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Editorial

Sustainable and Green Technologies for Industrial Chemical
Engineering
Antonio Gil Bravo

INAMAT2, Science Department, Campus of Arrosadia, Public University of Navarra, Building Los Acebos,
E-31006 Pamplona, Spain; andoni@unavarra.es

1. Introduction
The aim of this Eng Special Issue is to collect experimental and theoretical research

relating engineering science and technology to the general topics of Eng. In this Special
Issue, many of these general topics have been selected with the idea of contributing to
the discourse on Sustainable and Green Technologies. Therefore, these aspects are being
addressed from various points of view and have the support of this fascinating field of
engineering and its applications.

In recent years, there has been a paradigm shift towards greener processes/products,
with a particular emphasis on sustainability. Manufacturing processes require reworking
and adapting new methods to ensure they are more efficient, cleaner, less polluting and
ideally cost effective. There are multiple sectors of the bio-based and chemical market that
can be adapted towards greener initiatives, for example, bio-based chemicals, biofuels and
biomaterials and the concept of waste-to-energy [1]. This Special Issue focuses on greener
and more sustainable processes for chemical and feedstock substitutes, with a focus on
where bio-based products can be introduced into the petroleum-driven market as a drop-in
replacement or functional replacement and/or through novel products.

For many years, environmental problems were considered to be caused by the eco-
nomic system and the rapid use of natural resources [2]. It has taken many years to
establish the use of materials (raw materials), the initial design of chemical processes,
hazardous properties of products, energy consumption and other parameters involved in
the manufacture of products, such as life cycle, recycling, etc.

The rapid development of new chemical technologies and the huge amounts of inno-
vative chemical products available have forced attention to focus on corrective actions for
harmful impacts. However, the most efficient way to reduce negative impacts is to design
and innovate manufacturing processes, taking into account, for example, energy, materials,
the use and generation of secondary materials that are hazardous and, finally, the life cycles
of products and their recycling into new materials [1].

Green chemistry involves other synthetic routes that are more environmentally friendly.
Green technologies investigate alternative reaction conditions, alternative media (solvent-
free) and even alternative energy sources [3]. Designing chemical products and processes
that reduce or eliminate the use and generation of hazardous substances is the most
fundamental approach to pollution prevention. Green chemistry addresses the need
to produce the goods and services that society depends on in a more environmentally
friendly manner. Pharmaceuticals can be produced while minimizing the amount of waste
generated, biodegradable plastics can be synthesized from plants and reactions can be
performed in water instead of traditional organic solvents by applying the principles of
green chemistry to chemical products and processes.

Eng 2025, 6, 16 https://doi.org/10.3390/eng6010016
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The principles of green engineering are based on the principles of green chemistry,
established by Paul Anastas and Julie Zimmerman [2,3]. These principles recommend a
basis for researchers and technologists to apply in the design of new materials, products,
processes and systems. Products, processes and systems can be made more intrinsically
benign by changing the inherent nature of the system or the circumstances/conditions
of the system to reduce the problem of toxins and associated exposure to harmful effects
(or both).

These are some of the aspects that have been covered in this Special Issue and that may
allow for greater discussion among potential readers of it. For more information, please see
the List of Contributions.

2. Overview of the Published Articles
This Special Issue contains up to 10 papers, including 1 Review, published by several

authors interested in new cutting-edge developments in the field of engineering. The
submitted papers are from authors from 10 countries, namely Brazil, Germany, Greece,
Iraq, Morocco, Romania, Russia, Spain, Ukraine and USA.

3. Conclusions
The articles published in this Special Issue present important advancements in the

topics of our journal. I would like to express my sincere gratitude to all the authors, who
have professionally and enthusiastically wanted to contribute to this Special Issue, and
I would also like to thank the Managing Editors and reviewers who helped to improve
the papers and made important contributions to this Special Issue. I hope that the articles
showcased in this Special Issue are interesting and inspiring for its readers, especially
young scholars who are eager to learn about recent advances and contribute future research
in the field.

Funding: The author is grateful for financial support from the Spanish Ministry of Science and
Innovation (MCIN/AEI/10.13039/501100011033) through project PID2023-146935OB-C21.

Conflicts of Interest: The author declares no conflicts of interest.
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Article

Response Surface Methodology-Aided Optimization of Bioactive
Compound Extraction from Apple Peels Through Pulsed Electric
Field Pretreatment and Ultrasonication
Martha Mantiniotou 1 , Bogdan-Cristian Bujor 2, Vassilis Athanasiadis 1 , Theodoros Chatzimitakos 1 ,
Dimitrios Kalompatsios 1 , Konstantina Kotsou 1 , Eleni Bozinou 1 and Stavros I. Lalas 1,*

1 Department of Food Science and Nutrition, University of Thessaly, Terma N. Temponera Street,
43100 Karditsa, Greece; mmantiniotou@uth.gr (M.M.); vaathanasiadis@uth.gr (V.A.);
tchatzimitakos@uth.gr (T.C.); dkalompatsios@uth.gr (D.K.); kkotsou@agr.uth.gr (K.K.);
empozinou@uth.gr (E.B.)

2 Faculty of Animal Productions Engineering and Management, University of Agronomic Sciences
and Veterinary Medicine of Bucharest, 59 Mărăşti Boulevard, District 1, 011464 Bucharest, Romania;
bogdanbjrbogdan@gmail.com

* Correspondence: slalas@uth.gr; Tel.: +30-24410-64783

Abstract: Apple by-products (i.e., peels) are often thrown away, yet they are highly nutritious and
provide numerous advantages as they contain a variety of nutrients such as vitamins, minerals,
and antioxidants. Apple peels also comprise a high level of antioxidants, particularly polyphenols
and flavonoids. This research aimed to determine the most efficacious extraction techniques and
parameters to accomplish maximum bioactive compounds recovery from apple peels. Several
extractions were conducted, including stirring, ultrasonication, and pulsed electric field-assisted
extractions. Response surface methodology and several factors such as temperature, extraction
duration, and solvent composition were considered to have a major impact on the isolation of
bioactive compounds. The findings indicated that the most practical and efficient approach was to
combine the pulsed electric field process with ultrasonication and stirring at 80 ◦C for 30 min, while
75% aqueous ethanol comprised the optimal solvent concentration, demonstrating the critical role
of the solvent in optimizing extraction efficiency. The optimal conditions were obtained through
response surface methodology with a statistical significance of p < 0.05. The extract exhibited a total
polyphenolic content (TPC) of 17.23 mg gallic acid equivalents (GAE) per g of dry weight (dw),
an ascorbic acid content (AAC) of 3.99 mg/g dw, and antioxidant activity of 130.87 µmol ascorbic
acid equivalents (AAE)/g dw, as determined by FRAP and 95.38 µmol AAE/g dw from the DPPH
assay. The measured antioxidant activity highlighted the significant potential of apple peels as a
cost-effective source of exceptionally potent extracts.

Keywords: Malus domestica; PEF; ultrasound; polyphenols; ascorbic acid; antioxidants; response
surface methodology; binary solvents; principal component analysis; Starking delicious

1. Introduction

The apple (Malus domestica Borkh) is a globally renowned and extensively cultivated
fruit [1]. It is a member of the Rosaceae family and produces a vast array of goods, in-
cluding juices, jams, compotes, tea, wine, and dried apples [2]. Currently, the cultivated
apple ranks as the third most widely cultivated fruit crop globally [3]. In 2018, the Food
and Agriculture Organization (FAO) reported a total apple production exceeding 86 mil-
lion tons [4], of which 11 million were generated in the Mediterranean area [5]. Apple
peels are commonly regarded as waste materials in the canned apple and apple sauce
manufacturing sectors, despite their untapped potential and possible health advantages.
Therefore, there is a need to improve the exploitation of these peels [6]. Apple peels in-
clude five primary categories of polyphenolic chemicals (Figure S1), including phenolic

Eng 2024, 5, 2886–2901. https://doi.org/10.3390/eng5040150 https://www.mdpi.com/journal/eng4
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acids (mostly chlorogenic acid), flavan-3-ols (specifically (+)-catechin, and (−)-epicatechin),
flavonols (primarily various quercetin glycosides), flavanones (specifically hesperidin),
and anthocyanins (mostly pelargonin chloride) [7]. Monomeric and polymeric flavan-3-ols
compounds provide a significant proportion (about 60%) of the overall polyphenol content
found in apple peels. In contrast, flavonols, hydroxycinnamic acids, dihydrochalcones,
and anthocyanins contribute to 18%, 9%, 8%, and 5% of the total polyphenol content,
respectively [7].

Utilizing by-products as additives for the development of new goods could reduce
waste within the food processing sector [8]. Moreover, wastes usually exhibit notably
elevated levels of polyphenols [9], which could effectively be used as natural antioxidants
for humans. Thus, antioxidant and antibacterial compounds found in apple peels, such as
ferulic acid, dopamine, and caffeic acid, could make them suitable for food preservatives.
The appeal of apple peel lies in its antioxidant characteristics, which have the potential
to facilitate the creation of innovative goods. These goods may consist of either human-
consumable foods that can improve the health of the human body or animal feed with
comparable characteristics [10]. Furthermore, apple peels could be employed to enrich
apple juices with bioactive and antioxidant compounds.

Over the past few years, efforts have been undertaken by industries and researchers
to apply green extraction techniques on waste, due to ecological sustainability. Green tech-
nologies such as pulsed electric field (PEF) and ultrasonication (US), generally, necessitate
lower energy consumption in comparison to conventional processes, such as stirring [11].
PEF is a highly efficient method that has multiple benefits. It helps inactivate microor-
ganisms, improving mass transfer in food products and recovering valuable bioactive
compounds from food waste [12]. PEF has gained significant popularity among different
food industries in recent years, offering extra motivation for businesses to minimize waste
and the resulting harm to the environment [13]. Ultrasonication, on the other hand, is
also a green technique that has several advantages, including reduced extraction duration,
less energy and power consumption, minimized bioactive thermal degradation, and the
production of extracts characterized by their high quality [14]. Tian et al. [15] reported a
total polyphenol content of ~42 mg/g extracted from apple peels utilizing 75% methanol as
a solvent and 20 min ultrasonication in triplicate. Furthermore, Sethi et al. [16] determined
polyphenol content at a range of 708–1232 mg GAE/100 g dw and ascorbic acid content
ranging from 6.81 to 27.68 mg/100 g dw from the peels of twelve different apple cultivars.
Fotirić Akšić et al. [17] also reported a total polyphenol content ranging from ~3 to 21 mg
GAE/kg dw in apple peels. Therefore, studying the optimal extraction method is important
because apple peels contain sufficient bioactive compounds.

Green extraction techniques may be employed either as a pretreatment or as an ex-
clusive extraction technique in order to recover various bioactive compounds from plant
sources in a sustainable manner [18]. Moreover, green techniques might enhance the ef-
ficiency of the extraction, when compared to conventional ones. Recently, an increasing
number of environmentally conscious extraction techniques have been applied to eliminate
toxic organic solvents and reduce extraction duration and energy use [19]. PEF has been
utilized in various food waste and by-products, such as orange peels, lemon peels, olive
leaves and kernels, and many others [12], resulting in increased polyphenolic and antiox-
idant compound yields. Although apple peels have numerous advantages for humans,
there is insufficient research concerning the environmentally sustainable production of
extracts rich in antioxidant polyphenols.

The main objective of this investigation was to determine the most efficient combi-
nation of green pretreatment techniques for the production of extracts that are abundant
in antioxidant compounds, including ascorbic acid and polyphenols. These extracts are
a highly promising alternative for the food and pharmaceutical sectors. Although the
extraction of bioactive and antioxidant compounds from apple peels has been extensively
studied, to the authors’ best knowledge, not enough attention has been devoted to combin-
ing green pretreatment techniques to maximize yield in specific byproducts. Even though
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PEF [20] and US [21] have been employed in apple peels, the combination of the two has
not been studied yet. Moreover, it is important to emphasize that environmentally friendly
solvents are used to maintain an environmentally conscious profile, free of toxic organic
solvents. The optimization of the extraction was accomplished through response surface
methodology (RSM). The study focused on investigating the effects of green solvent combi-
nations comprising water and ethanol, as well as the temperature impact and extraction
duration on the extraction process. In addition to conventional extraction through stirring
(ST), green sample pretreatment techniques, including PEF and US, were employed to
further optimize this procedure. Moreover, a partial least squares (PLS) model was utilized
to determine the optimal conditions.

2. Materials and Methods
2.1. Chemicals and Reagents

Iron (III) chloride was obtained from Merck (Darmstadt, Germany). Trichloroacetic
acid, hydrochloric acid, methanol, aluminum chloride, 2,2-diphenyl-1-picrylhydrazyl
(DPPH), L-ascorbic acid, 2,4,6-tris(2-pyridyl)-s-triazine (TPTZ), and all polyphenolic stan-
dards for the HPLC determination were bought from Sigma-Aldrich (Darmstadt, Ger-
many). Gallic acid, Folin–Ciocalteu reagent, and ethanol were procured from Panreac Co.
(Barcelona, Spain). Finally, anhydrous sodium carbonate was bought from Penta (Prague,
Czech Republic). A deionizing column was used to generate deionized water, which was
used for the conducted experiments.

2.2. Instrumentation

The lyophilization of apple peels was performed using a Biobase BK-FD10P freeze-
dryer (Jinan, China). After extraction, the centrifugation was carried out using NEYA
16R (Remi Elektrotechnik Ltd., Palghar, India) to separate the supernatant from the solid
residue. For PEF processing of the samples, we used a UPG100 mode/arbitrary waveform
generator (ELV Elektronik AG, Leer, Germany), a Leybold high-voltage power generator
(LD Didactic GmbH, Huerth, Germany), a Rigol DS1052E digital oscilloscope (Beaverton,
OR, USA), and two custom stainless-steel chambers (Val-Electronic, Athens, Greece). To
conduct US pretreatment, an Elmasonic P70H ultrasonication bath (Elma Schmidbauer
GmbH, Singen, Germany) was utilized. Spectrophotometric analyses were conducted with
a Shimadzu UV-1900i PharmaSpec spectrophotometer (Kyoto, Japan). Finally, to perform
chromatographic analyses and quantify the identified individual polyphenols, we used
a Shimadzu CBM-20A liquid chromatograph with a Shimadzu SPD-M20A diode array
detector (DAD) (Shimadzu Europa GmbH, Duisburg, Germany). The separation of targeted
compounds occurred in a Phenomenex Luna C18(2) column (Phenomenex Inc. Torrance,
CA, USA) maintained at 40 ◦C (100 Å, 5 µm, 4.6 mm × 250 mm).

2.3. Sample and Extract Preparation

Red apple (Malus domestica) fruits from the ‘Starking Delicious’ cultivar were pur-
chased in Karditsa, Greece, at a neighborhood store. The apples were thoroughly rinsed
with running tap water and then dried using paper towels. At first, the apple peels were
cut off with a blade, and then manually chopped into small pieces and lyophilized. The
peels were finely ground to a diameter of less than 400 µm and then stored in the freezer at
−40 ◦C, pending further analysis.

2.4. Plant Extraction Procedure

Various extraction combinations of different pre-treatment techniques were employed
to determine the best conditions for recovering antioxidant compounds from apple peels.
For each experiment, an amount of 1 g of dried apple peel powder was mixed with solvent
at a solid-to-liquid ratio of 1:20 g/mL. The solvents used ranged from 0% to 100% v/v
aqueous ethanol. PEF and US techniques were employed to enhance the conventional
stirring extraction process. Once these techniques were used, the peel powder was hydrated
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by including the suitable solvent and allowed to sit for 10 min. The sample underwent a
20-min treatment with PEF or US individually. When both techniques were used together,
the sample received a 20-min PEF treatment, then a 20-min US treatment. Ultimately, all
samples underwent a conventional stirring extraction process with the use of a stirring
hotplate. For the samples that demanded PEF treatment, an amount of 1.0 kV/cm of
electric field strength was applied, with a pulse length of 10 µs within a pulse period of
1 ms (frequency: 1 kHz). For the US treatment, the equipment operated at a nominal
frequency of 37 kHz with the temperature being stable at 30 ◦C. PEF and US conditions
were chosen according to our previous methodology [19].

The mixtures comprising the appropriate solvent and apple peels were placed in
screw-capped glass bottles and subjected to temperatures that ranged from 20 to 80 ◦C
for a duration varying between 30 and 150 min while being stirred continuously at 500
rpm. The sample extracts were centrifuged for 10 min at 10,000× g after the extraction
process was finished. The supernatants were gathered and kept refrigerated at −40 ◦C
until further analysis. The extraction was performed using various combinations of the
analyzed parameters, which are represented by the coded levels in Table 1.

Table 1. The independent variables with the respective actual and coded levels were utilized for the
optimization process.

Independent
Variables

Code
Units

Coded Variable Level

1 2 3 4 5

Technique X1 ST PEF + ST US + ST PEF + US + ST –
C (%, v/v) X2 0 25 50 75 100

t (min) X3 30 60 90 120 150
T (◦C) X4 20 35 50 65 80

2.5. Experiment Design and Optimization Using Response Surface Methodology (RSM)

The RSM method was utilized to assess the antioxidant capacity and quantity of
bioactive compounds in apple peel extracts. The extraction of targeted bioactive compounds
(i.e., individual polyphenols and ascorbic acid) could be enhanced through an optimization
process made by RSM. This optimization could probably increase the antioxidant activity
of the extracts. The optimization involved refining key extraction parameters including the
extraction method (i.e., conventional stirring with or without pretreatment green techniques
such as PEF and US), adjusting the ethanol-to-water ratio (C, % v/v), and adjusting the
extraction duration (t, min) in several temperature ranges (T, ◦C). The Main Effect Screening
design of the experiment was employed for that reason, with 20 design points being
examined. The process variables were set at five levels according to the experimental
design. A minimum confidence level of 95% using analysis of variance (ANOVA) and
summary-of-fit tests was used to assess the overall model significance (R2, p-value) and
the significance of the model coefficients. The following second-order polynomial model
was employed to predict the response variable as a function of the independent variables
under investigation:

Yk = β0 +
2

∑
i=1

βiXi +
2

∑
i=1

βiiX2
i +

2

∑
i=1

3

∑
j=i+1

βijXiXj (1)

where the intercept and regression coefficients for the initial, linear, quadratic, and interac-
tion terms are denoted by β0, βi, βii, and βij, respectively. Terms Xi and Xj represent the
independent variables, while Yk denotes the expected response variable.

The largest peak area was determined through RSM wherein the effect of a significant
independent variable on the response was also assessed. The results from the above
model equation were visually represented through 3D plots, which illustrate surface
response graphs.
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2.6. Bioactive Compounds Quantification
2.6.1. Determination of Total Polyphenol Content (TPC)

The TPC determination procedure was based on a previously established method-
ology [22]. In summary, 0.2 mL of sample volume was combined with 0.2 mL of Folin–
Ciocalteu reagent. Right after 2 min, 1.6 mL of a sodium carbonate aqueous solution
(5% w/v) was inserted into the mixture in a 2 mL Eppendorf tube. The incubation process
at 40 ◦C for 20 min was followed for the mixture with its absorbance being measured
at 740 nm. A calibration curve of gallic acid was used to determine the concentration
of total polyphenols (CTP), in which TPC was expressed as mg of gallic acid equivalents
(GAE)/g dw, calculated using the following equation:

TPC (mg GAE/g dw) =
CTP ×V

w
(2)

where V denotes the total volume (in L) of the extraction medium, and w represents the
dry weight of the sample (in g).

2.6.2. Chromatographic Polyphenol Quantification

An established methodology from our previous research [23] involving high-performance
liquid chromatography (HPLC) was used to identify and quantify individual polyphenols
from the apple peel extracts. Mixtures of formic acid constituted the mobile phase, since
0.5% aqueous formic acid (A) and 0.5% formic acid in acetonitrile (B) were used. The
gradient program was set to start from 0 to 40% B, increase to 50% B over 10 min, then
to 70% B in another 10 min, and hold steady for 10 min. We kept the flow rate stable at
1 mL/min. The identification of targeted compounds was made through the comparison of
their absorbance spectra and their respective retention times with pure analytical standards,
using calibration curves ranging from 0 to 50 mg/L of excellent linearity (>0.99).

2.6.3. Determination of Ascorbic Acid Content (AAC)

AAC analysis was carried out following a protocol previously described in refer-
ence [24]. Briefly, a mixture of 0.1 mL of extract volume and 0.5 mL of aqueous Folin–
Ciocalteu reagent (10% v/v) was combined with 0.9 mL of aqueous trichloroacetic acid
(10% w/v) within an Eppendorf tube. After 10 min intervals, the absorbance at 760 nm was
recorded. Ascorbic acid was used as a calibration standard.

2.7. Antioxidant Assays
2.7.1. Ferric-Reducing Antioxidant Power (FRAP) Assay

The protocol published by Shehata et al. [25] was utilized for the evaluation of FRAP.
A 0.1 mL aliquot of an appropriately diluted sample was combined with 0.1 mL of 4 mM
FeCl3 solution, which was prepared in 0.05 M HCl. This mixture underwent incubation for
30 min at 37 ◦C. Subsequently, 1.8 mL of TPTZ solution (1 mM in 0.05 M HCl) was added,
with the mixture being vortexed. The absorbance was recorded at 620 nm after 5 min. The
antioxidant activity through ferric-reducing power (PR) was determined using an ascorbic
acid calibration curve in 0.05 M HCl, with its concentrations (i.e., CAA) ranging from 50
to 500 µM. The PR was expressed as µmol of ascorbic acid equivalents (AAE) per g of dw,
calculated using Equation (3) as follows:

PR (µmol AAE/g dw) =
CAA × V

w
(3)

where V denotes the total volume of the extraction medium (in L), and w represents the
dry weight of the sample (in g).
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2.7.2. DPPH• Antiradical Activity Assay

The antioxidant activity of apple peel extracts was also evaluated through radical inhibi-
tion activity, employing a modified DPPH• methodology as described by Shehata et al. [25]. In
this method, 0.1 mL of the extract was combined with 3.9 mL of a 100 µM DPPH• solution
in methanol. The final mixture was then incubated for 30 min in the dark at ambient
temperature. Subsequently, the absorbance at 515 nm was recorded. Additionally, a blank
sample containing the DPPH• solution and methanol was used, with its absorbance being
immediately recorded in the same wavelength. The percentage of inhibition was computed
using Equation (4):

Inhibition (%) =
A515(i) − A515(f)

A515(i)
× 100 (4)

Different ascorbic acid concentrations (CAA) were used in the calibration curve, repre-
sented by Equation (5), which was utilized to assess the antiradical activity (AAR), expressed
as µmol AAE per g of dw as follows:

AAR(µmol AAE/g dw) =
CAA × V

w
(5)

where V denotes the total volume of the extraction medium (in L), and w represents the
dry weight of the sample (in g).

2.8. Statistical Analysis

A statistical study focusing on distribution analysis and response surface method-
ology was carried out using JMP® Pro 16 software (SAS, Cary, NC, USA). Quantitative
analyses were conducted in triplicate, with each batch of apple peel extracts undergoing
the extraction process at least twice. To ensure data normality, the Kolmogorov–Smirnov
test was used. One-way analysis of variance (ANOVA) was utilized to identify statistically
significant differences, which was followed by post hoc Tukey HSD (honestly significant
difference) test calculations applying the Tukey–Kramer method. Results are presented
as means ± standard deviations. Additionally, Pareto plot and partial least squares (PLS)
analyses were conducted for extraction optimization, whereas correlation analyses (i.e.,
principal component analysis (PCA), and multivariate correlation analysis (MCA)) were
used to interpret any correlations between the variables under investigation. All mentioned
analyses were performed using JMP® Pro 16 software.

3. Results and Discussion

The apple fruits weighed 171.35± 12.85 g. The total soluble solid value was 14.17 ± 0.91 ◦Brix,
the pH value was 4.08 ± 0.06, and the titratable acidity (given as % malic acid) was
measured at 0.39 ± 0.01. These findings fall within the typical range for fruits, indicating
a balance between acidity and sweetness. Also, these values are vital in determining the
ripeness, flavor profile, and overall quality of the fruit, which are essential for consumer
satisfaction and processing requirements.

Despite similarities in the methodology with our previously mentioned study [19],
it is worth mentioning that apples create a vast amount of waste annually. Apples have
a significantly higher global annual production (~86 million tons) [26] than mandarins
(~38 million tons) [27]. To that end, this research was concerned with the extraction opti-
mization of polyphenols from apple peels. The conditions and combinations of extraction
techniques were examined through RSM in order to identify the optimal model for generat-
ing extracts that are abundant in bioactive compounds (i.e., polyphenolic compounds and
ascorbic acid) and possess significant antioxidant activity. Additionally, previous studies
have demonstrated that incorporating PEF and US into the extraction process can enhance
its effectiveness [28]. Ethanol has the potential to be mixed with water to provide an
extraction solvent that is well suited for application within the food industry [29]. However,
it is crucial to take into account that polyphenols are thermolabile chemicals [30] for which
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the ideal temperature range for conventional extraction procedures to attain the maximum
polyphenol recovery is typically between 50 and 80 ◦C [31,32]. An extensive examination is
required to evaluate the influence of duration on extraction, considering the established
effectiveness of both brief and extended extraction times in prior investigations [33]. PEF
and the US are environmentally sustainable as they require reduced extraction time and
energy consumption [34].

3.1. Extraction Parameters Optimization

The recovery of bioactive compounds may encounter challenges that stem from
changes in the solubility and polarity of their chemical structures [35]. Hence, it is im-
perative to enhance the efficiency of this procedure [36]. The solvent’s composition is
critical, as its features significantly influence chemical extraction [37]. Moderately polar
compounds, such as polyphenols, are challenging to extract using highly polar solvents like
water. Therefore, solvents with moderate polarity such as organic solvents are frequently
utilized to further enhance the extraction process. Ethanol, for example, is a unique organic
solvent (i.e., an alcohol) that can be mixed with water to create an extraction solvent ap-
propriate for use in the food sector [29]. The extracts underwent a screening process that
included performing spectrophotometric analysis for the specified assays. The assessment
of polyphenols was carried out using the widely known Folin–Ciocalteu spectrophoto-
metric method, which is a rapid, cost-effective, and highly sensitive methodology for
measuring the total amount of polyphenols [36]. This method is widely recognized for its
significant correlation with the liquid chromatographic method of measurement [38,39].
The obtained model from partial least squares analysis determined the optimal sample
with high levels of polyphenols and strong antioxidant properties. Subsequently, liquid
chromatography was employed to identify the specific polyphenols found in apple peel.
In Table 2, the experimental findings out of the four independent variables are displayed.
The TPC values of the extract ranged from 1.57 to 15.93 mg GAE/g dw, with design points
16 and 13 representing the lower and the higher TPC values, respectively. These values
are consistent with the literature, considering that Villamil-Galindo and Piagentini [40]
reported a similar range, 6.33 to 11.90 mg GAE/g dw, on ‘Granny Smith’ apple peels. As
for the antioxidant activity of the extracts, the higher values are reported on design point
8 on both FRAP and DPPH assays, and the reported values are 128.06 and 105.66 µmol
AAE/g dw, respectively, while the lowest antioxidant activity is on design point 1 for
FRAP with a value of 16.98 µmol AAE/g dw, and 16 for DPPH, with a value of 16.71 µmol
AAE/g dw. The highest ascorbic acid content resulted on design point 20, where the
AAC is 4.16 mg/g dw, and the lower value is observed in design point 1, with a value of
0.56 mg/g dw.

The statistical parameters, including second-order polynomial equations (models)
and their respective coefficients (R2 > 0.97) derived from each model, are displayed in
Table 3. Moreover, the adjustment to the R2 model is provided for each equation, and
all values are higher than ~0.87, indicating a good fit of the equations to the model. An
excellent fit between the produced models and the observed data was observed based on
the data. Additionally, all responses exhibit low p-values (ranging from 0.0005 to 0.0090),
enhancing the above statement. Figure S2–S5 present plots illustrating the relationship
between the actual and the predicted response for each parameter under examination and
the corresponding desirability functions. Figure 1 displays 3D response plots for TPC,
whereas Figure S6–S8 display 3D response plots for the other responses under investigation.
In Figure S2, it is evident that only factor X2 (i.e., solvent composition) significantly affects
TPC, as it is the only factor that has a different influence on polyphenol recovery, while
the other factors seem to lead to maximum recovery at each value, with little variation
between them, with a desirability function of ~0.87. In Figure 1, it is profound that the TPC
is maximized when only ST is employed at high temperatures and for a short duration of
time. Regarding the antioxidant capacity through the FRAP assay, in Figure S3 it is noted
that the antioxidant capacity of the extracts is maximized when ST and low temperatures
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are employed for relatively long times, with a desirability function of ~0.89. The suitable
solvent composition for this assay is relatively non-polar. These conclusions are also
enhanced by the 3D plots in Figure S6. Similar results are drawn regarding Figures S4
and S7 for the DPPH assay, with a desirability function of ~0.91. Concerning the AAC of
the extracts, Figures S5 and S8 imply that the most favorable extraction technique is the
combination of PEF, US, and ST for an intermediate temperature and at a short time, and
the desirability function is ~0.84.

Table 2. Findings from the experiment on the four independent variables and their corresponding
responses of the dependent variables.

Design

Point
Independent Variables Responses

X1 X2 X3 X4 TPC 1 FRAP 2 DPPH 3 AAC 4

1 3 1 3 4 3.04 ± 0.17 j 16.98 ± 0.51 j 27.63 ± 1.66 k,l 0.56 ± 0.04 n

2 3 2 1 3 10.42 ± 0.58 e,f 76.39 ± 4.66 f,g 59.71 ± 3.58 e,f,g 2.77 ± 0.06 c,d,e,f

3 2 3 4 3 11.17 ± 0.78 d,e 101.98 ± 2.45 c,d 67.89 ± 3.06 c,d,e 2.13 ± 0.04 i,j,k

4 2 4 5 4 10.78 ± 0.57 d,e,f 102.24 ± 3.78 c,d 73.29 ± 4.10 c,d 2.45 ± 0.18 f,g,h,i

5 3 5 4 2 6.53 ± 0.23 i 55.76 ± 2.23 i 38.38 ± 1.65 i,j 2.53 ± 0.16 e,f,g,h

6 4 1 4 5 3.99 ± 0.12 j 28.42 ± 1.02 j 22.95 ± 0.80 l,m 1.49 ± 0.06 l,m

7 4 2 3 1 10.36 ± 0.71 e,f 71.18 ± 1.85 f,g,h 51.63 ± 1.14 g,h 2.36 ± 0.13 g,h,i,j

8 1 3 3 2 14.40 ± 0.71 b 128.06 ± 4.74 a 105.66 ± 2.54 a 2.50 ± 0.11 e,f,g,h

9 1 4 4 1 13.96 ± 0.82 b 127.88 ± 6.52 a 90.74 ± 2.63 b 2.85 ± 0.08 c,d,e

10 1 5 1 4 8.89 ± 0.30 g,h 82.22 ± 5.51 e,f 64.57 ± 1.68 d,e,f 2.18 ± 0.14 h,i,j

11 1 1 2 3 2.70 ± 0.18 j,k 19.17 ± 0.40 j 32.07 ± 2.34 j,k 1.14 ± 0.09 m

12 1 2 5 5 13.65 ± 0.30 b 126.73 ± 9.25 a,b 97.62 ± 5.37 a,b 2.96 ± 0.12 c,d

13 4 3 2 4 15.93 ± 0.56 a 114.91 ± 4.14 a,b,c 71.30 ± 4.06 c,d 2.94 ± 0.09 c,d

14 3 4 2 5 13.37 ± 0.27 b 113.82 ± 3.41 b,c 73.18 ± 5.34 c,d 3.53 ± 0.23 b

15 2 5 3 5 7.48 ± 0.18 h,i 68.24 ± 2.80 g,h,i 42.96 ± 2.23 h,i 2.01 ± 0.10 j,k

16 2 1 1 1 1.57 ± 0.06 k 21.43 ± 0.96 j 16.71 ± 1.17 m 0.62 ± 0.04 n

17 2 2 2 2 9.41 ± 0.37 f,g 79.61 ± 4.06 f,g 57.17 ± 3.49 f,g 1.80 ± 0.12 k,l

18 3 3 5 1 11.86 ± 0.34 c,d 94.23 ± 2.17 d,e 73.87 ± 1.63 c 3.05 ± 0.09 c

19 4 4 1 2 13.15 ± 0.55 b,c 105.28 ± 3.26 c,d 58.90 ± 2.47 e,f,g 2.68 ± 0.10 d,e,f,g

20 4 5 5 3 9.49 ± 0.21 f,g 57.57 ± 2.88 h,i 29.71 ± 1.57 j,k,l 4.16 ± 0.11 a

Values are calculated as the mean values of triplicates (±standard deviation). Lowercase letters (e.g., a–n) within
each column denote the statistically significant differences (p < 0.05); 1 values in mg GAE/g dw; 2 values in µmol
AAE/g dw; 3 values in µmol AAE/g dw; 4 values in mg AA/g dw.

Table 3. Mathematical models employing RSM have been utilized to optimize the extraction process
of apple peels.

Responses Second-Order Polynomial Equations (Models) R2

Predicted
R2

Adjusted
p-Value Equation

TPC
Y = −4.03 − 5.13X1 + 15.79X2 − 2.39X3 + 0.14X4 + 1.05X1

2

− 2.39X2
2 − 0.003X3

2 + 0.47X4
2 − 0.0004X1X2 + 0.18X1X3

− 0.27X1X4 + 0.48X2X3 − 0.47X2X4 − 0.04X3X4

0.9779 0.9159 0.0033 (6)

FRAP
Y = −24.83 − 33.24X1 + 140.01X2 − 18.61X3 − 16.43X4 +

4.79X1
2 − 19.82X2

2 + 0.14X3
2 + 4.68X4

2 + 0.04X1X2 +
1.06X1X3 − 0.61X1X4 + 1.6X2X3 − 3.84X2X4 + 1.99X3X4

0.9896 0.9606 0.0005 (7)

DPPH
Y = −25.99 − 22.48X1 + 97.17X2 − 13.59X3 + 4.52X4 +
3.5X1

2 − 13.76X2
2 − 0.14X3

2 + 3.16X4
2 − 1.14X1X2 +

1.82X1X3 − 2.55X1X4 + 2.33X2X3 − 4.24X2X4 − 0.15X3X4

0.9662 0.8716 0.0090 (8)

AAC
Y = 1.17 − 1.5X1 + 3.96X2 − 2.62X3 + 0.21X4 + 0.2X1

2 −
0.6X2

2 + 0.03X3
2 + 0.33X4

2 + 0.06X1X2 + 0.38X1X3 −
0.26X1X4 + 0.39X2X3 − 0.37X2X4 − 0.006X3X4

0.9766 0.9109 0.0038 (9)
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Figure 1. The optimized extraction conditions of apple peel extracts are depicted in 3D plots that 
highlight the impact of the process variables considered in the response (total polyphenol content—
Figure 1. The optimized extraction conditions of apple peel extracts are depicted in 3D plots that
highlight the impact of the process variables considered in the response (total polyphenol content—
TPC, mg GAE/g). Plot (A), covariation of X1: extraction technique and X2: ethanol concentration; C,
% v/v; plot (B), covariation of X1 and X3: extraction duration; t, min; plot (C), covariation of X1 and
X4: extraction temperature; T, ◦C; plot (D), covariation of X2 and X3; plot (E), covariation of X2 and
X4; plot (F), covariation of X3 and X4.
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3.2. Impact of Extraction Parameters to Assays Through Pareto Plot Analysis

On the notion of statistical significance (p < 0.05), the main effects and their interactions
were assessed through a standardized Pareto plot. The independent variables (extraction
technique, X1; solvent composition, X2; extraction duration, X3; temperature, X4) and their
interactions that impacted TPC, FRAP, DPPH, and AAC are illustrated in Figure 2. The
depicted values also include the orthogonal coded estimates, which are obtained through
the orthogonalization of the transformation estimates. Concerning all assays, it is obvious
that factor X2*X2 has a negative impact on all TPC, FRAP, DPPH, and AAC. On the contrary,
factor X2 positively affects these values. As the solvent has a high level of efficacy in the
recovery of polar compounds, it is now ascertained that a binary solvent is necessary to
enhance the efficacy of the extraction [41]. It is also important to mention that factor X1
has a negative impact on both FRAP and DPPH, but it positively impacts AAC. This could
lead to the conclusion that the pre-treatment of the extracts with PEF or US led to the
degradation of some polyphenols [12], and so FRAP and DPPH were negatively affected,
whereas AA was not affected at all by these techniques.
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Figure 2. Pareto plots display transformed estimates for TPC (A), FRAP (B), DPPH (C), and AAC
(D) assays. The significance level (p < 0.05) is denoted by a gold reference line, which is included on
the plot.

3.3. Optimized Extraction Conditions

To achieve the maximum yields of TPC, FRAP, DPPH, and AAC, the desirability
function was employed, and the results are displayed in Table 4. It can be noted that TPC
and AAC are favored when PEF, US, and ST are combined, with their predicted responses
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at 15.45 mg GAE/g dw and 3.92 mg/g, respectively, while the antioxidant activity of the
extracts is maximized only through ST, with predicted responses 127.68 µmol AAE/g dw
for FRAP and 103.06 µmol AAE/g dw for DPPH. The solvent composition ranges from
intermediate polarity to low polarity, while a long extraction duration seems to favor all
responses. The extraction temperature varies from 20 to 65 ◦C. Since these conditions
are fundamentally distinct, RSM, ANOVA, and PLS statistical analyses are necessary to
determine the general best settings for all four responses to simultaneously extract the
greatest possible quantities.

Table 4. Optimal extraction conditions and maximum predicted responses for dependent variables.

Responses

Optimal Conditions

Maximum
Predicted
Response

Technique
(X1)

C (%, v/v)
(X2)

t (min)
(X3)

T (◦C)
(X4)

TPC (mg GAE/g dw) 15.45 ± 2.33 PEF + US + ST (4) 50 (3) 60 (2) 65 (4)
FRAP (µmol AAE/g dw) 127.68 ± 17.57 ST (1) 75 (4) 120 (4) 20 (1)
DPPH (µmol AAE/g dw) 103.06 ± 18.63 ST (1) 50 (3) 120 (4) 65 (4)

AAC (mg/g dw) 3.92 ± 0.63 PEF + US + ST (4) 100 (5) 150 (5) 50 (3)

3.4. Correlation Analyses

PCA (Figure 3) and MCA (Table 5) were utilized to further examine the responses more
thoroughly and provide information about the correlations among the examined responses.
The objective of MCA is to identify patterns and relationships among multiple variables
concurrently, while PCA is employed to represent a multivariate data table as a reduced set
of variables (summary indices) to facilitate the observation of trends, anomalies, clusters,
and outliers. PCA is particularly advantageous for examining complex datasets, enabling a
more profound comprehension of the data and their correlation. AAC, TPC, FRAP, and
DPPH have a positive correlation with both factors X2 and X3 but a negative correlation
with factors X1 and X4. As for MCA analysis, TPC seems to have a high correlation with
all three responses and, more specifically, it correlates with FRAP at ~0.96, at ~0.88 with
DPPH, and ~0.78 with AAC. FRAP and DPPH are also in line with one another. However,
a relatively low correlation is observed between AAC and FRAP (~0.68) and between AAC
and DPPH (~0.53).Eng 2024, 5, FOR PEER REVIEW 12 
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Table 5. Multivariate correlation analysis of the measured variables.

Responses TPC FRAP DPPH AAC

TPC – 0.9616 0.8757 0.7759
FRAP – 0.9474 0.6755
DPPH – 0.5269
AAC –

3.5. Partial Least Squares (PLS) Analysis

The impact of the four extraction parameters was assessed by applying a PLS model.
Figure 4 illustrates the PLS model used to create a correlation loading plot in which the im-
pact of extraction conditions of apple peels is visually displayed. The projection factor with
a value over 0.8 indicates that this variable exhibits a high contribution. It is obvious that
the X1 variable, just stirring, was far from enough to yield maximum polyphenol recovery,
the antioxidant activity of the extracts, and ascorbic acid content simultaneously; however,
this became feasible when PEF, US, or coupled PEF and US pretreated extractions were
executed. This phenomenon can be attributed to the electroporation processes associated
with PEF, which has proven efficacy, as the current disrupts the membrane of cells in apple
peels, facilitating the recovery of targeted bioactive compounds [12]. The cavitation effect of
ultrasound, which induces the creation of microcracks on solid surfaces due to the release
of high energy upon bubble collapse, also results in increased yields [42]. Regarding the X2
variable, it was observed that a moderate-polarity solvent comprising 75% v/v ethanol was
ideal in all assays. The explanation for this may be in the moderate-polarity polyphenols
recovered in comparison to water [43]. Extraction duration (i.e., variable X3) had the most
effective impact when short periods were applied in all assays. Finally, in all cases, it was
observed that temperatures as high as 80 ◦C (variable X4) favored the maximization of the
extraction yields. The desirability of this model is ~0.92, which implies a good fit of the
model in the data.
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After comparing the PLS model values with those derived from experimental investi-
gations, a correlation of 0.9845 between them is observed and they exhibit no significant
deviations, possessing a p-value < 0.0001.

3.6. Analysis of the Optimal Extract

The optimal extraction conditions were determined as a combination of PEF, US, and
ST, utilizing 75% v/v aqueous ethanol as a solvent, for 30 min at 80 ◦C. There is a plethora of
research in the literature where the combination of PEF, US, and ST is shown to be effective
for the recovery of bioactive compounds [12]. The combination of electroporation and cavi-
tation effect, as pretreatment techniques, appear to considerably enhance the performance
of conventional extraction through stirring, and thus it is possible to obtain higher yields in
shorter times (about 30 min), and thus less energy is expended. The polyphenols recovery,
along with the antioxidant capacity (FRAP, DPPH, and AAC values) are exhibited in Table 6.
Moreover, in Table 7, the individual polyphenolic compounds determined through HPLC-
DAD are displayed, and in Figure S9 a representative chromatograph of these polyphenolic
compounds is depicted. The TPC recovered under the optimal conditions, which is 17.23
mg GAE/g dw, is very close to the value predicted by the PLS program. This result is
almost double the one reported by Tian et al. [15], who determined 9.22 mg GAE/g dw
on apple peel flesh. Kunradi Vieira et al. [44] subjected apple fruit and peels in the US
for 15 min and 80% v/v acetone and reported a TPC on apple peels that is ~199% lower
than ours. It is evident that the selection of a suitable solvent is crucial for the recovery
of bioactive compounds, and that an ethanol–water mixture, which produces a solvent of
moderate polarity, results in much greater yields compared to acetone, a non-polar solvent.
Yue et al. [21] reported a TPC of ~13 mg GAE/g dw from apple peels when 50% ethanol
was utilized with 30 min of ultrasonication at 50 ◦C. It is important to highlight that in
our study, the TPC obtained under the optimal conditions utilized lower temperature and
ultrasonication duration. Wang et al. [20] studied how PEF affects the extraction yield and
the degradation of bioactive compounds from apple peels, and the results indicated that
all PEF parameters play a crucial role in the TPC yield. Sethi et al. [16] determined the
AAC on several cultivars of apple peels, and the reported content is ~1187 lower than the
one reported in this study. It is once again evident that the nature of the raw material,
in this case, the different varieties of the same fruit, clearly affects the extraction yield.
The most abundant polyphenolic compound in apple peels identified in this research is
pelargonin chloride. Pelargonin is an anthocyanin to which the red color of the apple peels
is attributed [45]. Several pelargonidin pigments have been found in red apples by other
researchers [46]. The second most abundant polyphenolic compound is catechin. Kondo
et al. [47] also determined catechin in three different apple cultivars, and the amounts
are from ~147% to ~394% lower than ours. Moreover, Karaman et al. [48] explored the
polyphenolic compounds in apple flesh and peels from different cultivars, and they also
determined catechin and chlorogenic acid. The highest amount of catechin they found was
in the peels of the ‘Amasya’ cultivar and of chlorogenic acid in the ‘King Luscious’ cultivar,
but these results are ~888% and ~663% lower than ours, respectively. The same research
team also determined epicatechin in their apple samples, and the highest amount in apple
peels was in ‘Ervin Spur’ for epicatechin, which is in line with our value.

Table 6. Optimal extraction conditions (X1:4, X2:4, X3:1, and X4:5) and maximum desirability for all
variables using the partial least squares (PLS) prediction profiler.

Variables PLS Model Values Experimental Values

TPC (mg GAE/g dw) 19.84 17.23 ± 0.65
FRAP (µmol AAE/g dw) 152.79 130.87 ± 6.15
DPPH (µmol AAE/g dw) 86.79 95.38 ± 3.05

AAC (mg/g dw) 4.44 3.99 ± 0.13
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Table 7. Polyphenolic compounds identified under optimal extraction conditions (X1:4, X2:4, X3:1,
and X4:5).

Polyphenolic Compound Optimal Extract (mg/g dw)

Pelargonin chloride 2.56 ± 0.19
Catechin 1.58 ± 0.03

Chlorogenic acid 0.61 ± 0.04
Homovanillic acid 0.01 ± 0

Epicatechin 0.11 ± 0
Quercetin 3-D-galactoside 0.60 ± 0.02

Hesperidin 0.59 ± 0.04
Total identified 6.06 ± 0.34

4. Conclusions

By conducting thorough research and carefully analyzing various conditions, this
study sought to identify the most effective method for extracting bioactive compounds
from apple peels. Utilizing the RSM approach, we were able to identify the key parameters
for extraction. However, the PLS model provided us with the opportunity to further
refine and optimize these parameters. The significance of incorporating PEF and US into
traditional extraction methods was discovered. It is worth mentioning that additional
research could explore alternative green techniques or extraction conditions to enhance the
recovery of bioactive compounds. The findings of this study highlight the effectiveness
of green extraction techniques for specific byproducts that can be utilized to develop food
additives, animal feed, dietary supplements, and cosmetics. Additionally, they offer an
effective environmentally friendly alternative for minimizing waste in the food sector.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/eng5040150/s1, Figure S1 illustrates the primary polyphenol
classes present in apple peels. The comparisons between the predicted and actual responses for
each parameter being investigated are depicted in Figures S2–S5, which also include the desirability
functions. Three-dimensional response diagrams for the remaining responses are illustrated in
Figures S6–S8. A representative chromatograph of the optimal extract at 280 and 320 nm is provided
in Figure S9.
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Abstract: As one of the main industrial segments of the current geoeconomics scenario, agro-industrial
activities generate excessive amounts of waste. The gasification of such waste using supercritical
water (SCWG) has the potential to convert the waste and generate products with high added value,
hydrogen being the product of greatest interest. Within this context, this article presents studies on
the SCWG processes of lignocellulosic residues from cotton, rice, and mustard husks. The Gibbs
energy minimization (minG) and entropy maximization (maxS) approaches were applied to evaluate
the processes conditioned in isothermal and adiabatic reactors, respectively. The thermodynamic and
phase equilibria were written as a nonlinear programming problem using the Peng–Robinson state
solution for the prediction of fugacity coefficients. As an optimization tool, TeS (Thermodynamic
Equilibrium Simulation) software v.10 was used with the help of the trust-constr algorithm to search
for the optimal point. The simulated results were validated with experimental data presenting
surface coefficients greater than 0.99, validating the use of the proposed modeling to evaluate reaction
systems of interest. It was found that increases in temperature and amounts of biomass in the
process feed tend to maximize hydrogen formation. In addition to these variables, the H2/CO ratio
is of interest considering that these processes can be directed toward the production of synthesis
gas (syngas). The results indicated that the selected processes can be directed to the production
of synthesis gas, including the production of chemicals such as methanol, dimethyl ether, and
ammonia. Using an entropy maximization approach, it was possible to verify the thermal behavior
of reaction systems. The maxS results indicated that the selected processes have a predominantly
exothermic character. The initial temperature and biomass composition had predominant effects on
the equilibrium temperature of the system. In summary, this work applied advanced optimization
and modeling methodologies to validate the feasibility of SCWG processes in producing hydrogen
and other valuable chemicals from agro-industrial waste.

Keywords: lignocellulosic biomass; gasification in supercritical water; hydrogen

1. Introduction

Fossil fuels are limited, and the urgent need to increase the use of renewable energy
sources, along with the alarming daily release of CO2 into the atmosphere, is a major
concern. Consequently, various economic and environmental factors are driving a renewed
interest in developing and improving manufacturing alternatives to reduce greenhouse gas
(GHG) emissions and support modern society [1].

In this context, using agro-industrial waste, especially in Brazil, presents an appealing
alternative due to the country’s high production rates and the large amount of waste
generated. Lignocellulosic residues, in particular, are produced in significant volumes
through various processes. Examples include sugarcane bagasse from the sugar and
ethanol industries, as well as residues from other production chains like rice, cotton,
and mustard [2,3].
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These wastes can be used in various value-added processes, including thermochemical
processes, especially those aimed at hydrogen production. Hydrogen has a higher energy
density compared to common and widely used fossil fuels, such as natural gas, with a
key difference that hydrogen can be obtained from renewable sources and has water as its
only oxidation product—thus contributing to avoiding climate change and reducing GHG
emissions. A variety of such processes have been under investigation over the years, such
as the thermochemical conversion of agro-industrial residues into hydrogen [4].

One pathway for producing hydrogen using thermochemical processes from biomass
materials involves supercritical water (SCW). This is a promising reaction medium for
organic components due to its unique physicochemical properties that at temperatures
above 374 ◦C and pressures above 22.1 MPa allow overlap with the critical point of water,
weakening the hydrogen bonds and resulting in a high dielectric constant and strong
solubility of organic compounds such as biomass [5].

The composition of gasified biomass is primarily influenced by the reaction tempera-
ture [6].There are three key reactions involved in the gasification of lignocellulosic biomass,
as shown in Equations (1)–(3):

C + H2O → CO + H2 Endothermic (1)

CO + H2O → CO2 + H2 Athermic (2)

C + 3H2 → CH4 + H20 Exothermic (3)

The thermal characteristics of Equations (1)–(3) were evaluated at a reference tempera-
ture of 298 K. Under SCWG conditions, the system exhibits low viscosity, which enhances
mass transfer. This improved mixing of biomass with water hinders polymerization reac-
tions, leading to the formation of simpler compounds, such as H2, and increases gasification
efficiency [7,8]. In biomass conversion processes, water can be said to fulfill all possible
functions it can act as a solvent, catalyst, catalyst precursor, and reagent [9].

In Freitas and Guirardello [10], sugarcane bagasse was converted into syngas using
SCW media with CO2 as a co-reactant. This study was performed using the Gibbs energy
minimization method in combination with the virial Equation of State (EoS). In Mitoura
et al. [11], the methane cracking process was verified using ideal gas consideration in a
thermodynamic study based on Gibbs energy minimization and entropy maximization
methods. In Freitas and Guirardello [12], various glycerol (residue of biodiesel production)
reforming technologies were studied to produce hydrogen. In all of these studies, the
systems were thermodynamically considered using the Gibbs energy minimization method
in combination with the virial EoS. Furthermore, the systems were thermodynamically
evaluated using simple thermodynamic models (ideal gas and virial EoS); meanwhile, in
other studies in the literature more complex thermodynamic models were used, such as
Peng Robinson’s state research. But in these cases, a stoichiometric approach (which does
not consider all possible reactions) was used, as in Castello and Fiori [13].

This work addresses gasification processes using agro-industrial waste (composed of
cotton, mustard and rice husk) using supercritical water as a reaction medium. Thermody-
namic models based on Gibbs energy minimization and entropy maximization methods
combined with the Peng–Robinson (PR) equation of state (EoS) were used to represent
the phase behaviors of these complex systems. The models were formatted as optimiza-
tion routines as non-linear programming problems using a non-stoichiometric approach
(considering all possible reactions).

Process variables, such as temperature, pressure, and inlet composition were also
evaluated to maximize hydrogen production and study the thermal behavior of all pro-
cesses. The results of this work provide a complete thermodynamic analysis of this type
of system, including the development of a robust, reliable, and efficient thermodynamic
model. Moreover, its computational time is low despite the use of complex state equations
such as the PR EoS.
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2. Methodology
2.1. Thermodynamic Approach

To predict the biomass gasification process in isothermal reactors, the thermodynamic
Gibbs energy minimization method was employed. In this method, a thermodynamic
equilibrium is reached when the system’s total Gibbs free energy is minimized, making it a
common objective function for evaluating equilibrium processes [6,14]. To verify the ther-
mal behavior of the reaction process, the entropy maximization method was utilized [15].

The use of Gibbs energy minimization and entropy maximization methodologies is
crucial for evaluating the thermodynamic behavior of SCWG processes. MinG predicts
equilibrium states by minimizing Gibbs energy, offering insights into isothermal reactor
performance, while maxS assesses thermal behavior by maximizing entropy, key for adia-
batic reactor dynamics. Both methods were formulated as nonlinear programming tasks
with appropriate constraints. The following sections detail the thermodynamic approach
for lignocellulosic biomass SCWG processes.

2.1.1. Chemical and Phase Equilibrium Formulated as a Gibbs Energy Minimization
Problem: Calculation of Isothermal Reactor

The Gibbs energy of a system at constant temperature (T) and pressure (P) is described
by Equation (4). In this context, the index i represents the different chemical species present,
and k represents the different phases present:

G =
NC

∑
i=1

NF

∑
k=1

nk
i µk

i (4)

According to Sandler [16], the chemical potential can be defined as shown in Equation (5):

µk
i = µo

i + RT ln
(

f̂ k
i / f o

i
)

(5)

Fugacity in a multicomponent and multiphase system can be determined using the
Phi–Phi (φ–φ) method, which is more suitable for handling cubic state equations. Thus, the
objective function for minimizing the total Gibbs energy of the system, at constant pressure
and temperature, can be rewritten as Equation (6):

G =
NC

∑
i=1

NF

∑
k=1

nk
i µk

i (6)

By directly minimizing Equation (6), while taking into account mass balance and
stoichiometry constraints, a unified chemical and phase equilibrium point is attained.
To ensure the system reaches a suitable solution, two additional constraints must be
incorporated. The first constraint involves ensuring the non-negativity of the number of
moles, as outlined in Equation (7), for each component within each phase [10].

Gasification using supercritical water as a reactive medium occurs under conditions
of high pressure and temperature. It is assumed that no components form in the liquid
phase; however, both phases are still considered in the modeling process. To simplify the
thermodynamic modeling, the solid phase is treated as ideal, as indicated by Equation (7),
thus eliminating the need to estimate non-idealities. This approach seems reasonable given
the significant amounts of water introduced into the reactive system during supercritical
water gasification, which hinders the formation of solid phase components [10,12,17].

µs
i = µ0

i (7)

In contrast to the assumption of ideality for the solid phase, the vapor and liquid
phases cannot be considered ideal due to the process conditions, which make such an
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assumption impractical. Equations (8) and (9) describe the chemical potentials of the vapor
and liquid phases, respectively:

µv
i = µ0

i + RT(ln ∅̂v
i + lnyi + ln P) (8)

µl
i = µ0

i + RT
(
ln ∅̂l

i + lnxi + ln Psat
i
)

(9)

For predicting fugacity coefficients in reaction systems under supercritical conditions,
the selection of equations of state (EoS) must be done carefully. There are reports of success-
ful applications of the Peng–Robinson (PR) and Peng–Robinson Boston Mathias (PR-BM)
EoS in studying supercritical biomass-in-water gasification reaction systems [6,18,19]. In
this study, the Peng–Robinson Palatino Linotype EoS was applied to calculate the fu-
gacity coefficients of the verified system, using simplified mixing rules as reported by
Downling et al. [20].

2.1.2. Chemical and Phase Equilibrium Formulated as an Entropy Maximization Problem:
Calculation of an Adiabatic Reactor

The second stage of this work involves applying the entropy maximization method-
ology, as described in Equation (10), for the thermodynamic evaluation of gasification
reactions with supercritical water from various biomass sources. These methodologies have
been applied to a wide range of systems in the field of chemical reaction engineering, in-
cluding systems that transform biomass into fuels [10] and methane cracking processes [11].

maxS =
NC

∑
i=1

NF

∑
k=1

nk
i S̄k

i (10)

These problems are subject to the restrictions of Equations (8) and (9), which pertain
to the non-negativity of the number of moles and the balance of atoms, respectively, as well
as the minimization of Gibbs energy. Additionally, they must comply with the enthalpy
balance restriction, as outlined in Equation (11):

NC

∑
i=1

NF

∑
k=1

nk
i H̄k

i =
NC

∑
i=1

n0
i H̄0

i = H0 (11)

2.2. Calculation of Fugacity Coefficients Using the Peng-Robinson Equation

The Peng–Robinson (PR) equation of state was utilized to assess the non-ideality
of the system. This equation is noted for its balance of simplicity and accuracy. It was
developed to perform as well as or better than the Soave–Redlich–Kwong (SRK) equation
by altering the attractive pressure term of the semi-empirical Van der Waals equation [21].
Equations of state can be formulated as cubic equations in terms of the compressibility
factor Z, commonly represented by Equation (12):

f (Z) = Z3 − (1 + B − uB)Z2 +
(

A + wB2 − uB − uB2)Z − AB − wB2 − wB3 (12)

where A and B are dimensional coefficients that vary with temperature, pressure, and phase
composition according to the classical mixing rule described by Downling et al. [20]. The
parameters u and w are set to 2 and −1, respectively, as specified in the Peng–Robinson
equation of state. Equation (12) approximates the real behavior of the liquid and vapor
phases for various fluids. Solving this equation yields either one or three real roots, which
are then used to calculate the fugacity coefficients using the phi–phi method applied in
this study [16].

2.3. Mathematical Formulation and Solution of the Equilibrium Problem

In their research, Kamath, Biegler, and Grossmann [22] established criteria for the
cubic equation of state to ensure accurate root selection. They found that the first derivative
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with respect to Z must be positive to avoid selecting the root’s mean value. Additionally,
the second derivative plays a crucial role in determining the roots of the liquid and vapor
phases. The larger root corresponds to the vapor phase, and its second derivative must be
greater than or equal to zero. Conversely, the smaller root, representing the liquid phase,
must have a second derivative less than or equal to zero. Equations (13)–(16) present these
constraints specifically for the Peng–Robinson equation:

f ′(Zg) = 3Zg2 − 2(1 − B)Zg + A − 2B − 3B2 ≥ 0 (13)

f ′(Zl) = 3Zl2 − 2(1 − B)Zl + A − 2B − 3B2 ≥ 0 (14)

f ′′ (Zg) = 6Zg + 2B − 2 ≥ −Mσg (15)

f ′′ (Zl) = 6Zl + 2B − 2 ≥ −Mσl (16)

To prevent the selection of a root lacking physical significance, Kamath, Biegler, and
Grossmann [22] introduced slack variables (σv and σl) into Equations (15) and (16). This
strategy mitigates discontinuities caused by the disappearance of one of the system phases,
leaving only either the gaseous or liquid phase.

A total of 12 potential components were taken into account during the biomass SCWG
process. These components, along with their thermodynamic properties, are detailed in
Table 1. They were chosen to represent the main compounds expected to emerge during
the supercritical water biomass gasification. This selection stems from extensive literature
findings, which suggest that these components are commonly present in notable quantities
during gasification processes involving biomass from diverse origins [6,10,12,17,23,24].

The lignocellulosic residues were written as pseudocomponents. Table 2 shows the
analysis for each biomass evaluated in this work, as well as their key parameters such
as hydrogen/carbon and oxygen/carbon ratios. Kang et al. [25] and Vassilev et al. [26]
reported the ultimate analysis for many agroindustrial residues.

Table 1. Critical properties and formation properties reported by Poling et al. [27].

Components Tc (K) Pc (bar) Vc (m3/kmol) ω
∆Hf

(cal/mol)
∆Gf

(cal/mol)

H2O 647.14 220.64 0.056 0.344 −5.78 × 104 −5.46 × 104

H2 32.98 12.93 0.064 −0.217 0 0
CH4 190.56 45.99 0.099 0.011 −1.78 × 104 −1.21 × 104

CO2 304.15 73.74 0.094 0.225 −9.41 × 104 −9.43 × 104

CO 132.85 34.94 0.093 0.045 −2.64 × 104 −3.28 × 104

O2 154.58 50.43 0.073 0.022 0 0
N2 126.20 33.98 0.090 0.037 0 0

CH4O 512.64 80.97 0.118 0.565 −4.80 × 104 −3.88 × 104

C2H6 305.32 48.72 0.146 0.099 −2.00 × 104 −7.61 × 103

C3H8 369.83 42.48 0.200 0.152 −2.50 × 104 −5.81 × 103

NH3 405.40 113.53 0.072 0.257 −1.10 × 104 −3.92 × 103

C2H4 282.34 50.41 0.131 0.087 1.25 × 104 1.64 × 104

Table 2. Mass composition of different types of biomass.

Biomass C H N O H/C * O/C * Reference

Rice husk 49.3 6.1 0.8 43.7 1.48 0.59 [25]
Soy husk 45.4 6.7 0.9 46.9 1.77 0.69 [25]

Mustard husk 45.8 9.2 0.4 44.4 2.41 0.65 [25]
Cotton husk 50.4 8.4 1.4 39.8 2.00 0.53 [26]

* The ratios of hydrogen to carbon and oxygen to carbon are represented on a molar basis.

The formulated nonlinear programming (NLP) problems were addressed using the
TeS—Thermodynamic Equilibrium Simulation software and the trust-constr solver. This

24



Eng 2024, 5 1101

choice is informed by the numerous advantages offered by the trust-constr solver for the type
of approach employed in this study. Specifically, it is suitable for models characterized by
highly nonlinear constraints, designed to handle large-scale models, and can be applied to
models without differentiable functions [28]. This approach has consistently demonstrated
high levels of accuracy and efficiency and has yielded excellent results in a variety of
systems, particularly those involving chemical equilibrium and mixed phases [12,17,29,30].

3. Results and Discussion
3.1. Methodology Validation

This section aims to present results that support the application of the proposed
methodology. The methodologies presented in Section 2 were validated using experimental
data reported by Chakinala et al. [31] and Gomes et al. [6] who verified the SCWG processes
of microalgal biomass in isothermal and adiabatic systems.

3.1.1. Methodology Validation for Isothermal Systems Using Gibbs Energy Minimization

Chakinala et al. [31] investigated the SCWG process of Chlorella vulgaris microalgal
biomass using Ru/TiO2 catalysts. This study was conducted at 240 bar, with the biomass
feed set at 7.3% wt. Figure 1 presents a comparison between the results obtained by
applying the previously described Gibbs energy minimization methodology, using the
Peng–Robinson equation of state and the ideal gas model. The calculated results are plotted
alongside those reported by Chakinala et al. [31] at 973.15 K.
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Figure 1. Comparison between molar composition results at the thermodynamic equilibrium condi-
tion calculated by the Gibbs energy minimization methodology (Peng–Robinson and Ideal Gas) with
experimental data reported by Chakinala et al. [31].

The results in Figure 1 indicate a noticeable divergence between the calculated data
and the literature when using the ideal gas model, which is expected given the nature of
the reaction system and the thermodynamic limitations of the ideal gas model.

When the gas is considered real, by using the Peng–Robinson (PR) equation of state
to calculate the fugacity coefficients the calculated results align satisfactorily with those
reported by Chakinala et al. [31], achieving a correlation coefficient (R2) greater than
0.999. This outcome underscores the necessity of employing more robust models to predict
non-idealities. The PR equation offers better predictions than ideal models due to its high
precision within the utilized temperature and pressure range and its accurate calculation of
fugacity for the components present [32]. Furthermore, the proposed methodology proved
effective for verifying the SCWG process of the C. vulgaris microalgal biomass. In terms
of process design, robust models like the one presented in this work are essential for the
development and scale-up of gasification processes with water in a supercritical state.

3.1.2. Methodology Validation for Adiabatic Systems Using Entropy Maximization

To validate this methodology, we used experimental data reported by Gomes et al. [6]
who verified the SCWG process of Nannochloropsis sp. at 250 bar with 15% wt of biomass in
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the process feed. Figure 2 presents a comparison between data reported by Gomes et al. [6] and
data calculated using the methodology described in this study for calculating adiabatic systems.
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Figure 2. Comparisons between data from Gomes et al. [6] and simulated data for product
composition as a function of initial temperature, pressure at 250 bar and initial composition of
Nannochloropsis sp. 15% wt.

The results reported in Figure 2 indicate that the methodology proposed in this study
has a good correlation with the data used for validation (R2 > 0.99). Thus, considering
both results from the verified literature, the proposed methodologies produced satisfactory
results. The next section presents a more detailed study of the behavior of the SCWG
process of the selected lignocellulosic residues.

3.2. Study of Equilibrium Compositions of SCWG Processes of Lignocellulosic Waste

The approach presented in this paper for Gibbs energy minimization mimics the condi-
tions of an ideal isothermal reactor. Therefore, hydrogen production rates are anticipated to
be high given that hydrogen generation reactions are mainly endothermic and benefit from
the thermal stability provided by the isothermal reactor [6,11,33]. The thermodynamic study
of this process was conducted under controlled conditions, with temperatures ranging from
723 to 1223 K and pressures from 200 to 300 bar. The proportions of biomass in the process
input were maintained between 26% and 53%, with a constant amount of water of 2.0 mol.

Figure 3 shows the formation behavior of the main components throughout the SCWG
processes of the verified lignocellulosic waste (hydrogen, methane, carbon monoxide,
and carbon dioxide). However, other components were formed in smaller quantities
(<5 × 10−4 mol) for all verified reaction conditions, such as NH3, N2, and C2H6. As the
model is based on chemical and phase equilibrium, the molar fractions of these components
are orders of magnitude lower than the majority of products, regardless of the conditions
used. Likewise, the impact of these components on the formation reactions of the main
gaseous products is low, even though the biomass obtained from food production contains
relative concentrations of elements such as nitrogen or sulfur [18].

The results in Figure 3 show the combined effects of temperature and biomass
mass composition in the process feed on the formation of the majority of components
at 257.14 bar. As expected, increases in temperature and amounts of biomass in the system
feed tend to maximize the formation of hydrogen and carbon monoxide for both pro-
cesses. This fact is justified by the endothermic nature of the gasification reaction. These
results follow what was expected taking into account previous results already reported in
the literature [6,13,18,34–36].
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process feed at 257.14 bar.

In addition to the formation of hydrogen and carbon monoxide, throughout the SCWG
processes verified, the formation of methane and carbon dioxide is significant. Contrary
to the behavior of hydrogen formation from carbon monoxide, the formation of methane
is disfavored by increases in temperature, and this result is justified by the fact that the
methanation reaction is exothermic, as observed by Jin et al. [37] and Guo et al. [36].
Similarly to the formation of methane, the formation of carbon dioxide is favored with
the addition of biomass in the feed of the reaction system. However, the formation of
carbon dioxide presents maximum points at intermediate temperatures (800–900 K) for
both processes.

It can be seen that the SCWG process of mustard husks presents higher rates of
hydrogen and methane formation, this result is justified by the fact that this substrate
presents a higher ratio of H/C atoms than the other substrates verified (H/C = 2.41),
thus allowing more hydrogen and methane to be formed throughout the reaction process.
Conversely, the rice husk SCWG process presents greater formation of carbon monoxide
and dioxide due to its higher ratio of oxygen atoms to carbon atoms (O/C = 0.59) compared
to other substrates.

Cotton husks present intermediate values for the O/C and H/C ratios, and, for this
reason, the SCWG process for this substrate presents intermediate indices for the formation
of both components among the processes verified.

In addition to the combined effects of temperature and the amount of substrate in
feeding the reaction process, the influence of temperature on the behavior of the reactions is
of great importance [17]. Figure 4 presents the combined effects of temperature and pressure
on the behavior of the equilibrium compositions for SCWG processes of lignocellulosic
waste, fixing the mass composition of the biomass in the process feed at 31.19 %wt.
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at 31.19 %wt in the reaction system feed.

For both conditions verified in Figure 4, the SCWG process of mustard husks presents
higher rates of hydrogen and methane formation. The rice husk SCWG process presents
higher rates of carbon monoxide and carbon dioxide formation. Quite apparent visually,
pressure increases tend to minimize the formation of hydrogen and carbon monoxide.
At 1223 K and 31.19%wt of biomass in the process feed, the pressure variation from
200 to 300 bar minimizes the formation of hydrogen by 17.21% and by 16.92% for the
formation of carbon monoxide. Applying the same verification to the formation of methane
and carbon dioxide, an increase in the formation of these components of 7.83% and 1.43%,
respectively, is noted. This result was predicted by Whitag et al. [38], who described that the
increase in pressure disfavors the formation of products of interest during the process. This
is justified by the fact that the increase in pressure disfavors the water–gas displacement
reactions and the methanation reaction is favored following Le Chatelier’s principle. Thus,
hydrogen is largely consumed, forming methane and carbon dioxide.

In short, from the results reported in Figures 3 and 4, it is concluded that an increase
in both temperature and biomass in the feed of the reaction process tends to increase the
number of moles of hydrogen and carbon monoxide. Although this behavior is observed,
it is important to highlight that, in terms of molar composition, the hydrogen fractions
decrease as a function of increasing feed concentration [39]. Furthermore, an increase in
pressure tends to minimize the formation of these components. Higher rates of hydrogen
formation are observed for the SCWG process of mustard husks due to its higher ratio
of H/C atoms; considering that this is the component of greatest interest, among the
lignocellulosic residues verified, mustard husks would be more suitable due to their higher
rates of hydrogen formation.

In addition to hydrogen, the SCWG process can be characterized by the production
of synthesis gas (syngas), which is predominantly composed of H2 and CO [40–42]. An
interesting parameter to consider when studying the potential for syngas formation is
the relationship between the amounts of H2 and CO (molar ratio H2/CO) [43]. When the
H2/CO molar ratio is close to one, the generated syngas is favorable for the synthesis of
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methanol (CH3OH) and the production of light hydrocarbons such as methane (CH4) and
ethylene (C2H4) using Fischer–Tropsch-type synthesis reactions. For H2/CO molar ratios
close to two, the generated synthesis gas is considered ideal for the production of methanol
(CH3OH) and dimethyl ether (DME), which are important as fuels and as intermediates
in the chemical industry; when the H2 ratio/CO is equal to three, the generated syngas
is favorable to produce ammonia (NH3) through the Haber–Bosch synthesis reaction [44].
Figure 5 shows the behavior of the H2/CO molar ratio as a function of temperature and the
amount of biomass in the process feed at 200 bar for both processes verified.
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The results of the H2/CO molar ratios for both verified processes are presented in Figure 5
as a function of temperature and biomass composition in the process feed (%wt) at 200 bar.

The results in Figure 5 indicate a significant difference in the behavior of the H2/CO
ratio depending on the composition of the substrate used throughout the SCWG processes.
The mustard husk SCWG process presents H2/CO ratios greater than two, indicating that
this process may be more suitable for producing synthesis gas as a substrate for DME
production processes. This result is similar to the SCWG process of cotton husks. The rice
husk SCWG process presents higher rates of synthesis gas formation with H2/CO ratios
close to one. A H2/CO ratio close to one is ideal for producing long-chain hydrocarbons
such as paraffins, naphthas, and oils. This is because this balanced proportion of hydrogen
and carbon monoxide is necessary for the efficient synthesis of products through processes
like the Fischer–Tropsch synthesis [45].

As observed, biomass processing using water as a reaction medium under supercritical
conditions shows good hydrogen formation rates, and the H2:CO ratios under conditions
that maximize the formation of these products allow their application as synthesis gas.
Despite the good formation rates of the desired products, operating reactions under su-
percritical conditions involves various associated costs. Alternative routes for biomass
processing, such as pyrolysis, are conducted under reduced temperature and pressure con-
ditions; however, they result in high CO2 formation and the production of large quantities
of solid components [46].
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The different behaviors of the SCWG processes of the residues verified result from
the different compositions of each substrate. Figure 6 shows the maximum formation
of the majority of components formed throughout the SCWG processes as a function of
the H/C and O/H ratios. The results presented correspond to conditions that maximize
the formations of the respective verified components. Following what was presented in
Figures 4 and 5, increases in the H/C ratio tend to maximize the formation of hydrogen
and methane. Increases in the O/C ratio maximize the formation of carbon dioxide and
carbon monoxide. However, this result is barely noticeable for the formation of carbon
monoxide because, for the conditions that maximize the formation of this component, the
differences between the quantities formed for the processes verified are minimal. Both
results seen in Figure 6 make sense if analyzed by taking into account the main reactions
throughout the biomass SCWG processes.
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3.3. Thermal Behavior of SCWG Processes of Lignocellulosic Waste

In addition to equilibrium compositions, the study of the thermal behavior of reaction
systems is of fundamental importance for project development. To verify the equilibrium
temperatures in non-isothermal systems, the entropy maximization methodology associ-
ated with the Peng–Robinson equation of state was used to calculate non-idealities. This
methodology has already been used by Gomes et al. [6] for verifying the thermal behavior
of reaction systems under supercritical conditions with satisfactory results validated with
experimental data.

Figure 7 illustrates the thermal behavior of SCWG processes for lignocellulosic waste.
The effects studied are: initial temperature (Figure 7a) with pressure at 220 bar and 10% wt
biomass feed; pressure (Figure 7b) with initial temperature at 900 K and 10% wt biomass
feed; and biomass composition (Figure 7c) with initial temperature at 900 K and pressure
at 220 bar.
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From the results presented in Figure 7, it is clear that the initial temperature and
the biomass composition in the feed of the reaction system have predominant effects on
the behavior of the equilibrium temperature. This verification is in accordance with the
results shown in Figures 3 and 4, considering that pressure has less significant effects on
the development of the reactions.

Checking the effect of the initial temperature on the behavior of the equilibrium
temperature (Figure 7a), it is clear that, in general, the SCWG process of mustard husks
presents higher equilibrium temperatures than the other processes. This result is justified by
the fact that higher H/C ratios tend to favor methanation reactions, which are exothermic,
thus increasing the equilibrium temperature of the reaction system. Similarly, the rice husk
SCWG process presents lower values for equilibrium temperatures, since this substrate has
the lowest H/C ratio (1.48) among the substrates studied.

For both cases, exothermic effects are predominant. However, it can be seen that
the differences between the equilibrium temperatures and the initial temperature of the
reaction system tend to decrease with increases in temperature at the beginning of the
process, indicating that the reactions initially have an exothermic character that is mini-
mized with an increase in the initial temperature of the reaction system. At 1200 K, the
differences between the initial temperature and the equilibrium temperatures for both
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reaction processes are minimal, as can be confirmed in Table 3. At 1300 K, it is clear that the
equilibrium temperatures become lower than the initial temperature, which indicates the
endothermic effect becomes predominant.

Table 3. Variation of the equilibrium temperature as a function of the initial temperature for the SCWG
processes of lignocellulosic waste at 220 bar with biomass composition in the feed set at 10% wt.

Temperature Deviation (%)

Initial Temperature (K) Rice Husk Cotton Husk Mustard Husk

700 +17.5 +18.4 +19.6
750 +14.7 +15.7 +16.8
800 +12.0 +13.1 +14.1
850 +9.6 +10.8 +11.7
900 +7.2 +8.6 +9.4
950 +5.1 +6.8 +7.4
1000 +3.2 +5.2 +5.7
1050 +1.6 +3.8 +4.2
1100 +0.27 +2.8 +3.0
1200 +0.25 +0.34 +0.57
1300 −0.33 −0.56 −0.28

In addition to the effect of initial temperature, the results in Figure 7 indicate that
pressure has a small, significant effect on the behavior of the equilibrium temperature.
This result follows what was expected taking into account the behavior of the equilibrium
compositions as a function of the system pressure. Other authors verified similar results
when studying the effect of reaction system pressure on the thermal behavior of the process
when conditioned in adiabatic reactors [6,11,33].

4. Conclusions

This study reveals the effectiveness of the proposed methodologies for evaluating the
thermodynamic behavior of supercritical water gasification (SCWG) processes, both in vali-
dating the results and in analyzing the thermodynamic equilibrium and thermal behavior
of the reaction systems. By utilizing more robust models such as the Peng–Robinson equa-
tion of state, it was possible to achieve a satisfactory correlation between the calculated and
experimental data (R2 > 0.99), highlighting the importance of considering gas non-idealities
for more precise predictions.

The analysis of the thermodynamic behavior of the SCWG processes of lignocellulosic
residues revealed consistent patterns in the formation of gaseous products such as hydro-
gen, methane, carbon monoxide, and carbon dioxide as a function of temperature, pressure,
and biomass composition.

Significantly, biomass composition significantly influenced the composition of the
formed products, with substrates like mustard husk exhibiting higher hydrogen and
methane formation due to their higher H/C ratio. For the processes verified, the mustard
husk SCWG process showed higher rates of hydrogen and methane formation, which
is justified by the greater number of hydrogen atoms in its composition. Conversely,
the rice SCWG process presents lower rates of hydrogen formation, which also presents
higher rates of carbon monoxide and carbon dioxide formation due to its greater content
of carbon atoms. The biomass of rice husks presents intermediate values with respect to
the compositions of H and C, and for this reason it presents intermediate values for the
compositions of the verified components (H2, CH4, CO and CO2).

Moreover, the analysis of the H2/CO molar ratio indicated the potential of SCWG
processes for synthesis gas production, with important implications for the production of
chemicals such as methanol, dimethyl ether, and ammonia, depending on the temperature
conditions and biomass composition. The SCWG process of lignocellulosic waste showed
good rates of synthesis gas formation with H2/CO ratios between two and three, indicating
that this can be directed to the production of ammonia and DME. The SCWG processes of

32



Eng 2024, 5 1109

rice and cotton husks also have H2/CO indices close to one under specific conditions of
temperature, pressure and biomass composition, indicating that the syngas generated from
this process can be directed to the production of methanol.

Lastly, the investigation of the thermal behavior of SCWG processes highlighted the
importance of initial temperature and biomass composition in determining the equilib-
rium temperature of the system, with pressure exerting a less significant effect. These
insights are crucial for the development and scaling of supercritical water gasification
processes, underscoring the potential of utilizing lignocellulosic residues for the production
of high-value-added products.

5. Patents

The results presented in this article were developed using the TeS—Thermodynamic
Equilibrium Simulation software. This software was developed by the authors of this text
and this article marks the first publication using this tool. The TeS was registered by the
National Institute of Industrial Property with registration number BR512024000275-8.
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Nomenclature

G Total Gibbs energy P Pressure
l Liquid phase n Number of moles
s Solid phase NC Number of components
v Vapor phase NF Number of phases

NC Number of components T Temperature
NF Number of phases R Universal gas constant
f̂ k
i Fugacity of component i in phase k ami Number of atoms of element i in component m

f o
i Fugacity of pure species i in a standard reference state no

i Number of moles in standard state
Hk

i Enthalpy of component i in phase k H0 Total enthalpy
H0

i Enthalpy of component i in the standard state
µ0

i
Chemical potential of component i in a standard
reference state

yi Mole fraction of component i in the vapor phase Psat
i Component saturation pressure i

xi Molar fraction of component i in the liquid phase Zi Compressibility factor
am Attraction parameter for mixtures kij Binary interaction parameter
bm Repulsion parameter for mixtures A, B, u, w Parameters of the cubic equation of state
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M Constant for Kamath, Biegler, and Grossmann constraints
σk Slack variables for Kamath, Biegler, and Grossmann constraints

Tc,I Critical component temperature i
Pc,i Critical component pressure i
wi Acentric factor
nk

i Number of moles of component i in phase k; i = [1, 2, 3, . . ., NC]; k = [v, l, s]
µi

k Chemical potential of component i in phase k; i = [1, 2, 3, . . ., NC]; k = [v, l, s]
∅̂k

i Coefficient of fugacity of component i in phase k; i = [1, 2, 3, . . ., NC]; k = [v, l]
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Abstract: This study investigates the biodegradation of Reactive Red 141 (RR 141), an azo dye
prevalent in the textile industry, by bacteria isolated from activated sludge in a textile effluent
treatment plant. RR 141, characterized by nitrogen–nitrogen double bonds (-N=N-), contributes to
environmental issues when improperly disposed of in textile effluents, leading to reduced oxygen
levels in water bodies, diminished sunlight penetration, and the formation of potentially carcinogenic
and mutagenic aromatic amines. This research focuses on identifying bacteria from activated sludge
with the potential to decolorize RR 141. Microbiological identification employs MALDI-TOF-MS,
known for its precision and rapid identification of environmental bacteria, enhancing treatment
efficiency. Results highlight Bacillus thuringiensis and Kosakonia radicincitans as the most promising
strains for RR 141 decolorization. Analysis of micro-organisms in activated sludge and database
exploration suggests a correlation between these strains and the decolorization process. It is worth
noting that this is the first report on the potential use of K. radicincitans for azo dye decolorization.
Three distinct culture media—BHI, MSG, and MS—were assessed to investigate their impact on
RR 141 decolorization. Notably, BHI and MSG media, incorporating a carbon source, facilitated
the bacterial growth of both tested species (B. thuringiensis and K. radicincitans), a phenomenon
absent in the MS medium. This observation suggests that the bacteria exhibit limited capability to
utilize RR 141 dye as a carbon source, pointing towards the influence of the culture medium on the
discoloration process. The study evaluates performance kinetics, decolorization capacity through UV-
VIS spectrophotometry, potential degradation pathways via HPLC-MS analysis, phytotoxicity, and
enzymatic activity identification. B. thuringiensis and K. radicincitans exhibit potential in decolorizing
RR141, with 38% and 26% removal individually in 120 h. As a consortium, they achieved 36% removal
in 12 h, primarily through biosorption rather than biodegradation, as indicated by HPLC-MS analyses.
In conclusion, the research emphasizes the importance of exploring bacteria from activated sludge
to optimize azo dye degradation in textile effluents. B. thuringiensis and K. radicincitans emerge as
promising candidates for bioremediation, and the application of MALDI-TOF-MS proves invaluable
for rapid and precise bacteria identification.

Keywords: biodegradation; Reactive Red 141; MALDI-TOF MS; toxicity; Bacillus thuringiensis; Kosako-
nia radicincitans
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1. Introduction

The global textile trade is expected to grow by 4.4% between 2021 and 2028 [1].
This continuous growth in textile products relates to a wastewater production rate above
130 L per kg of produced fabric [2]. The diversity and recalcitrance of contaminants are
associated with the toxicity of some substances, such as dyes, resulting in an effluent with
high biological oxygen demand (BOD), chemical oxygen demand (COD), intensive color,
and salinity [3,4]. Azo dyes are recalcitrant and highly water-soluble compounds widely
used by the textile industry. They are chemically composed of nitrogen-to-nitrogen double
bonds (-N=N-) [5]. The incorrect disposal of textile effluents impacts the environment
holistically, for instance, reducing the oxygen concentration in water bodies as well as
the sunlight penetration, with a consequent reduction in the photosynthetic activity of
aquatic algae and plants, the formation of aromatic amines—potentially carcinogenic and
mutagenic, among others [6,7]. An example is Reactive Red 141 (RR 141), an azo dye
commonly used in the textile industry [8]. It is a compound with high stability and limited
biodegradability, presenting a challenge in its remediation processes [8].

Usually, textile industry effluent treatment is composed of physical–chemical steps
(coagulation/flocculation and decantation) followed by biological processes, mainly ac-
tivated sludge [9]. In this context, the microbiome of activated sludge from wastewater
treatment plants is being explored to identify isolated species with dye decolorization
potential [7,10,11]. These environments indicate the presence of bacteria groups that have
significantly adapted to a diverse range of azo dyes, thereby supporting the possibility of
discovering novel and more effective bacteria for azo dye decolorization. [12]. Exploring
activated sludges as a microbial consortia is a vital perspective to optimize biodegradation.
Also, studying isolated strains from activated sludges enables the elucidation of biodegra-
dation pathways. MALDI-TOF-MS (matrix-assisted laser desorption/ionization—time of
flight—mass spectrometry) is highlighted as a promising methodology for activated sludge
microbiome identification with consequent treatment-yield enhancement [2]. MALDI-TOF
has high accuracy and precision for identifying environmental bacteria, thereby improving
time and cost savings [13,14]. With enhanced reference databases, it should be routinely
applied in environmental studies [13]. The technique demonstrates high accuracy in identi-
fying various bacterium types, aiding rapid bacterial identification in diverse environmental
settings [13,15].

Therefore, this study aimed to isolate and identify bacterial strains from activated
sludge of a treatment textile wastewater plant capable of decolorizing RR-141 (Reactive Red
141) azo dye. The two most promising strains were used to investigate kinetic performance,
decolorization ability through UV-VIS spectrophotometry, possible pathways via HPLC-MS
(High Performance Liquid Chromatography—Mass Spectrometry) analysis, phytotoxicity,
and enzyme activity identification. The scanning electron microscope of the activated
sludge sample was also executed.

2. Materials and Methods
2.1. Chemicals

Reactive Red 141 (RR-141/RHE7B), acetonitrile (CH3CN, Sigma-Aldrich, St. Louis,
MO, USA), brain heart infusion (BHI, KASVI, Milan, Italy), dibasic potassium phos-
phate (K2HPO4, VETEC, anhydrous, Duque de Caxias, Brazil), ethanol (C2H6O, Sigma-
Aldrich, St. Louis, MO, USA), magnesium sulfate (MgSO4·7H2O, NUCLEAR, Angra
dos Reis, Brazil), sodium chloride (NaCl, VETEC, Duque de Caxias, Brazil), formic acid
(CH2O2, BIOTEC, São Paulo, Brazil), α-cyano-4-hydroxycinnamic acid (C10H7NO3, Sigma-
Aldrich, St. Louis, MO, USA), trifluoroacetic acid (CF3COOH, ÊXODO CIENTÍFICA,
Sumaré, Brazil), barium chloride (BaCl2·2H2O, DINÂMICA, São Paulo, Brazil), methanol
(CH3OH, UV-IR-HPLC-HPLC isocratic Panreac, Castellar del Vallés, Spain), calcium chlo-
ride (CaCl2·2H2O, NEON, São Paulo, Brazil), magnesium sulfate (MgSO4·7H2O, VETEC,
Duque de Caxias, Brazil), sodium bicarbonate (NaHCO3, NUCLEAR, Angra dos Reis,
Brazil), potassium chloride (KCl, LAFAN, São Paulo, Brazil), dipotassium phosphate
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(K2HPO4, Sigma-Aldrich, São Paulo, Brazil), monopotassium phosphate (KH2PO4, NU-
CLEAR, Angra dos Reis, Brazil), ammonium sulfate ((NH4)2SO4, NUCLEAR, Angra dos
Reis, Brazil), and glucose (C6H12O6, MERCK, São Paulo, Brazil) were used as chemicals,
without any pre-treatment.

2.2. Bacterial Isolation

Activated sludge from the secondary settling tank of a textile industry treatment plant
located in the city of Blumenau, Brazil was collected and transported to the laboratory at
room temperature. The solid fraction of an activated sludge sample was separated from
the liquid fraction through centrifugation (10,000× g for 5 min). Homogenized biological
sludge (4 g L−1) was added in a 37 g L−1 of Brain Heart Infusion (BHI) solution and
incubated at 30 ◦C and 150 rpm for 24 h. Later, the samples were diluted in a 0.85% NaCl
solution, employing a dilution factor of 10−6. From this solution, 1 mL was spread in BHI
agar and grown at 30 ◦C for 24 h in an incubator. The different colonies were transferred to
BHI agar tubes and grown at 30 ◦C for 24 h. After, the isolated bacteria were maintained
on BHI agar slants and 1.5 mL microcentrifuge tubes using a cryopreservative liquid (BHI
with glycerol, 2:8) and preserved at −20 ◦C for further assays.

2.3. Microbiome Identification

The incubated cells (Petri plate—BHI at 30 ◦C for 24 h) were transferred, using a pipette
tip, to a 1.5 mL screw-cap extraction tube (Eppendorf, Hamburg, Germany) and wholly
mixed with 0.3 mL of double-distilled water. Absolute ethanol (0.9 mL) was added and
cautiously mixed, and the tubes were centrifuged for 2 min at 20,000× g. The supernatant
was rejected. The precipitate was air-dried and mixed thoroughly with 50 µL of formic acid
(70%) and 50 µL of acetonitrile. The mixture was submitted to centrifugation (20,000× g,
2 min). The supernatant (1 µL) was dried at room temperature on a ground steel MALDI
target plate. The samples received an extra layer of 2 µL of a saturated solution of α-cyano-
4-hydroxycinnamic acid in 50% acetonitrile and 2.5% trifluoroacetic acid and were dried
at room temperature [16]. An UltrafleXtreme MALDI-TOF mass spectrometer (Bruker
Daltonics, Bremen, Germany) performed the mass spectrometry analysis on the linear
positive ion mode. Mass spectra were obtained in a range from 2 to 20 kDa with ions
generated via the irradiation of a smart beam using a frequency of 2000 Hz, PIE 100 ns, 7 kV
lens [17]. The voltages were 25 and 23 kV for the first and second ion sources, respectively.

MALDI Biotyper CA System software (Bruker Daltonics, Bremen, Germany) was used
to identify bacteria with cut-off values higher than 1.7 for species identification [18]. The
values labeled as “score” in Table 1 signify the resemblance of the identified species to
the database employed in the identification technique. A score > 2.3 implies a “highly
probable identification”, while a score between 2 and 2.299 indicates a “confident identi-
fication of the genus and probable identification of the species”. Scores falling between
1.7 and 1.999 suggest a “probable identification of the genus”, and a score < 1.7 denotes an
“unreliable identification” [19]. Lastly, the micro-organisms identified were compared with
several databases (DOAJ, JSTOR, Science Direct, Scopus, Springer, and Google Scholar) to
prospect potential azo-dye-degrading strains, and the used keywords were “strain name”
AND “decolorization”.

The dominant micro-organisms within the biological sludge, harnessed as a microbial
reservoir for dye remediation, are documented in Table 1. Additionally, the documental
database used to identify scientific trends in the context of biological dye remediation is
shown in Table 1. The most abundant strain in the activated sludge is Bacillus thuringiensis,
which presents a moderate number of reports associated with decolorization than E. coli
and B. cereus species (widely used). Moreover, certain identified bacteria, such as Kosakonia
sp., display subtle yet discernible correlations with the decolorization process.
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Table 1. Micro-organisms identified in the biological sludge and its association studies with decol-
orization detected using different journal directories.

Strain Score DOAJ * JSTOR * Science Direct * Scopus * Springer * Google Scholar
*

Bacillus cereus 2.16 0 1 92 7 335 11,600
Klebsiella oxytoca 1.74 0 0 8 1 57 605

Bacillus thuringiensis 2.21 0 1 31 2 112 1190
Kosakonia cowanii 1.96 0 0 1 0 1 11

Lysinibacillus fusiformis 1.81 0 0 4 1 17 198
Acinetobacter baumannii 2.16 0 0 10 1 43 676
Kosakonia radicincitans 1.86 0 0 0 0 0 7

Escherichia coli 1.75 7 1 318 29 1028 17,200

* Journal directories.

Acinetobacter baumannii, Klebsiella oxytoca, and Escherichia coli are gram-negative bacte-
ria that are widely related to dye decolorization. A. baumannii aerobically decolorized two
textile azo dyes—Reactive Blue and Reactive Black 5—with 90% and 87% efficiency after
48 h [20] and were also tested to decolorize Reactive black 5, Reactive blue 19, Reactive
red 120, and Reactive Red 198 reaching yields above 96% [21,22]. K. oxytoca promoted the
highest decolorization potential of 69.68% for vat brown dye [23] and achieved simulta-
neous decolorization (83.8% within 24 h) and biohydrogen production (2.47 mL h−1) [24].
E. coli was used to biodegrade methylene blue [25]. The authors reported 92.9% of dye
removal. E. coli spp. can also be applied simultaneously with other micro-organisms, such
as Pseudomonas putida [26], Enterobacter asburiae, E. ludwigii, and B. thuringiensis, with an
excellent yield of over 96% [27].

2.4. Prospection of Potential Azo-Dye-Degrading Bacteria in Solid and Liquid Mediums

The azo dye decolorization potential in a solid medium was evaluated using the streak
plate method. Preculture broth (100 µL) of each culture was streaked on a solid medium
composed of BHI (37 g L−1) and RR-141 (60 mg L−1) and incubated at 30 ◦C for 168 h [28].

Three distinct growth mediums were employed for the investigation conducted in
the liquid environment: the first medium consisted of BHI (37 g L−1); the second medium,
referred to as mineral salt media (MS), was composed of the following components per liter:
NaCl (5 g), MgSO4·7H2O (0.1 g), K2HPO4 (10 mg), KH2PO4 (1 g), and (NH4)2SO4 (2 g). For
the third cultivation medium, the same composition as MS was used, but glucose (3 g L−1)
was added as a carbon source. This last medium will be referred to as MSG. All liquid
mediums had the addition of the dye RR-141 (30 mg L−1). The liquid culture mediums
were inoculated with 10% (v/v) of each bacteria strain (approximately 1 × 109 cells mL−1)
and incubated at 30 ◦C and 100 rpm for 7 days.

Following the incubation period, each culture sample was subjected to centrifugation
at 10,000× g for 10 min. The resulting supernatant was then analyzed using a UV/Vis
spectrometer (Femto Cirrus 80, São Paulo, Brazil) with measurements taken at a wavelength
of 516 nm. The extent of color removal was quantified using the equation defined as
Equation (1):

Decolorization(%) =

(
ABS0 − ABS f

)

ABS0
× 100 (1)

where ABSf is the sample absorbance after 7 days and ABS0 is the initial system absorbance.
Two strains (B. thuringiensis and K. radicincitans) that revealed the highest decolorizing
potential in all assays were selected for the subsequent assays.

2.5. Evaluation of Carbon Sources on the Kinetic Degradation of Azo Dye

Batch assays were performed to confirm the azo-dye-decolorizing capability of the
selected strains. The decolorization rate and their performance as isolated strains or a
consortium were performed. The consortium was standardized in the same work volume,
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considering 10% (v/v) of inoculum (CFU (Colony formed unit) ' 1 × 109 cells mL−1 to
each bacteria species). The decolorization kinetics were evaluated in three culture media:
BHI, MS, and MSG (composition described in Section 2.4). All liquid mediums had the
addition of the dye RR-141 (30 mg L−1).

The pH, microbial growth (assessed via optical density at 600 nm using a UV-Vis spec-
trophotometer), and decolorization (quantified at 516 nm using a UV-Vis spectrophotometer
as outlined in Section 2.4) were monitored over 120 h.

2.6. Phytotoxicity Assay

Due to the rapid and uniform germination, Lactuca sativa seeds were used as standard
assays [29]. Before inoculation, the seeds were cleaned, and the surface was sterilized using
99% ethanol solution for 5 min and then washed several times using sterilized distilled
water. The assays were performed on sterile Petri dishes (Ø 90 mm) covered with qualitative
filter paper (Unifil®, Curitiba, Brazil, 80 g m−2). In each plate, 3 mL of the solution to be
tested were added, and 10 seeds were equally spaced on the filter paper. Tap water (TW)
was a positive control [30]. The Petri dishes were sealed and incubated (TECNAL TE-371,
type BOD, Piracicaba, Brazil) at 30 ◦C. The germination and growth rates were analyzed
daily for 7 days. The experiment was carried out in duplicate.

2.7. Detection of Azo Dye

The azo dye was detected using an HPLC coupled to mass spectrometry detection
(HPLC–MS) equipped via a C18 column (Shimpack XR-ODS 50 x 2.0 mm I.D.). The samples
were prepared via precipitation with BaCl2 followed by filtration. The samples were eluted
at a flow rate of 0.05 L.min−1 and monitored at 370 nm. The eluents A (ultrapure water
containing 1% formic acid) and B (methanol) served as mobile phases in an isocratic mode
(30% A and 70% B). Nitrogen was used as the nebulizing gas (1.50 L.min−1), heated sheath
gas, and drying gas (3 L.min−1, 250 ◦C).

2.8. Enzymatic Azo Dye Degradation

Isolated colonies of each bacterial culture were inoculated (needle) in Petri dishes
containing BHI agar and RR-141 (60 mg L−1) and then incubated at 30 ◦C for 24 h. The
differences in the halo formation diameters were calculated considering the total and CFU
diameter differences. The diameters resulted from two perpendicular axis measurement
averages [31].

3. Results and Discussion
3.1. Screening of Dye Decolourization in Solid and Liquid Mediums

In biological processes, the bioavailability of enzymes interferes directly with the dye
transformation, which can be performed extracellularly and intracellularly. Nevertheless,
the most effective strategy involves extracellular degradation [32]. Since azo dyes have com-
plex structures, their diffusion through cell membranes is hampered. Therefore, the assays
performed in the solid medium are strictly related to degradation by extracellular enzymes.
The visual analysis of Petri plates (Figure 1) indicated that K. oxytoca, B. thuringiensis, K.
cowanii, and K. radicincitans colonies have the highest potential for decolorizing RR-141
(60 mg L−1) after 168 h of incubation at 30 ◦C. Moreover, the decolorization occurred
primarily within 48 h of incubation.

A similar trend was observed by Kiayi et al. (2019) [28], where the solid-plate test
promoted total decolorization of carmoisine (50 mg L−1) within 4 days by S. cerevisiae
colonies, with no visual changes in the fifth and sixth days.

Biofilm-producing bacteria is an important factor since biofilm is an excellent means
to retain micro-organisms and improve their performance in environmental biotechnolo-
gies [33,34]. Proteins and carbohydrates from EPS allow binds between the microbial
biomasses and substrates, favoring their activities [33,34]. In this context, it is worth noting
that the diffusion effects are essential to reach the high yields of biodegradability. Con-
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sidering SEM micrographs of activated sludge (Appendix A, Figure A1), no biofilm was
produced as an alternative to enhance the degradation process; the dye diffusion to the
micro-organism is hampered in this experiment.
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For the tests in a liquid medium, BHI and MSG media aimed to elucidate the op-
timal pathway for strain performance. This was achieved by evaluating their behavior
in a nutrient-rich and opaque medium (BHI) and a less enriched and more translucid
medium (MSG).

The analysis of the results confirmed B. thuringiensis (Figure 2) as the most promising
dye-degrading species. It also indicated K. radicincitans, B. cereus, and A. baumannii as
potential strains for RR-141 degradation.
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Hence, building upon the outcomes of the solid and liquid mediums and considering
the frequency of reports associated with each species (as depicted in Table 1), B. thuringiensis
and K. radicincitans were chosen as candidates for subsequent investigations.
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3.2. Effect of Carbon Sources and Dye-Decolorizing Kinetics by B. thuringiensis or K. radicincitans

The potential correlation between the carbon source provided by the culture medium
and its impact on bacterial dye decolorization capacity was explored. To investigate this, the
decolorization of the dye was examined while concurrently monitoring microbial growth
and pH variation (Figure 3). This investigation was conducted using three distinct culture
media (BHI, MS, and MSG), each within the context of the two chosen bacterial strains,
B. thuringiensis and K. radicincitans.
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Figure 3. Temporal evolution of bacterial growth ((a) B. thuringiensis; (b) K. radicincitans), pH
variation ((c) B. thuringiensis; (d) K. radicincitans), and RR-141 decolorization ((e) B. thuringiensis;
(f) K. radicincitans) in three culture media (BHI, MSG, and MS).
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Bacterial growth was more significant in the BHI medium, followed by MSG, for both
strains (Figure 3a,b). No substantial changes in the optical density were identified in the
MS medium (absence of carbon source, except azo dye RR-141), which could indicate the
lack of ability of the strains to use the dye as a primary carbon source (Figure 4). Most
micro-organisms are not capable of utilizing dyes as a carbon source for growth and require
a carbohydrate source, such as peptone (present in BHI medium) or glucose (present in the
MSG medium) [35].

Eng 2024, 5, FOR PEER REVIEW 9 
 

 

Figure 3. Temporal evolution of bacterial growth ((a) B. thuringiensis; (b) K. radicincitans), pH varia-
tion ((c) B. thuringiensis; (d) K. radicincitans), and RR-141 decolorization ((e) B. thuringiensis; (f) K. 
radicincitans) in three culture media (BHI, MSG, and MS). 

Bacterial growth was more significant in the BHI medium, followed by MSG, for both 
strains (Figure 3a,b). No substantial changes in the optical density were identified in the 
MS medium (absence of carbon source, except azo dye RR-141), which could indicate the 
lack of ability of the strains to use the dye as a primary carbon source (Figure 4). Most 
micro-organisms are not capable of utilizing dyes as a carbon source for growth and re-
quire a carbohydrate source, such as peptone (present in BHI medium) or glucose (present 
in the MSG medium) [35]. 

  

(a) (b) 

 
(c) 

Figure 4. Temporal evolution of bacterial growth (a), pH variation (b), and decolorization rate of the 
consortia system in BHI and MSG media over 120 h. 

In the system with the BHI medium, a more pronounced alkalinization of the me-
dium is observed over time than in the MSG system (Figure 3c,d). In the MS system, where 
no bacterial growth was observed, there were no significant changes in pH. The decolori-
zation efficiency of the azo dye is significantly influenced by pH. This could be attributed 

0 20 40 60 80 100 120

O
pt

ic
al

 D
en

si
ty

Time (h)

 BK.BHI
 BK.MSG

0 20 40 60 80 100 120 140 160 180
0

10

20

30

40

D
ec

ol
ou

riz
at

io
n 

(%
)

Time (h)

 BK.BHI
 BK.MSG

Figure 4. Temporal evolution of bacterial growth (a), pH variation (b), and decolorization rate of the
consortia system in BHI and MSG media over 120 h, with pictures of the initial and end states of both
medium (c).

In the system with the BHI medium, a more pronounced alkalinization of the medium
is observed over time than in the MSG system (Figure 3c,d). In the MS system, where no
bacterial growth was observed, there were no significant changes in pH. The decolorization
efficiency of the azo dye is significantly influenced by pH. This could be attributed to the
transportation of dye molecules across the cell membrane, a step recognized as the limiting
factor in the decolorization process [35]. The optimal pH for decolorizing azo dyes varies
according to the bacterial species but is often reported to be between 6 and 10 [35].
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The decolorization of the azo dye RR-141 is depicted in Figure 3e,f. The B. thuringiensis
strain performed better in MSG (38%), while K. radicincitans achieved the highest yield in
the BHI medium (26%). This behavior could be linked to how these bacteria perform under
specific conditions, including carbon and nutrient sources and pH levels.

The discoloration observed in this experiment may result from two combined or
isolated mechanisms: (i) The process of biosorption and bioaccumulation of the azo dye
by the bacterial biomass; (ii) The biodegradation of the azo dye through the bacteria’s
metabolic/enzymatic machinery [36].

In the first case, the dye is removed from the liquid medium and stored inside the
bacterial cell, but the azo dye does not undergo any chemical modification. This mechanism
is especially interesting for applications in wastewater treatment processes contaminated
by dyes when the objective is to reuse the dye, which can be separated from the effluent
through the biosorption process.

On the other hand, in the biodegradation process, the azo dye is biodegraded into
secondary metabolites or completely mineralized to H2O and CO2 [37]. The biodegradation
process carried out by bacteria is generally an enzymatic process [36,38]. Enzymes such as
azoreductaze, laccase, peroxidase, and phenoloxidase have been reported in the biodegra-
dation processes of azo dyes [36,39–42]. Enzyme action comprehension and identification
at each metabolism stage are essential to improve the degradation process and are indicated
for further studies.

3.3. Enzymatic Azo Dye Degradation

The test in a solid medium was carried out to investigate the presence of enzymes in
the azo dye decolorization process [43]. B. thuringiensis and K. radicincitans showed, after
24 h, a halo formation represented by a more translucid area surrounding the CFU that
could be associated with extracellular enzyme production [31]. Considering the halo’s
measurement (Table 2), K. radicincitans presented the best results, which indicate good
development (Figure 4, OD graphic) and consequent enzymatic activity. In addition,
the cell growth on dye-supplemented BHI agar medium with white colonies aspect can
be associated with dye-decolorizing potential. Since cell mat coloring results from dye
biosorption, maintaining the original mat color indicates biodegradation via an enzymatic
process [44].

Table 2. Measurements of the colony-forming unit and its halo for each bacteria species in the enzyme
activity assay.

Bacillus thuringiensis Kosakonia radicincitans

Øcolony (cm) 0.250 ± 0.056 0.549 ± 0.031

Øcolony + halo (cm) 0.339 ± 0.052 0.675 ± 0.051

Øhalo (cm) 0.091 ± 0.017 0.126 ± 0.031

Oxidative and reductive enzymes are vital to azo dye biodegradation [45]. Azo dye
remediation intermediated by enzymes can be intra or extracellular. However, the high
complexity of azo dyes hampers their diffusion through cell membranes, so the preferable
route is via enzyme release in the extracellular environment [46]. Microbial strains used in
the decolorization process must have efficient enzymes and a transport system to permit
the absorption of dyes in cells [45]. Enzymes improve the reductive cleavage of azo
bonds, producing intermediate metabolites posteriorly degraded by aerobic or anaerobic
mechanisms [47].

Azoreductases, laccases, and peroxidases are enzymes often related to azo dye dis-
coloration. The action of azoreductase occurs through reduction mechanisms mediated
by a flavoprotein in the microbial electron transport chain [48], which converts azo dyes
into colorless products (aromatic amines) [47]. The laccases act either via direct or indi-
rect oxidation [49] through an unspecific free radical mechanism that results in phenolic
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products and prevents the formation of aromatic amines [50]. The peroxidase mechanism
comprises the oxidation of the phenolic group and the production of a radical close to the
azo bonds [51].

3.4. Dye-Decolorizing Kinetics by B. thuringiensis and K. radicincitans as a Consortium

Degradation of azo dyes is frequently accomplished by employing microbial consortia.
The cooperative metabolic interactions within these microbial communities contribute to a
more extensive biodegradation and mineralization process. In this study, the consortium
evaluation revealed a good development in both media, with MSG promoting better condi-
tions for a higher decolorization yield (Figure 5). Compared to the isolated kinetic study,
the decolorization process achieved better results in a minor period, with approximately
36% of decolorization yielded within 12 h, associated with a synergic effect.
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Figure 5. Removal percentage of RR 141 dye for the tests K.BHI 1, B.MSG 2, and BK.MSG 3 (a) along
with their respective chromatograms (MSG (b) and BHI (c)). 1 K. radicincitans in BHI medium;
2 B. thuringiensis in MSG medium; 3 the consortium in MSG medium.
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Some microbial consortia had achieved yields and objectives that no individual strain
could successfully reach in biodegradation studies [52–54]. Additionally, mixed culture
evaluations are more similar to practical situations since aseptic conditions can add more
cost and higher stability over environmental stress such as composition, pH, or temperature
variations. The synergistic action can occur via different pathways: (i) A micro-organism
causes dye biotransformation, rendering it more reachable to another organism that would
not be able to act on this dye in its original state; (ii) Only the micro-organism promotes
some solution decolorization via the modification of the chromophore. However, the
complete degradation is not achieved, and the metabolic products may have a toxic nature,
as in an anaerobic reduction of azo dyes. Once another micro-organism takes this unwished
metabolite as a nutrient source, the complete degradation, leading to carbon dioxide,
ammonia, and water, can be achieved (only by mixed populations). This mineralization
reaction ensures that no potentially harmful degradation products are released into the
environment [32].

It is not easy to reproduce and effectively interpret the results when using mixed
cultures because it only provides a wide view of what is happening in the system; it is
difficult to identify and quantify individual culture growth and it hampers the elucidation
of the degradation mechanism [2]. For these reasons, the application and deep compre-
hension of color removal via single bacterial cultures are essential since they promote a
more straightforward interpretation of experimental observations and reproducibility [55].
Comparing the two carbon sources tested, better discoloration was obtained in the MSG
medium (40%) than in the BHI medium (18%). Studies on the decolorization of azo dyes
have reported higher removal rates, but this removal may depend on the dye dosage [56].
Eslami et al. (2019) [56] showed a 98% removal of the RR198 dye by a bacterial consortium
(Enterococcus faecalis and Klebsiella variicola) at concentrations of 10–25 mg L−1. Although,
the removal efficiency was reduced at higher contractions (50, 75, and 100 mg L−1) (55.62%,
25.82%, and 15.42%, respectively). This indicates that the dye can be toxic to bacteria
at higher concentrations and reduce the decolorization efficiency. B. thuringiensis and K.
radicincitans may perform better in decolorizing R141 at lower concentrations than those
used in this study (30 mg L−1). This hypothesis can be investigated in future studies.

3.5. Biodegradation Analysis

HPLC-MS analysis was conducted to verify the reduction in dye quantity within both
individual bacterial systems and the consortium. This assessment was conducted in the cul-
ture medium where the most significant discoloration occurred. Specifically, we examined
the removal of dye by K. radicincitans in BHI medium (K.BHI) and by B. thuringiensis in
MSG medium (B.MSG) and evaluated the removal of dye in MSG medium by the bacterial
consortium (BK.MSG).

The chromatograms of dye solutions at the initial and after each studied media treat-
ment were obtained (Figure 5). The HPLC profile of the RR-141 solution in both media
exhibited a single peak at retention times of 4.53 and 4.63 min to BHI and MSG, respectively
(matrix effect—chromatography). The assay results of the solution after treatment exposed
peaks corresponding to RR 141 with reduced intensity. The highest dye removal was
observed in the K.BHI system, reaching 38%, followed by the B.MSG system with 19%, and
the BK.MSG bacterial consortium system achieved a 10% reduction (Figure 5a).

While UV-Vis analysis (Sections 3.2 and 3.4) and HPLC-MS measurements revealed
a decrease in dye concentration following the biological treatments, no new peaks were
observed in the chromatograms. The emergence of new peaks in chromatograms after
biological treatment typically signifies the formation of byproducts resulting from bacterial
metabolism, a common occurrence during the biodegradation process of RR 141 [57–59].
The absence of new peaks in the chromatograms of treated solutions contributes to a
possible adsorption strand via the biomass generated [60–62]. Once adsorption significantly
influences the decolorization phenomena, another speculation can be made about the effect
of culture media and biomass composition and adsorption.
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Table 3 summarizes the percentages of decolorization and removal of the RR 141 dye,
measured via UV-Vis spectroscopy and HPLC techniques. While both methods aim to
comprehend the process of dye decolorization, their outcomes may not necessarily align or
exhibit the same trend. The optimal decolorization condition for B. thuringiensis, identified
through UV-Vis spectroscopy analysis, demonstrated a 38% reduction, whereas HPLC
analysis only indicated a 19% decolorization. Likewise, the bacterial consortium exhibited
an optimal 40% decolorization via UV-Vis spectroscopy, while HPLC analysis revealed a
lower 10% decolorization. In contrast, for K. radicincitans, HPLC analysis indicated a higher
optimal decolorization (38%) than UV-Vis analysis (26%).

Table 3. Percentages of decolorization (UV-Vis spectroscopy analysis) and removal (HPLC analysis)
of RR 141 in liquid media.

Micro-Organisms
Decolorization Percentage of RR 141 Dye Removal Percentage of RR 141 Dye

BHI MSG MS BHI MSG

B. thuringiensis 29% 38% 4% - 19%
K. radicincitans 26% 15% 10% 38% -

Consortium 18% 40% - - 10%

The decrease in UV-Vis spectroscopy absorbance is commonly misconstrued as dye
biodegradation, primarily indicating decolorization rather than the actual degradation
of the dye molecule [63]. UV-Vis spectroscopy, relying on a single wavelength, may
misinterpret dye concentration in solutions due to factors like intermediate formation,
overall solution changes, and pH-dependent dye peaks [63]. Because of this, UV-Vis
responses cannot be directly compared with responses from techniques such as HPLC; they
must complement each other. Therefore, UV-Vis analysis can be used to assess discoloration
and HPLC to investigate the mechanisms of discoloration and the removal percentage [64].

3.6. Phytotoxicity Assay

A phytotoxicity study was carried out to evaluate the toxic or non-toxic nature of the
dye. The analysis of phytotoxicity (Figure 6) revealed the toxic nature of Reactive Red
141 to the Lactuca sativa seeds. The germination rate was lower with Reactive Red 141 (60%,
i.e., six of ten seeds germinated, on average) compared to tap water (80%, i.e., eight of ten
seeds germinated, on average).
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These findings align with previous studies highlighting the phytotoxic of azo dyes.
An investigation by Sompark et al. (2021) revealed that the germination rate of mung
bean seeds exposed to RR 141 at a concentration of 0.5 g/L was 62.50%, in contrast to
the 100% germination observed when the seeds were subjected solely to distilled water
treatment [65].
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RR 141 was assessed for its impact on the germination of beetroot, cabbage, and
tomato seeds, resulting in notably reduced germination rates of 36.7%, 40.0%, and 33.3%,
respectively [59]. In contrast, when these identical seed varieties were germinated in a
control group with pure water, a significantly higher germination rate exceeding 85% was
observed [59].

The Reactive Red 141 is significantly inhibitory for the plants’ germination, indicating
the presence of phytotoxic compounds. Azo dyes and some metabolites present carcino-
genic, toxic, and mutagenic properties to the environment and humankind [66]. Bacterial
azo dye degradation comprises the cleavage of azo bonds and the intermediates break-
down. However, three mechanism routes promote the carcinogenic activation of azo dyes:
(i) Direct oxidation of the azo linkage to diazonium salts with highly reactive electrophilic
behavior; (ii) Oxidation of azo dyes in the presence of structures formed by free aromatic
amine groups; (iii) Reduction and cleavage of the azo bond with consequent formation of
aromatic amines [67,68].

4. Conclusions

This study explores the potential of various bacteria for azo dye remediation in
industrial wastewater. Bacillus thuringiensis and Kosakonia radicincitans show promise in
decolorizing the azo dye RR141, achieving around 38% and 26% decolorization in 120 h,
respectively. When used together as a bacterial consortium, they remove 36% of the dye in
12 h. The dye removal analyses conducted via HPLC-MS suggest that the primary removal
mechanisms are associated with the biosorption of the dye into the bacterial biomass rather
than its biodegradation. The study also investigates the impact of carbon sources and pH
on decolorization, emphasizing the importance of nutrient-rich media. It suggests that
microbial consortia can lead to more efficient decolorization but underscores the need
to study individual bacterial cultures to understand their capabilities and mechanisms.
Overall, the research offers valuable insights into bioremediation, highlighting the potential
of specific bacterial strains and microbial consortia for addressing dye pollution in industrial
wastewater. Further studies in this area could lead to more efficient and eco-friendly
solutions.
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Appendix A. Scanning Electron Microscope (SEM)

The analysis of SEM micrographs of activated sludge indicated the presence of a
biofilm matrix, very likely to beflocculating bacteria. Some essential characteristics are
related to the structure and function of biofilm, for example, organic compounds such as
extracellular polymeric substances (EPS), which play a significant role in modifying the sur-
face (charge and hydrophobicity) to give suitable conditions for bacterial connection [21–23].
Large amounts of EPS and different bacterial species can be found in biofilms [24]. EPS is
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defined as a complex combination of high-molecular-weight microbial biopolymers. Its
composition is based on humic substances, lipids, polysaccharides, proteins, and uranic
acids. Its liquid anionic composition enables the effective sequestration of positively
charged species, such as some dyes [25]. There are two primary forms of EPS: as a capsule
covalently bounded to the cell surface or as slime polysaccharides roughly associated with
the cell surface, as detected in Figure A1.
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Abstract: According to 2013/59/Euratom Directive, the activity concentration index (ACI) is required
to be estimated for each building material that is of concern from a radiation protection point of
view. This index applies to building materials and not to constituents that cannot be used as building
materials themselves. Fly ash is a byproduct of coal-fired power plants and is one of the main
constituents of cement. The radioactivity in fly ash that is produced by Greek lignite power plants
cannot be considered insignificant. For example, in the case of the Megalopolis power plant, the
concentration for radioisotopes of the 226Ra chain is found to be about 1 kBq/kg. Since natural
radionuclide concentrations, which are harmful to human health in terms of radiation exposure,
exist in fly ash, ACI should be assessed for building materials containing fly ash. The present study
evaluates the ACI of concrete containing fly ash cement when used in multistory residential buildings.
Results showed that cement produced in Greece by the three main Greek cement production plants,
containing lignite fly ash, and used as a material for concrete multistory constructions, should not
be considered as “of concern from a radiation protection point of view”. Each country that wishes
to evaluate the use of fly ash into constructions should repeat the method for the ACI uncertainty
budget proposed in this study, to assess whether it significantly exceeds the reference value (whether
it is of concern from a radiation protection point of view).

Keywords: fly ash addition in cement; concrete multistory residence; activity concentration index; ACI

1. Introduction

Fly ash is a byproduct of coal-fired power plants. Such plants that are established in
Greece operate with lignite as their fuel. Lignite in Greece comes from (a) Ptolemais-wide
area, but also from even wider territories within the Prefecture of Kozani, Region of Western
Macedonia, (b) territories close to Megalopolis town in Peloponnese and (c) territories close
to Florina town, also located in the Region of Western Macedonia. Fly ash is used in the
cement production process, to a proportion that has been specified by Greek legislation
since 1980 [1–3].

Fly ash is an aluminosilicate material, and its chemical/mineral composition depends
on the composition of the coal and the combustion conditions. Because of its fineness and
pozzolanic nature, fly ash is widely accepted and specified as mineral admixture both
in cement and concrete. In concrete, fly ash substitutes a part of cement. Fly ash was
recognized as a pozzolanic constituent for use in concrete in 1914. However, research on
the material began in 1937. Since then, extensive research has been conducted throughout
the world [4]. Fly ash increases concrete workability, reduces water demand for the same
slump, increases strength at later curing ages and improves corrosion resistance. It is highly
heterogenous, from its particle size to the chemical composition. It can be seen from the
several studies in the past that the properties of the final product are dependent on the
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properties of fly ash. Therefore, it is difficult to arrive at a definitive conclusion on the effect
of fly ash on concrete. However, the results available from the extensive studies can be
considered as guidelines for further research [5].

Blended fly ash cement can be produced either by intergrinding fly ash with Portland
cement clinker or by blending dry fly ash with Portland cement. European Standard EN
197 determines the requirements for fly ash and the composition (percentage by mass) of
cement types containing fly ash. The benefits of fly ash blends are that they are cheaper
and reduce the amount of clinker needed. This reduction in needed clinker results in the
reduction of needed energy and the reduction of the amount of carbon dioxide released
into the atmosphere during the production of clinker. Environmental benefits also include
the utilization of a waste material and the use of less raw resources. On the other hand,
blended fly ash cement has slower setting time, which means its early strength is lower
than cement without fly ash, making it unsuitable for use in the precast industry and
potentially increasing construction times. It also requires more curing, while its resistance
to carbonation is lower, risking corrosion of steel reinforcement. Moreover, with coal-fired
power becoming increasingly unpopular (at least in Europe), because of its environmental
impact and competition from alternative power sources, such as renewables, the long-term
availability of fly ash is in question.

Naturally occurring radioactivity concentrations in lignite used in Thermal Power
Plants (TPP) in Greece and the produced fly ash and bottom ash have already been deter-
mined since the 1980s [6–8]. These concentrations are generally high, especially in the case
of lignite coming from mines in the Megalopolis Peloponnese area, where the concentration
for radioisotopes of the 226Ra chain is found to be about 1 kBq/kg [6–12]. As has been
already discussed [8], there have been significant differences in the results of various studies
relative to the concentration of naturally occurring radioisotopes in lignite-produced fly
ash. This could be attributed to differences between the sampling approaches followed in
each study. In the same context, the following parameters also contribute:

- Intrinsic variation by time of the under-study concentrations, according to which was
the exact deposit where the finally burned lignite was originating from.

- Variations among technical characteristics of the different burning processes.

Article 75 of the European Directive 2013/59/Euratom ([13], called the Directive for
the rest of this study) defines the activity concentration index (ACI), abbreviated as I for
index. This Directive has been adopted by the Greek legislation through article 75 of
the Greek Radiation Protection Regulation (Presidential Decree 101/2018, Governments
Gazette 194A/20 November 2018, called the Greek Regulation for the rest of this study).
Since then, the estimation of ACI is obligatory for each “construction material” which is
“identified by the Member State (Greece in this case) as being of concern from a radiation
protection point of view”. The ACI formula shown in Equation (1) is provided in Annex
VIII of the Directive and adopted in Annex VIII of the Greek Regulation.

I = ACI =
CRa−226

300 Bq/kg
+

CTh−232
200 Bq/kg

+
CK−40

2000 Bq/kg
(1)

where Cx is the specific (by mass) activity for x contributor, namely the 226Ra series, the
232Th series and 40K, expressed in Bq/kg.

Essentially, the exposure to ionizing radiation for a person standing inside a structure
is an effect of many contributing factors. A similar index has been proposed in Annex
A of the 1993 UNSCEAR Report [14]. It aimed at assessing the level of exposure to the
gamma radiation field for a person standing on the ground, due to the presence of Naturally
Occurring Radioactive Materials (NORM, Figure 1). The UNSCEAR 1993 proposal included
the results of the NORMs measurement in Greece [14,15]. As can be seen in Figure 1, the
geometry of the person’s exposure, when assuming exposure in a standing position on
the ground, is relatively simple. The geometry in question is simpler if the soil material is
homogeneous. In the same UNSCEAR report, the same index was introduced for assessing
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personal exposure in indoor spaces, too. The main assumption for this generalization is
that the source of the gamma radiation field is construction materials.

Eng 2023, 4, FOR PEER REVIEW 3 
 

 

material is homogeneous. In the same UNSCEAR report, the same index was introduced 

for assessing personal exposure in indoor spaces, too. The main assumption for this gen-

eralization is that the source of the gamma radiation field is construction materials. 

 

Figure 1. Exposure of a person to gamma radiation field when standing on the ground, due to 

gamma radiation emitted from soil (yellow arrows) or standing on the floor of a multistory building 

with concrete as the main structural element, due to gamma radiation emitted by the radioactivity 

contained in the surrounding materials (dark grey arrows for radiation produced by the floor and 

the ceiling concrete slabs and light grey arrows for radiation produced by any perpendicular con-

struction materials’ masses, e.g. masonry). 

Many previous studies estimated ACI (or Iγ index, as mentioned in some of them) or 

other similar indexes such as the 226Ra equivalent activity concentration (Raeq in Bq/kg) and 

the external hazard index (Hex, dimensionless as per ACI), when gamma radiation is as-

sessed for concrete or even its constituents [16–27]. None of them have proposed a method 

according to the ISO approach to estimate the uncertainty of the results. Therefore, a pro-

ducer of construction products/materials or a laboratory contributing to quality control, 

are not effectively supported to establish a decision rule on whether the product/material 

is “of concern from a radiation protection point of view”. 

A certain previous study provides a typology for estimating uncertainty for NORMs 

measurement in construction materials, according to the ISO methodology [28]. The latter 

provides a methodology for estimating reliability intervals following measurements on 

specific specimens that could be either concrete, fresh or hardened, or even samples from 

concrete constituents. This is a very good approach when establishing a performance in-

dicator, useful for Factory Production Control (FPC). A weakness is that in this way we 

cannot reveal an overall figure for the entire production or even worse for all production 

and construction in a country-wide area. 

The present study focuses on the case of residences that are part of a multistory con-

crete construction. Such residential buildings are common in Greece, especially since the 

1960s. The exposure geometry of a person standing in the middle of such an indoor space 

is more complicated than in the case of a person standing on the open field, on plane soil 

ground. The gamma radiation field is created by concrete, either load bearing or infill, 

masonry, covering materials such as tiles or plaster, etc., to the extent that they have been 

used in construction (Figure 1). 

In addition, the person is also exposed to the material of the overlying slab, whether 

it is the floor of the upper floor or the roof of the structure. Also, the person is exposed to 

the gamma radiation field produced by any vertical structural elements, in a distance that 

varies significantly by case (Figure 1). 

Figure 1. Exposure of a person to gamma radiation field when standing on the ground, due to
gamma radiation emitted from soil (yellow arrows) or standing on the floor of a multistory building
with concrete as the main structural element, due to gamma radiation emitted by the radioactivity
contained in the surrounding materials (dark grey arrows for radiation produced by the floor and the
ceiling concrete slabs and light grey arrows for radiation produced by any perpendicular construction
materials’ masses, e.g. masonry).

Many previous studies estimated ACI (or Iγ index, as mentioned in some of them) or
other similar indexes such as the 226Ra equivalent activity concentration (Raeq in Bq/kg)
and the external hazard index (Hex, dimensionless as per ACI), when gamma radiation
is assessed for concrete or even its constituents [16–27]. None of them have proposed a
method according to the ISO approach to estimate the uncertainty of the results. Therefore, a
producer of construction products/materials or a laboratory contributing to quality control,
are not effectively supported to establish a decision rule on whether the product/material
is “of concern from a radiation protection point of view”.

A certain previous study provides a typology for estimating uncertainty for NORMs
measurement in construction materials, according to the ISO methodology [28]. The latter
provides a methodology for estimating reliability intervals following measurements on
specific specimens that could be either concrete, fresh or hardened, or even samples from
concrete constituents. This is a very good approach when establishing a performance
indicator, useful for Factory Production Control (FPC). A weakness is that in this way we
cannot reveal an overall figure for the entire production or even worse for all production
and construction in a country-wide area.

The present study focuses on the case of residences that are part of a multistory
concrete construction. Such residential buildings are common in Greece, especially since
the 1960s. The exposure geometry of a person standing in the middle of such an indoor
space is more complicated than in the case of a person standing on the open field, on plane
soil ground. The gamma radiation field is created by concrete, either load bearing or infill,
masonry, covering materials such as tiles or plaster, etc., to the extent that they have been
used in construction (Figure 1).

In addition, the person is also exposed to the material of the overlying slab, whether it
is the floor of the upper floor or the roof of the structure. Also, the person is exposed to
the gamma radiation field produced by any vertical structural elements, in a distance that
varies significantly by case (Figure 1).
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For such complicated exposure geometry, the 1993 UNSCEAR report suggests that
ACI should be weighed for the mass proportion of the building materials present in the
analyzed construction. Equation (2) may be used for estimating the concentration for each
of the NORMs that contribute to Equation (1). In this study, where the case is any dwelling
in a multistory concrete structure, the activity concentration of NORMs in concrete is the
prevailing source external gamma radiation field. Consequently, the result that is assessed
in this study is an assessment of the ACI only for concrete, so Equation (2) is not used for
further incorporation of other building materials (e.g., masonry or tiles).

Cx =
∑n

i=1 ai · Cx,i

∑n
i=1 ai

(2)

As known [29], the intensity of the external (to the exposed person) gamma field
attenuates according to the inverse square distance to the source. This is not incorporated
in Equation (2). Essentially, all construction materials are assumed to be homogeneously
distributed in the ground on which the person stands. Consequently, to answer the question
whether a construction material is “of concern from a radiation protection point of view”,
we need to consider the distance between the person and the material. On this basis, it is
not practical to apply Equation (2) for construction materials that are located too far away
from the person, especially if other materials (e.g., a wall) are in the intermediate space.
This means that Equation (2) should only be applied for consequent residential spaces (e.g.,
one single separate room).

On the other hand, an average person uses multiple residential spaces inside an
apartment, according to the use of each room. Generally, different rooms inside the same
apartment use different construction materials (e.g., a greater mass of tiles is installed on
the internal surfaces of a bathroom). A realistic assessment of the person’s exposure to the
gamma field emitted by the construction materials in the apartment that he inhabits must
consider the distribution of time that the person spends in each room.

An assessment of personal exposure to radioactivity contained in the construction
products that are produced in Greece has been performed [30,31] considering, in some cases,
even the subsequent exposure to radon concentrations [32–34]. It is recalled that in the case
of exposure of a person inside an enclosed space, such as inside a residence in a multistory
structure, an important source of internal exposure of the person to radiation comes from
radon. Therefore, the estimation of the exposure level of the individual inside a residential
building is highly complex. It depends on many factors, not only the concentration of
radioactivity in the building materials of the structure, but also on the way the resident
uses the apartment, such as the mechanical and natural ventilation.

The exact assessment of the ACI for the case of a person inside an apartment in a
multistory building requires knowledge in relation to all the construction materials that
make up the construction, such as the presence of masonry which is also mentioned as a
potentially significant source of gamma radiation [35]. This assessment becomes even more
complicated if unusual building materials that are likely to contain a high concentration
of NORMs have been used in the construction, as, for example, in the case where certain
types of granite are used to cover surfaces or as benches. It is also noted that even in cases
where the concentrations of 226Ra, 232Th and 40K in the granites may not be particularly
high, the presence of other radioisotopes in this material is also mentioned, increasing
the level of the produced gamma radiation field [36]. In these cases, the fact that the ACI
formula (Equation (1)) cannot incorporate the effect from these radioisotopes should also
be considered.

If ACI estimation aims at an epidemiological risk assessment due to the individual’s
exposure to gamma radiation coming from the building materials, there are many factors
that must be considered. According to Directive 2013/59/Euratom that has been adopted
through the Greek Regulation, and specifically in para. 1 of article 75, “The reference level
applying to indoor external exposure to gamma radiation emitted by building materials,
in addition to outdoor external exposure, shall be 1 mSv per year”. According to Annex
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VIII of the same Directive, “The activity concentration index value of 1 can be used as a
conservative screening tool for identifying materials that may cause the reference level laid
down in Article 75(1) to be exceeded”. In this case however, definitional uncertainty, which
in paragraph 2.27 of ISO VIM [37] is defined as “component of measurement uncertainty
resulting from the finite amount of detail in the definition of a measurand”, should be
considered. In cases of in situ measurements, not the analysis of samples under strict
laboratory conditions, definitional uncertainty can be significant [38]. For reasons analyzed
above, the question arises as to whether the ACI can fulfill the purpose of assessing the
individual’s exposure, even if the question is restricted to indoor external exposure to
gamma radiation emitted by building materials.

Moreover, due to current legislative status in Greece that is compliant with the Eu-
ropean Union’s New Legislative Framework, any construction product used in Greece
shall both comply with the Construction Products Regulation [39] and Greek Radiation
Protection Regulation (adopting the European Directive 2013/59/Euratom). Thus, all
construction products that are subject to trade in Greece shall be monitored for their per-
formance on ACI values. The above framework becomes particularly interesting when
building materials are subject to certification procedures.

This paper aims to assess whether the use of lignite fly ash as an additive in cement
produced in Greece should be “of concern from a radiation protection point of view”. This
assessment is applied to concrete produced in Greece using fly ash cement as a constituent,
considering that concrete is the predominant construction material (product) for multistory
residential buildings. The evaluation of ACI values on an approximately 95% confidence
level is presented, based on a corresponding uncertainty budget according to ISO GUM
methodology [40]. The ACI calculation formula (Equation (1)) was applied for concrete
mix designs that are possibly used in concurrent constructions in Greece. The estimates are
provided assuming that legislative restrictions on the use of fly ash and the requirements
of the Greek Concrete Technology Regulation [41] have been met.

Besides with the above assessment for the Greek case of concrete containing cement
with lignite fly ash, this paper proposes for the first time a general simple approach, that
could be used by any responsible authority that wants to assess whether a construction
product is of concern from a radiation protection point of view. Each country that wishes to
evaluate the use of fly ash in constructions, could repeat the method for the ACI uncertainty
budget proposed in this study and apply the same or equivalent decision rule.

2. Data and Methods

Strictly analyzing the uncertainty of the result when applying Equation (1), the contri-
bution to ACI estimation parameters is graphically analyzed through a fishbone diagram in
Figure 2. This figure shows that an effective uncertainty budget on the usage of Equation (1)
does not rely just on the uncertainty budget on the estimation of activity concentration
for each participating NORM. Equation (1) relies on the three major NORMs (226Ra and
232Th series of radioisotopes and 40K) concentration but also on a definition uncertainty
caused by a lack of knowledge on the exact placement of the construction materials in the
residence.
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Figure 2. Fishbone diagram of parameters contributing to the estimation of ACI when the 2013/59/Eu-
ratom Directive formula is used.
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As mentioned before, ACI estimation should be performed for each individual con-
struction material that is used in the under-assessment structure (Figure 3), but the follow-
ing analysis focuses only on estimating confidence interval and on applying a decision rule
on the estimated ACI value only for concrete.
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Figure 3. Fishbone diagram showing that the activity concentration that influences the inhabitant of
a building is related to many types of construction products (materials).

The presence of fly ash in a concrete construction (i.e., concrete is used as the predomi-
nant material) is indirectly affected by the corresponding regulatory context. The status of
restriction in the use of fly ash as a cement constituent in Greece could be summarized on a
time scale as follows:

Before 1980: There is no existing regulation for the fly ash usage in cement. There is
only regulation for natural pozzolana [1].

After 1980: There are two categories of cement containing pozzolana (natural and
man-made). In the first category the percentage of pozzolana is determined by the insoluble
residue of the cement, which must be 20% maximum. In the second, the insoluble residue
of the cement must be 20–40% [2].

After 2002: European Standard EN 197-1 is obligatory, meaning the insoluble residue
of the cement must be 35% maximum [3]

Table 1 presents data obtained from the official websites of the three main cement
producers in Greece. Those are HERACLES General Cement Company S.A., TITAN Cement
Company S.A. and HALYPS Building Materials S.A. In this table, reference is made to the
percentage of the presence of cement components, among which is fly ash. The percentage
of fly ash present in cement produced in Greece ranges from 0% to 20%. This interval is
used as input data for estimating the mass ratio (proportion into cement) in Equation (4)
and the corresponding uncertainty budget.

Table 1. Types of cement provided in Greek constructions according to the use of fly ash.

Indicative Types of Cement That
the Producer Provides in Year 2023

Cement
Producer

Commenting on the Presence of
Fly Ash in Cement (As Product)

CEM II/B-M (P-W-L) 32.5N HERACLES Natural pozzolana—calcareous fly
ash—limestone: 21–35%

CEM II/B-M(W-P-LL) 32.5N TITAN Natural pozzolana—calcareous fly
ash—limestone: 21–35%

CEM IV/B(P-W) 32.5
(sulfate resistant) HALYPS Natural pozzolana—calcareous fly

ash—limestone: 36–55%

Table 2 presents results obtained from previous papers on the concentrations of
NORMs in samples of fly ash produced by Greek TPPs. This type of fly ash is mainly used
by Greek cement producers. The values of mass specific activity of fly ash used in cement
that are used in Equation (4) are provided by a review of the values presented in Table 2.
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Table 2. Data retrieved from previous works on the potential concentrations of naturally occurring
radioisotopes (226Ra, 232Th and 40K) in fly ash produced during lignite combustion in Greek TPPs.

Lignite Origin According to Reference
NORM Concentrations [Bq/kg]

226Ra 232Th 40K

Megalopolis (Region of Peloponnese) [7–9,42,43] 293–1058 4–89 308–590
Ptolemais and Kardia (Region of Western

Macedonia) [7,8] 204–825 <90 162–299

Aliveri (Evia, Region of Central Greece) [7] 257–357 0.6–2.0 -
Cement producers [31,44] 200–1400 34–84 <650

Greek lignite according to all references 200–1400 <90 <650

Table 3 presents a summary of the results obtained from previous work on the con-
centrations of radioisotopes of natural origin and in particular the 226Ra and 232Th series
and 40K in samples from materials which, according to the current Concrete Technology
Regulation, constitute the minimum necessary materials so that the mixture can be called
concrete. These values are the input data for Equation (3), specifically for estimating the
mass specific activity of concrete constituents other than cement containing fly ash.

Table 3. NORM mass specific concentrations in concrete constituents according to papers related
construction materials produced in Greece.

What Was Measured?
NORM Concentrations [Bq/kg]

226Ra 232Th 40K

Limestone [31] 5–7 4–10 86–128
Pozzolanic materials [31] 34–40 19–53 298–424

Gypsum [31] 5–9 <LoD * <LoD
Clinker [31] 12–18 5–23 102–180

Cement not containing fly ash [32] 96 22 200
Total of no fly ash cement constituents 5–96 <53 <424

Cement containing fly ash [32] 215–218 11–26 222–330
Cement (in general) [12] 15–218 10–41 32–457

Sand [31] 7–15 <9.9 <60
Aggregates (in general) [12] 3–46 3–56 19–1048

Aggregates [12,31] 3–46 <56 <1048
Water [42] <2 <2 <100

* LoD: limit of detection.

It should be noted that all concrete constituents contain NORMs, mainly the aggregates,
but even water does so in a significantly lower concentration. Common types of concrete
dealt with in this paper mainly contain limestone aggregates, in which the concentration of
NORMs is generally low (Table 3). It should be noted that construction materials coming
from neighboring countries (e.g., cement imported from Turkey) are used regularly in Greek
construction projects. The issue of the NORM presence in them has been studied, providing
measurement results like or even higher than those performed for Greek construction
products. The intervals reported in Table 3 correspond to the minimum and maximum
referenced value. This is assumed to provide intervals at a confidence level of approximately
99.7%. In the same context wherever a reference paper reported a confidence interval based
on either the standard deviation of the results or the combined standard uncertainty, Table 3
presents intervals based on these statistics, multiplied by three.

In this paper ACI values’ reliability limits at an approximately 95% level of confidence
are calculated for common types of concrete that may be produced in Greece in year
2023. This proposed calculation could also be repeated for any construction period in
the past, considering the corresponding concrete compositions. This paper is restricted to
common types of concrete. Consequently, cases of (a) concrete prepared with light weight
or heavyweight aggregates and (b) high performance concrete (HPC) were not considered.
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Considering that common types of concrete contain cement with fly ash (fa,cem),
aggregates (agg) and water (w) in proportions resulting from the corresponding composition
study and that any other possible material (e.g., superplasticizer) participates with a non-
significant mass ratio, the mass specific activity (concentration) in any case of naturally
occurring radioisotopes 226Ra, 232Th and 40K, was calculated according to Equation (3), as
also presented graphically in Figure 4.

Ccon =
α f a,cem · C f a,cem + αagg · Cagg + αw · Cw

∑ αi
(3)

where ai are the proportions of the three concrete constituents, expressed in kg/m2 of fresh
concrete, i.e., exactly as determined according to the concrete composition study.
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in a concrete mixture.

In the same equation, no correction has been included according to the possible differ-
ence in the moisture content of the fly ash between the values (a) as per the measurement
process for determining the activity of NORMs and (b) when mixing with the rest of the
cement components. In practice, it was assumed that in these two situations, where the fly
ash is expected to be in a dry state, the moisture content is approximately at the same level
with no significant difference.

The fresh concrete mix proportions were taken as the ones likely to be used in the Greek
construction industry in the year 2022, mainly according to the minimum allowable values
resulting from the Greek Concrete Technology Regulation [41] and the maximum possible
cement ratio values, considering the economics of residential buildings’ construction.

Previous studies were used for estimating the confidence intervals (limits) for mass
specific activity values of NORMs in aggregates and water (see Table 2). In the case of
the mass specific activity of cement, a calculation was made for each of the three NORMs
according to Equation (4):

C f a,cem = α f a · C f a + αcem · Ccem (4)

where afa, Cfa are the mass ratio (proportion into cement) and mass specific activity of fly
ash and acem, Ccem are the mass ratio (proportion into cement) and mass specific activity for
the rest of the cement constituents.

Previous studies were also used for estimating confidence intervals (limits) for mass
specific concentration values of NORMs in cement and fly ash (Table 1). The ai proportions
of cement and fly ash were obtained according to the permissible limits imposed by the
concurrent Greek legislation.

As mentioned above, the result of this work, in the form of a confidence interval of
about 95% level for the value of ACI was obtained through the application of the ISO GUM
methodology [40]. Since the information used in the calculations comes from third-party
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sources, such as legislation limits or results of previous work and measurements, extensive
use was made of type B estimates for the combined standard uncertainty of the result.

3. Results

Table 4 provides the uncertainty budget for the estimation of the mass specific activity
of NORMs in cement containing lignite fly ash. The uncertainty budget presented in the
table is based on the results of Equation (4). As the ratios of fly ash and other cement
constituents are linearly correlated (see Equation (4)), the covariance cov(αfa,cem, αcem) was
assumed based on a linear correlation coefficient equal to −1.

Table 4. Uncertainty budget for the calculation of the confidence interval for the values of the specific
activity of 226Ra, 232Th and 40K in cement to which lignite ash has been added.

Factor Mean Value Bounds of
Possible Values

Distribution of
Possible Values

Standard
Uncertainty

Sensitivity
Coefficient

Contribution to
the Uncertainty of

the Result
226Ra

αfa,Ra226 0.1 0.1 Rectangular 0.06 800 Bq/kg 2133 (Bq/kg)2

αcem,Ra226 0.9 0.1 Rectangular 0.06 50 Bq/kg 9 (Bq/kg)2

Cfa,Ra226 800 Bq/kg 600 Bq/kg Triangular 245 Bq/kg 0.1 600 (Bq/kg)2

Ccem,Ra226 50 Bq/kg 46 Bq/kg Triangular 19 Bq/kg 0.9 292 (Bq/kg)2

Cov(αfa,Ra226, αcem,Ra226) −288 (Bq/kg)2

Cfa,cem,Ra226 125 Bq/kg 2746 (Bq/kg)2

232Th

αfa,Th232 0.1 0.1 Rectangular 0.06 45 Bq/kg 7 (Bq/kg)2

αcem,Th232 0.9 0.1 Rectangular 0.06 27 Bq/kg 3 (Bq/kg)2

Cfa,Th232 45 Bq/kg 45 Bq/kg Triangular 18 Bq/kg 0.1 3 (Bq/kg)2

Ccem,Th232 27 Bq/kg 27 Bq/kg Triangular 11 Bq/kg 0.9 98 (Bq/kg)2

Cov(αfa,Th232, αcem,Th232) −9 (Bq/kg)2

Cfa,cem,Th232 29 Bq/kg 102 (Bq/kg)2

40k

αfa,K40 0.1 0.1 Rectangular 0.06 325 Bq/kg 380 (Bq/kg)2

αcem,K40 0.9 0.1 Rectangular 0.06 212 Bq/kg 162 (Bq/kg)2

Cfa,K40 325 Bq/kg 325 Bq/kg Triangular 133 Bq/kg 0.1 177 (Bq/kg)2

Ccem,K40 212 Bq/kg 212 Bq/kg Triangular 87 Bq/kg 0.9 6130 (Bq/kg)2

Cov(αfa,K40, αcem,K40) −496 (Bq/kg)2

Cfa,cem,K40 223 Bq/kg 6353 (Bq/kg)2

Table 4 shows the following:

• The proportion of cement constituents is reported as a dimensionless number, meaning
the mass fraction of constituents and the value of the bounds of possible values [40]
refer to the half interval on both sides of the mean to produce a confidence interval of
about 99.7% level.

• It should be noted that the range of values considered for the proportion of fly ash
addition to cement is a worst-case scenario compared to what is known for the actual
construction activity in Greece in the last 20 years. The proportion of fly ash added
into cement has decreased in recent years due to a decrease in the production of fly
ash by Greek TPPs. In the early years of this twenty-year period, the proportion of
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fly ash added to cement was approximately up to 15% by mass. In current years,
the maximum value of this rate has been reduced to approximately 3%. A range of
values for αfa,Ra226 = 0–0.2 (i.e., 0% to 20% fly ash percentage, by mass, in the produced
cement) was assumed. Such an interval is so wide to includes any effect of a possible
difference in the moisture content of the fly ash between samples’ moisture content
when analyzed in a gamma spectroscopy setup for determining 226Ra, 232Th and 40K
activity and the moisture content of all other cement constituents, during their mix.

• The uncertainty budget in Table 4 leads to confidence intervals at an approximately
95% level presented in Table 5 due to applying the “law of error propagation” [40]. In
this context, the bounds (a range) of possible values and a corresponding distribution
is assumed to produce the standard uncertainty for each variable that contributes to
Equation (4). Standard uncertainties are multiplied by the corresponding sensitivity
coefficients. These are the partial derivatives of the applied equation as per the
variables for which the sensitivity coefficient is estimated. The right-most column of
Table 4 shows the contribution of each variable to the finally estimated uncertainty of
the result for each NORM as the square value of the result of this multiplication or
the value of the covariance between the two mass proportions. The results presented
in Table 4 are the sum of these contributions, which is the square of the combined
standard uncertainty relative to the result of Equation (4), for each NORM.

• Table 5 presents the result of Equation (4) as an approximately 95% confidence interval.
These intervals were estimated as the square root of the results obtained from Table 4,
for each NORM, multiplied by a coverage factor k equal to 2.

• The values provided in Table 5 are used as input data in calculations provided in Table 6
in relation to the possible values of the mass specific activity of cement containing
fly ash. Table 6 provides the uncertainty budget for the estimation of mass specific
activity of fresh concrete constituents: cement, aggregate and water. The uncertainty
budget presented in these tables refers to Equation (3). It is noted that the ratios of
these three concrete constituents have an expected correlation between them, as any
decision to increase the ratio of the one, (e.g., of the cement to seek a greater strength
in the hardened concrete), leads to a corresponding readjustment of the ratio of at least
one or even both the remaining constituents.

Table 5. Estimated 95% confidence intervals for NORM mass specific concentrations (Bq/kg) in
cement produced in Greece during the year 2023.

Estimated for Cfa,cem (Bq/kg)
226Ra (1.2 ± 1.0) × 102

232Th 29 ± 20
40K (2.2 ± 1.6) × 102

In Table 6, a weak negative correlation (linear correlation coefficient r = −0.2) between
the cement ratio and aggregate ratio and between the water and aggregate ratio was
assumed. An increased linear correlation coefficient, equal to 0.5, was assumed between
the ratio of cement and the ratio of water, as it is known that concrete producers put efforts
to maintain a steady value for the cement to water ratio in the mixture.

The uncertainty budget in Table 6 leads to confidence intervals at an approximately 95%
level presented in Table 7 because of the application of the “law of error propagation” [40],
through the same process that was followed for Tables 4 and 5.

According to the above calculations, and by applying Equation (1), it follows that the
value of the ACI for the common types of concrete used in multistory constructions in the
Greek area is 0.47 ± 0.20. The decision rule by which the result is compared to the reference
value of EURATOM Directive is that the entire 95% confidence interval for the values of
ACI should be below 1. Consequently, the maximum value on a 95% confidence interval is
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0.67, which means that the entire confidence interval is significantly less than 1 (less than
the maximum reference value of EURATOM Directive).

Table 6. Uncertainty budget for the calculation of the confidence interval for the values of the specific
activity of 226Ra, 232Th and 40K in fresh concrete.

Factor Mean Value Bounds of
Possible Values

Distribution of
Possible Values

Standard
Uncertainty

Sensitivity
Coefficient

Contribution to
the Uncertainty of

the Result
226Ra

αfa,cem 320 kg/m2 40 Triangular 16 0.03 0.33 (Bq/kg)2

αagg 1500 kg/m2 200 Triangular 82 −0.005 0.16 (Bq/kg)2

αw 164 kg/m2 52 Triangular 21 −0.01 0.1 (Bq/kg)2

Cfa,cem,Ra226 125 Bq/kg 42 0.14 35 (Bq/kg)2

Cagg,Ra226 24 Bq/kg 22 Triangular 9 0.79 50 (Bq/kg)2

Cw, Ra226 2 Bq/kg 2 Triangular 1 0.07 0.003 (Bq/kg)2

Cov(αfa,cem, αagg) (r = −0.2, is assumed) 0.09 (Bq/kg)2

Cov(αfa,cem, αw) (r = 0.5, is assumed) −0.18 (Bq/kg)2

Cov(αagg, αw) (r = −0.2, is assumed) −0.05 (Bq/kg)2

Ccon,Ra226 35 Bq/kg - 85 (Bq/kg)2

232Th

αfa,cem 320 kg/m2 40 Triangular 16 0.001 0.0004 (Bq/kg)2

αagg 1500 kg/m2 200 Triangular 82 0.0007 0.004 (Bq/kg)2

αw 164 kg/m2 52 Triangular 21 −0.01 0.05 (Bq/kg)2

Cfa,cem,Th232 29 Bq/kg 10 0.14 2 (Bq/kg)2

Cagg,Th232 28 Bq/kg 28 Triangular 11 0.79 81 (Bq/kg)2

Cw,Th232 2 Bq/kg 2 Triangular 0,8 0.07 0.003 (Bq/kg)2

Cov(αfa,cem, αagg) (r = −0.2, is assumed) −0.0005 (Bq/kg)2

Cov(αfa,cem, αw) (r = 0.5, is assumed) −0.004 (Bq/kg)2

Cov(αagg, αw) (r = −0.2, is assumed) 0.006 (Bq/kg)2

Ccon,Th232 26 Bq/kg - 83 (Bq/kg)2

40k

αfa,cem 320 kg/m2 40 Triangular 16 −0.10 3 (Bq/kg)2

αagg 1500 kg/m2 200 Triangular 82 0.03 7 (Bq/kg)2

αw 164 kg/m2 52 Triangular 21 −0.17 14 (Bq/kg)2

Cfa,cem,K40 223 Bq/kg 78 0.14 119 (Bq/kg)2

Cagg,K40 524 Bq/kg 524 Triangular 214 0.79 28,422 (Bq/kg)2

Cw,K40 50 Bq/kg 50 Triangular 20 0.07 2 (Bq/kg)2

Cov(αfa,cem, αagg) (r = −0.2, is assumed) 2 (Bq/kg)2

Cov(αfa,cem, αw) (r = 0.5, is assumed) 6 (Bq/kg)2

Cov(αagg, αw) (r = −0.2, is assumed) 4 (Bq/kg)2

Ccon,K40 448 Bq/kg - 28,580 (Bq/kg)2

63



Eng 2023, 4 2937

Table 7. Estimated 95% confidence intervals for NORM mass specific concentrations (Bq/kg) in
concrete produced in Greece during the year 2023.

Estimated for Ccon (Bq/kg)
226Ra 35 ± 18
232Th 26 ± 18

40K (4.5 ± 3.4) × 102

4. Discussion

Despite the considered addition of fly ash to cement, none of 226Ra, 232Th and 40K
emerged as a prevailing radiological factor as compared to others. It should be noted that
40K concentration in common fresh concrete is unlikely to affect ACI values. Covariances
between the proportions of the concrete constituents are also unlikely to affect ACI values.
On the other hand, the sensitivity coefficient related to changes in NORMs concentrations
in the aggregates is relatively high. The possible addition of aggregates that do not belong
to the—usually used in Greece—limestone category, must be considered.

It is emphasized again that this paper is restricted to the common types of concrete
used in the load-bearing structure of a multistory building (slabs, columns and beams),
in which case the presence of cement is determined: (a) by the minimum limits for the
cement content of the concrete due to the required minimum strength and (b) the economy
of construction, which, according to the logic of the construction market, sets the respective
upper possible limits of the concrete’s cement content.

The ratios shown in the calculations in Table 6 correspond to fresh concrete. If a
reduction is attempted in the hardened concrete, the loss of water mass due to evapo-
ration during the hardening period should be considered. As already discussed in the
introduction of this paper, it is impractical to attempt to accurately reproduce the exposure
geometry of the individual residual in the structure, as this is affected by many significant
uncertainty factors. The estimation and uncertainty budget presented in this paper provide
an index which makes sense for concrete producers by assisting them in assessing the
performance of their product, especially in the context of the regulatory control of trade in
the European market.

It should be noted that the above estimate for ACI is not a result that corresponds to a
specific type of concrete or, even more so, an individual mix proportions’ study. It is an
estimate of the confidence interval at a level of approximately 95% for all common types of
concrete that are expected to have been produced in the Greek area within the last twenty
years. The most important feature of this interval is the upper value of ACI, equal to 0.67
(0.47 + 0.20). It indicates that the common types of concrete containing fly ash cement are
impossible to approach the limit value equal to 1.

ACI can be considered from the perspective of monitoring the performance of con-
struction materials, as required for other performances under the EU Construction Products
Regulation [39]. In this context, ACI with a reference value equal to 1, could be a perfor-
mance indicator. A same case that has been regulated in the EU is the ranking of buildings
according to their energy performance indicator (EPI), which is obtained as the quotient of
the estimated energy consumption in a building to a corresponding reference value [45].
The similarities with the ACI are many, as the denominators in Equation (1) provide a clear,
and horizontal, reference value.

The methodology presented in this paper may be useful, too, for laboratories per-
forming testing on the NORMs concentration in building materials. According to the
International Standard ISO/IEC 17025:2017 [46], the conformity assessment of a product
subjected to laboratory testing should be carried out based on a prescribed decision rule.
This rule must consider the level of uncertainty of the result of the test(s). If a laboratory is
asked to give an opinion or interpretation in relation to the compliance of a construction
product, such as concrete, with the ACI < 1 criterion, then the laboratory should have
established an uncertainty budget, like the one presented in this paper.
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5. Conclusions

Fly ash used as an additive in cement for concrete multistory constructions in Greece
should not be considered as “of concern from a radiation protection point of view”, accord-
ing to the provisions of 2013/59/Euratom Directive.

Each country that wishes to evaluate the use of fly ash in constructions should repeat
the method for the ACI uncertainty budget proposed in this study, to assess whether it
significantly exceeds the value equal to 1.

When ACI is estimated for each construction product but also for the entire construc-
tion, given the mass proportions of all the used products in a construction, it could serve
as a performance indicator. This is useful in construction product certification procedures,
with a special interest for concrete producers.

The above-mentioned use of ACI, along with the corresponding uncertainty estimation,
could be a useful tool for decision making for all the interested parties, such as construction
product producers, building designers and testing laboratories that perform measurements
focused on estimating ACI.
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Abstract: Clay minerals are widely used to treat groundwater and surface water containing radionu-
clides. In our study, the method of mechanochemical activation for increasing the sorption capacity
of the natural clay mineral montmorillonite was used. By adjusting the grinding time, the increas-
ing sorption parameters of mechanochemically activated montmorillonite were determined. X-ray
diffraction method, scanning electron microscopy, and the determination of the specific surface by
low-temperature adsorption–desorption of nitrogen to characterize the natural and mechanochemical-
activated montmorillonites were used. It was established that the maximal sorption of uranium,
strontium, and cesium is found for montmorillonite after mechanochemical treatment for 2 h. It is
shown that the filling of the surface of montmorillonite with ions of different natures occurs in various
ways during different times of mechanochemical treatment. The appropriateness of the Langmuir
and Freundlich models for the sorption parameters of uranium, strontium, and cesium ions on
montmorillonite after its mechanochemical activation was established. The effect of natural organic
substances—humic acids—on the efficiency of water purification from uranium on mechanoactivated
montmorillonite was studied. The obtained sorbents can be effectively used for the removal of
trace amounts of radionuclides of different chemical natures (uranium, cesium, and strontium) from
polluted surface and ground waters.

Keywords: layered silicate; mechanochemical activation; sorption; radionuclides; surface filling;
humic acid

1. Introduction

Contamination of surface water and groundwater by radioactive elements such as
uranium, cesium, and strontium is caused by several factors. Among these factors are
the obtaining of environmentally hazardous toxicants into groundwater from the mining
industry, tailings storage facilities, nuclear power plant accidents, and radioactive waste
disposal sites from block waters of radioactive sites of nuclear power plants [1–8]. As
a result, the ecological balance is disturbed. The concentration of radioactive elements
can vary for different reservoirs depending on the type of drained rocks, the chemical
composition of the water, and the hydrogeological regime [9].

In water, uranium forms carbonate and, rarely, sulfate anion complexes, uranyl, and
hydroxo-uranyl cations, and can also be in a dispersed state in the composition of detrital
minerals. These toxicants can be dissolved in surface water and groundwater or exchange
ions in soils or sediments by complex reactions with natural organic matter as pure or
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mixed mineral phases [3]. In an aqueous medium, cesium exists in a cationic form over a
wide pH range. However, for strontium, in addition to the ionic and ion-dispersed form, it
is also likely to be found in the form of complex compounds. In surface waters, most of
the cesium-137 is transported in the form of positively charged ions, although significant
amounts of cesium can be strongly adsorbed on clay particles and transported in the solid
phase. The main amounts of strontium-90 in fresh waters are transported in ionic form [10].
There is an interaction of radionuclides with organic components of natural waters, with
the formation of sufficiently strong complexes, which can be one of the main channels of
transport in the case of a high content of organic substances in waters [11,12].

As a result of migration, radioactive elements enter drinking water sources and are a
threat to public health. Because of its radioactivity and toxicity (carcinogenic for humans),
uranium is a very dangerous element, and the World Health Organization recommends a
limit of 0.015 mg/L for drinking water [13]. Also, U has been added to the US Environmental
Protection Agency’s National Primary Drinking Water Regulations, with a recommended
guideline of 0.030 mg/L [14]. Total beta activity for drinking water consists of ≤1.0 Bq/L,
specific activity 137Cs consists of ≤2.0 Bq/L, and 90Sr consists of ≤2.0 Bq/L. Therefore,
considerable attention is paid to the study of the features of binding of radioactive elements to
the components of natural waters—fulvic acids, and humic acids, as well as possible ways of
extracting these compounds from the water environment [15–17].

The problem of preventing the migration of radionuclides and heavy metals from
mining and other contaminated areas is huge and requires low-cost technological solutions.
The using of the sorption method is one of them. Natural sorbents are usually used to create
permeable reactive barriers or as filling materials in storage facilities for the long-term
disposal of radioactive waste [18,19]. Clay materials have all the necessary qualities for
this, including sufficient resistance to radiation exposure [20,21].

However, these materials in the raw state have only moderate sorption properties. To
increase the sorption capacity of clay minerals and selectivity concerning certain toxicants,
methods of physical and chemical surface modification are widely used [22]. The simple
methods seem to be more promising for the processing of large volumes of clay materials.
When grinding solids using energy-intensive equipment, it is possible to achieve a high
dispersion of final products, as well as to significantly influence the concentration and
nature of surface defects. The latter determines the use of mechanochemical activation
(MCA) in the technology of catalysts as well as in sorption processes [23–26].

A large number of works are devoted to studies of the properties of MCA-treated
layered materials [27]: bentonite [28], montmorillonite [29–32], vermiculite [33], kaolin-
ite [29,32], talc [34], smectite [35], etc. Mechanochemical activation leads to the decreasing
of crystallinity (amorphization) of the solid substance, while the surface energy and surface
reactivity of the material and, therefore, chemical activity increase [25,26,31,36,37]. As a re-
sult of MCA, the clay structure changes. The following changes are observed: delamination
and disorderliness of lays, increasing defects, a reduction in the size of the crystallites, a
lowering of the temperature of the dehydroxylation, increasing free surface clay particles,
and increasing reaction abilities. The greatest influence on the changing properties of clays
in the MCA are time and the intensity of processing [25,26].

Montmorillonite has attracted widespread attention as a potential material for the
control of harmful elements in the environment [38–40]. The enhancement of adsorption
of organic compounds (gaseous toluene, acetone [41,42]) was investigated on ball milling-
treated montmorillonite. The increasing of sorption values by twice and more with the use
of mechanochemical treatment were shown on the removal of such elements as lead [33,43],
cesium, and strontium [25,43]. The first factor that determines the high selectivity of
clay minerals to large cations of alkali metals is structural. At the sorption processes it is
caused by the presence of ditrigonal holes on the surface of silica grids proportional to the
parameters of large cations. The second feature is an increase in the relative contribution of
the side faces to their specific surface and the formation of so-called “frayed” side faces
at the fine comminution of air-dried samples of these minerals. It leads to the possible
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increase in the 137Cs ions’ sorption values [25]. As follows, fine comminution with the
use of high-energy aggregates [25,44] contributes to increasing the surface activity of clay
minerals and, accordingly, increasing their sorption characteristics.

However, the use of mechanoactivated clays, in particular, mechanoactivated mont-
morillonite, for water purification from heavy metals and radionuclides is not so widely
used. Therefore, the use of cheap natural raw materials in combination with high-energy
processing will make it possible to obtain effective sorbents for the removal of radionuclides.
Our research aimed to obtain montmorillonite-based materials using mechanochemical
activation for increasing sorption characteristics. Such sorbents can provide protection to
the aqueous environment from cesium, strontium, and uranium.

2. Materials and Methods
2.1. Materials and Chemicals

The layered silicate 2:1-type montmorillonite (Dashukivka, Cherkasy region, Ukraine)
with a cation–exchange capacity (CEC) of 0.71 meq/100 g and a structural formula of
(Ca0.12Na0.03K0.03)0.18(Al1.39Mg0.13Fe0.44)1.96(Si3.88Al0.12)4O10(OH)2·nH2O) was used. Coarse
mineral impurities such as feldspars, quartz, aluminum and iron oxides, carbonates, etc., were
withdrawn from montmorillonite rock. Purified montmorillonite, which was used in the
next experiments, was obtained by way of sedimentation from an aqueous-clay suspension,
centrifugation, drying at 105 ◦C, and grounding to the fraction < 0.1 mm. The chemical
composition of natural montmorillonite, according to SEM/EDS analysis, followed (%, at.):
—52.65, Si—27.70, Al—10.02, Fe—8.38, and Mg—1.25.

Hydrochloric acid (HCl), sodium hydroxide (NaOH), sodium chloride (NaCl), salt of
uranyl sulfate trihydrate (UO2SO4·3H2O), cesium chloride (CsCl), and strontium chloride
(SrCl2·6H2O) were obtained from Sigma–Aldrich, St. Louis, MO, USA; humic acid was
obtained from Fluka. All the chemicals were analytical reagent grade and used without
further purification. The solution of the uranium, cesium, and strontium salts were prepared
using distilled water. In all experiments, distilled water was used to prepare solutions of
different concentrations.

2.2. Synthesis Procedure

Planetary ball mill Pulverisette-6 (Fritsch) was used for the mechanochemical treat-
ment of MMT. Si3N4 balls (d = 20 mm, n = 12) with a total weight of 160 g were used as
working bodies. The mass ratio of balls and MMT was 1:10. The milling process continued
0.5–4 h. The rotation speed was equal to 300 rpm. Milling was performed in 10 min cycles;
subsequently, a reverse was carried out after each cycle.

2.3. Characterization Methods

X-ray powder diffraction (XRD) patterns of the natural clay mineral and mechanochemical-
activated montmorillonite (MCA MMT) were recorded with a DRON-4-07 diffractometer using
CuKα (0.154 nm) in the region between 2◦ and 60◦ (2 θ). The constant pass energy of U = 30 kV
and I = 30 mA were used [45].

Scanning electron microscopy (SEM) method (Jeol JSM-6060, Tokyo, Japan) was used
for the investigation of the surface morphology of the natural and mechanochemical-
activated MMT. The samples of MMT and MCA MMT were sputter coated with gold for
3 min. In the conditions of analysis, secondary images were used with an acceleration
voltage of 30 kV and a magnification of 5000-fold.

The sample of natural montmorillonite was analyzed using a JED-2300 X-ray spectrom-
eter integrated with a JSM 6060 LA scanning electron microscope. Energy-dispersive X-ray
(EDS) analysis was performed with an accelerating voltage of 15 kV and a magnification of
×500 using standard software.

The low-temperature N2 adsorption–desorption method (T = −196 ◦C) (Quantachrome
NOVA-2200e Surface Area and Pore Size Analyzer, Boynton Beach, FL, USA) was used for
the determination of the porous structure parameters. The ASiQwinTM V 3.0 software was
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used for the results processed. Specific surface area S (m2/g) was estimated using the BET
equation. The total pore volume V (cm3/g) was calculated using the maximum adsorbed
volume of nitrogen at a relative pressure p/p0 ≈ 0.99. The distribution of pore size dV(r)
(nm) was determined using BJH and DFT models [46].

Potentiometric titration of the samples was performed using a 781 pH/Ion Meter by
the procedure described in [47].

2.4. Adsorption Experiments

The batch-wise method was performed for the adsorption experiment. A series of 0.1 g
samples of sorbents to 50 mL aqueous solutions of radionuclides U(VI), Cs(I), and Sr(II)
were added. The solutions were prepared from the salts uranyl sulfate (UO2SO4·3H2O),
strontium chloride (SrCl2·6H2O), and cesium chloride (CsCl). The ionic strength was
created with a solution of 0.01M NaCl. The experiments were conducted in triplicate at
pH 6 in a thermostatic cell at 25 ◦C with continuous shaking for 1 h. After establishing the
adsorption equilibrium, the liquid phase was separated by centrifugation (6000 rpm) for
30 min. The effect of humic acid (HA) was studied at a concentration of 100 mg/L for HA
and 300 µmol/L for U(VI).

The spectrophotometric method (UNICO 2100UV, United Products and Instruments,
Suite E Dayton, NJ, USA) was used for the determination after adsorption of the equilibrium
concentration of U(VI); the wavelength was 665 nm, and Arsenazo III was used as a reagent.
The atomic adsorption spectroscopy (AA-6300 Shimadzu, Shimadzu Corporation, Tokyo,
Japan) was used for the determination of the equilibrium concentrations of Cs(I) and Sr(II)
after adsorption.

The kinetic experiments were conducted on samples of natural and mechanical-
activated montmorillonite by uranium sulfate, cesium chloride, and strontium chloride
solutions with the same initial concentration of 100 µmol/L for different selected times
ranging from 5 to 360 min.

The presentation of sorption (PS, %) from U(VI), Cs(I), and Sr(II), was calculated by
Equation (1):

PS = (Cin − Ceq)/Cin·100 (1)

The adsorption capacity (qeq, µmol/g) of radionuclide ions was estimated by Equa-
tion (2):

qeq = (Cin − Ceq)·V/m (2)

where Cin and Ceq represent the initial and equilibrium radionuclides concentrations
(µmol/L), V is the solution volume (L), and m is the weight of the adsorbent (g).

The distribution of radionuclides between the adsorbent and solution was calculated
as the value of the coefficient of distribution Kd, mL/g (Equation (3)):

Kd = (Cin − Ceq)·V/(Ceq·m)·1000 (3)

The experimental isotherms of radionuclides adsorption were processed using the
Langmuir mathematical model for a homogeneous surface and the Freundlich model for a
heterogeneous surface [48].

3. Results and Discussion
3.1. Characteristics of Natural and Mechanical-Activated Montmorillonite

The X-ray diffraction patterns of the MMT and MCA MMT are demonstrated in
Figure 1. There were structural changes during the milling process. A gradual destruction
of the crystalline phase occurs with the increasing duration of milling. This was evidenced
by a progressive decrease in the XRD reflection intensities. Fine grinding leads to a
systematic decrease in the intensity of reflections. It is proven to increase the amorphization
of the structure of activated MMT during milling. Mechanochemical treatment for 1 h and
more leads to the decreasing intensity of the 001 peaks and a shift of the 001 peaks with
the concomitant broadening in an asymmetrical fashion. At the same time, the stacking
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of layers is disturbed and lost, and the initial structural destabilization of the basal plane
begins [45,49]. This is probably due to the partial removal of water molecules from the
interlayer spaces and may, according to the work [25], be accompanied by the formation of
a disordered mixed-layer phase of montmorillonite: partially dehydrated montmorillonite.
The broadening of the XRD reflections (Figure 1) indicated that, along with structural
changes, a reduction in particle size occurred: from 6.63 nm for MMT to 4.32 nm for 1 h
MCA MMT. With prolonged milling (more than 4 h), montmorillonite was transformed
into an amorphous solid [25].
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Figure 1. X-ray diffraction patterns of the montmorillonite before and after mechanochemical
activation: 1-MMT, 2-0.5 h MCA MMT, 3-1 h MCA MMT.

SEM microphotograph samples of the natural MMT and the most reactive sample
(MCA MMT 2 h) are shown in Figure 2. Particles of natural MMT have the shape of plates,
which can be seen in Figure 2a. For the series of milled montmorillonite samples, the
microstructure is changed with increasing the treatment time. Fine grinding of MMT in a
planetary ball mill for 2 h changed the structure of MMT (Figure 2b). Contrary to natural
MMT, the morphology of the mechanochemically activated sample (MCA MMT 2 h) is more
uniform, with a predominance of spheroidal and (quasi)regular particles. As a result of
mechanochemical activation, the flaky-edges particles appeared. So, the mechanochemical
treatment of MMT samples leads to the formation of new more reactive surfaces [26,29,32].
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The MCA treatment leads to a decrease in the structural order and an increase in the
specific surface area of clays. The data calculated from nitrogen adsorption/desorption
isotherms for MMT and MCA MMT samples showed that the dependence of specific
surface area, total pore volume, as well as average pore radius r from activation time is
non-monotonic, although there is a tendency for the values of these parameters to increase
(Table 1).

Table 1. Characteristics of the porous structure for the montmorillonite before and after
mechanochemical activation.

Sample S, m2/g V, cm3/g r, nm

Distribution of Pore Sizes, nm

BJH dV (r) DFT dV (r)

r1 r2 r1 r2 r3

MMT 89.1 0.078 1.753 1.98 - 1.41 2.75 -
0.5 h MCA MMT 117.4 0.140 2.377 2.142 - 1.17 2.44 0.64
1 h MCA MMT 93.4 0.131 2.811 2.142 - 1.25 2.64 0.64
2 h MCA MMT 146.8 0.161 2.187 1.92 - 1.13 2.64 0.67
4 h MCA MMT 99.1 0.155 3.128 1.90 15.10 1.21 2.54 0.64

Isotherms of the low-temperature nitrogen sorption–desorption (Figure 3a) for all
samples have the waveform. According to the IUPAC classification, the obtained isotherms
can be attributed to Type II [50]. The observed hysteresis loops in the range of values
p/p0 > 0.35–0.4 can be classified as H3 type, indicating the presence of slit-like pores.
Mesopore size distributions were obtained from the low-temperature nitrogen adsorption
data according to the currently used Barret–Joyner–Halenda (BJH) method [46]. The
maximum in the pore radius r1 distribution for the natural montmorillonite is centered
at 1.98 nm (Figure 3b). This value slightly increases after MCA to 2.14 nm for 0.5 h and
1 h, and again decreases to 1.90 nm for 4 h treatment. In general, the specific surface area
of investigated MMT samples increases with the increase in time of mechanochemical
activation. The specific surface area increases from 89.1 m2/g for natural MMT up to
146.8 m2/g for 2 h MCA MMT. The specific surface area for this sample reaches the maximal
value (Table 1). However, dependence on the specific surface area from the time of milling
is irregular. This is because several different processes, which occur simultaneously, affect
the change in specific surface area during the milling of solids, in general, and minerals,
in particular. Thus, the first local maximum on this dependence, which is observed after
milling for 0.5 h, is caused by the comminution of montmorillonite particles without
significant destruction of crystal structure, as in work [32]. On the contrary, a decrease in
specific surface area for samples, milled for 1 h, is associated with aggregation, which often
takes place when the milling time is increased [26,33]. Milling for more than 1 h results in
significant destruction of the crystal structure of montmorillonite and its amorphization,
as mentioned above. This is the reason for the increase in the specific surface area for the
sample milled for 2 h. A further increase in the time of mechanochemical activation leads
to a decrease in the specific surface of montmorillonite samples, similar to the other clays:
kaolinite and ripidolite [32]. This occurs due to the aggregation of amorphized particles. It
should be noted that there is a similar irregular dependence of specific surface area from
energy supplied by the ball mill for sodium montmorillonite [51].
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Figure 3. Nitrogen adsorption–desorption isotherms (a) and mesopore size distributions (b) of the
montmorillonite before and after mechanochemical activation.

So, according to the theory of “mechanochemical activation”, the mechanical stress
leads to the shifting of atoms from their equilibrium crystal lattice positions, bringing
the solid into a high-energy metastable state, and to a further fracture of particles. The
particles reach a critical size and solid materials begin to build up crystal defects and
develop amorphous phases or other crystalline morphologies [52].

3.2. Adsorption Isotherms Study

Adsorption kinetics of uranium, cesium, and strontium ions from the aqueous solu-
tions onto the natural and 2 h mechanochemical-activated montmorillonite was made up to
equilibrium. Adsorption of U(VI), Ce(I), and Sr(II) on the natural and 2 h mechanochemical-
activated montmorillonite as a function of the contact time is shown in Figure 4. Kinetic
curves of the sorption of uranium, cesium, and strontium ions on all the samples indicate
a sufficiently fast attainment of sorption equilibrium, within 15–20 min. In all the next
sorption experiments, the duration was established as 1 h. The kinetics of U(VI), Ce(I), and
Sr(II) adsorption onto natural and 2 h mechanochemical-activated montmorillonite can be
significantly better described by the pseudo-second order rate equation.
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before and after mechanochemical activation. 

With an increase in the time of mechanochemical activation, the values of uranium 
sorption are 77.5, 105.3, and 123.5 µmol/g for samples activated for 0.5, 1, and 2 h, re-
spectively. However, further activation (4 h) leads to a sharp decrease in the amount of 
uranium sorption, to 53.5 µmol/g (Table 2). For Sr2+ (Figure 5b) and Cs+ (Figure 5c) ions, 
the improvement in sorption values correlates with an increase in the duration of MCA in 
a similar way. The sorption values of the studied metals are correlated with the values of 
the specific surface area of montmorillonite (Table 1), which increases with increasing the 
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lonite and 2 h mechanochemical-activated MMM.

Sorption isotherms of uranium (Figure 5a), strontium (Figure 5b), and cesium (Figure 5c)
ions show that the sorption characteristics of the samples for mechanochemically activated
MMT are higher compared to those of the natural mineral.
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Figure 5. Sorption isotherms of uranium (a), strontium (b), and cesium (c) onto the montmorillonite
before and after mechanochemical activation.

With an increase in the time of mechanochemical activation, the values of uranium
sorption are 77.5, 105.3, and 123.5 µmol/g for samples activated for 0.5, 1, and 2 h, re-
spectively. However, further activation (4 h) leads to a sharp decrease in the amount of
uranium sorption, to 53.5 µmol/g (Table 2). For Sr2+ (Figure 5b) and Cs+ (Figure 5c) ions,
the improvement in sorption values correlates with an increase in the duration of MCA in
a similar way. The sorption values of the studied metals are correlated with the values of
the specific surface area of montmorillonite (Table 1), which increases with increasing the
activation time (0.5–2 h) from 89.1 m2/g to 146.8 m2/g and decreases with increasing the
activation time (4 h) up to 99.1 m2/g.

The obtained sorption values of the studied metal ions on the natural montmorillonite
are related to the peculiarities of its structure. Layered silicates are characterized by the
presence of two main types of ion exchange centers, which differ sharply in their properties.
These are exchangeable cations associated with non-stoichiometric isomorphic substitutions
in the structure and are located on the basal surfaces of minerals, as well as broken silica or
aluminum oxide bonds localized on the side faces of the crystals.

U(VI) is characterized by the possibility of existence in surface waters not only as
uranyl ions (UO2

2+), but also in the form of positively charged, neutral, or even nega-
tively charged products of hydrolysis and interaction with dissolved CO2: [UO2OH]+,
[(UO2)3(OH)5]+, UO2(OH)2, UO2CO3, [(UO2)2CO3(OH)3]−, etc. [10,11]. The dependence
of U(VI) sorption values for montmorillonite on pH has an extreme character, with maxi-
mum values in a neutral media, which is characterized by a high degree of dissociation of
Si(Al)OH groups on the side faces of the mineral particles, which are mainly responsible
for the sorption process, and in the presence of positively charged UO2

2+ as the dominant
form of U(VI) [12].
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Table 2. Langmuir and Freundlich parameters for the adsorption of uranium, strontium, and cesium
ions onto natural and mechanochemical-activated montmorillonite.

Sample Radio-
Nuclide

Langmuir Freundlich

qm,
µmol/g

KL,
L/µmol R2 1/n KF,

L/µmol R2

MMT

U(VI)

86.2 6.44 0.995 0.748 9.53 0.980
0.5 h MCA MMT 77.5 21.50 0.967 1.078 19.53 0.765
1 h MCA MMT 105.3 15.83 0.983 0.324 8.49 0.917
2 h MCA MMT 123.5 81.00 0.996 0.317 10.49 0.914
4 h MCA MMT 53.5 46.75 0.999 0.191 6.13 0.953

MMT

Sr(II)

526.3 3.17 0.996 0.984 16.60 0.960
0.5 h MCA MMT 500.0 4.00 0.994 0.984 16.55 0.967
1 h MCA MMT 454.6 7.33 0.999 0.710 15.60 0.956
2 h MCA MMT 588.2 5.67 0.999 0.905 19.09 0.845
4 h MCA MMT 500.0 2.50 0.946 1.055 15.50 0.986

MMT

Cs(I)

714.3 0.93 0.979 0.799 13.52 0.998
0.5 h MCA MMT 384.6 5.20 0.975 0.570 14.20 0.998
1 h MCA MMT 526.3 1.90 0.969 0.729 14.01 0.999
2 h MCA MMT 416.7 6.00 0.967 0.550 14.75 0.998
4 h MCA MMT 588.2 1.06 0.969 0.834 13.32 0.999

qm—the amount of adsorbate corresponding to complete monolayer coverage; KL—Langmuir bonding en-
ergy coefficient; KF—Freundlich coefficient of adsorption capacity; n—coefficient of adsorption intensity; R—
correlation coefficient.

Sorption of cesium and strontium ions on natural montmorillonite primarily occurs by
the ion-exchange mechanism. Taking into account that the ion exchange on layered silicates
is determined by the active centers of the basal faces, which account for the majority of the
total exchange capacity, this factor is decisive in increasing the selectivity of montmorillonite
to cesium ions.

The sorption of cesium and strontium ions on natural montmorillonite (qm calculated
from the Langmuir equation) are 714.3 and 526.3 µmol/g, respectively. In addition, the
exchange centers of the basal faces show a high affinity for cesium ions, which is due to
the manifestation of a structural factor [25,38]. The ditrigonal holes of silica grids on the
surface of clay minerals are proportional to the size of the large alkali metal cations. It is
possible to localize large alkali metal ions in pseudo-hexagonal oxygen holes of tetrahedral
networks of minerals. Cesium sorption occurs not only on the outer surface of particles.
Penetration of cesium ions into the interlayer space occurs, replacing the corresponding
ion-exchange positions.

Mechanochemical activation significantly improves the sorption properties of natural
MMT by achieving a greater equilibrium sorption capacity in the region of low equilibrium
concentrations of uranium ions in the solution. This can be seen visually from the slope
of the sorption isotherms (Figure 5a) and can be quantified using Kd values (Figure 6). In
the case of the sorption of cesium ions (Figure 6c), a consistent increase in the value of
Kd with the time of MCA was observed. For uranium and strontium ions, the character
of the dependence of the distribution coefficients has a more complicated form. The
maximum values of coefficients of distribution for MMT/2 h MXA MMT are as follows:
ml/g: uranium (438/14,000), cesium (641/2191), and strontium (841/1476).
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by uranium (a), strontium (b), and cesium (c) ions.

The observed nature of changes in the sorption properties of minerals after mechanical
activation can be explained as follows.

The mechanochemical activation of montmorillonite at the initial stage leads to an
increase in the fineness of particle grinding and significant structural changes, which is
primarily associated with the disordering of the octahedral mesh and significant distortions
in the tetrahedral meshes. At the same time, the main structural motif is preserved and,
accordingly, ensures an increase in the number of pseudo-hexagonal silicon–oxygen holes,
which are the most important active centers of the sorption of large cations [25,28,32,44].

At the same time, the mechanical activation of air-dried samples leads primarily to
the fracture of lamellar particles of clay minerals and, thus, to an increase in the relative
contribution of the side faces to the total surface of the samples. A high affinity of the
most high-energy sorption centers localized on the so-called cleaved side faces to metal
ions is observed. At the same time, it is possible to form strong surface complexes with
uranium, cesium, and strontium ions, in the formation of which both surface hydroxyl
groups and oxygen atoms of partially destroyed ditrigonal holes participate. Therefore, in
the interlayer space of minerals near the side faces, the area easily accessible to metal ions
increases [25,38,43].

The presence of various defects on the surface of the mineral determines the significant
energy heterogeneity of the sorption centers. These structural defects, and, therefore, the
functional groups of different compositions (exchangeable cations, surface hydroxyl groups,
and oxygen of the tetrahedral network), play the role of active centers during adsorption
and catalytic reactions. Surface ≡Si–OH–, =Al–OH–, etc., groups of the side surface of
minerals behave like a mixture of acids of different strengths. During the mechanical
activation of samples in air, the growth of the total specific surface area of the particles is
largely due to the development of side faces, with partial destruction of the basal faces.
It was established that in the process of mechanochemical activation, the number of acid
groups per unit mass of the montmorillonite sample increases and amounts to 2.5 meq/g
for natural MMT, 0.5 h MCA MMT, and 1 h MCA MMT, while for 2 h MCA MMT is
3.5 meq/g and for 4 h MCA MMT is 4.5 meq/g.
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The applicability of the Freundlich equation (Table 2) to the description of sorption
data indicates the significant energy heterogeneity of the sorption centers located on the
surface. The measure of the energy heterogeneity of the surface is the coefficient 1/n:
the closer that the value of this coefficient is to unity, the more homogeneous the surface
is. The obtained results indicate a noticeable increase in the energy heterogeneity of the
sorption centers as a result of the mechanical activation of the samples. For cesium ions,
the Freundlich correlation coefficient is very high: (R2 = 0.998–0.999).

For the Langmuir monomolecular sorption equation, which indicates the energy
homogeneity of active centers and, accordingly, the proximity of ion sorption energies as
the surface is filled, the correlation coefficient is R2 = 0.946–0.999.

Figure 6 shows the filling of the mineral surface with metal ions. On the abscissa
axis, lg (q/CEC) is represented, characterizing the degree of surface filling, where q is
the concentration of metal ions in the solid phase (µmol/g) and CEC is the exchange
capacity (µmol/g). The ordinate axis shows lg (Kd/CEC), where Kd/CEC is the specific
distribution coefficient.

Noticeably different natures of surface filling for uranium, strontium, and cesium ions
can be observed in Figure 6. For cesium, lg (Kd/CEC) changes as the montmorillonite
surface is filled in the range from 1.13 to 0.37 for the original and from 0.97 to 0.24 for the 2 h
mechanochemically activated mineral, which corresponds to the distribution coefficients of
641 and 408 for the original and 2191 and 586 for the mechanically activated for 2 h mineral.
For uranium ions, as for strontium ions, there is a gradual filling of the surface with metal
ions for the original mineral: lg (Kd/CEC) increases from 2.26 to 1.14 for uranium per MMT
with distribution coefficients of 400 and 217, respectively. The much faster filling occurs
for mechanochemically activated samples: 2 h (1.41–0.80) and 4 h (1.34–1.16) for uranium,
corresponding to distribution coefficients 14,000 and 608 (2 h) and 960 and 176 (4 h).

3.3. Effect of Natural Organic Compounds

It was established that at a uranium concentration of 300 µmol/L, the sorption curves
without and in the presence of 100 mg/L humic acid (HA) have a similar appearance
(Figure 7). However, the values of uranium sorption in the presence of HA are significantly
lower. This is determined by the fact that the presence of natural organic substances in the
water environment, in particular, fulvic acids [12,17,53], significantly changes the values of
uranium (VI) sorption. Namely, the formation of stable humate complexes with uranium
leads to a decrease in sorption indicators for both natural MMT and MCA MMT.
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4. Conclusions

Mechanochemical activation of montmorillonite during different times (0.5–4 h) leads
to certain changes in its structure. First of all, the gradual destruction of the crystalline phase
occurred during long-term grinding. Secondly, the morphology of the mechanochemical-
activated sample (MCA MMT 2 h) becomes more uniform, with the dominance of spherical
and (quasi)regular particles. Thirdly, MCA made it possible to achieve a fairly high degree
of increase in the specific surface area, by almost two times (from 80.3 m2/g to 146.8 m2/g).
A gradual increase in the total pore volume and an increase in the pore radius with
increasing activation time were observed.

As a result of structural changes, the sorption properties of natural MMT improve
primarily due to the increase in the equilibrium values of sorption and Kd in the region
of low equilibrium concentrations of Cs, Sr, and U ions in the solution. The filling of the
surface of natural montmorillonite and mechanochemical-activated montmorillonite occurs
in various ways for the radionuclides uranium (VI), strontium (II), and cesium (I). The
obtained sorbents can be effectively used to remove trace amounts of radionuclides of
different chemical natures (uranium, cesium, and strontium) from polluted surface and
underground waters. The noted fixation of radionuclides on the surface of mechanoac-
tivated montmorillonite makes it possible to use it as a matrix for burying radioactive
waste during heat treatment. The mechanochemically activated clays can be applied to
the environmental protection technology in the engineered clay barriers in multibarrier
systems for the control of radioactive contamination [18,19].
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Abstract: The objectives of the study are to reveal the influence of multistage fuel-oxidation chemistry,
thermal radiation of soot during the combustion of a small (submillimeter size) fuel droplet, and
real gas effects on the operation process of compression ignition engines. The use of the multistage
oxidation chemistry of iso-octane in the zero-dimensional approximation reveals the appearance of
different combinations of cool, blue, and hot flames at different compression ratios and provides
a kinetic interpretation of these phenomena that affect the heat release function. Cool flames are
caused by the decomposition of alkyl hydroperoxide, during which a very reactive radical, OH, is
formed. Blue flames are caused by the decomposition of H2O2 with the formation of OH. Hot flames
are caused by the chain branching reaction between atomic hydrogen and molecular oxygen with the
formation of OH and O. So-called “double” cool flames correspond to the sequential appearance of
a separated cool flame and a low-intensity blue flame rather than two successive cool flames. The
use of a one-dimensional model of fuel droplet heating, evaporation, autoignition, and combustion
at temperatures and pressures relevant to compression ignition engines shows that the thermal
radiation of soot during the combustion of small (submillimeter size) droplets is insignificant and
can be neglected. The use of real gas caloric and thermal equations of state of the matter in a three-
dimensional simulation of the operation process in a diesel engine demonstrates the significant effect
of real gas properties on the engine pressure diagram and on the NO and soot emissions: real gas
effects reduce the maximum pressure and mass-averaged temperature in the combustion chamber
by about 6 and 9%, respectively, increases the autoignition delay time by a 1.6 crank angle degree,
increase the maximum heat release rate by 20%, and reduce the yields of NO and soot by a factor of 2
and 4, respectively.

Keywords: detailed kinetic mechanism; autoignition; cool and blue flames; compression ignition
engine; operation process; numerical simulation; real gas equation of state; nitrogen oxides; soot

1. Introduction

In view of increasingly strict regulations on pollutant and greenhouse gas emissions [1],
CFD methods are becoming increasingly important for simulating in-cylinder processes
and for developing combustion strategies in transportation engines [2,3]. Predictability can
be reached with adequate models of all accompanying phenomena, including gas exchange,
mixture formation, combustion and pollutant formation, heat transfer to the walls, etc. In
this manuscript, we focus on only studying the effects of the detailed chemistry of fuel
oxidation, soot radiation during autoignition and combustion of small-size droplets in
engine conditions, and real gas thermodynamics on the operation process of the compres-
sion ignition engine (CIE). Despite the fact that commercially available CFD codes provide
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a possibility of applying the state-of-the-art detailed kinetic mechanisms (DKMs) of fuel
oxidation, sophisticated soot thermal radiation models, as well as real gas equations of
state (EoS), automotive engineers worldwide still apply either semi-empirical models or an
overall reaction mechanism for simulating spray autoignition and combustion, zonal meth-
ods coupled with the oversimplified models of soot formation for handling radiative heat
transfer, and the ideal gas EoS. However, both semi-empirical models and overall reaction
mechanisms are not universal and are only applicable within the parametric domains they
are developed for. Such models and mechanisms do not usually include low-temperature
chemical transformations in the combustible mixture, which can have a noticeable effect on
the rate of energy release and the engine operation process as a whole.

This paper has three objectives. The first is to give a kinetic interpretation of the
multistage autoignition phenomena observed in CIEs. The second is to reveal the effect of
soot thermal radiation on the autoignition and combustion of small (submillimeter size)
fuel droplets under the conditions of CIEs. The third is to reveal the real gas effects on the
operation process of CIEs and the yields of pollutants (soot and NO) using the accurate
thermal and caloric EoS of the main species. These objectives and the obtained results are
the novel and distinctive features of this paper. The next three sections in the Introduction
provide selective literature reviews on these topics.

1.1. Multistage Autoignition

The concept of the multistage autoignition of a hydrocarbon fuel with separated
“cool”, “blue”, and “hot” flames was introduced in [4] based on studies of the autoignition
of iso-octane and other hydrocarbons under engine conditions. Under these conditions,
at the parametric plane “mixture composition–compression ratio” (Figure 1), in addition
to the domain of mixture autoignition, three more domains of pre-flame luminosity are
identified. In the first, a partial reaction of the mixture is found to occur and is accompanied
by an increase in pressure and temperature, a decrease in oxygen and fuel concentrations,
and the formation of intermediate and final reaction products in certain amounts. The
luminous flame of bluish color corresponding to this parametric domain is called a “blue”
flame and is caused by the luminosity of excited formyl HCO∗. The second and third
domains are located below the domain of blue flames at lower compression ratios. In these
domains, a partial reaction is also found to proceed with some increase in the pressure
and luminosity of excited formaldehyde H2CO∗. The flames corresponding to these
two domains are called a “double” cool flame and a single cool flame, respectively. In [5],
based on the review of a large experimental material, a generalization was made and
the concept of multistage autoignition with individual cool, blue, and hot flames was
introduced. Modeling the kinetics of the autoignition of hydrocarbons under laboratory
conditions using a DKM indicates that cool flames are caused by the decomposition of
alkyl hydroperoxide, during which a very reactive radical, OH, is formed, and blue flames
are caused by the decomposition of H2O2 with the formation of OH [6].

Recently, the DKMs of the oxidation of heavy hydrocarbons up to C20 containing thou-
sands of species and tens of thousands of elementary reactions have been proposed. For
example, the authors of [7] proposed such a DKM composed of 7182 species and 31,721 re-
actions by merging two mechanisms reported in [8,9]. Later, this mechanism was reduced
to contain 2277 reactions and 522 species [10]. Many of the proposed DKMs are capable
of describing the low-temperature oxidation of hydrocarbons and predicting the forma-
tion of both cool and blue flames. The blue flames are often referred to as “intermediate
temperature heat release” [11–15] or “intermediate temperature ignition” [16,17].

Despite the undoubted advantages of the DKMs, their application in multidimensional
problems of combustion in engines is difficult because of their complexity. Moreover,
consideration of all possible reactions between all possible species, including their isomers,
would make such mechanisms much larger. For example, only the inclusion of vibrationally
excited molecules with the reactions of their formation and consumption leads to multiple
increases in the DKM size [18,19]. In addition, such DKMs involve many uncertainties
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caused by the lack of reliable data on the reaction rate constants and thermodynamic
functions. All these factors greatly affect the accuracy and suitability of the DKMs.
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Figure 1. The boundaries of the single and “double” cool flames, blue flame, and hot flame domains
during compression induced the autoignition of iso-octane–air mixtures in a compression ignition
engine [4] (legends are taken from [5]). Initial temperature T0 = 343 K, initial pressure P0 = 1 bar,
engine rotation speed n = 1500 rpm. The red dashed vertical line at α =1.5 corresponds to the
composition of the fuel–air mixture examined in Section 3.1.

Thus, the known DKMs are generally imperfect and limited to a certain degree.
However, in many cases, the optimal and compact DKMs that provide the overall reaction
rate and the composition of key intermediate and final products with an acceptable accuracy
are required rather than the maximal DKMs, including species and reactions unnecessary
for problem solution. Such mechanisms still have the status of non-empirical DKMs, as all
included elementary reactions are kinetically substantiated. When simulating the oxidation
of hydrocarbon fuels, it is always possible to construct a DKM with a limited number of
species and elementary reactions while retaining the main reaction pathways. Such a DKM
is proposed for iso-octane [20], which describes the kinetics of multistage autoignition. This
DKM has been used to compare the results of calculations with experimental data on the
autoignition delay time, laminar flame structure and propagation velocity, and fuel droplet
combustion in wide ranges of temperature, pressure, and mixture composition.

1.2. Soot Formation and Radiation

The radiative heat transfer is mainly caused by soot particles formed in fuel-rich loca-
tions of the combustion chamber. Contrary to carbon dioxide and water vapor molecules,
which radiate in a narrow spectral band, soot particles emit radiation in a wide contin-
uous spectrum, thus producing appreciably more intense radiation than that from the
triatomic molecules. Therefore, the key problem in this respect is to evaluate the rate of
soot formation and oxidation.

There are many publications in the literature on soot formation, oxidation, and radia-
tion in conditions relevant to CIEs. There exist several noteworthy articles dealing with
gaseous diffusion flames [21–25] and hydrocarbon droplet flames [26–28]. These articles
discuss the existing approaches to describe the formation and growth of soot particle nuclei,
their coagulation, activation and deactivation, and oxidation. As mentioned earlier in this
paper, we focus herein on soot radiation in droplet flames under engine conditions. The
video frames of large (several millimeters in size) droplet ignitions and combustions in
microgravity indicate the appearance of a loose spherical “soot shell” between the flame
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and the droplet composed of very fine soot particles [29]. This soot shell thickens over time
due to the accumulation of soot particles and becomes a kind of thermal screen due to the
extraction of a part of the heat flux from the flame to the droplet and thermal radiation to
the ambiance. As a result, the rates of droplet evaporation and combustion decrease, and
the flame quenches. This phenomenon is called “radiative flame quenching” [30] and has
been experimentally [31] and theoretically [32] studied. Interestingly, after flame quenching,
the droplet continues unexpectedly and quickly evaporates. Moreover, after some time, a
brightly glowing flame spontaneously appears around the droplet and disappears again.
Such flame flashes and extinctions can repeatedly occur during the droplet’s lifetime. The
phenomenology of radiative flame quenching with subsequent flashes of cool and blue
flames was computationally reproduced in [33,34] for large n-heptane and n-dodecane
droplets. The possibility of the radiative quenching of small (submillimeter-size) droplets
is still questionable. Under terrestrial conditions, soot is entrained by the flow of hot gases
caused by natural convection, and the flame-quenching ability of the soot shell is less
pronounced.

1.3. Real Gas Effects

The ideal gas approximation is only applicable for gases with low density when
the interaction between molecules is negligible. Thermodynamic conditions in modern
turbocharged diesel engines can go beyond the limits of this approximation due to high gas
pressure (up to 200 bar [35] or 140 bar [36]) or density (up to 200 kg/m3 [37]). Localized
regions with low temperatures and high pressure in an engine cylinder can be critical.
For example, the maximum pressure in an engine cylinder can reach 200–300 bar, while
the temperature in the vicinity of the cooled walls can be quite low (400–550 K). Under
such conditions, the real gas effects may manifest themselves. Thus, real gas effects can
significantly affect the behavior and structure of the flow in the region of diesel spray [37–40]
and change ignition delay times in diesel engines, particularly in the region of the negative
temperature coefficient [40,41].

In the literature, multiparameter EoS have usually been used to theoretically approxi-
mate the p–ρ–T data with the accuracy of experimental data [42]. In handbooks, the p–ρ–T
EoS containing a few tens of parameters (up to 50) have been reported. Such EoS are
nothing else but complex interpolations of experimental data. The application of such
equations in CFD is accompanied by large computational costs, as the EoS is used at each
iteration of each time step in each control volume. Such EoS have only been reported for
lower n-alkanes.

There are many approximate real gas EoS, among which the modifications of the Van
der Waals EoS are most popular; the Redlich–Kwong equation [43] and Peng–Robinson
equation [44].

In modern diesel engines, effects other than real gas effects can also play a certain role.
Among them are the two-phase equilibrium effects, the effects of the gas-phase chemical
decomposition of fuel molecules, and the effects of dissociation and ionization. In the
literature, there are no available approaches to take these effects into account in the real gas
EoS. Therefore, these effects are commonly neglected.

The paper is organized as follows. In Section 2, we briefly introduce our own DKM
of hydrocarbon fuel oxidation (Section 2.1), our own model of droplet autoignition and
combustion (Section 2.1), and our own real gas EoS (Section 2.3) with examples of their
validation. Thereafter, we briefly describe the procedures of the numerical solution of
the new target problems, namely, the manifestation of multistage autoignition in the CIE
(Section 2.4), the manifestation of soot thermal radiation during droplet combustion in CIE
(Section 2.5), and the manifestation of real gas effects in CIE (Section 2.6). In Section 3,
we show the results of calculations and discuss the corresponding implications. Section 4
summarizes the results of the study and we discuss the directions of future work.
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2. Materials and Methods
2.1. Reaction Mechanism

The oxidation of hydrocarbons exhibits great generality [5]. The DKM of iso-octane
oxidation and combustion was developed in [20,45]. This DKM includes the main processes
that determine the reaction rate and the formation of the main intermediate and final
reaction products. Since all included elementary reactions are kinetically substantiated, this
DKM has the status of an ab initio mechanism. The DKM is based on the non-extensive
approach and the analogy technique [46]. The key point of the non-extensive approach
is the generality of the main reaction pathways. The analogy technique is applied for the
selection of elementary reactions important for modeling the multistage oxidation. It is
assumed, in the DKM, that the first addition of oxygen to the peroxy radical is sufficient,
whereas the second addition of oxygen to the isomerized form of the peroxy radical
is not essential for the overall reaction progress. The DKM of iso-octane oxidation is
obtained by adding nine isomerized derivatives of iso-heptane (2,2-dimethylpentane) and
iso-octane (2,2,4-tri-methylpentane) to each of the components of the DKM of oxidation
of n-octane C8H18 and isomerized alkanes: iso-butane (2-methylpropane), iso-pentane
(2-methylbutane), and iso-hexane (2-methylpentane). Their reactions with each other and
other species available in the DKM are also added. The leading role is assumed to be
played by deisomerization reactions to form stable intermediate isomerized molecules
of 2,2-dimethylpentane, 2-methylpentane, 2-methylbutane, and 2-methylpropane and
the corresponding normal-structure hydrocarbons, including methane. All of the other
reactions leading to the increase in the “linear” five-membered portion of an iso-octane
molecule are assumed to have no effect on the iso-octane oxidation rate. The resulting
DKM of iso-octane oxidation is fairly compact: it includes 763 reactions involving normal-
structure species and 987 reactions involving isomerized species. The total number of
species involved in the DKM is 144.

The enthalpy ∆H
◦
f 298, entropy S

◦
298(T), and the specific heat at constant pressure

Cp0(T) are calculated following known recommendations and additivity rules [47]. The
Arrhenius parameters of rate constants for some reactions are calculated based on the rate
constants for the reactions with normal-structure species due to the lack of the correspond-
ing experimental data. For this purpose, a two-parameter form for the rate constant of an
elementary reaction is used with the preexponential factor A and activation energy E given
by [46]:

Ai(i) = Ai(n)exp
[(

∆Si(i) − ∆Si(n)

)
/R
]

(1)

Ei(i) = Ei(n) − 0.25
(

∆Hi(i) − ∆Hi(n)

)
(2)

for exothermic reactions and

Ei(i) = Ei(n) + 0.75
(

∆Hi(i) − ∆Hi(n)

)
(3)

for endothermic reactions. Here, ∆S and ∆H are the entropy and enthalpy changes; indices
i, (i), and (n) correspond to the reaction number, to the isomerized-structure species, and to
the normal-structure species, respectively. Some corrections of the Arrhenius parameters
thus obtained were needed for a limited number (less than ten) of reactions. The eminent
feature of the DKM is the manifestation of the occurrence of both cool and blue flames at
the low-temperature autoignition of iso-octane and other included hydrocarbons.

Figure 2 demonstrates the predictive capabilities of the DKM. It compares the calcu-
lated and measured ignition delays for the homogeneous stoichiometric iso-octane–air
(Figure 2a) and n-heptane–air (Figure 2b) mixtures in wide ranges of initial conditions
in terms of pressure and temperature. A comparison of the calculation results with the
experimental data is seen to yield their satisfactory agreement, as the uncertainty in the
ignition delay data can exceed 100% [48,49].
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2.2. Droplet Autoignition and Combustion

The model of droplet autoignition was reported in [33,34]. The model is built on the
concept of multicomponent diffusion in the gas, the DKM of hydrocarbon fuel oxidation,
and the constant pressure condition in the gas-droplet system. The eminent feature of the
used DKM is that it describes both multistage low-temperature oxidation with cool and
blue flames and high-temperature droplet combustion. In the DKM, soot is designated as
the C atom and is modeled by an equivalent gas species with a molecular mass of carbon,
12 kg/kmol. Herein, this model is only briefly presented. The set of governing equations
includes:

The continuity equation for the liquid (0 < r < rm):

∂ρd
∂t

+
1
r2

∂

∂r

(
r2ρdud

)
= 0 (4)

where rm is the coordinate of the droplet surface (droplet radius); t is time; ρ is the density;
u is the velocity; and index d denotes the liquid parameters;

The energy conservation equation for the liquid (0 < r < rm):

cdρd
∂Td
∂t

+ cdρdud
∂Td
∂r

=
1
r2

∂

∂r

(
λdr2 ∂Td

∂r

)
(5)

Td(0, r) = Td0,
∂Td
∂r

∣∣∣∣
r=0

= 0,

Td(t, rm) = Tg(t, rm)

where Td(t, r) is the liquid temperature; cd(Td) is the specific heat capacity of the liquid; λd
is the thermal conductivity of the liquid; index 0 denotes initial values; and index g denotes
gas properties;

The equation for the mass fraction of liquid vapor at the droplet surface (r = rm):

Yv =
Pv

P
Wv

W
(6)

where P is the pressure; W is the molecular mass; index v refers to the liquid vapor; and
the overbar denotes the average value;
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The continuity equation for the gas (rm < r < Ra):

∂ρg

∂t
+

1
r2

∂

∂r

(
r2ρgug

)
= 0 (7)

ρd

(
ud −

∂rm

∂t

)∣∣∣∣
r=rm

= ρg

(
ug −

∂rm

∂t

)∣∣∣∣
r=rm

where Ra is the radius of the computational domain; and ∂rm/∂t = um is the instantaneous
velocity of the droplet surface due to both thermal expansion and evaporation;

The equation of continuity for gas species (rm < r < Ra):

ρg
∂Yj

∂t
+ ρgug

∂Yj

∂r
=

1
r2

∂

∂r

(
ρgr2YjVj

)
+ ωgj

Yj(0, r) = Yj0, j = 1, 2, . . . , N, (8)

−ρdudβi|r=rm
= ρgYj

(
ug −

∂rm

∂t

)
+ ρgYjVj

∣∣∣∣
r=rm

,

∂WYj

∂r

∣∣∣∣∣
r=R

= 0, j = 1, 2, . . . , N

where Vj is the diffusion velocity of the jth species. The rates of chemical reactions ωgj and
the coefficients βi are determined as

ωgj = Wgj

L

∑
k=1

(
ν’’

j,k − ν’
j,k

)
AkTnk

g exp
(
− Ek

RTg

) N

∏
l=1

(
Yglρg

Wgl

)ν’
l,k

(9)

βi = 1 at j = v

βi = 0 at j 6= v

where ν’
j,k and ν’’

j,k are the stoichiometric coefficients for the jth species in the case when it is a
reactant and product in the kth reaction, respectively; Ak, nk, and Ek are the preexponential
factor, temperature exponent, and activation energy for the kth reaction;

The equation for the diffusion velocity for the gas (rm < r < Ra):

∂Xj

∂r
=

N

∑
k=1

(
XjXk

Djk

)
(
Vk −Vj

)
(10)

where Xj = YjW/Wj is the mole fraction of the jth component in the mixture;
The equations of conservation of energy for the gas (rm < r < Ra):

cpgρg
∂Tg

∂t
+ cpgρgug

∂Tg

∂r
=

1
r2

∂

∂r

(
λgr2 ∂Tg

∂r

)
+ Ω− σSradYsρgT4

g (11)

Tg(0, r) = Tg0(r), Tg(t, rm) = Td(t, rm),
∂Tg

∂r

∣∣∣∣
r=R

= 0

where ρg = ρg
(

p, Tg
)
, cpg = cpg

(
Tg
)
, and λg = λg

(
p, Tg

)
are, respectively, the density, spe-

cific heat capacity, and thermal conductivity of the gas mixture. The term Ω in Equation (11)
is given by

Ω =
L

∑
k=1

Hk AkTnk
g exp

(
− Ek

RTg

) N

∏
j=1

(
Ygjρg

Wgj

)ν’
l,k
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where Hk is the thermal effect of the kth chemical reaction. The last term in Equation (20)
represents the heat loss due to soot radiation, the subject of our primary interest herein. In
this term, σ is the Stefan–Boltzmann constant, Ys is the mass fraction of soot, Srad = 6/(dsρs)
is the specific surface area of conditional soot particles (here, ds is the conditional soot
particle size, ρs is the soot density). If one assumes ds ∼ 1 nm and ρs ≈ 2000 kg/m3, then
Srad ≈ 3× 106 m2/kg [50].

The condition at the droplet surface (r = rm) for determining the droplet surface
temperature Td,m:

λd
∂Td
∂r
− ρd,mud,mLv

Wv
= λg

∂Tg

∂r
(12)

where Lv is the latent heat of liquid vaporization. Equation (12) is used for matching
Equations (5) and (11);

The ideal gas EoS for the gas:

ρg =
PW
RTg

(13)

The condition of constant pressure:

P = const (14)

The set of Equations (4)–(14) allows one to determine the spatial structure of the flow
around the droplet and its evolution in time, and to calculate the time dependences of the
droplet diameter d = 2rm, droplet surface temperature Td,m, the maximum gas temperature
Tm = Tg,max (flame temperature), etc.

Figures 3–5 demonstrate the predicting capabilities of the model. Figure 3 compares
the predicted and measured [51,52] time histories of the normalized squared diameter
of n-heptane droplets at vaporization (Figure 3a) and combustion (Figure 3b). Figure 4
compares the predicted and measured [53–59] dependences of the combustion rate constant
K on the initial diameter of the n-heptane droplet in normal pressure and temperature
conditions. Figure 5 compares the predicted and measured [60,61] ignition delays of single
n-heptane droplets at temperatures of 940–1000 K and at different pressures. In general,
the agreement between calculations and measurements is encouraging, keeping in mind
that the accuracy of optical measurements of the droplet diameter is moderate, while the
accuracy of ignition delay measurements can attain 100% [61].
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Figure 3. Comparison of predicted (curves) and measured (symbols) dynamics of n-heptane droplet
vaporization and combustion in air: (a) vaporization, d0 = 70 mm, Td0 = 293 K, Tg0 = 573 K [51];
(b) combustion, d0 = 500 mm, Td0 = 293 K, Tg0 = 293 K [52].
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Figure 4. Comparison of predicted (curve) and measured (symbols) dependences of the combustion
rate constant K on the initial diameter of the n-heptane droplet. Experimental data: 1—[53], 2—[54],
3—[55], 4, 5—[56], 6—[57], 7—[58], 8—[59].
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2.3. Real Gas Equation of State

The real gas thermal EoS is commonly written in a “virial” form:

Pv
RT

= 1 +
B
v
+

C
v2 +

D
v3 +

E
v4 +

F
v5 + . . . (15)

where B, C, D, E, and F, . . . are the virial coefficients depending on temperature T; P is
the pressure; R is the universal gas constant, and v is the molar volume. To describe the
operation process in a diesel engine, we apply a relatively accurate real gas EoS proposed
in [62]:

P = ρRT
[
1 + B(T)ρ + b2ρ2 + b3ρ3

]
(16)

where B(T) and b are the coefficients of the truncated virial series. To determine the
thermodynamic functions of a real gas, the concept of excess thermodynamic functions is
used. According to this concept, the excess enthalpy Hexc and excess internal energy Eexc
are given by:

Hexc(T, ρ) = Eexc(T, ρ) + Pexc(T, ρ)/ρ (17)

Eexc(T, ρ) = −
∫ ρ

0

[
T
(
∂p/∂T)ρ − P

]
dρ/ρ2 (18)
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where ρ = 1/v is the molar density; and Pexc is the excess pressure:

Pexc = P− P0 (19)

with index 0 denoting the ideal gas properties.
The enthalpy of a real gas is equal to:

H(T, ρ) = H0(T) + Hexc(T, ρ) (20)

where H0(T) is the ideal gas enthalpy; and Hexc(T, ρ) is the excess enthalpy. The differenti-
ation of Equation (7) with respect to temperature makes it possible to obtain an expression
for the specific heat capacity of a real gas at a constant pressure, Cp:

Cp(T, ρ) = Cp0(T) + Cp,exc(T, ρ) (21)

where Cp,exc is the excess heat capacity at constant pressure, and Cp0(T) is the specific heat
capacity of the ideal gas.

The ideal gas thermal and caloric EoS are written in the standard form:

P0v = RT (22)

dE0 = Cv0(T)dT

dH0 = Cp0(T)dT

where E0(T) is the specific molar internal energy and Cv0 is the specific heat capacity at
constant volume. In accordance with Equation (19), in a real gas, there is a relative excess
pressure equal to

Pexc/P0 = (P− P0)/P0 = 1 + B(T)ρ + b2ρ2 + b3ρ3 (23)

In [62], the values of coefficients B(T) and b are obtained for n-alkanes from methane
to tetradecane, as well as for gases such as O2, N2, H2O, CO, CO2 and H2 in wide ranges
of pressure (from 0.5 to 200 bar) and temperatures (from 280 to 3000 K). As an example,
Table 1 demonstrates the accuracy of Equation (16) for n-hexane and other mentioned gases
at some selected isobars and isotherms. It turns out that the error in calculating the pressure
according to Equation (16) does not normally exceed tenths of a percent, even in the vicinity
of the critical point. Note that Equation (16) is used in the gas-dynamic calculation to
determine the density ρ from the known values of pressure P and temperature T, as well
as from the known composition of the gas mixture. To solve Equation (16) with respect to
density, one has to use numerical methods.

Table 1. Comparison of predicted pressure, Pcalc, given by the EoS of Equation (16) with measured
pressure, Pexp, for n-hexane, oxygen, nitrogen, water, carbon monoxide, carbon dioxide, and hydrogen
at some selected isobars and isotherms.

n-Hexane
T, K ρ, mol/dm3 Pcalc, MPa Pexp, MPa [63]

∣∣Pcalc − Pexp
∣∣/Pexp, %

530 2.526 4.010 4 0.25
550 1.619 4.032 4 0.79
600 1.106 4.008 4 0.19
630 0.9741 4.0025 4 0.06
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Table 1. Cont.

Oxygen
T, K ρ, kg/m3 Pcalc, MPa Pexp, MPa [64]

∣∣Pcalc − Pexp
∣∣/Pexp, %

500 45.6 6.0008 6 0.013
500 60.51 8.0033 8 0.041
500 75.25 10.007 10 0.07
500 111.31 15.028 15 0.19
500 146.15 20.076 20 0.38

Nitrogen
T, K ρ, mol/dm3 Pcalc, MPa Pexp, MPa [65]

∣∣Pcalc − Pexp
∣∣/Pexp, %

500 0.94635 4.0007 4 0.018
500 1.4070 6.0011 6 0.018
500 1.8590 8.0018 8 0.023
500 2.3020 10.002 10 0.022
500 3.3700 15.004 15 0.027
500 4.3806 20.004 20 0.022

Water
T, ◦C ν, dm3/g Pcalc, MPa Pexp, MPa [66]

∣∣Pcalc − Pexp
∣∣/Pexp, %

300 5.885 4.0066 4 0.17
300 4.532 5.017 5 0.34
300 3.616 6.033 6 0.55
300 2.976 7.0052 7 0.07
300 2.425 8.090 8 1.1

Carbon monoxide
T, K ρ, mol/dm3 Pcalc, MPa Pexp, MPa [67]

∣∣Pcalc − Pexp
∣∣/Pexp, %

500 0.94818 4.004 4 0.09
500 1.40962 6.002 6 0.04
500 1.86196 7.999 8 0.01
500 2.30518 9.994 10 0.06
500 2.73932 11.990 12 0.08
500 3.16448 13.988 14 0.09
500 3.58073 15.989 16 0.07
500 3.98813 17.994 18 0.03
500 4.38673 20.004 20 0.02

Carbon dioxide
T, ◦C ρ, g/cm3 Pcalc, MPa Pexp, MPa [68]

∣∣Pcalc − Pexp
∣∣/Pexp, %

300 56.42 6.000 6 0.00
300 75.59 8.000 8 0.01
300 94.89 10.000 10 0.00
300 114.26 12.000 12 0.00
300 133.67 14.001 14 0.01
300 153.09 16.006 16 0.04
300 172.4 18.009 18 0.05
300 191.6 20.014 20 0.07

Hydrogen
T, K ρ, mol/dm3 Pcalc, MPa Pexp, MPa [69]

∣∣Pcalc − Pexp
∣∣/Pexp, %

500 0.94818 3.998 4 0.05
500 1.40962 5.994 6 0.10
500 1.86196 7.990 8 0.13
500 2.30518 9.986 10 0.14
500 2.73932 14.990 15 0.07
500 3.16448 20.03 20 0.15
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For mixtures of real gases, the coefficients B(T) and b are calculated according to the
following approximate mixing rules [62]:

Bmix = ∑N
i Bixi; bmix = ∑N

i bixi (24)

where xi is the volume fraction of substance i; and N is the number of substances in
the mixture.

The specific heat capacity at constant pressure is calculated by Equation (21). To
determine the specific heat capacity of an ideal gas Cp0, a polynomial of the third order
is used:

Cp0 = a1 + a2T + a3T2 + a4T3 (25)

where a1, a2, a3, and a4 are tabulated coefficients [62]. The excess specific heat capacity
Cp,exc is calculated from analytical relationships that include the logarithmic derivatives of
the coefficients B(T) and b with respect to temperature [62].

2.4. Solution Procedure of the Zero-Dimensional Problem

To reveal the possibility of modeling the multistage autoignition phenomena in CIEs
with the DKM of iso-octane oxidation, zero-dimensional (0D) calculations of the kinetic
processes occurring when a gas volume is compressed by a moving piston are performed
using the CHEMKIN computer code [70]. Due to the uncertainty in estimates of the time-
varying rate of heat transfer from the fuel charge to the engine wall, the velocity of gases,
and turbulence, the process of gas cooling by the engine walls is not taken into account. Due
to the short duration of the chemical process, the neglect of heat transfer cannot introduce
a noticeable qualitative change in the calculations.

2.5. Solution Procedure of the One-Dimensional Problem

The set of Equations (4)–(11) is numerically integrated using a non-conservative im-
plicit finite difference scheme and a moving adaptive mesh. The thermophysical properties
of liquids and gases are taken from [48]. The chemical sources ωgj and Ω are calculated
using the DKM of n-heptane oxidation (available in the DKM of iso-octane oxidation)
combined with the overall mechanism (OM) of soot formation [71]. The combined mecha-
nism contains 623 reversible and 4 irreversible (Table 2) reactions and 84 species (including
soot C). The parameters Ak and Ek in Table 2 are determined using the DKM of soot for-
mation [72]. Contrary to the DKM of [72], in which soot nuclei are formed in processes
involving a stable polyaromatic molecule and a radical or two polyaromatic radicals, the
role of the soot precursor in the OM of Table 2 is attributed to acetylene C2H2. As an
example, Figure 6 compares the soot yields predicted by the OM with those predicted by
the DKM of [72] for the oxidation of homogeneous fuel-rich n-heptane–air mixture with a
fuel-to-air equivalence ratio of Φ = 2. Soot yield refers to the ratio of the mass of carbon
contained in soot to the initial mass of carbon contained in the hydrocarbon fuel. As seen,
the OM of Table 2 provides satisfactory qualitative and quantitative agreement with the
results predicted by the DKM [72].

Table 2. Overall mechanism of soot formation.

Reaction Ak, (L, mol, s) Ek/R, K nk

C2H2 + C2H2 = C + C + C2H4 2 × 1016 40,000 0
C + CO2 = CO + CO 1 × 1015 40,000 0
C + H2O = H2 + CO 1 × 1015 40,000 0

C + OH = HCO 1 × 1012 0 0
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Figure 6. Soot yields Y(C) during the oxidation of fuel-rich n-heptane–air mixture (Φ = 2) as a
function of temperature T at P = 10 bar (a) and 100 bar (b) predicted by the DKM [72] and the OM of
Table 1.

The calculation is based on the iterative procedure at each time step. The procedure
involves the complete linearization of Equation (12) at the droplet surface. The solution
accuracy is continuously monitored for compliance with the elemental balances of C and H
atoms, as well as with the energy balance. The maximum deviation in the balances is 0.1%.

2.6. Solution Procedure of the Three-Dimensional Problem

To study the influence of real gas effects on the operation process of a diesel engine,
the thermal and caloric EoS of [62] is implemented into the AVL FIRE code [73], which
is widely used by engine companies worldwide for the design of reciprocating engines.
By default, the code applies the ideal gas EoS. The object of the three-dimensional (3D)
numerical study is a diesel engine with a semi-separated combustion chamber. Table 3
shows the parameters and conditions of the engine operation mode. This study is interested
in the real gas effects on the indicator diagram and the yields of NO and soot.

Table 3. Parameters and conditions of the operation mode of the diesel engine *.

Parameter Value

Rotation speed, rpm 2000
Cylinder radius, mm 42.5

Compression ratio 16
Start of injection, CAD ** 715.78

End of injection, CAD 730.06
Injection angle, deg. 150

Mass of injected fuel, kg 2.8 × 10−5

Fuel temperature, K 330.15
Mass fraction of exhaust gases 0.233

Equivalence ratio in exhaust gases 0.5606
Flow swirl, 1/min 5800

* The data are provided by AVL LIST GmbH; ** CAD = Crank Angle Degree.

It is assumed that all cylinders of the engine operate in the same way, so only one
engine cylinder is considered in the calculations. If we assume that the combustion process
is axisymmetric, we can proceed to the consideration of a segment model, which is 1/8
of the combustion chamber in accordance with the number of nozzles in the injector,
which greatly simplifies the geometry of the computational domain. However, such a
simplification requires the account for the volume of technological recesses in the geometry
of the combustion chamber associated with valves, etc. This is usually made by providing
the so-called compensation volume (CV) in the geometry of the computational domain. The
CV is an additional volume equal to the unaccounted volume of recesses in the piston and
in the head cylinder block. In this case, the CV is placed along the cylinder wall. Figure 7
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shows a base (Figure 7a) and fine (Figure 7b) computational meshes used in the calculations.
The average cell size in the base and fine meshes is 0.5 and 0.25 mm, respectively. The
computational mesh is movable.
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Figure 7. Base (a) and fine (b) computational meshes of the diesel segment at a top dead center (TDC);
Base mesh contains 30,000 cells, average cell size 0.5 mm; Fine mesh contains 250,000 cells, average
cell size 0.25 mm.

Numerical studies of the engine operation process are carried out on the basis of 3D
Reynolds-averaged Navier–Stokes (RANS) equations supplemented by the k–ξ– f turbu-
lence model [74], the Lagrangian model of the fuel spray, and the three-zone combustion
model ECFM- 3Z [75]. The motion, evaporation, and fragmentation of liquid droplets
(diesel oil) in the fuel spray model are described by the standard Schiller–Neumann [76],
Dukovich [77], and WAVE [78] models, respectively. For simplicity, it is assumed that the
chemical surrogate of diesel oil is n-heptane possessing the cetane number (≈56) close to
that of diesel oil (≈53) [79]. Thus, the gaseous combustible mixture may contain fuel vapor
(C7H16), O2, N2, CO2, H2O, CO, and H2. The formation of nitrogen oxides and soot is
described by the Zel’dovich [80] and Kennedy–Hiroyasu–Magnussen [81] standard models.
Due to the low concentrations, nitrogen oxides, soot, and active radicals present in the
combustion model are not included in the material balance.

Periodic boundary conditions are set on the side surfaces of the segment. The walls of
the combustion chamber are considered nonslip, isothermal (piston 475.15 K, head 450.15 K,
cylinder walls 375.15 K), impermeable, and noncatalytic. To avoid excessive thickening
of the computational mesh near the walls, the formalism of wall functions is used in the
calculations. The calculation starts from a crank angle of 566.5 CAD and ends at 860 CAD.

To solve the system of governing mass, momentum, and energy conservation equa-
tions, a segregated algorithm of the SIMPLE type (semi-implicit method for pressure-linked
equations) is used [82]. The convective transport in the mass conservation law is ap-
proximated by the central difference, in the momentum conservation law by the Total
Variation Diminishing (TVD) scheme with the MINMOD limiter [83], and for the rest of the
conservation equations, the standard first-order UPWIND scheme is used.

Figure 8 demonstrates the predictive capabilities of the model. It compares the mea-
sured pressure in the diesel engine under consideration with the pressure histories calcu-
lated using the base and fine meshes. In the calculations, the ideal-gas thermal and caloric
EoS are used. To fit the measured pressure curve, the empirical constants of the WAVE
model were slightly adjusted (within the recommended range) as compared to the default
values (C1 = 0.61 and C2 = 30), but were the same for both meshes. Despite the use of the
simplified engine model, the calculated pressure histories are seen to satisfactorily agree
with each other and with the measurements. This comparison justifies the use of the base
computational mesh for simulating the engine operation process.
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3. Results and Discussion
3.1. Multistage Fuel-Oxidation Chemistry

Figure 9 presents the results of the 0D calculations in terms of the time histories of pres-
sure P, temperature T, and volume fractions of OH, iso-octyl hydroperoxide (CH3C(CH3)2
CH2CH(CH3)CH2O2H), and hydrogen peroxide (H2O2) in the engine cylinder at an air-to-
fuel equivalence ratio α = 1.5 (Φ = 0.667) and different compression ratios ε: 12 (Figure 9a);
13 (Figure 9b); 13.5 (Figure 9c); 13.75 (Figure 9d); and 14 (Figure 9e). In all plots, the time is
plotted along the X-axis in terms of the crankshaft rotation angle θ (in CAD). The extreme
position of the piston (TDC, 0 CAD) is shown by the dashed vertical line. For the sake of
convenience, the pressure P (in bar), temperature T (in K), and volume fractions of OH,
CH3C(CH3)2CH2CH(CH3)CH2O2H, and H2O2 are all plotted along the Y-axis with some
scaling factors indicated near the corresponding curves. The mixture composition with
α = 1.5 (Φ = 0.667) is chosen for calculations because the boundaries of single cool flame,
“double” cool flame, blue flame, and hot flame domains for this mixture in the experiments
are well separated (see the dashed vertical line in Figure 1). All other calculation conditions
are the same as in the experiments.

At ε ≤ 12 (see Figure 9a), the reaction is not noticeable in the calculations. The pressure
and temperature curves are virtually symmetrical with respect to the dashed vertical
line marking the TDC position. The experimental limit for a given mixture with α = 1.5
corresponds to ε ∼ 9.

At ε = 13 (see Figure 9b), the calculated pressure and temperature curves detect a
deviation from the symmetrical shape starting from θ ∼ 7 CAD. This deviation corresponds
to the heat release in a single cool flame. As a matter of fact, the volume fraction of OH has
a peak at θ ∼ 9 CAD, where the rate of iso-octyl hydroperoxide decomposition attains the
maximum value, while hydrogen peroxide is only accumulated. The experimental range of
single cool flames at α = 1.5 corresponds to ε ∼ 9–15.

At higher compression ratios, the authors of [4] identified the occurrence of so-called
“double” cool flames (see Figure 1). As a matter of fact, according to our calculations,
the domain of “double” cool flames corresponds to the sequential appearance of a sep-
arated cool flame (arising due to the decomposition of iso-octyl hydroperoxide) and a
low-intensity blue flame (arising due to the decomposition of H2O2), rather than two suc-
cessive cool flames. In other words, in this parametric domain, the multistage nature of the
low-temperature autoignition of hydrocarbons manifests itself. In laboratory conditions,
multiple cool flames can only occur when strong cooling is applied to the reactor walls
and the reaction progress is insignificant. In this case, almost identical conditions can be
reproduced for restarting the cool-flame reactions. In the internal combustion engines, such
conditions are not realized.
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Figure 9. Calculated time histories of pressure P, temperature T, and volume fractions of OH,
CH3C(CH3)2CH2CH(CH3)CH2O2H, and H2O2 at an air-to-fuel equivalence ratio of 1.5 and different
compression ratios ε: (a) 12; (b) 13; (c) 13.5; (d) 13.75; (e) 14.

In the calculations, the “double” cool flames are detected at ε = 13.5 in terms of a
double peak of hydroxyl concentration during the expansion of the gas volume after TDC
(see Figure 9c). On the pressure and temperature curves, the second peak is virtually
not distinguished. The first (large) peak of OH corresponds to the maximum rate of iso-
octyl hydroperoxide decomposition at θ ∼ 6 CAD. Thereafter, the second (small) peak
of OH forms from θ ∼ 7–8 to ∼14 CAD, when iso-octyl hydroperoxide still continues to
decompose. Here, H2O2 is only accumulated, but, probably, the inverse process of H2O2
decomposition is already beginning to noticeably proceed.

The calculated case of clearly separated cool and blue flames corresponds to ε = 13.75
(see Figure 9d). There is also a double peak of OH, but at a significantly increased OH
volume fraction (a scaling factor is reduced by a factor of 3). The first peak corresponds to
the maximum rate of iso-octyl hydroperoxide decomposition at θ = 4.2 CAD. The second
(larger) peak corresponds to the maximum rate of decomposition of the accumulated
hydrogen peroxide at θ = 20 CAD. Here, the pressure and temperature are higher than in
Figure 9a–c but have the same order of magnitude (the scale factor is retained), and there is
no hot autoignition. With an increase in the compression ratio, an intense blue flame arises.
The luminosity of the blue flame can clog the weaker luminosity of a cool flame, and then
the overall luminosity looks like a true blue flame. Apparently, this is precisely why the

97



Eng 2023, 4 2698

authors of [4] marked the lower blurred boundary of the blue flame domain with dashes
(see Figure 1e). The experimental range of “double” cool flames for α =1.5 corresponds to
ε ∼ 15–17, while the range of blue flames corresponds to ε ∼ 17.5–19.5.

Finally, at ε = 14 (see Figure 9e), hot autoignition is detected in the calculation. The
pressure and temperature peaks are doubled (scale factors are reduced by a factor of 2),
and the concentration peak of hydroxyl is orders of magnitude higher (the maximum is
beyond the graph). In the experiments with α = 1.5, the hot flame corresponds to the values
ε > 19.5.

Table 4 additionally compares the results of calculations and experiments at different
temperatures at the end of compression, Tc (temperatures at TDC), corresponding to the
chosen ε values (for experimental values, we provide an estimate of the compression ratio ε).
The comparison of results allows us to make a general conclusion that the calculations are
in qualitative agreement with the experimental data.

Table 4. Calculated compression ratios ε and temperatures Tc at the end of compression (T0 = 343 K,
P0 = 1 bar, n = 1500 rpm, α = 1.5).

Reaction Type ε Tc, K Exp. Range Tc, K

No apparent reaction 12.00 <786 <703
Single cool flames 13.00 808 703–838

Double cool flames 13.50 816 838–882
Blue flames 13.75 820 882–914
Hot flames 14.00 >826 >914

3.2. Droplet Autoignition

The self-ignition of droplets is simulated by the instantaneous placement of a droplet
in a uniformly heated gas with Tg0 = 1000 K. Below, attention is paid to the autoignition of
small (submillimeter) n-heptane droplets with an initial temperature Td0 = 293 K in air at
pressures up to 100 bar.

Figure 10 shows the results of the calculations for droplets of initial diameter d0 = 50,
100, and 200 mm as dependences of the maximum gas temperature Tmax on the reduced
time t/d2

0. For convenience, all curves are plotted in such a way that the autoignition of
droplets occurs at time t = 0. Breaks in the curves at t > 0 correspond to the complete
combustion of droplets. With a decrease in the initial droplet size from 200 to 50 µm, the
effect of losses on thermal radiation decreases: during the lifetime of the droplet at 50 µm
in initial diameter, the flame temperature decreases by only 300 K, from 2500 to 2200 K,
whereas for the droplet 200 µm in initial diameter, the flame temperature decreases by
about 550 K.
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Figure 10. Calculated dependences of the maximum gas temperature in the vicinity of a droplet on
the reduced time during the autoignition of droplets of different initial diameters (50 mm; 100 mm;
and 200 mm) in air at Tg0 = 1000 K and P = 100 bar.
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Figure 11 shows the instantaneous spatial distributions of temperature and the mass
fraction of soot around a droplet with d0 = 50 µm at t = 1.5, 2, and 3 ms. The dimensionless
radial distance 2r/d0 from the droplet center is plotted along the abscissa. The temperature
distribution around the droplet has a dome shape with a pronounced maximum corre-
sponding to the combustion temperature. The distribution of the mass fraction of soot
also has a dome shape, and the maximum of this distribution is between the surface of the
droplet and the flame, i.e., in the region where fuel vapor is accumulated, and molecular
oxygen in the air is absent. The maximum temperature is seen to be attained at a distance
up to 2d0 from the droplet surface, while the maximum mass fraction of soot is seen to be
reached at a distance of ∼0.5d0. The characteristic width of the soot “shell” is ∼d0.
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Figure 11. Calculated instantaneous spatial distributions of temperature (a) and soot mass fraction
(b) around a droplet of initial diameter d0 = 50 µm during its autoignition at Tg0 = 1000 K and
P = 100 bar: 1—t = 1.5 ms; 2—2 ms; 3—t = 3 ms.

To evaluate the effect of soot thermal radiation on the combustion of small (submillime-
ter size) droplets, a series of calculations were carried out with and without soot radiation
taken into account. Figure 12 shows examples of the calculated dependences of the maxi-
mum gas temperature Tmax around single small droplets with a diameter of 20 (Figure 12a)
and 40 µm (Figure 12b) during their two-stage autoignition and subsequent combustion
with and without allowance for the thermal radiation of the formed soot. It can be seen
that as Tmax increases to the maximum value, both curves in Figure 12a,b merge, and after
reaching the maximum, they slightly diverge. The merging of the curves in the initial
section is explained by the negligible intensity of heat losses due to radiation compared to
the intensity of chemical energy release during the autoignition of the fuel–air mixture in
the vicinity of the droplet. Heat losses due to radiation begin to manifest themselves only
after Tmax reaches its maximum value and the rate of energy release decreases to a level
characteristic of the diffusion combustion of the droplet.
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Figure 12. Calculated dependences of the maximum gas temperature Tmax around the n-heptane
droplet during its autoignition and subsequent combustion; Td0 = 293 K; Tg0 = 1000 K: (a) d0 = 40 µm,
P = 25 bar; (b) d0 = 20 µm, P = 100 bar; 1—calculation with thermal radiation of soot; 2—calculation
without thermal radiation of soot.
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The weak effect of thermal radiation on the autoignition and subsequent combustion
of small droplets is confirmed by the spatial temperature distributions around the droplets,
plotted for time instants closely after autoignition (Figure 13), as well as by the time histories
of the squared droplet diameter (Figure 14). As follows from Figures 13 and 14, taking into
account losses due to radiation virtually has no effect on the temperature curves or on the
value of the combustion rate constant K. Moreover, radiation losses only begin to manifest
themselves when the droplets have almost completely evaporated.
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Figure 13. Estimated instantaneous temperature distributions in a droplet and in a gas depending on
the distance from the droplet center; Td0 = 293 K; Tg0 = 1000 K: (a) d0 = 40 µm, P = 25 bar, t = 2.35 ms;
(b) d0 = 20 µm, P = 100 bar, t = 0.425 ms; 1—calculation with thermal radiation of soot; 2—calculation
without thermal radiation of soot.
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Figure 14. Calculated time histories of the squared droplet diameter during droplet autoignition
and subsequent combustion; Td0 = 293 K; Tg0 = 1000 K: (a) d0 = 40 µm, P = 25 bar; (b) d0 = 20 µm,
P = 100 bar: 1—calculation with thermal radiation of soot; 2—calculation without thermal radiation
of soot.

Thus, the effect of thermal radiation on soot during the autoignition and subsequent
combustion of small droplets turns out to be weak: the droplets burn out before the
effects of thermal radiation manifest themselves. The latter seems to be important when
modeling the operation process in CIEs. The autoignition and combustion of droplets
under such conditions can be approximately simulated without taking into account the
thermal radiation of soot. In addition, it should be borne in mind that in the presence
of directed convective flows in the vicinity of a droplet, the soot shell is deformed and
fragmented, which also reduces the effect of soot thermal radiation on droplet combustion.
Another implication of this study is that submillimeter-sized droplets of hydrocarbon fuels
do not exhibit radiative extinction, contrary to large droplets that are several millimeters in
size. The lifetime of such small droplets appears to be shorter than the characteristic time
of radiative flame quenching.
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3.3. Real Gas Effects

Three test calculations were carried out using the thermal and caloric EoS of real and
ideal gases: (I) ideal gas thermal EoS of Equation (22) with the specific heat capacity of
Equation (25); (II) real gas thermal EoS of Equation (16) with the specific ideal-gas heat
capacity of Equation (25); and (III) real gas thermal EoS of Equation (16) with the specific
heat capacity of Equation (21). All calculations were made using the base mesh of Figure 7a
under completely identical model settings as well as initial and boundary conditions. Note,
that the test calculation II is inherently incorrect and was only carried out to illustrate the
important role played by the excess heat capacity in a real gas.

The calculations show the significant role of the real gas effects in the operation
process of a diesel engine. Figure 15a,b compares three dependences of the pressure and
mass-averaged temperature in the combustion chamber on the crank angle obtained in
calculations I, II, and III. It follows from the comparison of curves I and III in Figure 15a,b
that the account for the real gas properties decreases the maximum pressure and mass-
averaged temperature in the combustion chamber by approximately 7 bar (6%) and 150 K
(9%), respectively.
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The autoignition delay time and the total rate of heat release in the combustion
chamber also change. This is clearly seen in Figure 15c, which shows the dependences
of the total heat release rate on the crank angle obtained in the three considered test
calculations. Compared to calculation I, in calculation III, the autoignition delay increases
by 1.6 CAD, and the maximum heat release rate increases by 20%: from 15 to 18 J/CAD.

An increase in the autoignition delay and the total heat release rate is associated with
a change in the distributions of the most important flow parameters in the combustion
chamber, in particular temperature. Figures 16 and 17 show the instantaneous temperature
distributions in the combustion chamber obtained in calculations I and III at different
instants of time: from 721 to 728 CAD. It can be seen that, in calculation III, the autoignition
of fuel vapors occurs later (~724 CAD) than in calculation I (~722 CAD). In addition, the
locations of autoignition centers also differ in these calculations.
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Figure 16. Predicted instantaneous temperature distributions in the combustion chamber at differ-
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Figure 16. Predicted instantaneous temperature distributions in the combustion chamber at different
instants of time obtained in calculation I: (a) 721 CAD; (b) 722 CAD; (c) 723 CAD; (d) 724 CAD;
(e) 725 CAD; (f) 726 CAD; (g) 727 CAD; and (h) 728 CAD.
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Figure 17. Predicted instantaneous temperature distributions in the diesel combustion chamber
at different instants of time obtained in calculation III: (a) 721 CAD; (b) 722 CAD; (c) 723 CAD;
(d) 724 CAD; (e) 725 CAD; (f) 726 CAD; (g) 727 CAD; and (h) 728 CAD.

The changes in the distributions of the flow parameters, autoignition delay time, and
the maximum temperature levels in the combustion chamber caused by the account of
real gas properties significantly affect the yields of NO and soot (Figure 18). Thus, in
calculation III, the final values of NO and soot mass fractions turn out to be lower than in
calculation I by a factor of 2 and 4, respectively. Moreover, in comparison with calculation I,
an interesting detail is revealed in calculation III. In calculation I, soot forms in the vicinity
of the cylinder wall (shown by an arrow in Figure 19), whereas in calculation III, soot does
not form in this region. These differences are related to the reduced temperature of the real
gas in the vicinity of the wall.

To understand in which zones of the combustion chamber real gas effects are mainly
manifested, let us consider Figure 20. Figure 20 shows the spatial distributions of the relative
excess heat capacity Cp,exc/Cp0 and the relative excess pressure Pexc/P0 of Equation (6)
obtained by calculation III. Prior to autoignition, the relative excess heat capacity of the
medium in the combustor is, on average, 1–1.5%, while its maximum value (~2.5%) is
achieved near the “cold” walls of the combustion chamber and in the region of the fuel
spray with a high volume fraction of fuel vapors and a relatively low temperature; i.e., in
those zones of the combustion chamber where the density of the matter is high. In hot
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combustion products, the value of the relative excess heat capacity is about 0.5%. The
average value of the relative excess pressure in the combustion chamber until the moment
of autoignition is ~2.5%, whereas its maximum value is also reached near the “cold” walls
of the combustion chamber and in the liquid fuel spray (~3%). After the autoignition
of the mixture and subsequent increase in pressure, the maximum value of the relative
overpressure reaches 4%, and in hot combustion products, it does not exceed 2%.
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Figure 19. Predicted instantaneous distributions of the mass fractions of NO (a) and soot (b) in the
diesel combustion chamber obtained in calculations I (left column) and III (right column) at 745 CAD.
White arrow shows the location in the vicinity of the cylinder wall where soot forms.
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Figure 20. Predicted instantaneous distributions of the relative excess heat capacity Cp,exc/Cp0

(left column) and the relative excess pressure Pexc/P0 (right column) in the combustion chamber at
different times obtained in calculation III: (a) 721 CAD; (b) 725 CAD; and (c) 729 CAD.

Interestingly, studies of real gas effects on conventional diesel combustion with n-
heptane as a fuel in [36] have shown somewhat different results. First, the Peng–Robinson
real gas thermal and caloric EoS overpredicted both the TDC pressure and temperature in
a single-cylinder diesel engine as compared to the ideal gas EoS, whereas our Figure 15a,b
shows opposite trends. Second, the ignition timing has been found to be slightly advanced
for the real gas case, whereas our Figure 15c shows a considerable delay in the ignition
timing. Third, the heat release rate was found to be virtually not affected by the account for
real gas properties, whereas our Figure 15c shows a considerable increase in the maximum
heat release rate. Fourth, the real gas effects on NO and soot emissions have been found to
be insignificant, whereas our Figure 18 shows a considerable effect on both NO and soot
yields. On the one hand, the indicated qualitative differences could be caused by the chosen
different operation modes of diesel engines as well as different computational settings. On
the other hand, they could be caused by the poor accuracy of the Peng–Robinson EoS in
the vicinity of the critical point of the fuel.
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4. Conclusions

The computational studies reported in this paper show the influence of multistage fuel-
oxidation chemistry, soot thermal radiation during droplet combustion, and real gas effects
on the operation process of compression ignition engines. The use of the detailed reaction
mechanism of iso-octane oxidation in the zero-dimensional simulation of the operation
process in such an engine reveals the appearance of different combinations of cool, blue,
and hot flames at different compression ratios and provides a kinetic interpretation to the
phenomena, which essentially affect the heat release function and the engine operation
process as a whole.

One-dimensional simulation of fuel droplet autoignition with regard to the detailed
chemistry of multistage fuel oxidation and overall chemistry of soot formation shows
that the effect of the thermal radiation of soot during autoignition and the subsequent
combustion of small droplets under conditions of compression ignition engines turns out to
be insignificant; the autoignition and combustion of droplets under such conditions can be
approximately simulated without taking into account the thermal radiation of soot. Small
(submillimeter size) droplets do not exhibit radiative flame quenching.

Comparative three-dimensional calculations of the operation process in a diesel engine
were performed using thermal and caloric real gas and ideal gas equations of state. A
significant effect of real gas properties on the engine indicator diagram and the yields
of NO and soot was demonstrated. The relative excess heat capacity and relative excess
pressure attained their maximum values (~2.5% and ~4%, respectively) near the cold walls
of the combustion chamber and in the region of the liquid fuel spray; i.e., in the zones with
high gas density. The account for real gas properties:

(1) reduces the maximum pressure and mass-averaged temperature in the combustion
chamber by about 7 bar (6%) and 150 K (9%), respectively;

(2) increases the autoignition delay time by a 1.6 crank angle degree;
(3) increases the maximum heat release rate by 20%; and
(4) reduces the yields of NO and soot by a factor of 2 and 4, respectively.

Thus, the thermodynamic conditions in modern turbocharged diesel engines can go
beyond the limits of the ideal gas approximation.

Future work will be focused on the three-dimensional simulation of the engine op-
eration process with multistage fuel-oxidation chemistry and real gas effects taken into
account. It is expected that the combined consideration of these effects will improve the
predictability of calculations in terms of the heat release function and pollutant emissions.
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Abbreviations

0D Zero-dimensional
1D One-dimensional
3D Three-dimensional
CAD Crank angle degree
CFD Computational fluid dynamics
CIE Compression ignition engines
CV Compensation volume
DKM Detailed kinetic mechanism
EoS Equation of state
OM Overall mechanism
RANS Reynolds-averaged Navier–Stokes
SIMPLE Semi-implicit method for pressure linked equations
TDC Top dead center
TVD Total variation diminishing
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Abstract: The science of catalysis has a direct impact on the world economy and the energy envi-
ronment that positively affects the environmental ecosystem of our universe. Any catalyst, before
being tested in a reaction, must undergo a specific characterization protocol to simulate its behavior
under reaction conditions. In this work, these steps that must be carried out are presented, both
generically and with examples, to the support and to the catalyst itself before and after the reaction.
The first stage consists of knowing the textural and structural properties of the support used for
the preparation of the catalysts. The specific surface area and the pore volume are fundamental
properties, measured by N2 adsorption at −196 ◦C when preparing the catalyst, dispersing the
active phase, and allowing the diffusion and reaction of the reactants and products on its surface. If
knowing the structure of the catalyst is important to control its behavior against a reaction, being
able to analyze the catalyst used under the reaction conditions is essential to have knowledge about
what has happened inside the catalytic reactor. The most common characterization techniques in
heterogeneous catalysis laboratories are those described in this work. As an application example, the
catalytic conversion of CO2 to CH4 has been selected and summarized in this work. In this case, the
synthesis and characterization of Cu and Ni catalysts supported on two Al2O3 with different textural
properties, 92 and 310 m2/g, that allow for obtaining various metallic dispersions, between 3.3 and
25.5%, is described. The catalytic behavior of these materials is evaluated from the CO2 methanation
reaction, as well as their stability from the properties they present before and after the reaction.

Keywords: catalyst; catalytic support; metal oxide; textural properties; structural properties; char-
acterization techniques; chemical characterization; physisorption; chemisorption; metal dispersion;
catalytic activity; catalytic deactivation; in situ characterization

1. Introduction

The word catalyst is one of the most repeated words in the literature and it is in direct
relation to many processes for several applications such as refining, pharmacy, mining,
painting, and many others. Catalysts play an important role in converting species into more
beneficial products that make a large contribution to the overall world economy, especially
processes that convert CO2 into more beneficial hydrocarbon molecules [1–17]. Catalysis,
however, is a process in which a catalyst is involved in a reaction to proceed at a faster
rate or under various conditions than otherwise possible, while not being consumed by
the reaction.

Several steps are followed to synthesize a heterogeneous catalyst: selection of the
support, followed by selection of the oxides that will become the active species, and, finally,
synthesis of the catalyst according to one of the well-known methodologies [18,19]. Upon
proper characterization of the support, followed by the preparation of the catalyst, testing
becomes the critical point to produce the expected products and to have a long-lasting
catalyst. Proper tools are required for this study that include in situ characterization of the
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catalyst, especially after deactivation to elucidate and understand the causes of deactivation
and, finally, to produce a catalyst that lasts longer under reaction conditions and produces
the best activity and selectivity for any specific reaction.

There are several possible ways to limit the release of greenhouse gases into the
environment. The first step is to limit the use of fossil fuels by adopting the practical use
of green energy sources, which minimizes gas emissions. Simultaneously, technologies
for carbon capture and storage (CCS) and carbon capture and utilization (CCU) should be
applied. While CCS processes end with the storage of CO2, which does not solve the main
issue, CCU processes involve capturing CO2 and converting it into valuable products [20].
This storage and conversion can be performed using a variety of processes. Absorption
into liquid is a suitable storage strategy for CO2, but it is limited by the high energy
demands of regenerating the solvent. Adsorption on solids is affected by temperature
and pressure and is a current process to generate innovative porous materials [21]. The
membrane technique has a variety of advantages over other CCS technologies, such as
applicability in isolated areas, simplicity of maintenance, a low-cost installation, and fewer
chemical and energy requirements [22,23]. Photocatalytic reduction is initiated through
direct sunlight, which is considered a renewable energy source, while electrochemical and
plasma technology relies on electricity. Additionally, chemical storage can be implemented
on the current line of infrastructure with a high capability [22]. The advanced technology of
water electrolysis (power to gas, P2G) has contributed convenient enhancements in carbon
dioxide hydrogenation as a source of green fuel [24].

Significant improvements have been achieved in transforming CO2 into valuable
single-carbon materials, such as carbon monoxide, methane, methanol, and formic acid,
among others. The reaction of the reverse water gas shift (RWGS) produces carbon monox-
ide, while heterogeneous catalysis has been utilized to obtain methanol [25]. Thermo-
dynamically, the methanation of CO2 and CO is quicker than that of other reactions for
hydrocarbon production. CO2 gas is highly stable and molecule separation is costly [26].
This stability has led to low production due to the low adsorption rate of CO2 in the cat-
alysts. A full understanding of the complexity of the mechanism of CO2 conversion into
hydrogen fuel requires gaining more information, such as from studying the micro mecha-
nisms of the Sabatier reaction [27]. Compounds with small carbonylicity are more reactive
during the addition reaction in comparison with the high carbonylicity compounds [28].
CO2 conversion to methane requires efficient catalysts to be successful. Recently, this has
been the aim of much research that has attempted using various catalyst designs [29].
Metal–support catalysts are extensively used for CO2 fixation reactions with a variety
of metals and catalyst supports. Although several transition metals are suitable for the
methanation reaction, supported Co, Cu, Fe, and Ni catalysts are extensively used for CO2
methanation due to their high catalytic performance and cost-effective nature [30], but
metal catalysts lose activity quickly during the methanation reaction due to their carbon
deposition [29]. The roles of the support, metal loading, the preparation method, and
additives have been investigated to enhance the performance of the catalysts. According to
the literature, the support might play a role in enhancing metal dispersion and tuning the
structure of the catalyst surface, which could improve CO2 adsorption and affect the reac-
tion mechanism [30]. Alumina, ceria, magnesia, silica, titania, and zirconia are well-studied
support materials that are thermally stable and provide significantly high surface areas [31].
They increase the stability of metal-based catalysts by improving their interaction with the
active metals [32]. The acidity/basicity of the supports weakens the interaction with CO2.
To improve the interaction, the basicity of the metal catalysts is enhanced with the presence
of promoters [33]. Finally, it should not be forgotten that other types of materials such as
metal nitrides, hydrides, and carbides could also intervene in the CCS and CCU processes.
However, for simplicity, this work has been reduced only to the case of metal oxides and
metals supported.

This review work presents the most important steps to produce a catalyst: the proper-
ties that determine its performance and what experimental methods available in a large
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number of academic and business laboratories can be used. Finally, a practical example
of the synthesis and characterization of catalysts applied in the methanation of CO2 is
addressed. Special relevance is made to the characterization of the catalyst through tech-
niques that allow its characterization under conditions very similar to those in which the
catalytic reaction is carried out. In particular, from the use of the named In Situ Catalyst
Characterization System (ICCS).

2. Genesis of a Catalyst
2.1. Selection of the Support

This is the first and most important task to be considered when preparing a catalyst
that will later be designated for a certain reaction. In general, they do not have to present
specific characteristics for a reaction, their surface properties must allow the dispersion of
the active metallic phase. Synthesizing a catalyst is normally a sophisticated and gentle art
and is based on the selection of solid support made of refractory oxides (alumina, ceria,
silica, titania, zirconia, carbon, and many others) and an active phase, each containing their
own physical and chemical properties, which can evolve during preparation. First, the
selected support must fulfill certain requirements:

(a) It should withstand high temperature and pressure with minimal sintering;
(b) It should have an adequate texture; that is, sufficient surface area to lodge the neces-

sary oxide particles that will play the role of the active species. It should also have
adequately sized pores to facilitate diffusion of the reactants through the pores and
the ability for the product to diffuse out of the pore [34,35];

(c) It must have a certain surface acidity/basicity when required by the reaction;
(d) Other interesting characteristics must be sometimes required such as morphology or

any structure arrangement that yields to stabilize the active species.

2.2. Selection of the Metal Active Sites

Metal oxides serve as active elements on the catalyst. This second step in this study is
also very important and it must be carefully considered in the synthesis of a catalyst. The
nature of the active species, also known as active sites, has a direct impact on the surface
activity (known as turnover frequency) and the selectivity of the catalyst. This nature is
determined by the composition (i.e., type of metal and promoters or bimetallic), size, and
shape of the nanoparticles. Reduction of the size of the nanoparticles increases the amount
of surface sites per unit weight of metal and generally results in more active catalysts.

The selection of two or more phases to prepare the catalysts will depend on the
catalytic process that has to be carried out. For example, for a hydrogenation reaction, the
active metal should adsorb and dissociate the molecule of H2 into atomic hydrogen. The
atomic hydrogen can hydrogenate a double-bonded hydrocarbon molecule. For a cracking
reaction, a high molecular weight hydrocarbon is converted into more valuable compounds
of lower molecular weight. This reaction requires an acid solid, such as zeolite loaded with
transition metals, for example.

For the CO2 methanation processes various noble (Ru, Rh) and non-noble (Ni, Co, Cu)
metals have been extensively investigated as active sites. From the data in the literature,
the activity of the metals can be presented as: Ru > Rh > Ni > Fe > Co > Os > Pt > Ir > Mo >
Pd [13]. It is also indicated in the case of Ru the high CH4 selectivity and high resistance
to oxidizing atmospheres [30]. The main drawback is the cost. Fe is also interesting as
a catalyst, mainly due to the reduced cost of the Fe salts. Ni is a metal that combines
the advantages of almost all the active metallic phases, with the only drawback being its
tendency to oxidize with small amounts of oxygen. The interaction between the support
and the metallic active center is also relevant to consider when it comes to catalytic behavior.
Many times, metallic oxides are obtained by solid-state reactions that cause the catalytic
composting to be modified. Hence, the importance of the characterization of the catalyst
and the use of the techniques are described below.
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2.3. Preparation of the Catalyst

After the selection of the support and metal oxide specific to the catalysis process,
catalyst preparation then proceeds using one of the many well-known preparation methods.
Among the most used methods for industrial applications are: precipitation methods,
impregnation methods, sol–gel methods, and chemical deposition methods. There are
other methods for preparing catalysts, all of which involve the idea of efficiently dispersing
the active phase on the surface of a material that acts as an inert support.

(a) Precipitation method: This method is sometimes known as co-precipitation and is one
of the most widely used catalyst preparation methods. This method can be used to
prepare a single component catalyst or a supported mixed oxide catalyst. The method
is based on the precipitation of a single or multi-phase solid by altering the slurry
condition, for example, the pH of the solution, applying heat or vaporizing a suitable
amount of a precursor, and adsorbing it on a support material. The co-precipitation
method slightly differs from the previous one as, in this case, the catalyst is formed by
dissolving and mixing the active metal salt and the support to promote nucleation and
growth of a combined solid precursor containing both the active element and support.

(b) Impregnation method: In this method, the selected support is immersed in a precursor
solution allowing the precursor of the active phase to diffuse into the porous structure
of the support. The obtained slurry is slowly dried and later calcined at an appropriate
temperature without exceeding the thermal decomposition temperature of the support
to prevent its collapse and sinter its texture.

(c) Sol–gel method: This method is very versatile and allows control of the texture, compo-
sition, homogeneity, and structural properties of solids, and makes possible production
of tailored materials such as dispersed metals, oxidic catalysts, and chemically mod-
ified supports. This method involves the formation of a sol from dispersed colloid
solutions or from some inorganic precursors as a starting material followed by the
formation of a gel. This method yields various configurations such as monoliths,
coatings, foams, and fibers without using highly cost processing technologies. The
method is based on the hydrolysis and condensation of metal alkoxides such as SiCl4
with alcohol [36–38].

(d) Chemical deposition: This method consists of the formation of thin films on a heated
substrate via a chemical reaction of gas-phase precursors, which is known as the
Chemical Vapor Deposition (CVD) method. A typical example of a catalyst prepared
by this method is a 2D transition metal dichalcogenides deposited on thin polymeric
films [39,40].

2.4. Characterization Techniques

Some important characterization techniques widely cited in the literature are listed be-
low. For instance: spectroscopic techniques, adsorption techniques, thermal
techniques, etc.

2.4.1. X-ray Diffraction (XRD)

This technique gives information about the crystalline phases present in a sample
as well as about the bulk properties of the sample (see Figure 1). The X-ray diffraction
pattern can also measure the distance between single planes of atoms in a crystal and
also provides a measurement of the layer’s height. Due to the difference between cell
parameters, symmetry, and space groups that crystalline materials have, characteristic
diffraction patterns that work as a fingerprint of the material are produced. To understand
what conditions are required for diffraction, Bragg’s law (see Equation (1)) provides a
simplistic model that also is used to calculate the d-spacing. For parallel planes of atoms
(with a space dhkl in between) constructive interference can only occur when this law
is satisfied:

nλ = 2·dhkl · sinθ (1)
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where d is the interlayer distance between two consecutive layers, n is the diffraction order,
θ is Bragg’s angle (formed both by the incident X-ray beam and the diffracted by the planes)
and λ is the wavelength of the X-rays (0.15418 nm for the copper anode). Additionally, the
plane normal (hkl) must be parallel to the diffraction vector s (bisects the angle between the
incident and the diffracted beam). The crystallite size can also be calculated from the XRD
data. It is measured with the Scherrer formulae (see Equation (2)):

τ =
K·λ

βτ ·cos ϑ
(2)

where K is the shape factor = 0.9; βτ is the width of the peak at half of the maximum intensity
(Full Width at Half Maximum, FWHM) after subtraction of instrumental broadening and
θ is the diffraction angle. Normally, the crystallite size is measured in nm which are
the units of the wavelength of the X-rays. It must also be taken into account that it is a
crystallographic measurement and that it is determined in volume. A particle size can also
be determined by other techniques but the material may not need to be crystalline and may
be a surface dimension, such as obtained by chemisorption measurements.

Eng 2023, 4, FOR PEER REVIEW 5 
 

 

model that also is used to calculate the d-spacing. For parallel planes of atoms (with a 
space dhkl in between) constructive interference can only occur when this law is satisfied: 𝑛𝜆 = 2 · 𝑑௛௞௟ · sin 𝜃 (1)

where d is the interlayer distance between two consecutive layers, n is the diffraction or-
der, θ is Bragg’s angle (formed both by the incident X-ray beam and the diffracted by the 
planes) and λ is the wavelength of the X-rays (0.15418 nm for the copper anode). Addi-
tionally, the plane normal (hkl) must be parallel to the diffraction vector s (bisects the angle 
between the incident and the diffracted beam). The crystallite size can also be calculated 
from the XRD data. It is measured with the Scherrer formulae (see Equation (2)): 𝜏 = 𝐾 · 𝜆𝛽ఛ · cos 𝜗 (2)

where K is the shape factor = 0.9; βτ is the width of the peak at half of the maximum inten-
sity (Full Width at Half Maximum, FWHM) after subtraction of instrumental broadening 
and θ is the diffraction angle. Normally, the crystallite size is measured in nm which are 
the units of the wavelength of the X-rays. It must also be taken into account that it is a 
crystallographic measurement and that it is determined in volume. A particle size can also 
be determined by other techniques but the material may not need to be crystalline and 
may be a surface dimension, such as obtained by chemisorption measurements. 

In this figure, it can be seen how the treatment temperature allows the crystalline 
structure of anatase (TiO2) to develop. At low temperatures, no diffraction peaks are 
shown because it is an amorphous solid, while the structure is ordered with temperature 
and allows the characteristic diffraction lines of TiO2 to appear. 

 
Figure 1. XRD patterns of TiO2 treated at several temperatures (reprinted with permission from 
[41]). 

2.4.2. X-ray Photoelectron Spectroscopy (XPS) or Electron Spectroscopy for Chemical 
Analysis (ESCA) 

These surface analysis techniques provide valuable quantitative and chemical state 
information about the surface of the material and its accessibility for reaction [42]. The 
techniques yield information at an average depth of 5 nm on the surface of the catalyst. 
The XPS technique is based on exciting a sample surface with monoenergetic Al kα X-ray 

Figure 1. XRD patterns of TiO2 treated at several temperatures (reprinted with permission from [41]).

In this figure, it can be seen how the treatment temperature allows the crystalline
structure of anatase (TiO2) to develop. At low temperatures, no diffraction peaks are shown
because it is an amorphous solid, while the structure is ordered with temperature and
allows the characteristic diffraction lines of TiO2 to appear.

2.4.2. X-ray Photoelectron Spectroscopy (XPS) or Electron Spectroscopy for Chemical
Analysis (ESCA)

These surface analysis techniques provide valuable quantitative and chemical state
information about the surface of the material and its accessibility for reaction [42]. The
techniques yield information at an average depth of 5 nm on the surface of the cata-
lyst. The XPS technique is based on exciting a sample surface with monoenergetic Al kα
X-ray causing photoelectrons to be emitted from the solid surface. The emitted electron
is then collected at an electron energy analyzer. The binding energy and intensity of the
photoelectron peak can be used to determine the elemental identity, chemical state, and
quantity of the detected element. An example of the XPS spectrum is presented in Figure 2.
The XPS spectrum corresponds to an organic waste (ostrich bones) chemically modified by
the reduction of an iron salt with NaBH4 to obtain an adsorbent material [43]. The signals
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identified in the spectrum provide information about the surface chemical composition. In
this case, the presence of oxides of Ca, P, and Fe are observed. In a similar step, in AES the
electron emission is used to obtain information about the chemical state of an element. This
technique is more sensitive than XPS for lighter elements.

Eng 2023, 4, FOR PEER REVIEW 6 
 

 

causing photoelectrons to be emitted from the solid surface. The emitted electron is then 
collected at an electron energy analyzer. The binding energy and intensity of the photoe-
lectron peak can be used to determine the elemental identity, chemical state, and quantity 
of the detected element. An example of the XPS spectrum is presented in Figure 2. The 
XPS spectrum corresponds to an organic waste (ostrich bones) chemically modified by the 
reduction of an iron salt with NaBH4 to obtain an adsorbent material [43]. The signals 
identified in the spectrum provide information about the surface chemical composition. 
In this case, the presence of oxides of Ca, P, and Fe are observed. In a similar step, in AES 
the electron emission is used to obtain information about the chemical state of an element. 
This technique is more sensitive than XPS for lighter elements. 

 
Figure 2. Typical spectrum of X-ray photoelectron spectroscopy (XPS) (reprinted with permission 
from [43]). 

2.4.3. Ion Scattering Spectroscopy (ISS) 
This is another surface technique in which a beam of ions is scattered from the surface 

of the atom and is gathered by a detector, which determines their kinetic energy [44,45]. 
Peaks are observed at different kinetic energies and related to the mass difference between 
the ion and the atom. Thus, two atoms on the surface with different masses will scatter 
ions differently. Because ions are scattered from the surface, the ISS technique is extremely 
sensitive and therefore analyzes only the topmost atomic layer on the solid. The ISS tech-
nique determines the relative coverage of a surface containing a certain atom or element. 
Adsorption of certain molecules onto a single crystal follows the growth of ultra-thin lay-
ers such as in atomic layer deposition. The downside of the technique is that it requires an 
ultra-high vacuum and is sensitive to contamination. A typical example of this kind of 
analysis is summarized in Figure 3. 

Figure 2. Typical spectrum of X-ray photoelectron spectroscopy (XPS) (reprinted with permission
from [43]).

2.4.3. Ion Scattering Spectroscopy (ISS)

This is another surface technique in which a beam of ions is scattered from the surface
of the atom and is gathered by a detector, which determines their kinetic energy [44,45].
Peaks are observed at different kinetic energies and related to the mass difference between
the ion and the atom. Thus, two atoms on the surface with different masses will scatter
ions differently. Because ions are scattered from the surface, the ISS technique is extremely
sensitive and therefore analyzes only the topmost atomic layer on the solid. The ISS
technique determines the relative coverage of a surface containing a certain atom or element.
Adsorption of certain molecules onto a single crystal follows the growth of ultra-thin layers
such as in atomic layer deposition. The downside of the technique is that it requires an
ultra-high vacuum and is sensitive to contamination. A typical example of this kind of
analysis is summarized in Figure 3.
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2.4.4. Electron Microscopy (EM)

Electron microscopes use signals arising from the interaction of an electron beam with
the sample to obtain information about structure, morphology, and composition. Electrons
are small particles, like photons in light, that act as waves. A beam of electrons passes
through the specimen, and then through a series of lenses that magnify the image. The
image results from a scattering of electrons by atoms in the specimen. A heavy atom is
more effective in scattering than one of low atomic numbers, and the presence of heavy
atoms will increase the image contrast.

Scanning Electron Microscopy (SEM) is a technique that uses an electron beam to
produce an image of the sample surface with a resolution down to the nanometer scale.
Electrons are emitted from a filament and collimated into a beam in the electron source [47].
The beam is then focused on the sample surface by a set of lenses in the electron column.
When high-energy electrons reach the sample, several electrons and X-ray signals are
generated. An example is included in Figure 4. Using this technique it is possible to
morphologically characterize materials and, in this case, it is possible to observe how a
ceramic material based on TiO2 is deposited on the surface of a metal wire.
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These include:

(a) Backscattered electrons (BSE): These are high-energy electrons that are ejected from
the solid, losing only a small amount of energy. They originate from deep layers on
the surface (a few microns deep). They provide information about the composition
of the surface and lower-resolution images. These electrons are reflected after elastic
interactions between the beam and the sample.

(b) Secondary Electrons (SE): These electrons originate from a few nanometers into the
sample surface, with a lower energy compared to the backscattered electrons. They
are very sensitive to surface structure and provide topographic information. Sec-
ondary electrons are a result of inelastic interactions between the electron beam and
the sample.

(c) X-rays: These characteristic X-rays are produced when electrons hit the sample surface.
They give information about the elemental composition of the sample.

BSE comes from deeper regions of the sample, while SE originates from surface
regions. Therefore, BSE and SE carry different types of information. BSE images show high
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sensitivity to differences in atomic number: the higher the atomic number, the brighter the
material appears in the image. SE imaging can provide more detailed surface information.

Transmission Electron Microscopy (TEM) is a very powerful tool for material science.
A high-energy beam of electrons is shone through a very thin sample, and the interactions
between the electrons and the atoms can be used to observe features such as the crystal
structure and features in the structure like dislocations and grain boundaries. Chemical
analysis can also be performed. TEM can be used to study the growth of layers, their
composition, and defects in semiconductors. High resolution can be used to analyze the
quality, shape, size, and density of quantum wells, wires, and dots. A typical TEM analysis
is included in Figure 5. In this case, these are images of montmorillonites where it is
possible to observe the lamellar structure.
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Figure 5. Clay image from transmission electron microscopy (reprinted with permission from [49]).

The TEM operates on the same basic principles as a light microscope but uses electrons
instead of light. Because the wavelength of electrons is much smaller than that of light, the
optimal resolution attainable for TEM images is many orders of magnitude better than that
from a light microscope. Thus, TEMs can reveal the finest details of internal structures in
some cases as small as individual atoms.

2.4.5. Infrared Spectroscopy (IR)

IR spectroscopy works on the principle that molecules absorb specific frequencies that
are characteristic of their structure [50]. At temperatures above absolute zero, all the atoms
in molecules are in continuous vibration with respect to each other. The IR spectrum of
a sample is recorded by passing a beam of IR radiation through the sample. When the
frequency of a specific vibration is equal to the frequency of the IR radiation directed at
the molecule, the molecule absorbs the radiation. The examination of the transmitted light
reveals how much energy was absorbed at each frequency (or wavelength) and this is
related to the nature of the element. There are basically two types of spectrometers used
in IR spectroscopy–Dispersive IR (DIR) spectrometers and Fourier transform IR (FTIR)
spectrometers. Dispersive IR consists of radiation from a broadband source passing through
the sample and is dispersed by a monochromator into component frequencies. Then, the
beams fall on the detector which generates an electrical signal that results in a recorder
response. The Fourier transform infrared (FTIR) technique has replaced the dispersive
technique for most applications due to its superior speed and sensitivity. Instead of viewing
each component frequency sequentially, as in a dispersive IR spectrometer, all frequencies
are examined simultaneously in FTIR spectroscopy. A typical IR spectrum, in this case, the
spectrum corresponding to activated carbons, is shown in Figure 6. In this case, it is an
active carbon whose surface has been activated by treatment with acids. This treatment
makes it possible to generate active centers for the adsorption of molecules as well as for
catalytic processes, in principle interesting to stabilize the metallic active phase. Using this
technique, functional groups generated on the surface can be detected.
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2.4.6. Mössbauer Spectroscopy

This technique was discovered by Rudolf Mössbauer in 1958 and is based on the
absorption of gamma rays in solids due to the vibrations of the atoms [52]. The unique
feature of this technique is that absorption occurs only at the nuclei level and has high-
resolution energy sufficient to resolve the hyperfine structures of the nuclear level. It
operates on a single gamma ray transition, that is the Mössbauer transition, between the
ground state and the exited state of one isotope in the sample. This technique is very
sensitive to small changes in the chemical environment of certain nuclei. The number,
positions, and intensities of the produced peaks in absorbance yield the characterization of
the sample. A typical 57Fe Mössbauer spectrum of clay (Na-Ballarat saponite) is presented
in Figure 7.
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2.4.7. Thermal Analysis

(a) Thermogravimetric Analysis (TGA): TGA is a method in which a sample’s mass is
followed over time as the temperature is increased to yield information about physical and
chemical properties of a solid such as transition, absorption–adsorption–desorption, etc. It
also gives information about thermal decomposition and solid–gas reactions, for example,
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oxidation or reduction [54,55]. A typical system consists of a sensitive and precise balance
with a sample holder located inside a programmable furnace. As temperature increases,
the system monitors the change in mass loss to incur a thermal reaction. This could happen
under different atmospheres: ambient, inert gas, oxidation/reducing gases, corrosive gases,
vapors or liquids, as well as pressure or vacuum. The result is a collection of mass change
versus temperature or time. A typical TGA curve, while the first derivative of this curve
determines inflection points useful for further interpretations such as Differential Thermal
Analysis known as DTA is included in Figure 8. The weight losses shown in the figure
characterize the thermal processes that take place in lamellar double hydroxides (LDH-
hydrotalcites). Thus, the first loss in weight at low temperatures can be related to the loss of
physisorbed H2O and the following losses are related to the dehydroxylation of the surface
functional groups. Finally, signals appear due to the formation of metal oxides.
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Figure 8. Thermal decomposition of hydrocalumite by TGA (reprinted with permission from [56]).

(b) Differential Scanning Calorimeter (DSC): DSC determines the difference in heat
flow between the analysis sample and a reference [57]. The results of this technique mea-
sure the amount of heat adsorbed–desorbed during a phase transition and the enthalpies
associated phenomena. Therefore, it yields information about melting, crystallization,
or even water loss from a hydrated sample as well as some characteristic physical and
chemical properties of the solid. A typical analysis of DSC is presented in Figure 9.
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2.4.8. Adsorption

Adsorption is the selective transfer of certain components of a fluid phase, called
solutes to the surface of an insoluble solid. The adsorbed solute is referred to as an
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adsorbate, while the solid material is referred to as an adsorbent. When an adsorbent is
exposed to a fluid phase, molecules in the fluid phase diffuse to its surface (including
its pores if it is a porous adsorbent), where they either chemically bond with the solid
surface or are held there physically by weak van der Waals intermolecular forces. When
adsorption is caused by van der Waals forces, it is referred to as physical adsorption or
physisorption, whereas it is called chemical adsorption or chemisorption if a chemical bond
is formed between the adsorbate and the adsorbent. In general, adsorption is a process
that involves the accumulation of a substance in molecular species in higher concentrations
on the surface of a solid. Adsorption is by nature a surface phenomenon, governed by
the unique properties of bulk materials that exist only at the surface due to bonding
deficiencies [59–66].

Physical Adsorption Technique: This type of adsorption is due to weak forces between
adsorbate and adsorbent. In general, it consists of a solid exposed in a closed space (usually
called a sample holder) to a gas or vapors at some definite pressure, and the solid begins
to adsorb as soon as the sample holder is immersed in a vessel containing the equivalent
liquid of the adsorbate (i.e., N2 gas at liquid nitrogen, Argon at liquid Argon, etc.). Thus,
the pressure starts decreasing to reach equilibrium and becomes constant at a value say
P where the sample does not adsorb any more gas. The amount of adsorbed gas can be
calculated from the decrease in pressure by application of the gas laws providing a known
vessel volume. The adsorption is caused by the forces acting between the solid and the
molecules of gas. These forces are the same nature as the van der Wals order (<80 kJ/mol)
and are also known as Intrinsic Surface Energy which brings about condensation of the
fluid gas to the liquid state. The amount of gas absorbed by the sample (n) is proportional to
the mass of the sample and depends also on the temperature of the bath where the sample
is immersed, the pressure of the adsorbate over the sample, and the nature of both the solid
and the gas. The quantity of gas adsorbed can be expressed as n = f(P, T, gas, solid), and if
the temperature is below the critical temperature of the gas, the above form is rather written
as n = f(p/p◦)T, gas, solid, with p◦ being the saturation vapor pressure of the adsorptive. A
plot of n(cm3/g) versus p/p◦ at a constant temperature yields the adsorption isotherm. The
shape of an adsorption isotherm is directly related to the texture of the solid in question.
There are six different types of adsorption isotherm, according to BDDT (Brunauer, Deming,
Deming y Teller) as shown in Figure 10. Through this classification, it is possible to know if
the materials are microporous, mesoporous or microporous solids.
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The following important properties can be derived directly from the adsorption–
desorption isotherm:

(a) Hysteresis: Hysteresis is defined as the void space between the adsorption and the
desorption branch of the isotherms corresponding to the same solid and is associated
with the capillary condensation that occurs when the relative pressure over the sample
exceeds 0.4, approximately. The hysteresis is related to the shape of a pore in the solid
and occurs when a greater pressure change is required to remove an adsorbate from a
pore than what was required to adsorb.

(b) The specific surface area: Langmuir assumption [67,68] applies for type I isotherm
and corresponds to microporous solids (<2 nm in pore diameter) and BET [69] ap-
plies for type II and IV (non-porous and mesoporous, respectively, pore diameter
2 < d < 50 nm).

(c) t-plot analysis: According to Lippens and de Boer [70,71], a comparison of the adsorp-
tion isotherm produced by a solid with a standard isotherm (produced by a non-porous
material but with a similar nature of the solid in question) yields information about
the micropore volume as well as the external surface area of the solid. The external
surface area corresponds to the area in the solid that extends above the micropore area.
According to Halsey, one of the t-equations, the t value is evaluated from the inverse
of the relative pressure according to Equation (3).

t = 3.53
[

5
ln(p◦/p)

]1/3
(3)

(d) Pore size and structure: This term is related to mesoporous materials and is directly
connected with type IV of adsorption isotherm [71], which shows a hysteresis between
the adsorption and the desorption branch. According to Kelvin, there is a direct
relationship between the size of the pore and the relative pressure in equilibrium
withdrawn directly from the adsorption isotherm (Equation (4)). Finally, the pore size
would be the sum of the Kelvin radius and the value of the thickness (t) according to
the Pierce method (see Equation (5)) [72–74].

rK =
−2·Vm·γ·cosϕ

RT·ln(p/p◦)
(4)

rp = rK + t (5)

where rK represents the radius of the pore, γ is the surface tension of the adsorbate, Vm is
the molar volume, R is the gas constant, and T the analysis temperature.

(e) Total pore volume: The total pore volume of a solid corresponds to the total adsorbed
volume at a relative pressure close to unity on the adsorption isotherm, it is normally
converted into volume of liquid according to the Gurvitsch rule (see Equation (6)) [75].

VpT = V(g)·0.0015468 (6)

Chemical Adsorption Technique: Chemisorption is caused by a reaction on an exposed
surface, which creates an electronic bond between the surface and the adsorbate. The
heat of chemisorption can exceed 1000 kJ/mole and shows a type I adsorption isotherm.
Chemisorption, therefore, consists of one layer of adsorbate on the surface where active
sites are located. Hence, the total adsorbed amount of adsorbate determined at saturation
corresponds to the number of active sites available and accessible on the surface of the
solid providing a known stoichiometry of adsorption between the adsorbate molecule and
the active site. Chemisorption encompasses the following important techniques.

Pulse chemisorption technique. This technique serves to titrate the surface-active sites
available for the reaction. It is based on dosing a known amount of active gas, normally H2
or CO, onto a freshly reduced catalyst. The total available surface species are thus quantified
providing the stoichiometry factor (SF) of adsorption. SF is normally considered to be 1
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for CO and 2 for H2. Pulse chemisorption evaluates the accessible surface of materials and
can quantify the dispersion of the active species on the support. The higher the dispersion
the higher the activity of the catalyst. The pulse technique, therefore, provides a rapid
comparison of the catalysts and provides a prediction that can be extrapolated to the overall
performance of the catalysts. This technique is also widely used to evaluate the total acidity
of the catalyst when ammonia or any other basic molecules are used for titration.

2.4.9. Temperature Programmed Reduction (TPR)

This important technique consists of reducing a metal oxide under the effect of a
reducible gas, H2 or CO, and temperature to produce a result known as the TPR profile.
Important information can be withdrawn from the TPR profiles and can be enumerated
as follows:

(a) The quantity of the total amount of oxides in the solid;
(b) The maximum reduction temperature of the oxides;
(c) The presence of various particle sizes of the oxide that would be indicated by shoulders

on the TPR profile;
(d) Shift on the maximum reduction peak indicating the interaction of the active particles

with the support. In other words, the role of the support is to stabilize the active
species by a certain type of interaction that could be weak or strong; the stronger that
interaction is the higher the reduction temperature.

Percentage of reducibility: This indicates the number of oxides that are free to be
reduced and become active sites on the solid. The difference between the originally loaded
material at preparation and the number of reducible species calculated by TPR indicates
the number of species that are capable of being reduced.

Identification of species: TPR is a technique that allows the identification of new
species where two or more elements are present in the catalyst. A typical example of when
two species are interacting or reacting to produce a completely different species is included
in Figure 11. In this case, PtO2 and RuO2 are mixed physically and the TPR profiles
show a mixture of two profiles that correspond to each individual element. If these two
elements are subject to a high temperature, they react to form an alloy. Therefore, the TPR
technique demonstrates how different species react to produce new species, in this case, an
alloy, and therefore its presence could also be identified in a catalyst formed by these two
metal oxides.
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area are completely reduced under the effect of a reducible gas and high temperature. TPO
evaluates the freshly reduced species to being re-oxidized. Thus, determining the degree
of reduction. Cycles of reduction/oxidation, however, can predict the active lifetime of
a catalyst after several regeneration cycles. This analysis would produce CO or CO2 as
the result of carbon or graphite oxidation. A mass spectrum of CO and CO2 is included
in Figure 12. Carbon deposits on the active sites of the catalyst lead to deactivation which
directly results in lowered yield.
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Figure 12. Mass signal of the consumption of O2 and those corresponding to the production of CO
and CO2.

2.4.11. Temperature Programmed Reaction (TPRe)

This technique shows a simple reaction performed at atmospheric pressure. It helps
to simulate and predict a reaction that would produce a larger yield at industrial levels.
The following figure shows an interesting reaction in which CO2 is sequestrated by CaO to
produce a more beneficial product such as Calcium carbonate CaCO3. The result shown
in Figure 13 indicates the number of cycles that CaO can react with CO2 before being
deactivated. After 4 cycles, the area that was produced on the first cycle is about 4 times the
area produced on the 4th cycle. Such that, the number of cycles is related to the capacity
of the solid, in this case, the CaO, to react and sequestrate the CO2. This result provides
insight into the reusability of a catalyst.
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2.4.12. Evaluation of Acid Sites in Solids

Some catalytic reactions require acid sites instead of metal active sites. One example is
in the cracking reaction. The strength and distribution of acid sites are rather important
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in catalysis. In this experiment, the sample is saturated with a basic molecule such as
ammonia, isopropylamine or any other branched basic molecule. The experiment is
carried out at about 50 to 70 ◦C to minimize the physisorption effect that can occur on the
support. Distribution and strength of acid sites, normally Brønsted acid sites (BAS), is then
performed by raising the sample temperature which causes desorption of the pre-adsorbed
reactants as a function of temperature. If desorption is performed at several temperature
ramping rates (2, 5, 10, 15, and 20 ◦C/min), the heat of desorption can then be determined
by applying the Kissinger Equation (7) [76] that is related to the strength of acid sites. An
example of the acidity of ZSM5 zeolite evaluated after saturation by ammonia followed
by desorption at various ramping rates is presented in Figure 14. This analysis yields very
important information about the performance of a catalyst used for cracking. In catalytic
cracking, the acid sites are the active sites that break down large hydrocarbon chains into
aromatic molecules that are of great interest in the fuel industry. Evaluating the desorption
capacity at various heating rates allows obtaining the energy related to the desorption
process, that is, the energy necessary for the desorption of the adsorbate.

2lnTm − lnβ =
Ed

R·Tm
+ C (7)

C = ln
(

Ed·Vm

R·K

)
(8)

where Tm (◦C) is the maximum temperature of the temperature-programmed desorption
curve, β (◦C/min) is the heating rate, Ed (kJ/mol) is the heat of desorption and R is the
gas constant.
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Figure 14. Temperature desorption profiles of NH3 are used to determine the heat of desorption and
the distribution of acid sites according to their strength.

Ammonia as a small probe molecule can penetrate all size pores, micro and mesopores
without discrimination. However, in many cases, the very tiny pores will not make
any contribution to the overall activity of the catalyst. They, on the contrary, prevent
the adsorbate molecules from diffusing inside such a small pore to encounter the active
species and react. In this case, larger and more branched base probe molecules are more
suitable. I-propylamine as a probe molecule quantifies acidity only in larger pores that
make a contribution to the activity of the catalyst. This probe molecule absorbs, reacts,
and decomposes over a BAS to produce propylene and other products. The amount of the
produced propylene is equivalent to the amount of BAS in the catalyst. The decomposition
of the i-propylamine takes place in a similar manner to the Hofmann elimination [77–79]
according to the following schematic for the reaction (see Figure 15).
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Figure 15. Reaction of the amine with the acid site decomposes to produce propylene and ammonia.
The mechanism is similar to the Hofmann elimination.

Methanol is also a suitable molecule to determine active sites on the catalysts [80]. It
produces various products according to the active site on which decomposition takes place.
A possible mechanism and the products of the reaction are included in Figure 16.
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2.4.13. Mercury Intrusion

This technique is used to characterize solids that contain pores (0.003–360 µm), where
the gas adsorption technique fails to study such large pores. This technique uses mercury
to penetrate under pressure the pore. Mercury is a non-wetting liquid; therefore, the
instrument applies pressure to provoke mercury to penetrate the pore. The size of the pore
is related to the applied pressure according to the Washburn [81] Equation (9).

p =
−4·γ·cosθ

d
(9)

where p represents the applied pressure, γ is the surface tension of the adsorbate (mercury
in this case), θ is the contact angle and d is the pore dimension.
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3. Synthesis, Characterization and Catalytic Application

As an example of this work, two series of Ni-supported catalysts were prepared
using the impregnation method. The commercial supports used were an alumina trilobe
(high surface area material, 310 m2/g) and an alumina pellet (lower surface area material,
92 m2/g). Two series of catalysts were prepared on each of the supports, one was with
low-loading metal (about 5 wt.%) and the other series was with a higher loading of Ni
(about 14 wt.%). Equivalent amounts of salt (Ni(NO3)2·6 H2O from Aldrich) were taken
and dissolved in a volume of DI water corresponding to three times the total pore volume
of the support determined from the adsorption isotherm at a relative pressure close to unity.
The supports were first degassed at 150 ◦C for 3 h to completely dry. The samples were then
brought to room temperature under an inert atmosphere. The solution was poured over
5 g of the dried support and stirred for 6 h until the solution was completely evaporated.
Later, the fresh sample was washed with DI water until the water came out clear. Samples
were then placed in the fixed bed reactor where the catalytic tests were carried out and
dried at 100 ◦C by heating the oven at a rate of 1 ◦C/min and maintained at 100 ◦C for
12 h. Calcination was carried out by flowing a mixture of 10% O2 in helium and heating
the reactor up to 500 ◦C with a rate of 2 ◦C/min and maintained for 12 h.

3.1. A Comprehensive Assessment of Characterization Techniques

Both the characterized supports and the freshly prepared catalysts were analyzed by
gas adsorption using N2 as the probe molecule at −196 ◦C (Micromeritics 3flex apparatus,
Norcross, GA, USA). The sample was dried at 150 ◦C under vacuum for 4 h prior to
the analysis.

Temperature Programmed Reduction (TPR) (Micromeritics in situ characterization
system (ICCS) connected to the Micromeritics FR-100 microreactor): This technique is used
to study the role of the support in stabilizing the active species. Ni with various loading on
different supports as well as a commercial copper catalyst (13 wt.% Cu-alumina) was used
for comparison with the prepared Ni catalysts.

Pulse chemisorption of CO: This technique was used to titrate the surface atoms or
active particles present on the surface of the catalyst at a temperature near 35 ◦C. Carbon
monoxide was used as adsorbate and a stoichiometry factor of 1 was considered to correlate
the amount of CO chemisorbed to the number of surface-active particles.

N2O was used to determine the dispersion of Cu on the Cu-supported catalyst. The
CO was substituted by N2O since Cu does not chemisorb CO or H2. The catalyst was first
reduced with H2 by performing a TPR analysis to ensure a complete reduction of the metal.
The titration is carried out at 90 ◦C for a complete surface oxidation of Cu. This analysis
produces N2 as the result of Cu oxidation. Quantification of active sites is determined
by computing the amount of H2 produced in relation to the stoichiometry factor and the
amount of Cu particles on the surface of the catalyst.

Testing the catalysts for the Sabatier reaction was carried out on the Micromeritics
FR-100 flowing reactor (see Figure 17). Approximately 0.5 g of catalyst was placed in a
fixed bed reactor and reduced with pure H2 at 500 ◦C for one hour at 30 bar. The reactor
temperature was brought to 30 ◦C prior to flowing the active gases for the reaction. A
mixture of 50 cm3/min of CO2 and 200 cm3/min of H2 was premixed before passing
through the catalyst bed at room temperature. The reactor temperature was then raised to
500 ◦C at a rate of 2 ◦C/min. The mass spectrometer was connected to the exhaust of the
reactor and served to online monitor the signals for both the flowing mixture as well as for
the expected products. In this case, 4 masses (m/z) were selected for this analysis: (2 for H2,
44 for CO2, 28 for CO, and 16 for CH4).
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Figure 17. Catalytic equipment.

3.1.1. Physical Adsorption

The isotherms that correspond to both the supports (red) and to the catalysts as well
as for the commercial 13 wt.% CuO-supported alumina catalyst (blue) is presented in
Figure 18. Both supports showed type IV adsorption isotherms, indicating that both are
mesoporous materials. The surface area as well as total pore volume determined from the
adsorption isotherms are summarized in Table 1.

Eng 2023, 4, FOR PEER REVIEW 19 
 

 

 
Figure 18. N2 adsorption isotherms for all supports and all catalysts as well as for the 13 wt.% CuO-
alumina catalyst. (A,B) Ni/Al2O3 trilobe, (C,D) Ni/Al2O3 pellet catalysts. 

It can be concluded from the adsorption isotherm that the alumina trilobe contains 
smaller pores than the other support since condensation occurs at a lower relative pres-
sure (0.6 versus 0.7 p/p°). The hysteresis shown in the adsorption isotherms for alumina 
trilobe reflects ink-bottle pores while the alumina pellets and the copper catalyst showed 
more open slit-shape pores. The specific surface areas as well as total pore volumes of the 
supported catalysts showed slightly lower values due to the fact that the Ni penetrated 
the pores, thus decreasing the pore volume and the internal surface area within the pores. 
This phenomenon is expected and desirable in catalysis as it stabilizes and increases the 
dispersion of nickel yielding a higher performance of the catalyst when the active element 
enters the pore. It should be noted that the surface area within the pore is the internal 
surface area of the solid and has a large contribution to the total surface area, hence a 
better dispersion of the active elements inside the pores. Results are shown in Table 2. 

The surface area was determined by solving the BET equation at relative pressure 
between 0.05 and 0.3. The pore size was estimated by the Kelvin equation (Equation (4)) 
and corrected by adding the t value according to de Boer et al. (Equation (3)) to the Kelvin 
radius. The total pore volume was estimated from the adsorption isotherm at a relative 
pressure close to 1 and transformed into liquid by using the Gurvitsch rule (Equation (5)). 

Table 1. BET-specific surface areas, total pore volumes, and pore diameter for all materials. 

Sample 
SBET 

(m2/g) 
VpT 

(cm3(STP)/g) 
Pore Diameter 

(nm) 
Alumina 
Trilobe 310 0.67 8.6 

Alumina 
pellet 

92 0.26 10.9 

13 wt.% 
CuO-alumina catalyst 

165 0.38 9.1 

 

  

Figure 18. N2 adsorption isotherms for all supports and all catalysts as well as for the 13 wt.%
CuO-alumina catalyst. (A,B) Ni/Al2O3 trilobe, (C,D) Ni/Al2O3 pellet catalysts.

128



Eng 2023, 4 2393

Table 1. BET-specific surface areas, total pore volumes, and pore diameter for all materials.

Sample SBET
(m2/g)

VpT
(cm3(STP)/g)

Pore Diameter
(nm)

Alumina
Trilobe 310 0.67 8.6

Alumina
pellet 92 0.26 10.9

13 wt.%
CuO-alumina catalyst 165 0.38 9.1

It can be concluded from the adsorption isotherm that the alumina trilobe contains
smaller pores than the other support since condensation occurs at a lower relative pressure
(0.6 versus 0.7 p/p◦). The hysteresis shown in the adsorption isotherms for alumina trilobe
reflects ink-bottle pores while the alumina pellets and the copper catalyst showed more
open slit-shape pores. The specific surface areas as well as total pore volumes of the
supported catalysts showed slightly lower values due to the fact that the Ni penetrated
the pores, thus decreasing the pore volume and the internal surface area within the pores.
This phenomenon is expected and desirable in catalysis as it stabilizes and increases the
dispersion of nickel yielding a higher performance of the catalyst when the active element
enters the pore. It should be noted that the surface area within the pore is the internal
surface area of the solid and has a large contribution to the total surface area, hence a better
dispersion of the active elements inside the pores. Results are shown in Table 2.

Table 2. BET specific surface areas, total pore volumes, and pore diameter for all catalysts.

Catalyst SBET
(m2/g)

VpT
(cm3(STP)/g)

Pore Diameter
(nm)

14.5 wt.% Ni (A) 222 0.51 8.9
4% wt.Ni (B) 280 0.53 8.7

11% wt.Ni (C) 75 0.19 10.0
5.6% wt.Ni (D) 83 0.21 10.4

The surface area was determined by solving the BET equation at relative pressure
between 0.05 and 0.3. The pore size was estimated by the Kelvin equation (Equation (4))
and corrected by adding the t value according to de Boer et al. (Equation (3)) to the Kelvin
radius. The total pore volume was estimated from the adsorption isotherm at a relative
pressure close to 1 and transformed into liquid by using the Gurvitsch rule (Equation (5)).

3.1.2. Chemical Adsorption, Chemisorption or Selective Adsorption Technique

Characterization of the Ni-supported catalysts prepared for this study is used to show
examples of the use of some of these techniques.

In general, the low loading in Ni yields a higher dispersion (A: 4 wt.% Ni) of 25.5%
while the catalyst (B: 14.5 wt.% Ni) larger loading in Ni yields a much lower dispersion
(5%) (see Figure 19A,B). This could happen since large loading could provoke the formation
of large agglomeration of Ni, and, hence, lower dispersion. The CO pulse chemisorption
profiles for the catalyst supported on alumina pellets are included in Figure 19a,b. As the
support in this series of catalysts has a much lower surface area, dispersion also showed
much lower values for the high loading (A: 11 wt.% Ni), the dispersion was 3.3%, while the
low loading (B: 5.6 wt.% Ni) was 14.5%.
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The result of the dispersion on the fresh catalysts would predict a higher conversion 
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loading catalysts produced higher dispersion, and therefore, they would yield a higher 
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Figure 19. CO pulse chemisorption on Ni catalysts. Ni-alumina trilobe catalysts: (A) (25.5%
dispersion) and (B) (5% dispersion). Ni-alumina pellets catalysts: (a) (3.3% dispersion) and
(b) (14.5% dispersion).

The result of the dispersion on the fresh catalysts would predict a higher conversion
for the catalysts-supported alumina trilobe. Thus, a higher surface area support and lower
loading catalysts produced higher dispersion, and therefore, they would yield a higher
conversion of CO2 to CH4.

This analysis was used to characterize the prepared catalysts of Ni supported on alu-
mina, trilobe, and pellet. The role of the support (in this case, supported Ni on high surface
area material, alumina trilobe, and other aluminas (pellets) with a lower surface area) and
their interaction with the active species is presented in Figure 20. Profile (a) indicates strong
interaction between the support and the active species due to the higher reduction temper-
ature, while (b) shows weaker interaction since a lower reduction temperature is shown
on the TPR profile. Sometimes the support can strongly interact with the active species,
when this occurs, the reaction of the analysis gas on the active species can be disguised up
to temperatures of 1000 ◦C. This strong interaction forms a species called spinels. Spinels
are chemically and thermally stable materials and are, generally, not desirable in catalysis
except for some biomass reactions. Outside of these biomass reactions, the formed spinels
are not as active as the active species and lead to slower product formation.
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Figure 20. TPR profiles showing the role of the support. (a) Ni-trilobe, showing strong interaction
with the support compared with unsupported NiO, (b) Ni-pellets showing weaker interaction with
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Several TPR profiles of Ni-supported alumina catalysts that have been calcined at
various temperatures, between 500 and 1100 ◦C, under a flow of 10% O2 in helium are
included in Figure 21. It can be observed for these profiles that the calcination temperature
can alter the reduction profiles. A higher calcination temperature tends to form new species,
this must be avoided to minimize the formation of spinels and to stabilize the active species
under the high temperature and pressure reaction conditions.
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Figure 21. TPR profiles showing the effect of the temperature calcination on the shift of the maximum
of the reduction temperature. The TPR profile of the dried catalyst precursor is also included
(dried line).

Evaluation of the Cu-alumina commercial catalyst by N2O. For the copper catalyst,
nitrous oxide was used to determine the dispersion of Cu since the metal would not
adsorb/react with H2 nor with CO [82]. In this case, the thermal conductivity detector
(TCD) on the ICCS instrument used for the characterization is not capable of separating
and identifying the N2 peak from the peak of N2O that has not been reacted. To overcome
this problem, a Propak separation column from Agilent was installed just before the TCD.
This column separates the peak of N2 as the product of the reaction (see reaction below)
from the peak of N2O as an excess of the pulse that has not been completely consumed by
the copper. Quantification of the amount of N2 produced corresponds to the amount of
copper present on the surface of the catalyst providing a stoichiometry factor of 2.

N2O + 2Cu � Cu − O − Cu + N2 + (non reactive N2O) (10)

The catalyst was first reduced under a flow of pure H2 at 350 ◦C and was kept for 1 h
at this final temperature to ensure complete reduction of the copper. After completion of
the reduction, the catalyst was swept by a current of helium to completely remove the H2.
For the analysis, the sample temperature was reduced to 90 ◦C, then pulses of N2O were
carried out. The installed column was able to separate the produced N2 from the N2O. The
registered pulse of N2O as well as N2 are summarized in Figure 22. Quantification of N2O
was done upon saturation, where several N2O peaks produced the same area. The ICCS
program monitors the loop temperature and pressure so that the quantification of the loop
volume is corrected at each pulse. Having the corrected loop volume at each pulse, the
quantification is done by comparing the resultant area peak at each pulse with the peak
area at saturation. The freshly reduced copper catalyst produced a dispersion of 29%.
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Upon characterization of the catalysts, they were then tested for the Sabatier reaction,
where CO2 was reduced by H2 at elevated temperature and pressure to mainly produce
CH4 with some CO as a co-product and other products. The reaction conditions were
reduction of CO2 by H2 at 15 bar and heated to 500 ◦C of temperature with a temperature
ramping of 2 ◦C/minute. Consumption of CO2 and H2 as well as production of CO and
CH4 were online recorded by using a mass spectrometer.

Only three catalysts will be shown here as examples: (A) 13 wt.% CuO-alumina,
(B) 11 wt.% Ni-alumina pellets and (C) 4 wt.% Ni-alumina trilobe. Before any catalytic
test, a blank was performed to ensure that the reactor showed little or no activity for this
reaction. The catalyst support was made of quartz wool instead of the normal filter that
comes with the reactor, thus, any activity will be attributed to the catalyst.

(A) Catalytic test on the 13 wt.% CuO-alumina catalyst: The reaction conditions were
the same as previously described. The analysis was performed using 0.5 g of sample
and heating from near room temperature to 550 ◦C at a rate of 2 ◦C/min and 15 bar.
The produced signals for the products (CH4 and CO) as well as signals corresponding
to the consumption of H2 and CO2 are included in Figure 23. The first signal (m/z 28)
appeared at about 230 ◦C and corresponded to the production of CO, while a second signal
(m/z 16) appeared at about 360 ◦C and corresponded to the formation of CH4. The reaction
stabilized at about 525 ◦C, beyond this temperature the analysis stopped to avoid complete
deactivation of the catalyst. This deactivation could be due to excess formation of graphite
as the co-product of the reaction, thus, minimizing the contact of the reactant molecules
with the active area of the catalyst.
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The performance of all catalysts was estimated as follows:

(1) The intensity difference of CH4 at the end of the reaction minus the intensity at the
start (IT);

(2) Determination of the total amount of the metal on the catalyst (MT);
(3) Determination of the amount of the metal on the surface (MS): multiplying the total

amount of metal (MT) by the % dispersion of the metal on the catalyst;
(4) Estimation of the performance obtained by dividing the resulting intensity of the

expected product (IT)/MS.

Example of the calculation for the 13 wt.% CuO-catalyst:
Activity of the 13% Cu-alumina catalyst:
Initial Intensity of CH4 = 41 Ending intensity = 351
Therefore IT = 351 − 41 = 310
Sample mass = 0.6215 × 13% × 29% = 0.0234
Total amount of Cu in the catalyst: 0.6215 × 13% = 0.0808 g (MT)
Total amount of Cu on the surface: 0.0808 × 29% = 0.0234 g (MS)
Activity of the catalyst to produce CH4 is: 310 ÷ 0.0234 = 13,248
For comparison reasons, the following are several catalysts containing various loads

of Ni-supported alumina that were prepared, characterized, and tested the same way as
the Cu commercial catalyst.

(B) Catalytic test on the 11 wt.% Ni-alumina pellets. The signals produced by the
11 wt.% Ni-pellets catalyst are summarized in Figure 24. The relative performance was
determined as before, by dividing the difference in intensities (end intensity−starting
intensity) by the number of surface nickel particles:

400 − 22 = 378
Surface Ni = 0.00247
Relative intensity (activity): 378 ÷ 0.00247 = 153,036
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(C) Catalytic test on the 4 wt.% Ni-supported alumina trilobe catalyst: Estimation
of the performance for the 4 wt.% Ni-supported alumina trilobed catalyst. The activity
spectrum for the catalyst up to 1000 min of reaction at 15 bar is presented in Figure 25.
Same condition as in the former case. According to the performance estimation as was
done on the previous case and dispersion of 25.5%, the activity of this catalyst to produce
CH4 is 983 ÷ 0.015 = 64,200.
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It can be concluded from these two results that the 4 wt.% Ni catalyst is about 25 times
more active than the 13 wt.% CuO catalyst. This difference in performance could be due to
several reasons: the low activity of the copper for this kind of reaction on one hand and
the low surface area of the support compared to those of the alumina trilobe for the Ni
catalysts. A higher surface area of the support yields higher dispersion of the active species,
and hence, higher activity.

The produced signal by the 14.5 wt.% Ni-supported alumina trilobe catalyst is included
in Figure 26. The catalytic test was carried out under the same conditions as previously
described. The activity of the catalyst to produce CH4 is determined as was also described
in the previous tests.

Figure 26. Intensities of the produced signals by the 14.5 wt.% Ni-supported alumina trilobe catalyst.

Dispersion for this catalyst was 5%.
The intensity of CH4 produced was 986 and the total Ni on the surface was 0.004255.
Activity: 986 ÷ 0.004255 = 231,727.

3.1.3. Characterization of Catalysts upon Deactivation

TPO. At the end of the reaction, the catalyst was swept by an inert carrier gas, helium,
and the reactor temperature was brought to room temperature. The first analysis was to
perform a TPO to determine the amount of carbon that can be produced as a coproduct
such as graphite or could also be due to some cracking in certain reactions. A flow of
100 cm3/min of a 10% O2 balance helium passed through the reactor at room temperature.
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After signal stabilization, the reactor temperature was brought to 700 ◦C at a rate of
10 ◦C/min. The production of CO2 and CO is mainly due to the oxidation of the graphite
as a coproduct of the Sabatier reaction.

For the TPO analysis, the mass spectrometer can only be used as the TCD is unable to
differentiate between the products, as in this case a mixture of CO and CO2 is produced.

A mass spectrum corresponding to the oxidation of graphite by O2 to produce CO2
and CO for the used 13% Cu-alumina commercial catalyst is presented in Figure 27. The
CO, in this case, could be due to the CO2 signal and not to CO itself, as CO2 shows a
secondary signal at 28 m/z which is about 80% of the 44-signal intensity.

Figure 27. MS spectrum corresponding to the oxidation of the used 13 wt.% Cu-supported
alumina catalyst.

The TPO spectrum and the production of CO2 and CO produced by the used 11wt.%
Ni-supported alumina pellets catalyst is presented in Figure 28. It is to be noted that the
Ni-pellets catalyst produced much less CO2 than the Cu-supported catalyst for the same
reaction conditions.

Figure 28. MS spectrum corresponding to the oxidation of the used 11 wt.% Ni-supported alumina
pellets catalyst.

The spectrum of TPO on the 4 wt.% Ni-supported alumina trilobe catalyst is presented
in Figure 29. In this case, this catalyst produced almost the same amount of CO2 but also
showed much higher activity to produce CH4 than the two previous catalysts.
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Figure 29. MS spectrum corresponding to the oxidation of the used 4 wt.% Ni-supported alumina
trilobed spent catalyst.

Pulse. After TPO analyses, all catalysts were reduced with H2 up to 550 ◦C to ensure
full recovery of the metal elements. In situ CO pulse chemisorption was performed again
at 35 to 40 ◦C to determine dispersion after the reaction. Differences in dispersion before
and after the reaction would be indicative of sintering under the reaction conditions.

The N2O consumption by the Cu-supported alumina catalyst after the reaction is
summarized in Figure 30. No N2 was produced, which indicates that this catalyst was
destroyed and sintered under the reaction conditions. The Cu active particles sintered to
reduce dispersion as low as 2.5% (2.5 versus 29%) for the fresh catalyst.

Figure 30. N2O chemisorption on the 13 wt.% Cu-supported alumina spent catalyst.

The CO pulse chemisorption was also in situ performed on the aged Ni-supported
catalysts. The CO pulse chemisorption profile on the 11% Ni-alumina pellets catalyst after
reaction is included in Figure 31. This analysis showed a result of 2.8% dispersion versus
3.3% dispersion before the reaction; this tiny difference in dispersion indicates that the
catalyst was not highly affected by the reaction conditions.
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The CO chemisorption on the 4 wt.% Ni-supported alumina trilobe catalyst after 20 h
of reaction at 15 bar and 500 ◦C is included in Figure 32. The catalyst did not seem to be
very affected by the reaction conditions as it showed a slightly lower dispersion value
(35 versus 43%) for the fresh catalyst.
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It can be concluded from the last test that in situ pulse chemisorption was necessary
to determine the causes of catalyst deactivation.

Finally, it has been observed that the Ni-supported catalysts showed higher catalytic
performance than the Cu-supported alumina commercial catalyst to produce CH4. It should
be noted that the higher the Ni content in the catalyst the higher the activity in producing
CH4 (14.5 wt.% Ni-trilobe < 11 wt.% Ni-alumina pellets < 4 wt.% Ni-trilobe < 13 wt.%
CuO-alumina). The 4 wt.% Ni-alumina trilobe catalyst showed the highest dispersion and
was not greatly affected by the reaction condition for at least 20 h at 15 bar, while the copper
catalyst used for this study did not seem to be an active catalyst for the Sabatier reaction [83]
that could be related to the large loading in copper. Possibly a lower loading in copper
would yield higher dispersion, and therefore, possibly higher catalytic performance.

4. Summary, Conclusions, and Future Perspectives

Any catalyst, before being tested for a reaction, must undergo a specific protocol of
characterization to simulate its behavior under high temperature and pressure reaction
conditions. The first task of this study was to understand the importance of the textural
and structural properties of the support used for the preparation of catalysts. The gas
adsorption analysis completes knowledge of the texture of the support. The surface area
provides information about the loading of metal particles that form a surface monolayer
and become the active sites for the reaction. The porosity of the support plays an important
role in the diffusion of the reactant molecules into the pores to access the active sites for
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the reaction. The size of the pore will act like a sieve where only the reactant molecules of
interest are allowed to diffuse and encounter the active particles that are normally located
inside the pores. For an optimal diffusion of the reactant, the size of the pore should have
an effective size that is normally five to six times larger than the reactant molecule diameter.

The study of the structure of the freshly prepared catalyst predicts the stability of the
active species when the catalyst is subjected to severe reaction conditions, high tempera-
ture, and pressure, and the possibility to minimize sintering that is conducive to catalyst
deactivation. Properties of the support, also make large contributions to the performance
of the catalyst depending on the reaction, as an example, acidity for the hydrocarbon
cracking reaction. Basic sites are also widely used in transesterification reactions (biodiesel
production by using base catalysts, alkali metal hydroxides (NaOH/KOH), and alkali
metals (NaOCH3)) and many other reactions where a special active site is required.

The thermal programmed techniques are not only very attractive but also very acces-
sible to many researchers. Techniques such as TPR are widely used to gain information
about the catalyst. For example, the strength of interaction between the support and the
active species is highly dependent on the preparation and calcination of the catalyst. It
also serves to quantify the total amount of metal oxides available in the catalyst. The TPR
profile can also yield information about the active particle size which is revealed by the
mechanism of reduction.

Pulse chemisorption is also an important technique for the characterization of the
catalyst. For example, the pulse technique is used as a titration method to quantify the
number of active species available on the surface for the reaction for the reaction. Only the
surface-active particles are accessible for the reaction and yield the activity of the catalyst.
Hence, the importance of this technique, it can predict the activity and selectivity of the
catalyst before the catalytic operation. This technique is also used to quantify the acidity
of the catalyst as well as the strength of the acid sites at the reaction conditions. The total
acidity of the catalyst is important; however, the distribution and strength of acid sites are
more critical in catalysis.

After the characterization of the catalyst’s property, testing becomes the second step in
the life of the catalyst. The condition for the testing will depend on the reaction itself. For
example, selecting the reaction conditions as well as the reactant molecules to produce the
final desired product. In this study, a simple catalytic test was provided as an example, and
a reduction of carbon dioxide was selected for the Sabatier reaction to complete the work
for this review. Although GC is widely mentioned as a technique in the literature as the
preferred analytical method, a mass spectrometer was instead selected for this study, as it
allows a researcher to better follow the reaction steps and thus elucidate the formation of
different products and the actual temperature at which reaction starts for each product.

Catalyst deactivation was also studied. Usually, there are two main causes of deactiva-
tion. During reactions at high temperatures and pressure, cracking can occur. Cracking is
the production of carbon atoms as the result of the breakage of hydrocarbon molecules, or
the formation of carbon species such as graphite for example as in the case of the Sabatier
reaction. Carbon covers the active species preventing direct contact between the active
particles and the reactant molecules. Hence, minimizing accessible catalytic sites or even
completely deactivating the catalyst. Sintering of the active particles can also lead to deac-
tivation. This occurs mainly at high temperatures when the support interaction with the
active species is rather weak. The active particles, however, will start moving on the surface
to collapse together forming larger particles and minimizing the active surface area where
the reaction takes place. Characterization before the catalytic test is important, however,
characterization after deactivation is crucial as well. A special condition for this study is
that characterization must be done in situ without having to remove the catalyst from the
reactor and expose it to an atmosphere where oxygen from the air can change the surface.
One of the important issues mentioned in this study is the use of the new Micromeritics
instrument, the ICCS, as was used in situ to characterize the catalyst before and after the
reaction. TPO was used to identify the cause of deactivation as the deposition of carbon
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onto the surface of the catalyst. Through TPO, the catalysts were reoxidized, producing
both carbon monoxide and carbon dioxide. These two elements were monitored by the
mass spectrometer that was connected to the exhaust of the reactor. The thermal conduc-
tivity detector (TCD) fails to differentiate between two elements, in this case, between
CO and CO2. All catalysts used in this study produced carbon during the reaction which
contributes to the formation of carbon deposits, especially graphite, as one of the reaction
products. The use of the Micromeritics FR-100 reactor for this study has the capability to
remove the water produced by the Sabatier reaction at the reaction conditions (500 ◦C and
15 bar) from the primary product, CH4 in this case.

The ICCS instrument allowed for titration of CO for the analysis of the Ni catalysts
and the use of N2O for the Cu catalyst. It is to be noted that the ICCS includes a special
column that can separate the N2 from the excess of N2O without the need to use an external
cryogenic trapping device. It has been concluded that the Ni-supported catalysts were
not highly affected by the reaction conditions, especially for the low-loading catalyst, as
dispersion did not reflect large changes as the Cu-supported catalyst showed. This effect
could be because the Cu catalyst in this study contains a large amount of Cu (13 wt.%),
which could result in agglomeration of the active particles. It could also be due to the
low surface area of the catalyst support. While the Ni catalysts supported on the alumina
trilobe enjoy a large surface area of the support and relatively low loading, that could lead
to the high dispersion of the active particles, hence, higher activity for the Sabatier reaction.

An important conclusion from this study is that the use of a lower copper loading and
larger surface area support could yield a more productive catalyst for the Sabatier reaction.
Although it is widely mentioned in the literature that the use of copper as an active element
for the Sabatier reaction is capable of producing not only CH4 but also larger hydrocarbon
molecules and some alcohol products.

Finally, for the CO2 methanation Ni based catalysts results to be very effective and
therefore are the most efficient and active catalytic system together with alumina. Even
when Ru catalysts, or other precious metals, present better performances, Ru is about
120 times more expensive than Ni. Nickel catalysts have a short lifetime, because of carbon
deposition which blocks pores and consequently deactivates the catalyst. A rational design
of Ni-based methanation catalysts with high catalytic performance at low temperatures,
good redox properties, and better stability at reaction temperatures could lead to a better
option for industrial applications of CO2 hydrogenation to methane. Knowing and under-
standing the stages that control the synthesis of a catalyst is crucial for its good design. This
is the idea that has been tried to convey in this review work and that will be necessary to
continue investigating in greater depth.
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Abstract: Low-cost sorption materials based on the clay mineral of the smectite group—montmoril-
lonite—were used for the removal of radionuclides uranium (VI) and strontium (II) from contam-
inated water. A wide range of industrial methods such as thermal treatment, acid activation, and
mechanochemical activation were applied. Complex methods, such as SEM microscopy analysis,
X-ray powder diffraction (XRD), thermal analysis, and nitrogen adsorption–desorption at −196
◦C, were used to assess the characteristics of the structure of the obtained materials. The thermal
treatment, acid activation, and mechanochemical activation resulted in changes in the surface prop-
erties of the clay minerals: specific surface area, porosity, and distribution of active sites. It was
established that the mechanochemical activation of montmorillonite significantly increases the sorp-
tion characteristics of the material for U(VI) and Sr(II) and the acid activation of montmorillonite
increases it for U(VI). The appropriateness of the experimental adsorption values for U(VI) and Sr(II)
on modified montmorillonite to Langmuir and Freundlich models was found. Independently of
the changes induced by acid attack, calcinations, or milling, the sorption of U(VI) and Sr(II) ions on
treated montmorillonite occurs on a homogeneous surface through monolayer adsorption in a similar
fashion to natural montmorillonite. Water purification technologies and modern environmental
protection technologies may successfully use the obtained clay-based sorbents.

Keywords: montmorillonite; clay treatment; radionuclides; adsorption; water removal

1. Introduction

The uranium mining and uranium processing industry leads to the pollution of
environmental uranium compounds [1]. Radioactive waste disposal sites form from the
blocked waters of the radioactive sites of nuclear power plants, and nuclear power plant
accidents are a potential source of radionuclides in water areas [2]. The decommissioning
of several industrial enterprises and the formation of a significant amount of dangerous
pollutants has taken place as a result of the war in Ukraine. Military weapon strikes damage
the sites of extraction, processing, storage, and disposal of radioactive substances.

In addition, damage caused by military weapons leads to the release of toxic and radioac-
tive substances into the environment as a result of explosions. Radioactive elements enter
drinking water sources and they are a threat to public health. According to the World Health
Organization, the maximum allowable limit in water for uranium consists of 0.03 mg/L, and
for strontium-90, it consists of 2.0 Bk/L. The total beta activity for drinking water consists of
≤1.0 Bk/L [3]. Therefore, the high level of inorganic pollutants in the water is a significant
ecological problem and needs a practical solution for sphere environmental protection.

Taking into account the very large areas with contaminated water and the huge
volumes of waste generated during the mining and processing of radioactive ores, it
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becomes especially important to search for the cheapest reagents and materials used in
appropriate environmental protection technologies [4,5].

Among the different methods for the purification of contaminated waters, sorption has
an advantage because the selective removal of small amounts of toxicants can occur. Today, a
wide variety of natural and synthetic sorbents are offered for water purification [6,7]. However,
the feasibility of using natural clay minerals is due to their availability and low cost.

Clay mineral montmorillonite is the main representative of the smectite group. The base
structural unit of montmorillonite comprises two tetrahedrally coordinated sheets of silicon
ions surrounding octahedrally coordinated sheets of aluminum ions (2:1 type). As a result
of the isomorphous substitution of Si4+ for Al3+ in the tetrahedral layer and Al3+ for Mg2+

in the octahedral layer, a net negative surface charge on the clay occurs [8]. These structure
characteristics conduct the excellent sorption properties of montmorillonite, which possesses
available sorption sites at the basal surface, edge sites, and within its interlayer space [9–11].
For the removal of Co, Cu, Zn, Cd, and U, montmorillonite was used [12,13]. The large
adsorption capacity of montmorillonite for these metals was proved. Uranium (VI) sorption
onto bentonite colloids in carbonate-containing groundwater was investigated [14,15]. The
removal of Sr2+ ions from contaminated water was investigated [16].

The physical and chemical modification of the surface of clay minerals makes it
possible to significantly improve their sorption and technological characteristics. Various
methods of physical and chemical surface modification to increase the sorption capacity of
layered silicates with the aim of their further use in industries have been widely used [17,18].
The most common are acid [19], mechanochemical activation [20], hydrothermal treatment,
thermal activation [21], surface modification with organic substances [22], obtaining pillared
clay minerals [23], surface modification with nano-dispersed metal powders [24,25], and
chemical grafting on the surface of complex compounds [26], among other methods [27,28].

In industrial applications using clays as sorbent materials, one of the simplest tech-
nological operations to increase their surface activity is acid activation. At the same time,
the cheap mineral acids HCl and H2SO4 are used as reagents [19,29]. An important re-
sult of the acid treatment of clay minerals (from the point of view of their further use in
catalysis and sorption technologies) is the development of their meso- and microporous
structure [19]. As a result of treatment with acids, first of all, the octahedral networks of
layered silicates are destroyed. The final product, under harsh processing conditions (high
acid concentration, processing temperature) and the sufficient duration of the process, is
always highly porous amorphous silica [19,30]. The effect of the acid treatment on the clay
structure is that it opens up the edges of the platelets. Therefore, the diameter of the pores
and the surface area increases. The acid-modified clays have been found particularly useful
for the adsorption of As, Cd, Cr, Co, Cu, Fe, Pb, Mn, Ni, and Zn in their ionic forms from
an aqueous medium [10,31,32].

Fine dispersion is one of the main technological operations in the silicate industry and
in the processing of mineral raw materials. The development and application of energy-
intensive units (disintegrators, centrifugal-planetary mills, etc.) in the process of grinding
solids not only ensures the achievement of the high dispersion of the final products but also,
to a large extent, influences the concentration and nature of surface defects [33–35]. This
circumstance provides broad prospects for the application of mechanochemical activation
in catalyst technology and sorption processes [36,37]. The mechanochemical treatment
appeared to decrease the structure order and increase the specific surface area of the clays.
These phenomena: fragmentation, abrasion, and the amorphization of the particles lead
to a higher cation exchange capacity and thus to an improved sorption capability [38].
Mechanochemically treated montmorillonite and kaolinite proved to be effective sorbents
for the removal of heavy metals [39].

Along with milling processes, thermal treatment at different temperatures (drying,
dehydroxylation, annealing) is one of the key operations in silicate technology. Drying
processes usually include the loss of mechanically trapped, capillary, and adsorption-bound
water and occur in a range of up to 200 ◦C. The dehydroxylation of clay minerals, which
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is accompanied by a partial restructuring of the structure, takes place in the temperature
range of 400–700 ◦C. During annealing, a deep restructuring of the mineral structure
occurs with the formation of new amorphous and crystalline phases [21,40]. The thermal
dehydration of montmorillonite is accompanied by a decrease in its interplanar distance,
as well as a partial decrease in its cation-exchange capacity. Water, removed from the
structure of montmorillonite when heated, frees the pore space, thereby increasing the
textural characteristics of the mineral [41]. The calcination of montmorillonite leads to the
loss of the ability of the mineral structure to interlayer swelling and, thus, a decrease in
the size of the active surface that participates in ion exchange. As a result, the amount of
sorbed cobalt is decreased [42].

The applications of thermally modified and acid-activated clay minerals for envi-
ronmental protection were demonstrated [43]. Contaminants such as pesticides, heavy
metals, dyes, benzene, toluene, ethyl-benzene, xylenes, and methyl tertiary butyl ether
were removed to a highly efficient degree.

The objective of the present study is the removal of U(VI) and Sr(II) from contaminated
water by the sorption on thermal-, acid-, and mechanochemical-treated montmorillonite.
X-ray diffraction, scanning electron microscopy, and low-temperature N2 adsorption were
used to explain the structure and surface morphology of the sorbents after the treatment of
the montmorillonite. The mechanism of the sorption removal of these radionuclides from
water was found.

2. Materials and Methods
2.1. Materials and Chemicals

Montmorillonite (MMT) is the mineral of the smectite group (2:1 type). MMT was
taken from the Cherkasy bentonite deposit (Dashukivka site), PJSC “Dashukiv Bentonites”,
Lysyanka city, Cherkasy region, Ukraine. Its structural formula is (Ca0.12Na0.03K0.03)0.18
(Al1.39Mg0.13Fe0.44)1.96(Si3.88Al0.12)4.0O10(OH)2·nH2O and the cation exchange capacity is
1.0 mmol/g.

Sedimentation from aqueous clay suspension and subsequent centrifugation of mont-
morillonite was carried out to purify coarse mineral impurities (quartz, feldspars, carbon-
ates, aluminum, iron oxides, etc.). The obtained material was dried at 105 ◦C, and ground.
The fraction < 0.1 mm was used for the following modification.

Hydrochloric acid (HCl), nitric acid (HNO3), sodium hydroxide (NaOH), Arsenazo III
and salts of sodium chloride (NaCl), uranyl sulfate (UO2SO4·3H2O), and strontium chloride
(SrCl2·6H2O) were obtained from Sigma–Aldrich, Burlington, MA, USA. All the chemicals
were of analytical reagent grade and used without further purification. Distilled water was
used for all experiments for the preparation of various concentrations of solutions.

2.2. Preparation of the Samples of Treated Montmorillonite

The natural montmorillonite has been treated in thermal, acid, and mechanochemical
ways demonstrated in Figure 1.
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Thermal treatment of samples of natural MMT consisted of calcining the samples
in the air in a muffle furnace SNOL 8.2/1100 (SnolTherm, UAB, Narkūnai, Lithuania) at
600 ◦C for 1 h.

Acid activation of the surface of MMT was carried out in solutions of 3 M and
6 M nitric (HNO3)/hydrochloric (HCl) acids at 2 and 4 h without heating/at 85 ◦C with
constant stirring using a magnetic stirrer. The clay mineral acid ratio was 1:4. After the
synthesis, the samples were washed with distilled water from acid to negative reaction
onto chlorides/nitrates.

Mechanochemical activation of MMT was carried out using planetary ball mill
Pulverisette-6 (Fritsch, Idar-Oberstein, Germany) with a rotation speed of 300 rpm. The
diameter of the Si3N4 balls was 20 mm, and the total weight was 160 g. The mass ratio of the
balls/sample consists of about 10. Milling was performed in 10 min cycles; subsequently, a
reverse was carried out after each cycle. The duration of milling was 2 h.

2.3. Characterization of Samples

Thermogravimetric analysis was performed on F. Paulik, J. Paulic, L. Erdey derivato-
graph (Hungary) in a temperature range of 20–1000 ◦C at a heating rate of 10 min−1.

X-ray powder diffraction (XRD) of the natural clay mineral and thermal-, acid-,
and mechanochemically activated MMT were recorded on DRON-4-07 diffractometer
(SPE Burevestnik, Nizhniy Novgorod, Russia) under the following conditions: range of
2–60◦ (2θ) using CuKα radiation, λ = 0.154 nm, and were acquired at constant pass energy
of U = 30 kV, I = 30 mA [44].

The surface morphology of montmorillonite samples was investigated using SEM
method on Jeol JSM-6060 (Tokyo, Japan) scanning electron microscope in secondary electron
mode with an accelerating voltage (AV) of 30 kV. The samples were sputter coated with
gold for 3 min.

Low-temperature nitrogen adsorption isotherms were determined on a volumetric
automatic apparatus (Quantachrome, Nova 2200e Surface Area and Pore Size Analyzer,
Boynton Beach, FL, USA) at −196 ◦C. Parameters of the porous structure of montmorillonite
samples such as specific surface area (SBET, m2/g), total pore volume (V, cm3/g), average
pore radius (r, nm), and distribution of pore sizes of the natural and treated montmorillonite
were determined using BJH and DFT methods [45].

2.4. Adsorption Experiments

The solutions prepared from salts of uranyl sulfate (UO2SO4·3H2O) and strontium
chloride (SrCl2·6H2O) were used in the sorption experiments for the removing of uranium
(VI) and strontium (II) ions from water. The 0.01 M ionic strength was created with a
solution of NaCl. Solutions of 0.1 M NaOH and HCl were used for pH adjustment on the
Ionomer -160M. Sorption isotherms were obtained at pH 6.

The batch sorption experiments (the mass of sorbents 0.1 g; the volume of the aqueous
phase 50 mL) were carried out in a thermostated cell (Environmental shaker ES-20, SIA
Biosan, Riga, Latvia) during 1 h continuous shaking at 25 ◦C.

After establishing the adsorption equilibrium, the separation of the liquid phase from
the solid one occurred following centrifugation at 6000 rpm for 30 min. The equilibrium
uranium (VI) concentration was determined using spectrophotometrical method on instru-
ment UNICO 2100UV (United Products and Instruments, Suite E Dayton, NJ, USA) with
Arsenazo III as reagent at a wavelength of 665 nm. The atomic adsorption spectroscopy
method on the AA-6300 Shimadzu, Shimadzu Corporation, Tokyo, Japan, instrument was
used for Sr(II) determination of the solution. The sorption U(VI) and Sr(II)) q, µmol/g, was
calculated by Equation (1):

q = (Cin − Ceq) × V/m, (1)

where Cin, Ceq—the initial and equilibrium concentration of the metal, µmol/L;
V—a volume of solution, L; m—a mass of the sample of sorbent, g. All experiments
were undertaken in triplicate. The processing of the experimental isotherms of radionuclide
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adsorption was carried out using the Langmuir mathematical model for a homogeneous
surface [46] and the Freundlich model for a heterogeneous surface [47].

3. Results

The sample of thermal-treated MMT (MMT 600) was used for comparison with the
ones obtained by another method of treatment [42]. The acid-activated samples (HNO3
MMT) (6 M HNO3, 2 h, 85 ◦C) and (HCl MMT) (3 M HCl, 4 h, 85 ◦C) demonstrated better
surface and sorption characteristics [48]. The sample with better surface and sorption
characteristics was obtained after mechanochemical activation of 2 h [48].

The number of water molecules in the interlayer of MMT decreases at temperatures
from 25 ◦C to 200 ◦C, the interlayer spacing decreases, the interlayers become highly
ordered, and the crystal structure becomes more ordered [40]. The interlayer structure of
the MMT collapses at 500–700 ◦C. The decomposition of the MMT unstable components
(silica-alumina oxide crystals) leads to the collapse of the crystal layer (Figure 2).
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Figure 3 shows the comparison of the X-ray diffraction patterns of the MMT, thermal-
treated montmorillonite (MMT 600), acid-treated montmorillonite (HNO3 MMT and HCl
MMT), and mechanochemical-treated montmorillonite (2 h MCA MMT).
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Figure 3. X-ray diffraction of natural and thermal-, acid-, and mechanochemical-treated montmorillonite.

During the thermal, acidic, and milling processes, structural changes occurred. The
degree of crystallinity in the samples decreased. This was evidenced by a progressive
decrease in the XRD reflection intensities: d001 were 1.824 nm for MMT and 1.724, 1.501,
and 1.766 nm for HNO3 MMT, HCl MMT, and 2 h MCA MMT, respectively. The broadening
of the XRD reflections (Figure 3) indicated that, along with structural changes, a reduction
in particle size occurred. In particular, the amorphization of structure MMT 600 occurred
(Figure 3, curve 2). The mechanochemical treatment (2 h MCA MMT), similar to acid one
(HNO3 MMT, HCl MMT), led to the decrease in the intensity of the 001 peak and the shift of
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the 001 peak, with concomitant broadening in an asymmetrical fashion. This indicates that
the stacking of the layers was disrupted and lost, and the initial structural destabilization
of the basal plane began [29,34,36].

The morphology of the natural (MMT) and different treatment methods of the mont-
morillonite samples (MMT 600, HNO3 MMT, 2 h MCA MMT) was observed by using
high-resolution SEM. The morphology of the natural MMT consisted of the platy clay
particles (Figure 4a). For the series of montmorillonite samples, the microstructure changed
with the treatment performed (Figure 4b–d). The thermal treatment changed the structure
of the MMT (Figure 4b); there was a more significant decrease in particles’ size in the
MMT 600 sample. The acid activation of the MMT led to the loosening of the edges of the
mineral structure (HNO3 MMT) and the formation of flaky edges (Figure 4c). Contrary to
natural MMT, the morphology of the mechanochemically activated sample (MCA MMT
2 h) was more uniform and was dominated by spherulitic and (quasi-)regular particles. In
the results of the mechanochemical treatment, flaky edges appeared (Figure 4d).
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Figure 4. SEM microphotographs of the particles of natural (a) and thermal- (b), acid- (c), and
mechanochemical- (d) treated montmorillonite.

The nitrogen sorption–desorption isotherm (Figure 5a) on the natural montmorillonite,
according to the IUPAC classification, is attributed to type II [45]. The nitrogen adsorption
curves of the MMT are similar to those on the samples of MMT 600, HNO3 MMT, HCl
MMT, and 2 h MCA MMT. This is typical for nonporous sorbents with a small macroporous
component. The isotherms MMT, MMT 600, HNO3 MMT, HCl MMT, and 2 h MCA MMT
in the range of values p/p0 > 0.4 have the hysteresis loops of the H3 type, indicating a
well-developed structure with slit-like pores [49,50].
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The mesopore-size distributions (Figure 5b) from the low-temperature nitrogen adsorp-
tion data were calculated using the currently used Barrett–Joyner–Halenda (BJH) method [45].
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The maximum in the pore-size distribution of the natural montmorillonite was centered at
1.98 nm (Figure 5). This value slightly decreased after treatment to 1.87 ÷ 1.93 nm. The
narrow peaks (r = 1.5 ÷ 3.0 nm) in the montmorillonite samples indicated narrow pore
volume distribution by size. The calculations of the nitrogen isotherm-based characteristics
of the porous structure presented in Table 1 indicated that the specific surface area of the
samples, determined using the BET method, increased after the surface modification. The
specific surface area (SBET) of the MMT (89.1 m2/g) increased after the surface modification
and consisted of 179.4 and 244.0 m2/g for HNO3 MMT and HCl MMT, respectively, and
146.8 m2/g for 2 h MCA MMT. The insignificant decreasing surface area of the MMT for the
thermally treated mineral MMT 600 occurred to 75.4 m2/g (Table 1).

Table 1. Surface characteristics of natural and thermal-, acid-, and mechanochemical-treated mont-
morillonite.

Sample S, m2/g V, cm3/g r, nm
Distribution of Pore Sizes, nm

BJH dV(r) DFT dV(r)

r1 r2 r1 r2 r3

MMT 89.1 0.078 1.753 1.98 - 1.41 2.75 -
MMT 600 75.4 0.108 2.867 1.87 - 0.83 2.59 -

HNO3 MMT 179.4 0.198 2.213 1.91 - 1.25 2.54 0.69
HCl MMT 244.0 0.304 2.500 1.93 - 0.72 2.64 -

2 h MCA MMT 146.8 0.161 2.187 1.92 - 1.13 2.64 0.67

The sorption isotherms of the uranium ions indicate a significant influence of the
treatment using different methods on the sorption magnitude (Figure 6a). The obtained
sorption characteristics for strontium ions in the modified samples of montmorillonite
(Figure 6b) were changed to high values for the mechanochemical-activated MMT only.
Langmuir and Freundlich models were used to estimate the adsorption capacity of the
natural and treated montmorillonite. The obtained data are presented in Table 2.
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Table 2. Langmuir and Freundlich parameters for the adsorption of uranyl and strontium ions onto
natural and thermal-, acid-, and mechanochemical-treated montmorillonite.

Me Sample
Langmuir Freundlich

qm,
µmol g−1 KL, L µmol−1 R2 n−1 KF, L µmol−1 R2

U(VI)

MMT 67.6 0.048 0.994 0.90 1.189 0.988

MMT 600 55.0 0.032 0.997 0.57 3.911 0.992

HCl MMT 161.3 0.033 0.973 0.75 1.040 0.829

HNO3 MMT 140.9 0.025 0.999 0.70 0.776 0.818

2 h MCA MMT 120.5 0.349 0.999 0.25 0.692 0.844

Sr(II)

MMT 434.8 0.024 0.999 1.19 3.786 0.914

MMT 600 163.9 0.018 0.990 0.51 0.630 0.931

HCl MMT 185.2 0.045 0.996 0.21 0.767 0.828

HNO3 MMT 200.0 0.105 0.999 0.12 0.830 0.999

2 h MCA MMT 555.6 0.038 0.982 1.47 8.335 0.878

qm—the amount of adsorbate corresponding to complete monolayer coverage; KL—Langmuir bonding energy coeffi-
cient; KF—Frendlich coefficient of adsorption capacity; n—coefficient of adsorption intensity; R—correlation coefficient.

The Langmuir model better agrees with the experimental data, as evidenced by the
higher correlation coefficient values (R2 = 0.973 ÷ 0.999) compared with the Freundlich
model (R2 = 0.818 ÷ 0.999). The equation of monomolecular Langmuir sorption assumes
the energy homogeneity of the active centers and, accordingly, the ion sorption energies
close as the surface fills. The empirical Freundlich equation is suitable mainly for describing
the beginning areas of isotherms. The value of KF is associated with the interaction energy
between the adsorbent and the adsorbate. The higher values of KF indicate stronger
interactions and mean a greater affinity or possible selectivity.

4. Discussion

There are two main types of active sites situated on the surface of layer silicates where the
sorption of metal ions takes place. The first one is the exchange cations localized on the basal
surfaces of the particles, the appearance of which is conditioned by the nonstoichiometric
isomorphous substitutions in the tetrahedral and octahedral sheets of the structural layers.
The second one is the Si–OH and Al–OH groups that are situated on the side edges of the
particles at the place of disrupted Si–O–Si- and Al–O–Al-structured sheets.

The uranium uptake of the studied samples of montmorillonite is quite a complicated
phenomenon associated with the aqueous chemistry of the elements and the nature of
the materials. The chemical form of uranium in water is one of the main conditions that
define its adsorption on natural minerals. In aqueous solutions, the uranium (VI) ions
characteristically form a different complex at indicated pH values. In natural water, at
pH near neutral values, uranium (VI) can exist in the form of a series of mono- and poly-
nuclear hydroxo-complexes, such as UO2

2+, UO2OH+, (UO2)2(OH)2
2+, (UO2)3(OH)4

2+,
(UO2)3(OH)5

+, (UO2)4(OH)7
+, and others. In groundwater, the contents of neutral and neg-

atively charged forms UO2(OH)2, UO2CO3, (UO2)2CO3(OH)3
−, and others are enhanced

because the concentrations of dissolved CO2 increase. The main amounts of strontium in
waters are transported in the ionic form [51–53].

The interaction of uranium cations with the surface of layered silicates takes place
primarily with the formation of strong surface complexes due to the Si–OH, Al–OH, and
Mg–OH groups localized on the side faces of minerals. Sorption isotherms were obtained at
neutral pH (pH 6), where the dissociation of the surface groups of the Si(Al)OH groups on
the side faces of the mineral particles takes place. The sorption of strontium ions on layered
silicates includes two different mechanism: the cation exchange in the interlayers resulting
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from the interactions between ions and negative permanent charge and the formation of
inner-sphere complexes through Si–O– and Al–O– groups at the clay particle edges [54].

The aforementioned results confirmed that thermal, acid, and mechanochemical treat-
ment significantly changed the structure and morphology of the particles of montmoril-
lonite, which are demonstrated in the general schema (Figure 7).
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The values of uranium sorption (Figure 6a, Table 2) correlate with the values of the
specific surface area of montmorillonite for all the obtained samples (Table 1). For Sr2+ ions
(Figure 6b, Table 2), the increase in sorption correlates with the 2 h MCA MMT sample.

During acid activation, the destruction of the crystalline structure of the silicates
occurred due to the ion exchange of surface cations for acid protons. At further trans-
formations, H+ protons penetrated the hexagonal holes of the tetrahedral networks and
attacked the structural cations of the octahedral networks of the mineral. The magnesium
octahedra are the most vulnerable to proton attack, whereas the Al3+ and Fe3+ octahedra are
somewhat more resistant to acids. However, they also undergo structural degradation and
leaching if the process continues long enough [19]. Acid-activated montmorillonites HNO3
MMT and HCl MMT were gradually destroyed and replaced by a crystalline structure by
the amorphous phase of the silica gel, which was confirmed by the data of the X-ray phase
analysis. At the same time, the porosity of the acid-activated montmorillonite changed
significantly due to the partial dissolution of its oxide structure. There was an increase
in the specific surface from 89.1 to 179.4 and 244.0 m2/g and the volume of pores from
0.078 cm3/g to 0.198 and 0.304 cm3/g. The new mesopores are gaps between the particles
of the amorphous silica gel and non-destructed aluminosilicate layers of the mineral [19,29].
The increase in the uranium sorption values on the acid-activated montmorillonite samples
(161.3 and 140.9 µmol/g for HCl MMT and HNO3 MMT samples, respectively) is due to the
appearance of new sorption centers formed by proton attack. However, some negative ef-
fects for strontium were observed on acid-treated montmorillonite. The positively charged
strontium ions underwent a more difficult reaction with the surface of the sorbent and so
decreasing sorption was observed. The first reason for this effect is that the negative charge
on the surface of the montmorillonite was partly neutralized by the acid treatment. And
the next reason was as a result of the protonation of the Si–OH groups or the acceptance
of protons by octahedrally coordinated A13+ or that Fe3+ positively charged sites were
generated [55].

In the case of layered silicates, due to the low rigidity of their structural frame, even
with relatively small exposure energy and exposure time, significant changes occurred. The
latter affected not only the specific surface of the material being crushed (increasing from
89.1 m2/g to 146.8 m2/g for 2 h MCA MMT) but also the character of its porous structure,
which is also manifested in deeper deformations of the tetrahedral and octahedral meshes
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of the elementary aluminosilicate packets. In the process of mechanical activation, the
porous structure of the layered silicates undergoes significant changes, with the total pore
volume increasing from 0.078 to 0.161 cm3/g. At the same time, the changes concern
both the primary porosity, determined by the structure of the minerals themselves, and
the secondary porosity in aggregates of clay particles [34–36]. With fine dispersion, the
formation of “fluffy” side faces occurs. At the same time, the surface areas easily accessible
to the radionuclides in the interlayer space of minerals near the side faces increases, which
leads to an increase in their sorption values (from 67.6 to 120.5 for U(VI) and from 434.8 to
555.6 µmol/g and Sr(II) on 2 h MCA MMT) [36,56]. These improvements can be attributed
to the increased surface available for adsorption, because of the decrease in the clay particle
size, as well as the exfoliation of the clay mineral particles.

For the thermal-treated montmorillonite, the decrease in the sorption values of the
uranyl ions from 67.6 to 55.0 µmol/g and strontium ions from 434.0 to 163.9 µmol/g
correlated with the decrease in the specific surface (75.4 m2/g). The thermal treatment of
the natural MMT leads to a decrease in the mass that is connected with the removal of
different forms of bound water. During thermal modification, there is a loss in the ability
to interlayer the swelling of the montmorillonite structure, and, thus, a decrease in the
size of the active surface, which can participate in ion exchange. The heat treatment of
montmorillonite also affects the acidic nature of its surface [40]. The partial thermal removal
of interlayer water increases the proton-donating capacity of its molecules. A gradual
increase in temperature is accompanied by the transition of silanol groups to siloxane
groups with their subsequent irreversible destruction at temperatures >600 ◦C [41,57]. The
main part of the strontium ions, thus, binds on the thermally treated montmorillonite on
the side faces of the mineral particles with the formation of strong surface complexes.

5. Conclusions

Thermal, acid, and mechanochemical activation significantly change the structural
properties and sorption characteristics of montmorillonite. Various changes in these proper-
ties, such as the destruction of the crystalline phase and its transformation into amorphous,
the particle size reduction, the domination of spherulitic and (quasi-)regular particles, and
the increase in specific surface area and total pore volume, were observed following the
treatment of the temperature, acids, and milling.

It was established that the thermal treatment of montmorillonite at 600 ◦C leads to
a collapse followed by the dehydroxylation of the layered sheets. Chemical treatments
with HNO3 or HCl also destroy the mineral structure and the cause the dissolution of the
tetrahedrally coordinated Al and Si ions. Mechanochemical activation leads to the partial
amorphization of the structure too. The samples of montmorillonite with the obtained
physical–chemical characteristics demonstrate high sorption properties to uranium ions. The
effective removal of strontium ions can be produced by mechanoactivated montmorillonite.

Thus, sorption materials on a base of thermal-, acid-, and mechanochemical-modified
montmorillonite can be used for the removal of radionuclides uranium (VI) and strontium
(II) from contaminated water as effective cheap sorbents.
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Abstract: The objective of this study was to investigate the feasibility of using Cloud Point Extraction
(CPE) to isolate natural antioxidants (polyphenols) from apricot cannery waste (ACW). Four different
food-grade surfactants (Genapol X-080, PEG 8000, Tween 80, and Lecithin) were tested at varying
concentrations to evaluate the effectiveness of the technique. It was observed that low concentrations
of surfactants in one-step CPE resulted in less than 65% polyphenol recovery, which necessitated
further extraction steps. However, high concentrations of surfactants were found to significantly
improve polyphenol extraction from ACW for all surfactants tested. Among the four surfactants,
PEG 8000 was found to be the most effective in most circumstances; specifically, adding only 2%
of the surfactant per step in a two-step CPE was enough to effectively extract polyphenols with
recovery rates better than 99%. When 10% w/v of PEG 8000 was used, recoveries greater than 92%
were obtained. Since PEG 8000 is a reagent with low toxicity and the CPE method is simple, rapid,
cheap, sensitive, and selective, the extracted organic compounds from ACW can be used as natural
antioxidants in food technology. This has important implications for the development of natural and
sustainable food additives.

Keywords: cloud point extraction; polyphenols; surfactants; apricot cannery waste; food industry

1. Introduction

Free radical chemistry has been a subject that has attracted a lot of attention recently
owing to the potential negative impact of reactive oxygen species (ROS) on both food
systems and human health. Antioxidants are crucial in reducing oxidative processes
and mitigating the consequences of ROS [1]. In food and pharmaceutical processing and
storage, lipid peroxidation is a major cause of product degradation, but antioxidants can
scavenge free radicals and extend shelf life by slowing this process [2]. In the human body,
antioxidants are also beneficial, as they can help slow the progression of many chronic
illnesses [3]. As a safer alternative to synthetic antioxidant compounds such as butylated
hydroxytoluene (BHT) and butylated hydroxyanisole (BHA), natural antioxidants have
gained increasing attention [4]. There has been an extensive awareness in studying natural
additives, particularly fruit and vegetable residues, which are abundant in beneficial
chemicals. The valorization of these byproducts can not only provide a sustainable solution
to waste management but also produce natural antioxidants that may be included into
food technology to improve the health and well-being of consumers [5].

Apricot (Prunus armeniaca L.) is a highly sought-after fruit in the market due to its vi-
brant color, unique flavor, and impressive nutritional profile. This fruit is rich in carotenoids,
which are responsible for its distinctive yellow and orange peel color, making it visually
appealing to consumers [6]. While the apricot originated in China, it found its way to
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Europe through Armenia, leading to its scientific name [7]. Additionally, apricots are an
abundant source of phenolic compounds, which are mainly found in the fruit’s skin and
pulp [8]. Rutin, catechin, epicatechin, and chlorogenic acid are among the dominant pheno-
lic substances present in apricot cultivars, and their levels vary among different varieties [9].
Polyphenols derived from fruit waste are widely used as natural additives to food and
preservatives due to their unique biological properties [10]. While solid/liquid (S/L) ex-
traction is commonly used in the industry to recover polyphenols, this method has several
drawbacks, including the extensive use of organic solvents, high manufacturing costs, and
time-consuming processes [11,12]. Similarly, other methods such as microwave-assisted
extraction, membrane processes, or supercritical fluid extraction are not suitable for bulk
operations due to their high energy needs or expensive equipment [13,14]. Furthermore,
conventional solvents are unable to extract both polar and non-polar bioactive compounds
at the same time, making it challenging to extract all chemical constituents of the plant.
Therefore, a major demand arises for a low-priced, high-throughput method to analyze
apricot-derived bioactive compounds.

Novel liquid–liquid extraction (LLE) methods, such as two-phase (or multi-phase)
separation, are gaining popularity for the extraction and concentration of active chemicals
from natural materials. Aqueous two-phase extraction, dispersive liquid–liquid extraction,
micellar extraction, and cloud-point extraction (CPE) are some of the novel approaches that
have emerged [15,16]. Among them, CPE is regarded to be both an ecologically benign and
biocompatible approach for extracting and concentrating active chemicals from plant-based
resources, with possible applications in the food and pharmaceutical industries. Nonethe-
less, several drawbacks include the formation of emulsions, the requirement of hazardous
organic solvents, and hence the production of vast amounts of pollutants make liquid–
liquid extraction techniques laborious, costly, and ecologically unfriendly. In addition,
aqueous two-phase extraction uses are restricted to laboratory environments and remain
in pilot-size operations, as seen by the abundance of the literature reviews [17,18]. On the
other hand, CPE is a simple and inexpensive technique for extracting bioactive chemicals
from liquid matrices that employ surfactants [19]. It also gives the opportunity to use
food-grade surfactants so that food industries can directly insert the extracted compounds
into their products [20]. Above a certain micellar concentration, these molecules can form
spontaneous aggregates (micelles) in aqueous solutions [21]. These formed structures can
bind with either hydrophobic or hydrophilic compounds via dipole–dipole interactions and
hydrogen bonding to be deployed for separation [22]. The micellar system characteristics
and CPE factors that influence the extraction of high nutritional value compounds were
investigated by Carabias-Martinez et al. [23]. The essential characteristics of a sample han-
dled by CPE are the pH level and ionic strength, along with its temperature and the amount
of surfactant used [24]. Most ionic surfactants are non-volatile and considered to be either
relatively non-toxic or harmless chemicals, with the least toxicological or dermatological
concerns [25]. Several surfactants, including Triton X-114, Triton X-100, and Brij 30, have
been successfully employed to isolate bioactive plant components [26]. Several surfactants
that might be employed in the CPE approach are found in nature. Lecithin is a natural
surfactant that is widely used in the food sector. It is an inexpensive and low-toxicity
compound [27]. El-Abbassi et al. [28] established an efficient and quick CPE process for
extracting polyphenols from olive mill effluent utilizing Triton X-100 as the solvent for the
extraction process. After one step of CPE, the recovery was 66.5%.

To the best of our knowledge, there is a scarcity of studies concerning the extraction
of polyphenols from apricot cannery waste using CPE. To address the current gap in
knowledge, this study aims to explore the potential of CPE using low biological hazard sur-
factants for polyphenol extraction from apricot cannery waste. This study investigated the
efficiency of different food-grade surfactants, including Genapol X-080, PEG 8000, Tween
80, and natural surfactant Lecithin, at varying concentrations for polyphenol extraction
from apricot waste. The effectiveness of CPE extraction cycles, as well as the antiradical
activity of the extracted polyphenols, were evaluated for each surfactant. By conducting
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these experiments, the study sought to identify the optimal surfactant concentration for
the efficient extraction of polyphenols from apricot waste using CPE and to determine the
most effective surfactant for this purpose.

2. Materials and Methods
2.1. Chemicals, Reagents, and Materials

Methanol, 1,1-diphenyl-2-picrylhydrazyl (DPPH), and Genapol X-080 were all ob-
tained from Sigma-Aldrich (Steinheim, Germany). Gallic acid, anhydrous sodium carbon-
ate, and Folin–Ciocalteu reagent were purchased from Penta (Prague, Czech Republic).
PEG 8000 was obtained from Alfa Aesar (Karlsruhe, Germany). Citric acid anhydrous was
purchased from Merck (Darmstadt, Germany). Tween 80 was purchased from Panreac
(Barcelona, Spain). Sodium chloride and soya lecithin (>97%) were purchased from Carlo
Erba (Milano, Italy). To produce the deionized water used in the experiments, a deionizing
column was employed.

Apricot (Prunus armeniaca ‘Bebeco’ variety) cannery wastewater (ACW) was obtained
from the stream resulting from the peeling step (for the reason of being the main contributor
to the total waste stream) from ELBAK S.A. (Falani, Larissa, Greece).

2.2. CPE Procedure

The CPE method was carried out with slight modification from Chatzilazarou et al. [29].
Selection of the experimental parameters (i.e., pH, temperature, etc.) was carried out based
on preliminary experiments. A Remi Neya 16R (Remi Elektrotechnik Ltd., Palghar, India)
was used to centrifuge 70 g ACW for 20 min at 4500 rpm, so as to remove the solids. Prior
to CPE, solid-free ACW samples were adjusted to a pH value of 3.5 with 2 N citric acid [30].
To accelerate the phase separation process by increasing the bulk density of the aqueous
phase, 3% w/v sodium chloride was added to the sample. Sodium chloride also decreases
the cloud point temperature [31]. The concentration of surfactants tested were 2, 5, and
10% w/w. A magnetic stirrer Heidolph MR Hei-Standard was used to equilibrate the
temperature and stir the samples during CPE. The samples were stirred at 800 rpm and
equilibrated at 65 ◦C for 20 min. After centrifuging the mixture for 5 min at 3500 rpm
at 30 ◦C (first extraction stage), the phases were separated by decanting. The surfactant-
rich phase had high viscosity. The volumes of both surfactant and aqueous phases were
measured after centrifugation. The unextracted polyphenols in the aqueous phase were
then decanted and either extracted once (second CPE step) or twice using the same method
(third CPE step). Since each CPE experiment was repeated three times under identical
conditions, the recovery findings represent the means of three extraction trials.

2.3. Polyphenol Recovery by CPE

The % polyphenol recovery was measured using a polyphenol mass balance. The
surfactant recovery was estimated in accordance with previous descriptions [29,32].

Recovery (%) =
Cs·Vs
Co·Vo

× 100 = Co·Vo − Cw·Vw
Co·Vo

× 100 (1)

where Co is the concentration of polyphenols in the initial sample volume Vo (10 mL),
Cw is the concentration of polyphenols in the water phase volume Vw, and Cs is the
concentration of polyphenols in the surfactant phase volume Vs.

2.4. Total Polyphenol Content

Total polyphenols were measured photometrically using a modified Folin–Ciocalteu
method by Katsoyannos et al. [33]. An amount of 100 µL of the sample was mixed with
100 µL of the Folin–Ciocalteu reagent, and after 2 min, 800 µL (5% w/v) of sodium carbonate
solution was added. Finally, a Shimadzu spectrophotometer (UV-1700, Shimadzu Europa
GmbH, Duisburg, Germany) was utilized to measure the absorbance of the solution at
750 nm after 20 min incubating at 40 ◦C in the absence of light.
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2.5. Determination of Antioxidant Activity

The DPPH technique established by Tsaknis and Lalas [34] was employed to calcu-
late the antioxidant activity of both extracted polyphenols in the surfactant phase and
polyphenols that remained in the sample after CPE treatment. Briefly, 4 mL of sample was
combined with 1 mL of 0.1 mM DPPH solution in methanol. The mixture was thoroughly
mixed and allowed to remain in the dark for 30 min at room temperature. The absorbance
was determined at 517 nm. The following equation was used to calculate the % scavenging:

% Scavenging = Acontrol −
Asample

Acontrol
× 100 (2)

where Acontrol and Asample represent the corresponding absorbances.

2.6. Statistical Analysis

All analyses were carried out in triplicate. The results were reported as the standard
deviation of the three replicate mean values. After assessing the data with the Kolmogorov–
Smirnov test, statistically significant differences were investigated using the Kruskal–Wallis
test. Statistically significant differences were assessed for p < 0.05.

3. Results and Discussion

The objective of this work was to evaluate the potential of using CPE with low bio-
logical hazard surfactants to extract polyphenols from ACW. Four different food-grade
surfactants (Genapol X-080, PEG 8000, Tween 80, and Lecithin) were tested, and the recov-
ery of polyphenol extraction was measured. Considering the findings from other studies
(vide infra), we opted to increase polyphenol extraction. To ensure consistency, the CPE
method was conducted at 65 ◦C, with a sodium chloride concentration of 3% w/v, and
at a pH level of 3.5. Previous research by Kiai et al. [35] suggested that the optimum
temperature for CPE is between 50 and 70 ◦C when using surfactants such as Genapol
X-080, Tween 80, and Triton-X. Additionally, Shi et al. [36] suggested that concentrations
below 20% w/v of sodium chloride would not result in effective phase separation. How-
ever, in our case, a much lower sodium chloride concentration (3% w/v) proved to be
adequate for the completion of separation, possibly due to the different material used
(apricot peeling waste in our case) and procedure. Furthermore, the optimum pH level was
set to 3.5 because polyphenols are protonated at low pH values, and thus, they interact
extensively with micellar clusters of non-ionic surfactants, making them quite soluble in the
micelle [28]. In contrast, polyphenols are deprotonated at high pH values, which reduces
their solubility in hydrophobic micelles [37]. The recovery of polyphenols was tested in
three different concentrations (2, 5, and 10% w/w) and with three extraction steps. Accord-
ing to Santana et al. [30], higher polyphenol extraction yields require high concentrations of
surfactants. In the first step of extraction, each surfactant at a 10% concentration had a sta-
tistically significant (p < 0.05) higher extraction recovery than any other concentration used.
However, this pattern did not apply to the other extraction cycles. Therefore, it is important
to compare the extraction yields in different steps between the surfactants. Finally, the
method employed herein was a modified (based on preliminary experiments) version of
the method discussed by Chatzilazarou et al. [29], who investigated the usage of surfactant
Genapol X-080 in order to isolate lycopene and total carotenoids from red-fleshed orange.
Authors used a 0.5–15% v/v concentration of surfactant. The optimum CPE conditions
were 30 min extraction at 55 ◦C, 35% sodium chloride, and pH level at 2.53. The recorded
recoveries in carotenoids and lycopene were both slightly above 90% after three CPE steps.

3.1. Effect of Surfactant Concentration via CPE with Genapol X-080

Genapol X-080 belongs to the class of alkylpolyethylene glycol ethers, and is a non-
ionic surfactant. The chemical structure of Genapol X-080 consists of a hydrophilic polyethy-
lene glycol (PEG) chain attached to a lipophilic alkyl chain. It is commonly used in various
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sectors, including the food, cosmetic, and pharmaceutical industries, as an emulsifier,
solubilizer, and wetting agent [38]. Figure 1 depicts the results of Genapol X-080, which
demonstrate a clear association between the amount of surfactant employed and the recov-
ery of polyphenols. It was observed that the use of higher concentrations of Genapol X-080
led to higher polyphenol recoveries, as expected. However, the recovery rate remained
below 60% in samples with low surfactant content, indicating the importance of additional
CPE steps.
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Figure 1. Percentage of polyphenol recovery with Genapol X-080 in different concentrations and
extraction steps; standard deviation is shown with error bars; different letters (i.e., a–k) indicate
samples that differ significantly (statistical difference for p < 0.05) using Student’s t-test.

The first step of extraction using 2, 5, and 10% w/v Genapol X-080 resulted in extrac-
tion yields of 44, 56, and 62%, respectively. Statistically significant (p < 0.05) differences
were found in every extraction step. The most efficient way to recover 82% of the total
polyphenols was by using 2% Genapol X-080 thrice, whereas the most cost-effective ap-
proach was to use 5% Genapol X-080 twice, resulting in 92% polyphenol recovery. Our
findings are similar to Kiai et al. [35], who investigated the extraction of table olive pro-
cessing wastewater polyphenols with the use of the surfactant Genapol X-080 and CPE.
At 70 ◦C equilibrium time and 4.0 pH level for 30 min CPE, they reached an approximate
60% recovery while using a 10% concentration of the surfactant. These results highlight
the importance of carefully selecting the concentration of the surfactant and the extraction
steps needed to optimize the recovery of polyphenols.

3.2. Effect of Surfactant Concentration via CPE with PEG 8000

PEG 8000 is a polyether, water-soluble, waxy solid that is commonly used as a thicken-
ing agent, lubricant, solvent, and surfactant in a wide range of usages, including pharma-
ceuticals, cosmetics, and food products. PEG 8000 has low toxicity and is considered safe
for human use [39]. The results of polyphenols extracted via CPE from ACW samples using
three different concentrations of PEG 8000 are presented in Figure 2. As seen in the figure,
the recovery of polyphenols is highly dependent on the concentration of the surfactant
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used. Specifically, increasing the concentration of PEG 8000 led to a higher recovery of
polyphenols. However, when using low concentrations of PEG 8000, the recovery rate
remained below 60%, indicating the importance of additional CPE steps. The extraction
yields of 2, 5, and 10% w/v PEG 8000 in the first step of extraction were 55, 70, and 92%,
respectively. Statistically significant differences (p < 0.05) were noted in most cases. It
is worth noting that the second step of extraction using 2% PEG 8000 provided a high
recovery rate of 44%. Interestingly, the recovery of polyphenols in the first two steps of
extraction using 2 and 10% PEG 8000 was almost the same (~99%). Thus, a satisfactory
recovery rate of polyphenols could be obtained by conducting a two-step extraction by
using 2% of the surfactant in each step, which was as effective as the extraction using 10%
PEG 8000. Our results are consistent with those of Chatzilazarou et al. [32], who also used
the CPE method at 65 ◦C and obtained a recovery rate of 55.2% using 5% w/v PEG 8000 for
one step of extraction from wine sludge. These findings suggest that using 2% PEG 8000 in
ACW can be a cost-effective method for extracting a significant number of polyphenols.
A wide variety of food industries could use the CPE technique because it is compatible
with most food matrices. For instance, an apricot cannery industry could use this method
with PEG 8000 in a two-step extraction with 2% w/v surfactant in each step. It would need
around 20 Kg of PEG 8000 for each CPE step with 2% w/v concentration. Given that PEG
8000 costs around EUR 100/Kg, it would cost approximately EUR 4000 for a two-step CPE
per ton of ACW. Other methodology reported by De Marco et al. [40] requires LLE with
mixing the same volumes of olive mill wastewater with solvents such as hexane or ethyl
acetate. Despite the encouraging results, it has a considerably higher cost and it could not
be used directly in food.
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Figure 2. Percentage of polyphenol recovery with PEG 8000 in different concentrations and extraction
steps; standard deviation is shown with error bars; different letters (i.e., a–h) indicate samples that
differ significantly (statistical difference for p < 0.05) using Student’s t-test.

3.3. Effect of Surfactant Concentration via CPE with Tween 80

Tween 80, frequently referred as Polysorbate 80, acts as a non-ionic surfactant of
the polysorbate family. It is a water-soluble liquid that is widely utilized as a stabilizer,
an emulsifier, and solubilizer in various sectors, including food, pharmaceuticals, and
personal care. It stems from natural sources such as sorbitol, ethylene oxide, and oleic
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acid. Tween 80 is known for its ability to increase both the bioavailability and the solubility
of insoluble medicines, as well as for its emulsifying properties in food products. It is
generally regarded as safe by regulatory agencies such as the FDA and has a wide range
of applications due to its versatile properties [41]. Figure 3 shows the findings of the
polyphenol CPE in ACW samples using three distinct concentrations of Tween 80. The
results revealed that polyphenol recovery was related to the concentration of Tween 80
utilized. Statistically significant differences (p < 0.05) were recorded among the various
tested concentration for the two first steps of the extraction. The first extraction step yielded
66, 75, and 88% of polyphenols with 2, 5, and 10% w/v Tween 80, respectively. Among the 5
and 10% w/v Tween 80 concentrations, the first two extraction steps yielded high recovery
rates of approximately 97 and 100%, respectively. An economically feasible method for
extracting polyphenols from ACW is to use 5% Tween 80 twice. Stamatopoulos et al. [42]
conducted a study on the isolation and CPE of polyphenols from olive leaf extract with
some modifications. They employed 35% w/v sodium sulfate as salt, pH 2.6, and 4% w/v
Tween 80, achieving excellent extraction yields in a single extraction step (>90%).
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3.4. Effect of the Surfactant Concentration via CPE with Lecithin

Lecithins are naturally extracted amphiphilic molecules composed of phosphatidyl-
choline (PC), phosphatidylethanolamine (PE), phosphatidylinositol (PI), and phosphatidic
acid (PA). They are often used as common emulsifiers in the food industry and have no
maximum level restrictions. Lecithins are quite a preferable alternative to synthetic compo-
nents, which is attributed to both regulatory demands and also to the health benefits of
phospholipids [43]. The results of polyphenol CPE in ACW samples using three different
concentrations of lecithin are illustrated in Figure 4. The recoveries of polyphenols with 2,
5, and 10% w/v lecithin were relatively low, at 40, 56, and 73%, respectively. Statistically
significant differences (p < 0.05) were recorded in most cases. Although the extraction
yield in each step was not as high as with other surfactants, lecithin is a cheap, natural,
edible, and non-toxic surfactant compared to other options [27]. Our results were similar
to those of Alibade et al. [44], who investigated the usage of lecithin in the CPE technique
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for extracting antioxidant compounds from winery sludges. They conducted experiments
to optimize the CPE parameters and found that after three steps of extraction with 5%
w/v lecithin, the recovery ranged from approximately 65 to 87%. Additionally, Karadag
et al. [45] used lecithin to extract polyphenols from olive mill effluent and achieved a yield
of approximately 50% by employing 12.5% w/v lecithin.

Eng 2023, 4, FOR PEER REVIEW 8 
 

 

no maximum level restrictions. Lecithins are quite a preferable alternative to synthetic 

components, which is attributed to both regulatory demands and also to the health bene-

fits of phospholipids [43]. The results of polyphenol CPE in ACW samples using three 

different concentrations of lecithin are illustrated in Figure 4. The recoveries of polyphe-

nols with 2, 5, and 10% w/v lecithin were relatively low, at 40, 56, and 73%, respectively. 

Statistically significant differences (p < 0.05) were recorded in most cases. Although the 

extraction yield in each step was not as high as with other surfactants, lecithin is a cheap, 

natural, edible, and non-toxic surfactant compared to other options [27]. Our results were 

similar to those of Alibade et al. [44], who investigated the usage of lecithin in the CPE 

technique for extracting antioxidant compounds from winery sludges. They conducted 

experiments to optimize the CPE parameters and found that after three steps of extraction 

with 5% w/v lecithin, the recovery ranged from approximately 65 to 87%. Additionally, 

Karadag et al. [45] used lecithin to extract polyphenols from olive mill effluent and 

achieved a yield of approximately 50% by employing 12.5% w/v lecithin. 

 

Figure 4. Percentage of polyphenols recovery with Lecithin in different concentrations and extrac-

tion steps; standard deviation is shown with error bars; different letters (i.e., a–h) indicate samples 

that differ significantly (statistical difference for p < 0.05) using Student’s t-test. 

3.5. Antioxidant Activity of the Recovered Polyphenols 

Compound extraction from a sample might be desirable provided that the isolated 

compounds preserve their characteristics. Consequently, it was essential to determine if 

the extracted polyphenols maintain their antioxidant activity or if it was impacted by CPE 

extraction. Total polyphenol content (TPC) was measured as mg of gallic acid equivalents 

per liter (mg GAE/L) using the Folin–Ciocalteu technique, and the DPPH test was used to 

evaluate the antiradical activity. No statistically significant differences (p > 0.05) were ob-

served in both tests for the polyphenols prior to and after the CPE step. We identified 2% 

PEG 8000 as the most efficient and cost-effective surfactant to examine polyphenol recov-

ery and scavenging activity. As such, a two-step CPE was applied, and Table 1 illustrates 

the results of these two methods. TPC of initial ACW was measured at 55.2 mg GAE/L 

and 54.6 mg GAE/L after the CPE method, where high recovery yields were achieved. Our 

findings are similar to Hong et al. [46], who measured 0.65 mg GAE/g from apricot waste 

but defined as waste whole fruit samples that are typically discarded by the clients owing 

to their poor quality. As for the DPPH test, the percentage of scavenging activity of the 

Figure 4. Percentage of polyphenols recovery with Lecithin in different concentrations and extraction
steps; standard deviation is shown with error bars; different letters (i.e., a–h) indicate samples that
differ significantly (statistical difference for p < 0.05) using Student’s t-test.

3.5. Antioxidant Activity of the Recovered Polyphenols

Compound extraction from a sample might be desirable provided that the isolated
compounds preserve their characteristics. Consequently, it was essential to determine if
the extracted polyphenols maintain their antioxidant activity or if it was impacted by CPE
extraction. Total polyphenol content (TPC) was measured as mg of gallic acid equivalents
per liter (mg GAE/L) using the Folin–Ciocalteu technique, and the DPPH test was used
to evaluate the antiradical activity. No statistically significant differences (p > 0.05) were
observed in both tests for the polyphenols prior to and after the CPE step. We identified 2%
PEG 8000 as the most efficient and cost-effective surfactant to examine polyphenol recovery
and scavenging activity. As such, a two-step CPE was applied, and Table 1 illustrates
the results of these two methods. TPC of initial ACW was measured at 55.2 mg GAE/L
and 54.6 mg GAE/L after the CPE method, where high recovery yields were achieved.
Our findings are similar to Hong et al. [46], who measured 0.65 mg GAE/g from apricot
waste but defined as waste whole fruit samples that are typically discarded by the clients
owing to their poor quality. As for the DPPH test, the percentage of scavenging activity
of the initial ACW was fairly low. However, the CPE method caused the percentage of
scavenging activity to be close to the initial ACW sample. Due to the scarcity of other
studies on recovering polyphenols in ACW via CPE, we could only compare our results
with Cheaib et al. [47], who investigated the isolations of polyphenols from apricot pomace
waste via solid–liquid extraction. While exploring the optimal conditions for solid–liquid
extraction (temperature, extraction solvent), they achieved an approximate 4% scavenging
activity in 90 min extraction with water as the solvent at 25 ◦C.
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Table 1. Total polyphenolic content (TPC) and antioxidant activity in ACW.

Phase TPC (mg GAE/L) Percentage of Scavenging

Initial ACW sample 55.2 ± 1.7 a,* 6.3 ± 0.5 a

CPE extract from ACW 54.6 ± 1.5 a 5.9 ± 0.3 a

* Data represent mean values ± standard deviation of three replicates; no statistically significant differences
(p > 0.05) were found between the samples (e.g., a).

4. Conclusions

The feasibility of using the CPE procedure to separate natural antioxidants (polyphe-
nols) from ACW was studied. The efficiency of the method was tested using a range of
food-grade surfactants at various concentrations. Owing to its efficiency, minimum cost
and duration, and the utilization of harmless extraction solvent, the CPE method is an
appealing alternative to the liquid–liquid or liquid–solid solvent extraction of polyphenols.
Further CPE steps might be employed to improve the acquired polyphenol recoveries.
However, the optimization of CPE conditions (equilibration time, salt addition, pH value)
may result in an even simpler polyphenol isolation technique, even avoiding the need for
the second extraction step. PEG 8000 was found to be the most cost-effective surfactant
to attain a high polyphenol yield. Just 2% w/v PEG 8000 when added twice in a two-step
extraction was enough to acquire ~99% recovery. The natural surfactant lecithin did not
provide statistically significant differences in polyphenol recovery when compared to the
other surfactants. Furthermore, many low-toxicity and specifically greener surfactants
should be investigated to see whether they are more effective than the previous examples.
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Abstract: Optimization and statistical methods are used to minimize the number of experiments
required to complete a study, especially in corrosion testing. Here, a statistical Box–Behnken design
(BBD) was implemented to investigate the effects of four independent variables (inhibitor concen-
tration [I], immersion time t, temperature ϑ, and NaCl content [NaCl]) based on the variation of
three levels (lower, middle, and upper) on the corrosion protection efficiency of the green inhibitor
oleoylsarcosine for low-carbon steel type CR4 in salt water. The effects of the selected variables were
optimized using the response surface methodology (RSM) supported by the Minitab17 program.
Depending on the BBD analytical tools, the largest effects were found for ϑ, followed by [I]. The
effect of interactions between these variables was in the following order: [I] and ϑ > t and ϑ > [I]
and [NaCl]. The second-order model used here for optimization showed that the upper level (+1)
with 75 mmol/L for [I], 30 min for t, and 0.2 mol/L [NaCl] provided an optimal protective effect for
each of these factors, while the lower level (−1) was 25 ◦C for ϑ. The theoretical efficiency predicted
by the RSM model was 99.4%, while the efficiency during the experimental test procedure with the
best-evaluated variables was 97.2%.

Keywords: Box–Behnken design; response surface methodology; potentiodynamic polarization;
prediction of corrosion protection efficiency; normal probability distribution

1. Introduction

Oleoylsarcosine (O, Scheme 1) is classified as an N-acylsarcosine derivative that has
a high efficiency to inhibit corrosion of low-carbon steel CR4 in 0.1 M NaCl [1]. Organic
compounds, such as O, are of increasing interest because of their low cost and potential
properties for adsorption to the metal surface [2–4]. Furthermore, these derivatives are
known to effectively inhibit corrosion and are aerobically and anaerobically biodegrad-
able [5–7].
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Several parameters affect the corrosion inhibition process, such as the concentration of
the used inhibitor [I], the immersion time t of the metal in an anticorrosive solution, the
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degree of acidity of the surrounding environment, the temperature ϑ, etc. [8,9]. In our recent
studies [1,10,11], the classical experimental principle was used to determine the trend of
concentration and time dependency of dip coating (immersion time of metal samples). The
usual procedure for experimental work, used primarily in research, is to study the effects
of changing one factor over time while holding other factors constant. However, these
classical methods require a large number of experiments, which consume a lot of materials,
such as substrate samples and (inhibitor) solutions, as well as time and effort, thus resulting
in high costs [12,13]. In addition, simple trial-and-error methods implemented in such
experiments for electrochemical processes cannot easily overcome the complex analytical
challenges [14]. To determine the effect of multiple variables on a process, even when there
is a complex interaction between them, optimization can help to eliminate the classical
methods of experimentation [15]. Before starting such experiments, it is worthwhile to
conscientiously plan the experimental work and then follow the developed plan [16]. In
this context, there are many recent studies that focus on the application of experimental
design and its tools to better explain the effects of different independent variables.

Chemometric tools are used to analyze and optimize the effects of variables and their
control on the process [17]. The statistical design of experiment (DOE) is a technique that
can be utilized to create an experimental model to reduce the number of tests required
compared to the usual experimental methods while taking into account selected or even
all relevant parameters in the experiment [17]. In addition to reducing the number of
experiments, DOE develops mathematical models that will allow statistical evaluation
of the influencing factors and show whether there are significant interactions between
the variables in the process. DOE receives the variables as input and gives the result
of the experimentation process as output. For optimization strategies there are many
mathematical techniques using univariate and multivariate methods [17–19]. To avoid
errors that may occur in the univariate method when the effect of one variable depends
on the level of the other variables involved in the optimization process, the levels of all
variables are changed simultaneously, which is processed in multivariate optimization.
In multivariate optimization, the first step is to fulfill the screening effect of the studied
variables in the fractional factorial design, which depends on the statistical method used
in the optimization, to know the main effect of the levels for each variable [20–22]. The
response surface methodology (RSM) is one of the most important optimization strategies,
and it has been shown in many studies to be a very useful tool for application in many
areas of industry [23–28].

The step after determining the influencing factors that have a significant effect is
to apply more complex experimental designs, such as the Box–Behnken design, at three
levels [29–31]. These may be qualitative factors, such as concentration, temperature, im-
mersion time, etc., or quantitative factors, such as steel type and grade, type of inhibitor,
etc. The responses are the independent variables, and their values depend on the level
of the factors. BBD is a type of RSM that can be used to determine the best conditions
for an optimal result in the experiment. BBD considers an independent quadratic design,
and the treatment is located at the midpoint of the edges of the process space and in the
center [32]. This technique is designed so that each variable has three levels. There are a
number of designs for BBD, and selection of the specific design depends on the number of
variables and their levels. The main advantage of the BBD method is the smaller number
of experiments compared to other response surface designs, e.g., the central composite
design [18,33].

In the present work, the BBD method was used to optimize the influence of four
independent variables affecting the protection of steel CR4 against corrosion in salt water.
The aim was to determine the optimum protective effect that can be achieved using the
examined levels of the selected factors. The selected independent variables and their
denomination were the concentration of inhibitor [I], the immersion time t of the steel
samples in the anticorrosive inhibitor stock solution, the temperature ϑ of the test solution,
and the NaCl content [NaCl] in the testing solution. Each independent variable had three
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levels (low, mid, and upper) and was designed as coded value (−1, 0, and +1). The
dependent variable (objective function) to be determined was the efficiency of the inhibitor
to reduce the current density and to achieve the best protection.

2. Materials and Methods
2.1. Metal Samples, Inhibitor, and Experimental Setup

Low-carbon steel type CR4, which corrodes relatively quickly at ambient environment
without protection, was tested against corrosion in salt water with three different NaCl
contents (0.05, 0.1, and 0.2 M). The single steel sheets were laser-cut in the dimensions
25 × 25 × 1 mm and delivered without further treatment by the supplier (Janssen CNC-
Blechbearbeitungs GmbH, 65604 Elz, Germany). The chemical composition was analyzed
by optical emission spectroscopy (Vario Lab, Belec Spektrometrie Opto-Elektronik GmbH,
49124 Osnabrück, Germany). The result of the metal analysis was in line with the standard
range of this steel type (CR4, also denominated as DC01- [1,34]).

Proper preparation, such as grinding, cleaning, drying of metal samples, and coating
with the selected inhibitor, was carried out before testing. Details can be found in [1,11,12].
Briefly, the specifics of this investigation were as follows. After grinding according to DIN
EN ISO 9227:2006 and DIN EN ISO 1514:2005-02 [35,36] with silicon carbide paper (120 and
220, WS FLEX 18c waterproof, HERMES, Hamburg, Germany), the samples were cleaned
ultrasonically in isopropanol (10 min) and dried with pressurized air. Subsequently, they
could be used immediately for immersion in the inhibitor solutions or stored at 60 ◦C for
slightly later use. The final step prior to corrosion testing was coating with an inhibitor at
three different concentrations [I] (25, 50, and 75 mmol/L in toluene) and at three different
duration times t (1, 10, and 30 min). According to our previous studies of N-acyl-sarcosine
derivatives [1,11], the most effective inhibitor oleoylsarcosine (O) was used.

Potentiodynamic polarization (Galvanostate Wenking, working electrode 1 cm2, ther-
mostated cell, LPG03 system, Bank Electronic—Intelligent Controls GmbH, 35415 Hessen,
Germany) was carried out following previous studies [1,10,11] to test the inhibitor O and
find the optimum corrosion protection for steel CR4 according to the experimental design.
This included variation of the variables [I], t, ϑ, and [NaCl], as mentioned above. Prior
to any measurement, the open circuit potential (OCP) was equilibrated at free potential.
The pH value was controlled to be constant at 6.5 ± 0.5 (EL20/EL2, Toledo Group, Zurich,
Switzerland). Polarizations were recorded in duplicate at ±150 mV with respect to the
OCP and a scan speed of 0.5 mV/s.

2.2. Experimental Design and Optimization

Design of experiments (DOE) involves subjecting certain experimental parameters,
i.e., variables, to an organized treatment using a designed measurement matrix in order to
obtain appropriate responses. Each experiment has one or more variables that represent an
input to the DOE (A, B, C, etc.), which is then converted to a corresponding output (Y). After
obtaining reasonable results from this experimental design and following proper analysis,
the optimal experiment can be planned. All DOE techniques are nontraditional methods.
Independent variables that represent effective combinations of each other are determined
so that the tests can be carried out statistically in a limited number. The Box–Behnken
design (BBD) is one such technique that reduces the required number of experiments
while maintaining the accuracy of the results. The type of design depends on the levels
used for the variables. A two-level matrix includes only a lower and upper limit (−1 and
+1), while a three-level matrix includes an additional midpoint (−1, 0, and +1). For each
classical experimental procedure, a certain number of experiments is required, which can
be calculated from the number of variables and levels according to Equation (1):

S = lk (1)

where S is the number of experiments, l the number of levels, and k the number of variables.
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In the present work, the number of experiments required in a conventional study with
four variables and three levels each according to Equation (1) would have been as follows:
34 = 81. However, the required number was minimized with BBD. The independent
variables with their levels were performed in coded values, as summarized in Table 1. The
orthogonal three-level matrix for four variables with three levels each according to BBD
therefore resulted in only 27 runs, as shown in Table 2.

Table 1. The four independent variables with their levels performed with coded values.

No. Variable Code Selected Variable
Coded Level

−1 0 +1

1 A Inhibitor concentration [I]
(mmol/L) 25 50 75

2 B Immersion time t (min) 1 10 30
3 C Temperature ϑ (◦C) 25 40 55
4 D NaCl content [NaCl] (mol/L) 0.05 0.1 0.2

Table 2. Three-level matrix for four variables (A, B, C, and D) and three levels (−1, 0, and +1)
according to BBD with resulting 27 single experiments.

Coded Value

No. A B C D

1 −1 −1 0 0
2 −1 +1 0 0
3 +1 −1 0 0
4 +1 +1 0 0
5 0 0 −1 −1
6 0 0 −1 +1
7 0 0 +1 −1
8 0 0 +1 +1
9 −1 0 0 −1

10 −1 0 0 +1
11 +1 0 0 −1
12 +1 0 0 +1
13 0 −1 −1 0
14 0 −1 +1 0
15 0 +1 −1 0
16 0 +1 +1 0
17 −1 0 −1 0
18 −1 0 +1 0
19 +1 0 −1 0
20 +1 0 +1 0
21 0 −1 0 −1
22 0 −1 0 +1
23 0 +1 0 −1
24 0 +1 0 +1
25 0 0 0 0
26 0 0 0 0
27 0 0 0 0

The main objective of the DOE application is to optimize the experimental process
and predict the maximum response Y depending on the selected variables and levels
with a minimum number of experiments. There are many computer-aided optimization
methods for DOE, but RSM is one of the most effective [37,38]. RSM combines statistical
and mathematical techniques that are useful in developing, improving, and optimizing
processes. The first aim in RSM is to find the optimal response Y. The second objective is
to understand how Y changes in a particular direction by a graphical adaptation. Here,
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the efficiency of the inhibitor is the response variable expressed as a function of four
independent variables, as shown in Equation (2) [37]:

Y = f (A, B, C, D) + ε (2)

where A, B, C, and D are the variables, and ε is the experimental error.
RSM starts with a first-order model function if the response is a linear function of the

independent variables. Here, the first-order model can be expressed as Equation (3):

Y = β0 + β1 A + β2B + β3C + β4D + ε (3)

where β is the respective regression coefficient.
If the response surface has a curvature, then a second-order model should be used,

given in Equation (4):

Y = β0 + β1 A + β2B + β3C + β4D

+β11 A2 + β22B2 + β33C2 + β44D2

+β12 AB + β13 AC + β14 AD + β23BC + β24BD + β34CD + ε

(4)

In this work, the second-order model for RSM was used to identify all possible
effects on the process. RSM was applied using Minitab 17 to perform 27 experiments and
determine the responses based on the proposed predictive mode.

3. Results and Discussion
3.1. Experimental Corrosion Protection Efficiencies According to the BBD Matrix

Polarization measurements were carried out according to the aforementioned BBD
matrix to analyze the effects of the four selected variables on the protection efficiency. The
result of these 27 experimental runs is given in Table 3.

Table 3. Efficiency results of the 27 experiments according to the BBD matrix, including the coded
and real values (compare Table 1).

Coded Value Real Value Efficiency
%No. A B C D A B C D

1 −1 −1 0 0 25 1 40 0.1 85.20 ± 4.1
2 −1 +1 0 0 25 30 40 0.1 77.99 ± 8.9
3 +1 −1 0 0 75 1 40 0.1 66.77 ± 2.1
4 +1 +1 0 0 75 30 40 0.1 69.87 ± 3.6
5 0 0 −1 −1 50 10 25 0.05 89.11 ± 0.6
6 0 0 −1 +1 50 10 25 0.2 92.06 ± 0.8
7 0 0 +1 −1 50 10 55 0.05 39.94 ± 0.2
8 0 0 +1 +1 50 10 55 0.2 37.86 ± 2.5
9 −1 0 0 −1 25 10 40 0.05 70.05 ± 8.0

10 −1 0 0 +1 25 10 40 0.2 52.40 ± 6.1
11 +1 0 0 −1 75 10 40 0.05 85.57 ± 1.0
12 +1 0 0 +1 75 10 40 0.2 74.59 ± 4.8
13 0 −1 −1 0 50 1 25 0.1 92.86 ± 0.1
14 0 −1 +1 0 50 1 55 0.1 50.15 ± 8.3
15 0 +1 −1 0 50 30 25 0.1 91.96 ± 1.0
16 0 +1 +1 0 50 30 55 0.1 41.80 ± 9.7
17 −1 0 −1 0 25 10 25 0.1 91.98 ± 1.6
18 −1 0 +1 0 25 10 55 0.1 54.26 ± 7.9
19 +1 0 −1 0 75 10 25 0.1 94.35 ± 0.5
20 +1 0 +1 0 75 10 55 0.1 46.03 ± 4.1
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Table 3. Cont.

Coded Value Real Value Efficiency
%No. A B C D A B C D

21 0 −1 0 −1 50 1 40 0.05 86.46 ± 2.3
22 0 −1 0 +1 50 1 40 0.2 80.63 ± 0.2
23 0 +1 0 −1 50 30 40 0.05 76.51 ± 3.9
24 0 +1 0 +1 50 30 40 0.2 73.55 ± 4.6
25 0 0 0 0 50 10 40 0.1 74.23 ± 0.5
26 0 0 0 0 50 10 40 0.1 74.23 ± 0.5
27 0 0 0 0 50 10 40 0.1 74.23 ± 0.5

For the next step in optimization of the variables’ influence, including their levels,
RSM was applied on the data outlined in Table 3. The tools used to analyze and optimize
the process are given in the following sections: general effects of variables (see Section 3.2.),
response plot (see Section 3.3.), normal probability distribution (see Section 3.4.), and
optimization by RSM (see Section 3.5.).

3.2. General Effects of the Variables and Their Levels

Before starting the optimization process, it is important to outline the main effects of
each variable depending on its level (−1, 0, and +1)). Figure 1 displays the main effect
diagrams (based on results of Table 4), which show the response of each variable as it
changes according to the given level, for the current corrosion protection process with the
selected inhibitor O. The following observations can be derived from Figure 1.

1 

 

 

 

 

 

 

 
 

 

  
Figure 1. General effects of the four selected variables [I], t, ϑ, and [NaCl] with their three levels (−1,
0, and +1) on the corrosion protection of steel CR4: Main effect on the process (A) of [I], (B) of t, (C) of
ϑ, and (D) of [NaCl], respectively, while the other tested variables remain unchanged.

The protection efficiency gradually increased as the inhibitor O concentration in-
creased, reaching an optimum of 94% at the upper level (+1, Figure 1A). For the remaining
variables t, ϑ, and [NaCl] (Figure 1B–D), the highest efficiency was achieved at their respec-
tive lower levels (−1). Considering all changes in the individual main effect diagrams, it
can be noticed that the temperature (Figure 1C), had the greatest influence. The change in
the efficiency was significantly more pronounced when switching between the levels than
for any other variable (Figure 1C). The overall least effect was recorded for the salt content
with efficiencies around 40% (Figure 1D).
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This general overview only gives a quick indication of the behavioral effect of the
tested independent variables. For a more in-depth analysis, BBD tools, such as response
graphs, normal probability distribution, and interaction effect graphs, were used.

Table 4. Normal probability calculations.

Variable/Interaction Estimated Effect Ef Rank I Probability
(Pi) = 100(I − 0.5)/10

C 47.046 1 5
CD 9.805 2 15
BD 9.244 3 25
B 6.952 4 35
D 6.091 5 45

AB 6.021 6 55
AC 5.300 7 65
BC 5.186 8 75
AD 3.335 9 85
A 1.158 10 95

Mean 10.014 - -

3.3. Response Plot

The result of the implantation runs in the BBD experimental design are shown in
the response table (see Supporting Information S1). Each determined efficiency value
represents the average of two independent experiments to ensure reproducibility. With the
plot of the response graph in Figure 2, the individual and interactive effects of the variables
on the process can be easily examined. The effect of the variables and their levels on
efficiency is represented as Ef, which was obtained by the higher (lH) and lower (lL) values
for each factor and interaction in the response table (see Supporting Information S1). The
response graph (Figure 2) represents the estimated impact. Therefore, it is a valuable tool
that uses the absolute impact to analyze the effect of factors on the efficiency of the process.
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Figure 2. Response plot of the individual and interactive effects of the four selected variables with
their three levels on the corrosion protection of steel CR4.

From the response graph (Figure 2), it is clear that the temperature had the greatest
influence in reducing corrosion in the presence of inhibitor O, with Ef C = 47 (half-filled
triangles up, magenta). This is consistent with the result of the main effect plot in Figure 1.
The interactions between temperature and [NaCl], depicted as CD, ranked second for the
influence on the process, along with the immersion time and [NaCl], depicted as BD (Ef = 9
for both, half-filled circles in blue and half-filled pentagons in dark yellow, respectively).
The immersion time, depicted as B, followed on rank 3 (Ef = 7, blue, half-filled triangles
up), while both the NaCl content and the interaction between [I] and t, depicted as D and
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AB, respectively, were rank 4 (Ef = 6 for both, green half-filled diamonds and dark blue
half-filled triangles left, respectively). Rank 5 was shared by the interactions between AC
and BC, each with an effect of 5 (light purple half-filled triangles right and brown half-filled
diamonds, respectively). The interaction between inhibitor concentration and NaCl content
results came in at rank 6 with Ef AD = 3 (dark purple half-filled diamonds). In the last
place of individual and combined two-factor interactions was the inhibitor concentration,
depicted as A, with Ef of only = 1 (red half-filled circles), which meant that a change
of inhibitor O to higher concentrations did not have a great influence on the response
(and therefore the efficiency of corrosion protection). Interactions between three and four
factors had the same value for the mean efficiency of the process, which in the end had no
detectable effects on corrosion protection (Figure 2).

3.4. Normal Probability Plot

The results reviewed in the response graph (Figure 2) clearly indicated that some
variables and interactions had a greater effect than others. To ensure that these effects were
real and did not just occur by chance, a normal probability representation was applied.
Calculations required to plot the normal probability are summarized in Table 4. The
probability represents how far the variables and their respective interactions affected the
corrosion protection.

The estimated effect of the variables and the interactive effects yielded the normal
probability data given in Table 4 according to the order from maximum to minimum
value. Figure 3 shows the normal probability diagram, which indicates which factors
and interactions had a significant influence on the protection efficiency and which were
rather insignificant. The effective value is based on the distance of the data point (colored
diamond) from the mean line, with the effect being greater the further it is from it. The
red diamonds refer to the variables and combinations that have the strongest effect, the
green ones still have a good to moderate effect, while the blue ones indicate insignificant
effects. From this, it can be clearly deduced that the temperature (C) and the inhibitor
concentration (A) had the greatest influence on the efficiency (red diamonds) as they are
most distant from the mean line. Accordingly, the interaction effects AB, AC, BC, and
AD (green diamonds) also had good effects. The individual variables of the immersion
time (B) and the NaCl content (D), shown as green diamonds, still indicated a good to
moderate effect. The interactive effects between ϑ and [NaCl] (CD) as well as immersion
time and [NaCl] (BD) (blue diamonds) had an insignificant effect as they are very close to
the indicated mean line.

 

2 

 

 

 

 

 
  

Figure 3. Normal probability plot for the distribution of individual and interaction effects of the four
tested variables with their three levels on the CR4 steel protection in salt water using inhibitor O.
The following color code applies: Red for high, green for good to medium, and of blue for negligible
effects, respectively, of the tested variable on the process.
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The normal probability distribution in Figure 3 clearly shows that the concentration
of inhibitor O had a high effect on protection, while in the response graph in Figure 2, it
showed a lower effect compared to the other variables and interactions. As mentioned
before, the normal probability shows the actual impact of the factors affecting the process
rather than the random impact. This also explains why some factors had a greater influence
in the response graph than in the normal probability distribution and vice versa. For this
reason, it was reasonable to use both methods for data analysis in the current study.

3.5. Optimization

The RSM (response surface methodology) was used here to determine the maximum
protection efficiency for inhibitor O in accordance with the selected factors and their chosen
levels. Optimization was implemented to statistically design the combinations, determine
the coefficient by fitting the experimental results to the response function, predict the
response according to the fitted model, and finally check the fit of the designed model.

3.5.1. Implementation of the Empirical Model

Here, the second-order model of Equation (4) was used, with only the double interac-
tion effect included in the regression model. Regression coefficients were obtained using
Minitab 17 software and are summarized in Table 5 (see Supporting Information S2).

Table 5. Obtained regression coefficients of the optimization model according to Equation (4).

No. Coefficient Coefficient Obtained Symbol

1 Constant 74.23 ß0
2 A 0.44 ß1
3 B −2.53 ß2
4 C −23.52 ß3
5 D −3.05 ß4
6 AA −0.23 ß11
7 BB 2.86 ß22
8 CC −6.07 ß33
9 DD −1.52 ß44
10 AB 2.58 ß12
11 AC −2.65 ß13
12 AD 1.67 ß14
13 BC −1.86 ß23
14 BD 0.72 ß24
15 CD −1.26 ß34

Using the regression coefficients listed in Table 6 and the regression equation generated
by the program (see Supporting Information S3), the empirical model in Equation (4) can
be rewritten as follows:

Predicted efficiency % = 74.23 + 0.44 × A − 2.53 × B −23.53 × C − 3.05 × D − 0.23 × A2 + 2.86 × B2 − 6.07 × C2 −
1.52 × D2 + 2.58 × AB − 2.65 × AC + 1.67 × AD − 1.86 × BC + 0.72 × BD − 1.26 × CD

(5)

The determination of multiple coefficients (R2) for the proposed predictor model
yielded 89.2%, which meant that only 10.8% was not considered by the proposed model,
indicating a good acceptance of the model used in this study. The actual experimental
efficiency, the predicted efficiency resulting from the application of the empirical model,
and the error resulting from the difference between them are given in Table 6.

3.5.2. Statistical Simulation of the RSM

The simulation of RSM was carried out to understand the changes in response accord-
ing to a particular direction by adjusting the selected variables. The response surface was
plotted graphically in 3D and 2D (Figures 4 and 5, respectively). In the response surface
plot, only two variables could be included in the diagram, so the other two factors were
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placed at the middle level (0 level). Figure 4 shows a 3D plot of efficiency for each of the
two variables changing from a lower to a higher level.

Table 6. The actual experimental efficiency and the efficiency predicted by the model according to
Equation (4).

Experiment No. Experimental Efficiency [%] Predicted Efficiency [%] Error [%]

1 85.20 81.52 2.59
2 77.99 71.30 4.72
3 66.77 77.25 7.41
4 69.87 77.34 5.28
5 89.11 91.95 2.00
6 92.06 88.37 2.60
7 39.94 47.42 5.28
8 37.86 38.81 0.67
9 70.05 76.74 4.73

10 52.40 67.32 10.55
11 85.57 74.29 7.97
12 74.59 71.54 2.15
13 92.86 95.21 1.66
14 50.15 51.88 1.23
15 91.96 93.87 1.35
16 41.80 43.09 0.91
17 91.98 88.36 2.55
18 54.26 46.61 5.40
19 94.35 94.54 0.13
20 46.03 42.20 2.70
21 86.46 81.86 3.25
22 80.63 74.33 4.45
23 76.51 75.36 0.81
24 73.55 70.70 2.01
25 74.23 74.23 0
26 74.23 74.23 0
27 74.23 74.23 0
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Contour plots were used to make the results of the response surface more visible and 
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concentration (A) versus the immersion time (B) changed from the lower to the upper 
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Figure 5. 2D contour plots related to the response surface graph (Figure 4). Each contour plot
represents the interaction between two variables moving from the lower level (−1) to the upper level
(+1) while keeping the other two factors at the middle level (0).

Contour plots were used to make the results of the response surface more visible and
understandable, as shown in Figure 5. The contour plot was a 3D plot created for each
two pairs of factors while keeping the others factors at the middle level. If the inhibitor
concentration (A) versus the immersion time (B) changed from the lower to the upper level
while C and D remained at the middle level, this essentially resulted in an efficiency of
up to 80% and only partly up to 90% when A and B were at the lower level (Figure 5B*A).
The efficiency was around 90% when the levels of C and A moved from lower (−1) to
middle (0) and less than 50% at the (+1) level (Figure 5C*A). No significant effect could
be detected for factors D and A from (−1) to (0) with 70–80% and only a decrease to 60%
towards the upper level, corresponding to an increased NaCl content (Figure 5D*A). For
the combination of temperature C and immersion time B, a continuous decrease from up
to 90% at level −1 to as low as 40% at level +1 was observed (Figure 5C*B). For factors D
and B, there was an efficiency of around 90% at the −1 levels, which decreased extensively
to 80% to the 0 and +1 levels (Figure 5D*B). The last surface response plot (Figure 5D*C)
showed an interesting behavior of temperature (C) and NaCl content (D) as the effect of C
was more controlled than D. For factor C, the effect on D was stable at all levels as it moved
from −1 to 0, with an efficiency of around 80–90%, while it dropped to 40% when C moved
to the upper level (+1), with the effect of D remaining stable throughout (Figure 5D*C).

3.5.3. Find the Optimal Levels for Best Prediction

To find the best values for the levels that provide optimal efficiency in the current
protection process with compound O, the proposed predicted model was used and applied
by Minitab17. Using the software, it was determined that the upper level (+1) was optimal
for inhibitor concentration (A) and immersion time (B), while the lower level (−1) was
better for the temperature factor (C, see Figure 6). For the NaCl content (D), the value was
0.1919, which is approximately 0.2 (real value = 0.2 M) and thus corresponded to the upper
level. Therefore, the most appropriate levels for the selected factors could be determined
by the prediction model used for A (+1), B (+1), C (−1), and D (+1). Moreover, this series
was not included in the BBD matrix, which is a successful indicator for the model proposed
in this study. The overall predicted efficiency depending on the regression equation was
99.4% (see Figure 6).
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Figure 6. Prediction of the optimum efficiency (dotted blue line) of inhibitor O to protect steel CR4
against corrosion in salt water (course of the black line, best level indicated in red). Optimization and
prediction were performed by RSM with support from Minitab17.

By substituting the obtained values and according levels from the RSM by Minitab17
for each tested variable into Equation (6), the optimal value of efficiency can be predicted
as follows:

Predicted efficiency % = 74.23 + 0.44 × (1) − 2.53 × (1) −23.53 × (−1) − 3.05 × (0.1919) − 0.23 × (1)2 + 2.86 × (1)2 −
6.07 × (−1)2 −1.52 × (0.1919)2 + 2.58 × (1 × 1) − 2.65 × (1 × −1) + 1.67 × (1 × 0.1919) − 1.86 ×

(1 × −1) + 0.72 × (1 × 0.1919) − 1.26 × (−1 × 0.1919) = 99.4
(6)

The optimal protective effect predicted theoretically by RSM supported using Minitab17
was 99.4% according to the following combination of levels: A = 75 mmol/L (+1),
B = 30 min (+1), C = 25 ◦C (−1), and D = 0.2 M NaCl (+1). Thus, the predicted efficiency
was higher than the maximum experimental efficiency of 94.4% obtained in experiment
No. 19 (for details, see Table S1 and Supporting Information S3). Even though the pre-
dicted combination was not included in the 27 single designed tests determined in the
matrix, it was essential to confirm it experimentally. In Figure 7, the anodic and cathodic
polarization for experiment No. 19 (red) is displayed, together with the predicted and
experimentally confirmed one (optimum in blue) in comparison to the unprotected steel
CR4 as reference (black).
 

3 

 

Figure 7. Polarization curves for experiment No. 19 and the predicted one (with levels +1, +1, −1,
and +1) performed experimentally compared to unprotected steel CR4 (reference).

The experimentally confirmation, including the predicted combination of the levels
(+1, +1, −1, and +1), was performed and resulted in a 97.2% efficiency. In comparison to
the theoretical value of 99.4%, this results is an error of 2.2%, indicating high confirmation
and acceptance of the proposed predictive model.
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4. Conclusions

In this work, the efficiency of the compound oleoylsarcosine in inhibiting corrosion
of steel type CR4 in aqueous solution with different NaCl contents was investigated.
Furthermore, the variables that have the greatest influence on corrosion protection, such as
inhibitor concentration, immersion time, temperature, and NaCl content, were evaluated
accordingly. The individual tests were performed based on a design of experiments using
the Box–Behnken design (BBD) technique. The optimization process was carried out using
the response surface methodology (RSM) supported by the program Minitab17 to determine
the optimal efficiency of the process according to selected variables and their respective
levels. The obtained results showed that the BBD technique used here is a good systematic
control tool to explore the process of corrosion protection by inhibitors. In this context, BBD
is suitable as a very flexible means of representing changing environmental conditions,
allowing the variables or their limits to be changed and controlled. The data obtained
explain how the factors tested affect the process, with temperature having the greatest
influence, followed by inhibitor concentration. The possible interactions between the
selected variables was also examined in BBD, with the interaction of inhibitor concentration
and temperature (AC), immersion time and temperature (BC), and inhibitor concentration
and NaCl content (AD) having larger effects than all others.

In the subsequent optimization, the upper level (+1) proved to be the better limit
for the inhibitor concentration (A), immersion time (B), and NaCl content (D), while the
lower level (−1) was found to be optimal for the temperature (C). The RSM acceptance was
up to 89.2% when using the program Minitab 17 to determine the predicted response in
comparison to the experimental results.

The highest efficiency obtained on the basis of the experimental design was up to 94%
in one test with the following combination of variables and levels: A +1, B 0, C −1, and D 0.
The optimal efficiency theoretically predicted by RSM was 99.4% with the combination A
+1, B +1, C −1, and D +1, which in turn was not included in the experimental design matrix.
In summary, the error between the theoretical and experimental results of the optimum
efficiency was only 2.2%, indicating good confirmation and acceptance of the proposed
prediction model.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/eng4010038/s1, Supporting Information S1: The com-
plete response table for three levels of the four independent variables. The efficiency is the output of
27 runs based on Box–Behnken design (BBD). Supporting Information S2: Details of optimization by
response surface method (RSM) implementation in Minitab17 based on Box–Behnken Design (BBD).
Supporting Information S3: Prediction setting and results.
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