phase at the eutectic point. Other studies 
on binary mixtures also have negative values of VE.19,20 Finally, according to the 
results in Table S-IV, all the tested DESs are obviously hydrophobic. 

In the following investigation, three kinds of most popular capsules were 
firstly chosen, including gelatine, glutinous and enteric capsules (containing cel-
lulose acetate phthalate), which are all mainly based on hydrophilic materials. It 
can be found that the tested DESs will not dissolve their small pieces under gen-
eral storage temperature within 24 h (see Fig.S-6 of the Supplementary material); 
however, they will make them softer. The soften coefficients of the different 
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types of capsules incubated in DES- different molar ratios of ME:CA, are shown 
in Fig. 2A. 

 
Fig. 2. Soften coefficient of enteric, gelatin and glutinous capsules incubated in: 

A) DES-1A–1D and B) choline chloride–citric acid (CC+CA) as well as choline chloride–urea 
(CC+U) DESs; photographs of different kind of capsules (glutinous and gelatinous) filled with 
CC and U based DESs after different time: 10 (C), 20 (D), 30 min (E) and 1 day (F) (glutinous 
capsules) and 10 (G), 15 min (H) and 1 day (I) (gelatinous capsules), as well as photographs 
of glutinous capsules filled with CC and CA based DESs after different time: 10 (J), 15 min 

(K) and 1 h (L). All measurements were performed at room temperature. 

The enteric capsules exhibit a high soften coefficient (79 %) at the DES 
(menthol–citric acid) with mole ratio of 3:1, while the lowest soften coefficient 
was observed at the mole ratio of 6:1. The second type of capsules (gelatin cap-
sules) show similar results, with the soften coefficient varying from 57 to 62 %. 
As for glutinous capsule, it had the highest soften coefficient among all the other 
types of capsules in menthol–citric acid with mole ratio of 6:1, whereas the 
soften coefficient lowered to 66 % for the ratio of 3:1. Clearly, the results above 
suggest that the DESs have a mollification effect on the tested capsules, making 
them more brittle. This change cannot be detected visually or by other methods; 
only the tests in this section can perform quantitative analysis for it. These find-
ings suggest that the molar ratio of the eutectic solvent components can play a 
significant role when the degree of softening of the capsules shell is involved. In 
order to explore the possible difference, two choline chloride-based DESs were 
compared with DES-1A–1D for it is the most widely used HBA (Fig. 2B). As the 
result, for all DESs, the highest soften extent occurred in the DES formed by 
choline chloride–citric acid (1:1) and glutinous capsules (nearly 90 %); the sec-
ond soften extent occurred in the DES formed by menthol–citric acid (6:1) and 
the corresponding capsules. Predominately, the enteric capsules exhibited the 
strongest resistance to DESs. The overall trend reflects not only the influence of 
different HBD and HBA types, but also the impact of the varied molar ratio of 
the two components. Finally, the results of the soften extent corrosion test further 
prove the DESs with the HBA of choline chloride have obvious effect on all the 
three kinds of capsules (Fig. 2C). As the fastest case, the leakage and crack were 
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noticeable from the fifth minute onward for the glutinous capsule filled with 
choline chloride–urea. Secondly, the gelatinous capsules started to break 10 min 
after loaded with the same DES. The glutinous capsules filled with the choline 
chloride–citric acid started to break after 1 h. Differently, the hydrophobic DES- 
-1A–1D did not corrode all the capsules under the same conditions within 24 h 
(Fig. S-7 of the Supplementary material). Therefore, special attention should be 
paid to the choline chloride-involved mixture. 

As for the tablet pressing, the tablets based on the binary mixture of the ratio 
12:1 at 25 N broke when it was tried to remove from the mould (Fig. 3A). The 
eutectic liquid was formed during the compression up to 15 N for all the binary 
mixtures. Fig. 3B shows a graphical presentation for the tablet tensile strength 
versus the compression forces of the tablet made of phenyl salicylate, benzoic 
acid and their eutectic formation ratios 12:1 and 9:1. These two ratios demon-
strated the tensile strength of 265.2 and 172 N cm–2 at 15 N, respectively. The 
tensile strength of both ratios increased with the compression forces. However, 
the ratio of 12:1 showed higher tensile strength values over the ratio 9:1. More-
over, both ratios showed higher tensile strength from 10 to 25 N. Similar trend 
was observed in the previous studies on binary mixture of ibuprofen–stearic 
acid14 and acetaminophen–caffeine anhydrous and acetaminophen–prophylphen-
azone at certain pressure.21 One possible explanation for this increase of tensile 
strength values is the formation of eutectic solvents when mixing the two com-
ponents at certain ratio and applying certain pressure. The eutectic formation 
between the components may have influenced the crystal structure and the align-
ment of the material, leading to weaker intermolecular forces and lower tensile 
strength values. By examining the obtained tensile strength values, it was det-
ermined that the most appropriate sample was the binary mixture with a ratio of 
12:1 and its compressed tablet under a force of 15 N. Finally, the changing trend 
of the tablet weight and tensile strength in stability test is shown in Fig. S-8 of 
the Supplementary material. It can be found the influence of DES on the tensile 
strength is more significant than that on the tablet weight in one week. Moreover, 
the rate of strength decline is accelerating, and the formation of DES is obviously 
disadvantageous for the tablet stability during its storage. 

FTIR spectra (KBr) of phenyl salicylate, benzoic acid and their binary mix-
ture ratio 12:1 compressed at 15 N is shown in Fig. 3C, the FTIR spectrum of 
phenyl salicylate shows a typical absorbance band O–H at wavenumber ranges of 
3982–2835 cm–1 and 3733–3596 cm–1, the peaks in 2421–2227 cm–1, 2226– 
–2014 cm–1 and 2017–1857 cm–1 are due to the asymmetric and symmetric 
stretching vibrations of the C=O group. The spectrum of benzoic acid com-
pressed in 15 N shows peaks at 3770–3609 cm–1 is due to the stretching vibration 
of the –OH group. The peaks at 651 and 510 cm–1 refer to out-of-plane bending 
vibration of the C–H bond in the aromatic ring. The changes including the 
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changes in position of peaks, the changes in the intensity of peaks noticed in 
FTIR spectrum of the binary mixture ratio 12:1 are indicative of the formation of 
eutectic mixtures. Moreover, the FTIR spectrum of a binary mixture of ibuprofen 
and stearic acid14 was studied after being compressed at a pressure of 19.9 kN. 
The study revealed changes in the spectrum of the binary mixture, suggesting 
some form of interaction between the compounds. 

 
Fig. 3. A) Adhesion phenomena of phenyl salicylate-benzoic acid at different ratios (9:1, 12:1) 

and compression forces (5–30 N); B) tensile strength of pure components and its binary 
mixtures at different compression force (5–25 N); C) FTIR spectra of phenyl salicylate, 
benzoic acid and their binary mixture ratio 12:1 compressed at 15 N; SEM images: D) 

compressed phenyl salicylate at 15 N, 1000×; E) compressed benzoic acid at 15 N, 1000×; 
F) compressed binary mixture of phenyl salicylate–benzoic acid at 15 N, 1000×;  
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G) compressed phenyl salicylate at 15 N, 5000×; H) compressed benzoic acid at 15 N, 5000×; 
I) compressed binary mixture of phenyl salicylate–benzoic acid at 15 N, 5000×. 

In order to study the morphology, SEM analysis was performed for phenyl 
salicylate, benzoic acid and its binary mixture 12:1 compressed on 15 N. The 
obtained photographs are shown in Fig. 3D. The loss of boundaries was observed 
in the three kinds of tablet resulting in a smooth surface. This phenomenon 
observed in the tablets is called sintering of the tablets. The same phenomenon 
occurred in the stearic acid and the ibuprofen-stearic acid the compressed tablets 
prepared by Setyawan et al.14 The sintering phenomenon occurs when the tempe-
rature rises upon compression which forms the eutectic liquid, the presence of 
which affects the morphology and the structure of the pure components, allowing 
the particles to be rearranged and the filling of voids between the particles.14 

CONCLUSION 

In summary, the resulting DESs have lower melting points than their pure 
components and form simple eutectic point systems. The nature of the DESs has 
a different impact on capsules; menthol–citric acid DESs exhibit hydrophobic 
characteristics that result in a comparatively weaker effect on capsules than chol-
ine chloride-based DESs, which possess hydrophilic characteristics. DESs that 
have hydrophilic nature alter more the capsules in a short time. The tablets con-
tain a mixture of phenyl salicylate and benzoic acid, confirming that the applicat-
ions of the pressure to the APIs results in the formation of eutectic liquids; the 
applied force directly correlates with the degree of stickiness observed. Consider-
ing the deep eutectic is a common problem in the pharmaceutical field, and it can 
be prevented by several approaches. During the compression of the powders, the 
temperature tends to rise, leading to the formation of deep eutectic solvents. 
Thus, changing the temperature and the compaction forces can be an effective 
approach to avoid or reduce this phenomenon. The on-line monitoring of tempe-
rature can be of help to avoid reaching the eutectic point and maintain the APIs 
in a solid state. One another effective approach is to use the encapsulation tech-
nology. For instance, using the lyophilization method can transform the liquid 
form of nanoparticles into dry powders; this process ensures the stabilization and 
prevents the degradation of the product to be used in the creation of solid pre-
parations. In addition, the solid dispersion is a useful way to prevent the form-
ation of DESs during the manufacturing process and maintain the stability during 
the storage and the transportation by the dispersion of drugs in a stable matrix 
resistant to high temperatures. At last, the prevention of direct contact between 
the DES-forming APIs can be realized by changing the order of mixing the com-
ponents, allowing the dissolution of each component separately. Alternatively, 
the multilayered tablets or capsules can also divide the ingredients into different 
layers, allowing APIs with low melting points to be positioned in the centre layer 
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and surrounded by stable excipients at high temperatures. Finally, nano-coating 
the APIs with a thin layer of polymers or surfactants is ideal to prevent the deep 
eutectic by creating a physical barrier between the APIs and excipients.22,23 
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И З В О Д  
ЕУТЕКТИЧКИ РАСТВАРАЧИ ДОБИЈЕНИ ОД ФАРМАЦЕУТСКИХ САСТОЈАКА И 
ЊИХОВИ ПОНТЕЦИЈАЛНИ УТИЦАЈИ НА ПРИПРЕМУ ЧВРСТИХ ФОРМУЛАЦИЈА 

SARA TOUFOUKI1, AHMAD ALI1, YOUMO WANG1, RUI LI1, YU CAO2 и SHUN YAO1 

1School of Chemical Engineering, Sichuan University, Chengdu, 610065, China и 2College of Life Science & 
Biotechnology, Mianyang Normal University, Mianyang. 621000, China 

Одређени активни фармацеутски састојци (APIs) и ексципијенси могу формирати 
еутектичке раствараче (DESs), који доводе до стварања дефеката у припреми чврстих 
формулација. У овом раду су припремљени типични DESs мешањем APIs и ексципи-
јенаса присутних у регистрованим лековима. Затим су испитивана два различита типа 
бинарних еутектичких смеша, које су се састојале од ментола и лимунске киселине као 
и фенил салицилата и бензојеве киселине. Испитиван је потенцијални утицај ових би-
нарних смеша на капсуле и таблете, који може довсети до ликвефације или лепљивости 
чврстих формулација. Извршена је детаљна карактеризација и испитивање фазног пона-
шања бинарних смеша, и спектрална анализа је потврдила формирање еутектичких теч-
ности из индивидуалних компоненти. Такође, бинарне смеше су повећале чврстину таб-
лете при повећању силе компресије, што резултује лепљивошћу прашкова при примени 
притиска. Додатно, капсуле су омекшале у присуству DESs. Након морфолошких испи-
тивања и квантитативне анализе, одговарајуће сугестије и првентивне мере су дате у за-
кључцима. 

(Примљено 25. августа, ревидирано 22. септембра, прихваћено 20. децембра 2023) 
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Table S-I. VTF equation parameters of viscosity for the DESs. 
DESs A B T0 R2 
DES 1 3029.339 0 0.003595 1.0000 
DES 2 3181.367 0 0.003595 0.9995 
DES 3 2651.201 0 0.003595 0.9999 
DES 4 3215.718 0 0.003595 0.9996 

Table S-II. Excess molar volume of the menthol-citric acid DESs (5-35 ○C). 

Temperature Excess molar volume 
DES 1 DES 2  DES 3 DES 4 

5 ○C -334.788 -345.165 -344.859 -349.867 
15 ○C -335.122 -345.343 -350.652 -350.007 
25 ○C -339.043 -346.275 -353.392 -352.382 
35 ○C -354.165 -347.174 -355.207 -359.605 

Table S-3. Excess molar volume of the phenyl salicylate-benzoic acid DESs (35-55 ○C). 

Temperature Excess molar volume 
DES 12:1 DES 9:1  

35○C         -283.749 -294.745 
40○C -284.868 -295.417 

45○C -285.253 -296.970 
50○C -285.567 -297.425 
55○C -286.202 -300.302 

 

*,** Corresponding authors. E-mail: (*)cusack@scu.edu.cn, (**)agnes_cy2004@163.com 
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Table S-IV. Solubilities of the DESs in different solvents at room temperature* 

DESs 
Solubility of DESs 

Water Glycerin Ethanol Methanol Acetone 

menthol- 
citric acid 

DES 1 PS I ES ES I 
DES 2 I I ES ES I 
DES 3 I I ES ES I 
DES 4 I I ES ES I 

phenyl  
salicylate- 

benzoic acid 

DES 12:1 I I ES ES I 

DES 9:1 I I ES ES I 
*S: ES: easily soluble, I: insoluble and PS: poorly soluble 

 
Fig. S-1. Common drug ingredients forming deep eutectic liquids. 
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Fig. S-2. FTIR spectra of DESs composed of menthol and citric acid in various molar ratios 

(A); phenyl salicylate-benzoic acid DESs (B) and related pure components. 

 
Fig. S-3. 1H-NMR spectra (400 MHz, CDCl3 for citric acid, DES 1-4 and D2O for menthol) of 

(A) menthol, (B) citric Acid, (C) DES 1,(D) DES 2, (E) DES 3, and (F) DES 4. 
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Fig. S-4. 1H-NMR spectra (400 MHz, CDCl3) of (A) phenyl salicylate, (B) benzoic acid, (C) 

their binary mixtures of 12:1 molar ratio, (D) binary mixtures of 9:1 molar ratio. 

 
Fig. S-5. Plot of the predicted viscosity values of menthol-citric acid DESs. 
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Fig.S-6. Photographs of the shells of enteric (1), gelatin (2) and glutinous (3) capsules taken 

after (A) 24 hours dissolved at 25°C;(B) 24 hours dissolved at 30°C; and (C) 24 hours 
dissolved at 40°C. 
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Fig. S-7. Photographs of 
enteric (Ent), gelatin (Gel) 
and glutinous capsules 
taken after 24 h filled with 
the tested DESs of different 
molar ratios at (A) 25 °C, 
(B) 30 °C, and (C) 40 °C. 
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Abstract: This study discusses kapok husk (KH) activated by HNO3 as a bio-
sorbent for methylene blue dye and analyses its adsorption ability. The adsorp-
tion capacity of KH is 330.161 mg g-1 with optimum conditions at pH 9, con-
centration 5500 mg L-1, contact time 15 min, and biosorbent temperature 25 
°C. The isotherm study followed the Langmuir isotherm model, as seen from 
the R2 value of 0.9993 and maximum adsorption capacity of 312.5 mg g-1, 
which indicated a monolayer in the adsorption process. The kinetic data show 
that KH followed the pseudo-second-order model. The results of the TGA ana-
lysis show that thermal stability affects the performance of biosorbents in the 
adsorption process. FTIR and SEM-EDS characterisation results showed that 
electrostatic interactions, cation exchange, and pore filling regulate the meth-
ylene blue dye adsorption mechanism on the surface of the KH. The reusability 
of KH through adsorption–desorption cycle analysis was achieved five times. This 
indicates that the biosorbent can be economically feasible for real wastewater 
treatment based on its good reusability and simple preparation and activation. 

Keywords: adsorption; isotherm; kinetics; kapok husk; methylene blue. 

INTRODUCTION 
The textile industry has grown rapidly, accounting for two-thirds of the total 

dyestuff market. About 5–15 % of the dye is released into the wastewater during 
the dyeing process.1,2 Water availability for various needs tends to decrease 
quantitatively and qualitatively. On the other hand, water demand tends to inc-
rease, so water resource management problems always arise. If the liquid waste is 
discharged into water bodies, it can harm human health.3,4 The growth of toxic 
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waste metal contamination in the environment was caused by increasing ind-
ustrial activities and human lifestyle.5 Synthetic dyes often used in industry were 
derivatives of indigo, anthraquinone, sulfur, triphenylmethyl (trityl) and azo. 
However, most synthetic dyes currently used in the industry were azo derivat-
ives.1 Methylene blue (MB) is one of the dyes used in the industry. MB can 
cause eye burns that result in permanent eye injury in humans and aquatic 
animals. MB can also cause gastrointestinal irritation with nausea, vomiting, 
diarrhoea, and skin irritation symptoms.6  

One alternative that researchers widely use for dye wastewater treatment is 
the adsorption method. Nowadays, the researcher is concerned with producing 
low-cost adsorbents as an alternative material, such as using organic solid waste 
from agricultural and fishery by-products.4 Several adsorbents have been rep-
orted for MB dye removals, such as bivalve shells (1 mg g-1)7, lala clam shells 
(9.615 mg g-1)8, catappa shells (88.620 mg g-1) 9, lemongrass leaves (43.160 mg 
g-1) 10 and activated carbon from starch (38.314 mg g-1).11 The modification and 
carbonization process which requires high costs but has a lower adsorption cap-
acity, is a consideration for researchers, so it is necessary to find an efficient, 
low-cost, abundant and environmentally friendly adsorbent. This research used 
chemically activated kapok waste to remove methylene blue dye. 

Kapok (Ceiba pentandra L.) is a plant found in tropical forests in Indonesia. 
This plant is cultivated to use fibres as a filling material for pillows, mattresses, 
cushions, etc. Using kapok produces waste or by-products in the form of husk, 
which is usually thrown into the environment or burned, harming the environ-
ment. This kapok husk contains carbohydrates, and lignin has an active side that 
can absorb cationic pollutants.12 

Previous research has been reported on using kapok husk to remove Pb(II) 
and Cd(II) ions with adsorption capacity of 223.72 and 88.70 mg g-1, respect-
ively. 13 Meanwhile, the adsorption of dyes using kapok peel has never been 
done before, so kapok husk was investigated as an MB adsorbent with the batch 
method by taking into account the parameters of pH, concentration, contact time 
and heating temperature of the biosorbent. The isotherm analysis, kinetic ana-
lysis, and characterization of biosorbent were studied in order to determine the 
adsorption mechanism of MB dye on kapok husk. 

EXPERIMENTAL 
Materials and methods 

Kapok husk (Ceiba pentandra L.) samples were collected from the Ombilin kapok plant-
ation in West Sumatera, Indonesia. Methylene blue, HNO3, NaOH, buffer solution and acetic 
acid were purchased from Merck. Methylene blue dye was diluted with double-distilled water 
to make a stock solution. The pH of the solution was adjusted using NaOH (0.01 M) and 
HNO3 (0.01 M). The initial and final concentration of the solution was measured using a UV– 
–Vis spectrophotometer (Genesys 20 Thermo Scientific).  
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Preparation and activation of Kapok husk biosorbent 
The kapok husk was cleaned and dried, cut into small pieces, and ground using a grinder. 

Then, the size was uniformed using a 400 mesh sieve (≤36 µm) to form a powder.13 The 
kapok husk powder was soaked for 3 h in 0.01 M HNO3 with a ratio of powder to HNO3 of 
1:3.14 After that, it was washed with distilled water until the pH was neutral, filtered and air- 
-dried.13,15 pHpzc was determined by adding 0.1 g of kapok peel powder into 25 mL of 0.1 M 
KCl solution at pH 2–9, then stirring for 24 h. Then, the initial pH versus ΔpH (final pH–ini-
tial pH) was plotted and the point of intersection at y = 0 was obtained.9,13

 

Biosorbent characterization 
The biosorbents were characterized by Fourier transform infra-red spectroscopy (FTIR), 

scanning electron microscope with energy dispersive spectroscopy (SEM-EDS), X-ray fluor-
escence (XRF) and thermogravimetric analysis (TGA). FTIR (IRTracer-100-Shimadzu) ana-
lysed the kapok husk’s functional groups before and after dye adsorption. SEM-EDS (Inspect 
F50) was used to analyse the surface morphology of kapok husk before and after dye adsorp-
tion. XRF (PANanalytical Epsilon 3) was used to determine the chemical composition of 
kapok husk before and after dye adsorption. TGA (Shimadzu DTG-60) was used to observe 
changes in mass with a function of time and temperature. 
Biosorption studies 

Using a batch system, the adsorption process was investigated. Batch studies were car-
ried out at various pH (5–10), initial MB dye concentration (300–6000 mg L-1), contact time 
(5–60 min) and biosorbent temperature (25, 50, 75 and 100 °C), with 10 ml of dye solution, 
biosorbent mass 0.1 g, and stirring speed 150 rpm. The mixture was filtered and analysed by 
UV–Vis spectrophotometer at 664 nm. The amount of MB dye adsorbed into the adsorbent 
was calculated by the following equation: 

 0 e
e

( )V C Cq
m
−=  (1) 

where C0: initial dye concentration (mg L-1); Ce: concentration of dye at equilibrium (mg L-1); 
V : volume of solution (L); m: amount of biomass (g).16 

RESULTS AND DISCUSSION 

Biosorbent characterization 
Characterization of biosorbent using FTIR. Functional groups on the kapok 

husk surface (KH) were identified by FTIR spectral analysis. The FTIR spectrum 
of the KH before and after MB dye adsorption is shown in Fig. 1. FTIR analysis 
was carried out from wave numbers 400–4000 cm–1, which can be seen in Fig. 1. 
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Fig. 1. FTIR spectrum of KH before and after MB dye adsorption. 

Fig. 1 shows a peak at wave number 3294.49 cm–1 before adsorption, indi-
cating the presence of O–H stretching alcohol or intermolecular hydrogen bonds 
of carbohydrates in organic compounds (such as cellulose, hemicellulose and lig-
nin). This wave figure shifted to 3284.77 cm–1 after KH adsorbed MB. This shift 
suggested the formation of bonds between the MB dye and the hydroxyl group 
(–OH) of the biosorbent.14 The peak at 896.86 cm–1 was shifted to 883.40 cm–1, 
indicating that the C–O bending group (alkene) contributed to the adsorption pro-
cess. The wave number shift also occurred in the functional groups O–H alcohol 
(1369.96 cm–1) and O–H carboxylic acids (1417.68 cm–1). Oxygen-containing 
functional groups such as alcohols and carboxylic acids could bind to methylene 
blue molecules.17 The shift in the wave number to either a larger or a smaller 
number indicates a change in the vibrational energy and a change in the inter and 
intra-molecular bonds in the biosorbent structure, as well as an interaction 
between the biosorbent functional group and MB dye in the form of electrostatic 
interactions.18 The presence of MB molecules on the surface of the biosorbent 
was proved by the shift of the C–N group of aromatic amines from 1244.09 to 
1246.02 cm–1. A heterocyclic amine and an amine group linked to an aromatic 
ring make up the dye MB.10 

Characterization of biosorbent using SEM-EDS. SEM-EDS analysis pro-
vides information on the surface morphology and chemical composition of the 
biosorbent. The electrons from the high-energy beam used during SEM analysis 
interact with the atoms of the material’s surface matrix, producing various types 
of signals containing information about the sample’s surface morphology and the 
results are obtained in photographs.19 SEM testing can also provide qualitative 
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information regarding the distribution pattern of methylene blue dye on the sur-
face of the biosorbent.20 The sample testing results using SEM can be seen in Fig. 2. 

 
Fig. 2. SEM photos of kapok husk (a) before and (b) after adsorption. 

Fig. 2 (a and b) shows the surface of the biosorbent before and after the 
adsorption of methylene blue at a magnification of 8000 times. In Fig. 2a, it can 
be seen that the surface of the biosorbent before the adsorption of the dye has a 
rough surface and has large cavities and pores. Based on the size of the hole and 
pores, it can be assumed that the holes and pores in the biosorbent most likely 
play a role in the adsorption of methylene blue dye. Fig 2b confirms that cavities 
and pores play a role in the adsorption of methylene blue dye, where the surface 
of the biosorbent, after adsorption MB, becomes smoother due to the trapping of 
methylene blue dye molecules and covers the cavities and pores of the biosor-
bent. This indicates that the process of adsorbing methylene blue dyes, apart from 
occurring chemically due to the abundance of functional groups on the surface, 
also occurs physically through the pores on the surface of the biosorbent.21 The 
same result was reported by Mosoarca et al.22 

In addition to qualitatively analysing the surface morphology of the biosor-
bent, SEM-EDS can also explore the abundance of elements present on the sur-
face of the biosorbent and prove the adsorption of methylene blue dye on the sur-
face of the biosorbent and confirmed by the results of the EDS analysis. Table I 
displays the EDS analysis outcomes of biosorbents before and after adsorption. 

TABLE I. The relative abundance of elements (%) on the surface of the biosorbent (KH) 
before and after MB adsorption 
Element Before adsorption After adsorption 
C 27.78 35.55 
O 61.96 51.69 
Si 0.90 0.68 
S 3.28 9.42 
Ca 6.08 2.67 
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Based on Table I, elements O and C were more dominant than other ele-
ments. The biosorbent was an organic compound rich in C and O atoms. The bio-
sorbent’s increase in the percentage of C and S elements demonstrates that it suc-
cessfully adsorbed the methylene blue dye.23 Due to the presence of these ele-
ments throughout the adsorption process, the percentage of O, Si and Ca ele-
ments decreased following the adsorption of the methylene blue dye. The same 
result has been reported by Zein et al.,10 where lemongrass leaves biowaste in the 
EDS analysis for elements C and S showed an increase in the percentage of 
elements, while elements O, Si, and Ca showed a decrease in the percentage of 
elements due to the formation of various interactions between dyes and biosor-
bents during adsorption process.  

Characterization of biosorbent using XRF. XRF analysis provides inform-
ation on the chemical composition of kapok husk before and after dye adsorp-
tion.24 XRF analysis was also associated with EDS analysis. XRF analysis can be 
seen in Table II. 

TABLE II. Chemical composition (%) of kapok husk before and after MB dye adsorption 
Element/Oxide KH KH + MB 
K 11.026 0.24 
K2O 9.652 0.117 
S 3.452 62.932 
SO3 7.035 76.525 
Si 1.222 0.534 
SiO2 2.038 1.15 

Table II shows that the dominant KH contains K and K2O, where the per-
centage of K and K2O was above 9 %. It can be seen that the adsorption of 
methylene blue on the KH biosorbent significantly reduces of the K element. The 
K element decreased from 11.026 to 0.24 %, indicating that the site occupied by 
both K elements was replaced by methylene blue during the adsorption process, 
indicating the occurrence of cation exchange.24,25 Element S in KH biosorbent 
increased significantly from 3.452 to 63.932 %, indicating that both biosorbents 
have adsorbed methylene blue.9 

Characterization of biosorbent using TGA. TGA analysis aims to determine 
the mass fraction and stability of the biosorbent against high-temperature treat-
ment. 10,21 The biosorbent thermogram can be seen in Fig. 3. 

The results of TGA analysis on kapok husk showed a degradation step, as 
shown in Fig. 3. The first stage at a temperature of 25 to 100 °C decreased the 
initial mass due to the loss of water molecules and volatile compounds on the 
surface of the biosorbent, so that the pores of the biosorbent were wide open.18 In 
the second stage, at a temperature of 100–350 °C, the biosorbent decomposes at 
temperatures above 200 °C for the structural units of cellulose, hemicellulose and 
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lignin, which form CO2 gas and water.26,27 At this stage, the destruction of all 
functional groups causes the adsorption capacity to be lower. In the third stage 
(>350 °C), the decomposition of biosorbent solid residues forms ash.10 

 
Fig. 3. Thermogram of kapok husk. 

Analysis of pHpzc 

pHpzc was a pH value indicating that a solid’s surface has a zero charge. 
pHpzc was used to measure or determine the electrokinetic properties of a sur-
face.28 The pH value describes the point of zero charges only for systems where 
H+/OH− was the potential determining ion. Due to the presence of functional 
groups such as OH− groups, the adsorption of cationic dyes was favoured at pH > 
pHpzc.29 In contrast, adsorption of anionic dyes was favoured at pH < pHpzc, 
where the surface becomes positively charged.30 

In this study, pHpzc was used to detect the zero charge of kapok husk. Fig. 4 
shows that the pHpzc of kapok husk was 7.3. This proves that the zero charge on 
the kapok husk was at pH 7.3. The removal process of cationic dyes in aqueous 
solutions using kapok husk at a pH above 7.3. Meanwhile, a pH value lower than 
7.3 was not favourable for the adsorption of cationic dyes. 

Effect of pH 
Changes in pH solution have a strong influence on the adsorption process. 

The adsorption capacity of methylene blue dye by the kapok husk biosorbent 
increased until it reached the optimum solution pH at pH 9. The effect of this pH 
could be explained by the pHpzc of the kapok husk, which was 7.3. At values 
higher than pHpzc, the kapok husk particles acquire a negative surface charge, 
which leads to a stronger electrostatic attraction, making them suitable for 
adsorption of the cationic dye methylene blue.31 Zein et al. also reported that the 
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optimum pH for MB adsorption using lemongrass leaves biowaste was pH 9.10 
The effect of pH on the adsorption capacity was shown in Fig 5. 

Fig. 4. pHpzc for kapok husk. 

Fig. 5. Effect of the pH on methylene 
blue dye adsorption capacity. Experi-
mental conditions: C0: 10 mg L-1; 
biosorbent mass: 0.1 g; stirring speed: 
150 rpm; contact time: 60 min; par-
ticle size : ≤36 µm; MB volume: 10 
mL. 

Effect of initial concentration 
The initial concentration of the dye affects the adsorption capacity value and 

shows the mechanism that occurs during the adsorption process. The MB dye 
concentration used to study KH adsorption capacity was 300–6000 mg L–1 with 
an optimum pH of 9. Fig. 6 shows the adsorption capacity value increased from 
300 mg L–1 to a concentration of 5500 mg L–1 with a capacity of adsorption of 
314.08 mg g–1. Meanwhile, at a concentration higher than 5500 mg L–1, the ads-
orption capacity value decreased to 306.70 mg g–1 at 6000 mg L–1. It can be 
assumed that the optimal adsorption capacity of KH was 314.08 mg g–1 at a con-
centration of 5500 mg L–1. 

The driving force or mobility of the dye molecules to diffuse will rise with 
an increase in the initial concentration of MB. As a result, mass was transferred 
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from the liquid phase (the dye solution) to the solid phase (the biosorbent), inc-
reasing the adsorption capacity. If it is supposed the MB concentration increases 
higher than the optimal adsorption capacity, 10 it will interfere with the inter-
action between KH and MB during the adsorption process so that the adsorption 
capacity decreases.9 

Fig. 6. Effect of the initial concen-
tration on methylene blue dye ads-
orption capacity. Experimental con-
ditions: pH: 9; biosorbent mass: 0.1 
g; stirring speed: 150 rpm; contact 
time: 60 min; particle size: ≤36 µm; 
MB volume: 10 mL. 

Effect of contact time 
The influence of contact time on the biosorption process was conducted 

within 5, 15, 30, 45 and 60 min. The effect of contact time on the value of the 
adsorption capacity of KH can be seen in Fig 7. Fig 7 shows the adsorption 
capacity increased with the contact time from 5 to 15 min with an adsorption cap-
acity value of 330.16 mg g–1. However, after 15 min, the adsorption capacity 
decreased. In this study, it was assumed that the optimum contact time and equi-
librium were reached within 15 min with the optimum adsorption capacity of 
330.16 mg g–1. Numerous positively charged adsorbent surfaces were readily 
available, which speeds up the adsorption process on KH. The adsorption process 
moves slowly because the active site of KH has been saturated after 15 min, and 
there was a repulsive interaction between MB and KH molecules.32 The similar 
contact time results on cationic dye adsorption were observed using Terminalia 
catappa9 and Lemongrass leaves biowaste.10 

Effect of biosorbent temperature 
The study of the temperature dependence of the sorption reaction provides 

valuable information about the enthalpy changes during adsorption. In addition, 
temperature changes will make the equilibrium capacity of the adsorbent differ-
ent for a particular adsorbate.33 Because many wastes containing different dyes 
were produced and disposed of at relatively high temperatures.34 Therefore, to 
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determine the effect of heating temperature, the adsorption experiments were 
carried out at 25, 50, 75, and 100 °C, respectively, as shown in Fig. 8. 

Fig. 7. Effect of the contact time on 
methylene blue dye adsorption cap-
acity. Experimental conditions: pH: 
9; C0: 5500 mg L-1; biosorbent 
mass: 0.1 g; stirring speed: 150 rpm; 
particle size: ≤36 µm; MB volume: 
10 mL. 

 

Fig. 8. Effect of the biosorbent tem-
perature on methylene blue dye ads-
orption capacity. Experimental con-
ditions: pH: 9; C0: 5500 mg L-1; 
biosorbent mass: 0.1 g; stirring speed: 
150 rpm; contact time: 15 min; par-
ticle size: ≤36 µm; MB volume: 10 
mL. 

Fig. 8 shows the effect of the biosorbent's heating temperature for KH was 
achieved at 25 °C with an adsorption capacity of 330.16 mg g–1. After the tem-
perature was above 25 °C, the adsorption capacity decreased. This was due to 
damage to the biosorbent. Zein also reported the same thing for lemongrass 
leaves biowaste biosorbent, where the heating temperature of the biosorbent was 
reached at 25 °C.10 
Equilibrium isotherm modelling 
The adsorption isotherm model can describe the interaction between the adsor-
bent and adsorbate, which is an important factor in optimizing the use of the ads-
orbent35 and the results can be seen in Fig. 9. 
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Based on Fig. 9, it can be seen that the R2 value in the Langmuir isotherm 
model was 0.9993 for KH. The value of R2, which was close to 1, indicates that 
the adsorption process follows the Langmuir isotherm model. The Langmuir iso-
therm applies to the adsorption of a solute from a liquid solution when it corres-
ponds to the adsorption of a single layer (monolayer) on the surface.36 The value 
of each parameter of the adsorption isotherm model was used to predict the ads-
orption mechanism during the process and represented in Table III. 

 
Fig. 9. Linear plots of: a) Freundlich isotherm and b) Langmuir isotherm for adsorption 

methylene blue dye by kapok husk. 

Table III. Parameters of the adsorption isotherm model for adsorption MB dye by KH 
Isotherm model Constant Value 
Langmuir qm / mg g-1 312.5000 

KL / L mg-1 0.0594 
R2 0.9993 
RL 0.0028–0.6275 
KF 20.8929 

Freundlich 1/n 0.41835 
R2 0.7661 

Kinetics modelling 
In order to increase adsorption effectiveness and process scale factor, the 

kinetic model’s definition of the adsorption mechanism has been helpful.37 The 
physical and chemical characteristics of the adsorbent and the mass transmission 
method were crucial factors to consider when determining the adsorption mech-
anism.9 The curve for pseudo-first-order, pseudo-second-order and intra-particle 
diffusion models to the contact time data were represented in Fig. 10 (a–c). As 
shown in Fig. 10a, a pseudo-first-order model allowed researchers to study the 
adsorption mechanism. The values of k1 and qe were determined from the inter-
cept and slope of the plot of ln (qe – qt) versus t curve (y = 0.0122x + 1.7576, 
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R2 = 0.046). As observed in Fig. 10b, the k2 and qe for the pseudo-second-order 
model were determined from the intercept and slope of the t/qt versus t curve (y = 
0.0032x – 0.001, R2 = 0.9995). As shown in Fig. 10c, the intercept and slope of 
the t1/2 versus qt plot (y = 0.0566x – 12.771, R2 = 0.064) will give information 
about Kdiff and C value.38 

 
Fig. 10. Kinetic plots of: a) pseudo-first-order, b) pseudo-second-order and c) intra-particle 

diffusion for adsorption methylene blue dye by kapok husk. 

The k1 and k2 were obtained with value –0.0122 and 0.0102 min–1, res-
pectively. The correlation coefficient value (R2) obtained from pseudo-second- 
-order kinetics (0.9995) was higher than the value from pseudo-first-order 
(0.046) and intra-particle diffusion (0.064). The lower value of R2 from pseudo- 
-first order and intra-particle diffusion models indicated that the MB dye adsorp-
tion does not occur through diffusion and multilayer formation. The pseudo-sec-
ond-order kinetics can adequately describe the adsorption of methylene blue by 
KH by chemisorption (chemical interaction).9  

Adsorption–desorption analysis 
The adsorption–desorption analysis was an important parameter to evaluate 

the regeneration/reusability of a biosorbent so that it can be estimated on a large 
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scale.4 Reusability study was analysed by immersing the biosorbent using a 
desorbing agent. The desorption agent selected must be effective, environment-
ally friendly, and low-cost. One of the methylene blue desorption agents reported 
and effectively used was 30 % acetic acid.9 30 % acetic acid as a desorption 
agent causes electrostatic repulsion between methylene blue and the surface of 
the biosorbent so that methylene blue is released from the surface of the adsor-
bent.39 The adsorption–desorption cycle for the KH biosorbent can be seen in 
Fig. 11. 

 
Fig. 11. Adsorption-desorption cycle of methylene blue dye onto kapok husk. 

Fig. 11 shows the reusability of the biosorbent, which was reused for five 
cycles. The adsorption percentage decreased from the first (99.6 %) to the fifth 
(91.93 %) cycle. Zein et al. revealed that the active site on the surface of the 
biosorbent was saturated with methylene blue molecules, which was why the ads-
orption percentage declined with increasing cycles. Extreme pH circumstances 
trigger the degradation of biosorbent, which also exhibits blocked pores and act-
ive sites on its surface.10 

Biosorption mechanism 
The mechanism of biosorption was important to determine, which can pre-

dict how the mechanism of adsorption occurs from the data obtained. The bio-
sorption mechanism can be predicted using the results of the influence of opti-
mum conditions, adsorption isotherm studies, adsorption kinetics studies and bio-
sorbent characterization using FTIR and SEM-EDS.9,10 The adsorption mech-
anism can be made based on the above explanation. This is represented in Fig. 12. 
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Fig. 12. Adsorption mechanism prediction of removal methylene blue dye onto kapok husk. 

Based on Fig. 12, the adsorption mechanism between adsorbent and adsor-
bate was obtained from the data of pHpzc biosorbent KH (pHpzc 7.3), and the 
positive and negative charges on the surface of the biosorbent will be the same. 
For the adsorption of cationic dyes, the pH value must be greater than pHpzc. It 
was intended that the functional groups on the surface of the biosorbent were 
deprotonated so that it would make the surface of the biosorbent negatively 
charged.40 At the same time, the methylene blue will be protonated so that cat-
ionic exchange and electrostatic interactions occur between cationic methylene 
blue and negatively charged KH biosorbent. The EDS and XRF analysis results 
showed the cation exchange during the adsorption of methylene blue dye on the 
surface of the biosorbent. SEM analysis showed the results on the surface of the 
biosorbent before and after adsorption. A smoother surface after adsorption 
occurs due to the filling of biosorbent pores by methylene blue dye. 

The adsorption ability of methylene blue by KH biosorbent was compared 
with other biosorbents. This needs to be done to see how far the research pro-
gresses and how it is positioned among the advantages and disadvantages of 
other biosorbents. A comparison of KH biosorbent with other biosorbents can be 
seen in Table IV. Table IV shows that the KH adsorption capacity value is close 
to the adsorption capacity value of the activated carbon from agricultural solid 
waste.41,42 This could indicate that chemically activated KH performs well with 
high adsorption capacity, low cost, and environmental friendliness. 

Application in real wastewater treatment 
This work investigated kapok husk’s efficiency in the biosorption of meth-

ylene blue dye removal in wastewater. Due to other competitive species in real 
wastewater, performance was typically lower than in experiments.9 The waste-
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water used in this study was sourced from the Environmental Chemistry Labor-
atory, Andalas University. Table V shows the results of applying the optimum 
conditions for MB adsorption in wastewater. 

TABLE IV. Ability of kapok husk adsorbent for removal methylene blue dye in comparison 
to other adsorbents 
No Biosorbent qm / mg g-1 Reference 
1 Kapok husk 330.16 This study 
2 Activated carbon from tea seed shells 324.70 42 

3 Activated carbon derived from lignocellulosic agriculture 
wastes 148.80 41 

4 Walnut shells powder 178.90 43 
5 Coconut leaf 112.35 44 
6 Terminalia catappa 88.62 9 
7 Lemongrass leaves biowaste 43.15 10 
8 Platanus orientalis leaf powder 114.94 38 
9 Carbon-coated magnetic nanocomposite 110.63 45 
10 Streptomyces fradiae biomass 59.63 46 

Table V. Removal performance of kapok husk on real wastwater 
Waste code pH Biosorbent temperature, °C C0 / mg L-1 Ce / mg L-1 R / % 
Real 7.245 25 1.8445 0.2627 85.76 
Optimum 9 25 2.1341 0.1877 91.21 

Table V shows that good % removal was achieved for the adsorption of 
methylene blue dye in wastewater at optimum pH for biosorbent. At the pH of 
the natural solution (without adjusting the pH), the percentage of removal (%) 
obtained was lower than by adjusting the pH first. This informs that KH can be 
an excellent biosorbent to remove MB dye in aqueous solutions. Biosorbent resi-
dues can be used in concrete mixes to remove adsorbents. Another safe disposal 
method can be the impregnation in polymer resins and other cement mixtures.9,15 

CONCLUSION 

The MB dye adsorption process using KH has good results. The adsorption 
capacity of KH was 330.161 mg g–1 with optimum conditions at pH 9, a con-
centration of 5500 mg L–1, a contact time of 15 min, and a heating temperature of 
25 °C. The isotherm study followed the Langmuir isotherm model, as seen from 
the R2 value of 0.9993, which indicated a monolayer layer in the adsorption pro-
cess. The kinetic data show that KH follows a pseudo-second-order kinetic 
model. The adsorption-desorption results showed that the biosorbent gave an ads-
orption–desorption cycle of five times; this indicates that the biosorbent can be 
economically feasible for real wastewater treatment based on its good reuse pot-
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ential. Applying biosorbent to laboratory liquid waste and textile industry waste 
gives a high % removal result of above 90% at optimum biosorbent conditions.  
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Ова студија разматра капок љуску (KH) активирану помоћу HNO3, као потенци-
јални биосорбент за метилен плаву боју (MB), и анализира њену способност адсорпције. 
Капацитет адсорпције KH је 330,161 mg g-1 при оптималним условима: pH 9, концен-
трација 5500 mg L-1, време контакта 15 min и температура биосорбента 25 °C. Студија 
изотерме је пратила Ленгмиров модел, што се види из вредности R2 од 0,9993, и макси-
малног капацитета адсорпције од 312,5 mg g-1, што указује на монослој у процесу 
адсорпције. Кинетички подаци показују да KH следи модел псеудо-другог реда. Резул-
тати TGA анализе показују да термичка стабилност утиче на перформансе биосорбената 
у процесу адсорпције. Резултати FTIR и SEM-EDS карактеризације су показали да елек-
тростатичке интеракције, размена катјона и попуњавање пора регулишу механизам 
адсорпције MB на површини KH. Поновна употреба KH кроз циклус адсорпције–десорп-
ције постигнута је пет пута. Биосорбент може бити економски исплатив за прави трет-
ман отпадних вода на основу могућности његове добре поновне употребе и једноставног 
начина припреме и активирања. 

(Примљено 3. марта, ревидирано 19. маја, прихваћено 29. октобра 2023) 
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