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Kinetic behaviour of the roasting/selective reduction process with the
use of a mixture of bituminous coal and fuel oil as the additive
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Abstract
Lateritic ore is currently the main raw material that allows extraction of Ni by the Caron process. TECHNICAL PAPER
To date, the kinetic behaviour of the roasting/selective reduction process of lateritic nickeli-
ferous ores on a pilot scale is largely unknown. In the present study, the kinetic behaviour, the
controlling stage and the mechanisms that describe this process with the use of a mixture of
2 wt.% bituminous coal and 1.25 wt.% fuel oil as a reducing additive were determined during Hem. Ind. 79(2) 69-77 (2025)
the evaluation of the high and low thermal profiles, respectively. The phases of the reduced/le-
ached minerals and the fed ore were analysed by X-ray powder diffraction. It was observed
that the mixture used as a reducing additive guarantees an adequate transformation in both
thermal profiles; the relationship between the residual Ni and residence time is described by a
first-order reaction with the determination coefficients greater than 0.949. Although the
influence of post-combustion air is not analysed, the controlling stage was diffusion through
the ash layer with an activation energy of 14.4060 k) molL. Thus, the most precise combination
to describe the process is diffusion through the ash layer and the growth of the nuclei.

UDC: 622.782:622.348.1

Keywords: Reaction kinetics and mechanisms; furnace operation; pyrometallurgy; lateritic
nickeliferous ore; Caron process.

Available on-line at the Journal web address: http://www.ache.orq.rs/H,

1. INTRODUCTION

Nickel is considered a strategic and critical chemical element used in the production of nickel-cadmium and nickel-
metal hydride batteries, as well as in the production of special steels and aerospace alloys [1]. With the explosion in the
production of electric vehicles, the global demand for this metal is forecast to increase around 10 times from 2018 to
2025 [2]. Main reserves of this metal are found in sulphide and lateritic ores. As the supply of Ni sulphide ores gradually
depletes, its extraction from laterite ores generates significant attention [3]. Laterites contain 72.2 % of the world's Ni
reserves, with an increase in annual production from 2004 to the present from 42 to 69 % [4]. These deposits are
produced by prolonged and deep weathering of Ni-silica-bearing ultramafic rocks, generally in humid tropical or
subtropical climates, where the minerals will be classified into hydrated silicates, clay silicates and oxide deposits. One
of the main technologies that is capable of extracting Ni from lateritic ores is the Caron process [5]. This technology
combines pyrometallurgical and hydrometallurgical processes [6], and is based on leaching of previously reduced
lateritic minerals with solutions of ammonium-ammoniacal carbonate ((NH4)2COs3), reduction being one of the stages
that most influences the extractions [7-9] and final costs [10,11].

Reduction of lateritic ore is carried out in Herreschoff multiple hearth furnaces. The furnaces are oil-fired and are
operated at air deficiency to produce the required ratio of carbon monoxide to carbon dioxide in each hearth.
Temperatures in the reduction zone are maintained at 700 to 800 °C [12].
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In general, different investigations recognize that the characteristics of the lateritic ore [13-15], the furnace
operation [16-20] and the use of reducing additives [7,21-24] constitute the most important variables to control during
the roasting/selective reduction process.

In previous research studies [25,26], specifically the ones focusing on the use of reducing additives in multiple hearth
furnaces, it has been shown that the use of the mixture of bituminous coal and fuel oil at the concentrations of 2.0 wt.%
and 1.25 wt.%, respectively (denoted here as BC2.0-FO1.25) benefits the process technically and economically.

Since the introduction of the reducing additive BC2.0-FO1.25 on commercial scales currently constitutes one of the
main technological modifications that can benefit the Caron process, it is necessary to determine the kinetics and the
controlling mechanism during the selective roasting/reduction of NiO, which is also justification of the present study.

2. METHODOLOGY

In this research, the main kinetic parameters and the controlling mechanism of the selective roasting/reduction process
of NiO are determined with the use of the reducing additive of bituminous coal at 2.0 % by weight and fuel oil at 1.25 wt.%
(denoted here as BC2-FO1.25) on a pilot scale. For this purpose, the installation that simulates the Caron process was used
in the Centro de Investigaciones del Niquel: Alberto Ferndndez Montes de Oca, Moa, Cuba (CEDINIQ) [16,26]. The reduction
process was carried out in a multi-hearth furnace (Fig. 1) composed of 17 hearths, listed from top to the bottom from
hearth 0 (H-0) to 16 (H-16), enclosed in a metal cylinder 11 m high and 2.51 m in diameter, coated internally by a refractory
material; the post-combustion air being fed by the furnace hearths 4 (H-4) and 6 (H-6). The residence time in the furnace
is 80 min, considering the initial and final time at the exit of hearths 0 and 16, respectively.

gases

Dust trapping in gases
cyclone

laterite ores

recirculated ores

H-0
H-2
Post-combustion Air
H-4
H-6
] > Dampers
cmf H-B =
] H-10 =
o=d H-12 -
Chamber ] H-14 = Chamber
Oil + Air ——=f  gp o] [ k—— oil+ air
H-16

Calcine
Figure 1. Pilot plant scale reduction furnace; letter H designate hearth [26]

The study was based on evaluating the conversion of NiO by analysing the kinetic data by the integral method,
through the selection of kinetic equations with the objective of identifying the best fit of the experimental data,
considering that the effect of reoxidation is insignificant. To confirm the controlling mechanism in the
roasting/reduction processes, the value of the activation energy was used as a criterion, based on the development of
the Arrhenius equation:
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og| 2| R [T
k. ]0.434152\ T,-T,
E, = - (1)
1000

where:

T1is the final temperature of the mineral reduced by the low thermal profile (LTP), K
T2 is the final temperature of the mineral reduced by the high thermal profile (HTP), K
kr, is the reaction rate constant corresponding to the low thermal profile, min

kr, is the reaction rate constant corresponding to the high thermal profile, min

R is the universal gas constant, 8.314 ) mol* K*!

E, Eaisthe activation energy of the reduction process, kJ mol?

Thermal profiles shown in Figure 2 were used in the investigation. The high and low thermal profiles were used to
facilitate the weakening of the crystalline structure by gradual heating in the temperature ranges that are used in commer-
cial scales [10,12,16,26]. Temperature measurements within different hearths were carried out by using type K thermo-
couples (Taizhou Best Electric Equipment Co., Ltd., China). Experiments were repeated 3 times for each thermal profile.
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Figure 2. Temperature profiles in the reduction furnace

2. 1. Physical chemistry characteristics of the fed lateritic ore

Lateritic ore with a degree of homogenization greater than 90 % was fed to the furnace at a rate of 750 kg h'?, after
being dried and ground until the moisture content was less than 4 mass. % and the size distribution of particle less than
75 um was from 84 to 88 %. Table 1 shows the main average (avg) characteristics of the mineral showing insignificant
differences between the processed samples during the evaluation of the two thermal profiles in terms of the contents
of Ni, Co, Fe, MgO, SiO, Al20s, H20, C and S. The average component content (avg) of lateritic mineral in both LTP and
HTP was similar with standard deviation (o) values less than 1.56 and particle size distribution of the ore suitable for
processing by the Caron process.

Table 1. Characteristics of the lateritic mineral with the two thermal profiles evaluated in the reduction process.
Content, wt.%

Thermal profile Component Particle size, um
Ni Co Fe MgO SiO, AlbO3; H,0 S C 150 75 45 <45
LTP avg 1.165 0.098 38.921 3.153 7.696 7.916 3.225 0.255 2.081 3.844 10.078 6.598 79.481
o 0.014 0.005 0.873 0.168 0.367 0.357 0.420 0.016 0.010 0.694 1.552 1.365 0.918
HTP avg 1.167 0.099 39.323 2.828 7.788 8.080 3.660 0.251 2.088 3.425 9.783 7.392 79.400

o 0.013 0.001 0.416 0.513 0.249 0.228 0.190 0.018 0.032 0.698 0.585 1.133 1.500
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2. 2. Chemical analysis and mineralogical characteristics of the reduced/leached samples

The reduced ore samples were taken from the even hearths of the furnace using the procedure proposed previously
[16,18]. Each sample was then leached with the ammonium carbonate solution at a concentration of NHs from 80 to
85 g dm™ and CO: from 40 to 42 g dm for 2 h at a liquid/solid mass ratio (L/S) of 10/1.

The individual elements of interest in the leached mineral were determined by atomic absorption spectrometry
(AAS, model SOLAR 929, Solar System ATI, Unicam Analytical Technology Inc., Cambridge, UK).

The crystalline structure and composition of the reduced/leached minerals were analysed by powder X-ray
diffraction (XRD) by a PANalytical X'PERT3 diffractometer (Malvern Panalytical, UK) with Gonio type sweep in 26@angular
registration from 4.0042° to 79.9962°, with step distance of 0.0080° with Cu radiation and nickel filter, potential
difference of 40 kV, current of 30 mA and a calibration checked by an external silicon standard scanning. Fractions of
nickel, iron, and cobalt reduced to the metallic state of the ore in H16 were determined by leaching the reacted samples
with a bromine-ethanol solution [27] followed by AAS analysis with flame and generator hydride (model SOLAR 929,
Solar System ATI, Unicam Analytical Technology Inc., Cambridge, UK).

2. 3. Determination of the controlling mechanism in the roasting/reduction process

The controlling mechanism of the roasting/reduction process was determined by evaluating the equations of the
unreacted core model reported by Levenvspiel [28] and the nucleation models reported by Bo et al. [29], typical of
heterogeneous solid-fluid reactions. Table 2 shows the equations used.

Table 2. Controlling mechanisms analysed

Model type Controlling mechanism Equation
Diffusion through the gas film (DGF) Xy =Kot
Unreacted core Diffusion through the ash layer (DAL) 1-3(1-XNi)2/3 +2(1-x, )=kop t
Chemical reaction (ChR) 1-(1-x, )"* = kg ot
2-D growth of nuclei (GN-2) [—In(l—xNi)]l/2 =Kgnot
Nucleation 3-D growth of nuclei (GN-3) [-In(l-xNi)]l/3 =k st
5-D growth of nuclei (GN-5) [-In(1-x,) ] = ke st

In Table 2 xni is the conversion ratio of Ni (degree of reduction) and t is the time, while koer, kpat, kchr, kan-2, ken-3 and
ken-s are the rate constants for each proposed mechanism.

3. RESULTS AND DISCUSSIONS

3. 1. Effect of the thermal profile with the use of the BC2-FO1.25 additive

Figure 3 shows the XRD patterns of the fed and reduced/leached lateritic ore samples corresponding to each thermal
profile analysed.

Itis observed that iron oxides and oxihydroxides (goethite, maghemite and hematite) as well as aluminium hydroxide
(gibbsite) predominated in the lateritic ore fed. The secondary phases grouped the contents of silicon and magnesium,
identifying the phases of hydrated magnesium silicate (lizardite), aluminium and magnesium oxide (spinel) and some
silicon oxide (quartz).

The main mineralogical phases identified in the reduced/leached mineral, regardless of the thermal profile evalu-
ated, were iron oxides (magnetite and maghemite, syn), magnesium iron aluminium chromium oxide (magnesiochro-
mite, ferroan) and magnesium iron silicate (fayalite). These identified phases coincide with those reported by different
studies [26,30] and indicate that during the evaluation of both thermal profiles an adequate roasting reduction process
is achieved.
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Ore reduced/leached with high thermal profile (HTP)

400 —

200

8,9,10,11

Ore reduced/leached with low thermal profile (LTP)

Intensity, a.u

Lateritic Ore Feed

Lo}
w
e,
1

70

28/°
Figure 3. XRD patterns of reduced/leached lateritic mineral samples with the use of BC2-FO1.25 additive and two thermal profiles.
1 - lizardite: MgsSi;Os(OH)4; 2 - maghemite: Fez;.16031.92; 3 - gibbsite: AI(OH)s; 4 - spinel: MgAl,Oy4; 5 - goethite: FeOOH;
6 - hematite: Fe;03; 7 - quartz: SiO;; 8 - magnetite, syn: Fes0y4; 9 - maghemite, syn: Fe,03; 10 - magnesiochromite, ferroan: [(Mg,
Fe)(Cr, Al);04] and 11 - fayalite: MgasFes,74(SiOa).

Formation of fayalite and magnesiumchromite, ferroane in the reduced and leached mineral (Fig. 3), justify the pre-
sence of non-leachable Ni contents in the process. These results agree with those obtained by Rhamdhani et al. [31-33],
when identifying that the mineralogical phases of olivine and ferro-chromite spinels are not leached by the carbonate-
ammonia technology. The presence of fayalite in both thermal profiles confirms that the reduced mineral reaches
temperatures greater than and equal to 700 °C and that the use of the additive BC2-FO1.25 allows an adequate trans-
formation of the serpentinitic phases. This finding coincides with the results of Valix & Cheung [34,35] during the
evaluation of S as a reducing additive in the Caron process in the temperature range of 600 to 800 °C.

Although both thermal profiles present similarity, the shape of the peaks in the high thermal profile (HTP) became
sharper, indicating an increase in the crystalline nature of the roasted product.

3. 2. Activation energy corresponding to the roasting/reduction process with the use of the additive BC2-FO1.25

Figure 4 relates the average Niresiqual (residual Ni mass percentage after the reduction/leaching process) in the pilot
Herreshoff furnace as a function of time, for the two thermal profiles evaluated. All data are presented in Supplementary
Material S1 and S2. The decrease in the percentage of residual Ni as the residence time increases for both thermal
profiles is observed as a trend, a regularity typical of an adequate reduction process in which the effects of reoxidation
of the reduced mineral are minimized.

The behaviour presented by the high and low thermal profile curves indicates that the kinetic process of the general
transformation of NiO into Ni° adjusts to a first-order reaction with a coefficient of determination greater than 0.9490;
this behaviour coincides with that reported by Shoubao [36] and Castellanos [37] during the evaluation of the
roasting/reduction process of nickel-bearing lateritic ores. The average feed Ni percentage ranged from 1.1550 to
1.1780 wt.%, which corresponds to the chemical characteristics of the lateritic ore used in the study, see Table 1.

The average reaction rate constant at the low thermal profile (kr,;) was 0.0176 min!, which is for about 8.3 % lower
than that achieved when using the high temperature profile (Figure 4); aspect that confirms compliance with the
Arrhenius equation. Substitution of the values of the reaction rate constant and the final temperature of the reduced
mineral in Equation (1) allows obtaining an activation energy of 14.4060 kJ mol* when using the additive BC2-FO1.25 in
the process of roasting/reduction (Table 3).
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Figure 4. NiO reduction kinetics on a pilot scale at two temperature profiles and with the use of the BC2-FO1.25 additive

Table 3. Activation energy and reaction rate constants with the reducing additive BC2-FO1.25
Thermal profile
Low High Ea/ ki molt
kry / min- T./ °C kr, / mint T,/°C
0.0176 700 0.0192 750 14.4060

The value of the activation energy with the BC2-FO1.25 additive corresponds to those reported, at laboratory scale
during the evaluation of the reduction process in the temperature range of 675 to 800 °C, by Castellanos [37]
(17.1544 kJ mol™ for laterites from the Nicaro region with the fuel oil additive at 2.5 wt.%) and llyas [21] (13.80 kJ mol™ for
laterites from Bajaur, Pakistan with a mixture of 10 wt.% of coal and 9 wt.% of Na,S0,).

3. 3. Determination of the controlling stage of the roasting/reduction process with the use of the additive BC2-FO1.25

Table 4 shows the results of determination of the controlling stage in the roasting/reduction process for the high and
low thermal profiles, when considering the unreacted nucleus models for particles of constant size and growth of nuclei.

Table 4. Predicted times for reaction completion according to different controlling mechanisms shown in Table 2
Complete reaction time, min

Thermal profile Chemical reaction Diffusion Growth of nuclei
Through the gas film Through the ash layer GN-2 GN-3 GN-5
High 203 98 277 59 59 59
Low 230 103 336 64 62 61

The analysis of the complete reaction times allows us to identify that the controlling stage of the process is diffusion
through the ash layer (DAL), with times necessary to complete the reaction of 277 and 336 min for the high and low
thermal profiles, respectively. The controlling stage in the process was directly related to the activation energy value
obtained in this study (value less than 17 k) mol%, Table 3) and to the mechanism reported during the roasting/reduction
of lateritic ores in different investigations [14,21,36-38].

To identify the mechanism that best describes the lateritic ore roasting/reduction process with the use of the
additive BC2-FO1.25 and the high and low thermal profiles, possible combinations between the ChR, DGF, DAL and GN
models were evaluated. To identify the mechanism that best describes the lateritic ore roasting/reduction process with
the use of the additive BC2-FO1.25 and the high and low thermal profiles, possible combinations between the ChR, DGF,
DAL and GN models were evaluated, according to the procedure described by Levenspiel [28]. The mechanism that best
describes the roasting/reduction process in the low thermal profile (LTP) is the combination of the diffusion model
through the ash layer (DAL) and growth of the nuclei (GN-5) with a coefficient of determination of 0.9838. In the case
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of the high thermal profile (HTP), it is observed that the most accurate combination to describe the process is diffusion
through the ash layer (DAL) and the growth of nuclei (GN-3) with a correlation of 0.9623. (See Figure 5). These results
are logical and justified because the increase in temperature causes an increase in the work per gram-molecule
necessary to form a growth nucleus.

100 -
8 Y = 1.000007x g
£ R?=0.9838
E -8
g 60 - 2
£ . e . oLTP
2 AHTP
5 40 2@
E A
a -0 Y = 1.000001x
20 1 R?=0.9623
o .0
ot A
B
0 &= . : : . .
0 20 40 60 80 100

Experimental time, min

Figure 5. Combinations of mechanisms (DAL and GN) to describe the roasting/reduction process of lateritic ore with the use of the
additive BC2-FO1.25

4. CONCLUSIONS

The BC2-FO1.25 additive can guarantee adequate mineralogical transformations in the roasting/reduction process of
lateritic ores with a predominance of iron oxides-oxihydroxides at the use of high and low thermal profiles. The results of
this study suggest that the relationship between the average Niresidual percentage after the reduction/leaching process and
residence time is described by a first-order reaction with determination coefficients greater than 0.9490. The pilot-scale
kinetic behaviours for both thermal profiles evaluated indicate that the controlling mechanism is diffusion through the ash
layer, with complete reaction times that ranged from 276 to 336 min and an activation energy of 14.4060 kJ mol™.
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(Strucni rad)

Izvod Klju¢ne reci: kinetika i mehanizmi
Lateritna ruda je trenutno glavna sirovina koja omogucava ekstrakciju nikla Caron procesom. reakcije; rad peci; pirometalurgija;
Do danas, kineti¢ko pona$anje procesa pelenja/selektivne redukcije lateritnih ruda nikla u lateritna ruda nikla; Caron proces

pilot postrojenju je nedovoljno istrazeno. U ovoj studiji, kineticko ponasanje, faza koja kon-
trolise i mehanizmi koji opisuju ovaj proces primenom mesavine 2,00 mas.% bitumenskog
uglja i 1,25 mas.% mazuta kao redukcionog aditiva odredivani su tokom evaluacije visokog i
niskog toplotnog profila. Faze redukovanih/izluzenih minerala i polazne rude analizirane su
rendgenskom difrakcijom praha. Pokazano je da smesa koja se koristi kao redukcioni aditiv
garantuje adekvatnu transformaciju u oba termicka profila; odnos izmedu zaostalog nikla i
vremena zadrZavanja je opisan reakcijom prvog reda sa koeficijentima determinacije ve¢im
od 0,949. lako nije analiziran uticaj vazduha posle sagorevanja, faza koja kontrolise proces je
bila difuzija kroz sloj pepela sa energijom aktivacije od 14,4060 kJ mol-1. Dakle, najpreciznija
kombinacija za opisivanje procesa je difuzija kroz sloj pepela i rast jezgara.
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Abstract

This study investigates biodiesel production from acidic crude palm oil using one ORIGINAL SCIENTIFIC PAPER
homogeneous catalyst, (1R)-(-)-camphor-10-sulfonic acid (10-CSA), and one heterogeneous
catalyst, iron(lll) sulphate, focusing on their catalytic activity, recyclability, and process
optimisation by using response surface methodology. Optimal conditions were identified by
utilising a Box-Behnken factorial design. For 10-CSA, the optimised conditions yielded a free Hem. Ind. 79(2) 79-92 (2025)
fatty acid (FFA) reduction to 0.43 wt.%, with a catalyst dosage of 1.5 wt.% (investigated
range: 1.0-2.0 wt.%), methanol-to-oil molar ratio of 12.67:1 (investigated range: 10 to 14:1),
reaction temperature of 59.6 °C (investigated range: 50 to 65 °C), and reaction time of
33.1 min (investigated range: 30 to 40 min). For iron(lll) sulphate, the optimised conditions
led to FFA reduction to 1.04 wt.%, with a catalyst dosage of 3.14 wt.% (investigated range:
2.5 to 3.5 wt.%), methanol-to-oil molar ratio of 12:1 (investigated range: 10 to 14:1), reaction
temperature of 60 °C (investigated range: 55 to 70 °C), and reaction time of 178.6 min
(investigated range: 150 to 180 min). Results of the ANOVA analysis confirmed the
significance of key factors for both catalysts (p < 0.05), with R? values of 0.937 for 10-CSA
and 0.916 for iron(lll) sulphate, indicating strong model fits. The mean relative percent
deviation (MRPD) was <5 % for both models, demonstrating high predictive accuracy. The
lack of fit was found to be insignificant (p > 0.05), confirming the adequacy of the models.
Both catalysts achieved high FFA conversions of 95.2 % for 10-CSA and 88.2 % for iron(lll)
sulphate, which meets the EN 14214 and ASTM D6751 standards. Notably, 10-CSA exhibited
superior catalytic activity and recyclability, highlighting its potential for industrial-scale
biodiesel production. This study offers practical insights into optimising esterification
processes for biodiesel production from acidic crude palm oil.
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1. INTRODUCTION

Biodiesel has a superior emission profile compared to diesel, substantially reducing emissions of unburned hydrocar-
bons, carbon monoxide, sulphates, polycyclic aromatic hydrocarbons, nitrated polycyclic aromatic hydrocarbons, and part-
iculate matter [1-5]. As a result of the limited annual production of crude palm oil and the increasing global market demand,
the priority of crude palm oil usage has been given to palm oil refineries for food processing. Acidic crude palm oil (ACPO),
produced in palm oil mills, is considered a less favourable variant of crude palm oil due to its association with various
operational and processing factors, such as milling inefficiencies, prolonged storage durations, and the effects of climate
change [6]. Acidic oil with high free fatty acid (FFA) content has to be submitted to a pretreatment step to remove the FFA
before refinery processing or biodiesel production [4,6-11]. Many types of heterogeneous acid catalysts have been used in
biodiesel production, such as ferric sulphate and sulphated zirconia [12,13]. In addition, lipases were used as biocatalysts
in esterification and transesterification of acidic oils or fats to produce biodiesel [14-16]. However, immobilisation is
required to ensure long stability and efficiency of lipases. Homogeneous acid catalysts play a crucial role in biodiesel
production, participating in the transesterification process. Thus, these catalysts have been extensively studied due to their
effectiveness in facilitating conversion of triglycerides into fatty acid methyl esters. In addition to acidic, alkaline catalysts
have also been explored for their potential in biodiesel production [17]. However, different challenges have also been
recognised associated with the use of homogeneous catalysts. For instance, the presence of high amounts of FFAs in
biodiesel feedstock can lead to issues such as the formation of water and soap, as well as separation problems when using
alkaline catalysts, indicating the need for exploration of alternatives to address these limitations [18]. Therefore, research
has been directed towards the development and evaluation of novel catalysts for biodiesel production [19]. Recently, ionic
liquids and deep eutectic solvents were applied to esterify FFA in acidic oils [20-23]. Among different substances, (1R)-(-)-
-camphor-10-sulfonic acid (10-CSA) and iron(lll) sulphate (Fe2(SOa)s3) have shown potential to be used in the biodiesel
industry due to their catalytic activity and the appearance in solid powder form under normal conditions. 10-CSA has been
studied for its catalytic properties in various organic reactions [24] as well as in the synthesis of different materials for
potential applications in coatings and composites [25]. Furthermore, the chiral nature of 10-CSA has been explored,
highlighting its potential for use in enantioselective processes, which could be beneficial in the production of specific
biodiesel compounds [26].

On the other hand, Fe2(S04)3 has been investigated for its role in coagulation processes for the removal of pollutants
from water, demonstrating its effectiveness in treating wastewater [27]. Potentials of 10-CSA and Fe2(SOa4)s for utilisation
in the biodiesel industry are further supported by applications of these compounds in polymerisation processes and their
use as calibration standards in spectroscopic techniques [28,29]. These diverse applications demonstrate the multifaceted
nature of these compounds and their potential for various processes involved in biodiesel production. Thus, catalytic
properties, environmental interactions, and diverse applications in organic synthesis and industrial processes make 10-CSA
and Fez(S0a4)s3 attractive for further investigations.

Hence, this study aims to optimise and compare the catalytic activity of a homogeneous acid catalyst (10-CSA) and a
heterogeneous acidic catalyst (Fe2(SOa)s3) for esterification of ACPO and biodiesel production using a Box-Behnken factorial
design. The aim was to perform a novel comparative analysis to provide insights into the performance of these catalysts
under similar reaction conditions. The design explores the effects of catalyst dosage, methanol-to-oil molar ratio, reaction
temperature, and reaction time on biodiesel outcomes. By optimising these factors, the study seeks to develop efficient
biodiesel production methods that meet the EN 14214 and ASTM D6751 standards, addressing challenges posed by ACPO
and guiding industrial-scale biodiesel production from lower-quality feedstock. This study's findings are intended to
primarily aid the transportation sector by providing a renewable alternative to conventional diesel fuel, particularly for
vehicle fuel, marine transport, as well as agricultural and construction equipment.

2. MATERIALS AND METHODS

2. 1. Chemicals and materials

Acidic crude palm oil (ACPO) was obtained from a local palm oil mill in Selangor Darul Ehsan, Malaysia. Laboratory-
grade methanol 99.8 % was purchased from Merck (Malaysia). Iron(lll) sulphate (Fe2(SOa)s) (reagent grade 97 %) was
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purchased from R&M Chemicals (Malaysia). (1R)-(-)-camphor-10-sulfonic acid (10-CSA) (ACS grade 99 %) was purchased
from Merck (Malaysia).

2. 2. Esterification (production of biodiesel from acidic crude palm oil )

The arbitrary amount of ACPO was first heated in an oven at 70 °C. The reactor system was maintained at the desired
temperature by adjusting the temperature of the circulating water bath. Next, 30 g of ACPO was measured and poured
into a multi-unit batch reactor, with each unit having a 1 dm3 volume. Mechanical stirring was used to ensure homo-
geneity, while atmospheric pressure was maintained by an automated control system. In specific, all experiments were
carried out in a laboratory scale batch multi-unit reactor system with methanol reflux, with a jacketed vessel connected
to a circulating bath. The reaction temperature and stirring speed were monitored by uniquely designed feedback
controllers. The catalyst was mixed with methanol before being added to the reactor. When using 10-CSA as the catalyst,
the catalyst dosage ranged from 0.25 to 2.25 wt.%, while the methanol-to-oil molar ratio varied from 2 to 14, requiring
2.17 to 15.18 g of methanol. When using iron(lll) sulphate, the catalyst dosage ranged from 2 to 6 wt.%, while the
methanol-to-oil molar ratio ranged from 8 to 12, requiring 8.68 to 13.02 g of methanol. The reactor was then connected
to a reflux condenser and magnetic stirring was adjusted to 450 rpm. At the same time, the reaction time was recorded
using a stopwatch. After each experimental run (Supplementary material, Tables S1 and S2), the product was left to
settle by gravity and the excess methanol was evaporated in the oven. The FFA content of the treated ACPO was
determined and reported for each experiment. The optimal conditions for ACPO esterification were verified by
repeating three validation experiments. The last section of this study was characterisation of the produced biodiesel.
The biodiesel quality was checked for its compliance with specifications in the EN 14214 and ASTM D6751 standards for
biodiesel. The FFA content of ACPO was determined based on the American Qil Chemist’s Society (AOCS) official method
Ca 5a-40 commercial fats and oils [19,30]. The ester content, mono, di and triacylglycerols, and free and total glycerol
contents were determined using a gas chromatography flame ionisation detector (GC/FID) (Perkin Elmer Clarus 500,
Netherlands).To measure the methyl ester (biodiesel) content in the sample, different concentrations of the diluted
standard (FAME C14-C18) mixed with n-hexane were injected into the GC column respectively using splitless mode
injector with a capillary column (SP 2330 polar column ID: 0.32mm). Helium was used as a carrier gas at a flow rate of
1 cm? min’, and each sample run time was approximately 40 min, starting at 50 °C for about 1 min and subsequently
increased to 220 °C at 2 °C min™* and held at this temperature for 10 min. Approximately 1 pL of the sample was diluted
with n-hexane before being injected into the GC. The weights of biodiesel produced were determined by comparing
them to the sample of pure standards [31]. The yield, % of biodiesel was calculated by following Equation (1):

Yield = (Total weight of biodiesel/Total weight of oil in the sample)x100 (1)

2. 3. Optimisation method

Response surface methodology (RSM) was employed to determine optimal operating conditions for ACPO
esterification performed with the use of the investigated homogeneous and heterogeneous catalysts. A Box-Behnken
factorial design with four factors and three levels was selected for this study, comprising 29 factorial points and five
centre points to enhance robustness. The four factors were catalyst dosage, methanol-to-oil molar ratio, reaction
temperature, and reaction time. Table 1 presents the specific values for these factors when 10-CSA was used as the
homogeneous catalyst, while Table 2 provides the same information for the heterogeneous catalyst (Fe2(S0a)s).

Table 1. Experimental range and levels of the factors for (1R)-(-)-camphor-10-sulfonic acid
Range and levels

Factor Symbols

-1 0 1
Catalyst dosage, wt.% A 0.25 1.25 2.25
Methanol-to-oil molar ratio B 2 8 14
Reaction temperature, °C C 40 60 80
Reaction time, min D 10 30 50
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Table 2. Experimental range and levels of the factors for iron (lll) sulphate

Range and levels

Factor Symbols 3 o 1

Catalyst dosage, wt.% A 2 4 6
Methanol-to-oil molar ratio B 8 10 12
Reaction temperature, °C C 60 70 80
Reaction time, min D 100 150 200

A second-order response surface was derived to describe the esterification process with general Equation (2):

F=00+ a1A + a2B + a3C + aaD + 012AB + a13AC + 014AD + @23BC+ 024BD + a3aCD + 011A% + 00228 + a33C? + aasD?  (2)
where, F / wt.% represents the FFA content of the treated ACPO, whereas, for Fe>(SOa)s, the objective function was
transformed to represent In the FFA content (In F).

The transformation was used to achieve a more significant model fit. In this model, aois the intercept term, a1, oz,
a3, and as are linear coefficients, a1z, @13, a1s, @23, 24, and ass are interactive coefficients, a1, o2z, ass3, and o4 are
quadratic coefficients, and A, B, C, and D represent the actual factors, which are catalyst dosage, methanol-to-oil molar
ratio, reaction temperature, and reaction time, respectively. Experimental data analysis and response surface plotting
were conducted using Design-Expert software (version 12.0.3.3, Stat-Ease Inc., MN) [31,32]. Table S1 (Supplementary
material) provides the Box-Behnken design used for optimising 10-CSA-catalyzed esterification, while Table S2
(Supplementary material) presents the design for optimising (Fe2(SOa)s)-catalysed esterification.

3. RESULTS AND DISCUSSION

3. 1. Optimization of the process using (1R)-(-)-camphor-10-sulfonic acid

Optimisation of biodiesel production using (1R)-(-)-camphor-10-sulfonic acid was performed by investigating the
effects of catalyst dosage, methanol-to-oil molar ratio, reaction temperature, and reaction time on FFA reduction and
conversion efficiency. Furthermore, the first step in analysing the results involved creating a predictive model using
response surface methdology (RSM) with the Box-Behnken factorial design. This design allows for the systematic
evaluation of the key factors affecting esterification, stated above. A quadratic regression model for 10-CSA was derived
from the experimental data, and the following equation was obtained (Equation 3):

In F= 0.3364 - 0.6454A - 0.5751B - 0.1076C - 0.3463D -0.5016AB + 0.0275AC - 0.2036AD - 0.0410BC -

-0.1488BD - 0.0154CD + 0.2870A%+ 0.2208B%+ 0.2843C?+ 0.1707D? (3)

Results of the ANOVA analysis for the response surface quadratic model for 10-CSA is presented in Table 3. The RSM
application yielded a statistically significant quadratic model for optimising FFA conversion (F-value = 46.67, p <0.0001),
with only a 0.01 % probability that the observed variance could arise from noise. The model’s high adjusted R? (0.918)
and predicted R? (0.877) values demonstrated excellent agreement, confirming its strength in predicting FFA conversion
within the experimental design space. Moreover, the model’s strong signal-to-noise ratio (adequate precision = 25.442)
validated its utility for process optimisation.

Catalyst dosage (A) and methanol-to-oil molar ratio (B) emerged as the most influential factors, with exceptionally high
F-values of 254.15 and 201.79, respectively (p <0.0001). Reaction time (D) also exhibited a significant impact (F = 73.14,
p <0.0001), while reaction temperature (C) showed moderate significance (F-value = 7.06, p = 0.0110). Quadratic terms for
all factors (A2, B%, C?, D% p <0.01) further highlighted nonlinear relationships between the variables and FFA conversion,
suggesting the presence of optimal operating conditions beyond which the response plateaus or declines.

Significant interactions were observed between the catalyst dosage and methanol-to-oil ratio (AB; F-value = 51.17,
p <0.0001), catalyst dosage and reaction time (AD; F-value = 8.43, p = 0.0058), and methanol-to-oil ratio and reaction
time (BD; F-value =4.50, p =0.0397). The strong AB interaction implies synergistic effects, where increasing both catalyst
dosage and methanol-to-oil ratio enhances FFA conversion more than their individual contributions. Conversely,
interactions involving temperature (AC, BC, CD) were statistically insignificant (p >0.05), indicating negligible combined
effects with other variables.
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While higher catalyst dosages initially improve conversion rates, diminishing returns may occur at elevated levels
due to potential saturation effects. Similarly, excessive methanol-to-oil ratios could dilute reactant concentrations or
increase operational costs without proportional gains in FFA reduction.

While the methanol-to-oil ratio (B) is generally significant, the quadratic term for temperature (C?, +0.2843) indicates
that its effect becomes more pronounced near the reference point. This nonlinearity suggests that the temperature
influence intensifies within specific operational ranges, potentially overshadowing the methanol-to-oil ratio (B) in
localised regions of the design space. Thus, around the reference conditions, catalyst dosage (A) and temperature (C)
may dominate due to curvature effects, even though the methanol-to-oil ratio (B) remains critical overall.

Table 3. ANOVA analysis for the response surface quadratic significant model for (1R)-(-)-camphor-10-sulfonic acid

Source Sum of squares Degree of freedom Mean square F-value p-value
Model 25.70 14 1.840 46.670 <0.0001
A 10.00 1 10.00 254.150 <0.0001
B 7.940 1 7.940 201.790 <0.0001
C 0.278 1 0.277 7.060 0.0110
D 2.880 1 2.880 73.140 <0.0001
AB 2.010 1 2.010 51.170 < 0.0001
AC 0.006 1 0.006 0.153 0.6972
AD 0.332 1 0.332 8.430 0.0058
BC 0.013 1 0.013 0.342 0.5618
BD 0.177 1 0.177 4.500 0.0397
cD 0.002 1 0.002 0.048 0.827
A? 1.070 1 1.070 27.170 <0.0001
B? 0.633 1 0.633 16.080 0.0002
c? 1.050 1 1.050 26.650 <0.0001
D? 0.378 1 0.378 9.610 0.003
Residual 1.690 43 0.039
Pure error 0.016 33 0.001

The perturbation plot (Figure S1) shows that the catalyst dosage (A) and methanol-to-oil molar ratio (B) have the
strongest influence on FFA conversion during 10-CSA-catalysed esterification, as indicated by their steeper curves.
Reaction temperature (C) and reaction time (D) have less impact, with flatter curves, highlighting the critical role of
catalyst dosage and methanol-to-oil ratio in optimising FFA conversion.

From Figure S2, the diagnostic plots confirm the robustness of the quadratic model. The normal plot of residuals
demonstrates that residuals align closely with a straight line, indicating adherence to a normal distribution. The residual
vs. predicted plot exhibits a random scatter of points, suggesting homoscedasticity (constant variance) across the range
of predicted values. The Box-Cox plot reveals that the current transformation parameter in the Box-Cox transformation,
used to identify the most appropriate transformation of the response variable to stabilize variance and improve
normality (A) of 1 lies within the confidence interval for the optimal A (0.57), implying that transformation of the
response variable is not necessary [33]. Furthermore, the Cook’s distance plot indicates that there are not influential
outliers that significantly distort the model, as most data points exhibit low Cook’s distances. Collectively, these
diagnostics validate the model’s assumptions of normality, constant variance, and absence of influential outliers,
confirming its reliability for predicting FFA conversion [34].

The response surface plots (Fig. 1) elucidate the effects of key factors and their interactions on FFA reduction. At a
constant reaction temperature of 60 °C and reaction time of 30 min, increasing both catalyst dosage and methanol-to-
oil molar ratio significantly reduced the FFA content. This synergistic effect underscores the critical role of these factors
in driving the esterification reaction. Higher methanol-to-oil ratios likely shift the reaction equilibrium toward ester
formation, while increased catalyst dosages enhance reaction kinetics. Meanwhile, at a fixed methanol-to-oil molar
ratio of 8:1 and reaction time of 30 min, the effect of reaction temperature was significant but less pronounced
compared to the catalyst dosage. The lack of a significant interaction between the catalyst dosage and temperature
suggests that temperature variations have a limited impact on FFA reduction within the studied range. Additionally, a
constant methanol-to-oil molar ratio of 8:1 and reaction temperature of 60 °C, longer reaction times and higher catalyst
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dosages synergistically improved FFA reduction. This highlights the importance of optimising both parameters to maximise
the conversion efficiency.

d F/wt% b
F/wt% 04mme2
Actual factors
B: Methanol-to-oil molar ratio=8
D Reaction time = 30 min
Actual Factors

Fiwish

C: Reaction temperature = 60
D: Reaction time = 30

w0025
C: Reaction temperature, °Co A: Catalyst dosage, wt.%

F/wt%

(] [

Actual Factors
B: Methanol-to-oil molar ratio = 8

C: Reaction temperature = 60

B: Methanol to oil ratio A: Catalyst dosage, wt.%

Figure 1. 3D response surface plots of the effect of 10-CSA on the FFA reduction as a function of: (a) catalyst dosage and methanol-
to-oil molar ratio, (b) catalyst dosage and reaction temperature, (c) catalyst dosage and reaction time. The other factors were held
at zero level.

The contour plots (Fig. S3, Supplementary material) provide a clear visualisation of the response surface, enabling
the identification of optimal operating conditions. For instance, the steep gradients in the contour lines confirm the
strong influence of these factors on FFA reduction. Moreover, the relatively flat contour lines suggest that these factors
have a more moderate impact, consistent with their lower F-values in the ANOVA analysis.

A set of constraints was applied to determine the optimal conditions for 10-CSA -catalysed esterification. Table S3
(Supplementary material) outlines the optimisation constraints, and Table S4 (Supplementary material) shows the
resulting optimised solution. The optimal conditions for this process were a catalyst dosage of 1.5 wt.%, a methanol-to-
oil molar ratio of 12.67:1, a reaction temperature of ~60 °C, and a reaction time of 33.11 min, resulting in an FFA content
of 0.43 wt.% . These optimal conditions align with previous studies that emphasise the importance of catalyst dosage
and methanol-to-oil molar ratio in driving esterification.

Several studies have investigated the impact of these parameters on FFA production and have identified optimal
conditions. The significance of catalyst dosage and solvent effect in achieving high conversion and selectivity to FFA has
been demonstrated by Jia et al. [35] realising 100 % conversion and 96.5 % selectivity to FFA at the optimal catalyst content
and in methanol as a solvent. Furthermore, Xie et al. [36] highlighted the impact of catalyst dosage, methanol-to-oil molar
ratio, and reaction temperature on FFA conversion to biodiesel. The study demonstrated that under specific operational
conditions, including a methanol/oil molar ratio of 30:1, a catalyst dosage of 5 wt.%, a reaction temperature of 140 °C, and
a reaction duration of 8 h, a high oil conversion of 92.2 % was achieved with total FFA transformation to biodiesel. The
current study demonstrated good results at a lower conversion temperature, which is more suitable for industry.

Production of biodiesel from feedstock with high FFA contents often requires the use of solid catalysts to reduce FFA
levels and ensure high biodiesel yields. Faruque et al. [37] utilised sulphated zirconia as a solid acid heterogeneous
catalyst for biodiesel production from Neem oil, achieving a 95 % biodiesel yield while maintaining a 9:1 methanol-to-
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oil ratio. Solid acid catalysts have been preferred for high FFA esterification due to their insensitivity to the FFA content,
elimination of the need for a biodiesel washing step, ease of catalyst separation, and lower product contamination
levels. Additionally, solid acid catalysts are less corrosive, produce less waste, and are easier to separate from reactants
and products, making them preferable over hazardous mineral acids for high FFA esterification [38]. Furthermore, the
economic benefit of using solid catalysts in biodiesel production lies in their reusable nature for low-quality feedstock,
leading to cheaper production costs [39]. The use of solid catalysts for biodiesel production has also been explored in
the context of specific feedstock. For instance, efficient conversion of low-grade, nonedible oil feedstock into biodiesel
was demonstrated using pumice as a bifunctional solid catalyst, which can catalyse the esterification of FFA and
transesterification of fatty acid glycerides simultaneously [40]. This highlights the versatility of solid catalysts in enabling
the conversion of diverse feedstocks into biodiesel.

3. 2. Optimisation of the process using iron(lll) sulphate

Optimisation of biodiesel production using iron (1) sulphate was performed by evaluating the effects of (a) catalyst
dosage, (b) methanol-to-oil molar ratio, (c) reaction temperature, and (d) reaction time on FFA reduction and conversion
efficiency. A quadratic regression model for this process was derived in a similar manner as for that catalysed by 10-

CSA, focusing on the key factors impacting esterification (Eq. 4):
In F= -0.332888 +-0.645336A + -0.563832B + -0.110702C + -0.347448D + -0.485991A8 +
+0.0219763AC + -0.209352AD +-0.0303575BC + -0.159192B8D + -0.0119114CD + (4)
+0.289957A% + 0.224655B% + 0.288779C?% + 0.172073D?

The quadratic model (Table 4) developed for the second catalyst exhibited statistical significance (F-value = 45.71,
p <0.0001), with the catalyst dosage (F-value = 251.85, p <0.0001) and methanol-to-oil molar ratio (F-value = 192.25,
p<0.0001) emerging as the dominant factors influencing FFA reduction.

Table 4. ANOVA analysis for the response surface quadratic significant model for iron(Ill) sulphate

Source Sum of squares Degree of freedom Mean square F-value p-value
Model 25.390 14 1.810 45.71 <0.0001
A 10.00 1 10.00 251.85 <0.0001
B 7.630 1 7.630 192.25 < 0.0001
c 0.294 1 0.294 7.41 0.0093
D 2.900 1 2.900 73.00 < 0.0001
AB 1.890 1 1.890 47.61 < 0.0001
AC 0.004 1 0.004 0.097 0.7565
AD 0.351 1 0.351 8.83 0.0048
BC 0.007 1 0.007 0.186 0.6686
BD 0.203 1 0.203 5.11 0.0289
cD 0.001 1 0.001 0.029 0.8665
A? 1.090 1 1.090 27.48 < 0.0001
B? 0.655 1 0.655 16.50 0.0002
c? 1.080 1 1.080 27.26 <0.0001
D? 0.384 1 0.384 9.68 0.0033
Residual 1.710 43 0.039
Pure Error 0.007 33 0.0002

Reaction time (F-value =73.00, p <0.0001) and temperature (F-value = 7.41, p = 0.0093) also contributed significantly,
albeit to a lesser extent. Synergistic interactions were observed between the catalyst dosage and methanol ratio (AB,
p <0.0001), catalyst dosage and reaction time (AD, p=0.0048), and methanol-to-oil molar ratio and reaction time (BD,
p =0.0289), highlighting the interconnected roles of these parameters in driving esterification efficiency. The significant
quadratic terms (A2, B, C?, D?; p <0.01) confirmed nonlinear relationships, suggesting the existence of optimal operating
conditions beyond which FFA reduction plateaus. Despite a significant lack of fit (p <0.0001), the model demonstrated
strong predictive capability, as evidenced by the high adjusted, R? = 0.916, and predicted, R?> = 0.874, along with an
exceptional signal-to-noise ratio (adequate precision is 25.045). The natural log transformation of the response variable
(A =1) aligned with the Box-Cox recommendation A = 0.57), validating the model’s stability. These results underscore
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the catalyst’s sensitivity to dosage and methanol-to-oil molar ratio, with temperature and time acting as secondary
levers, and provide a reliable framework for optimising FFA conversion in industrial applications.

While temperature-related factors are generally significant, their local influence near the reference point is reduced
due to the nonlinear response surface behaviour, where the effect plateaus, and the process becomes less sensitive to
temperature variations within that narrow range.

The perturbation plot (Fig, S4, Supplementary material) for the Fe2(SOa)3-catalysed esterification process illustrates
the sensitivity of FFA content to changes in process factors at the reference point: catalyst dosage of 1.25 wt.%,
methanol-to-oil molar ratio of 8:1, reaction temperature of 60 °C, and reaction time of 30 min. Increasing the catalyst
dosage from the reference point significantly reduces the FFA percentage, highlighting its critical role in esterification
efficiency. The methanol-to-oil molar ratio also influences FFA reduction but to a slightly lesser extent. Reaction
temperature and reaction time exhibit flatter slopes, indicating minimal effects on FFA content within the studied range.
Overall, for the Fe,(S04); catalyst, the catalyst dosage stands out as the most significant factor affecting esterification,
followed by the methanol-to-oil molar ratio, as confirmed by their high F-values. While the perturbation plot shows
minimal temperature influence near the reference point, Equation (4) and the ANOVA results (F-value = 7.41,
p = 0.0093) indicate that temperature-related factors significantly affect FFA content across the broader experimental
range. This suggests that the effect of temperature becomes more pronounced at conditions further from the reference
point, likely due to nonlinear interactions captured by the quadratic term (C?).

A normal plot of residuals was utilised to confirm the distribution of residuals associated with the esterification
process facilitated by Fez(S04)s (Fig. S5, Supplementary material). This analytical step is crucial for affirming that the
residuals follow a normal distribution, a key assumption for the validity of subsequent statistical analysis [41]. The graph
demonstrated that the data points, signifying the externally studentised residuals, were in close proximity to the
theoretical line that represents a normal distribution. Such proximity lends support to the normality premise for the
statistical evaluations applied in our model. Notably, while a minor number of data points stray from this theoretical
line, the magnitude of their divergence falls within permissible ranges and does not suggest any underlying issues with
the model, like heteroscedasticity or nonlinear dynamics. These residuals are differentiated by FFA values, indicating
the non-existence of a discernible connection between the magnitude of residuals and FFA concentrations. The absence
of a discernible pattern reinforces the integrity of our statistical model, indicating that the projections made from the
Fez(S0s)s-catalyzed esterification process stand on a firm statistical foundation suitable for drawing inferences. The 3D
surface plots (Fig. 2) and contour plots (Fig. S6, Supplementary material) reveal significant interactions between key
process variables affecting FFA reduction during the esterification process.

The catalyst dosage and methanol-to-oil molar ratio exhibit the most pronounced effects, with optimal FFA
reduction achieved at higher catalyst dosages (1.5 to 2.25 wt.%) and methanol-to-oil molar ratios (10-14). Similarly,
increasing both catalyst dosage and reaction time (40 to 50 min) leads to greater FFA reduction, while the reaction
temperature (60 to 80 °C) has a moderate influence.

Based on these findings, the optimal conditions for maximising FFA reduction are identified as a catalyst dosage of
1.5 to 2.25 wt.%, methanol-to-oil molar ratio of 10-14, reaction temperature of 60 to 80 °C, and reaction time of 40 to
50 min. Operating within these ranges ensures efficient FFA conversion while minimising resource consumption.

Table S5 (Supplementary material) outlines the optimisation constraints and Table S6 (Supplementary material)
shows the optimised solutions for Fez2(SOa)s-based esterification, with a focus on the catalyst dosage, methanol-to-oil
molar ratio, reaction temperature, reaction time, and the corresponding FFA content.

The best solution uses a catalyst dosage of 3.14 wt.%, a 12:1 methanol-to-oil molar ratio, a temperature of 60 °C,
and a reaction time of 178.59 min. This setup results in an FFA content of 1.04 % with FFA conversion of 88.2 % with a
desirability score of 0.77, indicating how well the solution aligns with the desired outcomes. The similar desirability
scores across other solutions suggest that small changes in the catalyst dosage and reaction time can impact the final
FFA content, with this particular combination showing a high level of optimisation. The data suggest that the catalyst
dosage is a key factor in achieving effective esterification. Variations in this parameter can influence the balance
between efficient FFA reduction and the risk of overusing the catalyst, which can increase costs or impact sustainability.
The consistent desirability scores across multiple solutions point to the robustness of the optimisation process.
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Figure 2. 3D response surface plots of the effect of Fe;(S04)3 on the FFA reduction as a function of: (a) catalyst dosage and
methanol-to-oil molar ratio, (b) catalyst dosage and reaction temperature, (c) catalyst dosage and reaction time. The other factors
were held at zero level

3.3. Physicochemical properties of biodiesel produced from acidic crude palm oil

Table S7 (Supplementary material) outlines the specifications for biodiesel derived from ACPO with the use of
Fe2(S04)s as a catalyst, comparing the results with standards like EN 14214 and ASTM D6751. The biodiesel meets or
exceeds the key industry requirements, including the ester content, monoacylglycerol content, diacylglycerol content,
and total glycerol content under a catalyst dosage of 1.5 wt.%, a methanol-to-oil molar ratio of 12.67:1, a reaction
temperature of 59.6 °C, and a reaction time of 33.1 min.

The biodiesel exhibited a molar ester percentage of 96.3 %, slightly below the EN 14214 minimum requirement of
96.5 %, but still indicative of high conversion efficiency. The contents of monoacylglycerols (0.05 wt.%), diacylglycerols
(0.025 wt.%), and triacylglycerols (<0.01 wt.%) were significantly lower than the maximum limits set by EN 14214, indicating
efficient transesterification. Both free glycerol (<0.01 wt.%) and total glycerol (0.050 wt.%) contents met the stringent limits
of EN 14214 and ASTM D6751, reflecting high product purity. The water content (473 mg kg™) complied with both stan-
dards, ensuring good fuel stability. Metal contaminants, including potassium (1 mg kg™") and phosphorus (7.10 mg kg™,
were well within permissible limits, minimising risks of engine deposits. The biodiesel density (86 kg m™3), flash point
(182 °C), and sulphated ash (<0.005 %) satisfied the respective EN and ASTM requirements, ensuring safe storage and
combustion characteristics. Additionally, it exhibited a low total contamination (0.008 mg kg™") and achieved a Class 1 rating
in the copper strip corrosion test, confirming excellent oxidative stability and corrosion resistance. Low levels of free
glycerol and sulphated ash indicate a high level of purity in the final product. The water content, although close to the
maximum limit, remains within acceptable boundaries, suggesting effective control of moisture during production.

The flashpoint, a critical safety measure, significantly exceeds the minimum requirements, indicating safe handling
and storage. However, the cloud point of 16 °C could be a concern in colder climates, where biodiesel may solidify more
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readily than the conventional diesel. This could require additional measures or additives to ensure performance in
diverse conditions. These findings suggest that the optimised conditions for Fez(SO4)s3-based esterification yield a
product that aligns with industry standards, indicating its potential for large-scale biodiesel production. However,
further work may be needed to address the cloud point and other cold-weather properties for broader applicability.

Heterogeneous catalysis in biodiesel production was investigated in other studies reported in the literature. For
example, Loryuenyong et al. [42] optimised the production of a heterogeneous Fe2(SOa)s-calcium oxide/activated
charcoal catalyst for biodiesel synthesis. Furthermore, the use of iron-based catalysts has been explored in the
production of biodiesel from various feedstocks, such as waste cooking oils [43].

Several studies have investigated the optimal conditions for FFA reduction, providing valuable insights into the
influence of catalyst dosage and reaction time on the esterification process. Betiku et al. [44] demonstrated the
reduction of FFA content from ~28.8 to ~0.4 wt.% using a methanol/FFA molar ratio of 46:1, ferric sulphate dosage of
12 wt.%, and a reaction time of 75 min. Similarly, another study [45] has found that a 19.8:1 methanol-to-FFA molar
ratio was effective only within an FFA range of 15 to 25 wt.%, whereas 5 wt.% sulphuric acid showed better performance,
working effectively within the FFA range of 15 to 35 wt.%. Furthermore, an artificial neural network-genetic algorithm
(ANN-GA) and RSM was utilised to establish the optimum reduction of FFA to 0.58 wt.% with a methanol/NSO molar
ratio of 18.51, ferric sulphate dosage of 6 wt.%, and a reaction time of 62.8 min [46]. This emphasises the significance
of considering both catalyst dosage and reaction time in tandem to achieve the desired FFA content.

These studies collectively emphasise the critical role of catalyst dosage and reaction time in FFA reduction during
biodiesel production. By carefully optimising these parameters, it is possible to achieve significant reductions in the FFA
content, ultimately contributing to the production of high-quality biodiesel.

3. 4. Recyclability of the catalysts

Table S8 (Supplementary material) illustrates recyclability of the catalysts used in the present study. The results
suggest that homogeneous catalysts, such as 10-CSA, demonstrated higher catalytic activity during recycling runs
compared to Fe2(SO4)3. This observation suggests that homogeneous acids may be more suitable for industrial-scale
biodiesel production due to their consistent catalytic activity and potential for reuse in multiple reaction cycles [47]. The
difference in catalytic effectiveness between 10-CSA and Fez(SOa)s can be attributed to the fundamental characteristics
distinguishing homogeneous and heterogeneous catalysts. Homogeneous acid-based catalysts tend to distribute evenly
throughout the reaction mixture, resulting in a broader reactive site. This trait likely accounts for their higher initial
catalytic efficiency and better recyclability [48]. Conversely, heterogeneous acids may exhibit declining catalytic
performance over time due to fouling, leaching, or structural changes [49]. Moreover, separating and purifying the
biodiesel was challenging due to the presence of residual catalysts, unreacted methanol, and by-products, which made
achieving high purity and process efficiency difficult, especially during recyclability studies.

Data from Table S8 (Supplementary material) indicate that the reduction in FFA content and conversion to FFA with
10-CSA is more consistent over multiple recycling runs compared to those achieved with Fe»(SOa)3. FFA reduction with
10-CSA improves with each run, but the rate of FFA conversion from an initial high value tends to decrease over the
recycling runs, possibly indicating a decrease in catalytic effectiveness. Fe2(SOas)s shows a more significant decline,
suggesting its limitations in maintaining catalytic activity over repeated use [50]. These findings imply that homogeneous
catalysts, like 10-CSA, could be better suited for large-scale biodiesel production due to their ability to retain catalytic
activity over multiple uses, reducing the need for frequent catalyst replacement, thereby lowering production costs [51].

On the other hand, Fez(S0a)s performance declines as the number of recycling runs increases, suggesting that it may
not be ideal for industrial-scale production. This decrease could lead to increased expenses due to more frequent
catalyst replacements or additional measures to rejuvenate the catalyst activity [52]. Given the obtained results, future
research could focus on enhancing the recyclability of homogeneous catalysts to maintain high catalytic activity and
stable FAME conversion rates over time. This might involve modifying the catalyst chemical structure to reduce
degradation or developing methods to restore the catalyst effectiveness after repeated use. Studies might also examine
the potential benefits of combining homogeneous and heterogeneous catalysts to capitalise on the strengths of each
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type, which could lead to a more efficient and sustainable biodiesel production process [43]. In summary, the obtained
results suggest that homogeneous catalysts, particularly10-CSA, could be beneficial for improving the sustainability and
efficiency of biodiesel production. Further research into catalyst optimisation and design could bolster robustness and
scalability in this industry.

4. CONCLUSION

The ACPO esterification process using 10-CSA and Fez(SOs)s as a homogenous and heterogeneous catalyst,
respectively, was optimised by using RSM. The optimal conditions for 10-CSA were a catalyst dosage of 1.5 wt.%, a
methanol-to-oil molar ratio of 12.67:1, a reaction temperature of 59.6 °C, and a reaction time of 33.1 min. These
conditions reduced the FFA content to 0.41 wt.% and achieved a FFA conversion rate of 95.14 %. For Fe2(SQa)s, the best
conditions were a catalyst dosage of 3.14 wt.%, a methanol-to-oil molar ratio of 12:1, a reaction temperature of 60 °C,
and a reaction time of 178.6 min, resulting in an FFA reduction to 0.99 wt.% and a FFA conversion of 95.2 % for 10-CSA
and 88.2 % for iron(lll) sulphate. These findings suggest that 10-CSA is the preferred homogeneous catalyst for large-
scale biodiesel production due to several key benefits: its stable solid form, faster reaction times compared to Fe(SOa)s3,
and greater catalytic activity. Its ability to maintain performance over multiple use points to its cost-effectiveness and
sustainability for industrial-scale operations. However, potential challenges encountered during the study include the
difficulties in separating and purifying the final biodiesel product to ensure high purity and process efficiency. Therefore,
future research should focus on improving separation and purification techniques in homogenous catalysis for biodiesel
production. The present study primarily focused on optimising the biodiesel production process rather than catalyst
separation. The findings highlight the key process parameters that enhance efficiency and yield, providing valuable
insights for improving large-scale biodiesel production.
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(Nauéni rad)

Izvod Kljuéne reci: kiselo sirovo palmino ulje;
U radu je izvrieno ispitivanje proizvodnje biodizela iz kiselog sirovog palminog ulja korisce- biodizel; esterifikacija; homogeni kiseli
njem jednog homogenog katalizatora, (1R)-(-)-kamfor-10-sulfonske kiseline (10-CSA) i jed- katalizator; heterogeni kiseli katali-
nog heterogenog katalizatora, gvozde(lll) sulfata, sa aspekta njihove kataliticke aktivnosti, zator

mogucnosti recikliranja i optimizacije procesa primenom metode odgovora povrsine.
Optimalni uslovi su identifikovani koris¢enjem Bok-Behnken faktorskog dizajna. Za 10-CSA,
optimizovani uslovi su dali smanjenje slobodnih masnih kiselina (FFA) na 0,43 mas.%, sa
dozom katalizatora od 1,5 mas.% (ispitani opseg: 1,0-2,0 mas.%), molarnim odnosom
metanola i ulja od 12,60 g do 1:1:1 (umereno temperaturno podrucje), temperaturom od
59,6 °C (ispitani opseg: 50 do 65 °C), i vvemenom reakcije od 33,1 min (ispitani opseg: 30 do
40 min). Za gvozde(lll) sulfat, optimizovani uslovi su doveli do smanjenja FFA na 1,04 mas.%,
sa dozom katalizatora od 3,14 mas.% (ispitani opseg: 2,5 do 3,5 mas.%), molarnim odnosom
metanola i ulja od 12:1 (ispitani opseg temperature od 1:10°C), temperaturom reakcije od
60 °C (ispitani opseg: 55 do 70 °C), i vreme reakcije od 178,6 min (ispitani opseg: 150 do
180 min). Rezultati ANOVA analize su potvrdili znacaj kljucnih faktora za oba katalizatora
(p <0,05), sa vrednostima R? od 0,937 za 10-CSA i 0,916 za gvozde(lll) sulfat, 3to ukazuje na
dobro uklapanje modela. Srednja relativna procentna devijacija bila je <5 % za oba modela,
Sto pokazuje visoku tacnost predvidanja. Utvrdeno je da je nedostatak uklapanja beznacajan
(p >0,05), sto potvrduje adekvatnost modela. Oba katalizatora su postigla visoku konverziju
FFA od 95,2 % za 10-CSA i 88,2 % za gvozde(lll) sulfat, $to ispunjava standarde EN 14214 i
ASTM D6751. Znacajno je da je 10-CSA pokazao bolju kataliticku aktivnost i mogucnost
recikliranja, ¢ime se isti¢e njegov potencijal za proizvodnju biodizela u industrijskim razme-
rama. Ova studija nudi prakti¢an uvid u optimizaciju procesa esterifikacije za proizvodnju
biodizela iz kiselog sirovog palminog ulja.
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Abstract
In this work, the antioxidant properties of three types of flour (wheat, buckwheat and millet ORIGINAL SCIENTIFIC PAPER
flour) and rheological properties of three types of dough were investigated: wheat flour dough,
dough obtained from a mixture of 50 wt.% wheat flour and 50 wt.% buckwheat flour and dough
obtained from a mixture of 50 wt.% wheat flour and 50 wt.% millet flour. Polyphenol content
and antioxidant tests have shown that buckwheat flour is superior to wheat and millet flour.
The antioxidant activity expressed by the 2,2-diphenyl-1-picrylhydrazyl radical scavenging Hem. Ind. 79(2) 93-101 (2025)
activity did not correlate with the content of polyphenols, which is a consequence of the
presence of tannins and phytic acid in millet flour. Determination of rheological properties was
performed by a universal dough characterizer. The substitution of wheat flour with buckwheat
and millet flour leads to a weakening of the protein structure. Furthermore, the addition of
buckwheat or millet flour reduces the rate of gelatinization and viscosity and has a positive
effect on the reduction of retrogradation. The combination of these two types of flour with
wheat flour can reduce the aging of bakery products.

UDC: 664.653.1:664.641.2:
664.641.12

Keywords: Mixolab; dough rheology; antioxidants; composite flour.
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1. INTRODUCTION

Bread and bakery products are the most represented group of products in our diet. The main raw material in these
products is wheat flour, which is considered a nutritionally poor raw material in terms of essential amino acids, dietary
fiber, polyphenols and minerals [1]. The amino acid profile of wheat flour protein is poor in essential amino acids such
as lysine, threonine and methionine [2]. To overcome this deficiency in wheat bakery products, wheat is partially or
completely replaced with other cereals or pseudocereals to create enriched functional products. The food industry is
faced with a technological challenge, on one hand, how to enrich bakery products with missing nutritional ingredients
and, on the other, not to damage the consistency of the dough, which is characteristic of wheat flour [3]. During dough
kneading, wheat flour proteins (gliadin and glutenin) form the gluten matrix. Gliadin is responsible for the viscosity, and
glutenin for elasticity and firmness of the dough [4]. Gluten helps in expansion and improves the ability to retain gases
in the dough [5]. Enriching wheat flour with whole buckwheat or millet flour can yield bakery products with added value
in the functional food category.

Buckwheat is classified as a nutritionally valuable raw material, primarily due to proteins rich in essential amino
acids, vitamins, minerals and dietary fiber. The advantage of buckwheat is the lack of gluten in its composition. Hulled
grain contains 55 % starch, 12 % protein, 7 % total dietary fiber, 4 % lipid, 2 % soluble carbohydrates, including sucrose
and fagopyritols, 2 % ash and 18 % other components, such as vitamins, organic acids, polyphenolic compounds, tannins,
nucleotides and nucleic acids. Depending on the type of buckwheat, the content of individual components may also
vary [6]. Buckwheat contains large amounts of resistant starch (27 to 33.5 %), which can help control blood glucose and
lipid levels, regulate intestinal microbiota and reduce obesity [7].

Buckwheat proteins have a high biological value due to a well-balanced composition of amino acids. In addition to
the high content of lysine (6.1 %), buckwheat grain proteins also have a high content of arginine (9.1 %) and aspartic
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acid (11.3 %), compared to other grains. Buckwheat proteins were reported to lower cholesterol levels, have an
antihypertensive effect and affect digestion [8,9].

Many studies have suggested a protective role of polyphenolic compounds in buckwheat, which help in prevention
of coronary and cancer diseases. Buckwheat is a source of flavonoids, like rutin, quercetin, and kaempferol, which
exhibit antioxidant and anti-inflammatory properties [10].

Millet is a grain that naturally does not contain gluten, which makes it an excellent food in the diet of people suffering
from various forms of gluten and wheat intolerance. Millet has a high nutritional value, with a large amount of starch
of about 60 to 70 %, protein up to 11 %, dietary fiber in the range 2 to 7 % [11,12], minerals: calcium, iron, potassium,
magnesium, phosphorus, and zinc, and vitamins such as niacin, B-complex, and vitamin B6. It contains significant
amounts of amino acids with sulfur (methionine and cysteine), but also other essential amino acids such as lysine and
threonine. In addition, millet is rich in phenolic acids, melanoids, flavonoids and tannins, the content of which is several
times higher than in other basic cereals [13].

Introducing millet into the diet, according to literature, can influence cholesterol metabolism, regulate blood
pressure, liver function and slow down aging [14,15]. Millet flour is a promising source of micronutrients and proteins,
but information on polyphenol compositions in flour is often limited. Nutrients and polyphenol compositions in cereals
flours do not depend only on genotype but also on environmental factors. Introduction of buckwheat and millet flour
into bakery and confectionery products improves functional properties of these products, while increasing the contents
of proteins, dietary fibers, minerals, vitamins and antioxidants. It is undeniable that buckwheat and millet have great
nutritional potential, so it is necessary to determine the influence of their addition on rheological properties of the
resulting dough and antioxidant properties of the flour mixture.

2. MATERIALS AND METHODS

2. 1. Materials

Wheat flour, wholegrain buckwheat flour and millet flour were purchased in the local market (in Serbia). Chemical
compositions of the three flour types (Table 1) were assessed regarding the contents of proteins, total fat, moisture and
ash by using standard methods AOAC [16]. Then the carbohydrate content was determined as a balance to 100 %.

Table 1. Chemical compositions of wheat, wholegrain buckwheat and millet flour
Flour samples

Wheat flour Wholegrain buckwheat flour Millet flour

Content, wt.%
Moisture 12.1640.212 13.13+0.058b 12.63+0.15¢
Proteins 11.03+0.122 10.33+0.15P 8.81+0.10¢°
Total fats 1.33+0.0582 2.1740.153b 1.83+0.12°¢
Carbohydrates 75.10+0.202 72.40+0.20b 75.67+0.29¢
Ash 0.38+0.06? 1.9740.21° 1.06+0.30¢

Values represent the means (n = 3) + standard deviation. Values marked by different lower-case letters in the same row are significantly different
from each other (p < 0.05)

Preparation of composite flours: WH - control sample (wheat flour), two types of mixture: BWH - wheat flour with
wholegrain buckwheat flour (mass ratio 50 : 50) and MWH - wheat flour with millet flour (mass ratio 50 : 50)

2. 2. Determination of the total phenolic content and antioxidant activity

In this work, ethanol was used for extraction of antioxidant and phenolic compounds from flour. Extraction was
performed by dissolving 1 g of flour in 20 cm? of 80 vol.% ethanol. The mixture was then shaken for 30 min at 25 °C and
then centrifuged for 10 min at 10,000 rpm. The supernatant was used in further analysis.
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2. 2. 1. Determination of the total phenolic content

The content of total phenolics in the flour was determined by the modified Folin/Ciocalteu (FC) method [17],
0.10 cm?® of sample, 0.90 cm? of ethanol, 0.25 cm? of the FC reagent (Sigma-Aldrich, USA) and 0.75 cm? of sodium
carbonate solution (7.5 %, m/v) were mixed. After 2 h, the absorbance was measured by using the UV/visible
spectrophotometer (Ultraspec 3300 pro, Amersham Bioscience, Sweden) at 765 nm. The total phenolic content was
assessed by plotting the gallic acid calibration curve and expressed as mg of GAE per g of dried sample.

2. 2. 2. Determination of 1,1-diphenyl-2-picrylhydrazyl radical scavenging activity

Antioxidant activity of samples was measured based on scavenging activities of the stable 1,1-diphenyl-2-picryl-
hydrazyl (DPPH) radical [18]. The samples (0.2 cm?) were mixed with 2 cm? of 0.15 mM DPPH solution (Merck, USA) in
ethanol. After 30 min of incubation in the dark at room temperature, the absorbance was measured against a blank at
517 nm by using the UV/visible spectrophotometer (Ultraspec 3300 pro, Amersham Bioscience, Sweden). Inhibition of
DPPH radical was calculated as a DPPH capacity, % by using the Equation (1):

A-A
DPPH capacity = —2—=100 (1)
Ab

where Ap and As are the absorbance of the blank and of the sample, respectively.

2. 2. 3. Determination of 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid radical scavenging activity

The 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid (ABTS) radical scavenging activity of samples was measured
by using a decolorization assay. The ABTS free radical solution (Sigma-Aldrich, USA) was prepared by reaction of a 7 mM
aqueous ABTS solution and a 140 mM (2.45 mM final concentration) potassium-persulfate solution. After 16 h, the
radical cation solution was diluted with 5 mM phosphate-buffered saline (PBS, pH 7.4) until the initial absorbance value
of 0.7 £ 0.05 at 734 nm was reached. The solution with free radicals (1.98 mL) was mixed with 20 uL of each sample,
absorbance was measured at 734 nm using a UV Visible spectrophotometer (Ultrospec 3300 pro, Amerischam
Bioscienc), after 5 min. ABTS radical scavenging activity, % was calculated by using Equation (2) [19]:

-A
ABTS radical scavening activity :%100 (2)
b

2. 3. Rheological characteristic of dough

The mixing and pasting behaviour of the composite flours were determined in a Mixolab 2 universal dough charac-
terizer (Chopin Technologies, France) according to the ICC Standard Method 173 using the “Chopin+” protocol [20]. The
procedure was divided into the following three stages:

e Constant temperature stage: temperature was maintained at 30 °C for 8 min;
e Heating stage: temperature was increased to 90 °C at the rate of 4 °C min™! and maintained at 90 °C for 7 min;
e Cooling stage: temperature was reduced to 50 °C at the rate of 4 °C min't and maintained at 50 °C for 5 min.

The measurement stage required 45 min to complete. The evaluated parameters from the obtained curves were:
water absorption (WA); dough development time (DDT); stability (mixing resistance of dough); C1 (maximum torque
during mixing); Cs (torque at the end of the holding time at 30 °C); C2 (weakening of the protein, based on mechanical
stress at increasing temperature); C3 (rate of starch gelatinization); C4 (minimum torque during the heating period); C5
(torque after cooling at 50 °C); C5-C4 (starch retrogradation at cooling stage, representing the shelf-life of the end
products).

2. 4. Statistical analysis

All experiments were performed in triplicate. Mean values were analysed using one-way ANOVA. The Tukey post
hoc test was performed for means comparison (OriginPro 8, www.originlab.com). Differences were considered as

significant at p < 0.05.
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3. RESULTS AND DISCUSSION

3. 1. Polyphenols and antioxidant capacity

Content of polyphenols and antioxidant activities expressed as DPPH and ABTS radical scavenging activities are
shown in Table 2. Both methods measure free radical scavenging activity (radical-scavenging activity - RSA) (i.e. DPPH
and ABTS). DPPH is one of free radicals which are relatively stable at room temperature and is commonly used for
determination of the antioxidant capacity of different molecules. The scavenging capacity against DPPH radical is
strongly influenced by the solvent and reaction pH. The sample is usually dissolved in methanol or ethanol so that only
methanol /ethanol soluble antioxidants are detected (hydrophilic polar protic molecules). The ABTS radical is soluble in
water and organic solvents, enabling determination of the antioxidant capacity of both hydrophilic and lipophilic
compounds. The content of polyphenols is the highest in buckwheat flour, and the lowest in the millet flour. Buckwheat
flour has 5.4 times more polyphenols than wheat flour, while the millet flour has a slightly lower content that is 22 %
less polyphenols than the wheat flour.

Table 2. Antioxidant activity indicators of flour samples

Flour Content of polyphenols, mg g1 Content of DPPH, % Content of ABTS, %
Millet flour 0.46+0.012 19.17+0.782 1.00+0.212
Wholegrain buckwheat flour 3.20+0.27° 90.76+3.14b 78.90+8.52b
Wheat flour 0.60+0.093¢ 14.02+0.82¢ 16.73+£1.82¢

Values represent the means (n = 3) + standard deviation. Values followed by different lower-case letters in the same column are significantly from
each other (p < 0.05)

Data reported in the literature [18] also indicate that the content of polyphenols in millet flour can be twice as low as
in wheat flour. It has been also reported that polyphenolic compounds, particularly phenolic acids, negatively impact the
formation of gluten networks and lead to the immediate disruption of dough structure [22,23]. The composition of poly-
phenols in various types of cereals is different, and therefore different antioxidant capacities should be expected [24,25].
There is a lack of correlation between the polyphenol content and antioxidant activity expressed as DPPH radical scaveng-
ing activity (Table 2). This can be explained by the presence of compounds such as tannins and phytic acid that act as
antioxidants and are present in millet in greater quantity compared to wheat [25]. Antioxidant activities detected by ABTS
radicals follow the content of polyphenols in the samples, and more significant differences are observed. They range from
1.0 % for millet flour to 78.9 % for wheat flour.

3. 2. Dough properties

Mixolab device offers the advantage of assessing various flour characteristics of cereals in a single test, determining
the quality of proteins, starch, and associated enzymes. The influence of the addition of 50% whole buckwheat flour
and 50% millet flour on the thermomechanical properties of wheat flour is shown in Figure 1, while the values of the
main parameters derived from the Mixolab curve are summarized in Table 3.

The first part of the curve reveals the protein properties of the tested flour samples. Characteristic parameters for
this stage of dough formation at a constant temperature of 30°C under mixing are: water absorption, dough
development time, stability and mechanical weakening.

The Mixolab water absorption value signifies the quantity of water required to achieve a dough consistency of
1.1£0.05 N m and the dough development time refers to the moment of reaching the maximum torque of 1.1 N m and
determines the strength of the flour. Addition of 50 % whole buckwheat flour to wheat flour led to an increase in water
absorption by 9.4 %, which is due to naturally occurring hydrocolloids and buckwheat fibers [26] needing more time to
absorb water. This resulted in an increase in the dough development time (by 30 %) and a decrease in the dough stability
by 31.4 %. Addition of millet to wheat flour (MWH) led to a decrease in water absorption due to dilution of gluten, which
is in agreement with professional literature [27,28]. The time needed to obtain 1.1 N m was higher when using BWF and
MWH, even though WH contained more proteins. The dough made from wheat flour had the greatest stability, because
it is also the strongest.
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Figure 1. Typical mixolab curves of tested flours (WH, BWH and MWH)

Table 3. Mixolab characteristics of tested flours
Flour WA, wt.% DDT, min Stability, min Cs,Nm C2,Nm C3,Nm C4,Nm C5,Nm
WH 53.21+0.232  2.3240.55? 9.33+0.09a 1.09+0.012  0.53+0.01@ 2.174#0.032  2.34+0.032  4.35+0.082
BWH 57.22+0.11*  3.00%0.382 6.41+0.21b 0.93+0.02*  0.33+0.01® 1.60+0.01° 1.46+0.02>  2.48+0.05
MWH 45.00£0.12¢  3.91+0.24 8.41+0.18c 0.97+0.01¢®°  0.44+0.02¢  2.02+0.01¢  0.98+0.02¢  1.69+0.03¢

Values represent the means (n = 3) + standard deviation. Values followed by different lower-case letters in the same column are significantly from
each other (p < 0.05)

When the dough temperature is increased from 30°C at a rate of 4°C min™* and mixing continues at a constant speed,
the strength of the dough decreases as a result of protein attenuation. An increase in the temperature of the dough
implies protein denaturation, which includes the release of water. A decrease in resistance occurs to the lowest point -
C2 [29]. C2 point gauges the reduction in protein strength resulting from mechanical work and rising temperature. The
lower the C2 value, the weaker the gluten quality, which weakens the ability to retain gas and rise the dough. The higher
the C2 value, the better the gluten quality, but if the C2 value is too high, this means that the gluten is too strong and
can therefore limit the rise of the dough. High-quality wheat flour exhibits a torque C2 value exceeding 0.4 N m. A range
of 0.5 to 0.6 N m suggests superior protein quality, enhanced gluten resistance to heating, and a more robust gluten
network.

The value of C2 depends on the characteristics and amount of protein and for the wheat flour it is 0.53 N m, while
for the composite flour BWH and MWH it is 0.33 and 0.44 N m, respectively. The reduction of C2 in composite flours is
the result of dilution of the gluten content, i.e. the addition of incompatible buckwheat and millet proteins, which leads
to an increase in the rate of protein weakening due to heat [30,27]. Proteins of lower quality than gluten are less stable
and exhibit lower C2. As heating continued, the second part of the curve follows the changes in the dough structure
caused by the rise in temperature and mechanical forces of mixing. It depends on characteristics of the starch and
enzymatic activity in the flour. The torque starts to increase as a consequence of the starch gelatinization process. In
this process, consistency increases due to structural changes: loss of the crystal structure, breaking of glucosidic bonds
and establishment of new molecular interactions. Starch grains in contact with water released by protein denaturation
slowly swell and the crystal structure is lost. Swelling of starch originating from cereals is primarily a consequence of the
presence of amylopectin, because the amylopectin shell breaks, and the contents are released into the surrounding.
Amylose acts as a swelling inhibitor [31]. The poured grains slowly stick together forming a high viscosity mater. During
heating, disruption of the crystalline regions, primarily composed of amylopectin, allows water absorption and granule
expansion and amylose molecules leach out, resulting in an increase in the viscosity with a concomitant increase in the
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maximum peak torque C3 produced during this heating stage. The value of the maximum torque C3 can be influenced
by the content and type of starch, amylolytic activity, damage to starch grains, wheat variety, agroecological conditions
during cultivation, etc. [32]. Increasing the amount of additives (i.e. buckwheat and millet flour) in wheat flour yield
lower values of the maximum torque C3, i.e. lower viscosity due to different nature of starch in gluten-free flours. The
reduction compared to wheat flour is 26.3 % for BWH by and 6.9 % for MWH. The results obtained are consistent with
data reported in the literature [33], according to which replacing wheat flour with millet flour leads to a decrease in
viscosity. The maximum viscosity (C3) is positively correlated with the viscosity index of the Mixolab profiler, shown in
Table 4 (wheat flour 8, mixture with whole buckwheat flour 4, and with millet flour 7). The Mixolab profiler converts
the mixolab curve into 6 indexes rated 0-9. It profiles flour on the basic 6 fundamental criteria: absorption (reflects flour
quality), mixing (assesses dough stability during kneading at 30°C), gluten (measures gluten behaviour under heat),
viscosity, amylase (amylase activity) and retrogradation.

Table 4. Mixolab profiler index for tested flours

Mixolab index rate
Flour Absorption Mixing Gluten+ Viscosity Amylase Retrogradation
WH 1 5 5 8 9 8
BWH 3 2 2 4 6 7
MWH 0 3 5 7 1 4

When the dough is kept at 90°C for 7 min, the torque of the dough decreases until the point C4 is reached, i.e. the
resistance of the dough in the starch gel phase. The C4 torque reflects the stability of the hot starch paste which
decreases slightly for the composite flours. The drop in hot consistency of starch (C3-C4) is greater if amylase activity is
higher. Compared to wheat flour, amylase activity is higher in both MWH and BWH. Ninomiya et al. found that
buckwheat albumin maintained high a-amylase inhibitory activity even after heating at 100 °C for 120 min [34].

During cooling to 50 °C, retrogradation of starch occurs and the consistency of the dough increases. The amylose
molecules, which in the phase of swelling and destruction of the starch granule passed into the water phase, are
oriented parallel to each other and connected by hydrogen bonds. The re-establishment of the crystalline structure
leads to association of starch molecules, resulting in the formation of strong gels, increased viscosity (C5), and a loss of
water retention capacity. Upon cooling, amylose reorganizes and forms a stable gel structure. Amylose, due to its linear
structure, exhibits a greater tendency for retrogradation compared to amylopectin, which is more branched. This results
in faster and more pronounced retrogradation in products that are rich in amylose. This process occurs spontaneously,
as it results in a decrease in the free energy of the system, thereby maintaining thermodynamic stability. Wheat flour
had the highest values of the degree of retrogradation (2.01 N m) expressed as the difference between C5 and C4 torque
values than in the investigated composite flour types. For the mixture with buckwheat flour, the degree of
retrogradation is 1.02 N m, and for the mixture with millet flour it is 0.71 N m. Thus, starch retrogradation is minimal in
the samples with millet flour (MWH), which we consider to be a result of the highest amylose content. According to the
literature [35], the amylose content in millet flour is approximately 33 wt.%, compared to 30 wt.% in wheat flour and
around 25 wt.% in buckwheat flour. In a previous study [36], it was also observed that retrogradation is lower in millet
flour, and it is suggested that the reduction in C5 as compared to wheat flour, is a consequence of a lower number of
dextrins that can form following starch hydrolysis. Additionally, Bharati et al. [27] have noted the positive effect of
incorporating millet flour on retrogradation.

. The retrogradation index of the Mixolab profiler shown in Table 3 is inversely proportional to the shelf life of the
product, namely the higher the index, the faster the bakery product ages (WH flour 8, BWH flour 7, and MWH 4). So,
reduction in retrogradation is significant due to the freshness of bakery products, so if we want the best freshness of
those products, it is desired to add millet flour. The reason for reduction in retrogradation should be found in the
difference in the structure and amount of amylose and amylopectin fraction in non-gluten flour starch compared to
wheat starch.
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4. CONCLUSION

Addition of whole buckwheat flour and millet flour to wheat flour led to an increase in lipids and mineral substances,
and a weakening of the gluten structure of the dough. Prolonging the dough development time while simultaneously
reducing dough stability is characteristic of the addition of buckwheat and millet to wheat dough. Also, both types of
flour led to a decrease in the maximum torque of the hot starch suspension. Reduction in retrogradation is affected by
buckwheat flour, but significantly more by millet flour. thus, if a bakery product with extended freshness is needed,
wheat flour should be enriched with millet flour.

The polyphenol content, as well as the antioxidant activity expressed through DPPH and ABTS radicals, was highest
in buckwheat flour. Thus, the polyphenol content was as much as 6.9 times higher than in millet flour and 5.4 times
higher than in wheat flour. In terms of improving functionality of bakery and confectionery products made from wheat
flour, a more significant contribution would be achieved by the addition of buckwheat flour compared to millet flour.
Still, the contribution effects of both types of flour to wheat flour are evident. Further research can be directed to a
blend of wheat, buckwheat and millet flour in proportions where the wheat flour content is lower than 50 wt.%.
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Uticaj dodatka heljde i prosa na antioksidativni potencijal i reoloske

karakteristike testa od pSeni¢nog brasna
Marica B. Rakin! Tanja Z. Kruni¢?, Danica B. Zari¢? i Maja Lj. Bulatovi¢*

1Univerzitet u Beogradu, Tehnolosko-metalurski fakultet, Beograd, Serbia
2Inovacioni centar Tehnolosko-metalurskog fakulteta, Beograd, Serbia

(Naucni rad)

Izvod

U ovom radu su ispitivana antioksidativna svojstva tri vrste brasna (pseni¢nog, heljdinog | brasna od prosa)
i reoloska svojstva tri vrste testa: testa od pSeni¢nog brasna, testa od smese 50 mas.% pSeni¢nog brasna/
50 mas.% heljdinog brasna i 50 mas.% pseni¢nog brasna/ 50 mas.% brasna od prosa. Sadrzaj polifenola i
antioksidativna ispitivanja su pokazala da je brasno od heljde znacajno superiornije u odnosu i na brasno
od psenice i na brasno od prosa. Antioksidativna aktivnost izrazena preko DPPH radikala nije bila u korelaciji
sa sadrzajem polifenola, Sto je posledica prisustva tanina i fitiske kiseline u brasnu od prosa. Reoloska
svojstva su ispitana pomocu univerzalnog uredjaja za karakterizaciju testa. Supstitucija dela p3enic¢nog
brasna brasnom od heljde i prosa dovodi do slabljenja strukture proteina. Osim toga, dodavanje heljdinog
ili brasna od prosa smanjuje brzinu Zelatinizacije i viskoznost, a pozitivno uti¢e na smanjenje retrogradacije.
Kombinacija ove dve vrste brasna sa pseni¢nim braSnom moZe dovesti do smanjivanja brzine starenja
pekarskih proizvoda.

Klju¢ne reci: Mixolab; reologija testa;
antioksidansi; kompozitna brasna
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Abstract

Heteropoly acids and their compounds are a fascinating class of multifunctional materials ORIGINAL SCIENTIFIC PAPER
for use in various fields: medicine, magnetism, catalysis and nonlinear optics, as well as for
electrochemistry and battery materials. This study used tungsten-phosphate heteropoly acid
to synthesize and characterize its Co doped salt (Co-PWA) and tungsten-phosphate bronze
(Co-PWB). Thermal analysis was used to determine Co-PWA salt phase transition into Hem. Ind. 79(2) 103-114 (2025)
Co-PWB bronze occurring at 588 °C. Both samples were further characterized using Fourier
transform infrared spectroscopy, X-ray powder diffraction and scanning electron microscopy
containing energy dispersive X-ray spectroscopy, and by use of electrochemical examina-
tions. Cyclic voltammetry (as a rapid analytical method) showed that both materials yielded
low capacities in an aqueous solution of LiNOs;. However, a “slow” analytical method,
chronopotentiometry, in which more places of a crystal lattice are occupied with ions (as
compared to cyclic voltammetry), yielded solid and stable discharge capacity, making Co-
PWB attractive as a potential electrode material for aqueous Li-ion batteries. The results
obtained fill the gap in the scientific literature dealing with similar materials.

UDC: 661.878°027.118:544.6.076.2

Keywords: Cyclic voltammetry; chronopotentiometry; lithium intercalation/deintercalation
reaction; Li-ion batteries

Available on-line at the Journal web address: http://www.ache.orqg.rs/H|

1. INTRODUCTION

Heteropoly acids (HPAs) are strong acids composed of heteropoly anions and protons as their counter cations,
constituting a special case of heteropoly compounds particularly important for diverse applications [1-4]. Tungsten
phosphoric acid (PWA), a special Keggin’s type compound, has the general formula H3PW12040xnH>0 (PWAxnH20; n = 29,
21, 14, and 6) [5-9]. Tungsten phosphoric salts of heteropoly acids are obtained when one, two, or three acid hydrogen-
ions are exchanged with a corresponding number of alkaline, alkaline-earth or other metal ions (cations) [10]. Among other
important characteristics of heteropoly acids are that they exhibit very strong Brgnsted acidity, act as proton conductors
as well as undergo fast, reversible, multi-electron transfers leading to the formation of highly conductive, mixed-valence
(e.g. tungsten(VI,V) or molybdenum(V1,V), ‘heteropoly blue’) compounds [9,11]. Heteropoly acids have been applied as
electrolytes in electrochemical super capacitors [12]. Phosphate tungsten bronzes (PWBs) have been obtained through
PWA thermal treatment [13-15]. These materials exhibit a variety of physical properties, including superconductivity in
certain systems [16-17], could be used as electrode materials for Li-ion batteries [18], as well as exhibit interesting
electronic and magnetic properties through their incorporation of metal ions into their structure [19]. Due to their
3-dimensional framework, they possess tunnels (i.e. channels) in their structure allowing ions such as Li*, Na*, K* to
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transport and intercalate within this structure [20,21]. Aside from the structural advantages of PWA and PWB (whose
channels allow the intercalation of Li-ions into the structure), high oxidation state of tungsten (W®) in these compounds
prompts their investigation as electrode materials [21,22]. PWA and PWB doped with alkali, earth alkali transition metals,
as well as with rare elements have been subject of synthesis and investigation [13,15,16,21-26].

This study deals with novel synthesis and incorporation of Co ions into a heteropoly acid to form Co-PWA salt and
its further thermal transformation into Co-PWB bronze. Characterization of these compounds is performed by thermal
analysis (i.e. thermogravimetric and differential thermal analyses, TGA/DTA), Fourier transform infrared spectroscopy
(FTIR), X-ray powder diffraction (XRPD) and scanning electron microscopy using an energy dispersive X-ray spectroscopy
(SEM-EDS). Besides the synthesis and characterization of the Co-PWA salt and Co-PWB bronze, which are the main goals
of the paper, our second goal was to examine whether these materials might be used as electrode materials for Li-ion
batteries. The results obtained could eventually fill the gap in the scientific literature dealing with similar materials.

2. EXPERIMENTAL

2. 1. Synthesis of the studied phases

To carry out the synthesis of heteropoly acid H3PW12040x29H,0, the following procedure was applied: 100 g of
Na;W04x2H20 (Carl ROTH, Germany) was dissolved in 100 cm? of distilled water. Next, 10 cm?® of 85 % (p = 1.70 g cm™)
H3PO4 (Merck, Germany) and 80 ml of 37 % (o = 1.19 g cm3) HCI (Merck, Germany) were added. A heteropoly cation is then
formed as a white precipitate. Following the solution filtration, the precipitate was transferred to a beaker and dissolved
in 100 ml of distilled water, then to a separatory funnel and 70 ml of ether (Carlo Erba, France) and 40 ml of 37 %
(0 =1.19 g cm3) HCl were added. The bottom phase presenting the heteropoly acid solution was separated from the other
two phases and put into a Petri dish to crystallize (Fig. 1a). Colorless, transparent crystals of Ha3PW12040x29H,0 (29-PWA;
Fig. 1b) were then obtained. These were heated in a kiln at 80 °C to be desiccated for 10 min [13]. After the dehydration of
H3PW12040x29H:0 (29-PWA), a compound H3PW1,040x6H20 (6-PWA) was obtained (Fig 1c).

Figure 1. Presentation of the complete synthesis process: a) heteropoly acid solution; b) beginning of the crystallization;
c) formed 6-PWA; d) added CoCl; salt to the 6-PWA ( left- beginning of the crystallization, and right-after crystallization)
and e) Co-PWA salt (left) and corresponding Co-PWB bronze (right)

lon exchange in equimolar amounts of CoCl2x6H20 resulted in the synthesis of the salts: an aqueous solution of
Co-PWA was obtained by dissolving 9.9 g of 6-PWA in distilled water and adding 0.9104 g CoCl2x6H20 in 10 mL of distilled
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water. The resulting solution was left overnight at room temperature (~25 °C) to carry out the crystallization process
(Fig. 1d; purple-pink). The synthesized Co-PWA is then heated in a furnace at a program starting from room temperature
rising to 650 °C (at 10 °C min‘!), after which Co-PWB is formed (Fig. 1e right; brown).

2. 2. Thermal examinations

Thermal examinations of Co-PWA were performed using STD 2960 Simultaneous DSC-TGA (TA instruments, USA) using
a higher scanning rate (10 °C min™), rising from room temperature to 900 °C in a nitrogen stream.

2. 3. Fourier-transform infrared spectroscopy

The Co-PWA and Co-PWB samples were characterized by the Fourier-transform infrared spectroscopy (FTIR) method
by the instrument PerkinElmer (Thermo Fisher, USA) using the KBr pellet technique with 32 scans and 4 cm™* resolution,
at a range of 4000 to 400 cm™.

2. 4. X-ray powder diffraction

The X-ray powder diffraction (XRPD) patterns of the Co-PWA and Co-PWB phases were obtained using a Rigaku
Ultima IV automated diffractometer (Rigaku Corporation, Tokyo, Japan) with a Cu tube operating at 40 kV and 40 mA.
The instrument utilizes a curved graphite monochromatic diffraction beam and Xe-filled proportional counter. The
diffraction data were collected in the 28 Bragg angle ranges from 3 to 90°, counting for 2° min'! at every 0.05° steps.
The divergence and receiving slits were fixed at 0.5° and 0.15 mm, respectively. The XRPD measurements were
performed ex situ at room temperature (23 °C) in a stationary sample-holder. The diffractometer alignment was checked
by means of a standard Si powder material (Rigaku Corporation, Tokyo, Japan). The Rietveld refinement method and
the Fullprof program [27] were further carried out to calculate the unit cell parameters of Co-PWB bronze, according to
the procedure described elsewhere [28-30].

2. 5. Scanning electron microscopy - energy dispersive X-ray spectroscopy study

The Co-PWA and Co-PWB samples were first gold-coated, whose morphology, microstructure and chemical
composition were studied by scanning electron microscopy (SEM) equipped with an energy dispersive X-ray
spectrometer (EDS) using a JEOL 840A instrument (JEOL Ltd., Tokyo, Japan).

2. 6. Electrochemical measurements

Suspensions of the Co-PWA and Co-PWB samples as the active material (85 %), carbon black (10 %; Cabot, Boston,
USA) as a conductivity levelling additive, and polyvinylidene fluoride (PVDF; Sigma Aldrich, USA) as the binder (5 %) in
the N-methyl-2-pyrrolidone solvent (Carl ROTH, Germany), were used to obtain working electrodes for electrochemical
experiments. After being homogenized in an ultrasonic bath, the 10 pl of suspension was pasted on a glassy carbon (GC)
electrode, as an electrically conducting support. To evaporate the solvent, the paste was dried for 4 h at 120 °Cin a
vacuum oven. At room temperature (23 °C), cyclic voltammetry (CV) tests were conducted in a three-electrode cell
utilising a Gamry PCl4/300 Potentiostat/Galvanostat (Gamry instruments, Philadelphia, USA). A three-electrode system
was used, made of a: (i) working glassy-carbon electrode (GC), (ii) counter electrode (broad-platinum foil) and (iii)
saturated-calomel electrode (SCE) (reference electrode). A saturated aqueous solution of LiNOs3 (6 M, Carl ROTH,
Germany) was used as an electrolyte. The active masses pasted on the glassy-carbon electrodes (working electrodes) of
Co-PWA and Co-PWB applied were 1.02 and 0.935 mg, respectively. The masses of cathode materials were determined
by multiplying the mass of dried suspensions on electrodes by 0.85.

Chronopotentiometry was carried out by use of three current densities: 1000, 2000 and 3000 mA g, in the same
three electrode system in the voltage range of -0.9 to 0.7 V vs. SCE. The pasted mass on the glassy carbon electrode of
the electrode material Co-PWB was 0.00085 g determined as described above. The electrode was manually prepared in
the same manner as previously described for cyclic voltammetry.
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3. RESULTS AND DISCUSSION

3.1. Thermal characterization

Figure 2 presents the results obtained from the thermogravimetric analysis (TGA), as well as the differential thermal
analysis (DTA), i.e. the TG and DT curves of COHPW12040xnH20 (Co-PWA) from room temperature (25 °C) to 900 °C. The
DT curve of Co-PWA shows three endothermic peaks at approximately 85, 125 and 185 °C, with an exothermic peak at
588 °C (see Fig. 2). The three endothermic peaks found in the DT curve of Co-PWA at low temperatures may be
attributable to the physisorbed (up to ~100 °C) and crystal (up to ~450 °C) water liberation [31]. The H20 content within
the Co-PWA salt was estimated from the total TG weight loss of ~8.39 wt.% between room temperature and ~450 °C.
Such weight loss corresponds to the calculated water content of ca. 15 moles of H20 in the salt structure, which agrees
with the CoHPW12040x15H20 composition. Further, the solid-solid structural phase transformation from the anhydrous
heteropoly Co-PWA salt to the Co-doped phosphate tungsten bronze was determined through the exothermic reaction,
which occurred at 588 °C.
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Figure 2. TGA (full line) and DTA (dashed line) curves of COHPW1,040xnH,0

3. 2. Structural characterization

3. 2. 1. Comparison of cobalt tungsten doped salt and cobalt tungsten-phosphate bronze

FTIR spectra of the Co-PWA salt and Co-PWB bronze are presented in Figure 3. Table 1 presents assigning of FTIR
bands for Co-PWA salt and Co-PWB bronze.

Table 1. The characteristic FTIR bands of Co-PWA and Co-PWB

Co-PWA Reference Co-PWB Reference
Wavenumber, cm! Assignation Wavenumber, cm Assignation

3457 vs vs (H,0) [32] 1118 m v3 (POy) [21]
1732 sh v4 (H30%) [32,33] 904 sh v (W-0-W) [32,34]
1616 m v> (H20) [32] 766 vs v (W-0-W) [34]
1075 s v3 (POy) [13,32,34] ~400 v4 (POy) [32]
976 s vi (POy) [13]

893 m v (W-0-W) [32,34]

797 s v (W-0-W) [34]

594 w v4 (POy) [13]

Marks: vs-very strong, s-strong, m-medium, w-weak, sh-shoulder, v characteristic vibrations of WOs octahedron, vi-symmetric stretching,
v2 bending, vs-antisymmetric stretching, va-bending
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Figure 3. FTIR spectra of: a) Co-PWA and b) Co-PWB

The FTIR spectrum of cobalt-doped heteropoly salt, Co-PWA, shows characteristic vibrational modes associated with
the Keggin structure [13], which contain displacements or changes in intensity due to cobalt doping. Characteristic bands
for the H20 molecule are found at wavenumbers in the Co-PWA infra-red spectrum (Table 1): vi = 3457 cm™ and
v2 = 1616 cm™ [32]. The shoulder present in the higher wavenumber region (~1732 cm?) of the bands corresponding to
the bending vibration of H3O* ion [32] was also evident in Fe-PWA [21]. Typical vibrations of PO4 tetrahedra are bands
placed at wavenumbers in the Co-PWA spectrum: vs = 1075 cm™ [13,32,34], va= 976 cm™ [13] and va = 594 cm™ [13];
while the bands characteristic for vibration of the WOs octahedron are located at wavenumbers in the Co-PWA
spectrum: v = 893 cm™ [32,34] and v = 797 cm? [34]. The characteristic vibrational modes of the PO, tetrahedron and
WOQOg octahedron were reported to be positioned at similar wavenumbers in the FTIR spectra for PWA [13].

After the thermal treatment of the Co-PWA salt, the FTIR spectrum displayed evident changes obviously due to the
Co-PWB formation. The phase transformation related to the collapse of the Keggin’s structure (i.e. complete liberation
of water molecules and rearrangement of PO4 and WOe units) and formation of Co-PWB bronze are shown in Figure 3b
and Table 1. The band positioned at vs = 1118 cm™ in the Co-PWB spectrum is associated with the characteristic vibration
of PO. tetrahedron [21]; while the shoulder at v =904 cm™, and a very strong band at v = 766 cm™ are associated with
characteristic vibrations of WOs octahedron [34]. The band positioned at ~400 cm® corresponds to the characteristic
vibration of the PO unit [32]. A comparable spectrum was also obtained for another reported bronze Fe-PWB [21].

3. 2. 2. XRPD characterization

XRPD patterns of Co-PWA and Co-PWB phases are presented at Figure 4 and Table 2, while the calculated unit-cell
parameters are shown in Table 3.
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Table 2. Determined interplanar spacings (dqet), and intensities (l4et) of the Co-PWA and Co-PWB phases (note: data for monoclinic
PWB [13] are also presented for comparison).

Co-PWA Co-PWB monoclinic PWB

ddet/ nm* Idet/% ddet/nm* ldet/% ddet/nm Idet/% hkl
1.433(8) 18 / / 0.384 41 002
1.078(1) 100 0.3738(2) 100 0.375 100 020
0.9531(6) 49 0.3107(4) 4 0.311 6 -112
0.890(4) 10 0.2660(1) 54 0.268 40 202
0.4775(6) 44 / / 0.264 26 202
0.4254(3) 29 0.2170(2) 14 0.217 14 -222

/ / / / 0.201 2 213
0.3771(6) 20 / / 0.192 3 004
0.3191(2) 56 0.1866(3) 8 0.187 11 -104
0.3071(2) 38 0.1798(7) 2 0.181 4 -114
0.2985(6) 12 0.1678(1) 18 0.167 15 214
0.2676(6) 6 0.1533(2) 10 0.153 9 242
0.234(1) 10 / / 0.149 3 -143

/ / 0.12478(9) 4 / / /

*The numbers in parentheses are the estimated standard deviations and refer to the last significant number

Table 3. Calculated unit cell parameters of Co-PWB compared to the reported values for PWB [13]

Co-PWB* PWB*
do/nm 0.745(2) 0.7325(6)
bo / nm 0.744(2) 0.7516(9)
o/ nm 0.759(1) 0.7686(9)
EYE 89.5(2) 90.79(5)
Vo / nm3 0.421(2) 0.4231(9)

*The numbers in parentheses are the estimated standard deviations and refer to the last significant number

Concurring with our previous results [13,21], these two phases are disparate, confirming the solid-solid structural phase
transformation observed by the thermal analysis (Fig. 2) and FTIR results (Fig. 3 and Table 1). According to the herein
obtained data and bronze data reported elsewhere [13,21,24,25], it could be reasonably assumed that all these compounds
are iso-structural, i.e. that Co-PWB crystallized in the monoclinic crystallographic system.

Table 3 presents the calculated Co-PWB unit-cell parameters including those reported for un-doped PWB bronze.
From these results, it is obvious that the entrance of Co ions into the PWB structure resulted in an increase in the ao
axis, while all the other parameters were decreased (i.e. axes bo and co, angle f and volume Vo). Co-PWB has almost
mutually identical ao and bo axes (similarly to the Fe-PWB [21]); however, the significant deviation of the angle fo from
90° excludes in this case the possibility for its crystallization in a tetragonal crystallographic system.

3. 3. Morphological characterization

Figures 5a and 5c present morphology of the materials Co-PWA salt and Co-PWB bronze. Cracks in the agglomerated
plates for both compounds are most probably the consequence of the synthesis procedure by which water evaporates.

To detect chemical elements, EDS line scans were carried out for both samples, as presented in Figures 5b and 5d.
The chemical elements: O, W, Co and P were detected in both, where differing atomic and weight concentrations of W,
O, P and Co were observed. The reason for such behavior most probably might lie in the inhomogeneous distribution of
the particles in the samples studied. Nevertheless, these results confirm the entering of Co into the both PWA and PWB
compounds, which is in line with the above-discussed FTIR and XRPD studies.

3. 4. Electrochemical characterization

3. 4. 1 Cyclic voltammetry measurements

Often used as a rapid analytical method, cyclic voltammograms (CVs) were obtained at a scan rate of 20 mV s for all
samples measured within their potential corresponding electrochemical stability windows (+0.09 to -0.85 V vs. SCE for Co-
PWA,; Fig. 6a; and +0.6 to -1.0 V vs. SCE for Co-PWB; Figs. 6b,c), and a 5 mV s was also applied for Co-PWB (Fig. 6d).
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Figure 5. SEM-EDS scanning: a) SEM presenting the entire region and a line scan (marked in black and white arrows) of Co-PWA; b)
the combined EDS line scan of Co-PWA; c) SEM presenting the entire region and a line scan (marked in black and white arrows) of
Co-PWB; d) the combined EDS line scan of Co-PWB. The Y axes correspond to atomic mass percents, while the X axes are mapping
lines presented in Figures 5a) and 5c). For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article

The Co-PWA CV (reduction during the 1% cycle) is composed of four ion insertion peaks at -0.2, -0.39, -0.56 and -
0.74 V vs. SCE (Fig. 6a). A tentative explanation is that Li* ions entered the Co-PWA, thereby causing a formation of four
distinct phases of CoLix-PWA salt. The first de-insertion process for Co-PWA was followed by anodic peaks positioned at
-0.67 and -0.14 V vs. SCE. Deposition of the material over the ions insertion caused a significant distinction between the
cathodic and anodic capacity. The formed unstable electrode material precipitated in an aqueous solution of LiNOs (see
Supplementary Material, Fig. S1.) resulting in a low anode capacity, due to which there was not sufficient electrode
material remaining on the glassy carbon electrode for the ions’ de-insertion. As proven by the immersion of the
electrode in an aqueous solution of LiNO3, Co-PWA was not displaced from the working electrode into the electrolyte
prior to the ions insertion (Supplementary Material, Fig. S1.). The insertion of ions, therefore, probably leads to the
formation of CoLix-PWA salt unstable in the electrolyte. As previously determined, Fe-PWA exhibited the same behavior
over the first cathode cycle in the same electrolyte [21]. Based on the results obtained, while demonstrating that the Co-
PWA salt is not usable as an electrode material for aqueous Li-ion batteries, its redox activity deserves further examination
in other electrolytes, especially in non-aqueous ones.
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Figure 6. Cyclic voltammetry measurements: a) CVs of Co-PWA; b) CVs of Co-PWB recorded at 20 mV s 15t to 21t cycle; c) CVs of Co-
PWB recorded at 20 mV s 22" to 25t cycle ; and d) CV obtained at a scanning rate of 5 mV s’ for Co-PWB

Compared to the four clearly visible peaks for ions insertion in Co-PWA, the structure of its corresponding bronze Co-
PWB allows only two small and broad peaks (i.e. -0.26 and -0.74 V vs. SCE) when polarization rate was 5 mV st (Fig. 6d),
which are not visible at a higher polarization rate of 20 mV s (Figs. 6b and 6c). The initial enhanced electrochemical activity
of the Co-PWA salt compared to its thermally obtained bronze is likely a consequence primarily of: (i) different structures
between the Co-PWA and Co-PWB compounds; and (ii) the presence of water in the Co-PWA structure, which is lacking in
the Co-PWB structure, as unquestionably determined in the present studies (see Figs. 3 and 4; and Tables 1 and 2). Such a
situation in Co-PWA obviously provides additional sites for ion-intercalation [31]. However, the potential intercalation of
ions into Co-PWA makes it far less stable compared to its corresponding bronze Co-PWB. On the other hand, the stability
of Co-PWB was achieved after 21% cycle, as observed in Figs. 6b and 6c. A higher cathode capacity compared to the anodic
one for Co-PWB means that the insertion of ions is a more favorable process compared to de-insertion.

When doped, PWB metallic behavior becomes corrupted due to electrons filling the W-O-W hybridized m* conduction
band [35-37] changing the metallic behavior of PWB from a semiconductor to an insulator. Consequently, all doped
samples exhibit decreased electrical conductivity compared to the un-doped PWB sample. The lithium-doped bronzes (Lis-
PWB and Li,-PWB) exhibit both: (i) sluggish kinetics of broad and barely visible peaks, as well as (ii) irreversible delithiation
caused by structural transformation [26]. Similar forms of the CVs is noted for Fe-PWB [21], Co-PWB [this work], and Lis-
PWB [26]. Compared to Li*in Lis-PWB, doping with more charged ions (e.g. Co?* and Fe®*), therefore, seemingly protects
the bronze structure from transformation into its unstable form in LiNOsaqueous solution caused by ion insertion.

3. 4. 2. Chronopotentiometry measurements of cobalt tungsten-phosphate bronze

To simulate the charge and discharge of the electrode material as if in a battery, the chronopotentiometry method was
applied for Co-PWB in a 6M aqueous solution of LiNOs. The three rates of 1000, 2000 and 3000 mA g were applied to
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charge and discharge the electrode material. The charge and discharge curves are presented in Figure 7a, while
dependences of discharge capacities on the cycle number obtained for each current are presented in Figure 7b.
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Figure 7. Chronopotentiometry measurements: a) charging and discharging cycles of Co-PWB; and b) discharge capacity vs. cycle
number of Co-PWB in an aqueous solution of 6 M LiNO3

According to the herein obtained results, the initial capacity for 1000 mA g was ~28 mAh g, while stabilization was
achieved after the tenth cycle yielding a capacity of ~13 mAh g*. Compared to a reported study [26] in which the material
PWB was examined, the initial capacity obtained was ~67 mAh g and after stabilization reached ~25 mAh g* at a
polarization rate of 100 mA g'%; the results obtained indicate that the material Co-PWB has a potential for higher capacities
at slower currents applied. In the present study, the capacity was stabilized just after the tenth cycle, although the
literature [26] indicates that capacity stabilization may be achieved after one hundred cycles. Further, stabilization of the
material was accomplished immediately when the currents applied were 2000 and 3000 mA g, indicating that a stable
structure was achieved over the charging and discharging processes under the application of such higher current rates.
Therefore, chronopotentiometry showed that Co-PWB has a potential as an electrode material for aqueous Li-ion batteries.

4. CONCLUSION

This research has aimed to synthesize novel heteropoly materials Co-PWA salt and its bronze Co-PWB obtained by the
thermal treatment of Co-PWA at an intermediate temperature (588 °C). The materials were characterized using XRPD,
FTIR, SEM, EDS, cyclic voltammetry, as well as chronopotentiometry methods. The presence of Co was undoubtedly
confirmed in both Co-PWA salt and Co-PWB bronze, thereby verifying their successful syntheses. Both cyclic voltammetry
and chronopotentiometry yielded stable capacities. Based on the results obtained, Co-PWB might be a promising electrode
material. The results obtained bridge the gap in the scientific literature on these and similar materials.

SUPPLEMENTARY MATERIAL

Additional data are available electronically at https://www.ache-pub.org.rs/index.php/HemInd/article/view/1384,
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(Naucni rad)

lzvod Kljuéne reci: cikliéna voltametrija, hro-
Heteropoli kiseline i njihova jedinjenja su fascinantna klasa multifunkcionalnih materijala koji nopotenciometrija, reakcije interkala-
se koriste u razli¢itim nauénim oblastima: medicini, magnetizmu, katalizi, nelinearnoj optici cije/deinterkalacije litijuma, Li jonske
kao i u elektrohemiji gde se primenjuju kao materijali za baterije. U ovoj studiji je polazna baterije

tacka volfram-fosfatna heteropoli kiselina iz koje je sintetisana i karakterisana njena
kobaltova so (Co-PWA) i kobaltom dopirana volfram-fosfatna bronza (Co-PWB). Termicka
analiza je koris¢ena za odredivanje faznog prelaza Co-PWA soli u Co-PWB bronzu koji se
odvija na 588 °C. Ova temperatura je koriS¢ena za Zarenje Co-PWA da bi se sintetisala Co-
PWB. Oba uzorka su dalje karakterisana koris¢enjem infracrvene spektroskopije sa
Furijeovom transformacijom (engl. Fourier transform infrared spectroscopy), difrakcije
rendgenskih zraka na prahu (engl. X-ray powder diffraction) i skenirajuc¢e elektronske
mikroskopije koja sadrzi energetsku disperzivnhu rendgensku spektroskopiju (engl. scanning
electron microscopy using an energy dispersive X-ray spectroscopy), kao i koris¢enjem
elektrohemijskih ispitivanja. Prisustvo kobalta je nedvosmisleno pokazano i u Co-PWA i
Co-PWB, pri cemu je potvrdjeno uspesno dopiranje. Za elektrohemijska ispitivanja koris¢ene
su cikli¢na voltametrija kao “brza” tehnika i metoda hronopotenciometrije radi simuliranja
punjenja i praznjenja baterije. Ciklicna voltametrija je izmerila nestabilan i mali kapacitet za
Co-PWA i stabilan za Co-PWB u vodenom rastvoru LiNOs. Razlog pada kapaciteta kod Co-
PWA je nestabilnost ove soli u navedenom elektrolitu. Zbog stabilnog kapaciteta Co-PWB
dobijenim merenjem ciklicnom voltametrijom, ovaj material je podvrgnut hronopoten-
ciometrijskom punjenju i praznjenju pri strujama 1000, 2000 i 3000 mA g1. Ovom metodom
je pokazan stabilan kapacitet pri svakoj od primenjenih struja, sto ga Cini atraktivnim
elektrodnim materijalom za vodene Li-jonske baterije. Dobijeni rezultati dopunjuju naué¢nu
literaturu koja se bavi ispitivanjem sliénih materijala i doprinose boljem razumevanju
karakteristika dopiranih kiselina i njihovih bronzi razli¢itim metalima.
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Abstract

The current work involves studying the adsorption process of brilliant cresyl blue (BCB) and TECHNICAL PAPER

methyl orange (MeO) dyes using local pumpkin seed husks (LPSH). The LPSH adsorbent was

analysed by using Fourier transform infrared spectroscopy, scanning electron microscopy UDC: 547.556.33-045.38
with energy dispersive x-ray spectroscopy, X-ray diffraction and Brunauer-Emmett-Teller

analyses. The descriptive analysis of the morphology of LPSH revealed a heterogeneous Hem. Ind. 79(2) 115-125 (2025)

surface, while the structural analysis showed the presence of functional groups typical of
lignocellulosic structures and it was confirmed that the mesoporous surface of the adsorbent
had a specific surface area of ~1.53 m2 g'1. The adsorption isotherm studies suggested that
the Langmuir model best described the adsorption of MeO, while the Freundlich model is
more suitable for describing the adsorption of BCB. According to the thermodynamic
analyses, the adsorption of BCB was exothermic and spontaneous, whereas the adsorption
of MeO was endothermic and non-spontaneous. The results of evaluating the efficiency of
the LPSH adsorbent showed that the maximum adsorption capacities are ~81 mg g'! for the
BCB dye and ~8.2 mg g for the MeO dye.

Keywords: Brilliant cresyl blue; methyl orange; adsorption; pumpkin seed husks; synthetic
dye solutions.

Available on-line at the Journal web address: http://www.ache.orq.rs/H,

1. INTRODUCTION

Water quality can be compromised due to the presence of harmful substances originating from various sources,
such as industrial discharges, agricultural runoff, and sewage. The resulting pollution can be classified based on the type
of pollutants: chemical, biological, or physical, along with the source and the amount of water affected. To understand
how polluted the water is, it is necessary to determine concentrations of the contaminants and how they impact
different uses of the water (e.g. for drinking), as well as aquatic life, and recreational activities [1]. Also the pollutants
can be divided into several categories, such as natural and synthetic pollutants [2-4].

Synthetic dyes such as Brilliant cresyl blue and methyl orange are compounds used in many industrial sectors such
as the paper industry, printing, natural and synthetic textiles production, leather and fur industry, plastics
manufacturing, and pharmaceutical industry, as well as in research laboratories [5,6]. These dyes are discharged with
liquid effluents into streams without prior treatment. High toxicity of these pollutants and their non-biodegradability
contribute to environmental degradation [7] imposing the need for treatment of this wastewater.

Work on the removal of emerging pollutants by biomaterials obtained from agricultural waste has yielded promising
results. Thus, these precursors from agriculture constitute alternative materials, both economic and eco-friendly [8-10].
In addition, enormous amounts of waste are generally available from farms and agro-industrial facilities in many
countries, where agricultural residues notably represent a significant unused resource.
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This research aims to evaluate local pumpkin seed husks (LPSH) as a naturally adsorbing material for removing cationic
dye brilliant cresyl blue and anionic dye methyl orange from synthetic wastewater by a batch adsorption process.

For this purpose, this study includes the examination of raw LPSH characteristics using Fourier transform infrared
spectroscopy (FTIR), scanning electron microscopy with energy dispersive X-ray spectroscopy (SEM-EDX), X-ray
diffraction (XRD), and Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH) methods. Also, effects of various
operational variables have been studied such as pH value of the solution, contact time, initial concentration, and
temperature. This work also includes investigations of the most significant isotherm models, as well as thermodynamic
parameters, to accurately define the mechanism and behaviour of the dye adsorption.

1. MATERIALS AND METHODS

2. 1. Materials

Chemical reagents used in this study were cationic oxazine dye Brilliant cresyl blue (BCB: CssH40ClaNsO2Zn, purity
>95 %), anionic azo dye: methyl orange (MeO: C14H14N3NaOsS, purity >98 %), sodium hydroxide (NaOH, purity > 80%
and sulfuric acid (H2S04, purity >95 %), all obtained from Fluka and Sigma-Aldrich (Germany).

2. 2. Preparation of pumpkin seed husks

Local pumpkin seed husks (Cucurbita moschata) from Laghouat, Algeria, were selected as the adsorbent for this
investigation. It was prepared by using a simple method that involved washing with distilled water, grinding, sifting, and
drying for 24 h at 105 £ 5 °C. A fine pumpkin seed husks powder with a particle size of < 800 um was obtained as a result
of this method [11].

2. 3. Characterization of pumpkin seed husks

Structural and morphological characteristics of LPSH samples have been evaluated using the Fourier transfer infrared
(FTIR) spectroscopy (4200-FTIR JASCO, Japan), scanning electron microscopy combined with energy dispersive X-ray
(SEM-EDX, Thermo Scientific™ Quattro, United States), and X-ray diffraction (XRD, Philips PW3373, United Kingdom).
Specific surface area and porosity parameters were determined by using the Brunauer-Emmett-Teller (BET) and Barrett-
Joyner-Halenda (BJH) methods (ASAP 2020 Plus Version 2.00—Malvern Panalytical, Malvern, United States). One sample
was prepared for each test.

2. 4. Preparation of dye solutions

Dyes used in this study were BCB and MeO (Fig. 1), with the chemical formula: C3aH0ClaNeO2Zn and C14H14N3NaOsS,
respectively. The dyes were dissolved so to prepare the stock solutions of 1000 mg dm3, (2.6 and 3.1 mmol dm3,
respectively) and different concentrations were obtained by diluting the stock solutions. To change the pH of the dye
solutions, either 0.1 mol dm= NaOH or 0.2 mol dm™ H2S04 solutions were added.

2. 5. Batch adsorption experiments

Adsorption experiments were carried out in batch mode in 150 cm?beakers placed on a shaker at 150 rpm. In each
beaker, a dose of LPSH was carefully mixed with 100 + 1.0 cm? of BCB or MeO solutions for studying the influence of
factors such as the adsorbent dose, pH, contact time, initial concentration and temperature. A series of batch adsorption
experiments were conducted with factors modified according to the One-Factor-at-a-Time (OFAT) method [12]. The
experiments involved different conditions, as shown in Table 1.

All dye samples were filtered and diluted to measure the dye concentrations before, after, and at equilibrium
adsorption using an UV-Visible spectrophotometer (UVILINE 9400, France) at maximum wavelengths: Amax=627 nm for
BCB and Amax=465 nm for MeO at pH24, Amax=508 nm for MeO at pH <4 (Fig. 1). The experiments were repeated and
measured three times for accuracy.
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Table 1. Experimental conditions for investigating the effects of different adsorption factors

Experiment Factor Conditions

Initial concentration = 15 mg dm-3(39 umol dm3 for BCB and 46 pmol dm-3 for MeO)
pH 3.7 for BCB and pH 6.62 for MeO

Contact time = 180 min

Temperature = 298 K

1 Adsorbent mass:0to1lg

Initial concentration = 15 mg dm-3(39 umol dm- for BCB and 46 umol dm- for MeO)
Adsorbent mass = 0.1 g for BCB and 0.2 g for MeO

Contact time = 180 min

Temperature = 298 K

2 pH solution: 2to 8

Initial concentration = 50 mg dm-3 (130 umol dm-3 for BCB and 153 pmol dm-3 for MeO)
pH =5 for BCB and pH=7 for MeO

Adsorbent mass = 0.1 g for BCB and 0.2 g for MeO

Temperature = 298 K

3 Contact time: 0-180 min

Initial concentration:

15 to 100 mg dm3 Adsorbent mass = 0.1 g for BCB and 0.2 g for MeO

pH 5 for BCB and pH 7 for MeO

-3 .
4 (39 to 259 umol dm* for BCB; Contact time = 20 min for BCB and 90 min for MeO
46 to 305.5 pmol dm-3 for Temperature = 298 K
MeO)
Initial concentration = 50 mg dm-3 (130 umol dm-3 for BCB and 153 pmol dm-3 for MeO)
5 Temperature: pH 5 for BCB and pH 7 for MeO
298-328 K Contact time = 20 min for BCB and 90 min for MeO
Adsorbent mass = 0.1 g for BCB and 0.2 g for MeO
(a) - (b)
H;C N
: X >N N=N 8. N7
\_E_,. ZnCla pH >4
H;C o) NN
J CH; o
Cl @
H;C P 3%3 .Na

Figure 1. Chemical structures of (a) - brilliant cresyl blue and (b) - methyl orange

In order to quantify the adsorption performance of LPSH for BCB and MeO, the amounts of dyes adsorbed per unit
mass of LPSH, Q, were calculated using the following equation:
C-C )V
q6=¢) (1)
w
where G and C:are the initial and concentration at time t, respectively, V is the volume of dye solution, and W is the

weight of the LPSH adsorbent.

2. RESULTS AND DISCUSSION

3. 1. Adsorbent characterization

Infrared spectroscopy analyses (FTIR) were performed to determine functional groups characterizing this LPSH
adsorbent (Figure 2).

The spectrum shows a large band at 3432.71 cm?, which is attributed to the stretching vibration of O-H hydroxyl groups
or amine groups (N-H). While aliphatic C-H stretching vibrations are characterized by a band between 2907.19 and
2843.15 cm™. It was determined, from the LPSH spectrum, that the carbonyl (C=0) stretch at 1735.37 cm™ indicates the
presence of a carbonyl-containing functional group (carboxylic acid, ketone, aldehyde, or lactone). The asymmetric stretch
of a carboxylate (COO~) group is indicated by the band at 1592.34 cm™. The aromatic C=C stretching vibrations are
characterized by two additional bands at 1424.59 and 1377.26 cm™. The band at 1034.10 cm™ was assigned to C-O-C ether
groups. The results obtained by this spectrum are similar to those observed for other lignocellulosic materials [13,14].
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Figure 2. FTIR spectrum of pumpkin seed husks

Morphology analysis and elemental identification were performed by using an SEM-EDX device, providing the results
reported in Figure 3 and Table 2. The results show that LPSH has a heterogeneous and rough surface, which contains
few holes and cavities. Elemental identification at the EDX spectrum confirmed that the adsorbent LPSH consists of
molecules containing carbon (C) and oxygen (O) with major weight of 51.85 % for C (with a specific measurement
repetition of 0.9405) and 48.15 % for O (with a specific measurement repetition of 0.9495).

5,20
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000 100 200 D) an 500 600 700 800 500
Electron energy, keV

Figure 3. SEM micrograph and EDX spectrum of pumpkin seed husks

Table 2. Elemental identification of pumpkin seed husks by the EDX analysis

Element Content, wt.% Content, at.% Error, % Net Intensity
CK 51.85 58.92 7.51 522.93
oK 48.15 41.08 8.90 427.88

According to the X-ray analysis of an LPSH sample shown in Figure 4, there are three peaks at 28 angles of 16.07,
22.34 and 34.30°. The presence of distinct peaks at 22.34 and 34.30° indicates semi-crystalline regions, while the
broader feature around 16.07° suggests an amorphous component structures of pumpkin seed husks. This structure
typically distinguishes agricultural materials , consisting of cellulose, lignin, and hemicellulose [15,16].

BET and BJH methods were used to quantify the surface area and porosity of a LPSH sample by studying nitrogen
adsorption and desorption isotherms. The results shown in Figure 5 indicate that the obtained N, isotherm is classified
as type IV (H3) according to the IUPAC classification, signifying a mesoporous material with slit-shaped pores in plate-
like aggregates, showing multilayer adsorption, capillary condensation and complex pore connectivity [17]. The BET
surface area was measured as 1.5300 + 0.0272 m? g%, with a total pore volume of 0.0014 cm?® g™ and an average pore
diameter of 3.70 nm. Furthermore, the pore size in the range of 2 to 50 nm corresponds to mesoporous materials [18].
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Figure 4. X-ray diffraction analysis of pumpkin seed husks
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Figure 5. BET analysis of Nz adsorption-desorption isotherm (a) and pore size distribution of LPSH (b)
3. 2. Effect of physico-chemical parameters

3. 2. 1. Effect of pH

The pH of a dye solution is important factor in any adsorption study, as it affects the charge of the adsorbent's surface
and the behaviour of the adsorbed ions [19]. The result of this test is illustrated in Figure 6(a). Due to electrostatic inter-
actions between the anionic dye MeO and the positive sites of LPSH, MeO dye is adsorbed most effectively at pH 7 [20].

In the case of the cationic dye (BCB), adsorption increases by rising the pH, indicating less competition for negative
sites on the surface of the adsorbent, reaching its maximum at pH 5.

3. 2. 2. Effect of contact time

Generally, increasing contact time results in an increase in the adsorbed amount until reaching the equilibrium, as
was also obtained in the present study (Fig. 6(b)). The BCB adsorption reaches equilibrium after 20 min, while for dye
MeO the equilibrium is reached after 90 min. This difference is attributed to the higher number of active sites available
on the adsorbent surface for the BCB dye as compared to those available for dye MeO the initial dye concentrations
were 130 and 153 pumol/md-3 for BCB and MeO, respectively, while the equilibrium adsorbed amounts were 209 and

25 umol/g, for BCB and MeO. A similar pattern of behaviour for the adsorption of dyes BCB and MeO was observed in
other related research [21,22].
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Figure 6. Adsorption of BCB and MeO onto LPSH: (a) - equilibrium adsorbed dye amount per the adsorbent mass (Q.) as a function
of the solution pH, (b) - adsorbed dye amount per Q as a function of the contact time, (c) - equilibrium adsorbed dye amount per Q.
as a function of the initial dye concentration, (d) - equilibrium adsorbed dye amount per Q. as a function of the temperature; all
experimental conditions for each experimental series are provided in Table 1

3. 2. 3. Effect of initial concentration

As shown in Figure 6(c), the increase in adsorbed amounts is observed with an increase in the initial concentrations
of BCB and MeO, as expected. However, it can be concluded that both dyes do not occupy all the active sites of the
adsorbent.

3. 2. 4. Effect of temperature

The influence of temperature on the adsorption of MeO and BCB was studied in the range 298 to 328 K (Fig. 6(d)).
It can be noted that that as the temperature rises, the amount of BCB that can be adsorbed decreases slightly (indicating
an inverse relationship). This can be explained by the weakening of the bonds between BCB and the active sites of the
adsorbent. The results suggest that the adsorption of BCB by LPSH adsorbent is exothermic. In contrast, in the case of
MeO, the adsorbed amount increases with rising the temperature. This is because the mobility of MeO molecules
increases at higher temperatures, enhancing the interaction between MeO and the active sites of the adsorbent LPSH.
The obtained result indicate that adsorption of MeO by LPSH is an endothermic process [23].

3. 3. Adsorption isotherm studies

Adsorption is governed by mathematical equations that relate the adsorbed amount to the equilibrium concen-
tration of the solute. Thus, the adsorbed amount (per unit adsorbent mass) plotted as a function of the equilibrium
concentration at constant temperature represents the adsorption isotherm. Among the most commonly used
isothermal models are the Freundlich [24] and Langmuir [25] isotherms.
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The results obtained allowed for the plotting of linear shapes according to the Freundlich (Equation (2)) and the

Langmuir (Equation (3)) isothermal models (Figure 7), enabling calculation of the various constants for both models.
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Figure 7. Linear fits of Langmuir (a) and Freundlich (b) isotherms and equilibrium data for BCB and MeQ adsorption onto LPSH,
experimental conditions: initial dye concentrations Co: 15 to 100 mg dm-3(39 umol dm- for BCB and 46 umol dm-3 for MeO); W = 0.1
g for BCB and 0.2 g for MeO; pH 5 for BCB and pH 7 for MeO; contact time 20 min for BCB and 90 min for MeO; T = 298 K

Ce'1/dm3 mg'1

INnQe=1/nlnCe+InKr (2)
1/Qe =1/Qm + 1/K.Qm 1/Ce (3)
where Qm / mg g?! is the maximum adsorption capacity of a saturated monolayer onto the adsorbent’s surface;
K./ dm? mgis the rate constant of the Langmuir model; Kr / mg™ dm3" g% is the Freundlich constant of the maximum

adsorption capacity and n is the empirical constant related to the adsorbent surface heterogeneity.

The calculated constants of the Freundlich and Langmuir models show that the Freundlich isotherm was best adapted
to the experimental results, with a correlation coefficient R? of 0.8769, with a maximum experimental BCB adsorption of
80.7+ 4.0 mg g* (209 + 10 umol g) indicating the possibility of multilayer adsorption of BCB onto LPSH [26]. For MeO
adsorption the results obtained show that the Langmuir isotherm provided the best fit to the experimental data, with a
correlation coefficient R? of 0.9805, and the calculated maximum adsorption capacity of MeO was 8.2 = 0.0 mg g*
(25 £ 0 umol g?), suggesting a homogeneous monolayer arrangement of MeO dye on the LPSH surface [27].

3. 4. Thermodynamic studies

Thermodynamic parameters such as the enthalpy change (AH°), entropy change (AS°) and free energy change (AG®)
are essential for a better understanding of the temperature effects on the energies of adsorption.

The values of AH® and AS°® were estimated from the graphical presentation of AG® as a function of temperature T
according to Equations (4), (5) and (6) [28]:

K= (4)
Ce
AG® = -RT InK4 (5)

AG° = AH° - TAS®
where R is the ideal gas constant, 8.314 ) mol?-K; T/ K is temperature and Ky is the distribution constant.

(6)

Figure 8 shows the evaluation of thermodynamic parameters with respect to temperature of BCB and MeO adsorption
onto pumpkin seed husks. From the obtained curves, which include the thermodynamic parameters for BCB and MeO
adsorption, we observe that AG® as a function of temperature is linear, and its negative values (-6.46 to -1.98 kJ mol?)
indicate the spontaneous adsorption of BCB, while the adsorption of MeO is non-spontaneous process (AG°= 4.92 to
2.87 kl mol) [16]. Moreover, the positive values of AH°® (+25.01 + 1.17 kJ mol™?) suggest endothermic process of MeO and
the negative values of AS°® (-67.64 + 3.74 ) mol* K?) indicate an increasing order at the interface LPSH/MeO during this
adsorption. In contrast, the adsorption of BCB onto LPSH is an exothermic process (AH°=-45.31 + 17.72 kJ mol < 0) [29],
with an increase in randomness between the BCB dye and the LPSH adsorbent (AS°= +133.60 + 56.59 ) mol* K > 0) [30].
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Figure 8. Linear plots of free energy versus temperature, experimental conditions: Co: 50 mg dm= (130 pmol dm-3 for BCB and
153 umol dm3 for MeOQ); W = 0.1 g for BCB and 0.2 g for MeO; pH 5 for BCB and pH 7 for MeO; contact time = 20 min for BCB and
90 min for MeO; T = 298 to 328 K; shaker speed = 150 rpm.

3. 5. Comparative studies

The pumpkin seed husk adsorbent used in the present study exhibited superior BCB dye adsorption compared to
previous studies using raw, unmodified agricultural residues (Table 3), achieving high removal efficiency in a significantly
shorter time-frame, while the results for dye MeO adsorption were acceptable.

Table 3. Comparative evaluation of agricultural waste materials as adsorbents for BCB and MeO dyes

Adsorbents Adsorbates Isotherm model Adsorption capacity, mg g1 Ref.
Inula Racemosa leaves 3.49 at 10 min [31]
Peanut hull BCB . 439at12h [32]
- Freundlich -
Pumpkin seed husks 80.7 at 20 min Present work
Anchote peel 103.03 at 140 min [33]
Palm fibers MeO 48.79 at 120 min [34]
Sawdust Langmuir 50.52 at 120 min [34]
Pumpkin seed husks 8.2 at 90 min Present work

4. CONCLUSION

With the aim of evaluating the efficiency of Algerian pumpkin seed husks in removing cationic and anionic dye
pollutants, this research has focused first on studying the characteristics of the surface of this adsorbent. The results
indicate that the surface of the seed husks is not homogeneous; it is rough and consists of mesopores, with a significant
specific surface area of 1.53 + 0.027 m? gt and is rich in organic chemical groups responsible for the fixation of BCB and
MeO dyes through electrostatic attraction and hydrogen bonds.

The results obtained in the adsorption studies allowed us to advance the following points:

Isothermal study: the adsorption of BCB dye was well described by the Freundlich isotherm, with a maximum
adsorption capacity of 80.7+ 4.038 mg g1 (209 + 10 umol g). In contrast, the Langmuir isotherm was more favorable
for the adsorption of MeO dye onto LPSH, with a maximum adsorption capacity of 8.2 + 0.004 mg g1(25 + 0 umol g1).

Thermodynamic study: the results show that the adsorption process for BCB dye using the LPSH adsorbent was
spontaneous and exothermic, while the adsorption process for MeO dye was non-spontaneous and endothermic.

Overall, the results of our work indicate that this study is significant in demonstrating that raw LPSH has an
acceptable and favorable adsorption capacity compared to other adsorbents.

Acknowledgement: The authors gratefully acknowledge the support and accompaniment of the Directorate General
of Scientific Research and Technological Development Algeria and the Algerian Ministry of Higher Education and
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Ispitivanje efikasnosti prirodnog materijala za uklanjanje katjonskih
oksazin- i anjonskih azo- boja iz vodenih rastvora
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(Strucni rad)

Izvod Klju¢ne reci: Briljantna krezol plava;
U ovom radu je ispitan procese adsorpcije boja brijant krezol plave (BCB) i metil narandZaste metil narandZasta; adsorpcija; ljuske
(MeO) na ljuske semena bundeve sa lokalnog podrucja (LPSH). LPSH adsorbent je analiziran semena bundeve; rastvori sintetickih
primenom infracrvene spektroskopije sa Furijeovom transformacijom, skenirajuce electron- boja

ske mikroskopije sa spektroskopijom rendgenskih zraka disperzivne energije, difrakcije
rendgenskih zraka i Brunauer-Emmett-Teller analizom. Deskriptivnom analizom morfologije
LPSH utvrdena je heterogena povrsina, dok je strukturnom analizom utvrdeno prisustvo
funkcionalnih grupa tipi¢nih za lignocelulozne strukture. Potvrdena je mezoporozna povrsina
adsorbenta, specificne povrsine ~1,53 m? g1, Studije izotermne adsorpcije sugerisu da je
Langmuirov model najbolje opisao adsorpciju MeO, dok je Frojndlihov model pogodniji za
opisivanje adsorpcije BCB. Prema termodinamickim analizama, adsorpcija BCB je bila
egzotermna i spontana, dok je adsorpcija MeO bila endotermna i nespontana. Rezultati
procene efikasnosti LPSH adsorbenta su pokazali da su maksimalni kapaciteti adsorpcije
~81 mg g za BCB boju i ~8,2 mg g'! za MeO boju.
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