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Abstract: Pharmaceuticals are one of the most used compounds present in various environmental
compartments. Due to their high consumption and possible unhealthy effect on ecosystems, pharmaceuticals
have been identified as “emerging organic contaminants”. Since these compounds have medium to high
polarity, they end up in the water compartment after being used. This work deals with the sorption of
three pharmaceutical substances from the therapeutic group of antibiotics. Specifically we have focused on
Azithromycin, Clarithromycin and Erythromycin. Three fractions of the natural Slovak zeolites (200 pm,
0.5—1 mm and 1.5—2 mm) were used as the sorption medium. Experimental results have proven very
effective sorption of antibiotics by zeolites. Azithromycin removal of over 99 % for all three zeolite fractions
from wastewater treatment plant Stupava and wastewater treatment plant Devinska Nova Ves was achieved.
Clarithromycin removal of 79 % for fraction 1—2.5 mm, 87.3 % for fraction 0.5—1 mm and of 99.8 % for
fraction 200 pm from the effluent of wastewater treatment plant Stupava was observed. Erythromycin removal
of 31.3 % for fraction 1—-2.5 mm, 66.9 % for fraction 0.5—1mm and of 94.7 % for fraction 200 pm from effluent
of wastewater treatment plant Stupava was measured. More than 95 % of Clarithromycin and Erythromycin
were eliminated from the effluent of wastewater treatment plant Devinska Nova Ves. The highest elimination
percentage was observed for the smallest zeolite fraction due to the highest specific surface area.
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Introduction

Intensive research on pharmaceuticals in the en-
vironment started about 25 years ago. Since then,
a vast amount of literature has been published.
The input and presence of active pharmaceuti-
cal ingredients and their fate in the environment
have been of high interest (Kiimmerer, 2009). The
release of antibiotics is becoming of considerable
concern due to their negative effects not only on
the environment but also on human health (Lu
et al., 2014). Antibiotics are antimicrobial agents
of different chemical structures characterized
by selective toxicity to certain types of bacteria.
Antibiotics as pharmaceuticals are among the most
prescribed medicines by general practitioners not
only in Slovakia but also in the world. In the US,
262.5 million antibiotic packs (842 prescriptions
per 1 000 persons) were prescribed in 2011. In 2016,
Slovak doctors prescribe 718 packs antibiotic per
1 000 inhabitants (Suskova, 2017).

Erythromycin is an antibiotic used for the treat-
ment of some bacterial infections. Azithromycin
is used for the treatment of a number of bacterial
infections for example: ear infections, strep throat,
pneumonia, diarrhea, and certain other intestinal
infections (Sylvester et al., 2009). Clarithromycin is
used to treat various bacterial infections as: pneu-
monia, skin infections, Helicobacter pylori infec-
tion, and Lyme disease; it can be taken by mouth as
a pill or liquid (Sylvester et al., 2009).

Many studies confirm that pharmaceuticals appeared
in high concentration in wastewater treatment plants
(WWTPs) worldwide. Concentration of clarithromy-
cin in the influent of WWTPs is from 330 to 600 ng/1
and in the effluent of WWTPs it ranges from 150
to 460 ng/1 (Gobel et al., 2005). Erythromycin in
WWTPs influent ranges between 140—10 020 ng/1
and in WWTPs effluent between 23—2 700 ng/1
(Kasprzyk-Hordern, Dinsdale and Guwy, 2009).
Azithromycin in WWTPs influent ranges from 90
to 380 ng/1 and in the effluent from 40 to 380 ng/1
(Gobel et al., 2005).

The adsorption technology in a real WWTP is
designed according to (Keysers et al., 2015), after
the settlement tank, two separate lines for ozo-
nation and sorption are located; they can be
operated as single lines or in sequence (ozonation
with subsequent sorption). Regeneration of zeo-
lites can be based on thermal treatment, where
adsorbed molecules are volatilized and/or oxi-
dized by heating. Alternatively, the solvent extrac-
tion of entrapped molecules is considered as
another efficient technique. Other methods in-
clude photochemical, biological, vacuum, electri-
cal/electrochemical, and supercritical fluid treat-
ment, as well as microwave and ultrasound me-
thods (Braschi et al., 2016).

The aim of this work was to eliminate selected anti-
biotics from effluent of wastewater treatment plants
by means of sorption processes. For sorption tests,
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Slovak natural zeolites from Zeocem a.s. (Kosice,
Slovakia) were used.

Materials and methods

Laboratory sorption tests were realized with Slovak
natural zeolites from Zeocem a.s. (Kosice, Slovakia)
and with effluents from two municipal WWTPs.
In the effluent samples from WWTP Stupava
and WWTP Devinska Nova Ves, a wide spectrum
of pharmaceuticals from different therapeutic
groups were analyzed. As antibiotics are the most
prescribed pharmaceuticals in the Slovak Republic,
three compounds for our research were selected:
azithromycin (AZI), erythromycin (ERY) and clari-
thromycin (CLA).

Pharmaceuticals analysis

The samples were filtered through a 0.45 pm cellu-
lose membrane filter. Before HPLC/MS/MS analy-
sis, a mixture of isotopes labelled internal standards
was added to 10 ml of the sample. For pharmaceuti-
cal products detection, SPE liquid chromatography
combined with a hybrid quadrupole — Orbitrap,
and a high resolution detector was used (Grabic et
al., 2012). Table 1 summarizes basic information on
the monitored antibiotics.

Characteristics of Slovak natural zeolites

Zeolites are natural or synthetic aluminosilicates of
ordered arrangements of SiO, and AlO, tetrahedra.
Isomorphic substitution of silicon (Si) by aluminum

Tab. 1. Basic characteristics of pharmaceuticals.

(Al) creates an overall negative charge which is

compensated by cations, for example Na’, K*, Ca*'

and Mg?', providing zeolites with the properties of

cationic exchangers. Natural zeolites and less pure

forms of synthetic zeolites, such as those derived

from fly ash, find limited applications in wastewater

treatment, where high selectivity and specificity are

not an issue. The general formula of a zeolite is

M.5/,O - Al,O; - xS10, - yH,O, where, M, is any alkali

or alkaline earth atom, n is the charge on that atom,

x is the number of Si tetrahedron varying from 2 to

10, and y is the number of water molecules varying

from 2 to 7 (Sun et al., 2017).

Extensive possibilities of zeolites are mainly due to

their specific physicochemical properties:

* high ion exchange selectivity

* reversible hydration and dehydration

* high gas sorption capacity

* high thermostability

* resistance to aggressive media (Zeocem a.s.,
2016)

Sorption tests were carried out with 10 g of three

zeolite fractions (200 pm; 0.5—1 mm; 1—2.5 mm)

and 200 ml of WWTPs effluent. Sorption time was

Tab. 2. Basic properties of tested zeolites (Zeocem

a.s., 2016).
Fraction of zeolites Specific surface area
200 pm Powder 53—55 m%/¢g
0.5—1 mm Fine sand 44—46 m*/g
1—2.5 mm Coarse sand  40—42 m*/g

Ph tical Molecular K Charge at pH 7 Log K Ref
armaceutica a “harge a og Kow eferences
weight (g/mol) P geatp &
. . pKa, =8.7 . . .
azithromycin 784.99 Positive 0.44—3.16 Xian et al., 2015
pKa,=9.5

clarithromycin 747.95 8.99 Positive 3.18; 3.16 Verlicchi et al., 2012a
2.5 s et al., 2002

erythromycin 737.93 8.88—8.9 Positive ]one.s ¢ ,d
3.06 Verlicchi et al., 2012a

200 pm

0,5~ 1 mm

1-2.5mm

Fig. 1. Zeolite fractions.
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30 min. Subsequently, samples were taken and sent
for drug analysis. Table 2 summarizes basic proper-

ties of the individual fractions.

Results and discussion

Since 2014, monitoring of pharmaceuticals in
wastewater has been carried out at the Depart-
ment of Environmental Engineering, Faculty of
Chemical and Food Technology, Slovak Univer-
sity of Technology in Bratislava. In the first step,
monitoring of selected antibiotics was carried out
at 15 Slovak WW'TPs. Table 3 summarizes average
concentration of antibiotics in the individual stages
of Slovak WWTPs. These data show that removal
of antibiotics is very low; specifically, removal of
ERY and AZI is only 32 % and 65 %, respectively.
Although the removal of CLA is relatively high —
93 %, the total effluent concentration is very high
(258 ng/1). Real effluent concentrations of all
monitored antibiotics are higher than 200 ng/1,
so adding a tertiary treatment step to eliminate
these residual concentrations is strongly advised.
Elimination of pharmaceuticals from water is very
important as they negatively affect fish and other
living organisms. Some studies indicate mutations
in fish due to drug accumulation in water (Mi-
meault et al., 2005).

Wastewater treatment plant Stupava

In wastewater treatment plant Stupava, wastewater
from 13 000 p.e. is treated but its capacity is up to
18 000 p.e. WW'T'P Stupava consists of a mechanical
and a biological (pre-denitrification, nitrification)
stage, and sludge is aerobically stabilized. Monitor-

ing of the selected antibiotics shows that the drugs
are present in the influent at hundreds of ng/1
(Table 4) and their removal is not satisfying.
Elimination of selected antibiotics is very high but
effluent concentration is also high. For example,
removal of CLA was 94 % but effluent concentra-
tion was 100 ng/1, which indicates the need to add a
tertiary treatment step.

Tab. 4. Average concentration of pharmaceuticals
in WWTP Stupava influents and effluents
and their removal efficiency.

. Influent Effluent Removal
Pharmaceuticals
ng/1 ng/1 %
azithromycin 430 180 58
clarithromycin 1700 100 94
erythromycin 390 63 84

Concentrations of AZI, CLA and ERY of 520 ng/1
AZ1,2200 ng/1 CLA and 16 ng/1 ERY were detected
in WWTP Stupava effluents. Table 5 summarizes
data measured after the sorption test with indi-
vidual zeolite fractions run for 30 minutes. AZI was
effectively (over 99 %) removed by all three frac-
tions. CLA was removed (79.1 %) using the largest
zeolite fraction (1—2.5 mm), and the efficiency of
the removal increased with the gradual reduction of
the fraction. With the finest 200 pm fraction, CLA
removal was above 99 %. The lowest elimination of
the selected antibiotics was achieved for ERY, the
elimination effect was 31 % with the largest frac-
tion (1—2.5 mm), which is significantly lower than
that for AZI and CLA. ERY was most effectively
removed using the 200 pm fraction (94.7 %). The

Tab. 3. Average sewage concentration in individual WWTPS stages from long term monitoring during

last 12 months.

Primary Removal after primary Total removal
. Influent . . . . Total effluent L
Pharmaceuticals sedimentation tank sedimentation tank of antibiotics
ng/1 ng/1
ng/1 % %
azithromycin 598 387 35 208 65
clarithromycin 3 870 842 78 258 93
erythromycin 296 177 40 202 32
Tab. 5. Measured data from WW'TP Stupava after 30 min of sorption tests.
1-2.5 mm 0.5—1 mm 200 pm
. Effluent . Removal . Removal ] Removal
Pharmaceuticals /1 zeolite 9 zeolite % zeolite o
n o (] 0
& ng/1 ng/1 ng/1
azithromycin 520 3.2 99.4 2.2 99.6 2.4 99.5
clarithromycin 2200 460 79.1 280 87.3 4 99.8
erythromycin 16 11 31.3 5.3 66.9 0.85 94.7
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results show that the highest sorption efficiency was
achieved with the smallest zeolite fraction; which
confirms the fact that smaller fraction of zeolites
and larger specific surface provide better sorption.

Wastewater treatment plant Devinska Novd Ves (DNV)
This wastewater treatment plant currently treats
45 000 p.e. of wastewater, but its capacity is up to
76 000 p.ec. WWTP DNV consists of a mechanical
stage and a biological (nitrification, denitrification
and bio-P elimination) stage, sludge is also anaero-
bically stabilized and generated biogas is energeti-
cally recovered. Monitoring showed that the selected
antibiotics are present in the influent in hundreds
of ng/1 (Table 6). From the results it is evident that
elimination of the selected antibiotics in WWTP
Devinska Nova Ves is very low, for example average
effluent concentration of CLA is 615 ng/l. The
highest removal efficiency was observed for ERY
(45 %), however, effluent concertation was 16 ng/1.

Tab. 6. Influents and effluents of WWTP Devin-
ska Nova Ves and their removal during last

12 months.
. Influent Effluent Removal
Pharmaceuticals
ng/1 ng/1 %
azithromycin 780 610 22
clarithromycin 820 615 25
erythromycin 29 16 45

Subsequently, a second experiment was carried
out to confirm the high removal of antibiotics with
wastewater from WWTP Devinska Nova Ves. The
observed substances were detected at concentra-
tions of 300 ng/l of AZI, 440 ng/1 of CLA and
37 ng/1 of ERY. Table 7 summarizes concentrations
of antibiotics in the WWTP effluents and concen-
trations after sorption on zeolites.

The second experiment confirmed the findings of
the Stupava wastewater experiment. The removal
of all drugs was above 90 %.

The removal efficiency of all monitored antibiotics
was above 95 % for all zeolite fractions. More than
99 % of AZI were removed from both WWTPs with
each of the three zeolite fractions. CLA concentra-
tion was fivefold lower in the effluent from WW'TP

Devinska Nova Ves than in that from WWTP Stupa-
va. CLA removal in WWTP Devinska Nova Ves was
19 % higher for the zeolite fraction of 1—-2.5 mm
and 11 % for the 0.5—1 mm fraction compared to
WWTP Stupava. For the ultra-fine-grained zeolite
fraction, CLA elimination was comparable with
the results from Stupava. The highest differences
in the elimination of antibiotics were observed for
ERY. From the WWTP Devinska Nova Ves efflu-
ent, 64 % more ERY were removed using zeolites
than from the WWTP Stupava effluent (fraction
1—2.5 mm). This difference may be related to dif-
ferent wastewater composition as well as to different
concentrations of other drugs that can preferably
be sorbed onto the zeolites. This fact was also con-
firmed by the fraction 0.5—1 mm, where the differ-
ence in ERY elimination was 31 % between WWTP
Devinska Nova Ves (97.5 %) and WWTP Stupava
(66.9 %). The ultra-fine-grained zeolite fraction
showed the highest ERY removal efficiency and was
approximately the same for both effluents.

Oh et al. (2016) found that if pH < pKa, sorption is
most effective, pH = pKa shows partial sorption and
pH > pKa minimal sorption. The measured results
confirm that pH of the WWTP Stupava effluent
was 6.85 and all studied drugs have pKa of above 8
and a positive charged molecule at pH = 7 (see Ta-
ble 1). All tested antibiotics have a positive charged
molecule at pH = 7 while zeolites have a negative
charged crystal grid (Frankovska et al., 2010); thus
antibiotics and zeolites interact with each other,
which promotes their sorption. Measured pH in
the effluent of WWTP Devinska Nova Ves was
7.01, which meets the condition of good sorption
at pH < pKa. Based on the results, zeolite sorption
is an effective way of eliminating antibiotics from
wastewater in a post-treatment step.

Conclusions

The work was focused on finding sorption proper-
ties of selected antibiotics. High concentrations of
azithromycin, clarithromycin and erythromycin
were found in the effluents from WWTP Stupava
and WWTP Devinska Nova Ves. Three zeolite frac-
tions with different specific surfaces were tested.
These sorption tests showed their potential for

Tab. 7. Measured data from WWTP Devinska Nova Ves.

1—-2.5 mm 0.5—1 mm 200 pm
. Effluent . Removal . Removal ] Removal

Pharmaceuticals /1 zeolite 9 zeolite % zeolite o

n o (] o

& ng/1 ng/1 ng/1
azithromycin 300 0.89 99.7 0.62 99.8 0.92 99.6
clarithromycin 440 9.4 97.9 8.1 98.2 3.6 99.2
erythromycin 37 1.7 95.4 0.91 97.5 0.57 98.5
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eliminating selected drugs from the wastewater
treatment plant. The highest rate of antibiotic re-
moval was observed using zeolites with the highest
specific surface, i.e., the smallest fraction 200 pm
(WWTP Stupava: AZI 99.5 %, CLA 99.8 % ERY
94.7 %, WWTP Devinska Nova Ves: AZI 99.6 %,
CLA 99.2 % ERY 98.5 %). The results prove that
zeolites can be used as sorption material for phar-
maceuticals removal from wastewater; however, due
to problematic handling of the finest dust fractions
in real conditions, using the middle fraction of
zeolites is recommended as their antibiotic removal
efficiency is approximately the same.
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Abstract: Using the semiempirical PM6 method, structures of a rod-like [Ti ;O ,9,Hg ™" model cluster and of
[Ti,00,94Hg Cul® with Cu* coordinated at various sites were optimized in order to assess the toxicity of rutile
nanoparticles. If the relative toxicity of individual Ti centers in rod-like rutile nanoparticles can be evaluated
by the electron density transfer to a Cu®" probe, its maximal values can be ascribed to the pentacoordinated
corner and hexacoordinated edge Ti centers with three Ti—OH bonds. However, these centers exhibit the
least negative interaction energies which can be compensated by the significantly better accessibility of the
corner Ti center compared with that of the remaining ones. Ti centers with the most negative interaction
energy parameters exhibit the lowest extent of electron density transfer to a Cu® probe. Rutile nanoparticles

destruction starts at pentacoordinated Ti face centers.

Keywords: protonated rutile nanoparticle, PM6 semiempirical method, Cu(II) probe, electron density transfer,

active centers

Introduction

Nano-sized TiO, particles can be found in a large
number of foods, cosmetics and consumer products.
Their nanotoxicity has drawn increasing attention
because human body is potentially exposed to this
nanomaterial either by inhalation, oral or dermal
intake. Numerous studies have attempted to charac-
terize their in vivo biodistribution, clearance and
toxicological effects, especially in lungs, liver, kid-
neys, spleen, brain, lymph nodes, testis, blood and
lungs of rats (see e.g. Olmedo et al., 2002; Wang et
al., 2007; Fabian et al., 2008; Xie et al., 2011; Wang
et al., 2011; Wang et al., 2013; Geraets et al., 2014;
Elgrabli et al., 2015).

Rutile is the most stable polymorph of TiO, at all
temperatures exhibiting lower total free energy
than the metastable phases of anatase or brookite
(Hanaor et al., 2012). Rutile has a tetragonal unit
cell (space group P42/mnm) (Diebold, 2003) and
its crystals are most commonly observed to exhibit
a prismatic or acicular growth habit with preferen-
tial orientation along their c-axis, [001] direction.
This growth habit is favored as the {110} facets of
rutile exhibit the lowest surface free energy and are
therefore thermodynamically the most stable ones
(Hanaor et al, 2012a).

Interaction of water with TiO, is crucial in many
of its practical applications. The rutile (110)-aque-
ous solution interface structure was measured

(Zhang et al., 2007) in deionized water (DIW) at
25 °C by the X-ray crystal truncation rod method.
Rutile surface consists of a stoichiometric (1 : 1)
surface unit mesh with the surface terminated
by bridging oxygen (BO) and terminal oxygen
(TO) sites with a mixture of water molecules and
hydroxyl groups (OH) occupying the TO sites. An
additional hydration layer can be observed above
the TO site, having three distinct water adsorp-
tion sites each in well-defined vertical and lateral
locations. Structural displacements of atoms at
the oxide surface are sensitive to the solution
composition. Ti atom displacements from their
bulk lattice positions, as large as 0.05 A at the
rutile (110)-DIW interface, decay in magnitude
into a crystal with significant relaxations that are
observable down to the fourth Ti-layer below the
surface. A systematic outward shift was observed
for Ti atom locations below the BO rows, while a
systematic inward displacement was found for Ti
atoms below the TO rows. The distance between
the surface fivefold Ti atoms and the oxygen
atoms of the TO site is 2.13 £ 0.03 A in DIW, sug-
gesting molecular adsorption of water at the TO
site to the rutile (110) surface in DIW.

Very recently, scanning tunneling microscopy and
surface X-ray diffraction have been used (Hussain
et al., 2017) to determine the structure of the rutile
(110)-aqueous interface which is comprised of an
ordered array of hydroxyl molecules with molecu-
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lar water in the second layer. A combination of data
from real-space imaging, spectroscopic measure-
ments and surface X-ray diffraction, with interpre-
tation aided by DFT calculations, implies that the
rutile TiO, (110) surface has terminal hydroxyls in
the contact layer. The ideal coverage by terminal
OH groups is half a monolayer, which is decreased
to approximately 0.4 monolayers due to absences at
domain wall boundaries.

According to Alagona and Ghio (Alagona and
Ghio, 2009, 2009a), antioxidant activity of pre-
nylated pterocarpans is related to their copper
coordination ability. Based on B3LYP calculations
of several complexes with Cu®" of their low-energy
conformers, their metal ion affinity (MIA) values
have been determined. In aqueous solutions, the
solvent effect dampens the free energy differences
and reduces the MIA especially when the ion is
extensively exposed to the solvent. Stability order
of the species with metals bonded at various co-
ordination sites strongly depends on their position
and nature. Spin density of the cation upon ligand
coordination becomes negligibly low, whereas the
ligand spin density approaches 1. Thus, the ligand is
oxidized to a radical cation (Ligand**) while Cu(II)
is reduced to Cu(I). In agreement with experimen-
tal investigations, the higher antioxidant activity of
individual compounds and their reaction sites can
be assigned to higher MIA values and higher reduc-
ing character toward Cu(II). Antioxidant ability of
various sites of hyperjovinol A through their ability
to coordinate a Cu®" ion and reduce it to Cu" was
successfully tested by Mammino (Mammino, 2013).
Another modification of the above-mentioned
method has been used for both N centers of a series
of para-phenylene diamine (PPD) antioxidants
(Puskarova and Breza, 2016). Nearly linear depend-
ence of the experimental antioxidant effectiveness
on Cu(I)-PPD interaction energies, Cu atomic
charges and other electron density parameters has
been deduced.

From the chemical point of view, nanoparticles
toxicity is also based on electron density transfer
to human tissues. Therefore, the above-mentioned
method, tested for antioxidants, might be suitable
for the relative toxicity estimation of various sites of
model nanoparticles. The liquids in human body
are, in principle, aqueous solutions, which implies
protonation of the negative charged surface of
rutile nanoparticles. For the sake of simplicity,
only hexacoordinated Ti atoms and full protona-
tion of non-bridging O atoms are considered in
model systems. Molecular mechanics methods
are suitable for large model systems but reveal on
their electron structure. DFT methods bring valu-
able information on electron distribution within

the studied systems but their size is significantly
restricted due to technical reasons. Semiempirical
methods of quantum chemistry seem to be a suit-
able compromise between the above-mentioned
ones. The aim of this study was to estimate the
toxicity of various sites of an idealized protonated
rod-like rutile nanoparticle (over 200 atoms) based
on its Cu(Il) complexation ability and electron
density transfer to Cu at semiempirical PM6 level
of theory.

Method

Geometries of the model systems under study were
optimized using the PM6 method of quantum
chemistry (Stewart, 2007). Stability of the optimized
structures was confirmed by vibrational analysis (no
imaginary vibrations). Atomic charges were evalu-
ated in terms of the Mulliken population analysis
(MPA) (Mulliken, 1955) and alternatively atomic
polar tensor (APT) derived charges (Stephens et al.,
1990). All calculations were performed using the
Gaussian09 program package (Frisch et al., 2009).

Metal-ligand interaction energy A, E is defined as

AintE = EComplex - EL - Eion (1)

where Egonpec and E; are the energies of the
?[L---Cu]1"? complex and of the isolated rutile
nanoparticle 'L model cluster in their optimized
geometries, respectively, and E,,, is the energy of
the isolated *Cu® ion (Alagona and Ghio, 2009,
2009a; Mammino, 2013). Left superscripts denote
spin multiplicities. Analogously, metal-ligand inter-
action enthalpy A;,Hys and Gibbs free energy
Ain Gogs at 298 K data were also evaluated.
Deformation energy Eg is the difference (Alagona
and Ghio, 2009, 2009a; Mammino, 2013) between
the energy of the ligand L9 in its ?[L- - -Cu]9"? com-
plex geometry (E; ) and that corresponding to its
optimized structure (E,)

Eqer = Erco - EL (2)

Deformation energies should be lower than the cor-
responding metal-ligand ones.

Results and Discussion

Using experimental rutile structure (Swope et
al., 1995), an idealized rod-like [Tis 0,941 clus-
ter (Fig. 1) of ca 1.b nm x 1 nm x 1 nm size was
formed. Its planes are parallel with the (110) plane
of the rutile unit cell and all Ti atoms are hexaco-
ordinated. As such a highly negative nanoparticle
cannot exist in biological aqueous solutions, all
monovalent O atoms were protonated to form a
[Ti,00,94Hg 17 cluster with geometry optimized
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Fig. 1. [Ti,)O,5,]*" cluster in experimental rutile
geometry (Swope et al., 1995),
(Ti — green, O — red).

Ie

Fig. 2. PM6 optimized geometry of [TiyO,9,Hg 1™
cluster (Ti — green, O — red, H — grey).

in the singlet ground spin state (Fig. 2). It can be
seen that its planes are significantly deformed due
to protonation and the original Ti hexacoordina-
tion is sometimes reduced to pentacoordination.
Several Ti centers can be distinguished according
to their bonding to hydroxyl groups (OH) and
bridging oxygens (O,) between two Ti atoms.
These centers can be divided into three groups as
follows:

A.At the rod corners, only pentacoordinated
Ti(OH);(0,), centers are found (model A, see
Fig. 3)

B.Rod edges contain either hexacoordinated
Ti(OH)3(0y)s (model B1, see Fig. 4), Ti(OH)(Oy)4
(model B2, see Fig. 4) and Ti(OH)(O,); (model
B3, see Fig. 4) centers or pentacoordinated
Ti(OH),(O,) (model B4, see Fig. 5), Ti(OH);(Oy),
(model B5, see Fig. 5) and Ti(OH),(Oy)3 (model
B6, see Fig. b) centers.

C.Rod faces have hexacoordinated Ti(OH)(O,);
(model C1, see Fig. 6) or pentacoordinated
Ti(OH)(Oy), (model C2, see Fig. 6) centers.

In order to compare the reactivity of all the above-

mentioned possible reaction sites, a Cu® ion was

added at the distance of ca 1.9-2.3 A from the
hydroxyl groups of every center under study. Geo-
metries of thus created [Ti,O;0HgCul® clusters
were again PM6 optimized in the ground doublet
spin state. The resulting structures are depicted in

Figs. 3—6. For the sake of simplicity, notation of the

above reaction sites agrees with the [Ti;(Oo,Hg Cul®

Tab. 1. Copper(Il)-ligand interaction energies
(A E), Gibbs free interaction energies
(AinGogg) and  interaction  enthalpies
(A Hagg) at 298 K, and deformation ener-
gies (Eyp) of ?[TiO,0Hg Cul® structures
obtained by the PM6 method for the model
systems under study (see Appendix).

Model AinE Aint Goog AinHoos FEaer
[k]/mol]  [k]/mol] kJ/mol] [k]/mol]

A -3789.9 -3707.4 -3770.6 1212.9
Bl -3888.6 -3803.7 -3862.7 1196.2
B2 -4046.8 -3955.1 -4019.2 1312.5
B3 -4190.3 -4110.8 -4167.3 1397.9
B4 -4086.5 -3993.6 -4058.5 1353.9
B5 -4047.2 -3950.1 -4022.9 1331.3
B6 -3981.1 -3888.2 -3956.8 1392.4
Cl1 -4053.0 -3964.8 -4029.2 1438.0
C2 -4152.6 -4057.6 -4126.7 1392.4

Tab. 2. MPA (¢(Cu)yps) and APT (¢(Cu) ypr) copper atomic charges and lengths of Cu—O bond to hydroxyl
(deo—on) and bridging (dg, o) oxygen atoms of [ Ti, O, Hg Cul® structures obtained by the PM6

method for the model systems under study.

Model q(CU-)MPA (](CU)APT deu—on [A]a) deu—on [A]
A 0.586 0.669 2.009, 2.088, 2.048 (2.032) -

Bl 0.585 0.638 2.018, 2.034, 2.039 (2.030) -

B2 0.633 0.721 2.068, 2.077, 2.086 (2.077) -

B3 0.648 0.744 2.089, 2.124, 2.126, 2.184 (2.131) -

B4 0.634 0.734 2.040, 2.058,2.062, 2.105 (2.066) -

B5 0.648 0.721 2.126, 2.130, 2.188, 2.160, 2.193 (2.149) -

B6 0.645 0.740 2.133, 2.139, 2.158, 2.198 (2.157) 2.107
Cl1 0.627 0.739 2.081, 2.120, 2.187, 2.152 (2.123) 2.146
C2 0.641 0.899 2.141, 2.177, 2.194, 2.256, 2.294 (2.212) 2.071

”)Average values in parentheses.
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model system labels. Their selected characteristics
are presented in Tables 1 and 2 and in Table 3 of
Appendix.

Our results (Table 1) indicate that all copper(II)-
-ligand interaction energy parameters exhibit the
same trends. Differences between various model
systems are higher than those in the correspon-
ding deformation energies. Thus, no corrections
in the observed trends of the calculated interaction
energy are necessary. As expected, corner Ti cen-
ters (model A) exhibited the least negative interac-
tion energy parameters. The most negative values
were observed for the hexacoordinated edge Ti
centers with a single hydroxyl group (model B3).
These are shifted to less negative values with the
increasing number of hydroxyl groups in other
hexacoodinated edge Ti centers (B2 and B1 mo-
dels). Pentacoordinated edge Ti centers (B4, B5
and B6 models) exhibited reverse trends. Inter-
action energy parameters of hexacoordinated
face Ti centers (C1 model) are comparable with
the medians of the edge Ti centers. Their values
for pentacoodinated face Ti centers (C2 model)
are significantly more negative due to the removal
of the [Ti(OH);]- cluster from the nanoparticle by
a Cu” probe, which indicates the most probable
site of a nanoparticle destruction.

Table 2 contains charges of Cu probes indicating
the extent of electron density transfer from the
ligand (the higher Cu charge corresponds to the
lower electron density transfer). The resulting
Cu spin density is negligible in all the model
systems under study and thus the corresponding
data are not presented. Positive APT charges at
Cu atoms are higher than the MPA ones and need
not exhibit the same trends for pentacoordinated
centers. In general, more negative interaction
energy parameters (Table 1) are connected with

Fig. 3. PM6 optimized geometry
of [Ti;0;9.Hg Cul® cluster, model A
(Ti— green, O — red, H — grey, Cu — blue).

higher Cu charges, however they are significantly
affected by the number and type of Cu bonded
oxygen atoms (OH or O,). Cu probes in A, Bl
and B2 models are tricoordinated, in B3 and B4
models tetracoordinated and in the B5 one, they

Model B3

Fig. 4. PM6 optimized geometry
of [Ti;00,9.Hg Cul® clusters, models B1—-B3
(see Fig. 3 for atom notations).
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are pentacoordinated by hydroxyls. The remain-
ing models: B6, C1 and C2, have the Cu probe
coordinated by a single bridging oxygen atom and
4—b5 hydroxyls which can lead to irregularities in
Cu charge. Average Cu—OH bond lengths (as a

Model B6

Fig. 5. PM6 optimized geometry
of [Ti;00,9.Hg Cul® clusters, models B4—B6
(see Fig. 3 for atom notations).

measure of corresponding Cu—O bond strengths
implied by electron density transfer) follow the
trends in the interaction energy parameters and
Cu charges for hexacoordinated Ti edge centers
unlike the pentacoordinated ones.

Model C2

Fig. 6. PM6 optimized geometry
of [Ti;0,9,Hg,Cul® clusters, models C1 and C2
(see Fig. 3 for atom notations).

Conclusions

If relative toxicity of individual Ti centers in
rod-like rutile nanoparticles can be evaluated by
the electron density transfer to a Cu®" probe, its
maximal values can be ascribed to the pentacoordi-
nated corner (A model) and hexacoordinated edge
Ti centers with three Ti—OH bonds (B1 model).
However, these centers exhibit the least negative
interaction energies, which can be compensated by
the significantly better accessibility of the corner Ti
center (A model) compared with that of the remain-
ing ones. Ti centers with the most negative interac-
tion energy parameters exhibit the lowest extent of
electron density transfer to a Cu® probe (B3 and C2
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models). Rutile nanoparticles destruction starts at
pentacoordinated Ti face centers (C2 model).

Our model systems consist of three TiO, planes
only and their protonation causes too high planes
warping in comparison with significantly larger
real systems. As quantum-chemical calculations
of larger model systems are connected with seri-
ous technical problems even at the semiempirical
level of theory, ONIOM treatment (Dapprich et
al., 1999) combining semiempirical and molecular
mechanics calculations should be used. Molecular
mechanics methods enable to increase the size of
model systems (which in our case reduces the plane
warping due to surface protonation) but do not
reveal their electron structure.

It has to be mentioned that our quantum-chemical
treatment evaluates the electron affinity of indi-
vidual surface reaction sites as the source of their
toxicity (and, in general, of the oxidation stress). On
the other hand, the experiments measure an integral
response reflecting the microstructure properties
of nanoparticles as a whole. In our future studies,
the above-mentioned conclusions on toxicity of
individual Ti centers in rutile nanoparticles will be
extended to model systems of various shapes and
sizes in order to identify their surface reaction sites.
In the next step, nanoparticles of suitable shapes
should be synthesized. This will subsequently enable
studying in vitro correlations between theoretical
and experimental data based on quantitative struc-
ture — activity relationship models.
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Abstract: The growth of Staphylococcus aureus 2064 isolate in model nutrient broth was studied as affected by
temperature and water activity using principles and models of predictive microbiology. Specific rates resulting
from growth curves fitted by the Baranyi model were modelled by the secondary Ratkowsky model for sub-
optimal temperature range (RTKsub) as well as the Ratkowsky extended model (RTKext) and cardinal model
(CM) in the whole temperature range. With the biological background of the RTKext model, cardinal values of
temperature T, = 6.06 °C and T,,,, = 47.9 °C and water activity g, ., = 0.859 were calculated and validated with
cardinal values estimated by CM (7, = 7.72 °C, T,,,, = 46.73 °C, a,,,,;,, = 0.808). CM also provided other cardinal
values, T, =40.63 °C, @, = 0.994, as well as optimal specific growth rate of 1.97 h"! (at T, and a,,,). To evaluate
the goodness of fit of all models, mathematical and graphical validation was performed and the statistical indices
proved appropriateness of all the secondary models used.

Key words: food safety, prediction, Staphylococcus aureus, temperature, water activity

Introduction

Regardless the intensive effort in food hygiene, in-
crease of knowledge and available resources, Staphy-
lococcus aureus is still a challenge for food micro-
biologists and technologists, mainly in products
with increased manual handling, which is docu-
mented by higher occurrence of S. aureus in food.
For example in 2016, 17 % of 962 milk samples
tested in Italy and 21 % of 940 food samples in
Spain were positive for S. aureus. In 2017, the total
of 655 (3.6 %) of the 18,361 food samples tested in
the European Union were positive for this species.
Moreover, one outbreak of staphylococcal intoxica-
tion occurred in the European Union in 2017 (EFSA
Report 2017, 2018). In Slovakia, there were 174 cases
of staphylococcal food-poisoning (SFP) outbreaks
in 2016 and 14 cases in 2017. As the symptoms of
SFP disappear quickly in healthy population, it is
generally known that data underestimate the real
situation in the food chain. In Slovakia occurrence
of S. aureus was confirmed in 1.5 % of 13,221 tested
food samples in 2016 and in 2 % of 12,291 tested
samples in 2017 (Report on Zoonoses 2017, 2018).

The awareness of S. aureus in food and food environ-
ment results from its good growth in various food
matrices, tolerance to low water activity and wide
range of virulent factors, production of which is de-
pendent on actual S. aureus growth ability. S. aureus
is a versatile microorganism capable of quick adapta-
tion to different environmental conditions (Mariutti
et al., 2017) and persists even on plastic surfaces

thanks to the interaction of teichoic acid, which is a
part of Gram-positive bacteria cell membrane, with
other surface polymers (Reffuveille et al., 2017). It is
normally found on the skin of about 10-50 %
asymptomatic humans (ECDC, 2017) and in animals.
In the European Union, 56.4 % of 225 animal sam-
ples tested in 2016 and 29.6 % of 4,812 animal sam-
ples in 2017 were positive for S. aureus presence
(EFSA Report 2017, 2018). In Slovakia, 17.8 % posi-
tive samples of 1,949 tested animals in 2016 and
18.4 % of 2,907 tested animal samples in 2017 were
found positive (Report on Zoonoses 2017, 2018). Due
to the production of a wide range of surface-asso-
ciated factors, enzymes, toxins and superantigenic
toxins, S. aureus is considered as a pathogen (Ote et
al., 2011; Arbuthnott et al., 1990) but diseases caused
by S. aureus do not necessarily originate only in direct
tissue invasion (Mariutti et al., 2017). From the food
point of view, the production of one or more of heat-
resistant staphylococcal enterotoxins (SEs) is the
most crucial, because they are a causative agent of
SFP outbreaks. The production of SEs is strongly
dependent on environmental factors (Medvedova et
al., 2017); thus the role of food microbiologists is to
prevent S. aureus to grow and subsequently to pro-
duce SEs. In this context, predictive microbiology
and its models represent a very useful tool.

As defined by Ross and McMeekin (1994), predic-
tive microbiology is based on the premise that re-
sponses of microbial populations to environmental
factors are reproducible, and that it is possible to
predict microbial responses from past observations
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considering the environment in terms of identifi-
able dominating constraints. Based on cultivation
experiments, the growth (or sometimes inactivation)
of microorganisms is defined and subsequently
described by primary models. These are defined by
the change of microbial count as a function of time
(N = f(?)) in constant conditions and their result is
the definition of growth parameters (specific growth
rate y, lag phase duration lag, etc.). In a next step/
advantage of predictive microbiology, the effects of
changing environmental conditions (temperature,
water activity, pH, etc.) on microbial growth pa-
rameters can be described by the use of secondary
models (Valik et al., 2019; Dubois-Brissonnet et al.,
2015). Applying appropriate secondary models,
cardinal values of environmental factors enabling
growth of selected microorganisms can be defined.
Finally, tertiary models are available in predictive
microbiology. They include databases, fitting
utilities, growth/no growth predictions, probability
models and risk assessment modules enabling a
wide range of applications such as HACCP system
support, product and process design, shelf life as-
sessment, sampling plans and experimental design
and education (Valik et al., 2019).

However, to reliably and precisely predict microbial
response to changing environmental factors, the
adequate model has to be used. As stated by Mc-
Meekin et al. (2008), the process of model building
in not simply a matter of finding an equation de-
scribing a single or some data sets. The equation
should be based on biological observations; it
should provide useful information about the rela-
tion between the microorganism and its environ-
ment. Moreover, the confidence in predictions sig-
nificantly increases when different models or
models from different sources provide comparable
estimates of environmental influence on the micro-
bial population behavior (Wood, 2016; McMeekin
et al., 2008). Therefore, application of different
secondary models (Ratkowsky model RTKsub, Rat-
kowsky extended model RTKext and cardinal
model CM) describing the simultaneous effect of
temperature and water activity on the growth of
isolate S. aureus 2064 in model nutrient broth has
been studied. Furthermore, the cardinal values of
temperature and water activity of the isolate were
defined and verified.

Materials and methods

Microorganism

The effect of simultaneous effect of temperature
(8, 10, 12, 15, 18, 21, 25, 30, 35, 37, 39, 43, 46 and
50 °C 0.5 °C) and water activity (a, ranging from
1.0 to 0.84) on growth of S. aureus 2064 was studied.

The identity of this isolate was earlier confirmed by
Medvedova et al. (2011).

Media

The isolate was maintained on slopes of Plate Count
Agar (PCA; Difco, Le Pont de Claix, France) at
6 %1 °C. Its standard inoculum (0.3 mL from 10° di-
lution of an 18 h isolate culture grown on PCA agar
at 37 °C) was inoculated aseptically into 300 mL of
pre-tempered glucose-tryptone yeast extract broth
(GTYE; Difco, Le Pont de Claix, France) to reach
initial counts as close as possible to 10> CFU mL".
The samples were incubated in three parallels
under static aerobic conditions at selected tempera-
tures and a,, values. The a, values of GTYE broth
were set by an addition of NaCl (Sigma-Aldrich,
Buchs, Switzerland) according to Rédel et al. (1979)
and controlled by an a,-meter (Aw-Sprint TH500,
Novasina, Lachen, Switzerland).

Counts of S. aureus 2064 in growth media

At chosen time intervals, depending on actual tem-
perature and a,, cell numbers of S. aureus 2064 were
determined according to ISO 4833-1:2013 on PCA
agar (Sigma-Aldrich, St. Louis, USA).

Fitting the growth curves and primary modelling

S. aureus 2064 growth parameters were analysed,
fitted and calculated using the DMFit Excel Add-in
package version 3.5 (ComBase managed by the
United States Department of Agriculture-Agricul-
tural Research Service, Washington, DC, USA and
the University of Tasmania Food Safety Centre
Hobart, Australia) that incorporates the mechanistic
model of Baranyi and Roberts (1994). Actual counts
were plotted against time and fitted by a model for
the estimation of gand further analysed by secondary
models using the Microsoft Office version 2013
(Microsoft, Redmond, Washington, USA) and the
Statistica data analysis software system, version
10.0 (Tibco Software, Inc., Palo Alto, USA).

Secondary modelling

Growth parameters from each individual growth
curve were analysed by secondary models. Specific
growth rate (x) was modelled as a function of the
incubation temperature (7) in the suboptimal tem-
perature range at all studied a, values according to
the Ratkowsky model (RTKsub):

\/;:b(T_Tmin)x (a’w_a’wmin> (1)

where T, and a,,,, are the temperature or a,,
respectively, below which no growth is observed.
Growth parameters estimated at 43 °C and 46 °C
(n = 38) were excluded from the suboptimal tem-
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perature data set. All model parameters (7, @y min
and b) were calculated by non-linear regression
analysis (Microsoft Excel and Statistica v. 10.0).
To describe the simultaneous effect of a, and tem-
perature in the whole range of these environmental
factors, the extended model of Ratkowsky (RTKext)
was used (Ratkowsky et al., 1983):

e =BT =T )5 1= exple—(T T, )]}

(2)
X(a, —a, . )x {1 - exp[d (@, =@y )]}

where, T, and a,,,;, have the same meaning as
previously, T, and @, ., are the temperature or
a,, respectively, above which no growth occurs.
Cardinal model (CM) was used to describe the
cumulative influence of temperature and «, on the
microbial growth rate. Maximum specific growth
rate was subjected to secondary modelling in rela-
tion to the incubation temperature (Rosso et al.
1993). The combined effect of temperature and a,
was determined according to the gamma concept
(Zwietering et al., 1991) based on individual cardi-
nal models (Rosso et al., 1993):

Finax (T aw) =CM(T, au,) = o X (T)xy(a,) (3)

where 7(7) and 7(a,) are in Egs. 4 and 5, where T,
is the temperature at which the maximum specific
growth rate equals its optimal value, p4,,.

Goodness of fit

To evaluate the goodness of fit of mathematical
models, several mathematical and statistical indi-
ces were used. The ordinary least-squares criterion
and regression coefficient (R?) were used to fit the
models to the data. The goodness of fit of the
modelling approach was assessed by the root mean
square error (RMSE), which measures the average
deviation between the observed and predicted
values (Garcia et al., 2011). Also standard error
of prediction (%SEP) as reported Zurera-Cosano
et al. (2006) and the per cent of variance (%V) as
reported Daughtry et al. (1997) were used.

Results and discussion

A typical representation of an increase of bacte-
rial culture with time is a sigmoid curve, as it is

also depicted in Fig. 1. In a given environment
allowing growth of bacterial population, typical
phases of the growth curve are visible. First is the
lag phase characterized as an adjustment period
of the cells to the new environment; the growth
phase is characterized by exponential increase of
cells defined by specific growth rate (@) and finally,
the stationary phase during which the increment
of cells is equal to their inactivation rate. The
most worldwide used primary model describing
the dynamics of bacterial cultures growth is the
model introduced by Baranyi and Roberts (1994).
Its main advantage is that the definition of the
lag phase is independent of the growth curve
shape and the effect of previous environment is
separated from that of the present environment
(Baranyi et al., 1993).

This model was also successfully applied (R® rang-
ing from 0.973 to 0.998) to describe the growth
dynamics of isolate S. aureus 2064 at 39 °C affected
by changing a, values. The temperature of 39 °C
was chosen from the temperature rage since almost
optimal growth of the 2064 isolate was observed, as
it will be discussed further. At almost all studied a,,
values; the growth curves of the isolate had a typical
sigmoid shape. The only exception was the experi-
ment at a,,= 0.842, when only the growth inhibition
of the isolate was noticed without any previous
adaptation phase to such inhospitable conditions.
In the secondary phase of predictive modelling,
the effect of environmental factors, e.g. a, and/or
temperature on the growth parameters is described
(Valik et al., 2019; Dubois-Brissonnet et al., 2015).
Experimental data (points in Figures 1—3) are com-
pared to the microorganisms behaviour (graticule
in Figures 1-3) predicted by the selected model.
Reliability and accuracy of the model are subse-
quently evaluated within the validation process.

To simply and quickly describe the effect of tem-
perature and a,, the Ratkowsky model (RTKsub;
Eq. I; Ratkowsky et al., 1983) was used for the data
set of 209 growth parameters. The disadvantage of
RTKsub model is that it is applicable only in the
suboptimal temperature range and thus, in case of
S. aureus 2064, the experimental data obtained at
43 °C and 46 °C were excluded. The RTKsub model
parameters and evaluation indices are summarized
in Table 1. From statistical evaluation as well from

(T =1 )T =T, )
T (T) = (4)
(Tope = T )[(Top = Toia (T = Lo )= (Tope = o) (Lo + Toia =27
(0 = o ) (0, — i)
v(a,)= (5)
(aw opt — @wmin ){(G’w opt — @wmin )(dw =@y opt ) - (aur opt — Pwmax )(dw opt Ty i — 2aw )]
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Fig. 1. Growth curves of S. aureus 2064 in GI'YE broth at 39 °C in dependence on a, modelled
by primary model of Baranyi and Roberts (1994).

Fig. 2. Graphical presentation of RTKsub model of the effect of a,and 7 in the suboptimal
range (10 °C—39 °C) on the specific growth rate of S. aureus 2064 (n=209).

graphical presentation of the model (Fig. 2), the quent change of the linear trend of the model line,
highest variance occurred and the linearity of the as the curvature appeared at higher temperatures.
model was disrupted at temperatures close to the  So, to model the effect of temperature in the whole
optimal one. Further increase of the incubation temperature range allowing the growth of selected
temperature led to slower growth rate and subse- microorganism, the RTKext (Eq. 2) was used.
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The whole a, region was included into modelling
similarly as in the previous case, but also the whole
T region was accounted for. RTKext was an ap-
propriate model for the S. aureus 2064 growth rate
in dependence on these two environmental factors;
their simultaneous effect on specific growth rate of
S. aureus 2064 is depicted in Fig. 3. As it can be seen,
the specific growth rate increased with a constant
slope with the incubation temperature increase up
to 40 °C. At temperatures above 40 °C, the growth
of S. aureus slowed down at all a, values. Therefore,
the curvature is observed in the optimal region, i.e.
35—40 °C. Asperger and Zangerl (2003) or Nor-
manno et al. (2007) also confirmed the mesophilic
character of S. aureus with the optimum tempera-
ture in the range from 37 °C to 40 °C. Regarding
the effect of a,, the increase of specific growth rate
with the increase of a, value also shows a constant
slope and a very small curvature at the a, value of
about 0.994 (however, not as significant as in case of
temperature). A slightly lower a, or small amounts
of NaCl (1.5 %) in media are needed to reach more
intensive growth as was also confirmed by Cebrian
etal. (2015).

Response of S. aureus 2064 to the simultaneous
influence of changing temperature and a, values
fitted by the RTKext model is described by the fol-
lowing equation, with defined degree of reliability
given by validation indices summarized in Table 1:

[ = 0.0144 %

min

X (aw — ey pin ) X {1 —exp [1241.9 (aw — ey )]}

o|(1 -7, )% {1-exp[0.3345 (1T, )|} %

(RN Lot

An advantage of the RTKext model is that it is able
to provide definition of cardinal values of modelled
environmental factors. So, applying this model
for S. aureus 2064 growth data set, T,,;, = 6.06 °C,
Thoe = 47.9 °C and a,,,;,, = 0.859 were calculated.
Although the RTKext model proved its appropri-
ateness, it can provide only three cardinal values. In
this context, application of the CM model is more
complex. According to the CM model in combina-
tion with a global fit, seven parameters of the CM
model, i.e. cardinal temperatures (T,,;, = 7.72 °C,
T, =40.63 °C, T, = 46.73 °C), cardinal a, values
(@ min = 0.808, a0 = 0.994, @, fixed to 1) and
the optimal growth rate (y,, = 1.97 h™') were deter-
mined.

Differences between the calculated cardinal values,
i.e. about 1 °C in the minimum and maximum tem-
peratures and about 0.05 of a,, may result from dif-
ferent approaches that both models use for fitting
to experimental data set. The RTKext model offers
a wider temperature range; however, applying
the CM model allows the isolate to grow at higher
NaCl addition (at about 22 %). Based on validation
indices, both models proved their appropriateness,
however, CM model is preferred based on higher
R? and %V coefficients and lower RMSE and SEP
indices.

Besides mathematical evaluation of the goodness
of fit of the models, also graphical comparison of
predicted (p.) and experimental (p.,) values of
S. aureus 2064 specific growth rates was performed
(Fig. 4). From Fig. 4 it is obvious that RTKext and
CM are more suitable for the prediction of S. aureus

Fig. 3. Simultaneous effect of temperature and a, on the specific growth rate of S. aureus 2064 (n=247)
modelled by RTKext in the whole studied ranges of temperature and a,,.

Medvedova A et al., Growth of Staphylococcus aureus 2064 described by predictive microbiology... 179



2,0

1,8
>
16 vy
1,4
L 2
L 2
12 <«
"
£ 10 1S g
e . 5
= e ot
0,6 .‘? .
0.4 Q’*
> ‘I’
L
0,0
00 02 04 06 08 10 12 1.4 16 1.8 2,0
pEXP{h.“)
a)
2.0
18
1,6
1.4
12
10
= 0,8
06 :}.
04 &
o
02 %
0,0

Hear (1)

. 00 02 04 06 08 1012 14 186 18 2,0
uaxp{h_‘)

b)

‘l
F
,#
®
-l
,
TYIR4
) &

0002040608 101214 16 18 20
usxp(h_i}

Fig. 4. Comparisons of p-values of S. aureus 2064 estimated with RTKsub (4a), RTKext (4b)
and CM models (4c) with experimental values.

growth in dependence on temperature and ¢, in the
whole range of food environmental factors.

Conclusion

Usefulness of predictive microbiology has been
pointed out for the simultaneous effect of tempera-
ture and water activity on the growth of §. aureus
2064. The process of predictive modelling was pre-
sented with the pros and cons of some secondary
models. Moreover, cardinal temperatures (7,;, =
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=6.06—7.72°C, T,,, =40.63 °C, T,,,, = 46.73—47.9 °C)
and water activity (a, i, = 0.808—0.859, a,,,, = 0.994)
of S. aureus 2064 and its optimal = 1.97 h™' at both
optimal factors were calculated. The presented re-
sults can be applied in the control of the S. auwreus
growth and potential staphylococcal enterotoxins
production in food practice and research.
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Tab. 1. Parameters of models and validation
indices for RTKsub, RTKext and CTMI
models used for the prediction of S. aureus
2064 growth in dependence on tempera-
ture and a,,.

Model

parameters RTKsub RTKext CTMI
b 0.1085 0.0144 -

C - 0.3345 -

d - 1241.9 -
Hopt - 1.97
T 445 6.06 7.79
T, . 40.63
T . 47.91 46.73
a 0.857 0.859 0.808
Ay opt - 0.994
Ay max - 1 (fixed) 1 (fixed)
n 209 247 247
R? 0.977 0.977 0.983
RMSE 0.0824 0.0847 0.0732
SEP 0.158 0.152 0.073
%V 97.7 97.6 98.2

Scientific Grant Agency of the Ministry of Education of the
Slovak Republic and Slovak Academy of Science — VEGA
1/0532/18.
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Introduction

Hydroxymethyl group is present in many useful
and biologically potent substances like sugars,
kojic acid (Bajpai, 1982), ronicol (3-hydroxymethyl-
pyridine) (Moncol, 2006; Broghammer, 1967) or
hydroxymethylphenol — intermediate for bakelite
(Baekeland, 1909).

On the other hand, 4-quinolones are a group of
antibacterials with various biological activities if
substituted in position 3- and they are anti-CNS and
similar diseases agents if substituted in position 2-
(kynurenic acid derivatives) (Turski, 2013; Szalardy,
2012; Fulop, 2009). Considering this, we were
interested in the synthesis of 3-hydroxymethyl-1,4-
dihydro-4-oxoquinoline.

4-Quinolones are a well-known group of chemo-
therapeutics with a broad spectrum of activities
(Andriole, 2000; Milata, 2000) based on inhibition
of the enzyme of bacterial topoisomerase IT (DNA
gyrase) and topoisomerase IV in Gram-positive spe-
cies, thus inhibiting tertiary negative supercoiling
of bacterial DNA (Gellert, 1976; Wang, 1985; Gootz,
1996) mostly bound to oxygen atoms in positions
3- and 4- of the fused pyrid-4-one-3-carboxylic acid
moiety (Andriole, 2000). Therefore, it should be in-
teresting to prepare and evaluate the corresponding
structural motif, namely 3-hydroxymethylquinol-
4-one.

Substructural search in database SciFinder® pro-
vided only various applications of formaldehyde
with 4-quinolones or their precursors (Goldswor-
thy, 1982) but no true synthesis has been reported.
Therefore, this compound with promising binding
and complexing activity has been prepared.

Materials and Methods

Spectrometer INOVA 300 (300 MHz, Varian Inc.,
Palo Alto, CA, USA) was used to measure '"H NMR
spectra, at their RT frequencies. Chemical shifts
in (8)—[ppm] (parts per million) were referenced
to the residual signal of the solvent. Coupling
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constants (J) are given in [Hz] with multiplicity:
s (singlet), d (doublet), dd (doublet of the doublet),
t (triplet), q (quartet), q (quintet) and m (multiplet).
Tetramethylsilane was used for the calculation of "H
chemical shift scales and correctly referenced using
the (residual) solvent signals (2.50 and 39.52 ppm
for DMSO).

All reagents and solvents were purchased from Sig-
ma-Aldrich® (Darmstadt, Germany), Alfa-Aesar®
(Ward Hill, MA, USA), Fluka® (Buchs, Switzerland)
and Mikrochem® (Pezinok, Slovakia). Solvents were
purified and/or dried using standard laboratory
methods and stored over molecular sieves (4 A).
Column chromatography was performed using silica
gel Nomasil—40—63 m (VWR®, Randor, PA, USA)
and a suitable eluent according to TLC. Reaction
progress was monitored by thin layer chromatogra-
phy on Silufol or Alufol plates (Merck®, Darmstadt,
Germany) with a UV indicator for A = 254 nm.
Melting points (m. p.) of the prepared compounds
were determined on a Boetius micro hot stage using
digital thermometer TD 121 (VWR®, Randor, PA,
USA) and are uncorrected.

Experimental

3-Hydroxymethyl-4-oxo-1,4-dihydroquinoline 7

A sample of 0,5 g (2,3 mmol) of ethyl 1,4-dihydro-
4-oxoquinoline-3-carboxylate (4) was added to
a 100 mL flask and solved in dry THF (20 mL)
equipped with a CaCl, drying stopper under argon
at LT. To this solution, small portions of powdered
LiAlH, (0.5 g) were added and the mixture was
stirred at LT for 24 hours. Then, it was poured into
a water solution of NH,Cl (50 mL, 10 %) which was
afterwards filtered and the filter was washed with
ethyl acetate. The filtrate was also extracted with ethyl
acetate. Both parts were collected and evaporated to
dryness. Yield 0.3 g (74,4 %) of 3-hydroxymethyl-
4-oxo-1,4-dihydroquinoline, almost pure raw pro-
duct. M. p. 183—184 °C.

Elemental analysis (calc./found): %C: 68,57/68,69,
%H: 5,14/4,96 and %N: 8,00/7,69.
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'H NMR (DMSO-d,): 4.42 d (CH,, 2H, 4,8 Hz),
4.94 ¢ (OH, 1H, 4,8 Hz), 7.30 ¢ (H-8, 1H, 7,8 Hz),
7.5% d (H-6, 1H, 7,8 Hz), 7,63 t (H-7, 1H, 7,8 Hz),
7,88 bs (H-2, 1H), 8.11 d (H-5, 1H, 7,8 Hz).

Results and Discussion

3-Hydroxymethyl derivative 7 represents an in-
teresting tautomeric system (Scheme 1).
4-Oxoform B, compared to tautomer A, includes
an intramolecular hydrogen bond between oxygen
of the carbonyl group of the 4-pyridone system
and hydrogen of the hydroxyl group. Another
possible tautomer is aromatic 4-hydroxyquinoline
with intramolecular hydrogen bond between
hydrogen of the hydroxy group of 4-hydroxyqui-
noline and oxygen of the hydroxymethyl group
(C) (Scheme 1).

Our first attempt was focused on the exploitation
of formaldehyde as a hydroxymethylation agent
considering that unsubstituted 4-quinolone (6,
prepared from 4 via 5, Scheme 2) reacts under the
conditions of electrophilic substitution to position
3-, which has the highest electron density in the
enaminone system, in agreement with previous
results (Zubkov, 2003). Variation of reaction condi-
tions (time, temperature, solvent) resulted in un-

satisfactory yields, reactions produced mixtures of
deeply colored and hardly separable by-products.

The second strategy was based on the reduction of
corresponding 3-ethoxycarbonylderivative, easily
accessible through the Gould-Jacobs reaction
(Nicolson 1989). Heating of the starting equimolar
mixture of aniline and diethyl ethoxymethylene
malonate (EMME) to 120—130 °C for three hours
(instead of 2 h at 130 °C) gave only an 83 % yield
after cooling to LT (Nicolson, 1989: 96 % after
cooling to -78 °C). Thermal cyclisation of diethyl
anilinomethylene malonate (3) in diphenyl ether to
reflux, including cooling of the reaction mixture,
filtering off of the separated raw solid (4) and
washing with chloroform to remove traces of 3
yielded 60 % of ethyl 4-oxo-1,4-dihydroquinoline-
3-carboxylate (4) (Nicolson, 1989: after cyclisation
in Dowtherm, an eutectic mixture of biphenyl
and diphenyl ether offered a 73 % yield after
recrystallisation from acetic acid). Dilution of 3 in
solvent was 2,63 g/20 ml while Nicolson (1989)
used the dilution of 10 g/50 ml both for 30 min.
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Abstract: Pretreatment of particles obtained from lignocellulosic materials by steam explosion with indirect
control by enzymatic hydrolysis has been studied. The dendromass pretreatment model has been applied
for recycled fibreboard and particle board based on softwood. Their structure and chemical composition
partly predetermine these lignocellulosic materials consisting of a mixture of spruce and fir particles also
for bioethanol production. Optimum steam explosion temperature of 205 °C was determined based on the
concentration of total monosaccharides — glucose, xylose and arabinose, among all experimentally prepared
hydrolysates. This corresponds to basic conditions for fine disintegration of biomass to lignocellulosic
structure with good holocellulose accessibility. Particles obtained from fibreboard and particle board primarily
consisting of softwood without steam explosion pretreatment provide relatively low cellulose accessibility for
commercial enzymes activity while monosaccharides concentration is partly reduced because of torrefaction
at high temperatures. The concentration of monosaccharides in hydrolysates was determined for original
sample and each steam explosion temperature. Based on the steam explosion conditions, the effect of severity
factors was investigated to find optimum pretreatment conditions to increase accessibility of softwood cellulose
and hemicelluloses. The identified optimum severity factor R, = 4.09 matches the optimum steam explosion
temperature of 205 °C and the residence time of 10 minutes.

Keywords: biofuel industry, dendromass, fibreboard, particle board, severity factor, steam explosion

Introduction

Middle density fibreboards (MDF) and particle
boards (PB) are the most produced wood based
panels for furniture industry (Irle and Barbu, 2010).
Generally, fibreboards and particle boards based on
softwood are very useful materials also in building
industry (Lithr et al., 2018). European produc-
tion of wood chips and particles for MDF and PB
boards manufacturing was about 86 million m? in
2018 which is 15 % of predicted wood consumption
in 2020. From this amount, about 45 million m? of
PB were produced in 2018. According to the FAO, it is
assumed that wood consumption for energy genera-
tion in the European Union will grow from 346 mil-
lion m® in 2010 to 573 million m® in 2020 and could
reach as much as 752 million m® in 2030 (Moskalik
and Gendek, 2019). Slovak republic participates
with the production of about 830 thousand m?® of
chips and 630 thousand m® of particle boards. Urea-
formaldehyde (UF), melamine-urea-formaldehyde
(MUF), and melamine-urea-formaldehyde resins
combined with a phenolic resin (MUPF) for external
environment have been used for the production
of fibreboards and particle boards considering the
humidity of the environment of their use. Form-
aldehyde used for resin condensation is gradually
released from boards during their lifetime. Form-
aldehyde is a colourless, highly toxic, and flammable

gas. Itis slightly heavier than air at room temperature
and its releasing, especially from furniture boards, is
strictly monitored. Just the amount of formaldehyde
included in waste agglomerated boards significantly
reduces the possibility of their recycling (Ihnat et al.,
2017).

However, after a few decades of using fibreboards
and particle boards their end-of-life comes and
wood waste is formed. The used waste wood based
panels are classified among municipal waste which
may not be put on landfills but should be recycled
or energy utilised. In general, recycling of wood
waste is difficult due to the presence of harmful
chemicals contained both in glue used during the
manufacturing process (Risholm-Sundman and
Vestin, 2005) and in additives originally protect-
ing it from moisture and wood decaying fungi,
increasing its fire resistance and so on (Erbreich
2004). There are also efforts to use wood waste in
combination with other organic waste, e.g. with
polyurethane since urea-formaldehyde resin is
the main synthetic component in the fibreboard
and particle board production and the obtained
composite panels containing a certain amount of
urea-formaldehyde resin and polyurethane show
good mechanical properties (Liu et al., 2019). Ad-
ditionally, researchers in our work group assume
that the amounts of urea-formaldehyde resin from
waste fibreboard and particle board materials gra-
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dually reduce after boiling water treatment due
to its hydrolysis and the obtained materials with
reduced urea-formaldehyde resin are suitable for
the production of recycled and agglomerated mate-
rials (IThnat et al., 2017; Thnat et al., 2018). Recycled
fibreboards can also be combined with other bio-
mass species like straw pulp to prepare insulating
fibreboards (Thnat et al., 2015).

In Slovakia, commonly available softwood (Petras et
al., 2019) is used for the production of agglomerated
materials such as MDF and PB, especially spruce.
There often are combinations of spruce with
deciduous trees, mainly beech. Their ratio and
resulting composition are subject to availability of
natural lignocellulosic sources. In the past, PB was
produced mainly from deciduous trees — beech
trees with a small addition of other ones (V. Thnat,
personal communication). Such lignocellulosic
materials have considerably high holocellulose
content and thus the particle boards and fibreboards
contained a considerable amount of cellulose since
they were produced from natural lignocellulosic
materials (Arévalo and Peijs, 2016). Lignocellulosic
materials are the most widespread natural form of
cellulose, which is the most common biopolymer
on Earth. Its annual worldwide production is
estimated to be up to 10" tonnes (Alvira et al.,
2010; Sanchez and Cardona, 2008). Many research
activities refer to thermo-mechanical or thermo-
hydro-mechanical refining processes that can
be optimised and applied in particle boards and
fibreboards refining pretreatment (Xing et al.,
2008). Optimal conditions can result in structural
recalcitrance reduction and enhanced cellulose
accessibility. These facts can be generalised for
all lignocellulosic biomass species such as wheat
straw, beech sawdust, etc. (Pazitny et al., 2019a;
Pazitny et al., 2019b). Steam explosion is such an
alternative (Yin et al., 2007). This pretreatment
process can be controlled indirectly by enzymatic
hydrolysis which is a very useful process common
in industrial technologies (Pazitny et al., 2019a).
Numerous experiments of enzymatic hydrolysis
on bioconversion of pretreated sugarcane bagasse
have been studied (Patel et al. 2017). The main
advantage of enzymatic hydrolysis performance is
also obtaining information about the hydrolysates
content. This can vary significantly depending on
biomass species, stiffness of starting material, and
enzymatic hydrolysis conditions (Gigac et al., 2017).

Materials and Methods

Materials
Two types of recycled holocellulose sources: re-
cycled fibreboards (Kronospan Mielec Ltd. Co.,
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Poland) and particle boards (Bucina Zvolen JSC,
Slovak Republic) were used. The raw material
was recovered as waste from these lignocellulosic
materials. Cellic CTec3 was used as a ready-to-use
stabilised enzyme complex supplied by Novozymes
A/S (Bagsveerd, Denmark) for lignocellulosic raw
material consumption to fermentable monosaccha-
rides. The enzyme activity was measured to be
1.700 BHU (Biomass Hydrolysis Units)/g product
in our laboratory.

Preparation of wood chips

from waste particle boards

Initial destruction of large dimension materials,
thickness of 18 mm, was carried out by cutting to
smaller pieces of approximately 100 mm x 100 mm.
Disintegration of waste particle boards glued
with UF adhesives was carried out on a wet (soak-
ing in water/cooking) basis employing a process
provided by our workplace (Ihnat et al., 2017).
Samples of 100 x 100 mm particle boards bonded
with UF glues without surface foils on either side
were dipped/soaked and cooked in water and
weighed to determine the water absorbance. The
samples were soaked for 48 hours in cold water
and subsequently cooked for 180 minutes under
stirring. The samples were disintegrated freely into
individual particles after 180 minutes of cooking.
Thus prepared samples were disintegrated and
dried at 105 °C and particles obtained were sieved
to fractions. Distribution of the prepared particles
was determined by the laboratory sieving after dry-
ing at 105 °C, whereas the prepared particles were
dried and sieved at pilot plants.

Preparation of wood fibre from waste MDF boards
Waste MDF based on UF resins was obtained from
old furniture based on MDF boards. It was de-
structed to parts with edges of not more than 5 cm
and fibre was prepared according to the process
described in our previous paper (Ihnat et al., 2018).
Particles of MDF were cooked at constant stirring
in water for 3 minutes until the relative humidity
of at least 45 % was achieved. The particles were
hydro-mechanically defibered by wet milling on
the Sprout Waldron (Sprout, Waldron & Co., Inc.,
USA) at the minimum temperature of 80 °C.

Steam explosion

The prepared samples of recycled fibreboards and
particle boards were impregnated with fresh water
so that the final moisture content of samples before
the steam explosion was at least 85 % w/w. That is
the amount of water in which a sample was soaked
prior to its pretreatment and which was calculated
to be 15 % w/w of the used lignocellulosic material.
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The samples were soaked in water at 20 °C for at
least 1 hour prior to steam explosion pretreatment.
Quick determination of dry matter in the samples
was performed on a moisture analyser Denver
IR35 that uses infrared sample heating. The sam-
ples (100 g o.d.) were finally pretreated in a 2 L
stainless steel batch reactor for steam explosion
(Amar Equipments Pvt. Ltd., India). The reactor
was used for steam reactions at three different tem-
peratures (185 °C, 205 °C and 235 °C). Retention
time of each thermo-hydro-mechanical experiment
with the recycled lignocellulosic materials (steam
explosion — STEX) was 10 minutes.

Enzymatic hydrolysis

Enzymatic hydrolysis (EH) of original particles
and those pretreated with Cellic Ctec3 at a dose
of 15 % w/w (g of Cellic Ctec3/100 g of cellulose)
was carried out at 50 °C, pH = 5.0 for 96 hours
and 12.5 % w/w of particles. The pH value was
adjusted continuously during the process using
0.1 N sulphuric acid and 0.1 N sodium hydroxide.
The hydrolysate samples were collected after 24,
48, 72 and 96 hours. The procedure of cellulose
decomposition is well described (Whistler and
Smart, 1953) by the chemical equations scheme
represented by Eq. (1).

natural cellulose - linear cellulose —
- cellobiose — glucose (1)

HPLC analysis

Concentration of monosaccharides was deter-
mined using the procedure of the National Re-
newable Energy Laboratory (NREL 2008; Sluiter
et al., 2011). Monosaccharides (glucose, xylose
and arabinose) were determined in hydrolysates
by the HPLC (High Performance Liquid Chro-
matography) method using a Rezex ROA (organic
acid) H' column. The mobile phase was 0.005 N
sulphuric acid at the flow of 0.5 mL-min™ and
the temperature was set to 30 °C. Chromatography
data were processed by the software Clarity version
5.3.0.180 (DataApex Ltd., Czech Republic).

Results and Discussion

Recycled fibreboards and particle boards

as perspective substrates in 2G bioethanol production
A good model for dendromass behaviour in partial
processes of biofuel production can be obtained
using of recycled fibreboards and particle boards
due to their high holocellulose content. The
mentioned substrates are based mostly on spruce
and, in lower extent, also on beech; holocellulose
content in these natural materials ranges from

71 % (Kurth and Ritter, 1934; Bodirlau et al., 2012)
to 85 % (Gawron et al., 2011). Among the recycled
fibreboards, MDF boards are very often used in
furniture industry. However, these contain also
resin and other additives that are blended with the
fibres (Piekarski et al., 2014). There are no reliable
literary sources referring to 2G bioethanol pro-
duced from fibreboards and particle boards and
this work has the ambitions to change this.

Steam explosion of recycled fibreboards and particle
boards as a pretreatment method and its evaluation
Various methods of pretreatment and their evalu-
ation have been described in our previous papers
as well as in other scientific papers (Pazitny et al.,
2019a, 2019b; Kokta and Ahmed, 1998; Simangun-
song et al., 2018). In this work, steam explosion of
recycled fibreboards and particle boards at 185 °C,
205 °C and 235 °C was studied. Samples prepared
for the steam explosion experiment were soaked
in water at 20 °C for at least 1 hour and then they
were subjected to steam explosion at appropriate
temperatures. The corresponding severity factors
are listed in Table 1.

Tab. 1. Effect of pretreatment process temperature
on the severity factor at constant retention
time of 10 minutes.

Steam explosion . .
Retention time

temperature ] Severity factor
(minutes)

(°C)

185 10 3.50

205 10 4.09

235 10 4.97

The severity factor computation for corresponding
temperatures and constant retention time was based
on the integral form of the equation for severity
factor determination (Eq. (2)) introduced in other
scientific papers (Hashemi et al., 2019; Batista et al.,
2019).

R, :fexp L _Eldt (2)

14.75

where R, is the severity factor, 7, reaction tempera-
ture (°C), 7T, base temperature (100 °C), ¢ retention
time in biomass hydrothermal reaction (minutes),
14.75 is an empirical temperature value based on the
conventional activation energy assuming first order
kinetics (k] -mol™). Eq. (2) can be written in a sim-
plified form (Pazitny et al., 2019a) and it quantifies
as a reaction coordinate for steam explosion. Table
1 clearly shows the increasing trend of the severity
factor depending on the temperature increase.
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Tab. 2. Availability of samples obtained from enzymatic hydrolysis of particles prepared by steam explo-

sion.

Steam explosion temperature

Sample type
P YP (oc)

Availability of samples from enzymatic hydrolysis

Particle boards Without steam explosion

Fibreboards Without steam explosion
Particle boards 185
Fibreboards 185
Particle boards 205
Fibreboards 205
Particle boards 235
Fibreboards 235

Available
Unavailable
Available
Unavailable
Unavailable
Available
Unavailable

Available

Several enzymatic hydrolysis experiments with sam-
ples obtained from steam explosion were excluded
from the analysis due to the difficult removal of hydro-
lysates and problems with torrefaction of the lignocel-
lulosic material at the steam explosion temperature
of 235 °C, mainly in case of particles obtained from
particle boards. The most common material for par-
ticle boards and fibreboards production in our region
is spruce wood which can be torrefied at temperatures
ranging from 230 °C to 290 °C (Manouchehrinejad
and Mani, 2018). However, steam explosion of parti-
cles based on fibreboards at 235 °C was successful and
enzymatic hydrolysis was performed with removable
hydrolysate. Availability of samples obtained from
enzymatic hydrolysis is shown in Table 2.
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Elution time of all monosaccharides (Table 3) was
equal for each sample and at all times of hydroly-
sates sampling (Fig. 1 a) — d)).

Tab. 3. Retention time of analysed monosaccha-
rides obtained from enzymatic hydrolysis.

Analysed component Elution time (minutes)

Glucose 11.80 £ 0.01
Xylose 12.60 £0.02
Arabinose 13.85+0.02

Figure 1 a) shows an HPLC chromatogram over-
lay of hydrolysates obtained from the particles
without steam explosion pretreatment. It confirms
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Fig. 1. HPLC chromatogram overlays of hydrolysates obtained from particles without steam explosion
pretreatment (a) particle boards and pretreated by steam explosion at different temperatures, b) particle
boards, 185 °C, c) fibreboards, 205 °C, d) fibreboards, 235 °C), elution time of analysed monosaccharides
is shown in Table 3 (EH 24 hours — orange, EH 48 hours — red, EH 72 hours — blue, EH 96 — light red).

188

Pazitny A, Steam explosion of wood particles from fibreboard and particle board...



the characteristic presence of glucose and lower
concentration of xylose and arabinose expected
based on lower holocellulose accessibility without
pretreatment (Pazitny et al., 2019b). Figure 1 b) —
d) shows HPLC chromatograms of hydrolysates
obtained from the particle boards or fibreboards
pretreated by steam explosion. In Figure 1 a), c)
and d), the most significant peak belongs to the
glucose monomer which indicates high content of
accessible cellulose. It was found that hydrolysate
obtained from fibreboards pretreated by steam ex-
plosion at 235 °C contains the highest proportion of
the glucose monomer based on the highest signal
(Fig. 1 d)). Thus, the best splitting of recalcitrant
structure and the most accessible fibreboard cel-
lulose are at the highest used temperature of steam
explosion which is very close to the torrefaction
temperature (Manouchehrinejad and Mani, 2018).
Additionally, Figure 1 b) shows higher signal for
the xylose monomer compared to that for the
glucose monomer which is probably caused by the
lower pretreatment temperature. The holocellulose
decomposition mechanism during thermo-hydro-
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mechanical refining processes is known. The rate
of this decomposition is higher for hemicelluloses,
much lower for cellulose and the lowest for lignin
(Sandberg et al., 2013). This implies that the cellu-
lose decomposition requires higher temperatures.
It should be noted that Figure 1 a) — d) gives qualita-
tive analysis of monosaccharides in hydrolysates —
glucose, xylose and arabinose monomers. However,
the recorded chromatograms show several smaller
peaks that are difficult to analyse due to their over-
lap. As expected, the concentration of monosaccha-
rides recovered in the liquid phase is very low for
non-pretreated samples and it increases as shown by
leaps and bounds for pretreated samples, which is
in accordance with our previous results (Pazitny et
al., 2019a). It is also clear that steam explosion tem-
perature of 185 °C is insufficient to achieve splitting
of recalcitrant structure of the lignocellulosic mate-
rial used as the signal for the refractive index for
glucose is relatively low (approximately 3 pRIU).
Figure 2 a) — b) gives information about the con-
centration of individual monosaccharides in hydro-
lysates. It is shown that the highest concentration of
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Fig. 2. Time-dependence of monosaccharides concentration (glucose — blue, xylose — red, arabinose — green)
for hydrolysates obtained from particles without steam explosion pretreatment (a) particle boards)
and pretreated by steam explosion at different temperatures (b) particle boards, 185 °C,
¢) fibreboards, 205 °C, d) fibreboards, 235 °C).
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glucose (38.8 g-L™) results in steam explosion of
fibreboard particles at 235 °C. However, the highest
total concentration of monosaccharides (42 g-L™")
is provided by steam explosion of fibreboard parti-
cles at 205 °C. It should be added that this pretreat-
ment temperature of lignocellulosic material based
on wood was identified as the optimum because
higher pretreatment temperatures enhance the
production of fermentation inhibitors (Stankovska
et al., 2018) which are not suitable for further treat-
ment in second generation biofuel production. As
mentioned above, analogically to chromatograms
evaluation, the highest concentration of identified
pentose — xylose and arabinose was found for steam
explosion pretreatment of particle boards at 185 °C.
The maximum concentration of xylose (23.3 g- L)
and arabinose (1.58 g-L7') was achieved after
96 hours and after 72 hours of enzymatic hydroly-
sis, respectively.

The obtained results on hydrolysates composition
can help to formulate input mixture of raw materials
suitable for the production of second generation
liquid biofuels. Based on these results, fibreboard
seems to be a more suitable lignocellulosic material
with relatively low severity factor R, = 4.09 (pre-
treatment temperature of 205 °C, retention time of
10 minutes).

Conclusions

HPLC analysis was used to characterise hydrolysed
lignocellulosic materials based on dendromass,
the materials subjected to mechanical,
hydro-mechanical and thermo-hydro-mechanical
refining processes. Dramatic changes in the basic
composition of particles based on fibreboard and
particle boards were observed when thermo-hydro-
mechanical pretreatment — steam explosion, was
used. Enzymatic hydrolysis was used as an indirect
control of the pretreatment process.

Analysis of hydrolysates from enzymatic hydrolysis
showed that the optimum pretreatment process was
achieved by steam explosion of fibreboard particles
at 205 °C, which corresponds to the severity factor
(Ry) of 4.09 (pretreatment temperature of 205 °C,
retention time of 10 minutes). For this temperature,
the highest concentration of total monosaccharides
(42 g- L") with relatively high proportion of glucose
(38.8 g-L') was obtained. Significantly higher pre-
treatment temperatures enhance the concentration
of fermentation inhibitors resulting from reduced
concentration of monosaccharides at the pretreat-
ment temperature of 235 °C. This temperature is also
very close or even corresponds to the torrefaction
temperature of the lignocellulosic materials studied.
However, this pretreatment temperature provided

Wwere
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the highest concentration of glucose in case of steam
explosion of particles based on fibreboards. In
contrast, the concentrations of xylose and arabinose
were reduced. The maximum concentration of
xylose (23.3 g-L™') and arabinose (1.58 g- L) were
obtained in case of steam explosion pretreatment
of particle boards at 185 °C after 96 hours and after
72 hours of enzymatic hydrolysis, respectively.

The hydrolysates composition results can help in the
formulation of the input mixture of raw materials
suitable for the production of second generation
liquid biofuels as well as in the field of enzymology
and wood processing industry.
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Abstract: Due to the substantial protective effects of milk thistle to liver against various chemical com-
pounds, a new healthy cereal product replacing wheat flour with milk thistle seed flour in the range of 5; 10;
15; 20; 25 and 30 % has been studied. As it has been found, milk thistle seed flour is a good source of total
dietary fibre, proteins, mineral compounds and fats. During the experiments, effects of wheat flour replace-
ment on technological properties of the dough were studied using Mixolab characteristics. From the results
it can be stated that milk thistle seed flour replacement led to a decrease in water absorption and stability of
dough. After baking, physical, mechanical, colour and sensorial properties of the biscuits were studied. The
results have shown that even a 10 % replacement results in a significant difference at p < 0.05 in measured
parameters compared to ones. However, it has been calculated that statistically insignificant replacement of
wheat flour with milk thistle seed flour is up to 9.3 % with quality and sensorial parameters of the biscuits
equal to those prepared from 100 % wheat flour. Thus, production of functional biscuits at these conditions

is fully possible.

Keywords: biscuits, functional foods, milk thistle, Mixolab, sensory analysis, silymarin, texture

Introduction

Over the last decades, research has proved that diets
rich in fruits and vegetables are protective against
the risk of some types of cancer. Several medicinal
herbs have received great attention due to their wide
range of pharmacological effects and also for their
cancer chemopreventive activity (Ramasamy and
Agarwal, 2008). Liver cancer is considered as the
sixth most common cancer and the second leading
cause of cancer deaths around the world (Moham-
madian et al., 2018). Over 840,000 new cases of liver
cancer were reported in 2018 and it was the most
frequently diagnosed type of cancer in 13 countries,
especially in Mongolia, Egypt or Gambia (Bray et al.,
2018). Thus, there is no doubt about the increasing
occurrence of liver cancer in the world. From the
viewpoint of food technology, functional foods are
of great interest due to their positive effects on con-
sumer health. Functional foods are foods and their
components with health benefits beyond basic nutri-
tion; they help in maintaining health and thereby
reducing the risk of diseases. Also evidence proving
an association between functional foods and cancer
has been reported. Flavonoids have several impor-
tant biological roles associated to cancer risk. In vitro
and animal model systems indicated that flavonoids
influence signal transduction pathways, stimulate
apoptosis and prevent inflammation and prolifera-
tion in human cancer cell lines (Aghajanpour et al.,

2017).
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Milk thistle (Silybum marianum) seeds (MTS) have
been used for more than 2000 years as an effec-
tive medicament for liver and biliary disorders
(e.g. cirrhosis, chronic hepatitis, environmental
contaminants exposure) and it is one of the most
common botanical supplements in the world used
for therapeutic purposes (Albassam et al., 2017).
According to Karkanis et al. (2011) milk thistle is an
important medicinal crop in Europe especially in
Poland, a significant European producer of MTS
and medicines derived from it. M'TS has recently
become more significant in North America. Ac-
cording to El-haak et al. (2015), MTS contains
beneficial compounds such as proteins, saccharides
(especially crude fibre), minerals and some phy-
tochemicals — mainly flavonolignans, summarily
called silymarin. The main roles of this compound
are liver protection, improvement of hepatocytes
rearrangement, prevention of lipid peroxidation,
detoxification of liver, and antioxidant activity
(Tabari et al., 2019). Dried extract of MTS contains
approximately 60 % of silymarin (Radjabian et al.,
2008). Moreover, MTS proteins have a high content
of essential amino acids such as lysine, isoleucine,
leucine, valine, and threonine, which are not
present in wheat flour (WF) (Apostol et al., 2017a).
Therefore, the application of milk thistle seed flour
(MTSF) in cereal products could be beneficial due
to its nutritional and health effects on consumer
organism. In spite of these healthy properties,
there is a lack of any information regarding the
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application of MTS in biscuits. Shahat Mohamed
et al. (2016) studied replacing WF with MTSF at
levels of 3, 6 and 9 %. According to their results, the
use of MTSF at 9 % did not influence the sensory
properties, and therefore it is a promising way to
produce low price functional bread. Apostol et al.
(2017a) studied partially defatted MTSF and found
that a 5 %, 10 % or even 15 % replacement of WF
with MTSF did not negatively affect the rheologi-
cal parameters of dough used for the production of
superior bakery products.

The purpose of this research is to offer new func-
tional food which may reduce the risk of cancer,
especially liver cancer. Thus, the aim of this article
was to study the effects of WF replacement with 5,
10, 15, 20, 25 and 30 % of MTSF on technologi-
cal characteristics of dough and on organoleptic
properties of the final product.

Materials and methods

Materials

WF (Good Mills Czech Republic s.r.o., type T530),
saccharose (Korunny cukor, Slovakia), shortening
(Palma a.s., Slovakia), sodium bicarbonate (Dr.
Oectker s.r.0, Slovakia) and table salt (K+S Czech Re-
public a.s.) were purchased in a local market. MTS
(Fytopharma a.s., Slovakia) was purchased in a local
pharmacy. MTSF was obtained by grinding MTS
using a grinder (Bosch, Germany). To obtain a uni-
form particle size, the MTSF was passed through a
sieve with the particle size of 250 pm and stored at
4 °C in dark until usage.

Chemical composition of flours

Moisture content was determined by a modified
method described by Oladunmoye et al. (2014).
Temperature in the air oven was maintained at
130 °C for 60 min. Ash content was determined
by Riley et al. (2006). Crude fat content was de-
termined by a method described by Pereira et al.,
(2013). Protein content was set as total nitrogen con-
tent by the Kjeldahl procedure; a factor of 6.25 was
used for nitrogen conversion to crude protein in
MTSF and of 5.70 in WF (Apostol et al., 2017b).
Total dietary fibre (TDF) content was determined
using the Megazyme International TDF assay (Sun-
Waterhouse et al., 2010). Reducing saccharides con-
tent was determined by the Luff-Schoorl method
according to Marrubini et al. (2017). Total starch
content was determined using the Ewers method
measuring optical rotation (Kennedy et al., 1989).

Rheological properties of dough
Rheological behaviour of dough was monitored
using Mixolab 2 (Chopin Technologies, France)

applying the “Chopin+” protocol, in which Mixo-
lab recorded changes of torque in five defined
points as follows: C; — water absorption; Cy —
weakening of the protein based on mechanical
stress at increasing temperature; Cs — rate of starch
gelatinization; C, — stability of the formed gel;

C; — starch retrogradation during the cooling pe-

riod (Svec and Hruskova, 2015). By application of

the “Chopin S” protocol in Mixolab, three farino-
graphic characteristics were measured (Kaur et al.,

2016):

* dough development time (DDT); time between
the first addition of water and the development
of the dough’s maximum consistencys;

* dough stability (DS); difference in time between
the point at which a top of the curve first inter-
cepts 1.1 N-m and the point at which the top of
the curves leaves the 1.1 N-m region;

¢ degree of softening (DoS); difference (expressed
in Farinographic units — FU), between the
height of the centre of the curve at the peak and
the centre of the curve after 12 min.

Biscuits formulation

Biscuits were prepared according to Kohajdova et
al. (2011). The basic biscuits recipe was: 200 g of
fine WF, 106 g of saccharose, 53 g of shortening,
2.2 g of sodium bicarbonate, 1.78 g of table salt,
and 24 cm® of water. This product was used as a
reference for comparison purposes. Then, WF
was replaced with MTSF at levels of 5, 10, 15, 20,
25 and 30 %. The cookies were round in shape and
they were baked in an electric oven (Mora, Slovak
Republic) at 180 °C for 8 min.

Physical properties of biscuits

Five random biscuits were taken after baking to
measure their weight [g], thickness [mm], width
[mm] and volume [cm®]. The weight of the biscuits
before and after baking was used to calculate weight
loss (Ho and Abdul Latif, 2016). Spread ratio was
calculated from the ratio of spread to thickness
(Sindhuja et al., 2005). The volume was determined
by the displacement method of millet seeds and
specific volume [em?/100 g]| was calculated as the
ratio of volume to weight (Freitas et al., 2014).

Mechanical properties of biscuits

Texture analysis of the biscuits was carried on a
TA.TX.plus Texture Analyzer (Stable Micro Sys-
tems, Godalming, Surrey, U.K.). The biscuits were
fractured using the three-point bending rig probe
(HDP/3PB) with a 5 kg load cell. Experimental con-
ditions were as follows: pre-test speed — 1.0 mm/s,
test speed — 3.0 mm/s, post-test speed — 10 mm/s,
distance between supports — 30 mm and trig-
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ger force — 50 g. The mean maximum value was
recorded as hardness [g] and the mean distance
compressed before breaking value as fracturability
[mm)].

Analysis of colour

Colour of the flour mixture formulations and the
upper surface colour of the biscuits were measured
using a UV-VIS spectrophotometer Cary 300 (Agi-
lent Technologies, USA); the colour itself was
evaluated using the CIELAB coordinate system.
The parameters measured were: L’ (lightness fac-
tor, 0 =black, 100 = white), ¢’ (-a" = green, +a" =red)
and 0" (-b" = blue, +b" = yellow). The total colour
difference (AE) between the reference and the flour
mixtures was calculated by Apostol et al. (2017a):

AE!, = (AL +(Aa" ) + (A )? (1)

Sensory evaluation

The biscuits were subjected to sensory evaluation
using nine trained panellists, men and women
between the age of 22—24 years from the University
community. The biscuits were analysed for their
taste, aroma, crispiness, colour, hardness and overall
visual acceptability on a hedonic scale going from
0 (dislike extremely) to 10 points (like extremely)
(Pages et al., 2007; Chauhan et al., 2016). Overall
acceptability was expressed in percentages in the
range of 0—100 %.

Statistical analysis

All measurements were performed in triplicate at
the minimum sample amount and expressed as an
average *standard deviation. The data were sub-

Tab. 1. Chemical composition of WF and MTSF

[%].

Chemical component WF MTSF

Moisture 8.9+0.10 6.0 +0.10
Fat 2.0£0.00 32.9 £0.10
Total dietary fibre 2.510.10 42.1 £0.50
Starch 67.7 £0.00 3.1£0.10
Reducing saccharides 0.4 +£0.00 1.8 £0.10
Ash 0.5£0.00 5.5 +0.20
Protein 12.4 +0.40 20.1£0.90

All values are expressed as mean £SD, n = 3; WF — wheat
flour, MTSF — milk thistle seed flour.

jected to the Student’s test using Microsoft Office
Excel 365. The obtained values were significantly
different at p < 0.05. Using the Microsoft Office
Excel 365, a correlation analysis was performed
to determine the connection between rheological
properties of dough and technological properties
of supplemented biscuits, which was expressed
through the Pearson correlation coefficient (7).
The p value of highest statistically insignificant
replacement in terms of overall acceptability, i.e.
statistically insignificant ideal replacement, was
determined by comparison.

Results and Discussion

Chemical composition of flours

Chemical composition of both flours is shown in
Table 1.

The results confirmed that MTSF is a valuable
source of fat, protein, and dietary fibre. In com-
parison to WF, MTSF contains a higher level of

Tab. 2. Rheology characteristics of dough composed of WF alone (column 1) and MTSF/ WF blends in
range of 5, 10, 15, 20, 25, and 30 % (columns 2, 3, 4, 5, 6, 7).

Rheology 1 2 3 4 5 6 7
parameters

WA [%] 57.3 £0.17 56.3 £0.00* 55.7 £0.08* 54.0 £0.41* 53.1 £0.05%* 51.6 £0.17* 51.2 £0.08%*
C, [N-m] 1.12 £0.00 1.09 £0.01%* 1.07 £0.00* 1.07 £0.00* 1.13 £0.01 1.09 £0.02 1.11 £0.04
C,[N-m] 0.55 £0.01 0.45 £0.01%* 0.31 £0.01* 0.25 £0.01%* 0.30 £0.01* 0.28 £0.01* 0.28 £0.01*
C; [N-m] 2.00 £0.04 1.66 £0.02* 1.50 £0.01* 1.41 £0.03* 1.46 £0.02%* 1.35 £0.02* 1.37 £0.02%
C,[N-m] 1.99 £0.04 1.54 £0.02* 1.48 £0.02%* 1.44 +£0.05* 1.55 £0.02%* 1.44 £0.01* 1.31 £0.02*
C;[N-m] 3.15 +£0.06 2.59 £0.04* 2.59 £0.06%* 2.54 £0.05% 2.76 £0.03* 2.69 +0.04* 2.58 £0.01*
DDT [min] 4.33 £0.24 5.50 £0.00%* 6.00 £0.00%* 5.67 £0.24* 6.33 £0.24* 6.67 £0.24* 5.83 £0.48*
DS [min] 18.00 £0.41  11.50 £0.00*  8.83 £1.93%* 5.17 £0.62* 5.50 £0.41* 4.83 £0.24* 4.50 £1.41*
DoS [FU] 17.67 £3.68 14.67 £3.30  49.00 £7.26%  72.67 £1.25%  69.33 £5.25%  76.67 £8.96%  88.33 +6.24*

All values are expressed as mean £SD, n = 3, * indicates a statistically significant difference (p <0.05).

WF — wheat flour, MTSF — milk thistle seed flour, WA — water absorption; C; — initial maximum consistence during mixing;
Cy — minimum value of torsion during mixing and initial heating; C; — maximum value (peak) of torsion during heat-
ing stage; C, — stability of hot starch paste; C; — difference between maximum torsion after the cooling period at 50 °C;
DDT — dough development time; DS — dough stability; DoS — degree of softening
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fat, protein as well as TDF. However, Apostol et al.
(2017b) determined the TDF content in partially
defatted MTSF to be 27.2 % which is significantly
lower than our results. According to El-haak et
al. (2015), the contents of protein, lipids and
total saccharides in the seeds are in the range of
19.1-30.0 %, 20.0—30.0 %, and 24.2—26.3 %,
while the starch content is only 3.1 % and reduc-
ing saccharides content only 1.8 %, which means
that TDF forms the biggest part of total saccharide
content in MTSF. Also, ash content in MTSF is
considerably higher compared to WF. From the
results of chemical composition, it can therefore
be stated that M'TSF is a good source of TDF in
biscuits.

Rheological properties of dough

Rheological properties of dough are provided in
Table 2.

Monitoring of rheological properties of dough
is very important for the overall technology to
estimate mechanical properties of dough and
to imitate its behaviour during its processing or
even to anticipate the quality of the final product
(Hadnadev et al., 2014). From the obtained data
it can be clearly seen that increasing addition of
MTSF decreased the absorption of water (WA) in
dough. These results are in contrast with those of
Shahat Mohamed et al. (2016), where WA level
increased with the addition of MTSF; however,
they are similar to those of Apostol et al. (2017a),
where WA level decreased from 60.0 % (reference
sample) to 58.1 % (15 % MTSF). As noted by
Okuda et al. (2016), lower water content increases
the dough kneading time. As it follows from Table
2, a 30 % replacement significantly decreased
WA, thus it can be assumed that a larger volume
of water will be needed to develop dough with the
same properties in comparison with the reference.
C, values, representing the weakening of protein

network, decreased from 0.55 N-m to 0.25 N-m
(15 % MTSF) and then remained at approximately
constant value of 0.30 N-m indicating certain
compatibility level of gluten and MTSF proteins
during dough formation. C; values are connected
to starch gelatinization. As shown in Table 1,
MTSF is not a rich source of starch, therefore
C;values tend to decrease during the replacement
of WF. From this point of view, limiting replace-
ment of WF with MTSF is approximately 10 %
since Cyand C; were not considerably affected by
the WF replacement.

From Table 2, DDT of reference dough was
4.33 min while a 5 % MTSF addition increased
this value to 5.50 min. At higher replacements, this
time even reached 6 min. In general, the increase
of DDT indicates that higher fibre content slows
down the rate of hydration and the development
of gluten (Kohajdova et al., 2011). These results
correspond to the study of Shahat Mohamed et
al. (2016), in which DDT of reference dough was
4.5 min and of the dough with a MTSF addition of
3,6 and 9 % it was 6, 5 and 5.5 min, respectively.
As it follows from Table 2, DS values significantly
decreased with the increase of MTSF addition. At
large, stability of dough is attributed to protein poor
in sulfhydryl groups, which normally causes dough
softening or even degradation (Shahat Mohamed
et al., 2016). The gluten network with is stronger
and has higher resistance to shear stress at higher
protein content (Kaur et al., 2016). Although MTSF
contains high level of protein, higher level of fibre
may weaken the gluten network. DoS increased al-
most five times due to WF replacement due to high
fibre and fat content in MTSF, which can weaken
the dough (Shahat Mohamed et al., 2016).

Physical properties of biscuits
Table 3 summarizes physical properties (weight,
thickness, diameter, spread ratio, volume, speci-

Tab. 3. Physical properties of biscuits prepared from WF and WF/MTFS blends.

Level of Weight . Specific .
Thickness X Volume Weight loss .
MTSF after Width [mm] volume Spread ratio
.. . [mm] [em?] [%]
addition  baking [g] [em?®/100g]
0% 7.61 £0.35 7.62 £0.30 47.88 +0.47 10.60 £0.49 139.31 +4.97 13.27 £0.53 6.29 +0.24
5% 7.39 +£0.37 8.10* £0.21 47.13% +0.31 10.60 £0.49 143.53 £5.71 13.05 +0.33 5.82 +£0.17
10 % 7.47 £0.30 7.05% +0.11 47.75+0.78  11.20* £0.40 150.16 £6.75 13.64 +£0.67 6.77%+0.18
15 % 7.07 £0.34 7.34 £0.30 48.08 £0.11 11.80%* £0.40 167.15% £7.39 18.77 £0.51 6.56 +0.25
20 % 6.86% £0.10  6.69* £0.25 47.62+0.69  11.80* £0.40 172.17% £6.82  14.52* +0.58 7.12% +0.19
25 % 6.61*%+£0.30  8.85%*+0.33 47.72 £1.73  11.80% £0.40 178.76% £7.70  14.76* £0.38 5.40%* £0.28
30 % 6.68% +£0.32 74740.26 49.05%+0.50 12.20* +£0.40 182.85% £6.07  15.72% £0.02 6.57% +0.25
All values are expressed as mean £SD, n = 5, * indicates a statistically significant difference (p < 0.05).
WF — wheat flour, MTSF — milk thistle seed flour
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fic volume, and weight loss) of the prepared bis-
cuits.

A significant difference (p <0.05) between each sam-
ple in terms of thickness, weight, volume, specific
volume, weight loss, and spread ratio was observed.
Average thickness of the reference sample was
7.62 mm while in biscuits with the addition of MTSF
it varied from 8.10 to 7.47 mm. No significant trend
in thickness and width values was found, though
Ho and Abdul Latif (2016) found that thickness was
positively affected by the increasing level of pitaya
peel flour incorporation. According to Chauhan et
al. (2016), thickness and width are related to dough
viscosity; lower dough viscosity causes cookies
spreading at a faster rate. As found, cookies with
higher spread ratio are considered to be the most
desirable (Chauhan et al., 2016). In this study, the
highest spread ratio was observed in biscuits with
20 % of MTSEF. The spread ratio of biscuits is also
influenced by the water absorption value. Higher
water absorption causes less water to be available
for sugar dissolution and thus the initial viscosity
is higher and the cookies spread less during baking
(Ho and Abdul Latif, 2016). In our experiments,
water absorption of biscuits increased at 25 and
30 % MTSF supplementation, so the spread ratio
decreased compared to a 20 % MTSF addition. It
was noticed that specific volume and weight loss
increased with the increasing level of MTSF. The
specific volume varied from 139.31 c¢m?®/100 g (re-
ference sample) to 182.85 cm®/100 g (30 % of MTSF).
According to Kohajdova et al. (2011), specific volume
is influenced by the interaction between gluten and
dietary fibre. In their research, the addition of apple
fibre caused significant decrease of the specific vol-
ume of biscuits. Apple fibre contains almost similar
level of dietary fibre (46.1 %) as MTSF but mostly
from soluble components such as pectins. Accord-

7000,00
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ing to results shown in Table 1 it can be stated that
MTSF consists mostly of insoluble fibre and thus the
specific volume of biscuits increases. Weight loss in-
creased from 13.27 % (reference sample) to 15.72 %
(30 % WF replacement). However, MTSF had lower
water holding capacity than WF, thus more water
was evaporated during baking.

Mechanical properties of biscuits

Texture results are shown in Figure 1.

Average hardness of the reference sample was
6013 g and it first decreased to 4108 g (20 % MTSF)
and then increased to 5583 g (30 % MTSF) with the
addition of MTSF. The early decrease in hardness
can be attributed to the changes in gluten structure
as MTSF considerably affects the formation of
gluten matrix. On the other hand, hardness tends
to increase with the fibre content. Similar findings
have been reported by Singh et al. (2015). In their
research, hardness of the high fibre and high pro-
tein biscuits varied between 1545.14 and 2298.14 g
due to the incorporation of spirulina and sorghum
flours. According to Galla et al. (2017), breaking
strength of biscuits enriched with higher levels
spinach powder was comparable with that of the
control, which supports our findings. Hardness is
also connected to fracturability, referring to the
force with which the material breaks (Singh et al.,
2015). Fracturability values differ in all samples but
not so significantly than hardness values, 20.43 mm
for the reference and 21.31 mm for 30 % W¥ addi-
tion, however, all values were almost similar.

Colour analysis

Colour is one of the main organoleptic parame-
ters influencing the overall acceptability of food
products. The effect of MTSF on flour mixtures
colour is shown in Table 4.
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Fig. 1. Texture analysis of biscuits prepared from blends of wheat flour and milk thistle seed flour.
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Tab. 4. Colour characteristics of flour mixtures.

Colour 95 WF + 90 WF + 85 WF + 80 WF + 75 WF + 70 WF +

100 WF 100 MTSF
parameter +5MTSF ~ +10 MTSF ~ +15MTSF ~ +20 MTSF ~ +25 MTSF ~ +30 MTSF
r 84.0940.28 84.70%+0.16 81.35%*+0.73 79.73%+0.63 77.85%+0.57 77.46%+0.66 76.02*+0.13  58.90* £0.34
a 0.81+0.01  0.81£0.03  0.93*%0.05  0.97%+0.04  LI8*%0.02  126%+0.02  143%*%0.01  2.93%*+0.05
b 8.71+0.06  8.25%%0.07 8.17%£0.05  7.76*+0.15  8.02%*£0.03  8.32%*+0.07  8.60*+0.07  9.16%£0.09
AE , 0.8310.24  2.79£0.72 4.47 £0.51 6.28+0.66  6.65%0.86 8.09+0.29 25.28 £0.53

All values are expressed as mean £SD, n = 5, * indicates a statistically significant differences (p < 0.05).

WF — wheat flour, MTSF — milk thistle seed flour, " — lightness, " — redness, " — yellowness, AE',; — colour differences

From the comparison of wheat flour and MTSF
it is evident that MTSF has lower lightness para-
meter (L = 58.90) and higher redness parameter
(@ = 2.93). Yellowness parameter (5" = 9.16) is not
so different from pure WF (4" = 8.71). Therefore,
mixtures of wheat flour with MTSF have lower L’
values and higher «" values. From the analysis of
the total colour difference (AE",) it results that 5 %
and 10 % blends are not so different from pure
wheat flour with AE",, = 0.83 and 2.79, respectively.
Other blends showed AE",, above 3. All values dif-
fer significantly (p < 0.05). Apostol et al. (2017a)
obtained the same results as the highest percentage
of added MTSF resulted in higher redness values
and lower lightness values. The colour parameters
for baked products are listed in Fig. 2.

L’ values in baked biscuits showed the same trend,
i.e. the more MTSF was added, the lower lightness
was observed. However, redness values were varied
significantly. At first, " values decreased from

3.64 (reference) to 1.87 (10 % of MTSF), probably
due to melanoidin pigments formed during the
Maillard reaction. Then, the effect of MTSF
redness manifested and the &’ parameter increased
up to 5.00 (30 % MTSF). According to Chauhan et
al. (2016), protein content is negatively correlated
with the lightness of cookies, indicating that the
Maillard reaction plays a major role in colour
formation. The total colour difference was the
lowest in biscuits with 5 % of MTSF (AE",,=3.76) at
AE’,, of above 4, so the colour changes were easily
observed visually. Thus, biscuits enriched with
MTSF do not have the same colour parameters as
the reference and the replacement above 5 % is not
be applicable.

Sensory evaluation

The effects of WF replacement with MTSF on
the sensory characteristics of biscuits are shown in
Figure 3.
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Fig. 2. Colour analysis of biscuits prepared from blends of wheat flour and milk thistle seed flour.
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Fig. 3. Sensory evaluation of biscuits prepared from wheat flour and milk thistle seed flour blends.

A significant difference (p < 0.05) was observed
between each sample in terms of colour, crispiness,
overall visual acceptability, taste and hardness
while aroma showed statistically lowest difference,
so this parameter is not significantly influenced by
MTSF addition. All other parameters were slowly
decreasing with the increasing MTFS content.
According to the panellists, taste was evaluated the
worst and the score dropped under 4 in biscuits
with 30 % MTSF. They described the products as
too bitter with unnatural taste. This corresponds
to higher TDF content in biscuits with the
increasing MTSF content. According to Shahat
Mohamed et al. (2016), changes in taste may be
related to the presence of MTS seed coats which
contain a high proportion of fibre (lignin). Sur-
prisingly, the drop in colour was not so pronounced
even in biscuits with 25 % of MTSF; it is possible
that some assessors did not consider darker colour
as an issue. The sensory results of hardness cor-
responded with those found for the mechanical
properties; they first gently decreased and then
increased again. Almost similar findings were re-
ported by Galla et al. (2017) when biscuits with 5 %
of spinach powder content were evaluated similarly
as the control samples in all attributes. As it follows
from Table 5, biscuits with a 5 % replacement of
WF with MTSF were the most acceptable also in
these experiments since the obtained data were
closest to the reference sample data.

These findings have also been confirmed by the
Student’s test, determining a 5 % replacement as

Tab. 5. Overall acceptability of biscuits prepared
from WF and WF/MTFS blends.

Level of MTSF addition Overall acceptability [ %]
0% 92.6 £9.01

5 % 91.2 £5.16

10 % 83.3 £6.24°*

15 % 78.3 £7.45%

20 % 78.9 £10.09*

25 % 67.2 £13.14*

30 % 54.4 £23.00*

All values are expressed as mean £SD, n = 9, * indicates a
statistically significant difference (p <0.05).

WF — wheat flour, MTSF — milk thistle seed flour

not significant at p < 0.05, while a 10 % replacement
showed significant difference. Therefore, statisti-
cally insignificant replacement in terms of overall
acceptability was calculated to be up to the 9.3 %
WF replacement.

Correlation analysis

WA of dough was significantly positively cor-
related with the weight of biscuits (r = 0.98)
and negatively with the weight loss (r = -0.93)
and specific volume (r = -0.99). DoS was on the
other hand positively correlated with weight loss
(r=10.87) and specific volume (r = 0.96). Fractur-
ability of biscuits obtained by texture analysis
was negatively correlated with the Mixolab para-
meters C, (r=-0.82), C;(r=-0.90), C, (r=-0.89),
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C; (r=-0.79) and DS (r=-0.86); however, positive
correlation was found for DDT (r = 0.91). It was
found that AE",, values can be directly connected
with specific volume (r = 0.96) and weight loss
(r=10.98).

Conclusion

Summarising the results and findings of this study,
the following conclusions can be postulated:

4.1. MTSF is a good source of TDF, proteins,
mineral compounds and fats and therefore it can
be used for human nutrition. Moreover, due to the
high content of flavonolignans, summarily called
silymarin, and their positive effects on liver, it is
also suitable for the production of functional foods.
4.2. Suitability of WF replacement with MTSF in
the range of 0—30 % was studied for the prepara-
tion of biscuits as healthy bakery products.

4.3. During the experiments, effects of the WF
replacement on technological properties of the
dough were determined using Mixolab character-
istics. Results showed that WA gradually decreased
with the increasing amount of TDF. The most
influenced parameters were DS and DoS.

4.4. It has been found that WF replacement with
5 % of M'TSF is not significant at p <0.05 while 10 %
shows a significant difference. Therefore, statisti-
cally insignificant replacement of WF with MTSF
based on measured parameters was calculated as to
be equal to 9.3 %.

4.5. Hence, the production of healthy biscuits on
basis of partial WF replacement with MTSF is pos-
sible providing a new article in functional bakery
products on the market.
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Abstract: The topic of free radicals and related antioxidants is greatly discussed nowadays. Antioxidants
help to neutralize free radicals before damaging cells. In the absence of antioxidants, a phenomenon called
oxidative stress occurs. Oxidative stress can cause many diseases e.g. Alzheimer’s disease and cardiovascular
diseases. Therefore, antioxidant activity of various compounds and the mechanism of their action have to be
studied. Antioxidant activity and capacity are measured by in vitro and in vivo methods; in vitro methods are
divided into two groups according to chemical reactions between free radicals and antioxidants. The first
group is based on the transfer of hydrogen atoms (HAT), the second one on the transfer of electrons (ET).
The most frequently used methods in the field of antioxidant power measurement are discussed in this work
in terms of their principle, mechanism, methodology, the way of results evaluation and possible pitfalls.

Keywords: ET methods; HAT methods; in vitro; oxidative stress; total antioxidant activity

Introduction

Oxidation process is an important part of the meta-
bolic processes in the human body that produce
energy to maintain some essential functions. How-
ever, it also has side effects as excessive production
of free radicals leads to oxidative changes in the
body (Nijhawan and Arora, 2019). Natural defense
mechanisms of the human body can eliminate/
terminate free radicals. When the production of
free radicals prevails over their elimination, they
can interact with biological macromolecules (pro-
teins, lipids, carbohydrates) and DNA. The forma-
tion of free radicals is initiated by different types
of radiation, unbalanced diet, stress, smoking,
unhealthy lifestyle, etc. (Klaunig and Wang, 2018).
Increased concentration of free radicals in the body
can cause skin aging but it can also lead to more
serious diseases such as cardiovascular diseases,
progressive neurological diseases like Alzheimer’s
disease, Parkinson’s disease, ulcerative colitis and
atherosclerosis (Kimakova and Baranovicova, 2015;
Yan et al., 2002; Li et al., 2012; Chiavaroli et al.,
2011). An antioxidant is generally defined as any
substance in low concentration that inhibits or
stops the proceeding oxidative damage to impor-
tant molecules (Yadav et al., 2016). Enzymatic and
non-enzymatic antioxidants naturally occur in the
human body and counteract the harmful impacts
of free radicals (Lobo et al., 2010). An organism can
obtain antioxidants from external sources, either in
natural form such as from fruits or vegetables, or in
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synthetic form, for example from nutritional sup-
plements and cosmetics. Vitamin C, coenzyme Q10,
beta-carotene, lycopene, uric acid, a-tocopherol,
selenium, flavonoids and polyphenols are the best-
known natural antioxidants (Farajzadeh, 2016).

In order to compare the effects of individual anti-
oxidants to use them more appropriately, it is neces-
sary to know their antioxidant capacity. Antioxidant
capacity of substances is determined by in vivo or in
vitromethods (Joseph et al., 2018). The present work
is focused on the methods of in vitro determination
of antioxidant activity of both hydrophilic and lipo-
philic samples. In vitro methods can be categorized
according to a few criteria depending on the kind
of radical (peroxyl radicals, hydroxyl, alkoxy and
other) they act, according to the chemical reaction
or physical and chemical property of the analyzed
substance, etc. (Moukette et al., 2015).

Hydrogen Atom Transfer (HAT) methods

DPPH (1,1-Diphenyl-2-picrylhydrazyl) assay

DPPH assay is one of the easiest and most fre-
quently used methods. It has been developed to
measure the antioxidant capacity mainly in plants
and food extracts (Alshaal et al., 2019). This
method uses a commercially available organic com-
pound — 2,2-diphenyl-1-picrylhydrazyl, with the
acronym DPPH, generated just before applying the
test to a sample. DPPH is a stable chromogen radical
caused by electron delocalization in all molecules.
This electron delocalization manifests itself in vio-
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Fig. 1. Reaction of DPPH radical with hydrogen atom donors (Alam et al. 2013).

let in ethanolic/methanolic solution which absorbs
radiation with the same wavelength as DPPH radi-
cal emits (517 nm) (Pisochi and Negulescu, 2011;
Shekhar and Anju, 2014). The DPPH scavenging
assay is based on donating a hydrogen atom of
antioxidants to 2,2-diphenyl-1-picrylhydrazyl radi-
cal to transform it into non-radical form (Fig. 1).
The reaction is associated with discoloration of a
blue-colored solution to pale yellow as a sign of the
potential antioxidant activity of the sample (Alam
etal., 2013).

According to Alam et al., 2013, the sample is diluted
with a solvent depending on the character of the
sample and then mixed with the DPPH solution.
Such prepared mixture is first incubated for 30 min
at 25 °C and after an aliquot of the incubated solu-
tion is added to the spectrophotometer, the absorb-
ance at 517 nm is measured (Moran-Palacio et al.,
2014). The percentage of DPPH radical scavenging
(ESC = experimental scavenging capacity) is calcu-
lated using Eq. 1:

A, —A

ESC:%MOO% (1)

br
where A,, is the absorbance measured before the
reaction and A,, after the reaction. The antioxidant
activity is then expressed as the amount of anti-
oxidant sample needed to decrease the synthetic
DPPH radical’s concentration to 50 % (also known
as EC;,) (Pisochi and Negulescu, 2011). In addition,
the power of the antiradical potential can also be
characterized by the uM Trolox equivalent for the
initial amount of fresh mass (uM/g FM).

Although the DPPH method is simple, it is very
sensitive and easily influenced by various factors
such as the presence and concentration of hydro-
gen atom, amount of used solvent, presence of
catalytically acting metal ions and freshness of the
DPPH solvent (Zhong and Shahidi, 2015). What
makes the DPPH radical reactive is the presence
of nitrogen atom with an unpaired electron in the
center of the DPPH molecule (Yeo and Shahidi,
2019). However, this presents a steric limitation for
large molecules as they cannot inhibit the radical
portion of the DPPH radical located in the center
(Holtz, 2009). Smaller molecules able to effectively
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overrun the steric barrier in the DPPH molecule
include ascorbic acid and simple phenols. The reac-
tion between phenol and the radical can be slowed
down if side chains or acid groups are connected on
the aromatic rings of phenols (Schaich et al., 1985).
Yeo et al. (2019) studied limitations of the DPPH
scavenging ability of pigments and dyes from plant
extracts. The limiting factor was that dyes and pig-
ments reached their absorption maximum at the
same wavelength as DPPH radicals. To overcome
this limitation, different equipment and a different
antioxidant activity of dyes determination method,
such as electron paramagnetic resonance (EPR)
spectroscopy, was used. Values obtained by the
EPR spectroscopy differ by more than 16 % from
those obtained by the standard spectrophotometric
DPPH method.

TRAP (Total peroxyl radical-TRapping Antioxidant
Potential) assay

TRAP method proposed by Wayner et al. in 1985
was used to quantify the antioxidant capacity in
human blood plasma. Since then it has undergone
some modifications but its principles have been
preserved. The effect of either free radicals or the
presence of antioxidants on the fluorescence gene-
rated by the fluorescent molecule is monitored.
This method monitors the amount of consumed
oxygen during lipid peroxidation caused by the
thermal brake down of substances such as ABAP
(2,2 -Azobis(2-amidinopropane) (Figure 2) or
AAPH (2,2 -azobis(2-methylpropionamidine) di-
hydrochloride) into simpler matters (Martin et al.,
2017).

The TRAP test is often applicable in the determina-
tion of the antioxidant activity of biological samples
as human plasma or natural samples as plant
extracts (Denardin et al., 2015). The TRAP method
is sensitive to temperature and pH changes (Martin
et al., 2017). Denardin et al. (2015) studied fruit ex-
tracts for their non-enzymatic antioxidant capacity
using this antioxidant method. The peroxy radical
was generated by mixing a solution of AAPH with
Luminol to enhance chemiluminescence. A sample
was added to the peroxy radical and the absorb-
ance after 30 minutes of incubation was measured.
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Fig. 2. Chemical structure of ABAP.

They concluded that fruits with higher content of
phenols also have higher antioxidant activity. More-
over, although Brazilian plant called Butia had high
content of the well-known antioxidant — ascorbic
acid, its power to fluorescence quenching was lower
than in other plants. This assay is very suitable for
biological samples such as plasma, urine and others
because they are able to perfectly react and combine
with peroxy radicals (Munialo et al., 2019).

ORAC (Oxygen Radical Absorbance Capacity) assay

Advantages of the ORAC test include high adapt-
ability to antioxidants, biological samples and foods
and the capability of assaying antioxidant potential
of non-protein samples using a wide range of
extraction agents (Prior, 2015). The reaction is
conceptually simple but difficult in practice. The
reactions start with heating of azide compounds
to release nitrogen gas and generate two radicals
(R") (equation 2). During the radical generation, it
is very important to keep the optimal heating tem-
perature to ensure total azide decomposition. If the
required temperature is not maintained, unclear
and incomparable results are obtained (Mellado-
Ortega et al., 2017).

The interaction between R* and sufficient oxygen
leads to the formation of peroxy radicals, ROO"
(equation 3) which can either attack near colored
or fluorescent molecules (equation 4) or react with
antioxidants (equations 5, 6). Fluorescence is lost
when a fluorescent molecule is attacked by peroxyl
radicals. The less antioxidant participates in the
reaction, the higher the decomposition of the fluo-
rescent molecule and the higher the fluorescence
signal loss (Schaich et al., 2015).

At

R—N=N—R — N, +2R" (2)
0, + 2R* — ROO* (3)

ROO" + target molecule —

— ROOH + oxidized molecule (4)
ROO" + AH —» ROOH + A® (5)
ROO" + A* - ROO—A (6)
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Fluorescence intensity over time is monitored via
the antioxidant activity evaluation. Trolox is used
as a standard for evaluation where its different
concentrations are used to obtain a fluorescence
intensity time-curve and compared with the test
samples. Thus, quantification of the ORAC test is
based on the evaluation of the area under the time-
curve (AUC) (Schaich et al., 2015).

CB (Crocin Bleaching) assay

Crocin bleaching assay is suitable for the antioxi-
dant potential determination of both lipophilic and
hydrophilic samples (Yeum et al., 2004). This
method uses crocin (Figure 3) as a substance com-
peting with the added antioxidant and AMVN
(2,2 -azobis-2,4-dimethylvaleronitrile) or AAPH
(2.27-azobis-2-amidinopropane: R—N=N-R) as
the source of free radicals. AAPH is generally used
for cuvette spectrophotometer, while AMVN is
more frequently used for a microplate spectropho-
tometer. The degree of crocin whitening by a po-
tential antioxidant is measured at 450 nm (Prieto et
al., 2015; Sotto et al., 2018).

Interaction between free radicals and crocin poly-
ene structure results in disruption of the conjugated
system, which corresponds to crocin bleaching. The
disruption of the crocin polyene structure depends
on the form of the radical with which it reacts. Con-
versely, hydroxyl type of radicals cannot be used
here due to their high reactivity with other organic
substances (Ordoudi and Tsimidou, 2006).

Peroxyl radicals are formed in two steps; the first
one is thermal degradation of the initiator (equa-
tion 7) and the second one is the reaction with
oxygen to generate peroxyl radicals (equation 8).

At

NR=NR — 2R" + N, (7)

R" + 0, < ROO* (8)

ROO" + crocin - ROOH + crocin® 9)
ROO" + AH - ROOH + A" (10)

A" + crocin - AH + crocin® (1)

Subsequently, radicals cause crocin bleaching
(equation 9) leading to the solution color loss. More
mechanisms of reaction of the resulting radical
with an antioxidant can be considered depending
on the type of antioxidant. In case of p-carotene
or other carotenoid antioxidants, very common
mechanism is hydrogen atom abstraction (equation
10). Other radicals are also formed as intermediates
which are further bound to the crocin structure
and the bleaching process begins to cycle (Ordoudi
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Fig. 3. Chemical structure of crocin.

and Tsimidou, 2006). Bleaching reaction rates
of antioxidant and sample without antioxidant
were calculated simultaneously by monitoring the
decrease in absorbance at 450 nm and a suitable
temperature. Trolox, synthetic analogue of vitamin
E, can be used as a reference at the same conditions
as the analyzed samples. Then, the overall concen-
tration ratio (result) of crocin bleaching calculated
as crocin inhibition in percentage or as relative
constant of bleaching process rate (Bortolomeazzi
etal., 2007).

Disadvantages of this method include the low re-
producibility, sample preparation by pre-heating
and strict compliance of working temperature
and pH, differences in reagent preparation and
problematic quantification of results (Prior, 2015).

TOSC (Total Oxyradical Acavenging Capacity) assay
The research groups of Regoli and Winston (1998)
were the first ones interested in quantification of
total oxyradical scavenging capacity by antioxidants
(Franzonietal., 2017). The TOSC method has a wide
application as it can be used for one-component
antioxidants but also in complexes such as tissues or
biological fluids in the body. Moreover, large devia-
tions of both hydrophilic and lipophilic substances
cannot be observed despite their sometimes lower
concentration range (Lichtenthiler et al., 2003).
The TOSC test is based on the reaction between
free radicals, especially oxyradicals (peroxyl,
hydroxyl, and peroxynitrite radicals) (Ojha et al.,
2018), and oa-keto-y-methiolbutyric acid (KMBA)
to form the simplest organic compound known as
ethene (equation 12). Each radical is obtained in
a different way. While generation of peroxyl radi-
cals and peroxynitrite requires heat processing of
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2,2 -azobis(2-methylpropionamidine)  dichloride
(ABAP) and 3-morpholinosydnonimine N-ethyl-
carbamide, respectively, the formation of hydroxyl
radicals runs through the Fenton reaction (Garrett
etal., 2010).

CH,S—CH,—CH,—CO—COOH + O'OH(R) —
— 1(CH,S), + RHOO™ + CO, + CH,—=CH, (12

As mentioned above, when radicals interact with
KMBA, ethene in gaseous state is formed and its
formation can be monitored by gas chromatogra-
phy. The potential antioxidant is as strong as it can
prevent oxidative decomposition of the acid in the
presence of oxyradicals (Regoli, 2000).

DMPD (N1,NI-DiMethyl-1,4-PhenyleneDiamine)
assay

Also in case of DMPD assay, oxidants in the sam-
ples are reduced and the color change is evaluated
spectrophotometrically (equation 14). First, the
DMPD*" radical is formed by mixing a solution
of DMPD (Figure 4) in acetate buffer and ferric
chloride FeCl; (equation 13) (Jiang et al., 2019). The
prepared red colored solution of the DMPD cation
is allowed to stand at laboratory temperature for
12 hours before being used to assess antioxidant ac-
tivity of the sample (Askin, 2018). Oxidative status
of the substance with DMPD"" is readable at 515 nm
(Kamer et al., 2019; Goosen, 2018).

DMPD . jor1es) + Oxidant(Fe®) + H —

— DMPD", (13)

purple)

DMPD"* (1 + AOH — DMPD", +AO  (14)

purple colorless)

Advantages of this method include short reaction
time, long life time of the chemical reaction and
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low financial costs. These advantages are the most
important criteria for compatible global assays
(Rodriguez-Nogales et al., 2011). Each method has
its advantages and disadvantages; for example,
lower applicability for hydrophobic substances as
the reproducibility of the method decreases with
the increasing hydrophobicity. Another serious dis-
advantage is in the compatibility of several solvents.
The choice of methanol as a solvent for DMPD is
not very suitable (Singh and Singh, 2008).

NH,

- 2HCI

N

PN

H3C CHj

Fig. 4. Chemical structure of DMPD.

Single Electron Transfer (SET) methods

ABTS (2,2 -azinobis(3-ethylbenzothiazol-6-sulpho-
nate)) assay

The first method based on single electron transfer
described in this work is an ABTS decolorization
test. The application of this method is wide due to
its numerous modifications and it can be applied
in antioxidant activity determination in both pure
lipophilic and hydrophilic antioxidants, including
carotenoids, flavonoids (Granato et al., 2018) and
food samples, beverages and plasma antioxidants

CH3

o g

s

¢ C[S%\N/N\%SD\ Vil
N
) J o

Fig. 5. Chemical structure of ABTS.

(Ferrante et al., 2019), because this radical is soluble
in water but also in several organic solvents (Re et
al., 1999).

The ABTS'™ (2,2 -azinobis-(3-ethylbenzothiazo-
line-6-sulfonic acid)) radical can be generated in
several different ways: less often electrochemi-
cally, enzymatically in case of biologic samples and
chemically used potassium persulfate (Figure 6) or
peroxide radicals. The original blue-green solution
is decolorized while the decolorization is adequate
to the power of the substance antioxidant activity
(Floegel et al., 2011). An advantage of this method
is that it has a short analysis time and synthetic
ABTS" radical has a characteristic absorption spec-
trum with maximum peaks in the range of 414 to
815 nm, which is an advantage in case of colored
compounds (Lim et al., 2019; Wan et al., 2018).
Mixture of potassium persulfate with ABTS sub-
stance in the ratio 0.5:1 has to be maintained for
at least 6 hours. A shorter interaction may result
in partial oxidation, leading to unstable ABTS"".
The radical is stable for up to two days when stored
in a container without light and oxygen at room
temperature. As with previous methods, it is impor-

HO HO
e \ 0O
" o
; ; CH, ; < CH,
D N
N ) N
‘ + S0 — » 5042_ + SO, + l‘\l
N
H,C
e
N S
O
s7° _s
o 07\
oH OH

Fig. 6. Generation of ABTS cation radical (Zou et al. 2019; custom modification).
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tant to differentiate the reaction time intervals at
which ABTS"" and the analyzed sample react (Re
et al., 1999); which is 6 minutes according to Re
et al. (1999), Pérez-Jiménez et al. (2008) and Van
den Berg et al. (1999) while Alam et al. (2013) con-
sidered only a 5 min interval when determining the
antioxidant activity of plant extracts. Pérez-Jiménez
et al. (2008) determined polyphenols (Coffee acid,
Ferulic acid, Gallic acid, Quercetin and Rutin) in
extracts of white and red grape, which represents
an excellent source of antioxidants. Re et al. (1999)
investigated anthocyanins and flavonoids. Van
den Berg et al. (1999) investigated a-tocopherol,
B-carotene and Vitamin C and their combinations.
Determination of antioxidant activity such as
DPPH but also ABTS methods are usually per-
formed using a spectrophotometer. A disadvantage
is that it is not possible to separate the antioxidants
present in the samples as complex matrices (Alam
et al., 2013). Ma et al. (2019) proposed using liquid
chromatography or capillary electrophoresis as a
complementary method for online DPPH or ABTS
assays to make these spectrophotometric methods
full-fledged and more informative (Koleva et al.,
2000; Murauer et al., 2017).

TEAC (Trolox Equivalent Antioxidant Capacity)
assay

TEAC is a commonly used assay to assess the amount
of radicals that can be scavenged by antioxidants able
to offer their electrons. The TEAC method is very
closely related to the ABTS method (Zablocka et al.,
2019). The name of the method indicates that the
main component is Trolox with a chemical identifier
as  6-hydroxy-2,5,7,8-tetramethylchroman-2-carbo-
xylic acid (Figure 7). It is easy to convert absorbances
obtained from a spectrophotometer into the antioxi-
dant activity of Trolox and thus it is used as the
comparing standard substance for measurements.
Trolox is a chromanol, which means that it is a mem-
ber of the phenols group and a monocarboxylic acid.
For pure substances, TEAC is defined as the milli-
molar concentration of Trolox corresponding to the

N\N
)\ON\

+ antioxidant ?

antioxidant activity of the test sample at the concen-
tration of 1 mmol/L. In case of mixtures and com-
plex samples, the Trolox substance amount corre-
sponds to antioxidant activity of 1 g or 1 mL of the
sample (Obén et al., 2005).

This method was developed by Miller et al. (1993)
and it can be used spectrophotometrically with both
synthetic radicals of DPPH and ABTS. The colored
complex of radicals in the presence of a sample
containing substances with a potential antioxidant,
is discolored. Depending on the rate of solution
discoloration, it is possible to determine the sample
activity at a suitable wavelength. TEAC assay can
also be adapted and automated to flow injection and
microplates techniques (Zhong and Shahidi, 2015).

CHs
HO
0
HaC 0
CHs

OH
CHg3

Fig. 7 Chemical structure of Trolox.

This method has many modifications. For example,
Pérez-Burillo et al. (2018) introduced two types of
the TEAC method — TEACOH, and TEACAAPH.
TEACOH determines the quenching effect of
hydroxyl radicals (OH*) with foodstuffs, while
TEACAAPH analyzes the quenching effect of
AAPH" radicals with beverages and different foods
(Oboén et al., 2005).

FRAP (Ferric Reducing Ability of Plasma) assay

Ferric reducing/antioxidant activity is a primary
method for assessing the total antioxidant capacity.
The FRAP method is sensitive, cheap and fast (Choy
etal., 2000). Ferric ion of TPTZ (2,4,6-Tri(2-pyridyl)-
1,3,5-triazine) reduction by an antioxidant (Figure 8)
in the presence of acetate buffer causes the forma-
tion of a blue colored ferrous-tripyridyltriazine com-

(oW
@Ma“é

Fig. 8. Chemical reaction of TPTZ and antioxidant (Shalaby, 2013).
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plex. The reduction is indicated by the formation of
intense blue color with an absorption maximum at
593 nm (Benzie and Strain, 1999; Seesom etal., 2018).
Basically, the FRAP value is evaluated as the reduc-
tion power of Fe(ITI) to Fe(II) (Haida and Hakiman,
2019; Ononamadu et al., 2019). Another evaluation
method employs equivalent concentration of Trolox
to the initial sample amount (Lachowicz et al., 2018).
The FRAP working solution is made under heating
(87 °C) when acetate buffer, TPTZ and FeCl; - 6H,O
are mixed together in the ratio of 10:1:1 (Benzie and
Strain, 1999). Ideally, the solution is yellow if there
is no reduction of ferric ions. Fresh frap working
solution should be used in each experiment. Subse-
quently, optimal amount of the working solution is
mixed with an aliquot and the change in absorbance
can be seen at 593 nm after a 30 minutes interaction
of the FRAP reagent with the sample (Oribayo et
al., 2018).

Torre et al. (2015) introduced a modified micro-
plate-based FRAP method (mFRAP) which leads
to improved sample throughput compared to the
manual FRAP assay. The main difference is that
microplates are used instead of glass cuvettes
and smaller volumes of samples are needed to
determine the antioxidant activity. Burnaz and
coworkers found that online or offline association
of FRAP antioxidant evaluation with chromato-
graphic separation methods represents a signifi-
cant improvement in the awareness of antioxidant
contributions of individual compounds of the
complex samples. The HPLC method is one of the
most used pre-treatment methods for the samples
further determined by the FRAP method. The
lengthy pre-treatment processes sometimes last for
days, which is a big disadvantage. Shi et al. (2019)
eliminated the pre-treatment by introducing of a
microcolumn packed with a very small amount of
solid sample, also the system of antioxidant evalu-
ation is faster.

CUPRAC (CUPRic Antioxidant Capacity) assay
Another method for antioxidant capacity in vitro
determination is the CUPRAC method, where the

— — ot

+ AO

redox properties of copper are the guiding prin-
ciple. It is used to determine both water- and oil-
soluble substances in the physiological pH range
(Sundararajan and Ilengesan, 2018; Drouet et al.,
2018), providing a great advantage over FRAP,
where acetate buffer is used to prepare the chemi-
cal reagent causing an acidic environment (Gupta,
2015).

In this method, neocuproine is used as the chelat-
ing agent which, when reacted with an antioxidant,
yieldsa CUPRAC chromophore. CUPRAC chromo-
phore is maximally detectable at 490 nm. The
chelating agent has to be prepared in the correct ra-
tio of neocuproine:copper(I)chloride:ammonium
acetate and protected from unacceptable environ-
mental factors as air and daylight (Celik, 2019).
The reaction most often proceeds at pH 7 for
30 minutes. In case of antioxidants which react
slower and harder, these need to be heated at the
temperature of ~50 °C for 20 min to improve their
color visualization (Apak et al., 2008). The result-
ing color is orange-yellow. The antioxidant capacity
of compounds is most often expressed as Trolox
equivalents (TEAC values) (Alam et al., 2013).

The CUPRAC method is used to measure the
antioxidant level of total phenolics, separately
flavonoids, vitamins, but also synthetic antioxidants
to compare them (Gupta, 2015). As in many other
methods, a spectrophotometer is required for the
measurement, which is one of the disadvantages.
Results obtained by combination of CUPRAC and
TEAC assay modified by Akar et al. (2019) were dif-
ferentiated with the original spectrophotometrically
obtained TEAC values. Another modification may
be the use of a drip of the reaction sample for TLC
chromatography in combination with CUPRAC
and subsequent subtraction of probes in the image
program.

FC (Folin-Ciocaltueau) assay

The Folin-Ciocalteu method was originally de-
veloped for the determination of protein com-
plexes, specifically for tyrosine which contains
a phenolic group in the FC reagent molecule.

—_+

+ oxidized AO + H*

Fig. 9. Reaction scheme for the CUPRAC assay.
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Thanks to Singleton et al. (1999), the FC method
has evolved to determine total phenols in other
sample matrices, especially in wine (Everette et al.,
2010). However, it has been shown that the reaction
of an antioxidant with the FC reagent results in an
increased electron transfer from the antioxidant
compared to the hydrogen atoms, contributing to
the degree of antioxidant activity evaluation of po-
tential antioxidants (Abramovi¢ et al., 2018). The
principle of this method is reducing the FC re-
agent composed of a mixture of phosphotungstic
acid and phosphomolybdenic acid to a mixture of
blue tungsten oxides and molybdenum oxides by
oxidizing phenols present in the sample. The blue
color is a result of Mo(VI) reduction to Mo(V) and
it shows maximum light absorption in the wave-
length range of 750—760 nm (Figure 10) (Ains-
worth and Gillespie, 2007). The FC chromophore,
namely molybdo-tungsto-phosphate polyanion
(PMoW,,0,0,7), shows affinity for hydrophilic
greater extent as its negative charges are able to
interact with molecules of water in a much more
than with organic solvents. That is why the conven-
tional FC test is mainly used in hydrophilic phases
and it is not suitable for lipophilic substances
determination in a modified form. Determination
of lipophilic substances can be adapted by a modi-
fication of the original FC method — in isobutylal-
cohol (Berker et al., 2013). The difference between
a conventional FC test and this modified one is that
the FC reagent is prepared in isobutanol (Minussi
et al., 2003) and the test is realized in the presence
of NaOH, thereby inducing suitable conditions
for both types of substances (Wong et al., 2006).

The FC reagent is prepared by dissolving sodium
molybdate (Na;MoO, - 2H,0) and sodium tungstate
(Na,WO, - 2H,0) in deionized water. The mixture
is then acidified with concentrated HCI and 85 %
phosphoric acid. Such prepared acidified solution
is boiled for 10 hours and Li,SO,-4H,O is then
added at room temperature. The resulting solution
can be yellow (Huang et al., 2005). In this case, the
reducing agent is molybdate which should have
stronger redox properties than tungsten (equation
15). In the reaction with an antioxidant, blue color
exhibits maximum light absorption in the wave-

OH Folin reagent

(Mo® Wo%

R R
yellow solution

length range of 750—760 nm and its intensity is
directly proportional to the total amount of phenols
initially present in the sample (Sanchez-Rangel et
al., 2013).

Mo"! + e~ (from phenolic

or another reduced substance) - Mo"  (15)

The Folin-Ciocalteu assay has been widely used to
determine the absolute phenolic content and anti-
oxidant potential of plant-derived food and biologi-
cal samples (Huda-Faujan et al., 2009; Al-Farsi et
al., 2018; Shalaby, 2013). The in vivo results showed
a strong indirect correlation between the phenol
content and the prevention of serious diseases such
as neurological or cardiovascular disease and DNA
damage (Lamuela-Raventds, 2018).

ESR (Electron Spin Resonance)

Nowadays, methods allowing immediate monitor-
ing of free radicals alone and in reaction with a
complex system (for example cells and tissues) are
very important and widely used (Burlaka et al.,
2018; Bukhari et al., 2018; Borbat et al., 2001).
These methods mainly include ESR and electro-
magnetic spin resonance, also called electron para-
magnetic resonance spectroscopy, EPR. Not only
most complex food samples (Gardner et al., 1999)
but also cosmetics or biological pharmaceutical
samples are analyzed by ESR (Yamaguchi et al.,
1999; Zang et al., 2017). This method is specific to
the detection of unpaired electron species and it has
an incomparably higher detection sensitivity than
the previous spectrophotometric methods (Davies,
2016; Li et al., 2016; Yu and Cheng, 2008).

ESR uses microwave spectroscopy to detect spin
state changes in substances containing unpaired
electron spins (paramagnetic substrate). Spin state
changes can be induced by microwaves with several
milliwatts of energy when the substrate is placed in
a magnetic field with 3480 gausses at the frequency
of 9.5 GHz (Figure 11) (Behzadnezhad et al., 2018).
The resonance conditions directly depend on
parameters such as the Planck’s constant (h), fre-
quency (v) and the type of magnetic field (H) and
on the Bohr magneton (B, equation 16) (Kleschyov
etal., 2007).

+ Reduced Folin reagent (Mo® W®")

blue solution

Fig. 10. Reaction of FC reagent with sample containing a hydroxyl group.
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Fig. 11. Electron Spin Resonance apparatus.

hv=g8H (16)

Detection runs only with paramagnetic particles.
Moreover, the presence of genetically active nuclei
can also be observed in the spectrum (Davies,
2016).

At present, EPR spectroscopy has become a trend in
antiradical activity determination in organosulfur
compounds containing a sulfur-hydrogen bond
(Jiang et al., 2018), phenolic compounds (Gardner et
al., 1999; Okazaki and Takeshita, 2018), metal ions
or tocopherol analogues (Sakurai et al., 2019). In
case of thiol-containing compounds, several assays
can be used, such as TEAC (more detailed in the text
above) or frequent assays for the reduction of Cu*
ions to Cu" by thiol compounds. In case of phenolic
compounds, Okazaki et al. (2018) associated ESR
with  DMPO (5,5-dimethyl-1-pyrroline N-oxide)
trapping and degradation by UV radiation while its
adducts are quenched with phenols such as catechol,
hydroquinone and resorcinol dissolved in a polar
solvent (Okazaki and Takeshita, 2018).

Discussion

Antioxidant activity of substances can be studied by
electron or hydrogen transfer methods. Determina-
tion of antioxidant activity should not be evaluated
only by one test only because every method is rela-
tively specific and it characterizes the antioxidant
activity of pure substances and mixtures by its own
mechanism of action; e.g. by scavenging of syn-
thetic radicals, donation/acceptance of electrons or
hydrogen atoms between antioxidants and oxidants
or through the redox properties of substances or
mixtures that are determined.
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In the radical scavenging methods, reaction time of
an antioxidant with a radical or with reagent varies
considerably in various studies but it is usually in
minutes (ABTS — 6 min, DPPH — 30 min, etc.).
Reactivity depends on the structure of substrate
molecules (inducing effects of substitutes and
active groups present, steric hindrances), but also
on solvent polarity, applied temperature and pH
during the working assay and characteristics of
reactive species. The fastest, simplest and cheapest
method compared to others is the DPPH method
(Alam et al., 2013). It has a widespread application
in measuring antioxidant potential of beverages
of fruit and vegetable origin, wheat grains, brans,
edible vegetable seed oils, ascorbic acid, tocophe-
rol and polyhydroxyaromatic compounds. This
method is suitable for the analysis of substances
dissolved in polar as well as non-polar solvents
since the synthetic radical is dissolved in ethanol or
methanol (Kedare and Singh, 2011). Other methods
applicable to lipophilic and hydrophilic substances
include the CB, TOSC and ABTS methods. The
DMPD method is specific for potential lipophilic
antioxidants testing and FC method for hydrophilic
potential antioxidants (Apak et al., 2018).

Methods mentioned in the previous paragraph
(DPPH, CB, ABTS, FC) belong to the spectrophoto-
metric assays because they measure the absorbance of
samples. In this work, methods based on the redox
properties are also described. First, DMPD assay in
which DMPD color is reduced. Second assay is FRAP
in which ferric ions are reduced to ferrous ions and
CUPRAC method using the reduction of copper
from the oxidation number +2 to +1 (Gupta, 2015).
Each method has its advantages and disadvantages
and they can be modified for better application;
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however, these modifications represent an increase
in either operating or equipment costs. Currently
preferred methods applicable to hydrophilic and
lipophilic antioxidants include DPPH, CB, TOSC
and ABTS assay. In 2017, 0.17 % of all manuscripts
published in journals (Scimago Journal & Country
Rank) contained keywords DPPH, Folin-Ciocalteu
assay or ABTS in the abstracts. According to
Thaipong et al. (2006), it is very important to pay
attention to the time and cost of assay necessary to
determine the required parameters. A disadvantage
of the ORAC method is its expensive work mecha-
nism, whereas in the FRAP, ABTS and DPPH
assays commonly available optical instruments are
applied for measuring of light intensity relative to
wavelength. Extra advantage of ABTS and FRAP
assay is the rapid reaction of reagents with the
sample to be analyzed; while the reaction in DPPH
and ORAC methods are much slower. The FRAP
test is characterized by its high ability to reproduce
and repeat. TOSC and ORAC assays can be used
for complex biological samples such as fluids and
tissues. According to the study of Franzoni et al.
(2017), the TOSC method is unique as it enables
evaluating antioxidant potential of substances in
the range of pM.

Conclusions

The review of relevant assays for antioxidant activity
determination in various substances from 1985 to
the present is provided. Classification and charac-
teristics of antioxidant assays were included. Each
assay has its own mechanism of action such as color
change during the reaction (DMPD, CB, ABTS,
FC, DPPH, FRAP, CUPRAC), disappearance of lu-
minescence (TRAP, ORAC), formation of ethylene
(TOSC) or absorption of electromagnetic radiation
(ESR). Then, the advantages and disadvantages of
various antioxidant assays were compared by sum-
marizing various characteristics of their application
methods.

Reproduction of the results in different labora-
tories is crucial. It is most preferred to combine
several methods for antioxidant activity determi-
nation. Thus, the range of methods for analyzing
the properties of potential antioxidants can be
expanded leading not only to the development
of improved methods but also to more successful
implementation of different analytical mechanisms
in antioxidant substances and mixtures.
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Abstract: Theoretical prediction ability of M06-2X functional was tested for thermodynamics of phenol, 15
para and 15 meta phenol derivatives. Calculations were done for gas phase as well as for polar and nonpolar
solvents. Although predicted values might be shifted from the experimental ones in the framework of the
employed DFT functional and basis set, the calculated and experimental data sets correlate well together. Very
good linearity was found especially for the correlation of experimental and theoretical proton affinities. Ham-
mett type correlations between the environments considered were compared. The phenolic C—O bond length
was also tested as an alternative substituent effect descriptor while the type and position of the functional
group on the aromatic ring have a direct effect on the phenolic bond.

Keywords: DFT, Hammett constants, M06-2X functional, reaction enthalpy

Introduction

Phenols are considered as antioxidants providing
protection against free radicals and as such are
often utilized in forms of various derivatives. Over
the last few years, three main mechanisms of radical
scavenging action were proposed as shown in Fig. 1.
While the final product remains the same in all of
them, the number of steps and intermediates as
well as the solvent preference differ. Comprehen-
sive description of illustrated reaction paths can be
found elsewhere (Rimar¢ik et al., 2011).

Historically, Bond Dissociation Enthalpy (BDE) is
one of the earliest studied quantity in association
with antioxidants with straightforward mechanism.
On the other hand, the first steps in latter mecha-
nisms are often more interesting in the kinetic
studies owing to their rate-determining nature.
Specifically, the ionization potential (IP) or anion
proton affinity (PA) values are usually higher than

those of Proton Dissociation Enthalpy (PDE) or
Electron Transfer Enthalpy (ETE).

Although there have been many theoretical stu-
dies regarding antioxidant action of substituted
phenols, very few of them employ M06-2X func-
tional of the Truhlar group (Zhao et al., 2008)
and even fewer of them determine solvent effects.
On the other hand, there are many studies using
B3LYP functional (Klein et al., 2009; Vaganek et
al., 2011; Chen et al., 2015). Some of the studies
are focused mainly on the HAT mechanism, cor-
relation between BDEs or C—O bond lengths and
Hammett constants (Klein et al., 2006b). Complex
thermodynamics of three main mechanisms is in-
cluded in other studies (Klein et al., 2006a; Chen
et al., 2015).

In contrast to popular B3LYP published in 1988,
MO06-2X is a more recent global hybrid functional
with higher (54 %) Hartree-Fock exchange. It is
advertised as one of the top performers and

Fig. 1. Main mechanisms of antioxidant action — Sequential Electron Transfer Proton Transfer (SET-
PT), Hydrogen Atom Transfer (HAT) and Sequential Proton Loss Electron Transfer (SPLET).
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should be optimized for thermodynamics calcu-
lations (Zhao and Truhlar, 2008). Numerous
validation studies (Huang et al., 2014; Luo et al.,
2011) put this Minnesota 06 functional in a
position superior to B3LYP. It should also
outperform other DFT methods providing better
description of medium-range exchange-correla-
tion energies. Nevertheless, it has to be mentioned
that the vast majority of benchmark studies
perform statistics based on single point energies
with so-called reference theoretical data (mostly
from gas-phase coupled cluster calculations).
However, the goal of all computational methods is
to provide data as close to the experimental ones
as possible. Also, the geometries are usually not
optimized employing the DFT functional but
rather just taken from MP2 of more precise
calculations. In our case of monosubstituted
phenols, experimental data on thermodynamics
are available and thus a more relevant correlation
can be done. Parameters from linear regression
can be then employed for reactivity prediction.
Therefore, the main goals of this work are: a) to
perform geometry optimization of phenol, 15 para
and 15 meta phenol derivatives (see Tables 1—-2)
using M06-2X functional, b) to investigate the
rate determining reaction enthalpies of anti-
oxidant mechanism for the studied compounds, ¢)
to compare the obtained results with experimental
data, and d) to find relationships between Ham-
mett constants and reaction enthalpies.

Computational details

All geometry optimizations were performed in the
Gaussian 16 program package (Frisch et al., 2016) at
DFT level of theory with the M06-2X (Zhao et al.,
2008) hybrid functional as implemented in Gaus-
sian. Energy cut-off was 107 k] mol™ and final RMS
energy gradient was below 0.01 kJ mol™ A™. For
all atoms, triple zeta 6-311++G(d,p) basis sets were
employed (Hariharan et al., 1973; Rassolov et al.,
1998). The chosen basis sets are assumed to provide
reliable molecular geometries and reaction enthal-
pies and are generally considered to be sufficiently
large (Michalik et al., 2014; Skorna et al., 2014).
Influence of the water and benzene solvents was
approximated by implicit continuum model SMD
(Marenich et al., 2009). The optimized structures
were confirmed to be real minima by vibrational
analysis (no imaginary frequencies).

Based on optimized structures, thermodynamic
quantities for the processes mentioned in Fig. 1,
i.e. bond dissociation enthalpies (BDE), ionization
potentials (IP), anion proton affinity (PA) were
calculated at room temperature as follows

Biela M et al., Antioxidant action of phenols: Revisiting theoretical calculations...

BDE = HPh—O") + HH") - HPh—OH) (1)
IP = H(Ph—OH"") + H(e) - HPh—OH) (2)

PA = H(Ph—O) + H(H") - H(Ph—OH) (3)

where H(Ph—OH) represents the total enthalpy
of the phenol derivative, H(Ph—OH"") is the total
enthalpy of the phenol radical cation, H(Ph—O")
and H(Ph—O") are the total enthalpies of the
phenoxy radical and the phenoxide anion,
respectively. In water, enthalpy of proton H(H") is
-1049.60 k] mol™, in benzene it is -853.71 k] mol™".
The latter was estimated as the enthalpy of the
reaction CgHg(l) + H'(g) — (Ce¢Hg)'(solv) in
benzene. Enthalpy of hydrogen atom H(H®) in
benzene is -1301.02 kJ mol™, in gas phase it is
-1301.81 k] mol" and in water it is -1296.26 k] mol ™.
Finally, the calculated enthalpy of electron Hi(e)
in benzene is -8.20 kJ mol™ while in water it is
-74.75 kJ mol'. All these values were also
calculated in this study at the M06-2X/6-311++G**
level.

Relevant values from the statistical analysis were
rounded and are presented with the corresponding
standard deviations of the last digit shown in paren-
thesis. The goodness of fit of a statistical model is
characterized by correlation coefficient R.

Results and Discussion

The main aim of our work was to predict experi-
mental values as best as possible; therefore, the
correlation between proton affinities measured
on a pulsed ion cyclotron resonance (ICR) mass
spectrometer (Fujio et al., 1981) and theoretical
gas phase PAs were first investigated. This should
proof that the employed DFT functional and
basis set provide reliable results. PAs were chosen
because, unlike other quantities, as many as 25
various meta and para phenol derivatives show gas
phase acidity measured under the same experi-
mental conditions. Tables 1 and 2 list gas phase
and solvent phase values calculated in this study.
Significant solvent dependence of proton affinity
can be attributed mainly to substantial differences
in proton enthalpy. Nevertheless, the correlation
of 25 experimental PA(exp) values and the present
PA(DFT) in gas phase show excellent linearity
(R =0.998) and linear equation:

PA(exp)/k] mol™ =0.12(2) - 10° +
+0.92(2) - PADFT)/k] mol )

Prediction for other derivatives can be therefore
made with great confidence using this equation.
From Equation (4) it is evident that theoretical
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proton affinities are slightly underestimated with
respect to the experimental absolute values. Very
similar linearity (R =0.997) as well as slope of 0.90(2)
and intercept of 0.15(3)-10° were found in a previ-
ous study (Klein and Lukes, 2006a) that employed
B3LYP and the same basis set, 6-311++G**,

On the other hand, experimental BDEs tend to vary
quite wildly from one method to another (see e.g.
the comparison in Klein and Luke$, 2006b) making
any direct comparison and data merging trouble-

some. Thus, a comparison with electrochemical
measurements done by Bordwell et al. (1991) com-
piling 21 experimental values was applied. M06-2X
data correlate fairly well with R = 0.968 with the
linear equation of:

BDE(exp)/k] mol” =
=0.06(2) - 10° + 0.83(5) - BDE(DFT)/k] mol" )

The same correlation, but with B3LYP func-
tional employed, results in the intercept of

Tab. 1. M06-2X/6-311++G** thermodynamic quantities defined by Egs. (1)—(3) for phenols substituted
with X in meta position in various environments. All values are in k] mol™.

X Water Benzene Gas

BDE PA 1P BDE PA IP BDE PA IP
Br: 385 150 692 374 453 728 374 1414 839
CF;: 387 149 697 376 449 744 377 1406 866
Cl: 385 150 688 374 453 723 375 1419 838
CN: 390 146 703 379 438 752 380 1394 880
F: 384 151 687 374 457 725 375 1427 848
Me: 373 162 660 366 482 689 368 1456 802
MeCO: 385 154 687 374 464 723 376 1426 838
MeO: 381 158 660 373 479 682 375 1451 792
MeSO,: 391 143 708 379 438 749 381 1391 867
NH,: 370 163 601 365 483 623 369 1459 742
NMe,: 370 164 579 365 487 591 369 1459 700
NO,: 396 145 715 381 430 764 381 1387 891
OH: 376 157 656 368 471 687 369 1443 801
Ph: 378 159 668 369 472 685 370 1437 785
t-But: 376 164 664 367 483 688 369 1452 795

Tab. 2. M06-2X/6-311++G** thermodynamic quantities defined by Egs. (1)—(3) for phenols substituted
with Xin para position in various environments. All values are in k] mol™.

X Water Benzene Gas

BDE PA 1P BDE PA IP BDE PA IP
Br: 379 154 680 367 457 705 367 1419 811
CF;: 395 148 709 382 438 752 382 1396 871
Cl: 377 154 675 365 459 704 366 1425 814
CN: 395 138 709 381 421 752 380 1376 870
F: 371 159 667 361 470 702 362 1441 819
Me: 364 165 646 358 485 669 361 1459 780
MeCO: 390 140 696 376 437 727 376 1394 837
MeO: 341 162 610 342 490 636 346 1459 740
MeSO,: 400 137 720 383 424 760 386 1372 873
NH,: 320 171 564 324 496 584 332 1468 696
NMe,: 315 168 548 319 487 555 327 1455 659
NO,: 403 122 728 386 401 778 387 1354 900
OH: 350 167 622 344 486 651 347 1461 760
Ph: 367 158 644 359 462 655 361 1426 750
t-But: 366 165 649 359 484 671 362 1453 773
H: 377 160 671 368 477 703 370 1453 818
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Fig. 2. Correlation between experimental (Bor-
dwell et al., 1991) bond dissociation enthalpies
BDE(exp) and theoretical BDE(DFT). Relationship
with BSLYP data (Klein and Lukes, 2006b) is rep-
resented by violet squares, green circles represent
MO06-2X data of this study.

0.08(2) - 10 kJ mol”, provided virtually the same
slope of 0.85(4) and slightly better correlation co-
efficient R = 0.978. The linear trends are plotted
and compared graphically in Fig. 2.

Gas phase ionization potential measurements are
laborious requiring costly apparatus therefore
compilations of more than few derivatives are
scarce. Experimental data of more than ten works
was summarized by Klein and Lukes, 2006¢c. The
authors found theoretical B3LYP ionization poten-
tials rather shifted from experimental values but
substituent induced changes were well predicted.
On the other hand, M06-2X values are closer to the
experimental ones with relatively good correlation
coefficient of R = 0.964. Regression analysis pro-
vided the linear equation of:

IP(exp)/eV =
=0.3(6) + 0.98(7) - IP(DFT)/eV (6)

In analogous correlation with B3LYP data the
slope reached 1.00(9) which is still within M06-
2X interval. The shift of B3LYP values is best
resembled by intercept of 2.0(6) and slightly worse
correlation (R = 0.935) shown in Fig. 3.

m]
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57 60 63 66 69 72 75 78 81 84 87 90 93
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Fig. 3. Correlation between experimental ioniza-
tion potentials IP(exp) compiled by Klein and
Lukes, 2006¢ and theoretical IP(DFT). Relation-
ship with BSLYP data is represented by violet
squares, green circles represent M06-2X data of
this study.

Hammett type correlations were explored next
as an, to some extent, pseudo-validation tool. In
the study of benzoic acids ionization, Hammett
proposed (Hammett, 1937) substituent-specific
constant o as a reliable substituent effect descriptor.
This constant remains popular up to now, finding
its use in various correlations including derivatives
far beyond benzoic acids. Prediction of equilibrium
and rate constants for different types of reactions
can be often made with great accuracy. A compre-
hensive list of Hammett o constants is available
(Hansch et al., 1991) from where the data for the
functional groups in this study were taken.

In Tab. 3, linear parameters as well as correlation
coefficients R obtained from linear regression
can be found for para substituted phenols, while
analogous results for meta substituted derivatives
are presented in Tab. 4.

In case of ionization potentials vs. Hammett con-
stant dependence, the values for meta-amino and
meta-dimethylamino phenol were significantly off
the linear trend and therefore they were omitted.
Without neglecting these data, correlation coeffi-
cients would be of 0.853 in water, 0.884 in benzene

Tab. 3. Regression parameters for Hammett correlation (y=a-o, +b) in para derivatives.

Environment Water Benzene Gas

y= BDE PA IP BDE PA IP BDE PA IP

a/kJ mol 53(4) -26(3) 105(6) 40(3) -55(6) 125(8) 36(3) -70(8) 133(9)

b/kJ mol™ 365(2) 156(2) 649(3) 357(2) 465(3) 678(4) 361(2) 1431(4) 788(5)

R 0.968 0.919 0.974 0.967 0.931 0.972 0.967 0.918 0.964
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Tab. 4. Regression parameters for Hammett correlation (y=a-o,, + b) in meta derivatives.

Environment Water Benzene Gas

y= BDE PA 1P BDE PA IP BDE PA IP
a/kJ mol 26(2) -25(2) 74(7) 18(1) -64(4) 109(11) 15(2) -86(6) 132(14)
b/k] mol™ 375,4(6)  160,2(5) 661(3) 367,9(4) 478(2) 686(4) 370,2(6) 1449(3) 794(6)
R 0.981 0.981 0.943" 0.979 0.975 0.940" 0.945 0.970 0.925"

“values for NH, and NMe, derivatives were omitted

Tab. 5. Optimized (M06-2X/6-311++G**) phenolic C—O bond length in various environments and Ham-
mett substituent constants (Hansch et al., 1991).

X Meta d(C—0)/A Para d(C—O0)/A . .
Water Benzene Gas Water Benzene Gas m P
Br: 1.3670 1.3570 1.3591 1.3687 1.3582 1.3603 0.39 0.23
CF;: 1.3664 1.3563 1.3580 1.3629 1.3540 1.3562 0.43 0.54
Cl: 1.3670 1.3571 1.3589 1.3692 1.3588 1.3609 0.37 0.23
CN: 1.3656 1.3553 1.3573 1.3589 1.3515 1.3542 0.56 0.66
F: 1.3668 1.3569 1.3591 1.3729 1.3615 1.3637 0.34 0.06
Me: 1.3735 1.3616 1.3633 1.3757 1.3630 1.3644 -0.07 -0.17
MeCO: 1.3696 1.3585 1.3600 1.3610 1.3540 1.3563 0.38 0.50
MeO: 1.3709 1.3602 1.3618 1.3737 1.3656 1.3673 0.12 -0.27
MeSO,: 1.3640 1.3551 1.3571 1.3582 1.3521 1.3544 0.60 0.72
NH,: 1.3735 1.3612 1.3630 1.3814 1.3678 1.3690 -0.16 -0.66
NMe,: 1.3752 1.3627 1.3647 1.3784 1.3657 1.3671 -0.16 -0.83
NO,: 1.3634 1.3542 1.3562 1.3531 1.3492 1.3522 0.71 0.78
OH: 1.3703 1.3596 1.3613 1.3781 1.3656 1.3671 0.12 -0.37
Ph: 1.3721 1.3608 1.3626 1.3713 1.3601 1.3620 0.06 -0.01
t-But: 1.3748 1.3625 1.3642 1.3749 1.3627 1.3639 -0.10 -0.20
H 1.3727 1.3609 1.3626 1.83727 1.3609 1.3626 0.00 0.00

and 0.901 in gas phase. In case of para derivatives
and proton affinities, the relationship excluding
values for dimethylamino and unsubstituted phe-
nol provided significantly better correlation coeffi-
cient of 0.962 in benzene. It should be mentioned
that the interval of published o, values for the di-
methylamino group is one of the largest ones and
even a value with a relatively high standard error of
-0.6 £0.2 has been suggested (Jaffé, 1953). More-
over, in case of NMe, compared to the vast majority
of substituents, an exceptionally large charge trans-
fer with OH group was observed (Nazarparvar,
2012). Apart from these exceptions, our correla-
tions involved all 15 derivatives and the value for
unsubstituted phenol. Considering this number of
points for statistics, the found correlation coeffi-
cients can be regarded as satisfactory.

Alternative descriptor in case of monosubstituted
phenols seems to be the length of phenolic C—O
bond which was found to be sensitive to the substitu-
ent both in para and meta positions. Also, the higher
the value of the Hammett constant, the shorter the
C—O bond becomes. These lengths obtained from
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the optimized geometries are presented in Tab. 5
and potentially can be also obtained from X-ray
diffraction experiments.

When the bond length is used for correlations,
unlike Hammett constants, the values for meta and
para derivatives lie on a single line. Especially good
linearity (R = 0.989) was found for the relationship
between 31 values of proton affinities in water and
d(C—O) bond lengths optimized in water. The
linear equation reads:

PA/k] mol! =

=-2.13(7)-10% + 1.67(5) - d(C—O)/A (7)

This equation potentially enables relevant predic-
tion of solvent based PAs. For phenol derivatives,
this kind of experimental data is still scarce.

Conclusion

In this paper, results of quantum chemical thermo-
dynamics calculations have supported the viability
of the newer hybrid M06-2X functional. Theoreti-
cal reaction enthalpies tend to be slightly underes-

Biela M et al., Antioxidant action of phenols: Revisiting theoretical calculations...



timated with respect to the experimental absolute
values, but substituent induced changes are well
predicted by the present method. Based on the
presented correlations it can be concluded that the
DFT/MO06-2X method with employed Pople type
basis set 6-311++G(d,p) provides thermodynamic
values in good agreement with experimental data.
No considerable major differences between B3LYP
and M06-2X were found in terms of correlation
slopes, but the B3LYP functional tends to provide
slightly more shifted values. Therefore, the Minne-
sota 06 hybrid functional which has become widely
adopted in recent years seems to be a reasonable
alternative to the robust and most popular BSLYP
one.
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Abstract: In this paper, implementation of deep neural networks applied in process control is presented. In
our approach, training of the neural network is based on model predictive control, which is popular for its
ability to be tuned by the weighting matrices and for it respecting the system constraints. A neural network that
can approximate the MPC behavior by mimicking the control input trajectory while the constraints on states
and control input remain unimpaired by the weighting matrices is introduced. This approach is demonstrated
in a simulation case study involving a continuous stirred tank reactor where a multi-component chemical

reaction takes place.

Keywords: model predictive control, artificial neural networks, process control, continuous stirred tank reactor

Introduction

Chemical reactors play an essential role in the chemi-
cal and petrochemical industry. Their vast presence
in the industrial world makes control synthesis very
attractive for researchers. In recent years, several
new control approaches have emerged mainly from
the optimal control theory, as discussed by Smets
et al. (2004); Pourdehi and Karimaghaee (2018);
Bakosova et al. (2012). The optimal control theory
proved to be very promising due to its natural abil-
ity to cope with technological constraints and to
follow a performance criterion, which defines the
overall economy of the production.

Designers of control strategies for chemical reactors
must cope with several obstacles, mainly the natural
instability of the process, e.g., exothermic reactors,
and keeping the process variables in their designed
steady state. Alongside which, the controller has to
be able to decrease the energy consumption and
increase the quality of the product. All control
objectives can be incorporated in an optimal control
problem (OCP) (Bakosova and Oravec, 2014; Singh
etal., 2010; Bakosova et al., 2017). The model predic-
tive control (MPC) technique is often used in such
control tasks (Prasath et al., 2010), since its construc-
tion is straight-forward (Maciejowski, 2002).

The core concept of MPC is to predict future evolu-
tion of the controlled variables based on current
measurements. Then, with respect to a quality crite-
rion (usually energy consumption), MPC optimizes
the values of the manipulated variables so that the
criterion is minimized (Klauc¢o and Kvasnica, 2019).
Even though it seems that MPC is one of the best
controllers, it has several drawbacks. Since it is an
optimization-based controller, it requires a repeated
solution to an optimal control problem. Such an
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arrangement is virtually impossible to implement
in the industry or on the computers responsible for
the chemical reactor operation.

Traditional way of coping with this limitation is to
consider explicit model predictive control (EMPC),
an analytical solution to the optimal control problem
(Bemporad et al., 2002). The control law given by
the explicit solution is in form of the piecewise affine
function (PWA) (Borrelli et al., 2017). Such control
law can be easily evaluated at any given time without
the need to involve an optimization procedure. In
other words, it allows replacing the optimization
solver with function evaluation. EMPC, unfor-
tunately, can be constructed only for small-sized
systems with short prediction horizons, which is a
significant limitation in process industries, where
prediction horizons are long.

This paper proposes an alternative to the explicit
controller based on neural networks. The neural
network is a powerful mathematical concept capa-
ble of approximating an arbitrary continuous func-
tion (Hornik, 1991). Here, approximation of the
explicit control law given by the fullfidelity MPC
is proposed. Since the traditional explicit model
predictive control resulting in PWA function is not
considered, the length of the prediction horizon
nor the size of the controlled system are not limiting
factors. Similar work has been done by Karg and
Lucia (2018) or by Lohr et al. (2019). In this paper,
however, we focus on the application in chemical
technology, mainly the control of multicomponent
chemical reaction.

Theoretical

Firstly, optimal control problem (OCP) that stands
for the model predictive controller is presented.

.12, No. 2, 2019, pp. 218—223, DOI: 10.2478/acs-2019-0030



The second part of this section is devoted to the
artificial neural network to substitute the model
predictive controller.

Model Predictive Control

Standard formulation of the model predictive
controller utilizes a linear time-invariant model
that captures the dynamics of the controlled
process. Specifically, discrete-time dynamics were
considered:

x(t+ Tg) = Ax(1) + Bu(1), (1a)

3D = Cx(d) + Dul), (1b)

where x € R™ stands for process state variables,
vector u € R™ represents manipulated variables
and y € R™ depicts the output variable. Matrices
Ae R™™, Be R™™, CeR™™, and D € R were
obtained from a dynamical model representing
an actual controlled process using the first order
Taylor expansion. The discrete time linear model
(1) was discretized with the sampling period of Ts.
The model predictive control was then constructed
as follows

_min NZ?y,?Qy,{ + NZ%u,?Ru,{J (2a)
N “—

S.t. Xy = Ax,+ Buy, k=1, ..., N -1, (2b)

= Cx,+ Duy, k=1, .., N-1, (2¢)

X = x(1) (2d)

min < V< Ymaxs £= 1, ooy N = 1, (2e)

Unin < Uy < U k=1, oy, N = 1, (2f)

where N denotes the prediction horizon. Cost func-
tion (2a) is in form of convex quadratic function
with positive definite tuning factors Q € R™" and
R € R™™. The objective function is posed so that
the controlled variables are driven towards the
steady-state. Moreover, technological constraints
were defined as min-max limits on controlled as
well as on manipulated variables, as in (2e) and (2f),
respectively. The optimization problem is initialized
with the measurement of x(#). MPC is formulated as
a quadratic optimization problem with linear con-
straints. Optimal solution to the MPC in (2) yields
an optimal sequence of manipulated variables [,
<oy Un_1]T. Since OCP is a convex optimization prob-
lem, its solution is a global minimum.

The process is controlled by the model predictive
controller using an algorithm called receding ho-
rizon policy, presented and proven by Mayne et al.
(2000):
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1. Measure system process variables x(7) (e.g. tem-
perature or concentration).

. Initialize MPC in (2) with x(2).

. Solve quadratic optimization problem.

. Apply manipulated variable .

. After T continue from step 1.

We refer to this algorithm as to a closed-loop imple-

mentation of MPC. The bottleneck of the algorithm

is step No. 3, where an optimization problem has to

be solved. In average industrial applications, this is

an impossible task since there are no machines ca-

pable of solving a complex mathematical problem,

and the solver imposes additional costs.

In the next section, replacement of such an algo-

rithm with neural network is discussed, in order to

QU W 0 N

substitute the complex procedure of mathematical
optimization performed with every sampling.

Artificial Neural Networks

A neural network is a mathematical function that
maps inputs z € R” - w € R™ via interconnected
monotone functions. Structure of the neural net-
work is visualized in Figure 1, where each green
and red dot represents the monotone function, also
called as activation functions, and they are given as

-1, (3)

ola, z) = Tre=
where z denotes an aggregated input to each node
while « is a tuning parameter of the activation
function. Blue dots stand for linear output layer.
Neural network is capable of approximating any
arbitrary continuous functions with a very high
confidence number, as discussed by Hornik
(1991). Another significant advantage is the
explicit nature of the neural net. Once a neural
net of suitable properties is constructed, it can
be evaluated on moderate hardware and hence
no optimization solver is needed. Another main
advantage is that the neural net is in no way
limited by the length of the prediction horizon or
by the size of the system, as it is in explicit model
predictive control. The structure of an NN-based
controller with o values determines the goodness
of the PWA control law approximation. The
procedure of getting weights is called training
of the neural network and it is performed for a
fixed structure of the neural net and thus, only
the weights are calculated.
To give the reader an illustration on how the weights
are calculated, consider

ny

min,, Z(ﬁ/k —pla, z,)). (4)

The optimization problem (4) is a sum-of-squares
data fitting problem. Solution to (4) gives opti-
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Fig. 1. Example of the neural network structure. Green points represent the input layer, red dots depict
hidden layers, and the output layer is blue.

mal values of weight a based on minimizing the
squared distance between a target value, w, and the
evaluated activation function, ¢(a, z), for a given
neural network input. Naturally, to increase the
goodness of the « value, a sufficient number of
data points has to be included in the minimization
procedure. Here, n, denotes the number of these
data points.

Since the neural network substitutes the controller,
measurements of the process variables x(#) are the
input to the training of the NN-based controller,
and control inputs, i.e., the manipulated variable
u(?), are the training targets. To provide a suitable
basis for the training procedure, an initial training
set was given as

X= [xmim seey xmax]7 (5)

where the limits on the process variables with #,
points form an equidistant grid. Subsequently, for
each data point in &, a corresponding control action
was calculated and a set ¢/ with n, different manipu-
lated variables was obtained. The corresponding
control actions were obtained by solving the MPC
problem (2) initialized with x, from (2g) equal to
one of the points from A. Sets & and U together
form a learning data set, from which the minimiza-
tion problem (4) is constructed. Note that problem
(4) is presented only for one node in the hidden
layer, the overall training procedure consists of an
aggregated minimization problem, where all nodes
are included.

Numerically, the optimal control actions are ob-
tained using the GUROBI solver, while the train-
ing procedure is performed with the Deep Learning
Toolbox in MATLAB. Furthermore, the model pre-
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dictive controller is formulated using the YALMIP
toolbox (Lofberg, 2004).

Experimental

The theory presented in the Theoretical part of
the paper was applied in a case study involving the
control of a multi-component chemical reactor.
Specifically, we considered benchmark chemical
reaction

Az=B->C, (6)

with dynamical behavior given by three differential
equations (Fissore, 2008; Bakara¢ and Kvasnica,
2018) leading to

. r

TN +V(("A, feed _CA)_k2C(23’ (7a)
Cp = 0 —hyc?, (7b)

. F \

cC:kch—i-vcc—(k2 —|—k3)cc+qm. (7¢)

Process variables are concentrations x = [cx, ¢, ¢cl',
while the manipulated variables, ¢, stands for mo-
lar feed of component C. Specific parameters of the
benchmark model of chemical reactor are reported
in Table 1. Objective of the controller was to keep
the concentration, cg, at a steady state level, which
represents the optimal conditions of the reactor
operation as introduced by Fissore (2008).
Concretely, the optimal operation of the chemical
reactor is given by a set of steady-state values of indi-
vidual process variables, and they are given as
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Tab. 1. Table of model parameters.

Variable Value Unit

ky 1 m’®mol's™!
ko 3 m®mol s
ks 5 m’*mol's™!
F 3 m’s™!

Vv 3 m?

Ca. feed 2 mol m™

s s=2.18 mol m, ¢z ¢=3.93 mol m>,
¢, s=0.87 mol m, (8)

while the steady-state manipulated variables were
set to ¢, s=b mol s’

Next, the model predictive controller was con-
structed with linearized version of the dynamical
mathematical model, sampled with 75 =0.1s.
Matrices of the discretized state-space model take
the form:

0.83 0 0.24
A=[0.03 0.90 0.43],

0.05 0 023

0.02 ©
B=[0.03, C=[0 1 0]

0.05

MPC was set up with the prediction horizon N=50,
while the tuning factors were set to Q = 10 and
R = 0.15. The constraints were again reproduced
from the benchmark model where 0 < ¢, < 10,
0< <14, and 0 <€ ¢< 1.1. Molar feed-flow of ¢,
was constrained to the interval of [0, 10] mol s".

Learning set for the neural network was then con-
structed. Each interval for the process variables was
split into 10000 samples, for which the correspond-
ing optimal value of the manipulated variable was
determined. Such a training set was then fed into the
Deep Learning Toolbox, particularly, the fitnet com-

(=]

¢4 [mol/m?]

N O @

o

o
[+

4]

ep [mol/m?

w DO N

=]

____________________________________________________

Fig. 2. Control performance of the NN-based controller with various initial conditions.
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mand, which trained the neural network. Structure
of the NN-based controller consists of three nodes
in the input layer (due to three individual measure-
ments of the process variable) and from four
hidden layers. Each hidden layer consists of four
nodes, each in form of the action function, as in
(3). The final output layer has linear structure and
consists of one node. Recall that the output from
the neural network is the manipulated variable.
The training was done offline, and it took 80 s on
a personal computer with Core i7, 16 GB of RAM,
and Matlab R2019a. The resulting neural network
controller takes less than 7 kB of memory and can
be evaluated in milli-second range on ARM proces-
sors. Such a characteristic is in strong contrast to
the optimization procedure required by the MPC
strategy. Finally, applicability of the NN-based con-
troller was evaluated and tested. A large scale test
scenario was prepared, involving 600 simulations,
cach starting from a different initial condition.
Thus, the performance of the NN-based controller
can be easily observed. Furthermore, artificial dis-
turbance to the controller variable was introduced
to present that the NN-based controller can also
effectively cope with disturbances.

Adherence of the bounds on the process and mani-
pulated variables has to be especially pinpointed.
Control scenarios can be seen in Figure 2, but only
a subset of the 600 simulations is shown to make the
figure readable. Also, all simulations are performed
using the full-fidelity non-linear model presented
in (7).

Even though the performance of the NN-controller
is, in terms of the

Lsim
7= 330 [
t=0

simulations, satisfactory, a quality criterion of the
following form was also evaluated to indicate how
far the actual measurement of process variables
was from the desired steady-state value. For all
600 simulations, the J value was evaluated and
compared with the value of the criterion from the
model predictive control performance. The worst
decrease in the suboptimality was 2.14 %.

(10)

Conclusions

The paper discussed the design of suboptimal con-
trol law in form of a neural network. The main ad-
vantage of this controller is its explicit form, which
was constructed for a large prediction horizon.
The neural network was constructed based on data
obtained from the optimal solution to a full-fidelity
model predictive controller. Applicability of the
suboptimal controller was tested on a large-scale
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simulation case study involving the stabilization of
multi-component chemical reaction. Simulation re-
sults showed that in 94.5 % of cases, the NN-based
explicit controller performed with the optimality
decrease below 1 %.
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Corrigendum to: Acta Chimica Slovaca, 11(2): 170—174 (2018). DOI: 10.2478/acs-2018-0024

We would like to amend a mistake in our paper
(Illeova and Polakovi¢, 2018) where wrong graphs
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Fig. 1. Thermal inactivation of -GAL in a reac-
tion medium with the initial lactose concentration
of 300 g/L. Symbols represent experimental data
at individual temperatures: « — 75 °C, 8 — 70 °C,
A —67.5°C, A — 65 °C. Lines are the fitted activity
values using the model specified by Egs. (1)—(3).
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were assigned to Figures 1 and 2. Corrected figures
and captions are provided below.
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Fig. 2. Thermal inactivation of B-GAL in lactose-

free buffer. The meaning of all symbols and lines

is the same as in Fig. 1 except for the experimental
data at 72.5 °C (#).
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Abstract: Theoretical study of phenol, thiophenol, benzeneselenol, aniline and their para-amino and para-

nitro derivatives is presented. Neutral molecules, their deprotonated forms, neutral radicals, and radical
cations were studied using three Density Functional Theory (DFT) functionals as well as combined DFT and
ab initio G4 method in order to calculate the N—H, O—H, S—H, and Se—H bond dissociation enthalpies
(BDE), proton affinities of corresponding anions (PA) and ionization potentials (IP) of studied compounds.
These quantities represent fundamental reaction enthalpies related to the radical scavenging action of primary

antioxidants. Calculated values were compared with available experimental data to assess applicability of the
computational approaches employed. M06-2X/6-311++G(d,p) and G4 methods showed the best agreement
with the available experimental gas-phase reaction enthalpies.

Keywords: Antioxidant; radical; anion; electron-donating group; electron-withdrawing group

Introduction

Primary antioxidants represent chemical com-
pounds able to scavenge reactive radical intermedi-
ates formed during the oxidative reactions in bio-
logical systems, food products, synthetic polymers,
and other industrial products. In these processes,
hydroxyl (HO"), alkoxyl (RO®) and peroxyl (ROO")
radicals play an important role (Rice-Evans et al.,
1996). The primary antioxidants comprise essen-
tially (poly)phenolic compounds and secondary
aromatic amines (Wolf and Kaul, 1992). They act
usually both through chain transfer and through
chain termination (Gugumus, 1990).

Hydrogen atom transfer from the antioxidant
molecule is often the first step of radical scavenging
by primary antioxidants (Gugumus, 1990). From
the thermodynamic point of view, the dissociation
of O—H bond in phenols and N—H bond in aro-
matic amines is described by the bond dissociation
enthalpy (BDE)

BDE = H(R*) + H(H*) - HR—H) (1)

where H(R") is total enthalpy of the formed radical,
H(H") is total enthalpy of the abstracted hydrogen
atom, and H(R—H) stands for total enthalpy of the
molecule. Based on the statistical thermodynamics,
total enthalpy (H) at temperature (7) is estimated
from the expression

H=E,+ZPE +AH,,,.+ AH,,, + AH,, + RT (2)

trans
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where E,is total electronic energy, ZPE denotes
the zero-point energy, and AH,,..,, AH,, and AH,
are translational, rotational and vibrational contri-
butions to enthalpy, respectively. The last term in
Eq. 2 represents PV-work converting energy to
enthalpy (Atkins, 1998). Proton affinity (PA) of
formed anion represents the reaction enthalpy
of molecule deprotonation, i.e. of the heterolytic
cleavage of the corresponding bond

PA = HR") + HH") - HR—H) (3)

where H(R") is enthalpy of anion and H(H") is total
enthalpy of proton. Another important quantity
related to the antioxidant action is the adiabatic
ionization potential, IP

IP = HR—H") + H(e) - HR—H) 4)

where H(R—H®) is total enthalpy of the radi-
cal cation, and H(e’) is enthalpy of an electron,
3.145 k] mol™' (Bartmess, 1994). Proton affinity and
ionization potential are reaction enthalpies of the
first steps in the Sequential Proton-Loss — Electron
Transfer (SPLET) and Single-Electron Transfer —
Proton Transfer (SET-PT) mechanisms, respectively
(Filipovi¢, 2020; Galano and Raul Alvarez-Idaboy,
2019; Leopoldini et al., 2011).

Experimentally determined BDE, PA and IP values
can be obtained using several techniques (Bordwell
and Cheng, 1991; Dos Santos and Simoes, 1998;
Fujio et al., 1981; Jonsson et al., 1994; Kim et al.,
2000; McMahon and Kebarle, 1977; Mulder et al.,
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2005): electrochemistry, photoacoustic calorimetry,
mass spectrometry, photoelectron spectroscopy,
etc. BDE measurements are often carried out in
solution-phase (e.g. in water, DMSO, benzene, etc.)
and gas-phase values are subsequently estimated
based on certain assumptions. Therefore, published
experimental BDEs may vary in a wide range. For
example, published experimental works suggested
the gas-phase O—H BDE of phenol to be in the
range from 348.5 k] mol™ to 375.0 kJ mol™ (Dos
Santos and Simoes, 1998). In this review, the authors
recommend the value of 371.3 £ 2.3 kJ mol™! for
the gas-phase O—H BDE of phenol. Using the
mass-analyzed threshold ionization technique and
literature data, Kim et al. (2000) experimentally
determined O—H BDE to be 381 kJ mol™. Later,
Angel and Ervin (2004) used mass spectrometry
(threshold collision-induced dissociation method)
determining the value of 359 + 8 k] mol™'. Mulder
et al. (2005) recommended the experimental gas-
phase value of 362 + 3 k] mol™ using two gas-phase
and three solution-phase values.

Accurate estimation of thermochemistry data from
quantum chemical calculations is also a challenging
task since the employment of high levels of calcu-
lations is necessary to consider the effect of both
dynamical and non-dynamical parts of the electron
correlation. Thirty years ago, semiempirical me-
thods were intensively used due to the very restricted
computational resources. Dewar’s MNDO (Dewar
and Thiel, 1977) and AM1 (Dewar et al., 1985)
methods have been widely employed for enthalpies
of formation as well as reaction enthalpies of
organic compounds calculations. The latest re-
parametrized MNDO method, called PM7 method
(Stewart, 2013), represents a computationally
simple and fast tool for basic thermodynamic cha-
racterization of organic compounds. Currently,
density functional theory (DFT) calculations are
most frequently used due to the lower computational
costs in comparison to the ab initio methods.
Sensitivity of the results to suitable functional and
basis set selection represents a disadvantage of the
DFT calculations. An alternative, and generally
more accurate, computational approach for the
thermochemistry data is based on the Gaussian-n
(Gn) theories, which employ a set of calculations of
different levels of accuracy and various basis sets to
obtain exact energetics (Curtiss et al., 2007). In the
GI1, G2 and G3 approaches, high level correlation
calculations, e.g. QCISD(T) and CCSD(T), with
moderate size basis set are combined with energies
from lower level calculations, e.g. MP4 and MP2,
with larger basis sets to approximate the energies of
more expensive calculations (Curtiss et al., 1991 and
1998). In addition, several molecule-independent
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empirical parameters, higher level correction
terms, are included to estimate the remaining
deficiencies assuming that they are systematic
(Curtiss et al., 2007). The use of geometries and
zero-point energies from the density functional
theory, application of CCSD(T) energies, inclusion
of the ab initio Hartree-Fock limit energy and the
addition of higher-level correction parameters in
the G4 method (Curtiss and Redfern, 2007) con-
tribute to the largest improvement over the original
Gn theories. The G4 theory is a useful tool which
may provide benchmark quality results (Curtiss et
al., 2007).

Basis sets used in the field of theoretical investiga-
tion of thermochemistry and reaction kinetics have
to reliably describe all relevant species, i.e. mole-
cules, radicals, deprotonated species and radical
cations resulting from electron abstraction. More-
over, the basis set should provide reliable descrip-
tion of intramolecular hydrogen bonds that are very
frequent mainly in various (poly)phenolic com-
pounds. Pople’s basis sets are somewhat outdated
as correlation-consistent or polarization-consistent
basis sets typically yield better results with similar
resources. Some Pople’s basis sets show deficien-
cies that can lead to incorrect results (Moran et al.,
2006). For balanced description of investigated
species it is necessary to include both diffusion
and polarization functions. Among widely used
basis sets count also those developed by Dunning
and coworkers (Dunning, 1989) for converging
Post-Hartree-Fock calculations enabling extrapola-
tion of results to complete basis sets. The added
diffuse functions improve the description of anions
and long-range interactions such as van der Waals
forces and electric field properties. Because of the
rigorous construction of these basis sets, extrapola-
tion can be done for almost any energetic property
at the ab initio level of theory. The Sapporo basis
sets are compact segmented basis sets designed to
efficiently recover the correlation energy of a
system. These basis sets were based on the original
NOSeC-nZP sets (n =D, T, Q) (Noro et al., 1997)
designed to represent the space spanned by atomic
natural orbitals as determined by configuration
interaction calculations. The nZP sets are based on
the primitive sets of Huzinaga and Klobukowski
(1993) which were extended by adding higher an-
gular momentum functions for the determination
of a set of accurate natural orbitals (Weber et al.,
2015). The def2-TZVP basis sets are very appealing
because they provide consistent accuracy across the
whole periodic table and they are available for all
elements up to radon (Z = 86) (Weigend and Ahl-
richs, 2005), contrary to more commonly used basis
sets from the Pople and Dunning groups. These
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Karlsruhe basis sets are very appealing because they
constitute balanced and economical basis sets of
graded quality from partially polarized double zeta
to heavily polarized quadruple zeta for all elements
up to radon (Z = 86). The extension consists of add-
ing a minimal set of diffuse functions to a subset
of elements. The minimally augmented (ma) basis
set triple zeta is recommended for general-purpose
applications of the density functional theory
(Zheng et al., 2011).

In this contribution, comparative G4 and DFT
investigation of gas-phase BDEs, PAs and IPs of
phenol, thiophenol, benzeneselenol and aniline
and their two para-substituted derivatives (Fig. 1)
was performed. The NH, substituent is a strong
electron-donating group while the NO, group is
a strong electron-withdrawing group. Para-substi-
tuted compounds represent a suitable set of model
compounds, where the steric effects of a substituent
do not influence the studied group homolytic and
heterocyclic dissociations. DFT data were calculated
using the most frequently employed functionals, i.e.
B3LYP, M06-2X, and PBEO, in combination with
various basis sets. BSLYP hybrid functional repre-
sents the most popular functional for BDE, IP, and
PA calculations. The newer M06-2X functional was
optimized for the calculations of thermochemistry
and kinetics and it should overcome the known
imperfections of BSLYP. PBEO functional belongs
to the generalized gradient approximation func-
tionals and is quite popular as it usually provides
reliable results. The obtained theoretical results
were compared also with calculated semiempirical
PM?7 data and available experimental values.

The Pople’s basis set 6-311++G(d,p) provides reliable
molecular geometries and reaction enthalpies for
phenols and anilines (Poliak and Vaganek, 2013;
Klein and Lukes, 2006; Skorna et al., 2016) and it
is still widely employed in antioxidant action ther-
mochemistry calculations. The remaining basis sets
employed have comparable size but different origins.

Computational details

Quantum chemical calculations were performed
using the Gaussian 16 program package (Frisch
et al., 2016). M06-2X (Zhao and Truhlar, 2008),
B3LYP (Becke’s three parameter Lee—Yang—Parr)
(Lee et al., 1988; Becke, 1988) and PBEO (Adamo
and Barone, 1999) functionals were employed. The
energy cut-off was 107 k] mol™ and the final RMS
energy gradient was below 0.01 k] mol™" A™. For all
calculations, 6-311++G(d,p) (Hariharan and Pople,
1973; Rassolov et al., 1998), aug-cc-pVTZ (Kendall
et al., 1992; Woon and Dunning, 1993), ma-def2-
TZVP (Weigend and Ahlrichs, 2005) and Sapporo
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(Noro et al., 1997) basis sets were used. Frequency
analysis confirmed that the found species are in
real energy minima (no imaginary frequencies). All
thermodynamic quantities were evaluated for the
temperature of 298.15 K. The total gas-phase en-
thalpies of the hydrogen atom are -1301.81 k] mol™'
for M06-2X, -1324.87 kJ mol" for B3LYP, and
-1324.87 k] mol™ for the PBEO functional. In case
of the PM7 method, formation enthalpy of the hy-
drogen atom is -1324.87 k] mol™' and proton forma-
tion enthalpy is 1536.2 k] mol™ (Atkins, 1998). The
G4 enthalpy of hydrogen atom is -1310.3 kJ mol™".
Gas-phase proton and electron total enthalpies
are 6.197 k] mol™' and 3.145 k] mol™, respectively.
In case of M06-2X calculations, the starting geo-
metries were taken from optimized B3LYP method
because of convergence problems with the starting
geometries pre-optimized by molecular mechanics.

Results and Discussion

The first part of discussion is focused on the
description of optimal geometries of the studied
molecules with planar aromatic ring. As it is
shown in Fig. 1, ¢ (¢) represent dihedral angles
between hydrogen atom(s) of the functional group,
heteroatom and two carbon atoms of the benzene
ring. The parent phenol and thiophenol molecules
exhibit planar gas-phase geometries due to the
planar arrangement of —OH and —SH groups
(see Tab. 1). In case of benzeneselenol, —SeH
group is twisted only for B3LYP/6-311++G(d,p)
with the dihedral angle of 35°. Hydrogen atoms
of the —NH, group in aniline are uniformly tilted
from the ring plane and its plane of symmetry is
perpendicular to the molecular aromatic plane
(see Fig. 2a). DFT methods predict the values of
dihedral angles, ¢ and ¢, to be between +24° to
£27°. PM7 geometry of aniline is more planar, i.e.
¢ and ¢ reach £17°. The electron donating amino
group leads to perpendicular arrangement of —SH
and —SeH groups (see Fig. 2a). On the other hand,
the hydroxyl group of substituted phenol is planar
and the absolute values of selected dihedral angles
for both amino groups in para-aminoaniline are
slightly higher, by about 3°, in comparison to those
for aniline (Tab. 2). In general, radical formation
after homolytic O—H, S—H, Se—H and N—H
bond cleavage mostly decreases the absolute values
of the dihedral angle. Small changes in planarity
were observed for para-aminobenzeneselenol. The
presence of a nitro group in the para position is re-
sponsible for molecules’ planarity (Tab. 3). In case
of para-nitroaniline, DFT values of dihedral angles
v and ¢ lie between £17° to £21°. Semiempirical
PM7 geometries are planar.
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Electron abstraction from parent molecules and
para-amino derivatives (Tab. 4) planarizes molecular
geometry. Significant changes in the structure were
observed for anions formed from para-aminophenol
and aniline when compared to parent molecules. The
aromatic ring plane represents the mirror plane of the
amino group (see Fig. 2b). For para-aminothiophenol
and para-aminobenzeneselenol, DFT dihedral angle
@ and ¢’ values are in the range from £30° to £31°.
Here, the mirror plane of the amino group is perpen-
dicularly oriented towards the ring plane. Identical
situation was found for electroneutral para-amino
derivatives (e.g. Fig. 2a).

NO, group in the radical cation of para-nitrophenol
is slightly rotated with respect to the aromatic ring
(see Fig. 2¢). The maximal dihedral angles, © = ©,
were found for BSLYP and PBEO functionals (from
41° to 46°, see Tab. 5), while M06-2X dihedral
angles are lower by approximately one half. In case
of the remaining nitro derivatives, M06-2X optimal
geometries are mostly planar. The anionic forms
are planar for PM7 method as well as for all tested
DFT functionals.

Tab. 6 summarizes the computed gas-phase
O—H, S—H, Se—H and N—H bond dissociation
enthalpies. For example, found BDE values of
phenol are in the range from 347 k] mol™ to
352 kJ mol"! for B3LYP, from 370 kJ mol to
375 kJ mol™ for M06-2X and from 347 k] mol™ to
350 kJ mol™ for PBEO. Among all DFT results,
M06-2X/6-311++G(d,p) value of 370 k] mol™is in
best accordance with the last recommended gas-
phase value of 362.8 + 2.9 k] mol™ (Mulder et al.,
2005). G4 BDE = 367 k] mol™ is closest to the re-
commended value while PM7 BDE = 313 k] mol™is
significantly underestimated. Similar trends were
obtained also for the remaining non-substituted
molecules. However, for aniline, M06-2X/6-
311++G(d,p) N—H BDE is closer to experimental
data than the G4 one. Nevertheless, the minimal
effect of a basis set for individual DFT functionals
was found for the largest benzeneselenol molecule
(Tab. 6a).

Compared to non-substituted molecules, electron-
donating substituents decrease the studied BDEs,
whereas electron-withdrawing groups induce
an increase in BDE (Tab. 6b, c). In case of nitro-
derivatives of thiophenol and benzeneselenol, the
DFT functionals predicted negligible substituent
effect for all basis sets. Maximum differences in
BDE, compared with non-substituted molecules,
were 1 kJ mol™. The reference G4 method gave
larger energy differences (up to 6 k] mol™).
Electron abstraction from an electroneutral mole-
cule is an endothermic process and the found
adiabatic ionization potentials are compiled in
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Tab. 7. These represent typical values for organic
molecules with one aromatic ring. Comparing the
few available experimental data, B3LYP and PBEO
functionals tend to underestimate IPs. On the other
hand, the M06-2X functional gave reasonable results
for all used basis sets. Like BDEs, electron-donating
groups induce a drop in IP and electron-withdrawing
groups induce a rise in IP.

Gas-phase proton affinities (Eq. 3) are substantially
higherthan BDEs, i.e. heterolytic cleavage of O—H,
S—H, Se—H and N—H bonds in the gas-phase is
not energetically favored. Available experimental
data were obtained from various mass spectrometry
experiments; however, they (Tab. 8) are Very scarce.
Within the group of non-substituted studied mole-
cules containing chalcogenes, proton affinities are
decreasing from phenol to benzeneselenol. In case
of aniline, PA is the highest one (e.g. for B3LYP/6-
311++G(d,p), PA(aniline) = 1534 k] mol™). For all
computational approaches, PA of aniline is roughly
by 80 kJ mol™ higher than that of phenol. Results
in Tab. 8 also show that the PM7 method underesti-
mates PAs which is surprising because PM3 method
gives PAs of thiophenols in very good agreement
with those of the B3LYP/6-311++G(d,p) method
(Pankratov and Shalabai, 2004; Rimarcik et al.,
2011).

Electron-donating NH, group located in the para
position causes a slight increase in PA, whereas
electron-withdrawing NO, group is responsible
for significant drop in PA. DFT methods show ca
100 kJ mol™ decrease in case of phenols and ani-
lines. In thiophenols and benzeneselenols, drop in
PA reaches ca 80 k] mol™'. The G4 method predicts
lower differences between non-substituted mole-
cules and para-nitro derivatives.

Conclusions

In this article, theoretical study of phenol, thiophe-
nol, benzeneselenol, aniline and their para-nitro
and para-amino derivatives is presented. Structures
of the investigated molecules, corresponding radi-
cal cations, anions and radicals were studied using
DFT functionals, ab initio G4 and semiempirical
PM7 quantum chemical methods. The obtained to-
tal enthalpies enabled calculations of N—H, O—H,
S—H and Se—H bond dissociation enthalpies,
proton affinities, and ionization potentials which
belong to the most important thermodynamic char-
acteristics of antioxidants. Calculated quantities
were compared with available experimental values
to ascertain the suitability of the used approaches.
The best agreement with the experimental values
was obtained for M06-2X/6-311++G(d,p) and ab
initio G4 methods. For phenols, excellent mutual
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agreement between MO06-2X/6-311++G(d,p) and
B3LYP/6-311++G(d,p) proton affinities was also
found. Semiempirical PM7 method, providing
most planar structures of the studied species, tends
to underestimate the investigated quantities with
exception of ionization potentials, which are over-
estimated.
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Tab. 1. Dihedral angles ¢ (and ¢’ in aniline, where ¢ = -¢’) in degrees for optimal geometries of electro-
neutral state of molecules and radicals. Values for radicals are in italics.

Method Basis set O—H S—H Se—H N—H
0 0 35 +24
6-311++G(d,p) (2)
0 0 0 +24
aug-cc-pVTZ (2)
B3LYP
0 0 0 +24
Sapporo
- - - 0
=+
ma-I'ZVP 0 0 0 21
- - - 0
0 4 0 +25
6-311++G(d,p) (2)
0 1 0 +25
aug-cc-pVTZ (2)
MO06-2X
0 1 4 25
Sapporo
_ - - 0
+
ma-TZVP 0 0 0 25
- - - 0
0 0 0 25
6-311++G(d,p) 3
0 0 0 +24
aug-cc-pVTZ (2)
PBEO
0 0 0 +27
Sapporo
- - - 0
+
ma-TZVP 0 0 0 =24
- - - 0
0 0 0 17
PM7
- - - 0
0 0 0 26
G4
- - - 0
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Tab. 2. Dihedral angles ¢ (and ¢ in aniline, where ¢ = -¢") / 6, & (6 = -@ for all cases) in degrees for
para-amino substituted neutral molecules and radicals. Values for radicals are in italics.

Method Basis set O—H / NH, S—H / NH, Se—H / NH, N—H / NH,
0/ +97 99 / 493 91 /493 +97 / 497
6-311++G(d,
(dp) /413 _/+15 _ /17 0/+19
- 0/ +26 91/ 493 91 /493 197 / 497
aug-cc-
- gcp _/ 412 _/ 415 /416 0/+19
. 0/ +96 91 / 492 91 /493 +97 / 497
T
apporo _/+1 _/+14 _/+16 0/+18
- 1/+96 91 / 499 91/ 4922 +97 / 497
ma-
_/ 412 -~/ +14 /15 0/ +18
1/ 497 89/ +94 91 / +94 +98 / 498
6-311++Gld.p) /411 _/ 415 _/+96 0/+19
' vy 0/ +97 89/ +94 89/ +94 +98 / 498
- augcep _/ 411 _/+15 /495 0/ +18
< 0/ +97 89/ +93 94 / 493 +97 / 497
apporo -/ 19 _/+13 /495 0/ +18
I 0/ +97 93 / 493 89/ +93 +97 / 497
-/ 49 _/+13 _/ 495 0/ +17
0/ +97 99 / 493 91 /493 +97 / 497
6-311++G(d.p) -~/ 413 _/+15 /495 0/ +20
- 0/ 497 91/ +93 91 /493 +97 / 497
PBED agecp _/+13 _/ 415 _/ 417 0/+19
. 0/ 497 91/ +93 91 /493 197 / 497
a oro
PP _/ 412 -~/ +14 _ /495 0/+19
- 1/ 496 99 / 499 91 /99 +97 / 497
ma-
_/ 412 -~/ +14 _ /494 0/+19
. 1/22 91/ +10 91/ +14 +93 / 493
-/0 _/+15 -/ +4 0/ +8
o 0/ +98 91/ +95 91 /495 +99 / 499
_/ 17 /17 _/+18 0/ %99
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Tab. 3. Dihedral angles ¢ (and ¢’ in aniline, where ¢ = -¢’) / 6, @ (O = -@ for all cases), in degrees for
para-nitro substituted neutral molecules and radicals. Values for radicals are in italics.

Method Basis set O—H / NO, S—H / NO, Se—H / NO, N—H / NO,
0/0 0/0 0/0 +18/0
6-311++G(d
ey /0 -/ 0 /0 0/0
0/0 0/0 0/0 +18/0
-cc-pVTZ
e /0 -/ 0 -/ 0 0/0
B3LYP
S 0/0 0/0 0/0 *17/0
apporo
PP /0 -/ 0 -/ 0 0/0
0 +
ma TZVP /0 0/0 0/0 17/0
-/0 -/0 -/0 0/0
0/0 2/0 0/0 +20/0
6-311++G(d,
p) /0 -/ 0 -/ 0 0/0
0/0 0/0 2/0 +19/0
aug-cc-pV'1Z
e /0 -/ 0 /0 0/0
MO06-2X
0/0 0/0 3/0 +19/0
Sapporo
-/0 -/0 -/0 0/0
+
maTZVP 0/0 0/0 3/0 +19/0
-/0 -/0 -/0 0/0
0/0 0/0 0/0 +18/0
6-311++G(d
redp) /0 -/ 0 /0 0/0
0/0 0/0 0/0 +18/0
aug-cc-pV'TZ / / / /
-/0 -/0 -/0 0/0
PBEO
S 0/0 0/0 0/0 £17/0
T
Appore /0 -/ 0 -/ 0 0/0
0 +
ma TZVP /0 0/0 0/0 19/0
-/0 -/0 -/0 0/0
PM7 0/0 0/0 0/0 0/0
-/0 -/0 -/0 0/0
G4 0/0 0/0 0/0 +21/0
-/0 -/0 -/0 0/0
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Tab. 4. Dihedral angles ¢ (and ¢’ in aniline, where p = -¢’) / 0, @ (0 = -6’ in degrees for radical cations
and anions (in italics) formed from para-amino substituted molecules.

Method Basis set O—H / NH, S—H / NH, Se—H / NH, N—H / NH,
0/0 0/0 0/0 0/0
6-311++G(d,
(dp) -/ 59,121 _/ 431 _/ 431 0/ -60, 120
0/0 0/0 0/0 0/0
cc-pVTZ
augeep -/ 42,104 -/ 431 -/ 430 0/ -59,-121
BSLYP
q 0/0 0/0 0/0 0/0
a oro
PP - /81, 143 -/ +31 =/ 430 0/ -59,-121
0/0 0/0 0/0 0/0
ma-1'ZVP / / / /
=/ 59, 121 _/ 431 _ /430 0/ -60, -120
0/0 0/0 91/ 0 0/0
6-311++G(d,p) / / / /
-/ 59, 121 _/ 431 _/ 431 0/-59,-121
0/0 0/0 91/ 0 0/0
aug-ce-pVTZ
augccp -/ 59,121 _/ 431 _/ 431 0/ -59,-121
M06-2X
o 0/0 0/0 91/ 0 0/0
apporo -/ 59, 121 -~/ 431 -/ 430 0/-59,-121
0/0 0/0 91/ 0 0/0
TZVP
ma -/ 59,121 -~/ 431 /430 0/ -59, -121
0/0 0/0 0/0 0/0
6-311++G(d
(dp) -/ 59, 121 -~/ 431 _/#31 0/ -59,-121
0/0 0/0 0/0 0/0
cc-pVTZ
aug-cep -/ 94,31 _/ 431 _/ 431 0/-59, -121
PBEO
q 0/0 0/0 0/0 0/0
T
apporo -/ 88,150 -/ 431 =/ 430 0/ -59, 121
0/0 0/0 0/0 0/0
ma-1'ZVP / / / /
=/ 59, 121 _/ 431 _ /430 0/-59,-121
. 0/0 0/0 0/0 0/0
/431 -~/ 498 /496 0/ -59,-121
o 0/0 0/0 0/0 0/0
-/ -92,95 -~/ 433 -/32 0/ -57,-123
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Tab. 5. Dihedral angles ¢ (and ¢ in aniline, where ¢ = -¢’) / 6, @ (O = -@ for all cases) in degrees for
radical cations and anions (in italics) formed from para-nitro substituted molecules.

Method Basis set O—H / NO, S—H / NO, Se—H / NO, N—H / NO,
0/ 46 0/ -37 1/3 0/-33
6-811G(d.p) -// 0 -/ /0 -j o2 0/ /0
0/ 44 1/-34 -1/28 0/-29
aug-cepVIZ -/0 -/0 -/0 0/0
B3LYP
< 0/ 45 1/-34 0/39 0/30
apporo -/0 -/0 -/0 0/0
0/ 45 1/-36 -1/30 0/31
TZVP
ma ~/0 -/0 -/0 0/0
0/9 0/-1 0/0 0/11
6-311G(d.p) —//20 —/ / 02 —j 0 0// 0
0/12 0/0 0/0 0/0
aug-cc-pVTZ
oo augecp -/0 -/0 -/0 0/0
M06-2X
q 0/13 0/0 0/0 0/0
apporo ~/0 -/0 -/0 0/0
0/20 0/0 0/0 0/0
TZVP
matzy -/0 -/0 -/0 0/0
0/43 0/-3 0/ %% 0/ -27
6-811G(dp) -// 0 -/ / 02 -//2;) 0/ / ?)
0/ 40 1/-27 0/0 0/ 99
aug-ce-pVIZ ~/0 -/0 -/0 0/0
PBEO
S 0/ 41 1/-27 0/17 0/ 22
apporo -/0 -/0 -/0 0/0
0/ 41 0/-29 -1/91 0/ 25
TZVP
e ~/0 -/0 -/0 0/0
0/0 0/0 0/0 0/0
PM7
-/0 -/0 -/0 0/0
o 0/38 -1/30 S1/24 0/0
-/0 -/0 -/0 0/0
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Tab. 6a. Bond dissociation enthalpies (in k] mol™) of non-substituted molecules.

. Phenol Thiophenol Benzeneselenol Aniline
Method Basis set
O—H S—H Se—H N—H
6-311++G(d,p) 346.9 355.7 325.5 368.2
aug-cc-pVTZ 351.3 358.3 326.8 370.4
B3LYP
Sapporo 352.0 360.7 327.3 370.9
ma-1ZVP 347.4 358.8 326.0 368.6
6-311++G(d,p) 369.7 358.6 312.0 386.5
aug-cc-pV'TZ 374.6 364.7 312.9 389.2
M06-2X
Sapporo 374.9 366.7 312.4 389.5
ma-1ZVP 371.8 362.5 313.6 388.6
6-311++G(d,p) 348.4 353.3 321.9 368.8
aug-cc-pVTZ 353.2 355.3 322.5 370.8
PBEO
Sapporo 353.8 357.6 323.0 371.3
ma-1ZVP 349.5 356.0 321.9 369.2
PM7 312.7 329.6 308.5 328.6
G4 367.4 335.3 306.7 381.6
368 (isobutane)®
332P!
. 372 (benzene)? ) 280.3! 386°h
Experiment i 331.00 .
376", 379¢ 326.4£16.7¢ 3731
349.4*
3679,369¢
Tab. 6b. Bond dissociation enthalpies (in k] mol™) of para-amino derivatives.
Method Basis set O—H S—H Se—H N—H
6-311++G(d,p) 310.4 295.7 281.6 343.4
aug-cc-pV'TZ 314.8 299.4 283.5 345.1
B3LYP
Sapporo 315.2 301.7 284.0 345.5
ma-1ZVP 310.5 299.4 282.4 343.1
6-311++G(d,p) 332.0 308.8 318.6 361.4
aug-cc-pVTZ 336.6 313.2 317.4 363.3
M06-2X
Sapporo 336.4 314.8 316.6 363.4
ma-1ZVP 332.8 312.7 318.5 362.2
6-311++G(d,p) 312.2 295.5 327.7 344.3
aug-cc-pVTZ 317.1 299.2 281.9 345.9
PBEO
Sapporo 317.4 301.5 327.0 346.2
ma-1ZVP 312.9 299.5 326.4 344.0
PM7 282.7 330.5 299.8 306.1
G4 333.8 316.6 294.2 359.7
Experiment 316™ 360
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Tab. 6¢. Bond dissociation enthalpies (in k] mol™) of para-nitro derivatives.

Method Basis set O—H S—H Se—H N—H
6-311++G(d,p) 364.5 355.8 325.7 385.8
aug-cc-pV'TZ 368.5 358.5 326.9 387.4
B3LYP
Sapporo 369.1 360.8 3274 388.0
ma-TZVP 364.8 359.1 326.2 386.1
6-311++G(d,p) 387.4 359.4 312.8 403.3
aug-cc-pVTZ 392.0 362.8 313.4 405.3
MO06-2X
Sapporo 392.2 364.7 312.8 405.7
ma-TZVP 389.2 363.3 314.0 404.8
6-311++G(d,p) 366.2 353.7 322.2 386.7
aug-cc-pVTZ 370.4 355.5 322.7 387.8
PBEO
Sapporo 371.0 357.8 323.1 388.4
ma-TZVP 366.9 356.4 322.1 386.6
PM7 329.2 321.4 317.7 350.6
G4 378.9 342.8 312.9 416.1
Experiment 393m 340.6" 405"

*Wayner et al., 1995; "Bordwell and Cheng, 1991, “Zhu et al., 199'_7; Denisov, 1995; °Lind et al., 1990; 'Newcomb et al., 1991;
¢Leeck et al., 1996; "Bordwell et al., 1993; Jonsson et al., 1994; Bordwell et al., 1994; *Dos Santos et al., 2002; 'Venimad-
havan et al., 1992; ™Luo, 2007.

Tab. 7a. Ionization potentials (in k] mol™) of non-substituted molecules.

Method Basis set Phenol Thiophenol Benzeneselenol Aniline
6-311++G(d,p) 807.1 786.2 775.1 731.3
aug-cc-pVTZ 804.2 784.4 774.0 730.2
B3LYP
Sapporo 804.9 783.7 774.5 730.5
ma-TZVP 804.0 783.0 774.0 729.5
6-311++G(d,p) 824.4 806.7 798.9 748.7
aug-cc-pVTZ 822.1 807.9 795.8 748.6
M06-2X
Sapporo 822.1 806.7 794 .4 748.1
ma-TZVP 820.5 803.0 794.9 746.4
6-311++G(d,p) 805.4 786.8 774.8 729.1
aug-cc-pVTZ 802.1 784.4 773.5 727.8
PBEO
Sapporo 802.8 783.7 774.0 728.1
ma-TZVP 802.1 783.1 773.5 727.2
PM7 831.2 790.8 756.2 748.2
G4 825.7 810.7 799.6 750.0
Experiment 8212 801° 745¢
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Tab. 7b. Ionization potentials (in k] mol™) of para-amino derivatives.

Method Basis set Phenol Thiophenol Benzeneselenol Aniline
6-311++G(d,p) 685.6 687.6 685.7 632.3
aug-cc-pVTZ 682.8 684.1 683.0 630.4
B3LYP
Sapporo 683.1 683.6 683.1 630.7
ma-TZVP 681.8 682.7 682.5 629.1
6-311++G(d,p) 702.7 708.5 831.6 649.4
aug-cc-pVTZ 700.8 704.9 825.8 648.3
M06-2X
Sapporo 700.5 703.7 824.0 648.0
ma-TZVP 698.3 702.5 826.2 645.6
6-311++G(d,p) 682.7 686.7 685.1 629.6
aug-cc-pVTZ 679.3 682.7 681.9 627.4
PBEO
Sapporo 679.6 682.2 682.1 627.6
ma-TZVP 678.5 681.5 681.7 626.3
PM7 719.7 721.1 705.8 665.4
G4 704.6 705.1 708.4 653.1
Tab. 7c. Ionization potentials (in k] mol™) of para-nitro derivatives.
Method Basis set Phenol Thiophenol Benzeneselenol Aniline
6-311++G(d,p) 879.6 853.2 839.1 807.9
aug-cc-pVTZ 873.8 848.5 835.3 803.6
B3LYP
Sapporo 874.3 847.7 835.8 804.1
ma-TZVP 873.7 847.5 835.5 803.6
6-311++G(d,p) 906.8 877.8 863.0 828.2
aug-cc-pVTZ 901.1 873.1 857.0 824.6
M06-2X
Sapporo 900.9 871.8 855.4 824.4
ma-TZVP 899.8 871.2 856.7 823.3
6-311++G(d,p) 879.2 854.1 838.5 805.8
aug-cc-pVTZ 872.9 848.4 834.2 800.8
PBEO
Sapporo 873.4 847.8 834.7 801.2
ma-TZVP 873.1 847.7 834.7 801.1
PM7 906.2 847.9 955.9 824.5
G4 890.9 868.6 853.8 837.1
Experiment 9051 805¢

aLipert and Colson, 1990; "Faulk et al., 1990; “Takahashi et al., 1992; “Kobayashi and Nagakura, 1975; <Potapov et al., 1972.

Cagardova D et al., DFT and ab initio calculations of ionization potentials...

237



Tab. 8a. Proton affinities (in k] mol™) of non-substituted molecules.

. Phenol Thiophenol Benzeneselenol Aniline
Method Basis set
O—H S—H Se—H N—H
6-311++G(d,p) 1450.1 1412.1 1392.9 1533.6
aug-cc-pVTZ 1456.9 1419.5 1397.7 1537.0
B3LYP
Sapporo 1457.4 1422.5 1398.6 1537.4
ma-TZVP 1452.7 1419.7 1396.1 1535.5
6-311++G(d,p) 1452.9 1403.1 1377.2 1530.7
aug-cc-pVT7Z 1457.1 1413.6 1384.1 1531.9
MO06-2X
Sapporo 1457.6 1415.9 1386.3 1532.5
ma-TZVP 1455.8 1411.6 1382.3 1533.1
6-311++G(d,p) 1454.5 1413.2 1393.6 1538.2
PBEO aug-cc-pVTZ 1461.7 1420.4 1398.2 1541.4
Sapporo 1462.2 1423.5 1399.1 1541.8
ma-TZVP 1457.7 1420.8 1396.7 1540.0
PM7 1390.4 1366.3 1347.5 1461.3
G4 1461.3 1421.0 1394.0 1537.8
1461*
. 1541¢
Experiment 1450° 14244
. 1533¢
1462¢

Tab. 8b. Proton affinities (in k] mol™) of para-amino derivatives.

Method Basis set O—H S—H Se—H N—H
6-311++G(d,p) 1466.9 1432.2 1412.9 1549.6
aug-cc-pVTZ 1475.1 1437.9 1416.5 1553.7
B3LYP
Sapporo 1457.4 1422.5 1398.6 1537.4
ma-TZVP 1452.7 1419.7 1396.1 1535.5
6-311++G(d,p) 1467.8 1421.9 1396.8 1545.4
aug-cc-pVT7Z 1474.1 1428.2 1401.8 1548.2
MO06-2X
Sapporo 1474.9 1430.8 1403.9 1549.0
ma-TZVP 1472.6 1429.7 1400.8 1549.0
6-311++G(d,p) 1472.2 1433.5 1414.6 1555.3
PBEO aug-cc-pVTZ 1481.0 1439.5 1417.7 1559.5
Sapporo 1481.7 1442.9 1418.7 1560.1
ma-TZVP 1477.5 1440.9 1417.1 1558.5
PM7 1401.4 1381.0 1357.7 1469.6
G4 1476.6 1436.3 1409.5 1552.4
Experiment 14707
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Tab. 8c. Proton affinities (in k] mol™) of para-nitro derivatives.

Method Basis set O—H S—H Se—H N—H
6-311++G(d,p) 1347.2 1328.1 1314.9 1424.0
aug-cc-pVTZ 1356.1 1337.6 1321.9 1429.6
B3LYP
Sapporo 1356.6 1340.4 1322.9 1430.1
ma-TZVP 1351.8 1337.6 1320.3 1428.1
6-311++G(d,p) 1354.3 1326.6 1307.9 1425.8
aug-cc-pVTZ 1360.4 1336.1 1316.3 1428.9
M06-2X
Sapporo 1361.3 1338.5 1318.7 1430.1
ma-TZVP 1359.2 1336.9 1314.9 1430.3
6-311++G(d,p) 1354.6 1331.9 1318.6 1431.9
PBEO aug-cc-pVT7Z 1364.0 1341.7 1325.5 1437.5
Sapporo 1364.5 1344.5 1326.5 1438.0
ma-TZVP 1359.7 1341.7 1323.9 1436.0
PM7 1281.7 1291.7 1290.7 1355.7
G4 1372.4 1353.0 1333.5 1463.6
Experiment 1372 1342°
1342°

“Fujio et al., 1981; "McMahon and Kebarle, 1977; ‘Bartmess et al., 1979; “Taft and Bordwell, 1988; “Wren et al., 2012.

@C'

Fig. 1. Notation of dihedral angles ©/6’ and /¢’ in para-aminophenol and para-aminoaniline molecules.
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Notation is valid for all studied molecules.
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a) b) 9]

Fig. 2. Selected optimal B3LYP/6-311++G(d,p) geometries of para-aminobenzeneselenol with mirror
plane of amino group perpendicular to the benzene ring plane (hydrogens of amino group are tilted
from the ring plane) and twisted —SeH group (a), deprotonated para-aminophenol with mirror plane
of amino group corresponding to the ring plane (b) and para-nitroaniline with rotated nitro group (c).

240 Cagardova D et al., DFT and ab initio calculations of ionization potentials...



