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Abstract: The study was focused on the investigation of trans-polyoctylene (TOR) influence on cross-linking
as well as mechanical and rheological properties of rubber compounds based on styrene-butadiene rubber
(SBR). SBR was compounded with different proportions of TOR in the concentration range from 0 to 30 phr.
Integration of TOR into rubber leads to the prolongation of the optimum curing time and scorch time and
thus the decrease of the curing rate. Higher content of TOR led to less viscous rubber due to the plasticizing
effect. Cross-link density of vulcanizates was reduced, which correlates with higher elongation at break.
Tensile strength and hardness of vulcanizates increased with the increasing TOR content, probably due to the

increasing amount of the crystalline phase.
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Introduction

Styrene-butadiene rubber is the most widely used
and very important synthetic rubber worldwide. It
has entered the market due to its low cost, use in
automotive industry (good abrasion resistance) and
high level of product uniformity (Niyogi, 2007).
SBR is nonpolar rubber with good mechanical
characteristics. In comparison with natural rubber,
it has better oxygen and ozone resistance and good
abrasion resistance (Noriman et al., 2010). SBR is
used in a wide range of applications such as auto-
motive tire sidewalls, cover strips, wires, cables, foot-
wear, roofing barriers and sporting goods (Zhou et
al., 2010). Vestenamer is produced by ring-opening
metathesis polymerization (ROMP) from cyclo-
octene and it is known as trans-polyoctene rubber
(TOR) consisting of unbranched linear and cyclic
macromolecules which contain one double bond
for every eighth carbon atom with prevalently trans
isomeric double bonds. TOR is a semicrystalline
rubber known as a compatibilizer for incompatible
blends as well as a processing aid. It can provide
good processability in the temperature range of
rubber processing (100—150 °C) as well as good
collapse resistance below the melting temperature
(54 °C) due to recrystallization (Awang et al., 2007;
Evonik website, 2019). It is a high-performance
polymer with dual character. During rubber pro-
cessing, blends play the role of plasticizers and in
process of vulcanization they react as unsaturated
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rubber. Due to this dual character, processing of
natural rubber/styrene-butadiene rubber blend is
improved in terms of energy savings and handling
of intermediary compounds and the vulcanization
profile is changed. TOR as unsaturated rubber can
enable cross-linking with sulfur, sulfur donors, per-
oxides or cure resins (Pana at al., 2008; Nah, 2002;
Noriman et al., 2012; Chang et al., 1999).

Material and methods

As the rubber matrix, a solution of polymerized
styrene-butadiene rubber containing 25 % of styrene
(Arlanxeo, Germany) was used. Trans-polyoctylene
rubber (TOR), trademark Vestenamer 8012 (Evonik,
Germany), was dosed to the rubber matrix as an addi-
tive in the concentration range from 0 phr to 30 phr
(weight parts of TOR per hundred weight parts of
rubber). Compounds contained standard semi EV
sulfur curing system consisting of zinc oxide — 3 phr
(Slovzink, Koseca, Slovakia) and stearic acid — 2 phr
(Setuza, Usti nad Labem, Czech republic) as activa-
tors, N-cyclohexyl-2-benzothiazole sulfonamide CBS
— 1.5 phr (Duslo, Sala, Slovakia) as accelerator, and
sulfur — 1.5 phr (Siarkopol, Tarnobrzeg, Poland) as
curing agent.

Preparation and curing of rubber compounds

The two-step mixing of rubber compounds was car-
ried out in a laboratory mixer Brabender. Rubber,
zinc oxide and stearic acid were compounded in the
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first step (9 minutes, 90 °C), whereas the curing sys-
tem (CBS and sulfur) was introduced in the second
step (4 minutes, 90 °C). After that, the blends were
homogenized in a two roll mill. One reference and
six samples with different content of TOR additive
(5; 105 15; 20; 25; 30 phr) were prepared. Curing
characteristics of the rubber compounds were
investigated from the corresponding curing iso-
therms measured by a MDR rheometer at 160 °C.
The curing process was performed at 160 °C for the
optimum curing time calculated from the curing
isotherms under the pressure of 15 MPa using a
hydraulic press (Fontijne, N.V. Machinefabriek,
Vlaardingen, The Netherlands). Finally, thin sheets
(150 x 150 mm, thickness of 2 mm) of cured rubber
were obtained.

Determination of cross-link density of rubber blends
Cross-link density, v, was determined based on
equilibrium swelling of the samples in o-xylene.
First, the samples were swelled in o-xylene until
equilibrium swelling was reached. The cross-link
density was then calculated based on the equilib-
rium swelling degree by applying the Flory-Rehner
equation (1) (Noriman et al., 2012):

In(1-V,)+ V, +xV?
v=- /3 (1)
V.V —~0,5V)

where v — is the cross-link density (mol/cm?), V, —
volume fraction of rubber in equilibrium swelling
sample of a vulcanizate, V, — molar volume of sol-
vent (123.45 cm?®/mol for o-xylene), x — Huggins
interaction parameter (0.4106 in this case).

Evaluation of physical-mechanical properties

Tensile properties of the tested cured rubber com-
pounds were measured using a Zwick Roell/Z 2.5,
(Ulm, Germany) tester operating at the crosshead
speed of 500 mm/min and room temperature
in accordance with the valid technical standards.
Testing was performed with dumbbell-shaped test
specimens (width of 6.4 mm, length of 80 mm,
and thickness of 2 mm). Hardness was measured
using a durometer (HW WALLACE and CO LTD
CROYDON CR9Y 2HR) and the unit was expressed
in IRHD (International Rubber Hardness Degree).

Determination of rheological properties —

complex viscosity

Rheological properties of the samples were de-
termined by an oscillating rheometer RPA 2000
in accordance with ISO 13145 standard for rub-
ber mixtures. Torque was measured over time at
constant oscillation deflection and the oscillation
frequency of the oscillating cone at 80 °C. The sam-

ples were placed between thick polymer film layers.
The measurements were performed in shear mode
in a closed chamber and the results are in form of
flow curves characterized by shear rate, y [s'], and
complex viscosity, n* [Pa s].

Differential scanning calorimetry

Differential scanning calorimetry measurements
were performed under nitrogen atmosphere at the
heating/cooling rate of 10 °C/min using a Met-
tler-Toledo Inc apparatus and the “SW STARe”
software. The samples were placed in standard alu-
minum pans with pierced lids. Heating and cooling
programs were performed as follows: the sample was
heated from 25 °C to 200 °C, cooled from 200 °C to
-65 °C and again heated to 200 °C.

Results and discussion

Influence of TOR on curing process

and cross-link density

Fig. 1 shows the curing characteristics of SBR/TOR
rubber compounds. As it is shown, optimum curing
time, tqy, and scorch time, t,;, were prolonged with
the increasing content of TOR, which suggests that
TOR influences the cross-linking process of rubber
compounds. TOR contains a double bond at every
eighth carbon atom, which is why the curing rate
was lower in comparison with unmodified SBR
blends.
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Fig. 1. Influence of TOR content on optimum
curing time, tq), and scorch time, t,;, of rubber
compounds.

Minimum torque, M;, and maximum torque, My,
values are listed in Table 1; they decrease with the in-
creasing TOR content. This can be attributed to the
decrease in the cross-linking density of vulcanizates
(Fig. 2) and of the viscosity of rubber compounds
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with the increasing amount of TOR. Usually, a corre-
lation between the torque difference (difference be-
tween the maximum and the minimum torque) and
the cross-linking density is observed. This means that
with the decreasing cross-linking density, the torque
difference also decreases. Similarly, lower viscosity
of rubber compounds shifts the torque difference to
lower values. The results obtained from the determi-
nation of cross-linking density (Fig. 2) and complex
viscosity (Fig. 3) confirmed the presumption of both
parameters decrease proportional to the amount of
TOR. A possible explanation of the cross-linking
density decrease can be the curable character of
TOR added without increasing the sulfur and CBS
content. Therefore, each sample containing a higher
amount of TOR contained relatively lower amounts
of sulfur and CBS for curing. Higher number of
curable macromolecules decreased the cross-linking
density.
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Fig. 2. Influence of TOR content on cross-linking
density, v, of vulcanizates.

Influence of TOR on complex viscosity of rubber
compounds

In Fig. 3, the pseudoplastic behavior of tested
rubber compounds was confirmed. When higher
shear rate was applied, lower complex viscosity was

reached. Plasticizer effect of TOR is acknowledged
because lower viscosity of rubber compounds was
achieved with the increasing content of TOR.
When comparing individual complex viscosities
(Fig. 4) for one shear rate (10 Pa s), it can be clearly
seen that a higher amount of TOR can improve the
processability of rubber compounds by reducing
the complex viscosity (Fig. 4).
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Fig. 3. Denendence of complex viscosity, 7%, on
shear rate, ]"', of rubber compounds with different
content of TOR [phr].
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Fig. 4. Dependence of complex viscosity on TOR
content at the shear rate of 10 s™'.

Influence of TOR on physical-mechanical properties

Mechanical properties of vulcanizates are illus-
trated in Figs. 5 and 6. It becomes obvious that

Tab. 1. M (minimum torque) and My (maximum torque) of SBR/TOR blends.

TOR content
0 5 10 15 20 25 30
[phr]
M, . .
0.63 0.60 0.57 0.54 0.51 0.48 0.46

[dN m]
My

10.89 10.54 10.70 9.96 9.75 9.36 9.21
[dN m]
AM )

10.26 9.94 10.13 9.42 9.24 8.88 8.75
[dN m]
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increasing the TOR content has positive influence
on the tensile strength and hardness (Fig. 5).
In the vulcanized compounds, crystalline trans-
polyoctenylenes, such as TOR, are supposed to have
a certain reinforcing effect on the vulcanizates. As
a result, the hardness and the tensile properties
of the vulcanizates increased (Kraus, 1963). The
increase of elongation at break was also recorded,
which can be attributed to the decrease of cross-link
density of vulcanizates with the increasing amount
of TOR (Fig. 6). Higher cross-link density leads to
higher rubber chains mobility and lower elasticity.
Also, mechanical properties of vulcanizates are
positively influenced by TOR addition contributing
thus, together with the improved processability, to
the preparation of vulcanizates with higher tensile
strength and elongation at break.
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Fig. 5. Influence of TOR content on tensile
strength and hardness of SBR/TOR vulcanizates.
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Fig. 6. Correlation between cross-linking density,
v, and elongation at break of vulcanizates.

Differential scanning calorimetry

SBR is an amorphous type of rubber while TOR is
a semicrystalline polymer with a 35 % crystallinity.
High proportion of the crystalline phase influences
the properties of vulcanizates due to its reinforcing
effect (Figs. 7, 8). In general, increasing the amount

of the crystalline phase increases the reinforcing
effect of vulcanizates (Bhowmick, 2001).

Tab. 2. Thermal properties (change of crystalliza-
tion entalphy, AH, melting temperature,
T,,, and crystallization temperature, T,) of
SBR compounds with different content of

TOR [phr].
SBR SBR SBR
Blend TOR TOR TOR TOR
30 20 10
AH ()¢l 53.7 77 4.0 2.9
melting
T, [°C
w ol 50.0 34.3 39.6 37.3
(onset)
T, [°C] .
65.2 50.6 50.2 48.9
(peak)
AH [J/g] -33.7 27 0.4 -0.2
cooling
T, [°C
-[cl 34.8 28.1 27.4 25.8
(onset)
T, [°C]
29.4 23.4 292.2 22.0
(peak)
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Fig. 7. DSC curve for SBR/TOR rubber
compounds with different TOR content (heating).
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Fig. 8. DSC curve for SBR/TOR rubber
compounds with different TOR content (cooling).
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Conclusion

The goal of this work was to investigate the influ-
ence of TOR on the properties of prepared SBR/
TOR rubber. The presence of TOR caused a
decrease in the vulcanization rate and thus an in-
crease in the optimal curing time and scorch time.
The modified rubber had a pseudoplastic charac-
ter. Increasing content of TOR reduced the com-
plex viscosity. The tensile strength and hardness
increased with the TOR addition as the increasing
amount of TOR leads to the increasing amount of
the crystalline phase in vulcanizates. The elonga-
tion at break of vulcanizates also increased with
the increasing amount of TOR as a result of the
decrease in the cross-link density. TOR increased
also the melting point and crystallization tempera-
ture of SBR blends. Residual crystalline phase
was presented proportionally with the increasing
amount of TOR.
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Abstract: Marigold flowers (Tugetes patula and Calendula officinalis) were chosen for analysis because they
are the most often used source of lutein and its isomer zeaxanthin for the production of food supplements
on the Czech market. Direct extraction and extraction with alkaline hydrolysis were compared to detect
free or bound carotenoids. For carotenoid separation, C18 and C30 columns were used. A new method for
determination of carotenoid content in food supplements in form of capsules has been developed and
validated. All matrices were analysed by high-performance liquid chromatography with diode array detection
(HPLC-DAD). It has been found that alkaline hydrolysis is required for both Marigold flowers and food
supplements to release lutein from ester bonds to fatty acids. In Calendula officinalis lutein in the concentration
of 807—1472 mg - kg™ of dry matter was detected. Tagetes patulahas been identified as a better lutein source with
the content of 5906—8677 mg - kg™ of dry matter. It has been found that the content of lutein and zeaxanthin
in commercial food supplements (Lutein Complex Premium and Occutein Brillani) is consistent with the declared
quantity. Linearity of the HPLC-DAD method ranged from 0.1—20 pg-mL™" with the limit of quantification
(LOQ) of 1.7 mg- kg™ for lutein in Marigold flowers and 200 mg-kg™' in food supplements. Repeatability was

2.3 % for lutein in all tested matrices.

Keywords: food supplements, HPLC-DAD, lutein, Marigold flowers, zeaxanthin

Introduction

Carotenoids are ubiquitous organic compounds,
mainly of yellow, orange and red colour, soluble
in fats and organic solvents (Watkins and Pogson,
2020). Currently, more than 1100 carotenoids are
known (Yabuzaki, 2017). Several of these pigments
are retinoids because of their vitamin A activity
(Becerra et al., 2020; Watkins and Pogson, 2020).
From the chemical point of view, these compounds
are predominantly tetraterpenes composed of eight
isoprene units. In their chain, they have a conju-
gated double bond system representing a light-
absorbing chromophore that gives carotenoids
their characteristic colour (Rodriguez-Amaya,
2019). Carotenoids are identified from their visible
absorption spectrum (Saini et al., 2015).

HOY

Carotenoids are divided into two basic groups —
carotenes and xanthophylls. Carotenes are formed
by a hydrocarbon chain (lycopene, o-carotene,
B-carotene) while xanthophylls are oxidized deriva-
tives of carotenes (B-cryptoxanthin, lutein, zeaxan-
thin) (Becerra et al., 2020).

Lutein (Fig. 1) and its isomer zeaxanthin (Fig. 2)
are natural pigments of yellow colour.

These substances are labile and they easily isomerize
and degrade in the presence of light, heat and oxy-
gen; thus, preventive procedures have to be taken to
adapt both storage and processing conditions (Saini
et al., 2015; Becerra et al., 2020). Human bodies
are not able to synthesize carotenoids themselves,
so they have to take them in food or food supple-
ments (Woodside et al., 2015). The most important
sources of xanthophylls include fruits, vegetables,

OH

Fig. 2. Structural formula of zeaxanthin.
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and some plant species such as Marigold flowers
(Lin et al., 2015; Watkins and Pogson, 2020). Tugetes
erecta is the most often used source of lutein and
zeaxanthin for food supplements production on the
Czech market. A typical example is Lutein PLUS
(Walmark), Lutein Premium (Generica), Lutein-z
(Jamieson) or ProVision (Vitaland). Lutein is present
in free form or bound to fatty acids via an ester
bond (Abdel-Aal and Rabalski, 2015). It is used as
a food colourant (E 161b) but also as an additive in
fodder for hens or in the food industry as a food
supplement mainly for its antioxidant properties
(Ree, 2006; Marounek and Pebriansyah, 2018). A
link between lutein intake and its positive effect
on vision has been shown many times. The central
part of retina, called macula lutea (yellow spot), is re-
sponsible for high visual acuity and it is composed
of lutein, zeaxanthin and meso-zeaxanthin, in
common called macular pigment (Bernstein et al.,
2016), which plays an important role in protecting
the eye from UV and phototoxic blue light (Peng
et al., 2016). Scientists conducted an experiment
in the eyes of monkeys proving that those lacking
xanthophylls in the diet do not have these pigments
detectable in serum. However, when lutein and
zeaxanthin were incorporated in their diet despite
lifetime deficiency, the macular pigment quickly
returned to normal levels (Tsao et al., 2007). Lu-
tein has a preventive effect against diseases such as
cataract or age-related macular degradation (AMD)
(Bernstein et al., 2016; Nwachukwu et al., 2016).
The major risk factor affecting AMD is oxidative
stress. Taiwanese scientists have found that if peo-
ple with early stage AMD receive 12 mg of lutein
and 2 mg of zeaxanthin daily for five months, anti-
oxidant activity improves. This study also claims
that long-term consumption can suppress oxidative
stress and thereby avoid AMD (Peng et al., 2016).
Lutein is also involved in the skin protection from
UV radiation, positively affects cognitive functions,
helps reducing the risk of cardiovascular disease
and also strengthens immunity (Mares-Perlman
et al., 2002; Nwachukwu et al., 2016; Buscemi
et al., 2018). Despite their many beneficial effects,
the European Food Safety Authority (EFSA) has
not approved any health claims concerning lutein
and zeaxanthin. There is not enough evidence to
prove a cause and effect relationship between the
consumption of lutein and subsequent normal vi-
sion (EFSA Panel on Dietetic Products, Nutrition
and Allergies, 2010). The recommended daily dose
is not specified.

For the determination of carotenoids in plant matri-
ces and food supplements, the most frequently used
method is HPLC-DAD (or UV/VIS) (Aman et al.,
2004; Abdel-Aal and Rabalski, 2015; Bernstein

etal., 2016). In the past, mainly normal phase HPLC
was used, while nowadays reverse phase HPLC with
analytical columns C18 and C30 are used for their
separation (Amorim-Carrilho et al., 2014; Fratianni
et al., 2015). C18 column is not capable to separate
structural and geometrical isomers so it cannot be
used for the separation of lutein and zeaxanthin
due to their co-elution. Column C30 is the best
choice for efficient separation of isomers even
though their retention times are similar (Amorim-
Carrilho et al., 2014). Carotenoid identification is
also possible using tandem mass spectrometry (de
Rosso and Mercadante, 2007; Tsiaka et al., 2018;
Zhang et al., 2019) or thin layer chromatography
(TLC) combined with UV/VIS visualization and
densitometry (Altemimi et al., 2015).

Materials and Methods

Chemicals and standards

Standard of lutein (purity 95 %) was purchased
from Labicom (Czech Republic) and B-carotene (pu-
rity 2 99 %) from Sigma-Aldrich (Germany). Sodium
hydroxide and sodium sulphate were obtained from
Lach-Ner s.r.o. (Czech Republic), ethanol, metha-
nol, n-hexane and methyl tert-butyl ether (MTBE)
from Merck KGaA (Germany), acetonitrile, tert-
butyl-hydroxytoluene (t-BHT) from Sigma-Aldrich
(Germany) and acetone from Penta Chrudim (Czech
Republic). Water was purified using a Milli-Q
Ultrapure water purification system from Millipore
(Germany).

Sample preparation

The first group of analysed samples consisted of
Marigold flowers used commonly as carotenoid
source for food supplement preparation. Calendula
officinalis and Tagetes patula, specifically their blooms
from the Institute of Botany in Prague, were stored
in a freezer (-20 °C) before the analysis and Calendula
officinalis tea from blooms manufactured by Mediate,
s.r.0. was also analysed. The samples were thoroughly
homogenized in a mortar without using a solvent.
Half a gram of each sample was weighed into a 15 ml
plastic cuvette wrapped in aluminium foil.

Food supplements, more specifically capsules (Lutein
Complex Premium, Ocutein Brillant), available on the
Czech market were analysed for carotenoid content,
weighed — first the whole capsule and then just the
dried shell purified with hexane, cut with a sharp
scalpel and 3—5 mg of the sample was transferred
into a 50 ml cuvette wrapped in aluminium foil.

Standard preparation
The stock solution of lutein for carotenoid analysis
was prepared at the concentration of 100 pg-mL™,
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concentrations of the working solution in ethanol
(0.2 % t-BHT)/acetone (6:4; v/v) solvent mixture
ranged from 0.1 to 20 pg-mL™. The working
solution was always prepared fresh using the stock
solution stored in a freezer (-20 °C).

Determination of dry matter
Homogenised flower samples were dried to a con-
stant weight at 105 °C.

Extraction of lutein, zeaxanthin and B-carotene

The first method used was direct extraction
for blooms of Calendula officinalis and Tagetes
patula. First, 2 ml of the mixture of ethanol
(0.2 % t-BHT)/n-hexane — 4:4 (v/v) were added
to the weighed sample. The cuvette was capped,
coated with parafilm and shaken for 30 minutes on
a shaker. Then, 2 ml of deionised water were used
to separate the layers and the mixture was centri-
fuged (6000 RPM, 5 °C, 5 min). Subsequently, the
upper hexane layer was removed into a 50 ml heart
flask and re-extraction of the ethanol portion was
repeated with another 4 ml of n-hexane (followed
by shaking, centrifugation and removal of the up-
per hexane layer). The re-extraction was carried
out until the upper hexane layer was colourless.
All hexane extracts were combined and evapo-
rated on the evaporator at 30 °C, followed by slow
evaporation to dryness in a stream of nitrogen gas.
The residue was reconstituted in a 10 ml mixture
of ethanol (0.2 % t-BHT)/acetone — 6:4 (v/v)
and filtered through a microfilter on a centrifuge
(10000 RPM, 5 °C, 3 min) to obtain approximately
1 ml of solution which was transferred to an amber
vial and prepared for HPLC analysis.

The second extraction method for blooms of
Calendula officinalis and  Tagetes patula involved
alkaline hydrolysis. First, 2 ml of the mixture of
ethanol (0.2 % t-BHT)/acetone — 6:4 (v/v) and
2 ml of n-hexane were added to the weighed sam-
ple followed by vortexing for 5 min. Then, 6 ml of
n-hexane and then 5 ml of the mixture of ethanol
(0.2 % t-BHT)/acetone — 6:4 (v/v) were added and
vortexing was repeated for another 5 min. After-
ward, 5 ml of methanolic potassium hydroxide
(conc. 20 g-1"") were added to saponify the whole
suspension. Cuvettes covered in aluminium foil
and filled with nitrogen gas (to maintain inert
atmosphere in the cuvette) were kept at room
temperature (approx. 23 °C) overnight. The next
day, 10 ml of n-hexane and 10 ml of a solution
of Na,SO, in deionized water (conc. 100 g-1") were
added to the mixture. The cuvette covered with
parafilm was intensively hand-shaken for 2 min and
then centrifuged (10000 RPM, 5 °C, 5 min). The
upper hexane layer was removed into a 50 ml heart

flask and then the procedure was exactly same as in
direct extraction.

Direct extraction and alkaline hydrolysis extraction
were used also for the analysis of food supplements.
The procedures were almost identical to the extrac-
tion methods for Marigold flowers, the only dif-
ference was the use of hexane/acetone — 1:1 (v/v)
with the addition of t-BHT (0.2 g per 100 ml solu-
tion) as an extracting agent.

HPLC-DAD determination

High-performance liquid chromatography cou-
pled with a diode array detector (HPLC-DAD)
was used for chromatographic separation and
sample analysis (Agilent Technologies 1200 se-
ries, Santa Clara, CA, USA). The separation of
carotenoids was carried out using analytical
column Poroshell 120 EC-CI18 (2.1 x 100 mm;
2.7 pm) at the column temperature of 30 °C and
the flow rate of 0.5 ml-min™'. The mobile phase
was composed of 100% acetonitrile (A) and 90 %
acetonitrile in deionized water (B). Gradient elu-
tion was used (0—2 min for 100 % B, 5—28 min for
0 % B, 28.5—30 min for 100 % B). The injection
volume was 3 pL. As lutein and zeaxanthin are
not separated in the C18 column, the C30 column
(3.0 x 100 mm; 3 pm, YMC, Japan) was also used
to determine the ratio of lutein and zeaxanthin in
all matrices. Column temperature was 35 °C, flow
rate was 0.4 ml-min™', injection volume was 3 pl
and mobile phase consisted of MeOH/MTBE/
H,O in the ratio of 81:15:4, v/v/v(A) and MeOH/
MTBE/H,0, 7:90:3, v/v/v (B). Gradient elution
was also used (0—10 min for 0 % B, 45 min for
56 % B, 50 min for 100 % B, 55—60 min for 0 % B).
Carotenoids were detected at the wavelengths of
444 nm — lutein and zeaxanthin, and 450 nm —
B-carotene. The identification was performed by
comparing the retention times of chromatograms
and spectra of the measured samples with the
standards of lutein and B-carotene. The external
calibration method was used for quantification.
Zeaxanthin was quantified on the lutein standard.

Methods performance characteristics

Response of the detector in the used calibration
range of 0.1—20 pg-ml™ was linear. Detection limit
(LOD) for lutein and B-carotene in Marigold flowers
and food supplements was 0.1 pg-ml™, determined
as the lowest point on the calibration line. Repeat-
ability was expressed as a relative standard deviation
(RSD). For the finally used method with alkaline
hydrolysis, RSD values were 2.3 % for lutein and
5.1 % for B-carotene in Marigold flowers and 2.3 %
for lutein in food supplements. Limit of quantifica-
tion (LOQ) was recalculated per kilogram of the

8 Pavelkova P et al., Determination of carotenoids in flowers and food supplements...



sample according to the weight and performed
extraction procedure to be 1.7 mg - kg™ for lutein and
7.3 mg-kg™ for B-carotene in Marigold flowers. In
case of food supplements, LOQ) was quite high, spe-
cifically 200 mg - kg™ for lutein, which corresponds to
0.25 mg per one Lutein Complex Premium capsule
weighing approximately 1.27 g.

Results and discussion

The performed experiments aimed to determine
the content of free and bound lutein/zeaxanthin
in matrices used for the production of food supple-
ments (Calendula officinalis, Tagetes patula) and the
content of these xanthophylls in food supplements
as well as to compare the determined levels with the
producer’s declaration. Supplements Lutein Com-
plex Premium and Ocuttein Brillant were chosen
for the analysis. These food supplements are very
popular and often used by the Czech population,
which is the main reason why the analysis was fo-
cused on them.

The first analysed matrices were dried and frozen
blooms of Calendula officinalis. In both cases, satisfac-
tory extraction yields were achieved using minimum
three repeated extractions, both for direct extrac-
tion and for the alkaline hydrolysis process. Dried
blooms of Calendula officinalis purchased as tea had
very low water content of approximately 7 %. The
water content of frozen flowers varied between
81—86 %. To compare results obtained in differ-
ent matrices, the carotenoid content was expressed
on the dry matter of the sample. C18 column was
sufficient for the determination of total lutein and
zeaxanthin content as the time needed for separa-
tion is significantly shorter, approximately twice,
compared to the G30 column separation. It has been
found that in case of Calendula officinalis, the inclu-
sion of an alkaline hydrolysis step is necessary. In
dried flowers used for tea preparation, lutein content
was determined to be 11.9 mg- kg™ of dry matter by
direct extraction. After alkaline hydrolysis, the con-
tent increased approximately three times compared
to the direct extraction method, to 46.0 mg-kg™' of
dry matter. The overall relatively low detected
content of this xanthophyll was probably due to its
degradation during flower drying. Based on the
determined content it can be claimed that Calendula
officinalis tea is not a very good source of xantho-
phylls. Lutein content in frozen flowers ranged from
807 to 1472 mg-kg™ of dry matter. In comparison
with literature data, the content was also expressed
on fresh matter ranging from 122 to 253 mg-kg™'.
Lower, but also similar xanthophyll contents were de-
termined by Romanian scientists who analysed four
different varieties of Calendula officinalis. The lutein

content ranged from 40 to 256 mg - kg™ (Pintea et al.,
2003). On the other hand, Brazilian scientists have
determined in Calendula officinalis lutein content
of 298 mg-kg' (Manke Natchigal et al., 2010). In
literature, a significant difference between the lowest
and highest concentration of lutein can be observed,
which is probably due to various varieties, different
geographical and climatic growth conditions or
different way of storage. During our experiment,
Calendula officinalis extracts were also analysed on a
C30 column and the approximate lutein to zeaxan-
thin ratio was found to be 14:3. After the inclusion of
the alkaline hydrolysis step, there was no significant
increase in the B-carotene content. However, the
used method included alkaline hydrolysis for all
determined carotenoids. In Calendula officinalis dried
blooms, the content of B-carotene was determined
to be 13.8 mg-kg™' of dry matter, in frozen flowers
it ranged from 220—904 mg-kg™ of dry matter, ex-
pressed on fresh matter it was 32—155 mg-kg™'. The
measured data were compared with the available
literature. The content determined by Romanian
scientists ranged from 23—460 mg - kg™ (Pintea et al.,
2003). It was found that the concentration range is
wide, in Romanian varieties bought in specialized
stores in France it is even wider than that determined
in this study.

Another plant matrix analysed was frozen flowers
of Tagetes patula with the water content of approxi-
mately 84—86 %. In this case, three extractions
were also needed for the two tested extraction pro-
cedures. The inclusion of alkaline hydrolysis for
extraction has been proven to be essential for this
analysis. Fig. 3 shows chromatograms document-
ing the increase in the xanthophyll content after
the inclusion of the alkaline hydrolysis step in-
cluding the separation of isomers. Figure 4 shows
the UV/VIS spectra of lutein and zeaxanthin.
The combined content of lutein and zeaxanthin
ranged from 5906 to 8677 mg-kg™' of dry matter.
Literature data for a Tagetes erecta cultivar harvested
on Bali and called Mega Orange show lutein and
zeaxanthin range from 8950 to 14550 mg-kg™ of
dry matter. The content we determined was lower
as well as that of another cultivar called Mega Gold
also from Bali (2560—3730 mg-kg™' of dry matter)
(Kurniawan et al., 2019). The determined xantho-
phyll content was also expressed on fresh matter for
comparison with the published literature data. Bra-
zilian scientists determined lutein content in brown
flowers of Tagetes patula to be 12306 mg-kg™and in
yellow flowers it was 597 mg - kg™ (Manke Natchigal
et al.,, 2010). We determined higher lutein con-
centrations in comparison with the cited levels in
yellow flowers, but lower than published for brown
flowers. Lutein content in our samples ranged from
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Fig. 4. UV/VIS spectra of lutein and zeaxanthin in Tagetes patula.

850-1362 mg - kg™ of fresh matter. When separated
on the C30 column, the lutein:zeaxanthin ratio of
24:1 was determined for Tagetes patula flowers. The
average content of B-carotene was 467.5 mg - kg™ of
dry matter in frozen flowers of Tagetes patula.

Due to its high lutein content, approximately six
times higher than in Calendula officinalis, Tagetes
patula is widely used for the production of food
supplements. The advantage of this raw material is
its good availability, low price and also high yields
in cultivation.

Food supplements in form of capsules were also
analysed within the experiments and an analytical
method for their extraction has been developed
and validated. The alkaline hydrolysis extraction
procedure for plant matrices has been found to be
unsuitable for food supplements in form of capsules

10

since it results in lower yields than the extraction
procedure based on the published article (Aman
et al., 2004). In our case, the vortex was replaced
by a shaker (1800 RPM) mentioned in the article, a
mixture of BHA and BHT was recommended as an
antioxidant but only BHT was used. Due to the lack
of accurate information in the experimental part,
the procedure was linked to the alkaline hydrolysis
extraction procedure for plant matrices mentioned
in the experimental part. The resulting modified and
subsequently validated method for food supplements
is described in details in the experimental part.

In order to optimize the extraction procedure with
alkaline hydrolysis, a sample of 50 mg was initially
selected but the carotenoid content was too high
and no decolourisation of the extracted sample
was achieved even after nine re-extractions. At

Pavelkova P et al., Determination of carotenoids in flowers and food supplements...
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the sample weight of 13 mg and, seven repeated
extractions provided the amount of lutein and
zeaxanthin of 15.9 mg - capsule™ (declared amount
17.5 mg - capsule™) on the C18 column and the sam-
ple had to be diluted ten times prior to the analysis
because the concentration was out of the linear
range of the method. Reduced sample weight was
used in other experiments and 3-5 mg proved to
be an ideal weighed-in portion. Because of the
homogeneous consistency of the sample, it can be
casily weighed on an analytical balance, and it is
sufficient to repeat the extraction step three to four
times for the quantitative extraction of analytes.
For the Lutein Complex Premium samples, the
repeatability of the method, calculated as Relative
Standard Deviation (RSD), was determined based
on six parallel measurements performed.

Lutein content of 26.1 mg-capsule” (declared
value 15 mg-capsule™”), zeaxanthin content of
4.9 mg - capsule™ (declared value 2.5 mg - capsule™)
and B-carotene content of 6.6 mg-capsule™ (de-
clared 2 mg-capsule™”) were detected using the
C30 column for separation. Application of an
extraction method without the alkaline hydrolysis
step yielded approximately the same amount
of lutein (26.3 mg-capsule™) and zeaxanthin
(4.3 mg-capsule) but the extraction procedure
was more difficult and the sample had to be ex-
tracted more times to achieve its discolouration. For
this reason, alkaline hydrolysis was also included in
the analysis of the capsules. Carotenoid levels were
analysed in food supplements with an expiration
date of more than two years. It is likely that the
manufacturer tries to ensure sufficient carotenoid
content in the capsules at the end of the expiration
date. The Lutein Complex Premium declaration
states that lutein is present in the capsule in form of

Pavelkova P et al., Determination of carotenoids in flowers and food supplements...

20 % marigold extract.

The Ocutein Brillant food supplement analysed
was also gel-like but with harder coating. In this
sample, the extraction method without hydrolysis
was not sufficiently effective as the matrix is very
concentrated and despite the low sample weight it
was not possible to extract carotenoids (until the
sample was discoloured) even by multiple extrac-
tions. Therefore, a validated alkaline hydrolysis
method described in the experimental part was
used for both food supplements analysed with
three to four extraction steps required to completely
decolour the upper hexane layer. Experimen-
tally, 27 mg-capsule™ of lutein (declared amount
of 22 mg-capsule”’) and 7.6 mg-capsule” of
zeaxanthin (declared 3 mg-capsule™) were deter-
mined. The expiration date for Ocutein Brillant
capsules was more than two years after purchase at
the store. The source of xanthophylls has not been
reported for this food supplement.

A comparison of the declared and experimentally
determined xanthophyll content of food supple-
ments is summarized in Fig. 5.

Conclusion

For the determination of carotenoids in Marigold
flowers (Tagetes patula and Calendula officinalis) as
well as in food supplements, an analytical method
including an alkaline hydrolysis step to release
bound carotenoids from the matrix has been
developed and validated. Lutein content deter-
mined by this method for Calendula officinalis was
807—1472 mg - kg of dry matter and that for Tugetes
patula was 5906—8677 mg-kg™'. For the separation
of lutein and zeaxanthin, C30 analytical columns
were used.
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Marigold flowers, especially Tagetes patula, are
considered to be a good source of carotenoids for
the production of food supplements for eye health
but also as a suitable addition to feed for laying
hens. The amount of xanthophylls was determined
in food supplements, specifically capsules, and
the levels were compared with the manufacturer’s
declaration. Food supplements manufacturers
maintain the declared amounts and ensure that the
product contains enough carotenoids throughout
the expiration period.
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Abstract: This study is focused on the effect of biogas recirculation with hydrogen sulfide removal on anaerobic
treatment of sulfur-enriched synthetic wastewater in a UASB reactor. The presence of hydrogen sulfide in
biogas causes problems in its further energy recovery while sulfides inhibit the anaerobic process. The reactor
was gradually loaded with sulfates and their effect on the reactor operation was monitored. At the same time,
external absorption of hydrogen sulfide from biogas with absorbent regeneration was operated. The results
show that low concentrations of added sulfates support biogas production. At the sulfate concentration of
125 mgl™!, biogas production increased by approximately 2 1d-'. However, further increasing of the amount
of sulfates in the substrate led to the opposite effect. At twice the amount of sulfates, the biogas production
decrease by 1 1d™" and its adverse effects on the removal of N-NH,, N and P-PO, were observed. Biogas
recirculation through the absorption column ensured a decrease in the hydrogen sulfide concentration from
19 960 ppm to 4 030 ppm and an increase in the methane content from 59.2 % to 83 % and also a decrease in
the sulfides concentration in the reactor. From the measured data it can be concluded that this method reduces

sulfides inhibition.

Keywords: absorption, anaerobic digestion, hydrogen sulfide, UASB reactor

Introduction

Anaerobic digestion is the decomposition of bio-
mass by microorganisms under anaerobic condi-
tion, i.e. without oxygen. In the process, four sets of
biochemical reactions can be recognized: hydroly-
sis, acidogenesis, acetogenesis and methanogenesis
(Kadam and Panwar, 2017). During the process of
anaerobic digestion (AD) of solid waste and waste-
water, biogas, a renewable energy source, is pro-
duced (Watsuntorn et al., 2019). Biogas consists of
50—70 % of methane (CH,) and 30—50 % of carbon
dioxide (COy) and of a small portion of other com-
pounds, such as 0—3 % of nitrogen (N,), 5—10 %
of water vapor (H,O), 0—1 % of oxygen (O,),
0—20 000 % of hydrogen sulfide (HsS) depending
on the feedstock origin (Angelidaki et al., 2018).

Industries, such as paper, textile and pharmaceutical,
produce sulfate-rich wastewater which is reduced to
sulfides, including gaseous hydrogen sulfide (H,S),
during anaerobic treatment and causes process inhi-
bition due to toxicity to methanogens (Pokorna-Kray-
zelova et al., 2017). H,S is one of the most common
biogas pollutants causing corrosion to internal com-
bustion devices and industrial pipes (Maizonnasse et
al., 2013). It is deadly for humans at the concentra-
tion of 300 ppm (Aita et al., 2016). The upper limit of
H,S concentration permissible for the combined heat
and power engines is in the range of 100—500 ppm.
Therefore, hydrogen sulfide has to be removed from
the biogas (San-Valero et al., 2019). Hydrogen sulfide

can be removed from contaminated streams (liquid
or gaseous) by physico-chemical (adsorption, precipi-
tation, etc.) or biological methods. Physico-chemical
methods are energy-intensive and expensive because
they are carried out under high temperatures and
pressures and also additional chemicals are needed.
In contrast, biological methods employ biochemical
oxidation of sulfides to sulfates, thiosulfates or ele-
mental sulfur and thus they have lower operating cost
with lower or no addition of chemicals (Krayzelova et
al., 2014).

Hydrogen sulfide has an inhibitory or toxic effect
on methanogenic organisms, especially in its undis-
sociated form. The free H,S molecule penetrates
the cell wall directly into the cell and its inhibitory
effects are manifested immediately after the cyto-
plasm is overcome. H,S inhibits protein production,
deactivates various coenzymes in the cell and inter-
feres with the assimilative metabolism of sulfur. To
reduce this impact, in situ methods as microaera-
tion and precipitation, dilution with water and a
co-fermentation with a low sulfur content substrate
to increase the C:N ratio can be used (Hutnan et al.,
2016; Krayzelova et al., 2015). Hutnan et. al. (2016)
used precipitation to control sulfide inhibition in
anaerobic treatment of waste biomass from the
production of cystine with high sulfur content —
about 6% of total dry matter. Chavez Fuentes J.]J. et
al. (2015) also investigated the possibility of using
dilution of waste biomass from cystine production
to reduce sulfide inhibition.
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Biogas recirculation to reduce sulfide toxicity in the
anaerobic system was used by Olivier et al. (2020)
who investigated the use of four different wood-
derived biochar types (softwood and hardwood-
derived biochar produced at 550 °C and 800 °C)
to alleviate sulfide toxicity to methane producing
archaea (MPA) and sulfate-reducing bacteria (SRB)
during anaerobic treatment of sulfate rich waste-
water.

Wang et al. (2003) investigated dosing of oxygen for
the oxidation of sulfides into recycled biogas. Oxy-
gen dosing was controlled by oxidation-reduction
potential (ORP).

The aim of this work was to study the impact of hy-
drogen sulfide removal technology in recirculated
biogas on reducing sulfide inhibition of anaerobic
processes.

Materials and Methods

The experiment was performed in a upflow an-
aerobic sludge blanked (UASB) reactor (Fig. 1)
with the operating volume of 3.9 1. This reactor
was inoculated with anaerobic sludge from the
wastewater treatment plant (WWTP) Devinska
Nova Ves, with the initial total solid concentration
of 19.48 g-I"" and the volatile solids concentration
of 8.24 g-1"' (57.7 %). The reactor was operated at
mesophilic condition (37 °C) and pH of the sludge
was 7.82. Volume flow rate of the substrate during
the process increased gradually to 6.5 1-d™', which
represents the hydraulic retention time of 14 hours.
A synthetic substrate consisting of glucose, sodium

=

acetate, macro- and micronutrients was fed to the
bottom of the reactor using a peristaltic pump.
The substrate advanced up through a sludge bed
formed by a layer of biomass. At the top of the
reactor, biomass and biogas were separated from
the treated water using a gas-liquid-solids separator
(G-L-S separator). The amount of biogas was meas-
ured using a drum gas meter. Upon completion of
the reactor start-up phase, sulfur was added to the
system as sodium sulfate. At the same time, external
absorption of hydrogen sulfide was started with
absorbent regeneration. At the top of the reactor, a
separating element was introduced to ensure biogas
recirculation and simultaneous measurement of
the produced biogas. Recirculation was provided
by a peristaltic pump that pumped biogas through
a counter-current absorption column packed with
plastic tubes to increase the surface for the phase
transfer of hydrogen sulfide from biogas to water,
which was used as the absorption agent. Purified
biogas was fed back through the partition element
to the top of the reactor (fig. 1).

Water enriched with hydrogen sulfide was drained
gravitationally to an aerated regeneration column
providing oxidation. It was passed through a set-
tling tank and accumulated in a beaker from where
it was pumped back to the absorption column.
During the long-term operation of the laboratory
model, parameters such as pH, chemical oxygen
demand (COD), ammonia nitrogen (N-NH,),
orthophosphate-phosphorus (P-PO,), volatile fatty
acids (VFA), sulfides (S*) and sulfates (SO,*) con-
centrations were monitored in the anaerobic reactor

0% o OO OOOO
O5 Op0 OQNO O ©

Fig. 1. Laboratory UASB reactor with external removal of hydrogen sulfide from recirculated biogas:
1 — tank for substrate, 2 — UASB reactor, 3 — tank for effluent, 4 — drum gas meter, 5 — counter-current
absorption column, 6 — regeneration column, 7 — settling tank, 8 — tank for regenerated water.
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(filtered sample) according to APHA, AWWA, WEF
(2017). In addition, the amount of biogas (drum gas
meter type AMS Spectrum TCM 143/10 — 4726)
produced at laboratory temperature and its com-

position were measured using a gas analyzer GA
2000 Plus (Geotechnical Instruments, UK).

Results and Discussion

Start-up of UASB reactor was initiated at the
organic load rate (ORL) of 0.5 kg (COD)-m™-d™".
Successful granulation was reached within 218 day,
subsequently, 2 1 of sludge were withdrawn from
the reactor for the maximum specific methanogenic
activity test (MSMA), which was performed accord-
ing to Hussain and Dubey (2014). From the experi-
mental values, the value of MSMA was calculated
to be 0.589 kg - kg™ -d™!, which represents five times
higher methanogenic activity of anaerobic biomass
compared to suspended anaerobically stabilized
biomass. The mean values of methanogenic activity
for stabilized sludge are up to 0.1 kg- kg™ -d™'. After
completion of the MSMA tests and stabilization
of biogas production, the reactor was operated in
three phases.

The first phase began on the 224™ day when sulfur
was added to the reactor. This phase lasted for
20 days, during which synthetic substrate with the
sulfate concentration of 125 mg-1"" was continu-
ously dosed. Biogas production and composition
was measured and qualitative analyzes of the sludge
water leaving the reactor were done. Fig. 2 shows
that low sulfate concentration has a positive effect
on biogas production. Production was in the range
of 16—17 1.-d”', which is approximately 1 1.d
higher than before the sulfate addition to the reac-
tor (15—16 1-d™). These results were confirmed by
the tests of biochemical methane potential (BMP).
In Fig. 3, concentrations of the quality parameters
at the reactor outlet are presented, which indicate
that this concentration does not affect the removal
of ammonia nitrogen (N-NH,), total nitrogen (N)
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or orthophosphate-phosphorus (P-PO,): N-NH,
concentration ranged from 10—25 mg-1!, N con-
centration was 40 mg-1"', and P-PO, concentration
was approximately 9 mg-1-".

The second phase of the process began on day
245 when the sulfate concentration was increased
to 250 mg-1"". Fig. 2 shows that this concentration
already affects the process. Biogas production
decreased to its original value (15—16 1-d™'). The
presence of sulfates in the wastewater causes a
change in the metabolic pathways in the anaerobic
reactor due to competition for substrate between
sulfate-reducing bacteria (SRB) and fermentative,
acetogenic and methanogenic microorganisms.
The degree of this competition is mainly related to
the pH and the COD/SO,* ratio in the wastewater.
Preferably, SRBs oxidize methanogenic substrates
thereby reducing biogas production. From Fig. 3 it
can be concluded that increasing the concentration
of sulfates has an adverse effect on the removal
of N-NH, and N.. The concentration of N-NH,
at the reactor outlet ranged from 30 to 45 mg-1,
which is approximately double compared with the
first phase (10—25 mg-1"'). The same trend was
observed for N with the concentration ranging
from 50 to 70 mg-1"'. The P-PO, concentration
increased only slightly, from 9 mg-1"' to 13 mg-1"".
From the beginning of the second phase, the outlet
concentration of sulfates was also monitored and it
was approximately 40 mg-1-".

On day 265, the sulfate concentration was in-
creased to 700 mg-1"' to initiate the third phase of
the UASB reactor operation. This concentration
already slightly inhibited the whole process, as it
can be seen in Fig. 2. Biogas production decreased,
which was also expected based on the BMP tests
performed. The decrease in biogas production
was about 2—4 1-d™'. The outlet parameters (Fig.
3) indicate deterioration of the quality of the outlet
sludge water. The concentration of N-NH, ranged
from 50 to 90 mg-I"" while that of N¢ ranged
from 60 to 100 mg-1"'. The adverse effect of high

Start up ———125 mg.I"" S0,*"

———250 mg.I"" SO4*" 700 mg.I'"" SO,*

150 170 190 210 230 250 270 290 310 330 350 370 390 410 430 450 470 490 510

Time (d)

Fig. 2. Daily biogas production at various sulfate concentrations.
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Fig. 3. Qualitative parameters of UASB reactor.

sulfate concentration was also observed through
the removal of P-PO,. The concentration of P-PO,
at the reactor outlet ranged from 12 to 25 mg-1".
When comparing the second and third phases, the
outlet concentration of all monitored parameters
(N-NH,, N¢, P-PO,, SO,*) were approximately
doubled. In the third phase, sulfides concentration
at the reactor outlet was monitored. During opera-
tion, the sulfide concentration in the sludge water
did not exceed 5 mg-1-'.

In Fig. 4 shows the pH value of around 7.5 dur-
ing the whole operation, only at the beginning
of the start-up (187" day), the value dropped to
6.5 probably due to the reactor overload. The reac-
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tor overload also indicates a significant increase in
the concentrations of VFA (1 000—1 200 mg-1")
and COD (2 000—2 500 mg-1"") at the outlet. After
stabilization of the system, the VFA concentration
decreased below 250 mg -1 and the COD removal
efficiency was above 90 %.

During the reactor operation, the effect of hydro-
gen sulfide absorption in the recirculated biogas
stream on the anaerobic process was assessed. The
set values of biogas composition are given in Tab. 1.
In the first biogas composition analysis, carried out
on the 223" measurement day, no recirculation
occurred and sulfur was not added to the system
but biogas contained 780 ppm of hydrogen sulfide.
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Fig. 4. Inlet concentration of COD, outlet concentration of COD and VFA from reactor, and pH.
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The presence of hydrogen sulfide in the biogas was
probably caused by sulfates contained in tap water
used to make the synthetic substrate. Subsequent
increase in the sulfate concentration to 125 mg-1™!
(first phase) caused an increase in the amount of
hydrogen sulfide in the biogas to 3 940 ppm. In-
troduction of hydrogen sulfide absorption from re-
circulated biogas led to a decrease in the hydrogen
sulfide concentration by more than a half.

On the next day (day 245), sulfate concentration
was increased to 250 mg-1"' (second phase). After
recirculation was interrupted, the quality of biogas
further deteriorated. Methane levels dropped be-
low 60 % on day 251. Later that day, recirculation
was reintroduced. On day 258, biogas composition
was determined. After eight days of hydrogen
sulfide absorption in the recirculated biogas stream,
the hydrogen sulfide concentration decreased to
3175 ppm. Also, the amount of H, was reduced
to 370 ppm. However, the amount of methane
decreased to 67.3 %. On day 260, recirculation
was disconnected and biogas composition was
determined four days later. Since the removal of
hydrogen sulfide did no longer occur, the amount
of hydrogen sulfide increased to 13 970 ppm. The
methane content was approximately the same
(67.2 %) but the amount of hydrogen in biogas
increased to 7 006 ppm.

On day 265, the third phase of reactor operation
began when the sulfate concentration was increased
to 700 mg-1"'. Biogas was recirculated for nine
days and the biogas composition was determined.
The amount of hydrogen sulfide increased to
16518 ppm, which could be due to low flow rate
of recirculated biogas (10 1-d™). The next day,
the recirculated biogas flow rate was increased
to around 30 1-d”'. The absorption column was

operated for 20 days followed by re-determination
of the biogas composition (day 295). From the
measured values (Tab. 1) it can be argued that the
increase in the flow rate had a positive effect0 on
the biogas quality. The methane content increased
to 78.1 % while the amount of hydrogen sulfide in
the biogas decreased to 12 890 ppm. However, the
detected amount of hydrogen sulfide is still high,
so the flow rate of recirculated biogas was increased
to approximately 65 1-d™'. After 33 days of the ab-
sorption column operation, biogas composition was
again determined. Increasing the flow rate ensured
the decrease of hydrogen sulfide content in the
biogas to 7 970 ppm. Control pH measurement in
the recovery column was done. Optimum pH for
sulfates precipitation to elemental sulfur is about
7. However, from the control measurement pH
decrease to 4 was observed. To ensure the required
pH value, sodium hydrogen carbonate was added
to the storage tank.

The next biogas composition measurement was
performed on day 376. The methane content
increased to 83 % and the amount of hydrogen
sulfide in the biogas decreased to 4030 ppm. The
amount of hydrogen in biogas was also reduced to
715 ppm. The increased methane concentration in
biogas is also caused not only by hydrogen sulfide
but also by carbon dioxide absorbed in water. On
day 393, biogas recirculation was interrupted and
the biogas composition was determined after four
days. The methane content decreased to 66.2 %,
and the amount of hydrogen sulfide increased to
19960 ppm. Immediately after the measurement,
biogas recirculation was switched back on and on
the following day (398" day), biogas composition
was measured again. From the results it can be seen
that the amount of hydrogen sulfide decreased to

Tab. 1. Biogas composition and sulfide concentration in the reactor.

Recirculation Day CH, (%) CO; (%) 0, (%) H, (ppm) H,S (ppm) S* (mgl™)
Off 223 68,4 32,1 0,7 <1 000 780 -
Off 230 67,6 30,2 0,7 <1 000 3940 -
On 244 73,1 23,1 0,8 <1 000 1 860 -
Off 251 59,2 24,6 2,7 <1 000 <5 000 -
On 258 67,3 22,4 1,7 370 3180 -
Off 264 67,2 31,4 0,5 7010 13970 3,17
On 274 68,1 26,6 0,7 6 300 16 520 0,00
On 295 78,1 16,4 0,4 9070 12 890 0,00
On 329 78,7 16,2 0,5 4480 7970 0,00
On 376 83,0 10,6 0,5 715 4030 0,00
Off 397 66,2 17,5 1,6 27 430 19 960 4,18
On 398 73,7 14,3 1,5 7960 8 400 0,00
On 468 77,9 16,2 0,5 9010 8 760 0,00
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8400 ppm, which also improved the biogas quality.
The methane content increased to 73.7 %. The last
measurement was made on day 468, when a slight
increase in the methane content (77.9 %) in biogas
was observed. The amount of hydrogen sulfide in
the biogas remained the same.

Conclusion

Dosing of sulfates together with synthetic substrate
into an UASB rector was found to affect biogas
production. In case of low levels of sulfates, a
slight increase in biogas production was observed,
which confirms the results of biogas potential tests.
Before the addition of sulfates, biogas production
was 15 1d™". During dosing of the synthetic substrate
with the sulfate concentration of 125 mgl™, pro-
duction increased to approximately 17 1d'. How-
ever, further increase in the sulfates concentration
caused the biogas production to decrease again.
When 700 mgl™ of sulfates were added, the pro-
duction reached 13 1d-'. Also a negative effect on
the removal of N-NH,, P-PO, and other nitrogen
compounds was found. The decrease in the removal
efficiency of these qualitative indicators was most
evident when 250 mgl™ of sulfates were added.
Biogas recirculation with hydrogen sulfide absorp-
tion has proven to be an effective method of reduc-
ing hydrogen sulfide content in biogas. During the
recirculation, concentrations of hydrogen sulfide
was reduced and also the biogas quality improved.
The highest methane content was 78.7 % and 83 %,
respectively. Considering hydrogen sulfide content,
long-term operation of recirculation led to high effi-
ciency of its removal from biogas. After recirculation
was disconnected, the hydrogen sulfide concentra-
tion in biogas increased to 19 960 ppm.

Our aim was to determine the effect biogas recir-
culation with hydrogen sulfide removal on sulfide
inhibition of the anaerobic process. When biogas
recirculation was switched off, sulfide concentra-
tion in the reactor increased up to 4.18 mgl™'. When
the recirculation was restarted, a decrease in the
sulfide concentration (0 mgl™') was observed, which
suggests that the inhibitory effect of sulfides is
partially suppressed.
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Abstract: Single drop microextraction has become a widespread liquid/liquid microextraction technique
owing to its simplicity, high preconcentration factor and low consumption of organic solvents in the extraction
due to direct introduction of the very low volume of extract into the analytical system. Crucial features
ensuring excellent repeatability of single drop microextraction include: solvent volume, solvent type, sample
agitation, salts addition, and pH. The influence of sample quality on the microdrop volume and agitation type
was studied. Effect of the sample matrix, such as water, acid content samples (orange juice), sample containing
alcohol (plum brandy) and protein content sample (milk), on the microdrop hold-up was also investigated.
For water analysis, several organic solvents such as chloroform, dichloromethane, tetrachloromethane,
tetrachloroethane and chlorobenzene were tested; last three mentioned were suitable for SDME experiments.
For milk samples analysis, chlorobenzene microdrop was found to be optimal; advantage of salt addition
has been reported. For orange samples, 1:10 dilution was suggested with stable microdrop volumes (toluene)
of up to 6 pL for lower stirring rates (100 rpm and 250 rpm). For alcohol-content samples, the change of
alcohol percentage of real-life samples had to be considered. A strong influence of the matrix quality on the

microdrop stability has been proven.

Keywords: matrix influence, microdrop hold-up, microdrop stability, single drop microextraction

Introduction

Actual trends in analytes extraction from various
food or environmental samples follow green che-
mistry philosophy taking into account simplifica-
tion and miniaturisation, especially minimisation
of the volume of necessary organic solvents which
are potentially harmful and unwanted in large scale
in analytical procedures (Hrouzkova, 2017). For the
liquid-liquid extraction, a set of techniques called
liquid-phase microextraction (LPME) has under-
went a dramatic increase in a variety of approaches
(Andrasc¢ikova et al., 2015) using only microliters
of solvent to preconcentrate analytes from various
samples rather than hundreds of millilitres needed
in traditional LLE (Sarafraz-Yazdi and Amiri, 2010).
One of these techniques, single-drop microextrac-
tion (SDME) (Liu and Dasgupta, 1995) has drawn
much interest. Recently, several review papers have
addressed this emerging technique as an efficient
approach to the pretreatment in a wide variety
of analytes and matrices (Jain and Verma, 2020,
Jeannot et al., 2010; Kumar Kailasa and Wu, 2013;
Tang et al., 2018; Tegladza et al., 2020, Zichova et
al., 2018a) highlighting the green approach of the
technique in minimisation of the hazards associated
with the use of toxic organic solvents.

The principle of SDME is the separation of com-
pounds between a few microlitres volume drop of
organic solvent, named microdrop, at the tip of a
microsyringe needle or in the headspace above the

sample and a liquid sample containing the desired
analytes. The syringe needle is immersed into the
sample and the microdrop of solvent is exposed to
the sample for limited time at specified conditions.
SDME is often used to represent the acceptor phase
where only a small microdroplet (0.5—2.0 pL)
is suspended on the tip of a microsyringe. After
sampling/extraction of analytes, the microdrop is
drawn into the syringe and all its volume is analysed
by an instrumental analytical technique such as gas
chromatography with the appropriate detection.
Development of an analytical method using
SDME requires optimisation of a high number of
variables and parameters affecting the extraction
step. It has been shown in our previously published
review (Zichova et al., 2018b) that parameters such
as the type of investigated analytes, quality of the
extraction solvent, type of microsyringe, sample
volume, physical properties such as temperature,
ion strength and pH of the sample affect the
efficiency of the extraction procedure. It was stated
that in SDME development, it is important to find
extraction conditions ensuring drop stability. The
ease of dislodgment of the microdrop hanging
from the tip of the microsyringe needle during
the extraction process limits the use of extended
extraction times, high stirring rates, sample
temperature and the type of sample matrix (Jain
and Verma, 2011).

Only a few comprehensive information on the
influence of the liquid sample matrix on the stability

Acta Chimica Slovaca, Vol. 13, No. 1, 2020, pp. 19—25, DOI: 10.2478/acs-2020-0004 19



and hold-up of the microdrop hanging from the tip
of the microsyringe needle during the extraction
process are available. Therefore, the aim of this
paper was to investigate the microdrop hold-up
in SDME for four various liquid samples, namely
orange juice, alcohol-containing sample, deionised
water and milk. The influence of SDME parameters
on the food analysis application area was studied.

Materials and Methods

Chemicals

Several organic solvents were used for microdrop
stability evaluation. Chloroform and acetone were
purchased from Centralchem, s.r.o. (Bratislava,
Slovakia). Dichloromethane, n-hexane, tetrachloro-
methane, and toluene were purchased from Merck
KGaA (Darmstadt, Germany). Chlorobenzene was
obtained from Lachema, n.p. (Brno, Czech Rep.)
and tetrachloroethane from Alfa Aessar (Havehill,
USA). Ion strength of the sample was altered by
NaCl obtained from laboratory sources.

Samples

Orange juice (100 %), plum distillate (40 % alc.), and
milk (0.5 % of fat) were purchased from local shops.
These samples were diluted with deionised water
and used for the extraction as follows: Orange juice
was diluted in the ratio 1:2 (v/v) and 1:10 (v/v),
alcohol samples were each diluted to 20 % alc., and
milk was diluted in the ratio 1:10 (v/v). The sample
volume of 2 mL for each sample was used in the ex-
periments. Grape distillate (62 % alc.) was obtained
from a private producer.

Equipment

For the extraction procedure, a 10 pL. Agilent Tech-
nologies microsyringe was used to maintain the
microdrop during the extraction and to determine

the microdrop volume. A glass vial containing the
sample solution, magnetic stir bar and silicone
septum was used as the sample reservoir.

Magnetic stirrer IKA RTC basic safety control
(IKA®) with adjustable speed range from 50 to
1500 rpm, digital display and aluminium heating
plate was used to stir the sample solution. A scheme
of SDME is shown in Fig. 1.

Results and Discussion

Stability and hold-up of the microdrop at the tip
of the microsyringe needle in SDME is affected by
many parameters. The primary concern of the study
was to investigate the matrix influence on the sta-
bility of the microdrop on the tip of the microsyringe
needle for direct immersion (DI) and headspace
(HS) mode of SDME. Several matrices were investi-
gated to cover a large scale of water-based matrices
with various organic solvents and stirring conditions.
Specifically, microdrop stability for acids-containing
matrix (orange juice), alcohol-containing matrix
(plum distillate, grape distillate), water matrix and
protein-containing matrix (milk) was studied.

Single drop microextraction procedure

Microsyringe was rinsed six times with acetone, then
six times with n-hexane and three times with the
tested extraction solvent. The plunger was placed in
position 0 and the tested extraction solvent (volumes
in the range of 1—6 pL) was drawn into the syringe.
Subsequently, the microsyringe needle was inserted
through the silicon septum and immersed in the
sample solution (volume of the sample was 2 mL)
under stirring (in the range of 100—1000 rpm). After
the extraction time (tested range: 5—20 min) passed,
the microdrop was drawn back into the microsyringe
and the needle was removed from the glass vial. The
volume after the extraction was registered. Each ex-

Microsyringe

Microdrop of an organic solvent

Sample
Stir bar

Fig. 1. Scheme of SDME.
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periment was repeated three times. Figs. 1—4 show
the average volume of the extraction solvent after
the extraction.

Microdrop behaviour in water

Stability of the microdrop was investigated in a
simple matrix — deionised water, assuming no ma-
trix components affecting the microdrop stability.
The selection of organic solvent is a crucial step in
ensuring good performance of SDME. The selected
solvent has to preserve the integrity of the microdrop
during the extraction. For microdrop extraction in
an aqueous-based solution by DI, immiscibility of
the organic solvent in the sample has to be ensured.
Also viscosity, which should be adequate for the for-
mation and retention of the microdrop on the tip of
the microsyringe needle during the extraction of the
SDME process, has to be considered in the extractant
solvent selection. Several chlorinated solvents such
as tetrachloromethane (TCM), chloroform (CHF),
dichloromethane (DCM), tetrachloroethane (TCE)
and chlorobenzene (CHB) meet these requirements
and they were used for microdrop formation.
A volume of 2 mL of deionised water was stirred
for 2 min at 100 rpm and 250 rpm, and the volume
of 2 pL of the studied solvent was exposed to the
stirred sample. After the selected period of time,
the volume of the withdrawn extraction solvent was
recorded. All of the studied extraction solvent mi-
crodrops were stable in the water sample, except for
the DCM microdrop, which fell off the syringe nee-
dle after half a minute at 100 rpm. Volumes above
1.8 pL at both 100 rpm and 250 rpm were withdrawn
using solvents CHB, TCE and TCM, whereas CHF
microdrop could not be withdrawn back into the mi-
crosyringe without air bubbles, which complicated
the determination of the withdrawn volume. The
decrease of the CHF microdrop volume of more
than 25 % was observed at higher stirring speed.

Microdrop behaviour in orange juice

Orange juice is a complex matrix which contains,
apart from acids and sugars, also pigments. Organic
acids can alter the sample pH and its initial check
is thus necessary. Pigments can easily transfer into
the microdrop and result in its dislocation from the
tip needle. Also, high content of fibres is a problem
and therefore dilution or preconcentration of the
sample were tested. Considering these require-
ments based on our previously published literature
review (Zichova et al., 2018 b), toluene is the first
choice as solvent for these samples. Therefore,
toluene was tested as the extractive solvent, show-
ing immiscibility with the sample with non-colour
microdrop after extraction. Stability of the toluene
microdrop for HS and DI depends on the stirring

rate as well as on the volume of microdrop drawn
back to the microsyringe after its extraction and
dislocation were evaluated. The stirring rate has to
be investigated considering the microdrop integ-
rity. Higher agitation rates increase the occurrence
of microdrop displacement from the microsyringe
tip and decrease the volume of the extractant after
the extraction due to the dissolution of the solvent
microdrop in the sample.

Experimental assays were performed using concen-
trated original orange juice, orange juice diluted
with water in the ratio of 1:10 (v/v) and in that of
1:2 (v/v). Influence of the sample dilution on the
microdrop stability was also studied. The results
were recorded and compared. All sets of measure-
ments were performed at various stirring rates; the
maximum stirring rate depended on the microdrop
hold-up at the microsyringe tip. Data showing sta-
bility of the toluene microdrop in DI mode for all
tested samples: diluted juice sample in the ratio of
1:10, diluted sample in the ratio of 1:2 and concen-
trated original sample, and in dependence on the
stirring rate are depicted in Figs. 2A, 2B and 2C,
respectively. The column bars represent the volume
of extractant originally taken for the extraction and
the number at the top of the column bar represents
the volume of toluene measured after the extrac-
tion. The toluene volume after the extraction equal
to 0 means that the microdrop was dislocated dur-
ing the experiment and therefore no toluene was
drawn back to the microsyringe.

As it can be seen in Fig. 2A, the widest range of
toluene volume (1—6 pL) was determined in orange
juice sample diluted in the ratio of 1:10. The micro-
drop was easily visible despite the sample colouring
and the stability was notable in the whole range of
the studied volumes for lower stirring rates in all ex-
periments (100 rpm and 250 rpm). Higher stirring
rates (> 500 rpm) caused instability of microdrop
with the volume higher than 5.5 pL at the stirring
rate of 500 rpm and that with the volume higher
than 1 pL at the stirring rate of 600 rpm.

Further experiments with sample diluted in the
ratio of 1:2 and the un-diluted sample showed
differences in the maximum microdrop volume as
well as conditions at which the microdrop was sta-
ble. Stirring rate of 750 rpm was excluded from the
experiments due to the microdrop instability; the
microdrop up to the volume of 2.5 pL. was stable at
stirring rates up to 500 rpm. However, in both cases,
visibility of the microdrop in the sample was low,
and an effort to white-out the samples was made
in un-diluted sample. Nevertheless, the microdrop
was invisible even when a lightening compound was
applied.. Thus, withdrawal of the microdrop after
extraction is complicated.
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Fig. 2. Stability of toluene microdrop (DI-SDME) at various stirring rates in: A — orange juice sample
diluted with water in the ratio of 1:10; B — orange juice sample diluted with water in the ratio of 1:2;

C — original orange juice sample (undiluted).
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The stability of toluene microdrop was investigated
in the HS mode in the range of 1—4 plL, stable
microdrop was observed up to 3 puL for all sample
types and at stirring rates between 500 rpm and
1400 rpm. It is important to emphasize that the dif-
ference in the volume before and after extraction
was higher for the DI mode than for HS mode. In
addition, the decrement of the microdrop volume
in the DI mode increased in the order: diluted sam-
ple in the ratio of 1:10 < diluted sample in the ratio
of 1:2 <un-diluted sample.

Microdrop behaviour in alcohol-containing samples
Stability of toluene microdrop in the sample with
alcohol content of above 40 % was studied. Plum
distillate with the alcohol content of 40 % and grape
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distillate with the alcohol content of 62 % were used
in these experiments. These samples were diluted
with deionised water in order to obtain a 20 % al-
cohol content of each distillate and results from ex-
periments using samples with higher alcohol content
were compared with those with lower alcohol con-
tent. Detailed results showing the stability of toluene
microdrop in the DI mode for plum distillate with
the alcohol content of 40 % and 20 % are depicted in
Figs. 3A and 3B, respectively.

Microdrop volumes ranging from 1 pL to 4 pL were
examined in case of the 40 % plum distillate and in
the range of 1—6 pL for the 20 % plum distillate.
Observations showed that higher alcohol content
limited the microdrop volume (limit was 3 pL) and
stirring rates (limit was 750 rpm). A 3 pL toluene mi-

-
. -,
’0’
0
>

2

The volume of toluene
before extraction
[nL]

The volume of toluene
before extraction

[uL]

Fig. 3. Stability of toluene microdrop (DI-SDME) at various stirring rates in: A — plum distillate 40 %;
B — plum distillate 20 %.
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crodrop was stable using the lowest studied stirring
speed of 100 rpm and no notable decrement of the
extractive solvent was observed. At higher stirring
speeds, a 3 nL. microdrop was unstable at the tip of
the needle and dropped off after a couple of seconds
of stirring. Dilution of the plum distillate sample to
half the alcohol content with deionised water enabled
using considerably higher toluene microdrops (up
to 6 pL) and higher stirring rates (up to 1000 rpm).
The microdrops of all tested volumes were stable at
the lowest stirring rate of 100 rpm, whereas those
with the volume of up to 2.5 nL. were stable up to the
stirring rate of 750 rpm. Lower microdrop volumes
of up to 1.5 pL led to microdrop instability at the
highest stirring rate (1000 rpm).

Similar results were obtained in experiments using
the 62 % grape distillate, when the toluene micro-
drop showed stability difficulties even at low stir-
ring rates (100 rpm, 200 rpm). The maximal stable
microdrop volume was about 1.5 pL at 100 rpm.
Presumably, high alcohol content caused a signifi-
cant decrement of the toluene microdrop after the
extraction probably due to the toluene solubility
in ethanol (dos Anjos et al. 2015). Dilution of the
grape sample to 20 %, significantly improved the
microdrop stability similarly as in case of the plum
distillate, while the toluene microdrop was stable
up to the volume of 6 pL.

It is necessary to consider the change of alcohol
content in real-life samples and to make the respec-
tive correction or fix the alcohol content to constant
value.

Microdrop behaviour in milk samples
Due to high content of proteins and lipids in milk
and their solubility in non-polar solvents such as

192

toluene, an appropriate extraction solvent with the
lowest possible solubility in milk ensuring stable
microdrop during the extraction has first to be
identified. The stability of toluene microdrop in the
milk sample (DI mode) was studied at the stirring
rates of 100 rpm and 250 rpm, and the extraction
time varied from 5 min to 25 min (with a 5-minute
increment for consecutive experiments). The milk
sample was diluted with deionised water in the ratio
of 1:10 (v/v) and the aliquot volume of 2 mL was
used in the experiments. Results showed stability
problems of the toluene microdrop at the stirring
rate of 250 rpm. The main limitation of toluene
application was the loss of the microdrop volume
after the extraction exceeding 25 % of the original
microdrop volume. At high extraction times (e. g.
20 min), microdrop volume after the extraction was
below 1.7 pL (original volume was 2 pL). Based on
the results, satisfactory microdrop stability was ob-
tained under the following extraction conditions:
extraction time of 5 min and sample stirring rate of
100 rpm. However, due to the short extraction time
of 5 min, several different extractive solvents were
studied.

A set of experimental assays using TCM, CHF,
DCM, TCE and CHB as extractive solvents were
performed with a milk sample diluted with de-
ionised water in the ratio of 1:10 (v/v). The sample
volume was set to 2 mL. Significant difference in
the stability of the above-mentioned chlorinated
solvents was observed and only the CHB microdrop
was stable in the diluted milk sample. Microdrops of
other solvents fell down immediately after the mi-
crodrop exposure to the sample. Thus, subsequent
experiments were devoted to the CHB microdrop
stability. Extraction parameters were as follows: stir-

® 100 rpm

The volume of chlorobenzene
after extraction
[nL]

5 10

250 rpm

15 20

Extraction time [min]

Fig. 4. Dependence of CHB microdrop volume after DI-SDME at the stirring speed of 100 rpm and
200 rpm on the extraction time.
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ring rates of 100 rpm and 250 rpm, extraction time
in the range of 5 min to 25 min (with a 5-min step).
The disadvantage of the DI mode is the impossible
visual control of the microdrop in the sample which
could lead to a delay in sample treatment if the mi-
crodrop fell down from the needle tip. Moreover,
differences in the microdrop volumes withdrawn
after the extraction in the three samples were no-
table due to the worse visibility of the microdrop.
The maximum CHB microdrop volume withdrawn
in the dependence on extraction time is shown in
Fig. 4. Relative standard deviation (RSD) for dif-
ferent combinations of stirring rate and extraction
time was in the range of 3.1—6.9 %. Based on these
observations, sample centrifugation and the addi-
tion of salt to the sample were tested to increase the
possibility of visual control in the sample.

The diluted milk sample was centrifuged at
4000 rpm for 5 min. CHB microdrop exhibited
lower stability at both stirrings rates and the centri-
fugation did not improve the microdrop visibility. In
the next step, the addition of NaCl to the diluted
milk sample after centrifugation was studied. The
NaCl addition was carried out successively in the
range of 0.1—0.4 g (with a step of 0.1 g). The sample
was clarified by the salt addition and the drop was
casily observed. Furthermore, salt addition im-
proved the stability of microdrop directly immersed
in the sample. Increasing the amount of NaCl
consecutively improved the stability of the CHB
microdrop at both stirring rates and at all tested
extraction times. The most satisfactory microdrop
stability was obtained at the salt addition of 0.4 g.
Lower NaCl addition led to the instability of the
microdrop after 15 min as well as a decrement of the
extracted volume (withdrawn volume was 1.7 pL.).

Conclusions

SDME is a sample preparation technique for various
instrumental detection analyses employing simple
equipment and leading to low environmental im-
pact. The essential condition of SDME is maintain-
ing a microdrop of an organic solvent suspended at
the tip of a microsyringe needle, which is then im-
mersed in a sample under agitation. Drop instability
and its dislocation are the main disadvantages of
this technique. The microdrop has to be retracted
back into the microsyringe and transferred to the
subsequent system for analyses system and thus
detailed optimisation of conditions such as solvent

type, solvent volume, agitation type and time etc. is
crucial. The change of matrix composition (content
of acid compounds, content of alcohol, protein
content) has been proven to affect the stability of
the solvent microdrop. Concentration of fibres and
organic acids also affects the microdrop solubility
and stability. For alcohol content samples, the con-
tent of alcohol has to be considered in solvent selec-
tion because of the solubility either of microdrop
in water or in alcohol; the alcohol content should
be determine before the analysis. For milk samples,
careful optimisation of extraction parameters has to
be done in dependence on protein and fat content,
or the removed matrix has to be tested.
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Abstract: In order to reduce the environmental burden of chemicals, various new alternatives to seed protection
are being sought. Our aim was to find an environmentally acceptable solution leading to the inactivation of
seed-borne phytopathogenic fungi Fusarium culmorum on the surface of wheat and barley seeds with a positive
effect on their germination. As a low-temperature plasma (LTP) source, a Diffuse Coplanar Surface Barrier
Discharge (DCSBD) was used. Plasma generated by DCSBD is non-equilibrium, cold, diffuse, macroscopically
homogeneous even in ambient air at atmospheric pressure. Experimental results showed that LTP treatment
in the range of 120—300 s significantly inhibits the growth of F. culmorum on the surface of the seeds. The
efficiency of LTP treatment was compared with traditional seed protection processes using chemical fungicide
and also with combined seed pretreatment by plasma and subsequent application of chemical fungicide. No
growth of F. culmorum was observed after the combination of Vitavax 2000 fungicide application in the dose of
10 % and 60 s of LTP treatment even on the 5th day of incubation. Better wettability of seeds with the chemical
fungicide was related to the change on seed surface, which becomes hydrophilic after 10 s of LTP application.
Short LTP exposure times did not affect germination and improved the growth parameter of cereal seeds. By
combining physical (LTP) and chemical (Vitavax 2000) treatments of cereal seeds, it is possible to effectively
reduce the required amount of chemical fungicide and to stimulate germination and early growth seed
parameters.

Keywords: Cereal seeds; Chemical fungicide Vitavax 2000; Decontamination; Fusarium culmorum; Germina-

tion; Low-temperature plasma

Introduction

Cereals represent the main part of human and ani-
mal nutrition. Wheat, barley and maize are grown
on more land area than any other food crop. In
2017, European production of wheat was 270 mil-
lion tons, making it the second most-produced
cereal after maize. European production of barley
was 89 million tons (FAOSTAT, 2019). Cereal con-
tamination by microscopic fungi is one of the main
causes of stored seeds depletion since microscopic
mycelial fungi reduce seed germination and seed
nutritional quality (Ramos et al., 1998). Cereals are
particularly susceptible to microbial deterioration
during growth, ripening, storage and processing.
Mycotic contamination of cereals is the highest
at the time of harvest when it can reach 10° CFU
(Colony Forming Units) of microscopic fungi in
one gram of seed (Tané¢inova et al., 2001).

Microscopic mycelial fungi can grow on cereal
surface in form of mycelium and spores (Laca et al.,
2006). Genera Alternaria, Fusarium and Cladosporivm
are primarily responsible for the contamination of
cereal seeds in the field (Montville and Matthews,
2005). Stored seeds are contaminated mainly by

Penicillium and Aspergillus species (Magan et al.,
2003). The development of fungal contamination is
affected by storage conditions such as temperature,
relative humidity, pH, and aqueous activity. During
optimal storage conditions, the number of CFU
of fungi decreases (Tanc¢inova et al., 2001). The
greatest risk for food safety and quality at pre- and
post-harvest stages is associated with the production
of mycotoxins, which are species and strain specific
(Montville and Matthews, 2005). Fusarium spp. (a
model organism in this study) are well-known
pathogens of cereals that produce mycotoxins, e.g.
trichothecenes, fumonisins, zearalenone, deoxy-
nivalenol, with carcinogenic, mutagenic and geno-
toxic effects. They cause acute or chronic human
and animal health problems (Pereira et al., 2014).
This fungal genus causes a crop disease — fusariose,
which reduces germination and seed quality and
causes crop losses (McMullen et al., 2012).

For more than 200 years, fungicides have been used
to protect plants from fungal infections in order to
increase crop yield and reduce economic losses.
There are currently around 150 different fungi-
cidal compounds used in global agriculture (Ishii
and Holloman, 2015; Lucas et al., 2015). Protection
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of seeds by chemical agents leads to contamination
of the environment and accumulation of hazard-
ous chemicals in soil and water. However, excessive
use of chemicals is now being abandoned and new
alternatives for crop protection with minimal envi-
ronmental impact are implemented.

In recent years, the research and application of low-
temperature plasma (LTP) has received great atten-
tion. Plasma finds its application in various spheres
of interest in biological sciences (Simoncicova et
al., 2019). A lot of significant data were obtained by
the application of plasma treatment to plant seeds,
indicating positive effects on seed germination,
quality of plants grown from the plasma treated
seeds, early growth parameters such as root and
shoot length and increase of dry weight (Mitra et al.
2014; Sera et al., 2010; Jiafeng et al., 2014). Plasma
treatment resulted in a change of seed surface
wettability, improved hydrophilic properties of the
seed surface, and led to better water imbibition and
faster start of the germination process (Stolarik et
al., 2015; Zahoranova et al., 2016). Plasma tech-
nology has the potential to play an important role
in addressing the challenges in food production
and security, as reviewed in many articles (Moreau
et al., 2008; Cullen et al., 2018; Randeniya and de
Groot, 2015; Muhammad et al., 2018; Zahoranova
et al., 2018; Chen et al., 2019).

In this study, a hypothesis that additional applica-
tion of LTP in decontamination treatment of seeds
reduces the chemical load on the environment
without negative changes in seed morphology
and physiology has been proposed and evaluated.
Plasma interaction with wheat and barley seeds was
studied and plasma treatment and application of
chemical fungicide Vitavax 2000 on Fusarium culmo-
rum on the surface of wheat and barley seeds were
compared. The effect of a combination of plasma
and fungicide treatments was also determined.

Materials and methods

Cereal seeds and microbial strains
Wheat seeds (Triticum vulgare L.; cv. “Forhand”) and
barley seeds (Hordewum vulgare L.; cv. “Maltz”) were

b)

plasma  samples

= gl

purchased from the Central Control and Testing
Agriculture Institute (Bratislava, Slovak Republic).
The seeds were stored at 10 °C in the dark. Fusarium
culmorum (CCM F-163) was obtained from the Czech
Collection of Microorganisms (Masaryk University,
Brno, Czech Republic) and was cultivated on slants
of Malt Extract Agar (Biolife, Milano, Italy; 21 days,
25 °C) and then stored at 5 °C.

Low-temperature plasma reactor

The experiments were carried out at atmospheric
pressure in ambient air. Plasma was generated
by Diffuse Coplanar Surface Barrier Discharge
(DCSBD). The experimental set-up is depicted in
Fig. 1. DCSBD was powered by 14 kHz sinusoidal
high voltage with an amplitude of up to 20 kV
peak-to-peak, supplied by an HV generator VF
700 (Lifetech Ltd., Brno, Czech Republic). DCSBD
generates a thin layer of plasma (~ 0.3 mm) on a
ceramic plate with the dimensions of 20 cm x 8 cm.
DCSBD was described in detail in previous studies
(Cernik et al., 2009).

Seeds/sterilzed seeds (10 g) were placed in the plas-
ma generated on the ceramic plate. To ensure their
uniform surface treatment, mechanically stirring
was applied. The experiments were performed at
the input power of 400 W while the whole DCSBD
electrode was covered by macroscopically homoge-
neous plasma layer. From the electric measurement
and determination of plasma source efficiency,
and the size of the plasma area (160 cm?), the cor-
responding plasma volume power density was
determined to be approximately 70 W cm™ (Cernak
etal., 2009).

Cereal seeds surface decontamination from
Fusarium culmorum

Ten grams of wheat and barley sterile (autoclav-
ing — 120 kPa, 120 °C, 20 min) seeds were arti-
ficially infected with 1 mL of spore suspension of
seed-borne phytopathogen F. culmorum (1 x 10°
spores g....'). The spore suspension was prepared
from 21-day-old cultures grown on Malt Extract
Agar medium (Biolife, Milano, Italy). The spores
were harvested in 0.1 % Tween 80 (Biolife, Milano,

2 HV [kHz]

oscillating movement

Fig. 1. LTP treatment of seeds (a) and scheme of the DCSBD electrode system (b)
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Italy). The spore suspension was filtered through
three lavers of sterile gauze and centrifuged at
12 000*g for 5 min. The number of spores was
counted using a Burker chamber. Concentration of
spores was adjusted by sterile water. The infected
seeds were treated by LTP at the treatment time of
15, 30, 60, 120, 180, 240 and 300 s. Chemical fun-
gicide Vitavax 2000 (200 g a.i. thiram and carboxin
L-!'; Chemtura Co., Bratislava, Slovakia) was used in
different doses (100 % — application dose used in
agricultural practice and 75 %, 50 %, 25 %, 10 % of
the dose used). After 15, 30 and 60 s of LTP treat-
ment and subsequent application of Vitavax 2000 at
a 10 %, 25 % and 50 % dose were combined for seed
treatment. Twenty hours later (time required to
air dry the seeds treated by fungicide), individual
samples of wheat and barley seeds, as well as of
untreated control, were placed on the Malt Extract
Agar medium (Biolife, Milano, Italy; 50 seeds per
Petri dish with diameter of 185 mm). After five days
of incubation at 25 °C, each individual cereal seed
was visually classified on a scale of 0—5 according to
the intensity of fungal attack on the surface of each
cereal seed. Score equal to 0 indicated an absence
of fungal attack; the score of 5 — fungal attack of
more than 60 % of the infected seed surface. The
infection degree (ID) was calculated using the
Townsend-Heuberger’s formula (1) (Rekanovic et

al., 2010):

Z(nv)xl()()
NV

ID = (1)
n — degree of infection rate (scale 0—5), v — num-
ber of seeds in each category, N — highest degree of
infection rate, V — total number of seeds screened.
Efficacy of seed surface treatment using fungicide,
plasma, and plasma + fungicide combination was
compared.

Seed surface diagnostics

A. Water contact angle

Wettability changes were identified by measuring
the water contact angle (WCA) on the seed surface
after plasma treatment using a DSA30 device (Kriiss
GmbH, Hamburg, Germany). The volume of water
droplets was 2 pL and the average value of WCA
for each sample was calculated from 12 droplets
recorded by a CCD camera and processed using ad-
ditional software for Drop Shape Analysis DSA1 al-
lowing analysis of a curved surface.

B. Scanning electron microscopy (SEM)

SEM measurements were performed using a Scan-
ning Electron Microscope Vega II SBH (Tescan,
Czech Republic) at the acceleration voltage of

30 kV and magnification of 150x. The samples were
plated with gold by SEM Coating System (BIO-
RAD E52-5199) at the pressure of 8 Pa in argon.
Thickness of the gold layer was 20 nm.

Seed germination

Cereal seeds were treated by LTP for 15—300 s.
Fifty pieces of LTP treated and untreated wheat
and barley seeds were placed on a continuously wet-
ted filter paper (Whatman 1) in sterile Petri dishes
(diameter of 185 mm) and incubated for five days
at 25 °C. Germination (G) was calculated by the fol-
lowing equation (2):

SG
G=—x100% 2
ST (2)

where G — germination, SG — number of germi-
nated seeds, ST — total number of seeds.

Vigor of the seedlings was evaluated by measuring
the root length and shoot length of the seedlings.
Seedling vigor index was calculated according to
Eq. (3) (Abdul-Baki and Anderson, 1973):

(LR + LS)x G(treated seeds)

— x100%  (3)
(LR + LS) x G(untreated seeds)

where SV — seedling vigor, LR — length of roots in
mm, LS — length of shoots in mm, G — germination.

Statistical analysis

Significant differences between the samples were
determined using the one-way analysis of variance
(ANOVA) with post hoc tests with the Bonferroni
correction. Differences were considered significant
for *P < 0.05; **P < 0.01; **P < 0.001. Values are
expressed as the mean * standard deviation (SD) of
at least five measurements.

Results

Cereal seed surface decontamination

from Fusarium culmorum

Two methods were used to reduce the growth of F.
culmorum on the surface of cereal seeds: a chemi-
cal method using the fungicidal effect of Vitavax
2000 and a physical method using the effect of
LTP. For the chemical treatment of cereal seeds,
Vitavax 2000 was used in doses from 10 % to 100 %
of standard recommended agricultural applica-
tion. In Fig. 2, significantly different results of the
fungicide protective effect were obtained for wheat
and barley seeds. In wheat, a significant decrease in
the ID to 60 % was observed after using a 10% dose
of the fungicide. With the increase of the fungicide
dose, the ID dropped significantly. However, even
after applying a 100 % fungicide dose, complete
elimination of F. culmorum on the surface of wheat
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Fig. 2. Decontamination of cereal seed surface from seed-borne phytopathogen F. culmorum
after Vitavax 2000 application (a). Results were significant at *P < 0.05; ***P < (0.001 compared to control
(0% dose of Vitavax 2000). Growth of F. culmorum on the surface of untreated wheat seeds (b)
and after the application of a 50 % dose of Vitavax 2000 (c).
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Fig. 3. Decontamination of cereal seed surface from seed-borne phytopathogen F. culmorum
after plasma treatment (a). Results were significant at ***P < (.001 compared to control (0 s LTP). Growth
of F. culmorum on the surface of untreated wheat seeds (b)
and after the application of 180 s of LTP treatment (c).
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Fig. 4. Decontamination of cereal seed surface from seed born phytopathogen F. culmorum
after combined treatment (LTP + fungicide) (a). Results were significant at ***P < 0.001 compared
to control (0 s LTP + 0 % fungicide). Growth of F. culmorum on the surface of untreated wheat seeds (b)
and after the application of combined treatment (0 s + 10 % (c); 30 s + 10 % (d); 60 s + 10 % (e)).
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seeds was not reached — ID was below 5 %. A 10 %
dose of fungicide on barley seeds had no effect on
the ID. The reduction of ID after the application
of a 50 % fungicide dose was only about 20 % and
a 100 % dose led to a 50 % reduction in F. culmorum
on the barley seed surface.

In physical treatment, the seeds were exposed to
LTP for 15—-300 s (Fig. 3). After 15 s of LTP treat-
ment, a significant decrease of 20 % in wheat seed
ID was observed and of more than 30 % in barley
seeds. After 30 s of plasma treatment, ID of the
seeds was below 50 % for both kinds of cereals.
Complete devitalization of F. culmorum on the wheat
seed surface was observed after 180 s of plasma
exposure and after 120 s in barley seeds.

The effect of the combined treatment (LTP +
Vitavax 2000) on the reduction of F. culmorum is
presented in Fig. 4. A significant decrease of the
ID in both cereal seeds to about 60 % was achieved
after 15 s of LTP combined with a 10 % fungicide

120

100
ewheat
ebarley

80
60

ol 8

20 | i

WCA (°)

dose. With the increasing LTP exposure time and
fungicide dose, the cereal seeds infection degree
decreased significantly. Complete reduction of F.
culmorum on the surface of cereal seeds was ob-
served after the combined treatment applying 60 s
LTP + 10 % dose of fungicide.

Seed surface diagnostics — WCA and SEM

LTP treatment caused changes in the surface
properties of cereal seeds. Wettability of wheat and
barley seed surface was determined by measuring
the WCA of a distilled water drop. WCA of the
cereal seed reference samples was 106.4 °+ 9.4 °
(wheat) and 95.2 ° £ 2.4 ° (barley). The surface
of a sample with WCA above 90 ° is considered
as hydrophobic. After a 10 s exposure of seeds to
LTP, a decrease of WCA to 56.9 ° % 8.6 ° for wheat
and to 61.8 ° £ 5.21 ° for barley was observed and
the samples became hydrophilic; contact angles
of the cereal seeds were less than 5 ° — maximum

0

g (b) untreated  (c) plasma (d) plasma

0 50 100 150 200 250

(a)

LTP treatment time (s)

300 treated (30 s) treated (60 s)

Fig. 5. Effect of treatment time on the water contact angle measured on cereal seed samples treated by
LTP (a). A drop of water on the surface of untreated (b) and LTP treated barley seeds (c, d).

untreated

wheat

e e

untreated

barley

plasma treated

Fig. 6. Scanning electron microscopy (SEM) of untreated and plasma treated (120 s) wheat and barley
seeds. Total magnification was 150x; SEM HV 30 kV; scale bars represent 200 pum.
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Tab. 1. Germination (G) and seedling vigor (SV) of cereal seeds after LTP treatment compared to un-

treated control.

wheat barle

LTP treatment (s) Y

G (%) SV (%) G (%) SV (%)
0 100+ 0 100+ 0 1000 1000
15 100+ 0 117 & 4% 100+ 0 115 & 7%
30 98 +4 99+ 13 98+ 4 1015
60 96 £ 8 74+ 18 9418 74 + 10%*
120 80+ 10%* 23 £ ] 2%k 72 £ 15% 20 £ bk
180 74 + 10%* 14 & Hoewsk 54 £ 14k 10 £ Feesies
240 52 £ 1%k 4 & Hoek 48 £ 4 4 £ (), 8k
300 46 £ 10%** 3 & Juek 39 + Tk 2 & (.6%*:*

Results were significant at *P < 0.05; %P < 0.01; *##%P <(0.001 compared to control.

hydrophilic surface (WCA <5 °), after a 180 s LTP
treatment of wheat seeds and after a 300 s LTP
treatment of barley seeds (Fig. 5).

Seed surface morphology before and after the
plasma treatment was compared by SEM. As it can
be seen in Fig. 6, not even a 120 s plasma treatment
caused significant changes in the cereal seed sur-
face. In case of wheat seeds, slight surface smooth-
ing was observed while no visible surface changes
were observed in barley seeds.

Seed germination and seedling vigor

The effect of plasma treatment on germination
and seedling vigor of cereal seeds is summarized
in Tab. 1. Cereal germination was not adversely af-
fected after a 15 s plasma exposure. On the contrary,
slight stimulation of growth parameters (seedling
vigor) in both cereals was achieved. The 30 s and
60 s plasma treatment resulted in a minor decrease
of germination. A 60 s treatment by LTP inhibited
the growth parameters of wheat and barley seeds
by almost 30 %. Effect of a 120 s plasma treatment
caused inhibition of the seed growth parameters by
almost 80 %. After 300 s of treatment, the germina-
tion of both cereal seeds decreased below 50 % and
the seedling vigor was less than 5 %. Seeds with ger-
mination below 80 % are not suitable for planting.

Discussion

Vitavax 2000 is a combined fungicide which acts
as a systemic and contact fungicide inhibiting
spore germination and blocks the growth of some
fungal pathogens. Vitavax 2000 in various doses
was used to decontaminate wheat and barley seeds’
surface from F. culmorum. While almost complete
devitalization of F. culmorum was achieved with a
100 % fungicide dose used in agriculture for pre-
sowing seed treatment of wheat, in case of barley
it was only about 50 % (Fig. 2). This difference

is probably due to the morphological difference
(size and surface) between wheat and barley seeds.
Fungicides are designed to protect emerging
plants (wheat, barley, maize). A positive effect of
fungicides on germination and root growth has
also been observed in chickpea, maize, peanuts
(Dhanamanjuri et al., 2013; El-Deeb et al., 2002).
The effect of fungicides on the quality of lentil
seeds during storage was also investigated pre-
viously (Khatun et al., 2016). Fungicide treated
seeds demonstrate higher germination and
seedling vigor than untreated seeds. However, the
yield of seeds is not affected only by fungicides
but also by other factors (temperature, drought)
(Jalakas et al., 2018; Stetkiewicz et al., 2019). The
efficacy of some long-term used fungicides has
been influenced by the development of antifungal
resistance in target fungal pathogens (Ishii and
Holloman, 2015; Lucas et al., 2015). Although
the use of fungicides in agriculture cannot be
completely excluded, ways to reduce their levels
are researched, which could ultimately slow down
the spread and development of resistance to fun-
gicides and reduce the chemical burden of the
environment.

LTP was used as a possible alternative method to
chemical seed protection. A significant decrease of
fungal contamination after 15 s of plasma treatment
was observed. Complete decontamination of the
seed surface of both cereals was achieved after a
180 s LTP exposure (Fig. 3). The effect of plasma
was also investigated on maize seeds (Zahoranova
et al., 2018). F. culmorum was completely devitalized
after 120 s. This result is comparable with the results
presented in this study.

Improvement of seed germination is also caused by
the decontamination of the seed surface (Yvin and
Coste, 1997; Guang-Liang et al., 2005; Dobrin et
al., 2015), which could be significant because phyto-
pathogenic microorganisms negatively influence the
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seed quality and subsequent production of any agri-
culture commodity. In comparison, physical treat-
ment does not protect the seeds after their placement
in soil. In this study, physical plasma treatment and
chemical fungicide application were combined in
synergistic treatments to protect seeds from fungal
contamination. The results showed a beneficial ef-
fect of LTP on F. culmorum decontamination as well
as the reduction of fungicide doses needed. A sig-
nificant decrease of cereal seed contamination was
already observed after combined treatment applying
15 s LTP and 10 % Vitavax 2000. Combination of
60 s of plasma and 10 % Vitavax 2000 was suffi-
cient for complete F. culmorum decontamination,
which represents a 90 % reduction in the fungicide
dose (Fig. 4). The combination of LTP + Vitavax
2000 seems to be the most appropriate method.
LTP also changes the surface properties of the
seeds. The surface of wheat and barley seeds
changed from hydrophobic to hydrophilic after
10 s of plasma treatment (Fig. 5). Prolongation of
the LTP exposure led to a drop in the contact
angle of distilled water below 5 °, making the seed
surface perfectly hydrophilic as opposed to the
hydrophobic surface of untreated seeds. LTP can
modify the seed surface and thus increase its
wettability and absorbability. This feature is of
interest in agriculture because better water
absorption reduces the seed requirements for
water content in the environment during the
germination period. Plasma treated seeds are
more wettable which improves the adhesion of the
fungicide to their surface and thus, a smaller dose
of fungicide is required to cover the seed surface
in comparison to untreated seeds. SEM confirmed
that plasma does not cause visible morphological
changes in the surface of barley seeds and only
very slight morphological changes in the surface
of wheat seeds (Fig. 6). Stolarik et al. (2015) de-
tected significant surface structural modifications
in pea seeds after 120 s of plasma treatment using
electron microscopy. Disruptions, abrasions and
loosening of the original structures were observed.
Such significant changes were not observed in
maize, which is probably due to different seed
hardness (Zahoranova et al., 2018). Based on the
results obtained from WCA and SEM, the surface
changes of the seeds after plasma application were
caused by a change in the chemical structure of
seed surface and not by morphological changes.
In this study, the effect of plasma on seed germina-
tion was investigated. To improve seed absorption,
plasma treatment is expected to have positive ef-
fect on germination. This would correlate with the
published results (Bafoil et al., 2018; Stépanova et
al., 2018; Magureanu et al., 2018; Guo et al., 2018;

Los et al., 2018). A 15 s plasma treatment did not
affect germination but stimulated the growth pa-
rameter of the seeds of both cereals. After 30 s and
60 s of plasma application, germination inhibition
was minor. A 60 s plasma treatment caused a 26 %
inhibition of growth parameters (Tab. 1). It was
concluded that a 60 s LTP treatment is the most
potent in combined seed treatment reducing the
fungicide dose. Vitavax 2000 fungicide itself had
positive effect on growth parameters (unpublished
results), which could compensate for the inhibi-
tion of growth parameters caused by plasma. Posi-
tive effects of plasma (shorter exposure times) on
growth parameters have also been found in maize,
wheat, soybeans, peas (Zahoranova et al., 2016;
Henselova et al., 2012; Roy et al., 2018; Piza et al.,
2018). LTP treatment of the seeds for more than
60 s resulted in germination and growth para-
meters inhibition.

Conclusion

Experimental results presented in this study indi-
cate that low-temperature atmospheric pressure
plasma generated by a plasma source based on
DCSBD in ambient air can be successfully used
for the treatment of cereal seeds. LTP treatment
of wheat and barley seeds led to increased surface
wettability and therefore better germination and
chemical fungicide penetration. The synergistic
effect of fungicide and LTP treatment used against
seed-borne phytopathogens present on the surface
of wheat and barley seeds was more effective than
when each of them is used individually. An optimal
combination of plasma treatment time and chemi-
cal fungicide dose can significantly reduce the use
of harmful chemicals in practice but at the same
time stimulate germination via plasma treatment.
Our data demonstrate that 30 s of LTP treatment
is the optimal dose to reduce of F. culmorum by
more than 80 % and the amount of fungicides by
50—90 % without impairment of seed physiology.
Furthermore, the combinatory approach to seed
treatment can also be used for other phytopatho-
genic fungi, but optimization is required. The
data presented in this study provide a good basis
for further experiments that have to be performed
directly in soil.
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Abstract: Once they reach the environment, petroleum hydrocarbons undergo various chemical, physico-
chemical and biochemical transformation processes. Organic compounds which are not or are very poorly
subject to these processes are thermodynamically the most stable isomers and they are called biological markers
(biomarkers). This paper presents the results of the determination of organic substances in twelve samples
taken in the area of the city of Banja Luka (Bosnia and Herzegovina). Two soil samples were taken in the
Banja Luka city heating plant area and ten river sediment and soil samples were taken in the upper and lower
basin of the Vrbas river in the Banja Luka city area. The aim of this study was to determine the biomarkers
of oil-type pollutants in contaminated samples as well as the type of organic substances in samples taken near
the contaminated area. Assisted solvent extraction was used to isolate the total petroleum hydrocarbons (TPH)
from all twelve samples. Fractionation of the extracts into saturated and aromatic hydrocarbon fractions was
performed by column chromatography. The fractions were analyzed by gas chromatography-mass spectrometry
(GC-MS). On basis of the obtained chromatograms, biomarkers of petroleum pollutants and specific correlation
parameters of organic substances in the samples were determined. The dominance of n-alkanes with odd C
atoms as well as the presence of an unresolved complex mixture (UCM) on chromatograms of saturated and
aromatic hydrocarbons showed the presence of anthropogenic organic substances of petroleum origin in the
analyzed samples. Based on the obtained chromatograms, it can be concluded that microbial degradation of
hydrocarbons in all samples occurred.

Keywords: organic substances, hydrocarbon composition, biomarkers, GC-MS analysis, correlation param-

eters, assisted solvent extraction

Introduction

Hydrocarbons found in soil and sediments reflect
both natural and anthropogenic inputs as well
as diagenetic processes taking place in the water
column and during transport and sedimentation
(Shirneshan et al., 2016). Crude oil consists mainly
of a complex mixture of hydrocarbon compounds
(aliphatic and aromatic) and non-hydrocarbon com-
pounds (resins and asphaltenes). Environmental
contamination occurs frequently and it is associated
with production processes, refining, transportation
and storage of oil and petroleum products. Oil
undergoes various transformation processes in the
environment conditions, depending on the physico-
chemical and biological factors such as evaporation,
dissolution, microbial degradation, photooxidation
and interaction between oils and sediments (Faboya
et al., 2016). Lower molecular weight hydrocarbons
normally evaporate, while heavier compounds,
such as asphaltenes and resins, partially undergo
deposition in sediments (Kakhki et al., 2018; Yo-
gaswara et al., 2020). Therefore, these compounds

are frequently found in petroleum, coal, sedimen-
tary rocks, recent sediments, and soils. Molecular
structures of stable geochemical products can be
attributed to biogenic precursor molecules. At the
same time, conversion from biogenic and thermo-
dynamically less stable compounds to more stable
ones is especially interesting in isomers and stereo-
isomers (Hazra et al., 2019). From the chemical
point of view, a majority of biomarker molecules
belong to aliphatic or aromatic hydrocarbons (Wal-
ters et al., 2018; He et al., 2018; Kao et al., 2018).
Thus, hydrocarbon composition of petroleum has
been extensively used for the determination of
hydrocarbon sources in coastal sediments and soils.
A heating plant in the Banja Luka city still uses
heavy oil fractions like mazut as a heating medium.
Thus, the objectives of the present study are: (i) to
determine the occurrence, distribution and source
of saturated and aromatic hydrocarbons, (ii) to
examine the distribution, composition, and relative
maturity levels of saturated and aromatic hydrocar-
bons in sediments and soils, and (iii) to evaluate the
degree of microbial degradation of organic sub-
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stances in analyzed samples. Twelve sediment and
soil samples were taken for analysis in the area of
the city of Banja Luka within the heating plant and
in the lower and upper basin of the Vrbas river. The
fractions of saturated and aromatic hydrocarbons
were analyzed by the GC-MS method to determine
the specific correlation parameters, e.g. the degree
of maturation and origin of the organic substances.

Material and Methods

Chemicals

Dichloromethane, n-hexane, elemental copper and
sodium sulfate were purchased from Merck (Darm-
stadt, Germany). Florisil® was obtained from Fluka
AG (Buchs, Switzerland) and acetone was obtained
from Mikrochem (Pezinok, Slovakia).

Sampling

Exact sampling locations are shown in Fig. 1. To-
tally twelve samples were studied in this work, while
two were taken in the Banja Luka city heating plant
area — samples 1 and 2. Other ten samples represent
river sediment samples and soil samples taken in
the upper and the lower basin of the Vrbas river in
the Banja Luka city area. All samples were air-dried
for 24 hours and sieved through 0.063 mm sieves.

Total petroleum hydrocarbons extraction

Extraction of total petroleum hydrocarbons (TPH)
from sediment and soil samples was performed by
assisted solvent extraction using the Dionex ASE
150 apparatus. Extraction cells were filled with
28 g of previously air-dried and sieved samples
and the extraction was accomplished according to
a previously established method (Thermo Fisher
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Scientific Inc., 2011). Dichloromethane/acetone
(1:1) mixture was used as an extraction solvent,
and the following conditions were set: extraction
temperature of 175 °C, static time of 5 min, flush
volume of 60 %, gas purging time of 100 s, 1 static
cycle. The obtained extract volume was reduced
to 5 mL using a rotary evaporator. Activated cop-
per powder was added to the extract and it was
sonicated for 3 min in order to remove elemental
sulfur from the sample extracts.

Fractionation of total petroleum hydrocarbons
extracts

Column chromatography was used to separate the
TPH extract into the saturated and aromatic hydro-
carbons fractions using 2.5 g of Florisil® and 0.2 g
of sodium sulfate, both activated at 130 °C for 24 h,
as adsorbents. The column was loaded with 1 mL of
the extract which was previously conditioned with
10 mL of n-hexane. The saturated hydrocarbon
fraction was eluted with 5 mL of n-hexane while
the aromatic hydrocarbon fraction was eluted with
3 mL of dichloromethane.

GC-MS analysis

The fractions of saturated and aromatic hydrocar-
bons were analyzed using gas-chromatography/
mass-spectrometry (GC-MS). For this purpose, an
Agilent 7890A gas chromatograph with an Agilent
5975C Mass Selective Detector (MSD) was used.
Large volume of aliquots was injected in a pro-
grammed temperature vaporizer (PTV) in 5 pL
portions with a repetition of ten times (total aliquot
volume was 50 pL) onto a HP-1ms capillary column
(30 m x 0.250 mm i.d. x 0.250 pm film thickness).
The inlet temperature program was set as follows:

Fig. 1. A map of Bosnia and Herzegovina (left) and a map of the sampling locations
in the area of the city of Banja Luka (right).
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40 °C (2 min) up to 300 °C (5 min) at 600 °C min™".
Helium (99.999 % purity) was used as a carrier gas
at the flow rate of 1 mL min™.The oven temperature
program was set as follows: 40 °C up to 50 °C (7 min)
at 100 °C min™', and to the final temperature of
300 °C (15 min) at 10 °C min™'. Duration of the
measurement was 47.1 min. The transfer line tem-
perature was set to 300 °C, MS source temperature
and MS quadrupole temperature were 230 °C and
130 °C, respectively. Mass spectra were analyzed
using the MSD ChemStation software with NIST'14,
MPW2007 and W9N 11databases.

Results and Discussion

Total petroleum hydrocarbons content

Results of assisted solvent extraction are shown in
Tab. 1. Concentration of TPH extracts ranged from
0.1786 mg g™' to 25.8214 mg g™'. An increase in the
TPH concentration in samples 1 and 2 was expected
because both sample places are located in the area
of the city heating plant. Similar concentration of
TPH was observed for samples 3, 4, 5, 6, 7 and 8,
from the upper basin of the Vrbas river (before the
heating plant). In samples 9 and 10 from the lower
river basin (after the city heating plant), a decrease
of TPH concentration was observed. This effect
is probably due to the dilution with the tributary
effluents. A contribution of anthropogenic con-
tamination to the total TPH concentration is clearly
visible for sample 11 collected at a site located in the
industrial zone.

Tab. 1. TPH concentration in samples.

Sample TPH concentration (mg g™)
25.8214
19.2857

0.2500
0.2500
1.7143
1.1786
0.8214
0.6786
0.1786
0.2143
2.6071
0.7143

O N O Ot ks 0 N =

—_
N - o

Saturated hydrocarbons

Chromatograms obtained for specific m/z 71 ratio
characteristic for n-alkanes of the most contami-
nated samples (no. 1 and 11) are shown in Fig. 2.
Specific correlation parameters of saturated hydro-

carbons are shown in Tab. 2. n-Alkane compounds
in all samples ranged from C,, to C;;. Carbon
preference index (CPI) values, representing the
ratio of odd to even n-alkanes, was found to be in
the range from 1.3881 to 2.6383. CPI values close
to 1 indicate petroleum and other anthropogenic
substances e.g. from the combustion of fossil fuels,
wood and agricultural debris (Faboya et al., 2016).
The dominance of hydrocarbons with an odd car-
bon number also indicates the presence of organic
substances of anthropogenic origin. Furthermore,
organic substances in the sediment and soil samples
could originate from native organic substances
and oil-type anthropogenic organic substances
(Samelak et al., 2018). The presence of unresolved
complex mixture (UCM) on n-alkane chromato-
grams is associated with the presence of aromatic
heterocyclic compounds formed by the biological
degradation of hydrocarbons (n-alkanes, steranes
and terpanes) (Romero, et al., 2015; Di Gregorio
et al., 2016; Catania et al., 2018; Wang et al., 2018).
This group of compounds is typical for samples that
have undergone microbial degradation of organic
substances (Romero, et al., 2015; Di Gregorio et al.,
2016; Catania et al., 2018; Wang et al., 2018). Sepa-
ration of UCM is commonly a challenge for the 1D
gas chromatographic method. Pristane and phytane
are isoprenoid alkanes usually derived from phytyl
side-chains in chlorophyll (Tissot and Welte, 1984;
Vitorovic and Jovancicevic, 2016). Due to their high
resistance to microbial and thermal degradation,
these compounds can serve as biomarkers for fossil
fuels. Pristane and phytane can be used to assess the
degradation level of petroleum residues (Samelak et
al., 2020). Low values of Pristane/Phytane (Pr/Ph)
ratios (0.9601—1.2771) were found in all samples;
Pr/Ph values below or near 1 indicate the presence
of anthropogenic organic substances of petroleum
origin (Rushdi et al., 2017; Zhu et al., 2018; Gdara
et al., 2020). Furthermore, based the UCM profile
and the Pr/Ph ratios, it can be concluded that the
samples are contaminated with fresh and partially
biodegraded hydrocarbons (Cabrerizo et al., 2016;
Theonye et al., 2019; Zhu et al., 2018). Values of
n-alkanes/isoprenoid homologs ratios, n-C,,/Pr
and n-C,/Ph ranged from 1.1449 to 3.3875 and
from 1.1695 to 4.3249, respectively, which indicates
the dominance of n-alkanes over isoprenoid alkanes
in all samples. Although the microbial degradation
of n-alkanes proceeds much faster than that of
isoprenoid alkanes of pristane and phytane type,
the results indicate increased concentration of
petroleum hydrocarbons contributing to the total
n-alkane concentration. At the same time, degrada-
tion of both n-alkanes and isoprenoid occurred in
the samples.
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Fig. 2. Chromatograms of selected m/zratios 71 characteristic for n-alkanes in samples 11 and 1.

Tab. 2. Characteristic correlation parameters of saturated hydrocarbons in sediment and soil samples.

Sample CPI* Pr/Ph n-C,/Pr n-Cs/Ph n-Alkanes range Most abundant n-alkanes

1 2.2491 0.9884 3.3875 1.8715 C1o—Cy; Cig; Cho

2 1.5767 0.9993 2.8479 1.7826 C19—Cs; Cig; Cyy

3 2.6383 1.1242 1.5224 2.2195 Cio—Cys Coz; Gy

4 1.9284 1.2290 1.5272 1.9709 Cio—Cys Cig Cug

5 1.3981 0.9868 1.7802 1.6554 Cio—Cys Cis; Cig

6 2.5811 1.0730 1.2290 1.2427 C9—Cs; Coz; Gy

7 1.6120 0.9796 1.3851 1.4975 Ci9—Cys Cyy; Cyo

8 2.1728 1.0863 1.2418 1.2712 C19—Cs; Cig; Coo

9 2.0567 0.9495 1.1449 1.1695 Co—Cy; Caz; Gy

10 1.4164 1.2134 2.0405 4.3249 C1o—Cy; Cuy; G

11 1.9956 1.2771 3.8451 1.9327 C19—Cs; Cy75 Cyg

12 2.5324 0.9601 1.8459 2.2834 Ci9—Cys Coz; Gy
1CP] = l>< Gy #Cy; +Cy +Cy +Cyy n Gy #Cy; +Cy Gy +Cyy
2 Gy G+ Gy +Cy TGy, o+ G+ +Csy +Cy

Chromatograms showing the presence of steranes
(m/z 217) and terpanes (m/z 191) in representative
samples are shown in Figs. 3. and 4., respectively.
The presence of steranes and terpanes in recent
sediments and soil samples indicates the presence
of oil-type anthropogenic organic substances.
Detector response for UCM is visible on the chro-
matograms of selected m/z ratio 217 characteristic
for steranes. Partial degradation of steranes and
terpanes contributes to the total UCM content in all
samples. As it can be seen from Fig. 3, distribution
of terpanes in samples 11 and 1 does not differ
significantly. Samples collected near the heating
plant showed higher UCM content. Basic group of
molecular fossils used in petroleum geochemistry

Koljanci¢ N et al., Determination of biological markers of organic substances in sediment...

is called polycyclic terpenoids (Belin et al., 2018).
These alicyclic compounds originate dominantly
from cell membranes of bacteria, microorganisms
and algae, which are ubiquitous in sediments. The
group includes several homologous series of tri-,
tetra-, and pentacyclic triterpanes (Shirneshan et
al., 2016; Paul and Dutta, 2106; Belin et al., 2018).
The most commonly used alicyclic biomarkers are
hopanes, which provide information on oil-source-
rock correlations (Grigoriadou et al., 2008). The
most definitive indicators of petroleum contamina-
tion are probably 17a(H), 21B(H)-hopanes (Rushdi
et al., 2017; Hazra et al., 2019). Biological origin of
17a(H), 21B(H)-hopanes has not been confirmed.
However, 17a(H), 21B(H)-hopanes are found in
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Fig. 3. Chromatograms of selected m/z ratios 217 characteristic for steranes in samples 11 and 1.
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petroleum and related sediments where they result
from the isomerization of 17B(H)-hopanes (Inglis
et al., 2018). In this case, the degradation pathway
leads to relative depletion of oo over Bf isomers,
R over S, and the removal trend Co; > Cog > Cyg
(Diez et al., 2005). Compared to terpanes, a slightly
lower concentration of steranes was observed in all
samples. The increase in sterane concentrations oc-
curred only in samples 1 and 2 collected in the area
of the city heating plant.

Aromatic hydrocarbons

Due to their environmental impact and toxicity,
aromatic compounds have proven to be very use-
ful as indicators of the fate of petroleum pol-
lutants in the environment and as specific source
markers of petroleum pollutants in sediments,
tissue samples of living organisms and water
(Jafarabadi et al., 2017 and 2019; Ghribi et al.,
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2019; Han et al., 2018). Aromatic compounds
identified in the samples belong to a group of bi-
cyclic and tricyclic aromatic hydrocarbons. Bi-
cyclic aromatic hydrocarbons include alkylated
naphthalene derivatives: methyl-naphthalenes
(m/z 142), dimethyl- and ethyl-naphthalenes (m/z
156) and trimethyl-naphthalenes (m/z 170). The
presence of alkylated phenanthrene (m/z 178) and
anthracene (m/z 178) derivatives like methyl-
phenanthrene and methyl-anthracene (m/z 192),
dimethyl- and ethyl-phenanthrene and dimethyl-
and ethyl anthracene (m/z 206) has also been re-
ported. Individual chromatograms of bicyclic and
tricyclic aromatic hydrocarbon compounds in
samples 11 and 1 are shown in Figs. 5 and 6, re-
spectively. Chromatograms of selected m/z ratios
characteristic for aromatic hydrocarbons and for
saturated hydrocarbons are characterized by the
presence of UCM.
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Conclusions

This paper investigates the origin and type of
organic substances in sediment and soil samples
taken in the area of the heating plant and the basin
of the Vrbas river in the city of Banja Luka. The
results confirmed very efficient TPH extraction by
assisted solvent extraction. Characteristic correla-
tion parameters were calculated by examining the
n-alkane, sterane and terpane profiles in the sam-

Koljanci¢ N et al., Determination of biological markers of organic substances in sediment...

ples. CPI values were characterized by increased
n-alkane content and the dominance of hydrocar-
bons with an odd number of C atoms. It has been
shown that the obtained ratio of n-alkanes to iso-
prenoid alkanes indicates the presence of anthro-
pogenic organic substances. This result indicates
terrestrial organic contamination of anthropogenic
origin. At the same time, microbial degradation of
hydrocarbons was confirmed by the presence of
UCM on chromatograms of saturated and aromatic
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hydrocarbons. Identification of steranes and ter-
panes in the samples also supports the assumption
of the presence of oil-type anthropogenic organic
substances in all samples. Polycyclic aromatic com-
pounds from the group of bicyclic and tricyclic
aromatic hydrocarbons were detected based on
their characteristic m/ zratios. PAHs also contribute
to the UCM observed on the saturated and aromatic
hydrocarbon chromatograms.
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Abstract: The paper reveals three applications of neural network predictive control (NNPC) to a system of
four heat exchangers (HEs) in series with counterflow configuration to save energy expressed by cooling water
in the system of HEs cooling the distillation product. Neural networks (NNs) are used at first in conventional
NNPC and subsequently, neural network predictive controllers (NNPCLs) are employed as a master controller
in a cascade control, and as a feedback controller in the control system with disturbance measurement. Neural-
network-predictive-control-based (NNPC-based) feedback control systems are compared with PI controller
based feedback control loop. Series of simulation experiments were done and the results showed that using
NNPC-based cascade control reduced cooling water consumption. This control system also significantly
reduced the settling time and overshoots in the control responses and provided the best assessed integral
quality criteria compared to other control systems. NNPC-based cascade control can also be interesting for
industrial use. Generally, simulation results proved that NNPC-based control systems are promising means for
the improvement of HEs control and achievement of energy saving.

Keywords: heat exchanger; neural network predictive control; neural-network-predictive-control-based cascade

control; neural-network-predictive-control-based control system with disturbance measurement

Introduction

In contemporary industrial and technological
world characterized by increasing energy demands
and energy prices, energy consumption and clean
energy utilization belong to the most important
global challenges. Sustainability requirements on
all production processes and especially on energy
intensive processes are also intensified to save our
planet for future generations. Industrial produc-
tion cannot do without HEs, which are used to ex-
change heat between media. Efficient heat recovery
in an industrial plant is also a challenging task and
one possibility is to combine HEs optimally in heat
exchanger networks (HENs). Pashchenko (2020)
published the calculation method for recovery rate
as the main measure of heat recovery efficiency in
a thermochemical waste-heat recuperation plant.
Advanced control systems represent the other
technical solution for efficient heat recovery. Mar-
kowski and Trzcinski (2019) introduced the HEN
mathematical model and on-line control algorithm
to maximize heat recovery.

From the viewpoint of heat, cold, vapor or elec-
tricity production continuous improvement, HEs
and HENs have become the midpoint of research
and development. Saranya et al. (2017) modeled
various types of heat exchangers, i.e., plate type
HE, spiral type HE and shell and tube type HE.
They also compared different model-based and

non-model-based control systems and stated that
NNs can act as controllers. Nemet et al. (2017) de-
signed HEN with improved safety during its whole
lifetime. Secure HEN was obtained considering the
risk in the early phase of the synthesis by including
the changing failure frequency. Sun et al. (2018)
investigated two different enhanced ejector heat
exchangers and presented a configuration that
optimizes exergy efficiency. Baruque et al. (2019)
designed a heat exchanger as a part of a geothermal
system and helped to regulate temperature by means
of the developed prediction system. Thermally
integrated preheater and heat exchanger network
configurations were used by Yang et al. (2019) to
save energy. The proposed method can be extended
to other industrial processes that diminish energy
spending and CO, emissions. Elsisi (2019) proposed
a new predictive control system for energy conver-
sion in a wind system. Controller parameters were
tuned by a new intelligence technique called the
crow search algorithm. Controller efficiency was
confirmed in various situations with changes in the
load requirements, wind speed, and the presence of
system parameter uncertainties. Kim et al. (2009)
presented an effective strategy to minimize the
total annual cost of designing HE and wastewater
networks. Cost estimates for optimized HE and
wastewater networks in the oil refining process were
assessed to illustrate the efficiency of the proposed
strategy. Yang et al. (2016) introduced a systematic

Acta Chimica Slovaca, Vol. 13, No. 1, 2020, pp. 41—48, DOI: 10.2478/acs-2020-0007 41



and comprehensive comparative methodology that
can be used to assess energy efficiency and energy
saving potential of an energy-intensive chemical
production system. The proposed approach was
implemented to reduce energy consumption and to
identify the most advanced energy use system.
Intensive research has been done in advanced
control of various types and configurations of heat
exchangers. Vasickaninova and Bakosova (2015)
successfully applied neural network and fuzzy
system in a control system with the NNPC-based
main and a fuzzy auxiliary controller to control a
tubular HE. NNPC of tubular HEs in series with
counter current configuration was introduced by
Vasickaninova et al. (2017), ensuring energy savings
compared to PID control. Bakosova et al. (2017)
compared NNPC, robust model-based predictive
control (RMPC) and PID control in tubular HEs
control, examined in set-point tracking. Simulation
results proved better closed-loop control perfor-
mance and energy savings measured by hot water
consumption for NNPC and RMPC over conven-
tional PID control. Oravec et al. (2018) designed
RMPC with integral action and implemented this
control strategy for shell-and-tube HEs with foul-
ing and proving considerable improvement in
control performance and energy savings in contrast
to conventional PID control.

This paper exceeds the paper by Vasickaninova
et al. (2019). The aim of the research represented
by results in this paper is to show that NNPC-
based control systems are very attractive for HEs
operation improvement as they provide higher
energy efficiency, lower carbon footprint and
cooling water savings. Especially water savings are
very important for sustainable management of
natural freshwater resources, for the protection
of the aquatic environment and for meeting the
current and future human needs.

Controlled process description

Optimal operation of HEs and HENS is one of the
tools of energy saving in the process industry en-
suring the integration of heat between hot and cold
process streams to reduce heat and cold consump-
tion during the heat exchange process.

Based on the previous work (Vasickaninova et al.,
2017), four identical shell-and-tube HEs in series

with counter current flow configuration create the
controlled process (Fig. 1). Two main objectives of
control are to decrease the temperature of kerosene
in the outlet stream from the 4™ HE to the reference
temperature and to minimize the cooling water
consumption.

A simplified nonlinear dynamic mathematical
model of the HEs can take the form of eight first-
order differential equations (Oravec et al., 2016).
Values of the parameters and steady-state inputs of
HEs are given in Vasickaninova et al. (2017).

Water is used as a coolant and flows in the shell of
each HE, kerosene flows in the inner tubes. Tubes
as well as shell are constructed of steel.

The first-principle nonlinear dynamic mathematical
model of HEs (Fig. 1) reflecting the energy balances
and heat transfer relations was derived in a simpli-
fied form and it contains eight first-order ordinary
differential equations (Oravec et al., 2016). Four
differential equations (1) describe the dynamics of
cold fluid and the other four differential equations
(2) represent the dynamics of hot fluid.

d7/ @) _

| de | (1)
= k(T (O =T )+ (T @) =T, (1) +

(T 0 =T O0), T (0) = T3,

AT/
' y de y ' (2)
=h, (T () =T () + (T () =T/ (1)) +
+k, (T} (O =T (1), T, (0) =T},
where
AU q, AU q?
b=t b=t g = 22 g =B )
Wipe, T VT Wipe,

In (1)—(3), subscripts 1 and 2 indicate the heated
and the heating stream, respectively. Superscript
j=1,...,4denotes the heat exchanger. Temperatures
177(0)=T),, T/(0) =T, are the initial conditions,
i.e. temperatures in a steady-state operation regime
of the HEs and they can be calculated using the
steady-state model of HEs represented by (1)—(3)
with zero derivatives at the left-hand sides. Further,
tis time, T is temperature, A is the heat transfer
area, U is the overall heat transfer coefficient, V is

HE1
:TE4 &HB &HEZ @ HOT KEROSENE

COLD WATER

Fig. 1. Shell-and-tube heat exchangers in series with counter current flow configuration.
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the volume of fluid in the HE, p is the density, ¢, is
the specific heat capacity and ¢ is the volumetric
flow rate of the fluid (Vasickaninova et al., 2017).

Basic concepts of NNPC

The scheme in Fig. 2 illustrates the predictive con-
trol based on the NN model. The neural network
predictive controller contains an NN model and an
optimization block. The controller predicts process
output variables based on the values of NN model
output variables while the optimization block calcu-
lates control inputs.

The controlled process can be nonlinear and
affected by various uncertainties. In NNPC, it
is important to obtain a process model based on
NN which is trained based on a prediction error
representing the difference between the measured
process output and the predicted neural network
output (Soloway and Haley, 1996).

The quadratic performance function (4) is mini-
mized to provide the optimum sequence of con-
trol inputs and only the first control input of the
sequence is applied on the controlled nonlinear
plant.

E()=3"" | (r(k+ )=y, (k+ ) +

. (4)
Y Bkt j=D)Y

Performance function parameters are: N, — mini-
mum prediction horizon, Ny — maximum predic-
tion horizon and N, — control horizon. Prediction
horizons N,, N, indicate the future time interval in
which it is desirable to track the reference trajec-
tory 7, k denotes discrete time, i is the order of the
predictor, positive number A represents weight
factor expressing the contribution of the control
increments to the cost function, y,, is the NN model
output, and Au is the sequence of future control
increments (Beale et al., 2015).

The above described NN predictive control
structure uses a two-layer NN process model with
sigmoid hidden-layer transfer functions and linear
output-layer transfer functions. The network is
usually trained off-line in batch mode using data
gathered by measuring of the controlled process
outputs. The Levenberg-Marquardt (LM) training
algorithm for the NN model is commonly used
(Lera and Pinzolas, 2002). Due to the convergence
properties, the LM algorithm has become a widely
adopted standard technique for nonlinear least-
squares problems. It iteratively searches a minimum
of the sum of nonlinear function squares according
to Eq. (5):

x(k) = x(k+1)+(J" J+pd)" J"e(k) (5)

where [ is the identity matrix, J denotes the Jaco-
bian matrix from the difference of error to the
weight value, ¢ denotes the control error and p is
a damping parameter representing an adaptive
balance between two steps. Both the success and
the efficiency of the LM algorithm depend on the
choice of parameter f.

Conventional control of heat exchangers
in series with counter current flow
arrangement

Conventional PI control

Four heat exchangers in series with counter cur-
rent flow configuration described in the previous
section represent the controlled process. Kerosene
temperature in the outlet stream from the 4™ heat
exchanger is the controlled output, and volumetric
flow rate of cold water in the inlet stream into the
4™ heat exchanger is the manipulated variable.
The feedback control system is presented in Fig. 3,
where TC is the temperature PI controller. HEN
has nonlinear and asymmetric dynamics and it
is influenced by load disturbances. These distur-

Reference Future

trajectory error

» Optimizer
+’C/

Cost Constraints NNPC
function Future Predicted
input output
> » NN Model
‘_
+
» Process
Output

Fig. 2. Feedback control system with a neural-network-based predictive controller.
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Fig. 3. Feedback control system with temperature PI controller.

bances were represented by the coolant temperature
changes in the inlet stream into the first HE in the
simulation experiments and they were as follows:
temperature decreased by 3 °C at ¢ = 30 min, then
increased by 4 °C at ¢= 90 min and finally decreased
by 2 °C at ¢t= 150 min.

The conventional PI controller is represented by
the transfer function (6)

0.0337
$

)=k, [1+i]:kp+ﬁ=—o.1274— (©)
l;s S

The controller parameters are: k, — proportional
gain, t; — integral time.

For PI controller tuning, HEN was identified
using the step-response-based method. The
resulting model took the form of the n-th order
plus time delay transfer function (7) with the

transfer function parameters: order n = 2, gain
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Fig. 4. Training data for NN model.

K=-69.25 °C min m™, time constant 7 = 3.15 min
and time delay D = 0.125 min (Mikle§ and Fikar,
2007). The Chien-Hrones-Reswick method was
used for controller tuning (Corriou, 2004). The PI
controller parameters are: k£,=-0.1274 °C™' min™' m?,
k= -0.0337 °C' min? m®. Negative values of con-
troller parameters reflect the fact that an increase
of cooling fluid flow rate decreases the temperature
of hot fluid.
K De —69.25

_ D5 _ —0.1255
PO = 7 T Bams ™

Conventional neural network predictive control

of HEs

As mentioned above, the NN process model has
first to be trained (Vasickaninova et al., 2017) to de-
sign NNPC. The neural network had four delayed
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Fig. 5. Validation data for NN model.
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process inputs, three delayed process outputs, and
one hidden layer with six neurons and 1,500 train-
ing samples were used for training, validation, and
testing. Training and validation results are shown
in Figs. 4 and 5. A small prediction error confirms
the success of the training.

The parameters’ values in the performance criterion
(4) used for the NNPC design were: horizons values:
N, =1, N;=7, N, =2, weight parameter: A = 0.1. The
control input constraints were selected as follows:
minimum control input: ¢,,;, = 0.01 m* min™', maxi-
mum control input: ¢,,,,= 1 m* min'.

Neural-network-predictive-control-based
control systems

NNPC-based cascade control

Cascade control, which represents a multi-loop con-
trol structure with an auxiliary controlled variable,
is often used in the process industry to improve the
quality of feedback control when certain types of
disturbances and uncertainties occur (Bequette,
2003).

This setting shows one manipulated variable and
more than one measured variables. The inner
and outer control loops contain separate feedback
controllers. The main advantage of using cascade
control is that the disturbances occurring in the
secondary loop are corrected by the secondary
controller before they affect the primary controlled
output value. The primary controller is usually
tuned as a controller with integral action because it
is responsible for the control objective achievement
and steady-state error removal. The secondary
controller has to compensate the load disturbance
as fast as possible; usually, high gain P controller is
used for very fast action. The secondary controller
is tuned first and the primary controller is tuned
with the inner loop in action. Because the behavior
of the controlled process is often non-linear and
asymmetric, and since the internal loop dynamics

\[/HE4

has to be taken into account, tuning the primary
controller is not simple (Ogunnaike and Ray, 1994).
Thus, the neural network model of the controlled
process can be used to improve the tuning of the pri-
mary controller (Fig. 6). Primary controlled output
was the temperature of the cooled fluid in the outlet
stream of the 4™ HE. The primary NN predictive
controller settings were as follows: four delayed
process inputs, three delayed process outputs and
one hidden layer with six neurons, and 1,000 train-
ing samples were used for training, validation, and
testing. Parameters’ values in the performance
criterion (4) were: horizons: N; =1, N, =7, N, = 4,
weight parameter: A = 0.01, minimum controlled
output: T,,,, = 25 °C, maximum controlled output:
T,,x = 180 °C. The conventional P controller was
used as a secondary controller to compensate load
disturbance as quickly as possible. The secondary
controlled output was the cold water flow rate in
the inlet stream into the 4™ HE. The gain of the
secondary P controller was -0.04 °C™' min™" m”.

NNPC-based control system

with disturbance measurement

Feedback control is usually used with feedforward
control to combine the advantages and avoid the
disadvantages of both control structures (Bequette,
2003). The feedforward controller, also called
a compensator, compensates for the effect of
disturbances on the controlled variable if both an
accurate model of the controlled process and an
accurate model of the disturbance process for mea-
surable disturbance are used. The control loop with
feedforward compensation of the disturbance is
forced to eliminate the influence of the disturbance
to its full extent. By introducing a compensator in
the feedforward loop, the disturbances are partially
eliminated before they enter the feedback loop,
and thus the feedback controller does not have to
generate large control actions as in case of a simple
feedback control loop.

HE3 HE2 HE1

: S Tyes

Fig. 6. NNPC-based cascade control for HEs, TC — primary NN predictive controller,
FC — secondary conventional P controller.
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Fig. 7. NNPC-based control system with disturbance measurement for HEs,
TC — NN predictive feedback controller, FRC — feedforward compensator.

In the designed NNPC-based control system with
disturbance measurement (Fig. 7), feedforward
control is used in combination with the NNPC-
based feedback control. The NN predictive control-
ler described in section Conventional neural network
predictive control of HEs was used as the feedback
controller. The transfer function of the feedforward
compensator was calculated from the transfer func-
tions of the controlled system and the disturbance
process and it was simplified to the conventional P

controller with the gain of 0.001 °C! min™' m?.

Simulation results

Simulation results obtained using the designed con-
trol systems without and with measurement noise
are presented in Figs. 8 and 9, respectively. The
simulation results were compared according to the
total cooling agent consumption, V,,,; consumed

during control, and the integral IAE (integrated
absolute error) and ISE (integrated squared error)
quality criteria defined e.g. in Ogunnaike and Ray
(1994) as follows:

IAE = j; et d (8)

RVARY:

ISE= [ "oty dt 9)
Reference temperature r= 34 °C changed to 32 °C at
60 min and then to 31 °C at 120 min.

The simulation results in reference tracking and
disturbance rejection without measurement noise
are presented in Fig. 8. Table 1 summarizes the ob-
tained numerical results. Consumption of the cool-
ing agent expressed by the total consumed volume,
Vi and the values of TAE and ISE was the lowest
with the NNPC-based cascade control.

35

w
N

Temperature (°C)
w
w

Ie |
T
32 o .
1'-!. \"}
\S
31 C =
Y3
30 1 1 1 1 1 1 1 1
0 20 40 60 80 100 120 140 160
Time (min)

Fig. 8. Controlled temperature without measurement noise.
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Fig. 9. Controlled temperature with measurement noise.

Tab. 1. Values of IAE, ISE, and V,,, in simulation experiments without measurement noise.

Control system IAE (°C min) ISE (°C2 min) Vgt (m)
PI control 27.86 21.18 84.02
NNPC 24.73 17.16 83.94
NNPC-based cascade control 7.38 5.69 83.12
NNPC-based control system with disturbance measurement 22.27 12.02 84.26
Tab. 2. Values of IAE, ISE, and V,,,; in simulation experiments with measurement noise.
Control system IAE (°C min) ISE (°C* min) Viota (M%)
PI control 28.13 21.69 84.56
NNPC 23.80 11.83 84.30
NNPC-based cascade control 12.36 5.81 83.62
NNPC-based control system with disturbance measurement 22.47 12.45 84.95

In Figs. 8 and 9, the reference is represented by
the green solid line and the controlled output is
indicated as follows: red dotted line — PI control,
black dashed line — NNPC, blue dashed-dotted
line — NNPC-based cascade control, yellow line —
NNPC-based control system with disturbance
measurement.

The simulation results in reference tracking and
disturbance rejection with measurement noise are
presented in Fig. 9. Table 2 summarizes the obtained
numerical results. Consumption of cooling agent,
Vo and the values of TAE and ISE were the lowest
when using the NNPC-based cascade control.

Conclusions

Conventional PI controller designed using the
Chien-Hrones-Reswick method and NNPC were

compared to a complex two-controller control
structure, namely NNPC-based cascade control,
and NNPC-based control system with disturbance
measurement. These advanced control strategies
were used to control four heat exchangers in series
with counter current configuration. Simulation re-
sults in reference tracking and disturbance rejection
without noise and with measurement noise were
compared. According to the IAE and ISE criteria,
all control structures with NNPC have overcome
conventional PI control. Results of the simulation
experiments showed that the NNPC-based cascade
control reduced both, the settling time and over-
shoots. The best results were achieved when using
the NNPC-based cascade control, as confirmed by
the TAE and ISE criteria, as well as to the mini-
mum volume of consumed cooling water. Cascade
control is often used to eliminate unmeasurable
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disturbances and accelerate process response. From
this perspective, the NNPC-based cascade control
strategy is suitable to be implemented in practice
with promising control performance.
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Influence of catecholic ring torsion

on hydroxyflavones
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Abstract: Systematic quantum chemical investigation of quercetin and selected eight mono- and bi-
hydroxyflavonols is presented. Structural analysis based on the Density Functional Theory showed that the
energetically preferred conformation of flavonols substituted at the C5 and C3 atoms by a hydroxyl group
is stabilised via intramolecular hydrogen bonds occurring between the (C4)O- - - HO(3 or 5) atomic pairs.
Depending on the hydroxyl group positions, energetically preferred torsional orientation of the phenyl ring
with respect to the planar benzo-y-pyrone moiety changed from 0 to 180 degrees. Gas-phase electron transitions
were investigated using the time-dependent DFT treatment. The dependence of maximal wavelengths on the
torsional deformation of the phenyl ring is of a similar shape, i.e. minima observed for the perpendicular
orientation and maxima for the planar one. Shape and energies of the Highest Occupied (HOMO) and Lowest
Unoccupied (LUMO) Molecular Orbitals were compared. The obtained theoretical results were compared

with available experimental data.

Keywords: BDE, hydroxyflavones, torsion

Introduction

Polyphenols are aromatic compounds with large
systems of m-electron configurations. Thanks to
this configuration they absorb visible light which
makes them colourful. Their name derives from
the Ancient Greek word moxo( (polus, meaning
“many, much”) and the word phenol which refers
to a chemical structure formed by attaching of a
hydroxyl (—OH) group to an aromatic benzenoid
(phenyl) ring as it is found in alcohols (hence the
-ol suffix, Quideau et al., 2011). The term polyphe-
nol has been in use at least since 1894 (Merriam-
webster). The number and characteristics of these
phenol structures underlie the unique physical,
chemical, toxic, metabolic or pharmaceutical
properties of the class members (Williams et al.,
2004). These compounds are not polymers of
phenol. Although phenol can be polymerised by
electrochemical oxidation, the formed products are
not referred to as “polyphenols” (Mengoli et al.,
1987). Polyphenols also possess significant binding
affinity for proteins, which can lead to the forma-
tion of soluble and insoluble protein-polyphenol
complexes (Papadopoulou et al., 2004).

Flavonoids are a specific group of naturally occur-
ring polyphenolic compounds ubiquitously found in
fruits and vegetables (Hollman et al., 2000). Physico-
chemical properties of flavonoids are generally as-
sociated with three chemical features: (i) ortho-di-
hydroxy structure in the B-ring, (ii) presence of a
2,3 double bond in the C-ring, and/or (iii) presence
of a 4-oxo function in the C-ring (Figure 1). The

various classes of flavonoids differ in the level of oxi-
dation of the ‘C’ ring of the basic benzo-y-pyrone
structure. Common family members of flavonoids
include flavones, flavanes, flavonols, catechins and
anthocyanidins. Flavonols are flavonoids of particu-
lar importance because they have been found to
possess antioxidant and free radical scavenging ac-
tivity in foods (Shahidi et al., 1992). Some poly-
phenols are traditionally used as dyes. For example,
5-hydroxyflavonol and 3-hydroxylflavonol and their
derivatives usually exhibit two strongly separated
bands in their fluorescence spectrum due to the ex-
cited state intramolecular proton transfer, leading to
two excited forms: normal N*, and tautomer T°.
Fluorescence maxima positions and relative intensi-
ties depend on the solvent environment (Sengupta et
al., 1979). This phenomenon is used in the construc-
tion of effective probes used in bio-structures’ analy-
sis (Klymchenko et al., 2002).

Excited states of flavonoids were experimentally
studied as well as predicted by means of semiempi-
rical, ab initio, and density functional theory (DFT)
quantum mechanical methods (ToSovi¢ et al., 2017).
The semiempirical ZINDO method combined
with the configuration interaction, where singlet
excitations are included, showed unpredictable
accuracy (Kotzian et al., 1992). The more com-
puting-demanding ab initio methods, e.g. complete
active space self-consistent field (CASSCF) method
(Andresson and Roos, 1995) or multi-reference
configuration interaction (MRCI, Sherrill et al.,
1999), are usually successful, but the quality of the
obtained results is highly dependent on the selec-
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Fig. 1. General structure and numbering scheme of hydroxyflavones (R, = H unless stated otherwise)
and the reaction scheme of 3-hydroxyflavone 30H tautomerisation into t30H.

tion of the created active space. In the last decade,
the time-dependent density functional theory (TD-
DFT) has been successfully applied to examine the
excited states of some polyphenolic compounds
(Gierschner et al., 2012).

Although many published works reported experi-
mental and theoretical studies on the electronic
structure and spectroscopic properties of a large
variety of flavone and flavonol derivatives (Valle,
2006; Ash et al., 2010; Ahmed et al., 2017), syste-
matic comparative studies on electron structure
changes upon torsional deformation of the B ring
are lacking. Therefore, a systematic theoretical
analysis of selected flavonols is here presented
(Fig. 1). Partial aims of this quantum chemical
study are: (1) finding optimal structures of ground
electron states and corresponding radicals formed
after homolytic O—H group cleavage; (2) investi-
gating the shape of gas-phase torsional potentials
belonging to the B ring with respect to the hydroxyl
group positions; (3) analyzing the torsional depen-
dence of experimentally relevant vertical optical
transitions and bond dissociation energies. Finally,
the shapes and energies of the Highest Occupied
(HOMO) and Lowest Unoccupied (LUMO) Mole-
cular Orbitals were compared. Theoretical results
were compared with available experimental data.

Methods

Gaussian program package at current revision
16 (Frisch et al., 2016) was used for all calcula-
tion done at the DFT level of theory. The B3LYP
(Becke, 1988; Lee et al., 1988) hybrid functional
and 6-31G* basis sets were employed for all atoms
(Rassolov et al., 2001). To study the flexibility of
neutral molecules in their singlet or doublet (for
radicals after H® abstraction) electron ground state,
arelaxed scan was done by optimizing the geometry
with fixed C3—C2—C1I’—C2’ dihedral angle. Total
of ten steps by 18 degrees were considered. First
3- excited states were calculated at each step by
the TD-DFT method with the B3LYP functional.

50

Molecular orbitals were depicted using the Jsmol
HTML5 web applet (Jmol 2019).

Based on the optimised structures, cleavage of the
hydroxyl O—H bonds in terms of bond dissociation
energies (BDE) was calculated following the
equation

BDE = E(Ph—O°) + E(H") - E(Ph—OH) (1)

where E(Ph—OH) represents the DFT energy of
hydroxyflavone and E(Ph—O") is the DFT energy
of its radical. Hydrogen atom energy E(H®) in the
gas phase is -0.500272784186 hartree.

Results

Within the selected theoretical method, most of the
optimised structures are not planar with the excep-
tion of 3-hydroxyflavone (30H). As a reference,
predicted dihedral angles between rings AC and B
(see Fig. 1) are compared in Tab. 1 with the experi-
mental ones determined from crystal structures.
Notable discrepancies can be found at first sight,
but they can be argued quite easily. To begin with,
the dihedral angle varies wildly even within the
crystal structures of the same molecule (see e.g.
quercetin), which is caused by solvent and crystal
packing effects. Moreover, Fig. 2a indicates the bar-
rier of less than 2 k] mol™ for significant torsion for
most of the moieties. In the solvent environment,
this barrier is probably even lower; therefore, free
rotations of at least £20 ° are definitely enabled.
From the symmetry point of view, quercetin and
3’,4-hydroxyflavone (3°,40OH) conformations with
dihedral angles of 0 ° and 180 ° are not identical.
While for the latter one, they are virtually the same
from the energy point of view, in case of querce-
tin there is a small energy preference of around
2 kJ mol™ for the 0 ° angle (Fig. 2a). Given this
negligible difference, only 180 ° torsion starting
with the most stable conformations was considered
in the following discussion.

Falantin et al. (2017) also found 30H with C,
symmetry with the strong intramolecular H-bond
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Tab. 1. Theoretical angles and BDEs, angles from X-ray structures are in parenthesis.

Dihedral angle C3—C2—C1'—C2’ BDE/k] mol!
0° (5.5 °— Etter, 1986)
30H . 362
(4.7 ° — Schutte-Smith, 2019)
50H 37 ° (5.8 ° — Shoja, 1990) 430
19 ° (9.8 ° — Seetharaman, 1992)
60H . 363
(18 ° — Shoja, 1998)
70H 19 ° (18.6 ° — Kumar, 1998) 371
SOH 19° 352
3’40H 35° 317(40+), 322(3O)
321(3O-
18 ° (1.0 ° — Domagata, 2011) ( )
. . 314(40°)
. (7 ° — Rossi, 1986)
Quercetin . 346(30 )
(6.7 ° — Jin, 1990)
(32° — Vasisht, 2016) H1560+)
T 377(70*)

Relative energy / kJ mol
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~
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Fig. 2. Scan of catecholic ring torsion: a) neutral state energy (optimised geometry as reference),
b) bond dissociation energy of quercetin, ¢) BDEs of other hydroxyflavones.

between the H3 atom of the hydroxyl group and
the O4 atom. This H-bond also supports proton
transfer, creating a tautomer (denoted by prefix t).

Multiple experimental results confirm the signifi-
cance of the tautomeric form of 3-hydroxyflavone
(t30H, shown in Fig. 1) and 5-hydroxyflavone
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(t50H). Incidentally, the highest rotational bar-
rier shows t30H, which can be explained by the
conjugation of AC rings extended to the B ring.
This is not the case in the tsOH tautomer, which
was found to be very similar to 3°4’0OH in terms of
torsion energy demands (not shown in Fig. 2). For
other molecules, the findings are consistent with
the single bond character of the C2—C1’ bond.
Position of the hydroxyl group in case of 50H,
60H and 70H seems to play a little to no role as
almost identical curves were found in these cases;
therefore, only one of them is shown in Fig. 2. The
catecholic ring is the least restrained from the rota-
tion in 8-hydroxyflavone. Apart from tautomers,
quercetin has the most restrained B ring rotation.

Since flavonoids are often studied for their anti-
oxidant properties, investigations of the change
in dihedral angle on the energetics of the homo-
lytic O—H bond cleavage should be considered
essential. Despite employing somewhat small basis
sets, our BDEs are in very good agreement with
the very precise G4 BDEs (Alvareda 2016). Cor-
relation coefficient between the data reached the
value of 0.991 (not presented). Calculated BDEs
of our studied hydroxyflavones have mostly the
lowest values for ca. 0 ° and 180 ° angles and the
highest values for 90 °. An exception is the 3'R
radical formed from 3’,4’0H with a different type
of dependence as seen in Fig. 2¢: two maxima at
18 °and at 126 °. Interestingly, when the quercetin

EEEEEEE————
Quercetin [ 3.67

8OH [ 4.27 |

7OH | | 4.59 |

6OH [ | 4.26 |

t50H | 2.92 |

50H [ 4.03 |

t30H | 2.67 Il |

30H | 3.83 |

340H [ | 4.20 |
15 20 -25 30 -35 -40 -45 -50 -55 60 65

MO Energy (eV)

Fig. 3. Frontier MOs energy diagram. HOMO-LUMO energy gap is indicated by numbers.

Tab. 2. Electron transitions to the first 3- excited state of studied molecules with oscillator strengths f. Ex-
perimental absorption maxima are in parentheses (Wolfbeis et al., 1984; Dangleterre et al., 2008).

H stands for HOMO and L for LUMO.

Aabs E / Assignment Aabs E / Assignment
nm eV a.u. nm eV a.u.
348(342) 3.56  0.0055 H-1-L 44 % 353 3.51 0.0006 H-2-L 12%
5 40H H-l-L+1  15% H-1-L 35%
311(308)  3.99  0.3752 H-L 45 % 60H 324(308) 3.83  0.0781 H-L 47 %
283 4.38  0.0504 H-2- L 42 % 285(266) 4.35 0.3869 H-2-L 31%
346(342) 3.58 0.3578 H-L 48 % H-1-L 11 %
30H 306 4.05  0.0000 H-3 - L 49 % 354(335) 3.51 0.0006 H-2-L 18%
291 4.27 0.1051 H-1-L 45 % H-1-L 2%
483 2.57  0.3398 H-L 50 % 70H 298(309) 4.16 0.2627 H-2-L 29%
t30H 377 3.29  0.0000 H-1-L 50 % H-1-L 13%
331 3.75  0.0043 H-2-L 47 % 290 4.27  0.0829 H-L 33 %
351(332) 3.53  0.0438 H-L 49 % 356 348 0.0006 H-1-L 45%
5OH 316(298)  3.92  0.0030 H-3-L 24 % S8OH 334(302) 3.72  0.0211 H-L 48 %
H-2-L 17 % 277(264) 4.48 0.0683 H-3-L 38%
277(266)  4.47  0.0060 H-L+1 28 % 371(370)  3.34  0.4787 H-L 47 %
529 937 00584  H_L 499 | e 394 383  0.0722 H-1-L 47%
thOH 386 3.21  0.0000 H-1-L 48 % an 293 423  0.0302 H2-L 43%
331 3.74  0.0880 H- L+1 48 %
52 Michalik M et al., Influence of catecholic ring torsion on hydrosyflavones.



catecholic ring is rotated by 90 ° with respect to
the plane defined by AC rings, difference in the
energy demand for the cleavage of 4£O—H and
3’°0—H bond becomes almost the same. In terms
of O—H bond cleavage, monohydroxyflavone re-
sembles quercetin. For example, Figs. 2b, 2c show
BDE of 3-hydroxy group largely affected both in
quercetin and in 3-hydroxyflavone in contrast to
the very mildly changed quercetin BDEs of 7- and
5-hydroxy group or to those of 7OH and 50H (not
shown). BDE of 60H is also almost unaffected by
the torsion.

Energy difference between the ground states of
3-hydroxyflavone and its tautomer is almost of
50 kJ mol™ but ultrafast spectroscopy experiments
confirmed that the first excited state of 30H spon-
taneously forms excited state tautomer followed by
the decay to the tautomer ground state (Dzugan
et al., 1986). Significant difference in energy of
HOMO, LUMO as well as their energy gap can

HOMO-1

3’4’0OH — stable

3’4’0OH — torsion

Quercetin — stable

HOMO

be seen comparing the ground state of 30H with
t30H (Fig. 3, also see Fig. 1 for chemical structure
of t30H). For the most hydroxyflavones, the first
visible absorption band corresponds to the HOMO
to LUMO 7 =" absorption, which is confirmed by
the theoretical electron transitions to excited states
compiled in Tab. 2.

Lower energy gap of the tautomers is projected
in redshifted electron transition (e.g. 346 nm
for 30H compared to 483 nm for t30H). Flavo-
noids experimental absorption bands maxima
often exhibit high sensitivity to solvent proper-
ties such as polarity, pH and temperature. Also,
the UV-vis spectra are highly dependent on the
number and position of substituents. Despite the
calculations being done only in the gas phase, the
predicted electron transitions, except for 70H,
are in fair agreement with the experimental ones
(R = 0.966). The typical © character of ground
state HOMO and LUMO is illustrated in Fig. 4.

LUMO

LUMO + 1

Quercetin — torsion ’W #’ w” #‘

Fig. 4. Relevant molecular orbitals of stable geometries and after catecholic ring torsion
(isosurface of 0.025 a.u.).
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Fig. 5. Effect of dihedral C3—C2—C1'—C2’ angle change
on experimentally relevant excited state parameters.
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On the other hand, HOMO-1 is of a non-bonding
character yielding HOMO-1-LUMO transitions
forbidden with almost zero predicted oscilla-
tor strength. Frontier molecular orbital shapes
exhibit exceptional changes due to the torsional
defects. In case of 3’4’0OH, visible transformation
of w-type HOMO into non-bonding type or-
bital occurred while the oposite was observed for
HOMO-1. Quercetin in particular has HOMO-1
of m character but the torsion shifts the electron
delocalisation to the above catecholic ring only.
In experimental spectra, these HOMO-1-LUMO
transitions are slightly visible. Also, any change
in dihedral C3—C2—CI’—C2’ angles causes a
blueshift in the excited states transitions. The
largest blueshift accompanied by the largest
drop in the oscillator strength was observed for
the quercetin HOMO-LUMO transition (Fig. 5).
Despite this, 50H, 60H and 80H showed an
increase in the oscillator strengths.

Conclusion

Knowledge of the rotation energy barrier around
the C2—C1’ bond is essential for the description of
the dynamic behaviour of hydroxyflavones. Theo-
retical calculations based on density functional
theory predict a small energy barrier permitting
at least £20 ° torsion of the catecholic ring with
respect to the AC rings plane for most studied free
molecules. Therefore, most hydroxyflavones are
very far from a rigid molecule. For neutral mole-
cules, the potential function is of a single-barrier
type. The dihedral angle dependence of BDEs
provided another useful information; 3-hydroxy-
flavonol showed the biggest difference between
the highest and the lowest BDE values among
mono-hydroxyflavones. Any deviation in dihedral
C3—C2—C1'—C2’ from the optimised geometry
angle resulted in a blueshift of the excited states
electron transitions. Since the effect of solvent and
solid phase matrices is expected to be even more
significant, application of molecular dynamics
methods with multiple explicit molecules are
planned for the future work.
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Application of selective polymeric sorbents
for simple coumarins extraction
from deodorant samples
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Abstract: Coumarins (2H-1-benzopyran-2-coumarin derivatives) are derivatives of cinnamic acid naturally
occurring in many plants, fungi, and fruits. They are used as ingredients in cosmetics to enhance the aroma
and other biological effects. In this work, cosmetic samples (deodorants) were treated by solid phase extraction
prior to high performance liquid chromatography determination of coumarins. Traditional sorbent (C18) and
selective polymer-based sorbents (laboratory prepared and commercial) were used for solid phase extraction.
Recovery values were above 85 % (RSDs below 6 %) except for esculin, where the recovery was lower. Core-shell
column of C18 type and gradient of mobile phase methanol—1 % acetic acid were used for high performance
liquid chromatography analysis of extracts. Limits of quantitation were 0.5 ng mL™" for coumarin (ultraviolet
detection) and below 12 ng mL™" for esculin, umbelliferonene, scoparone, 4-methylumbelliferone, herniarin
(fluorescence detection). In the tested samples, no coumarins were detected.

Keywords: simple coumarins, deodorants, high performance liquid chromatography, selective sorbent, solid

phase extraction

Introduction

Coumarins (Fig. 1) are substances naturally oc-
curring in plants (e.g. tonka bean, yellow sweet
clover, lavender), and other natural sources. They
exhibit several biological effects with a wide range
of applications, e.g. UV protection, antibacterial,
nematocidal, phytotoxic, antifungal activity, etc.
(Pan et al., 2014). Coumarin, as the main group
representative, is characterized by its smell which
is sweet, from herbal-spicy to slightly balsamic with
coconut variations; in dilution it smells like freshly
cut hay.

Fragrances are used extensively in cosmetics, per-
fumes and personal care products (aftershave lo-
tions, bath products, bubble baths, cleansing
products, moisturizers, skin care products and
suntan products). Among coumarins, synthetic
coumarin is the main compound utilized as fra-
grance ingredient in cosmetic products at concen-
trations from 0.08 % to 5.8 % (Quantitative Risk
Assessment aggregate exposure adjusted upper
concentration levels; Guidance for the use of IFRA
standards, 2019). Some natural coumarins may be
present in cosmetic preparations from plant ex-
tracts (Murray, 2002). In the EU, seven coumarins
(herniarin, dicoumarol, 7-ethoxy-4-methylcou-
marin, dihydrocoumarin, 7-methylcoumarin,
acenocoumarol, and pyranocoumarin) are forbid-
den in cosmetic products (Regulation (EC) No
1223/2009). Coumarins not only improve the
aroma of the products, but from a technological

point of view they serve mainly as a modifier and
fixator of the final fragrant composition. However,
they can also cause allergic reactions (Srikrishna et
al., 2018). A quantitative human health risk assess-
ment integrating both cancer and non-cancer ef-
fects confirmed the safety of coumarin exposure
from natural dietary sources as well as from its use
as perfume in personal care products (Felter et al.,

2006).

R4
Ry N
Rs ° o
R4

R, R, R; R,
Coumarin H H H H
Esculin H Glucose OH H
Umbelliferone H H OH H
4-Methylumbelliferone ~ CH, H OH H
Scoparone H CH;0 CH;O H
Herniarin H H CH;0 H

Fig. 1. Chemical structure
of selected natural coumarins.

According to EU Council Directive, if fragrances
concentration exceeds 100 ppm in “wash-off” pro-
ducts such as shampoos and body wash, or 10 ppm in
“leave-on” products such as creams and perfumes,
they need to be enumerated in the ingredients list
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of the product (EU Council Directive No 76/768/
EEC). Analytical methods that screen for these fra-
grance compounds in complex matrices have to be
developed. HPLC is most commonly used method
for separation and determination of coumarins,
while GC and TLC are rarely used for separation
of some coumarins (Waksmundzka-Hajnos et al.,
2006; Rahim et al., 2011). The most common
HPLC stationary phase is the C18, C8, phenyl or
phenyl-hexyl type. A mixture of an organic solvent
and aqueous acid solution with gradient elution is
often chosen as the mobile phase. A spectrophoto-
metric detector, fluorescent detector (Hrobonova et
al., 2013) or a mass spectrometric detector (Ma et
al., 2015) are used to detect coumarins. An impor-
tant part of chemical analysis is the preparation of
samples to remove interferences from the matrix
and to obtain a fraction of the sample or the final
analyte extract in a solvent compatible with the
analytical technique used, e.g. with the mobile
phase in HPLC. Sometimes it is also necessary to
preconcentrate the target analytes. The most com-
monly used sample preparation technique is solid
phase extraction (SPE) due to its speed, simplicity
of procedures and equipment, automatization and
the small amount of solvents required compared to
traditional extraction techniques, e.g. liquid-liquid
and liquid-solid extraction. There are many of SPE
sorbents but in most procedures only a few types are
used (e.g. C18). Their selectivity can be sometimes
low, especially in case of complex samples, and
the target analyte can co-elute with the matrix in-
terferences. A new type of sorbents with increased
selectivity for target analytes are the molecularly
imprinted polymers (MIP), synthetic tailor-made
materials with predefined selectivity for the target
analyte or structurally related compounds based
on specific interactions between the analyte and
the binding sites on MIP. In most cases, the ap-
plication of MIPs in cosmetics’ analysis is mainly
focused on the extraction of active ingredients such
as parabens, antimicrobials, UV filters (Figuierido
et al., 2016; Vicario et al., 2018; Wang et al., 2018),
but they are also applied for selective extraction of
toxic compounds, e.g. bisphenol (Zhu et al., 2010).
MIP based sorbents are also useful in the analysis
natural resources and extracts, e.g. herbal plant
extracts, used in natural cosmetics, both for isola-
tion and enrichment, active compounds such as
alpha-lipoic acid (Xu et al., 2020) and toxins such
as pyrrolizidine alkaloids (Luo et al., 2019). Only
a few papers have been published regarding the
application of MIPs selective for coumarins. MIPs
have been used as sorbents for offline MIP-SPE
extraction of coumarins from traditional Chinese
medicine herbs, such as esculetin from Ash bark

(Hu et al., 2005) and esculin from Cortex fraxini
(Wang et al., 2007). Coumarin, herniarin and um-
belliferone were extracted from plants (lavender,
archangel, camomile) macerates (Machynakova and
Hrobonova 2017a; Machynakova and Hrobonova
2017b) and sesquiterpene coumarins from Asa-
foetida plant (Eidi et al., 2020).

In this study, extraction efficiency of simple
coumarins obtained using different types of SPE
sorbents were compared. The traditional sorbent
of C18 type and selective polymer-based sorbents
(laboratory synthesized and commercial) were
tested. An offline extraction procedure and HPLC
method were used for deodorant analysis.

Material and Methods

Chemicals and samples

Standards of coumarin (99 %), esculin (6,7-dihy-
droxycoumarin-6-3-D-glucoside, 98 %), umbelli-
ferone (7-hydroxycoumarin, 99 %), 4-methylum-
belliferone (4-methyl-7-hydroxycoumarin, 98 %),
scoparone (6,7-dimethoxycoumarin, 98 %), her-
niarin (7-methoxycoumarin, 98 %) were purchased
from Sigma-Aldrich (St. Louis, USA). Methanol
(HPLC gradient grade) and acetic acid (99 %) were
purchased from Merck (Darmstadt, Germany).
Deionized water (resistivity of 18.2 MQ/cm) was
obtained from a AquaMax ultra (series 370) water
purification system.

Samples of deodorants (Sample 1 was deodorant
with the aroma of green tea and agave containing
alcohol; Sample 2 was deodorant for sensitive skin
without alcohol; Sample 3 was natural cosmetic
deodorant where the manufacturer guarantees
conscious renunciation of disputed ingredients)
were obtained from a local drugstore network.
For all tested samples, the manufacturers do not
list coumarin as an ingredient in the product. The
samples were kept at room temperature.

Preparation of standard solutions

Accurately weighed amounts of standards were
dissolved in solvent (initial mobile phase —
methanol/1 % acetic acid (20/80, v/v) to reach stock
solutions with the concentration of 0.1 mg mL™".
Mixed working solutions were prepared by
diluting the stock solutions to concentrations in
the range of 0.5—100 png mL™" for coumarin and of
15—100 ng mL™" for other substances under study.

Solid phase extraction procedure

SPE was performed with C18 Hydra (Chromabond,
Macherey-Nagel, Germany; 100 mg of sorbent),
MIP-phenolics (AFFINIMIP, Affinisep, France;
100 mg of sorbent), and MIP-coumarins (labora-
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tory prepared under procedure by Machynakova
and Hrobonova, 2017a; 100 mg of sorbent). SPE
cartridges were preconditioned with 2 mL of
methanol and 2 mL of water. Then, 0.5 mL of sam-
ple or standard solution of coumarins was passed
through the cartridge. The cartridge was washed
with 1 mL of water and finally the analytes were
eluted with 0.5 mL of methanol/acetic acid (9/1,
v/v). This extract was filtered through a 0.45 pm
nylon membrane filter and an aliquot of 20 pL was
injected into the HPLC.

HPLC analysis

HPLC separation was carried out on an Agilent
Technologies, series 1260, Liquid chromatographic
system equipped with a binary pump, injector valve
(Rheodyne), column thermostat, diode array detec-
tor, and a fluorescence detector. A Kinetex C18 ana-
lytical column (100 mm x 4.6 mm I.D., 5 pm particle
size) was employed. The chromatographic elution
was performed with binary mobile phase gradient
consisting of methanol/acetic acid (99/1, v/v) (A)
and a 1 % aqueous solution of acetic acid (B) at the
flow rate of 1.0 mL min™". The gradient program was
as follows: initial gradient conditions were set to 20 %
A, then linear gradient was increased to 45 % A over
12 min. At 12 min, the gradient was programmed to
100 % A over 0.5 min and held for 2 min. At 14.5 min,
the gradient was returned to initial conditions over
0.5 min and held for 4 min. Column temperature
was maintained at 23 °C. Injection volume was
20 pL. DAD was operated in the wavelength range
of 190—400 nm and for quantification of coumarin,
detection at 280 nm was used (corresponding to the
wavelength of absorption maximum of coumarin
in appropriate mobile phase). Fluorescence detec-
tion of esculin, umbelliferone, 4-methylumbelli-
ferone, scoparone, herniarin was operated at the
wavelengths of 330 nm (Aex) and 450 nm (Aem)
(corresponding to the wavelengths of absorption/
emmision maximum of coumarins in appropriate
mobile phase). Fluorescence spectra were scanned in
the wavelength range of 340—500 nm.

Method validation

Analytical evaluation of the HPLC method
investigated using standard solutions in
concentration ranges from 0.5 to 100 pg mL™" for
coumarin and from 15 to 100 ng mL™" for other
substances under study (six concentration levels
of each analyte, three replicate measurements for
each solution). Calibration curve of the analyte was
obtained by plottingagraph of mean peakareaversus
the corresponding analyte concentration. LODs of
six analytes were estimated using 3 s, criteria and
LOQs as 10 s, criteria (s, is the standard deviation of

was

the intercept of the calibration curve). For recovery
study, two aliquots of deodorant (sample 3) were
spiked with coumarins stock solutions giving a
concentrations of 2.0 pg mL™" and 20 pg mL™" of
coumarin, 20 ng mL™" and 50 ng mL™" of esculin,
umbelliferone, scoparone, 4-methylumbelliferone,
herniarin. The spiked samples were vigorously
vortexed for 1 min and subsequently treated by the
SPE procedure with an MIP-coumarins sorbent.
Recoveries were determined by comparing the peak
areas obtained from sample spiked with analytes
after the extraction with those from the reference
solution. Precisions of the method was evaluated for
six sample preparations within three days and was
expressed as relative standard deviation (RSD %).

Results and Discussion

Selection of SPE sorbent

Commercial SPE sorbents, C18 Hydra, MIP-pheno-
lics and laboratory prepared MIP-coumarins were
tested for coumarins extraction from deodorant
samples. The extraction procedure was the same
for all tested sorbents and includes optimal condi-
tions, methanol and water as conditioning solvents,
water as washing solvent, methanol/acetic acid as
eluting solvent. Octadecyl silica sorbent is most
frequently used for the isolation of less polar com-
pounds. The main retention mechanism is based
on van der Waals forces. Modified C18 Hydra sorb-
ent enables the extraction of more polar analytes
from water matrices. MIP-phenolics sorbent is
suitable for the extraction, clean up, and precon-
centration of phenolic compounds (information
of sorbent producers). Laboratory prepared MIP
was synthesized by thermal bulk polymerization
using umbelliferone as the template. Optimization
of polymerization (ratios and types of polymeriza-
tion constituents) allows preparing sorbents with
good morphology (evaluated by scanning electron
microscopy), high specific adsorption capacity
(270 pg of umbelliferone per 1 g of polymer), and
group selectivity for structurally related simple cou-
marins (Machynakova and Hrobonova, 2017a). MIP
sorbents, contrary to the traditional SPE materials
(silica-based sorbents), are characterized by higher
selectivity and specificity to the target analyte, which
leads to effective elimination of interferences and
matrix effects.

Extraction efficiencies of SPE sorbents were evalu-
ated for standard solution of coumarin at the con-
centration level of 2.0 pg mL™" and esculin, um-
belliferone, scoparone, 4-methylumbelliferone,
herniarin at the concentration level of 20 ng mL".
Results of the recovery study are shown in Fig. 2.
C18 type and MIP-phenolic sorbents showed
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nearly equal recovery for the investigated cou-
marins (87—97 %), except for esculin where the
recovery reached values close to 60 %. Esculin is a
molecule significantly different from other cou-
marins under study as it is a glucoside compound
(Fig. 1). Thus, this more polar compound is weakly
retained on the C18 sorbent which results in lover
recovery. Comparing MIP based sorbents, the
laboratory synthesized MIP-coumarins sorbent is
suitable for the extraction of selected simple cou-
marins. Compared with other tested sorbents,
higher recovery values (90—97 %, RSDs < 6 %)
were obtained for five aglycone coumarins. Also,
higher recovery was achieved for esculin (72 %,
RSD = 5 %). Reduced recovery of esculin, com-
pared to other analytes, on MIP-coumarins is re-
lated with the incompatibility of imprinted cavity
with the shape and functionality of the analyte.
MIP-phenolic, although they are more universal
(imprinted cavity designed for phenolic com-
pounds) are less selective for simple coumarins.
Similar to MIP-coumarins, lower recovery for es-
culin was observed.

Average recovery of up to 74.7 % was achieved for
extraction and enrichment of esculin from Cortex
Jfraxini plant using MIP sorbent prepared with
MAA as the functional monomer and esculin as the
template (Wang et al., 2007). Comparable recovery
values as in the presented work were obtained for
selective MIP-SPE extraction of umbelliferone and
herniarin from chicory macerate (81.2—98.7 %)
(Machynakova and Hrobonova, 2017a) as well as
for extraction of coumarin, umbelliferone and
herniarin from lavender, archangel and chamo-
mile macerate (78.7—90.3 %, respectively) using
MIP sorbent coated magnetite (Machynakova and
Hrobonova, 2017b).

A significant advantage of MIP based sorbents,
in addition to selectivity for target analyte or ana-
logues, is its reusability, which can be considered
as green chemistry approach and it makes the

analysis cheaper (Mariusz, 2019; Machynakova and
Hrobonova, 2017a). In this work, the MIP sorbents
were reused more than five times for sample treat-
ment (without the change of effectiveness by 5 %),
versus only once for C18 type. One of the problems
of MIP based sorbents are template residues present
in the polymer matrix even after exhaustive wash-
ing steps. Leakage of the template can affect the
accuracy of analyte determination. To overcome
this problem, dummy MIP synthetic approach can
be used. Eidi et al. (2020) synthesized MIP sorbent
using umbelliferone as the template and it was
used in SPE of structural analogues, galbanic acid,
7-isopentenyloxy coumarin and auraptene from
aqueous plant macerate. The recovery was in the
range of 68.3—84.7 %. (Eidi et al., 2020)

Selection of chromatographic conditions

HPLC conditions were selected after testing dif-
ferent columns and mobile phase compositions.
The proportion of organic and aqueous phases as
well as gradient profile were selected to provide
efficient separation of esculin, umbelliferone,
coumarin, scoparone, 4-methylumbelliferone and
herniarin with a satisfactory run time, resolution
higher than 1.5, good peak symmetry and minimal
high equivalent theoretical plate. Optimization and
evaluation of HPLC separation were performed
using standard solution of coumarins. The core
shell C18 type of stationary phase and the mobile
phase consisting of methanol and water with an
addition of 1 % acetic acid in gradient elution
mode at the flow rate of 1.0 mL min were selected
as the best chromatographic conditions. Figure 3a
shows the chromatogram of a standard mixture
and Table 1 documents relevant chromatographic
characteristics obtained at the selected optimal
conditions. The advantage of this type of column
is the short total analysis time (about 15 min)
compared to columns with traditional silica based
stationary phase (about 30 min; Hrobonova et al.,

Mesculin
Bumbelliferone
Bcoumarin

Oscoparone
O4-methylumbelliferone
Oherniarin

100 A
hhE paleatcs
_. 80 1
S
>
2 60 -
>
3
& 40 A
20 A
0 m
C18 Hydra MIP-phenolics
SPE sorbents

MIP-coumarins

Fig. 2. Recovery of coumarins obtained for C18-Hydra, MIP-phenolics and MIP-coumarins SPE sorbents.
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Tab. 1. Chromatographic characteristics (elution time (%), resolution (R), high equivalent to a theoreti-
cal plate (H)) and reproducibility of retention times and peak areas (A) for HPLC separation of
coumarins under optimal chromatographic conditions'.

Reproducibility
te R H .
Compound . RSD (%)
(min) (pm)

tr A
Esculin 2.8 18.6 4.5 0.8 5.1
Umbelliferone 7.1 7.9 7.2 0.4 4.8
Coumarin 8.9 2.6 5.7 0.3 5.5
Scoparone 9.4 1.8 3.6 0.3 5.5
4-Methylumbelliferone 9.9 7.6 3.6 0.3 4.5
Herniarin 11.9 3.4 0.2 4.5

'esculin, umbelliferone, scoparone, 4-methylumbelliferone and herniarine — parameters for fluorescence detection
(Aex/ Aem=330/450 nm); coumarin — parameters for UV detection at (A =280 nm).
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Fig. 3. Chromatograms of standard mixture (a) and sample 2 extract after MIP-coumarins SPE (b).
Chromatographic conditions: Kinetex C18 (100 mm x 4.6 mm I.D., 5 pm) column, gradient elution with
methanol—1 % acetic acid as mobile phase, flow rate of 1.0 mL min™', column temperature of 23 °C,
UV detection at 280 nm, Fluorescence detection at 330 nm (\.,) and 450 nm (\,,,)); legend: 1 — esculin,
2 — umbelliferonene, 3 — comarin, 4 — scoparone, 5 — 4-methylumbelliferone, 6 — herniarin,

X — unknown compound.

2013), which results from decreased core shell
particles resistance to solute mass transfer into the
porous structure of the stationary phase due to
short diffusion distances (Hayes at al., 2014). For
quantitative analysis, on-line coupled UV spectro-
photometric and fluorescence detection were used.
The UV detection wavelength was set to 280 nm for
coumarin detection. The fluorescence excitation/
emission wavelengths were set to 330/450 nm for
the detection of other coumarins under study, as it
provides higher selectivity and sensitivity and less
interference potential compared to UV detection.

Method validation

The developed method was validated in terms of
linearity, LOQs, recoveries, and intra-day preci-
sion showing good linearity in the calibration
ranges of 0.5—100 pg mL™ for coumarin and of
15—100 ng mL™" for other coumarins; with correla-
tion coefficients above 0.99. LODs and LOQs of the

six analytes are summarized in Table 2. The LOQs
were found to be in the range of 1—-12 ng mL"!
for esculin, umbelliferone, scoparone, 4-methyl-
umbelliferone and herniarin and 0.5 pg mL™" for
coumarin. The European Cosmetics Regulation
prescribes to declare coumarin content from the
concentration of 0.001 % for leave-on and of 0.01 %
for rinse-off products. Thus, with lower LOQs, the
developed method is suitable for coumarin deter-
mination (for other derivatives, there are no limits)
in deodorants and antiperspirants of all types
including fragranced body sprays (Guidance for
the use of IFRA standards, 2019; EU Council Direc-
tive No 76/768/EEC). LOQs of coumarins in this
study was lower than those reported in literature
(82—45 ng mL™! for simple coumarins by HPLC-
DAD (Xiongfeng et al., 2016); 0.17 mg kg for
6-methylcoumarin by HPLC-DAD, 5.0 mg kg™ by
GC-FID (Liu et al., 2018)), although the LOQs ob-
tained by fluorescence detection are slightly higher
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Tab. 2. Linearity, LOQs, recoveries, inter-day precision of six coumarins.

Compound Linearity' R? LOD' LOQ! Recovery® RSD
(%) (%)
Esculin 10—100 0.987 3 10 70/ 72 42/54
Umbelliferone 1-100 0.998 0.3 1 93/ 95 4.5/5.0
Coumarin 0.5—100 0.995 0.2 0.5 89/ 90 54/5.9
Scoparone 10—100 0.998 3 10 93/ 95 41/5.2
4-Methylumbelliferone 3—100 0.997 3 92 /95 49/54
Herniarin 12—100 0.998 4 12 95/ 97 6.4/64

'ng mL™ for esculin, umbelliferone, scoparone, 4-methylumbelliferone and herniarin; png mL™" for coumarin;
spiked concentrations: 2.0 ng mL"'/20 pg mL"'of coumarin, 20 ng mL"'/50 ng mL™" of esculin, umbelliferone, scoparone,

4-methylumbelliferone, herniarin.

than that obtained by the HPLC-MS/MS methods
(0.5—2 ng mL' for 22 coumarin derivatives (Ma et
al., 2015)). The recovery values of 70—97 % were
obtained (RSD % 4.1—6.4) for sample 3 spiked with
two substances concentration levels, confirming the
applicability and good precision of the presented
method.

Samples analysis

Practical applicability of the proposed method with
MIP based SPE extraction was demonstrated on
deodorant analysis. Sensitivity and selectivity of
the developed method were found to be sufficient
for the characterization of the six coumarins under
study in samples. A representative chromatogram of
the deodorant extract obtained by MIP-coumarins
SPE is shown in Fig. 3b. No peaks were observed
in the elution times of target coumarins, indicat-
ing that there were not interferences from other
constituents of the sample. The results show that
MIP sorbents are suitable for the extraction of sub-
stances from complex samples, mainly for cleaning
and/or preconcentration of analytes. The sample
preparation method in this study is efficient for
the extraction of esculin, umbelliferone, coumarin,
scoparone, 4-methylumbelliferone and herniarin
from deodorants. For the tested samples, manu-
facturers do not specify the presence of synthetic
coumarin, which does not exclude the presence
of natural coumarins from plant extracts used in
the preparation of the products. Based on HPLC
analysis, coumarin nor its derivatives were detected
at concentration levels over LOD in the tested deo-
dorant samples.

Conclusions

In this study, laboratory prepared polymeric
sorbent based on molecularly imprinted polymer
reached nearly equal recovery for investigated
coumarins compared to the C18 type and MIP-phe-
nolics SPE sorbents. The advantage of the applied

MIP sorbent was its reuse (more than five times for
sample pretreatment; C18 type can be used only
once). Higher recovery was achieved for esculin
extraction, a less hydrophobic compound under
study, compared to the C18 sorbent. The method
based on SPE using MIP-coumarins as the selective
adsorbent shoved good recovery and precision.
The HPLC method with UV spectrophotometric
and fluorescence detection was found to be suitable
for the separation and determination of coumarins
in cosmetic products within a short time (sample
preparation below 10 min, chromatography of
15 min). After some modification, this method can
be extended for the analysis of various cosmetic or
other complex samples.
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Abstract: This work deals with the occurrence of selected antibiotic resistant bacteria in Slovak surface
waters. Total and antibiotic resistant coliform bacteria, enterococci and coagulase positive staphylococci were
determined in 34 samples of surface water from rivers and still waters (dams, natural lakes, thermal bath)
some of them used for recreational swimming. Sampling was performed during summer season 2017 (July
and August). The number of total coliforms ranged from 1.74 log CFU/10 mL to 3.69 log CFU/10 mL.
Coliform bacteria were registered in each tested sample. The highest number was observed in the sample from
river Hron. Majority of samples contained ampicillin and tetracycline resistant bacteria. Enterococci were
determined in 70 % of samples ranging from 0.78 log CFU/10 mLto 3.81 log CFU/10 mL. The highest number
of enterococci was observed in river Vah. Ampicillin and vancomycin resistance prevailed over ciprofloxacin
and gentamicin resistance. Coagulase positive staphylococci were present in 91 % of samples in the range of
0.70—3.03 log CFU/10 mL. Antibiotic resistant coagulase positive staphylococci were observed only in 32 %
of samples, predominantly from rivers. In these samples, chloramphenicol resistance predominated. In three
samples of water used for recreational purposes, the limit value for enterococci and E. coli according to Slovak
legislation (Decree no. 308/2012 Coll.) for the quality of water in natural swimming pools during bathing

season was exceeded.

Key words: antibiotic resistance, coliforms, enterococci, surface water

Introduction

Antibiotic resistance represents a huge problem,
already killing hundreds of thousands of people
around the world. Although this threat is lurking
behind the current virus outbreak, it could already
complicate the care of many COVID-19 patients.
Emergence and spread of multidrug resistant bac-
teria are not connected only to healthcare institu-
tions as these bacteria can persist in animals, humas
and the environment (Aslam et al., 2018).

Many studies point out that wastewater treatment
plants (WWTPs) represent a hotspot of such resist-
ance (Berendonk et al., 2015; Ribeiro et al., 2015;
Mackulak et al., 2019). Treated water contains
different pharmaceuticals (including antibiotics in
subinhibitory concentrations), susceptible and anti-
biotic resistant bacteria as well as antibiotic resistance
genes. Such water gets to the recipient which can
also be surface water (river, lake, etc.). Sub-inhibitory
concentrations of antibiotics play an important role
in bacterial communication as a regulatory com-
pound and signalling molecules, which leads to
biofilm formation or changes in the underlying bac-
terial metabolism. On the other hand, low antibiotic
concentrations lead to the selection of antibiotic
resistant population (Stiborova et al., 2018). One of

the greatest concerning the presence of these drugs
in the environment is the emergence and spread of
antibiotic resistant bacteria and genes encoding re-
sistance. Subinhibitory concentrations of antibiotics
can also contribute to horizontal transfer of such
genes located on transposons, integrons or plasmids
between bacteria of the same but also of different
species (Huerta et al., 2013).

Biological contamination of surface water is
predominantly caused by anthropogenic activity
(O’Flaherty and Cummins, 2017). This contamina-
tion includes also antibiotic resistant bacteria and
antibiotic resistance genes, which present a threat
to human health, especially in surface waters in-
tended for recreational swimming. In early 1980s,
coliform bacteria of genus Escherichia, Klebsiella,
Citrobacter and Enterobacter isolated from surface
water samples were found to posses antibiotic resist-
ance (Niemietal., 1983). Stange et al. (2016) studied
resistance genes in coliform bacteria isolated from
river Rhine in Germany demonstrating that surface
water is an important reservoir of genes encoding
resistance to a wide spectrum of antibiotic classes,
such as sulfonamides, tetracyclines and B-lactams.
The majority of bacteria originating in seawater are
resistant to more than one antibiotic (Baquero et al.
2008).
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The object of our work was to monitor antibiotic
resistant coliforms, enterococci and coagulase posi-
tive staphylococci prevalence in different Slovak
surface waters.

Material and methods

Characterization of sampling sites
Samples of surface water were obtained from 12
rivers (Table 1), six lakes, two dams and one thermal

Tab. 1. Sampling sites of surface water from rivers.

bath (Table 2) in the Slovak Republic and one sam-
ple was taken from a lake in Austria (Lake Neusiedl)
(Table 2). Altogether 24 samples from rivers were
tested; however, more sampling sites on the same
river were taken on different dates in some cases
(samples 1 and 5; samples 13 and 23). Sampling was
realized in the summer season 2017 (July—August)
and the samples were collected into sterile cold
tubes and transferred in a fridge box to the labora-
tory for microbiological assessment.

Sample Sampling site GPS Sample Sampling site GPS
48°52’55.5” N 48°10° 13.8” N
1 Rudno stream 14 Danube — Devin
18°44° 51.2” E 16° 58 56.6” E
9 Hron — near Kame- 47°49 38.0” N o1 Cierny Hron — Cierny 48°44°04.9” N
nica nad Hronom 18°43’ 18.0” E Balog 19°41’ 16.5” E
Vah — behind WWTP 48°52°46.6” N . 48°41’ 51.9” N
3 . 22 Hron — Kremnicka
Trenc¢in 18°00° 16.9” E 19°07°40.8” E
48°53’19.5” N . 48°55’04.5” N
5 Rudno stream 23 Nitra — Klac¢no
18°44° 31.1” E 18°39°43.4” E
. . 48°26°09.2” N B 48°35’37.9” N
6 Nitra — Novaky 24 Bebrava — KruSovce
18°19’31.1” E 18°13°41.9” E
Confluence
48°10"23.1” N Bebrava — Banovce 48°43’55.8” N
7 of Danube and 25
) 16°58 36.3” E nad Bebravou 18° 15’ 56.0” E
Morava — Devin
Nitra — 48°49 33.1” N - 48°51’ 01.0” N
8 B 26 Bebrava — Sipkov
Nedozery-Brezany 18°38 19.1” E 18°17°03.4” E
o 47° 47 26.5" N Bocovka — Cierne 48°20°22.4” N
9 Danube — Stdrovo 28 )
18°4%°27.0” E KTlacany 18°25’33.5” E
Morava — near the N
48°36°56.9” N . 48°07 34.6” N
10 confluence of Morava 29 Zitava — Vlkas N
16°56°22.2” E 18°16’ 13.2” E
and Thaya
Nitra — Nitrianske 48°5225.9” N y . 48°2510.4” N
11 30 Leves — Topolcianky
Pravno 18°3829.6” E 18°24°45.2” E
Myjava — near the
. 48°37 42.5” N . ; 48°39 43.8” N
12 confluence of Myjava 31 Nitra — Chalmova
: 16°57°29.5” E 18°28 56.6” E
and Morava
. y 48°54°34.9” N . ; ; 48°5%3 19.7" N
13 Nitra — Klac¢no 32 Nitrica — Valaska Bela
18°3924.8” E 18°24° 07.5” E
Tab. 2. Sampling sites of surface water from lakes, dams and thermal bath.
Sample 4 15 16 17 18
Sampling site Orava dam Zlaté piesky lake Vajnory lakes Kuchajda lake Strkovec lake
GPS 49°2510.5” N 48°11’6.6” N 48° 11’ 374" N 48°10°10.8” N 48°930.8” N
19° 300 22.7" E 17°11' 14.9” E 17°12° 34.6” E 17°8 44.2” E 17°8 55.0” E
Sample 19 20 27 33 34
. . Velky Drazdiak X L . Thermal bath —
Sampling site Lake Neusiedl Nitrianske Rudno Lake Virt .
lake Patince
GPS 48° 06’ 21.8” N 47°5542.9” N 48°48 52.4” N 47°44’ 56.3” N 47° 44 50.0” N
17° 06’ 27.1” E 16°50°4.2” E 18°29’ 01.2” E 18°19’ 15.6” E 18° 18 28.5” E
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Tab. 3. Final concentrations of applied antibiotics according to EUCAST (EUCAST, 2017).

Coliform bacteria

Enterococci

Coagulase positive staphylococci

ATB Resistant breakpoint [mg/L]

Ampicillin 9 9 3
Ciprofloxacin 1 5 2
Chloramphenicol 9 - 9
Gentamicin 5 129 2
Tetracycline 16* - 3
Vancomycin - 5 3

*tetracycline concentration according to CLSI resistant breakpoints in case of coliform bacteria (CLSI, 2017).

Detection of antibiotic resistant bacteria

Samples of surface water (10 mL) were filtered
through a GH Polypro membrane (0.2 pm, Pall
Corporation, USA) placed on antibiotic and anti-
biotic free selective diagnostic agar plates. Counts
of total coliforms were determined on chromogenic
Chromocult coliform agar (Merck, Darmstadt, Ger-
many), enterococci were determined on Slanetz-
Bartley agar (Himedia, India) and coagulase
positive staphylococci on Baird-Parker agar (Sigma
Aldrich, St. Louis, USA). Antibiotic resistant strains
were detected after cultivation on plates containing
diagnostic media with different antibiotics. Before
counting bacterial forming units, plates with coli-
form bacteria and coagulase positive staphylococci
were incubated for 24 h at 37 °C and those with
enterococci for 42 h at 40 °C. Each experiment was
ran in triplicate and it was repeated twice. Applied
antibiotics (ampicillin, ciprofloxacin, gentamicin,
chloramphenicol, tetracycline, and vancomycin)
were purchased from Sigma-Aldrich (Germany).
Antibiotic resistance was detected according to Eu-
ropean Committee on Antimicrobial Susceptibility
Testing (EUCAST, 2017) resistance breakpoints
summarized in Table 3. Microorganisms that can
grow and multiply at this and higher concentrations
of antibiotics are considered as resistant. However,
EUCAST did not establish resistance breakpoints
for tetracycline, which was applied in diagnostic
media for resistance testing in concentration
established by the Clinical Laboratory Standards
Institute for United States (CLSI, 2017). Data were
statistically evaluated by the Student’s t test.

Results and discussion

At present, various pollutants are introduced into
the environment mainly by anthropogenic activity.
Many of these substances end up in wastewater
treated in WW'TPs. However, many studies have
pointed out that current treatment efficiency of
WWTP is insufficient and micropolutants end up
in surface waters. Moreover, sub-inhibitory concen-

Stefunkova A et al., Antibiotic resistant bacteria in surface waters in Slovakia.

trations of pharamceuricals or metals contribute to
the spread and development of antimicrobial resist-
ance (Lépesova et al., 2019; Mackulak et al., 2019;
Birosova et al., 2020).

Based on the obvious importance of this issue,
surface waters in Slovakia were analyzed focusing
on the presence of selected antibiotic resistant
bacteria. Surface water samples were taken from
various rivers, lakes, dams and one thermal bath in
Slovakia. One sample came from a lake in Austria.
The samples were taken during the summer sea-
son to consider also the exposition of swimmers.
Sampling time can greatly affect the detection
results. Antibiotic levels in water fluctuate during
the year due to increased prescriptions during flu
season (February, August), which corresponds
with the research of wastewater from WW'TPs in
Slovakia (Bratislava), when higher concentrations
of ciprofloxacin, levofloxacin and norfloxacin were
detected in wastewater in February (Birosova et al.,
2014).

The number of total coliform bacteria in samples of
surface water ranged from 1.74 to 3.69 log CFU/
10 mL (Table 4). Escherichia coli was observed in 85 %
of samplesinlower counts (0.3 t0 3.1log CFU/10 mL).
The highest number of coliform bacteria was ob-
served in sample 2 from river Hron. The highest
amount of E. coli was detected in river Hron (sample
22). Enterococci were registered only in 24 samples
(70 %) in the range from 0.78 to0 3.81 log CFU/ 10 mL,
the highest number was recorded in river Vah be-
hind WWTP Trencin (sample 3). Coagulase positive
staphylococci were present in 91 % of samples in the
range of 0.70—3.03 log CFU/10 mL. Coagulase
positive staphylococci were observed in 91 % of sam-
ples and ranged from 0.70 to 3.03 log CFU/10 mL
(Table 4). However, some monitored lakes serve as
natural swimming pools during recreational season
and water should not exceed some microbial indica-
tors of water quality. According to the Slovak Minis-
try of Health Decree no. 308/2012 Coll. on the re-
quirements for water quality, water quality control
and the requirements for operation, equipment of
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Tab. 4. Number of total coliform bacteria (TCB), E. coli (TEC), enterococci (TE) and coagulase positive
staphylococci (TCPS) in samples of surface water from rivers, lakes, dams and thermal bath.

Type of TCB TEC TE TCPS
surface Sample
water log CFU/10 mL
1 2.98£0.11 ND 2.96 £ 0.20 3.03£0.19
2 3.69+0.15 1.90 +0.07 3.00£0.15 2.23+0.15
3 3.25+0.13 1.00+0.10 3.81+0.24 1.84+0.15
5 2.76 £0.17 ND 1.71+0.01 1.60 +0.08
6 3.41+0.10 1.70+0.18 2.65+0.22 1.70+0.11
7 3.54+0.21 ND 2.77+0.18 ND
8 2.01+0.01 2.24£0.10 2.18£0.15 2.00£0.10
9 2.87£0.12 2.43 £0.06 2.68£0.12 2.50£0.18
10 2.73£0.15 0.30 £0.02 2.08£0.12 1.78£0.12
11 2.84£0.15 ND 2.86 £ 0.09 ND
" 12 3.52 £0.07 1.84+0.11 2.88£0.25 1.63%0.11
= 13 1.74+0.01 ND 2.25+0.13 ND
E 14 2.88£0.05 1.5240.19 2.13£0.18 1.30£0.07
21 3.16£0.17 2.96 £ 0.24 2.00 £0.21 1.9340.10
29 3.23£0.12 3.10£0.23 2.43£0.16 1.70 £ 0.15
23 2.24+0.11 ND ND 2.18£0.19
24 2.83£0.11 1.40£0.17 ND 2.64 £0.10
25 2.57£0.10 1.78 £0.06 ND 2.47£0.12
26 2.18£0.16 ND ND 1.56 £0.18
28 2.72+£0.21 1.70 £ 0.08 1.00 £ 0.05 2.06 £0.24
29 2.44 %0.19 1.30£0.10 ND 2.80 £0.20
30 2.60£0.15 1.78 £ 0.05 0.78 £0.02 2.42+0.17
31 2.72 £0.92 1.4840.03 ND 2.27+0.21
32 2.62£0.10 1.00£0.11 ND 2.11+0.26
4 2.50 £0.28 0.60 £0.08 1.34+0.12 1.00 £0.01
15 2.34+0.21 ND 1.86 £0.19 1.60 £0.05
g 16 2.45%0.13 1.30£0.13 1.38 £0.21 1.70 £0.11
5 17 2.74 %0.10 2.45£0.22 2.52 £0.26 1.84£0.15
% 18 2.41%0.19 1.54 £0.16 1.30+0.19 1.64£0.18
: 19 2.70 £0.14 2.60 £0.11 2.24+0.15 1.34£0.09
g 20 3.24+0.29 218 £0.18 2.77£0.11 2.29+0.07
5 27 2.43 £0.16 1.60 £0.05 ND 1.70 £0.17
33 2.97£0.11 ND ND 1.60 +0.10
34 .34 £0.10 2.00 £0.09 ND 0.70 £0.18

ND — not detected

operating areas, premises and facilities at natural
and artificial swimming pools, samples 17, 19 and
20 exceeded limits for E. coli and enterococci.

Occurrence of antibiotic resistant coliform bacteria
in surface water

World Health Organization has established a list
of antibiotic resistant priority pathogens for which
new antibiotics are urgently needed. The group
of critical priority includes also the family of

Enterobacteriaceae resistant to carbapenems, and/
or producing extended spectrum p-lactamases
(Taconelli et al., 2018). Thus, antibiotic resistant
coliform bacteria from this family was investigated.
Birosova et al. (2014) and Mackulak et al. (2019)
stated that high prevalence of ampicillin resistant
coliform bacteria is consistent with frequent pre-
scription of B-lactams in Slovakia. Fig. 1 shows the
comparison of monitored surface water samples. In
all cases, ampicillin resistant bacteria were observed
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in the range from 0.6 log CFU/10 mL in sample 1
(Rudno stream) to 3.01 log CFU/10 mL in sample
22 (Hron — Kremnicka). This finding is not very
surprising since, except for E. coli, most coliforms
exhibit intrinsic resistance to this antibiotic. In
12 river samples and five lake samples, also tetracy-
cline resistance was determined. Resistance to other
tested antibiotics was registered at much lower rate.
Seven rivers and one dam contained coliform bac-

lakes and dams

teria resistant to all applied antibiotics. Antibiotic
resistant E. coli was determined in 21 samples of
surface water (Fig. 2). Ampicillin resistance pre-
dominated in all samples and ranged from 0.48 log
CFU/10 mL in Orava dam to 2.62 log CFU/10 mL
in river Hron (sample 22). Watkinson et al. (2007)
determined high incidence of tetracycline resistant
E. coli isolated from various sources of surface
waters (including those directly affected by WWTP

]

mCH
EG
mC
HA

rivers

B N W U O N W

mTCB

0,00 0,50 1,00 1,50

2,00

2,50 3,00 3,50 4,00 4,50

number of bacteria log CFU/10 mL of sample

Fig. 1. Number of total and antibiotic resistant coliform bacteria in surface water samples from rivers,
lakes, dams and thermal bath (TCB — total coliform bacteria, A — ampicillin resistant coliform bacteria,
C — ciprofloxacin resistant coliform bacteria, G — gentamicin resistant coliform bacteria,

CH — chloramphenicol resistant coliform bacteria).
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lakes and dams

rivers

ECH

HA

|

0,00 0,50

1,00 1,50

B TEC

2,00 2,50 3,00 3,50

number of bacteria log CFU/10 mL of sample

Fig. 2. Number of total and antibiotic resistant E. coli in surface water samples from rivers, lakes, dams
and thermal bath (TEC — total E. coli, A — ampicillin resistant E. coli, C — ciprofloxacin resistant E. coli,
G — gentamicin resistant E. coli, CH — chloramphenicol resistant E. coli).

discharges). This partially corresponds with our
results; however, tetracycline resistance was also
observed predominantly in river samples. River
Nitra — Nedozery/Brezany and Danube — Devin,
as well as Orava dam contained E. coli resistant to
all studied antibiotics.

Occurrence of antibiotic resistant enterococci in
surface water

In recent years, enterococci, belonging to another
group of bacteria with significantly increased
resistance, are the second most important no-
socomial pathogen. This is probably due to the
transfer of resistance genes from non-pathogenic
enterococci (commonly found within gut micro-
biota) to pathogenic species. Enterococci, which
were initially relatively multidrug resistant, also
became vancomycin resistant. The greatest threat

is the transmission of vancomycin resistance from
enterococci to staphylococci as both strains may
occur simultaneously in one patient (Mokry et
al., 2013). Compared to coliform bacteria, much
more samples contained enterococci resistant to
all applied antibiotics (Fig. 3). In case of lakes
(Zlaté piesky, Vajnory lakes, Strkovec lake) and
dam (Orava), this can be due to increased traffic
and presence of wild animals (especially birds
such doves) which are the source of contamina-
tion. All samples contained vancomycin resistant
enterococci, which are of high priority in WHO
priority pathogen list (Taconelli et al., 2018). This
also copies the situation with the prevalence of
vancomycin resistant enterococci in hospital ef-
fluents and wastewater which finaly gets into rivers
and environment (Schwartz et al., 2003; Novais et
al., 2005; Mackulak et al., 2019).
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C — ciprofloxacin resistant enterococci, G — gentamicin resistant enterococci,
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Occurrence of antibiotic resistant coagulase positive
staphylococci in surface water

Staphylococci belong to potential pathogens forming
common skin microbiota of many people. On the
other hand, current emergence of antibiotic resistant
strains of staphylococci complicates their treatment.
One of the most endangering problem is methicillin
resistant  Staphylococcus aures which displays multi-
drug resistance (Yamamoto et al., 2019). Antibiotic

Stefunkova A et al., Antibiotic resistant bacteria in surface waters in Slovakia.

resistant staphylococci were observed only in nine
samples of surface water (four rivers and five lakes)
(Fig. 4). No sample contained coagulase positive
staphylococci resistant to all applied antibiotics. The
majority of samples (5) contained chloramphenicol
resistant strains. However, the use of this antibiotic
in Slovakia is delimited and this phenomen is prob-
ably caused by cross resistance. Surprisingly, no
ciprofloxacin resistance was observed.
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staphylococci, G — gentamicin resistant coagulase positive staphylococci, CH — chloramphenicol resistant
coagulase positive staphylococci, T — tetracycline resistant coagulase positive staphylococci,

V — vancomycin resistant coagulase positive staphylococci).

Conclusion

Our data show that Slovak surface waters contain
different antibiotic resistant bacteria, which can
spread resistance genes to other present suscep-
tible microbiota. Some parts of rivers are more
microbiologically contaminated, especially near
wastewater treatment plants. Our results also point
out lakes serving as natural swimming pools dur-
ing recreational season. In these surface waters,
antibiotic resistant bacteria also occur but in lower
extent compared to rivers. This contamination is
due to higher anthropogenic activity as well as
the presence of wild birds, which can contribute
to microbiological contamination. During sam-
pling season, three natural swimming pools did

not meet limits for water quality given by Decree
308/2012 Coll.
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Abstract: -Apiosidase is a rare glycosidase applied in winemaking for flavour enhancement. This enzyme is
involved in the release of volatile terpenes by hydrolysis of their odourless glycosidic precursors. It is found
as aminor component in commercial pectinase/ cellulase preparations. Microbial production of F-apiosidase
by two Aspergillus sp. strains was investigated. Apiin-induced production of this extracellular glycosidase
was confirmed only during the cultivation of Aspergillus niger CBS 554.65 but the high productivity
value reported in the work of Dupin et al. (1992) J. Agric. Food Chem. 40(10): 1886—1891 could not be
reproduced. The achieved productivity was by far not satisfactory considering the apiin cost. Commercial
enzyme preparations with G-apiosidase side-activity thus remain a better alternative as the enzyme source

for biocatalytic applications.

Keywords: S-apiosidase, Aspergillus niger, Aspergillus aculeatus, cultivation

Introduction

The role of aroma compounds in wine has been in
the centre of interest for many decades. It is well
established that the glycoconjugates of monoter-
penes are one of the most influential sources of
wine aroma (Mateo and Jiménez, 2000; Maicas and
Mateo, 2005; Ruiz et al., 2019). There has been a
continuous research on the enhancement of wine
quality and aroma by an addition of exogenous
enzymes to improve the liberation of a volatile
aglycone linked by a glycosidic bound to glucose or
disaccharides comprising 3-D-glucose at the reduc-
ing end (Giinata et al., 1988; Williams et al., 1989;
Giinata et al., 1990; Cabaroglu et al., 2003; Palomo
etal., 2005) .

In case of disaccharides, the second monosaccha-
ride attached to glucose can be arabinose, rhamnose
or apiose. Hydrolysis of disaccharide-containing
glycosides takes place in two steps. The mentioned
monosaccharides are first released by the action of
specific glycosidases. In the second step, §-glucosi-
dase hydrolyses the resultant glucosidic linkage
and releases the free aromatic compound (Giinata
et al., 1988; Giinata et al., 1990).

(B-Apiosidase is a glycosidase involved in the cleav-
age of apiosylglycosides. Properties, production
and purification of this enzyme were intensively
studied for the first time in 1990’s (Dupin et al.,
1992). Depending on grape variety, the level of

apiosylglycosides can reach up to 50 % of the total
glycoside content (Mateo and Jiménez, 2000). On
the other hand, [-apiosidase is present in very
low amounts in the enzymatic systems of grapes
and yeast or it is even absent. Hydrolysis of grape
glycosides can be therefore enhanced through
enrichment of the enzymatic activity by exogenous
glycosidases (Giinata et al., 1990; Cabaroglu et al.,
2003; Sarry and Giinata, 2004; Castro Vazquez et
al., 2002; Spagna et al., 2002).

Abundant levels of (-apiosidase side activities were
identified in some fungi-derived enzyme prepara-
tions formulated for their pectinase or cellulase
activities. Fungi-originated glycosidases were ob-
served to be more stable in wine pH compared to
those of plant origin (Cabaroglu et al., 2003; Sarry
and Giinata, 2004). Dupin et al. (1992) showed that
the production of [-apiosidase by Aspergillus niger
can be induced by an addition of apiin to the cul-
ture medium. Likewise, the presence of Tween 80
(0.15 % v/v) and peptone (2.0 % w/v) also enhanced
the synthesis of this glycosidase. The enzyme was
partially purified from the culture extract and some
of its characteristics were determined. Giinata et
al. (1997) purified S-apiosidase from an Aspergillus
niger enzyme preparation and characterised this
glycosidase in detail. Guo et al. (1999) achieved
tenfold [-apiosidase purification degree from the
same preparation. Characteristics of the isolated and
purified B-apiosidases are shown in Table 1.

72 Acta Chimica Slovaca, Vol. 13, No. 1, 2020, pp. 72—76, DOI: 10.2478/acs-2020-0011



Table 1. Properties of isolated (-apiosidases.

Product Specific activity Purification . Optimum
Optimum pH . Ref.
(Enzyme source) [nkat/mg] factor temperature [°C]
Cultivation supernatant N Dupin et al.
. . 6150 9.4 5.6 50
(A. niger CBS 554.65) (1992)
Klerzyme 200 Giinata et al.
. 216 27 6 50—60
(A. niger) (1997)
Klerzyme 200 Guo et al.
, 1285 9270 5 40
(A. niger) (1999)

A renewed interest in f-apiosidase has recently been
observed with the aim of investigating its potential
in biocatalytic synthesis of specialty chemicals. Kis
et al. (2016) examined the occurrence of [-apio-
furanosidases in 45 samples of commercial enzyme
preparations and in eight samples of plant mate-
rials. The enzyme was identified in 16 enzymatic
preparations, from which the highest B-apiosidase
activity was found in Rapidase AR 2000, Lallzyme
BETA, Amano oa-galactosidase DS, Viscozyme L
and Novozym 188. All preparations exhibiting
B-apiosidase activity originated from Aspergillus sp.
(Kis et al., 2016). Reaction mechanism of exo-acting
B-apiosidase found in Viscozyme L, a product of
Aspergillus aculeatus, has recently been studied in de-
tail by Mastihuba et al. (2019). Results obtained from
experiments using H NMR spectroscopy revealed the
inverting mechanism of the enzyme, which is there-
fore unable to provide transglycosylation reactions.
Exo-f-apiosidase can anyway find applications not
only in terpenyl glycosides hydrolysis but also in
lignocellulosic  biomass degradation. However,
endo-apiosidase cleaving [S-apiofuranoside bonds
in rthamnogalacturonan-II found in gut bacterium
Bacteroides thetaiotaomicron can reportedly provide
the retaining mechanism (Ndeh et al., 2017).

Since there is no commercially available $-apiosidase
and its activity in commercial pectinase/cellulase
preparations is relatively low, the objective of this
work was to investigate the potential of two Aspergillus
strains, Aspergillus niger CBS 554.65 and Aspergillus
aculeatus CBS 101.43, to produce [(-apiosidase using
plant-isolated apiin as the inducer.

Materials and methods

Materials

Aspergillus  miger CBS 554.65 and Aspergillus
aculeatus CBS 101.43 were purchased from West-
erdijk Fungal Biodiversity Institute (Utrecht, The
Netherlands). Enzyme preparation Viscozyme L
(protein concentration of 85 g/l as given by the
producer), a product of Novozymes (Bagsverd,
Denmark), was purchased from Biotech (Trnava,
Slovakia). A synthetic substrate, 4-nitrophenyl 3-D-

apiofuranoside, for the detection of (-apiosidase
activity was synthesised using the chemoenzymatic
procedure described by Kis et al. (2016). Crude
apiin (65 % according to HPLC) was prepared by
extraction from parsley leaves using a proprietary
in-house procedure based on the method of Huly-
alkar et al. (1965). Oxoid bacteriological peptone
was purchased from Thermo Fisher Scientific Inc.
(Waltham, Massachusetts, USA). Tween 80 was ob-
tained from Sigma Aldrich (Steinheim, Germany).
Other culture medium and buffer components
were of analytical grade and were purchased from
Centralchem (Bratislava, Slovakia).

Cultivation conditions

Purchased lyophilized fungal cultures Aspergillus
niger CBS 554.65 and Aspergillus aculeatus CBS
101.43 were grown on agar plates containing po-
tato dextrose agar at ambient temperature (25 °C).
Based on the supplier’s recommendations, spore
inoculum was collected after three weeks of revi-
talisation. Suspension of spores was prepared by
washing the agar plates by 5 ml of sterilised 0.1 %
Tween 80 solution. Total concentration of the har-
vested spores was determined microscopically by
counting them in a Biirker chamber. Composition
of the cultivation medium for (-apiosidase produc-
tion was adopted from Dupin et al. (1992). Experi-
ments were conducted in 50 ml Erlenmayer flasks
containing 20 ml of liquid medium consisting of
the following nutrients (% w/v): MgCl, - 6H,0, 0.1;
KH,PO,, 0.1; apiin, 1.0; peptone, 2.04; and Tween
80, 0.15 (% v/v). After sterilisation in an autoclave,
the flasks were inoculated with 1 x 10° spores of
fungi and incubated at 30 °C in a rotary shaker
at 140 rpm for seven days. The culture broth was
centrifuged at 5000 rpm and 5 °C for 15 minutes.
Supernatant with the secreted enzyme was filtered
through a 0.22 pum polyethersulfone syringe filter.
The clear filtrate was used as a source of extracel-
lular enzyme for the assays.

Enzyme activity assay
(B-Apiosidase activity in the culture filtrate and
Viscozyme L preparation was determined using a
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Fig. 1. Apiosidase activity measurement using the initial rate method.

slightly adapted method described by Dupin et al.
(1992). The assay was conducted by incubating a
properly diluted sample and 2.2 mM 4-nitrophenyl
[-apiofuranoside in a 0.1 M acetate buffer (pH 4.4)
at 40 °C. The reaction was initiated by adding the
enzyme solution to the synthetic 4-nitrophenyl sub-
strate in the volumetric ratio of 1:1. 3-Apiosidase
activity was determined using the initial reaction
rate method (Fig. 1). Samples at different time
intervals were withdrawn from the assayed mixture
in 20-minute intervals and added to 0.1 M Na,COy
to stop the reaction. Concentrations of the released
4-nitrophenol were evaluated from the absorbance
measured at 405 nm. The activity was expressed in
nanokatals per volume of the enzyme sample.

Protein assay

Total protein concentration was estimated accord-
ing to the bicinchoninic acid (BCA) assay. Suitably
diluted aliquots of culture filtrate were used for
the determination in microplates. Formation of a
purple-coloured complex was measured at 562 nm
after 30 minutes of incubation at 37 °C. Bovine
serum albumin was used as a protein standard.

Results and discussion

The main motivation for this work was the disparity
between the [(-apiosidase activity in nowadays
enzyme preparations reported in the paper of Kis
et al. (2016) and that reported in selected 1990’s
papers (Table 1). As it follows from Table 1, crude
preparation of Klerzyme 200 had the activity of
5—8 nkat/mg. Table 2 shows that Viscozyme L,
selected as the best enzyme source by Kis et al.
(2016) considering its price and availability has the
specific activity by one order of magnitude lower. It
is difficult to interpret this difference by the former
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preparation being obtained by A. niger cultivation
whereas the latter one is a product of A. aculeatus.
Kis et al. (2016) examined 13 commercial enzyme
preparations of Aspergillus species and all but
one A. niger preparation showed no [(-apiosidase
activity. However, the last one, Novozym 188, had
the second highest activity after Viscozyme L.
Variation of the [(-apiosidase side-activity by two
orders of magnitude in this kind of preparations is
thus common.

Since these commercial preparations are rather
crude protein concentrates, it can be expected that
(B-apiosidase specific activity was not significantly
reduced during downstream processing. Spe-
cific activity in the corresponding cultivation broth
could be very similar. From this point of view, the
results of A. niger laboratory cultivation presented
by Dupin et al. (1992) are striking. As shown in
Table 1, they achieved a specific activity of more
than 6,000 nkat/mg at a small purification degree.
The corresponding S-apiosidase specific activity in
the cultivation broth was about 650 nkat/mg. An
interesting aspect of the work of Dupin et al. (1992)
is that, without induction by apiin, no detectable
(B-apiosidase activity was observed for any of the
four investigated A. miger strains. Moreover, they
found that the enzyme yield increased 50-fold when
the basal medium was supplemented with peptone
as nitrogen source and surfactant improving the
enzyme release from cells.

These results inspired the investigation of the op-
tion of preparing sufficient amount of S-apiosidase
for the respective biocatalytic research. Two strains,
Aspergillus niger CBS 554.65 and Aspergillus aculeatus
CBS 101.43, were selected for this purpose. The
former one was used by Dupin et al. (1992) and the
latter one was probably used to produce Viscozyme
L since this strain is typically found in patents filed
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by Novozymes (Dérreich et al., 1993). Optimal
conditions for induced (-apiosidase production
were adopted from the work Dupin et al. (1992). A
medium with the concentration of crude apiin of
1.0 % w/v was used.

Unfortunately, the cells of A. aculeatus CBS
101.43 were unable to grow in the chosen medium.
Evidently, apiin is not a convenient carbon source
for this strain. Consequently, the work focused on
the cultivation of A. niger CBS 554.65. The cultiva-
tion was carried out for seven days. The cell biomass
was subsequently removed from the culture broth
by centrifugation and (-apiosidase activity in the
supernatant was determined by the initial reaction
rate. Table 2 shows that the final value of B-apiosi-
dase activity was 0.79 nkat/ml, which is remarkably
lower than the values of 200—300 nkat/ml declared
by Dupin et al. (1992). It should however be empha-
sised that more typical values of S-apiosidase activ-
ity of about 3—4 nkat/ml were achieved due to the
induction by apiin. The enormous increase of the
mentioned values was achieved only by the change
of the nitrogen source and surfactant permeabili-
sation of cell membrane. It is also interesting that
substitution of the laboratory grade apiin with a
very crude apiin source, parsley seeds, resulted in
the activity decrease to several nanokatals per milli-
litre.

Thus, lower purity (about 65 %) of used apiin is a
potential reason of lower levels of apiosidase activ-
ity in our experiments. On the other hand, apiin
purification costs are very high. Several chemical
suppliers currently offer 95—99 % apiin from
5 €/mg to 220 €/mg depending on the package
size. The lowest unit price is for 100 mg package.
Considering the optimal apiin concentration of
1 %, even the best price results in the apiin cost of
30,000 €/1 of cultivation medium. Obviously, this
cost is simply unaffordable. A cultivation experi-
ment was made using 1.0 % glucose as the carbon
source instead of apiin but it did not provide a
positive result. As it was also observed by Dupin
et al. (1992), A. niger CBS 554.65 cells cannot pro-
duce B-apiosidase when they grow on glucose.

Tab. 2. (-Apiosidase activity in examined enzyme

preparations.
E i Activity Specific activity
nzyme preparation

YIme prep (nkat/ml) (nkat/mg)
A. niger CBS 554.65

. 0.79 >0.2%
cultivation broth
Viscozyme L 29 0.3

*Due to the interference of residual peptone, the measured
protein concentration can be overestimated.

As it follows from Table 2, cultivation using crude
apiin resulted in -apiosidase specific activity com-
parable to that of Viscozyme L but in a much less
concentrated form. The idea of overproduction
of this desired enzyme via apiin induction thus
appears less advantageous. Viscozyme L produced
by Aspergillus aculeatus represents an available and
economical source of [(-apiosidase. It can be a
suitable source for further purification to obtain a
biocatalyst free of undesired enzymatic activities.

Conclusions

Induced production of S-apiosidase by two strains
of filamentous fungi of the genus Aspergillus was
examined. Aspergillus aculeatus CBS 101.43 was not
able to grow in the cultivation medium optimised
by Dupin et al. (1992) for the overproduction of
[-apiosidase by a strain of Aspergillus niger. This
fact is fully understandable since the composition
of nutrients in the medium can be very specific
for each strain. The second investigated strain,
Aspergillus niger CBS 554.65, exhibited induction
of (-apiosidase production by apiin but the level
of apiosidase activity was not sufficiently high
probably due to the use of crude apiin. On the
other hand, very high cost of pure apiin makes
this approach to the (-apiosidase production not
feasible. Thus, the use of commercial enzyme
preparations with B-apiosidase side activity iden-
tified in two dozens of enzyme preparations by Kis
et al. (2016) is a better alternative.
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Abstract: Research on carbon-based nanomaterials (CBNMs) and their development is one of the major scientific

disciplines of the last century. This is mainly because of their unique properties which can lead to improvements
in industrial technology or new medical applications. Therefore, it is necessary to examine their properties such
as shape, size, chemical composition, density, toxicity, etc. This article focuses on the general characteristics of
nanomaterials (NMs) and their behavior when entering the environment (water and soil). In addition, it presents
individual members of the graphene family including porous ecological carbon (biochar). The article mainly
deals with the new potential technologies of CBNMs considering their possible toxic and genotoxic effects.
This review also highlights the latest developments in the application of self-propelled micromotors for green
chemistry applications. Finally, it points to the potential biomedical applications of CBNMs.

Keywords: biochar, ecology, biosensors, graphene family, nanostructures, micromotors

Introduction

With the intensive use of nanoparticles, it has
been shown that many of them may have negative
effect on human health and the environment.
Manufactured nanoparticles are likely to be more
damaging than particulate matter of the same
materials but with conventional size as they, for
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example, penetrate deeper into the lungs due to
their ‘nano’ size (Liu et al., 2014). There is still
a lack of information about the interactions of
nanoparticles with biological systems; therefore,
the research in this field is essential (Bakand et
al., 2012).

NMs are an innovative science discipline that has
grown steadily and has gained interest of the general
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Fig. 1. Potential applications of carbon-based nanomaterials (Garcia, 2017).
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public due to various reasons such as the high
number of new materials produced by synthesis,
improved techniques for their characterization
and diverse applications across a wide range of
disciplines (Fig. 1).

This article describes the members of the graphene
family and provides their brief characteristics.
It also deals with new potential applications of
CBNMs, such as graphene oxide (GO), graphene,
and their other hybrid modifications with other
materials — biochar, composites/oxides of metals
etc. The review highlights the last development in
the application of self-propelled micromotors and
the treatment of cancer considering toxicity and
genotoxicity of graphene nanoparticles.

Characteristics of NMs and CBNMs

Nanoparticles and their general characteristics

Each type of nanoparticle, in addition to its di-

mension within 1 to 100 nm, can be described by

the following characteristics (Ju, 2018):

e chemical composition,

* functional groups on the surface (hydrophilicity,
lipophilicity),

* shape,

e distribution layout of particles,

* density,

* crystalline structure,

* zeta potential,

e ability of aggregation, agglomeration, and sedi-
mentation (Terrones et al., 2012).

With these properties they enter the external envi-

ronment (Loureiro et al., 2018). In air, the so-called

abiotic impact factor takes effect; it may comprise

Sorption of toxic metals

Improves soil consistency

temperature, humidity, salinity, solar radiation,
smog, pollutants of inorganic and organic origin
etc. In an aqueous medium, physico-chemical
characteristics of the aqueous phase have to be con-
sidered: ground water, surface water, river and sea
water, temperature, pH, ionic strength, concentra-
tion ions, concentration of natural organic matter,
and composition of the sediment (Terrones et al.,

2012).

Surface water may be considered as one of the main

points of entry, facilitating dispersion of NMs in the

environment and establishing a link to other parts
of environment such as soil, sediment, and biota.

Factors influencing the fate of nanoparticles in an

aqueous medium are (Baun et al., 2017; Freixa et

al., 2018):

¢ surface hydrophilicity (water solubility),

* hydrolysis, redox reactions,

* adsorption (plays an important role in C-nano-
particles) (Kyzas et al., 2014),

e aggregation,

* hetero-aggregation,

» presence of aquatic organisms (bacteria, algae,
protozoa, plankton, larvae, fish, etc.),

¢ sedimentation rate,

* composition of sediment and its reactivity (ad-
sorption, reduction by phytoextracts and bio-
logical material, presence of soil organic mat-
ter, presence of polyaromatic hydrocarbons
pollutants, hetero-aggregation, etc.) (Kyzas et
al., 2014) see Figure 2.

Also in soil, the physico-chemical characteristics

have to be taken into account. The solid phase con-

tains minerals of different grains (considering the
content of the 0.01 mm fraction) and organic soil

Inhibits the growth of
pathogens

Binds nutrients

Fig. 2. Effect of biochar in soil.
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components (Theng and Yuan, 2008). The basis
of this matter are humic substances, i.e. mixtures
of polydisperse compounds with high molecular
weight and aromatic and aliphatic parts with func-
tional groups —COOH, —OH, phenolic —OH,
—NH,, N-heterocycles, etc. (Theng and Yuan,
2008). Basic partitioning of humic substances is
according to solubility in relation to pH: fulvic
acids are soluble in water, humic acids in alkaline
environment, and humine is insoluble (Theng and
Yuan, 2008). Soil water, also known as the soil solu-
tion, can contain fulminic acids, phytoextracts and
substances with polyphenol structures, glycides,
ions etc. Thanks to the soil solution, the influence
caused by nanoparticles is similar as in case of an
aqueous medium.

Main factors influencing the fate of nanoparticles

in the soil environment are (Loureiro et al., 2018;

Freixa et al., 2018):

 surface hydrophilicity and lipophilicity,

e hydrolysis,

* reduction (green reduction by substances from
phytoextracts),

* hetero-aggregation (clay soils),

e presence of soil micro-organisms and animals
(bacteria, larvae, earthworms, etc.),

 adsorption (rm-binding interactions, hydrogen
bonds, electrostatic interaction, acid-base inter-
action).

Environmental behavior and effects of CBNMs in

natural aquatic systems are related to their ability to

interact and aggregate, creating clusters exhibiting
colloidal behavior. Despite the virtual water insolu-
bility of individual CNM molecules, the formed
aggregates are stable under certain environmental
conditions. To put it simply, transport and fate of
carbon nanoparticles can be divided into three
main possible effects that can exist independently,
intermingle or coexist in synergy (Freixa et al.,

2018):

» modification of nanoparticles (adsorption plays
the main role here),

* change in the composition of nanoparticles (mu-
tual reaction of functional groups with organic
or inorganic substances),

¢ degradation of nanoparticles (physical, chemi-
cal, or biological) (Zhao et al., 2014).

The question remains as to how the future fate,

transport, and mainly toxicity of these nanopar-

ticles changes after degradation or the change of
functional groups on their modified surface. One
of the least inert NMs to the environment seems
to be graphene oxide (Zhao et al., 2014). Its strong
adsorption capacity, propensity to biological reduc-
tion, reactivity of its functional groups on the car-
bon skeleton (Park and Yan, 2013; Shanmugharaj et

al., 2013), and lastly the ease of photochemical de-
gradation (Shanmugharaj et al., 2013) have already
been described. Interaction of GO and graphene
with cell membrane can lead to indirect toxicity,
i.e. blocking of ions and gases exchange. Their
internalization into cells can cause oxidative stress,
DNA damage as well as mitochondrial malfunction
(Zhao et al., 2014).

Graphene based NMs

Graphite is a natural laminated compound with sp®
hybridization and the distance between the layers
of 338 pm (Seabra et al., 2014; Lin et al., 2016).
The plane graphite layer is formed by six-C-cycles;
among other things, it is possible to prepare a se-
ries of compounds with carbon skeleton from this
natural compound. Graphite can be intercalated,
fluorinated, oxidized or exfoliated. Intercalation
allows the formation of an inter-layer space, into
which, e.g. alkali metals or volatile halogens can be
intercalated. The interchange force is the exchange
of electrons between the carbon layer and the inter-
calated substance (Lin et al., 2016). The so-called
graphene family includes: fluorine graphite (CF),
GO, reduced graphene oxide (rGO), graphene,
multilayer graphene, single and multi-walled
carbon nanotubes (SWCNT, MWCNT), fullerenes
(ex. Cg), carbon quantum dots (CQDs) and porous
carbon (biochar). Graphite exfoliation (spherical
grinding, sonication, dynamic fluid shear forces)
results in the formation of graphene (one plane
carbon layer) with a honeycomb structure: -C- hexa-
gons in a plane (Zhao et al., 2014). Under certain
conditions it can be doped, and therefore it is pos-
sible to partially replace carbon for N, S, B, or P
(Hu and Sun, (2013).

GO is prepared by graphite oxidation by strong
oxidizing reagents; it serves as a precursor for the
chemical preparation of graphene (Zhang et al.,
2011). Its carbon skeleton contains the main func-
tional groups such as carboxyl-, carbonyl-, epoxide-,
etheric- and hydroxy-groups. Using the func-
tional groups, GO functionalization can be realized
chemically e.g. by amidation, esterification, or sub-
stitution (Kyzas et al., 2014). GO can also be non-
covalently functionalized e.g. with biomolecules,
where n-m, cation-n, anion-n, and hydrogen bridges
interactions are formed. It also serves as a deposit
for nanoparticles of metals and their oxides (Kyzas
et al., 2014). It can be applied as a composite in a
series of polymers. All of this affects its application
options. Non-covalent interactions are used in the
preparation of composite biopolymers (Yoo et al.,
2014) using the adsorption and absorptive ability of
GO (Kyzas et al. 2014; Chabot et al., 2014; Fakhri,
2017). Graphene oxide has unique characteristics
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such as electronic, magnetic, optical, and thermal
(Xu et al., 2013; Paulchamy et al., 2015), it is also
an electrical insulation material, hygroscopic and
dispersible (Paulchamy et al., 2015). By selecting a
processing technology, various modifications of GO
in suspension can be obtained, such as quantum
dots (Chien et al., 2012) or films applied in biology
(Paredes et al., 2013), electrical applications (Zhu et
al., 2012) optics (Xu et al., 2013) and biomedicine
(Fernandez-Merino et al., 2010; Sanchez et al.,
2012); Zhang et al., 2016), as well as fibers (Shahil
and Balandin, 2012). Graphene-based NMs also
belong to the one of the most promising modifica-
tions of electrode surfaces resulting in impressive
properties of advanced electrochemical sensors
in biomedical application (Stankovic et al., 2017;
Svitkova et al., 2016).

The publications concerning the oxidation of
graphite with a view to obtain GO mostly state that
a method was used bearing the names of particular
authors: Hofmann (HNO,, KCIO,), Tour (P,O;,
KMnO,), Hummers (NaNO,, KMnO,) (Seabra et
al., 2014). In all these methods the reactive environ-
ment is concentrated sulphuric acid (Chng and
Pumera, 2013).

After oxidation, GO has on its carbon skeleton the
above mentioned oxygen functional groups that
can be reduced by a number of agents (methods)
affecting the C/O ratio and the diversity in reduced
groups; e.g. hydrazine reduces preferably epoxy
groups, NaBH, reduces —C=0O and —COOH.
The most commonly used reducing agents are
NH,NH, (Ramesha et al., 2011), NaBH, (Chua
and Pumera 2013), metal-acid (Agharkar et al.
2014), HI, polyphenols (chinons), polysaccharides,
“green” reduction — plant extracts (Agharkar et al.
2014; Roupcova and Klouda, 2017), ascorbic acid
(Paredes et al., 2013), FeSO,, bacteria (Wang et al.,
2011); the methods used include: thermal, hydro-
thermal and electrochemical reduction (Chua and
Pumera, 2013). Partially reduced graphene oxide
is marked rGO and is used in a variety of applica-
tions, mostly as the combination of GO/rGO. Total
reduction of oxygen-containing groups provides
graphene (Chng and Pumera, 2013).

Current publications include articles describing
common oxidation of graphite with fullerene (Cgy),
CF, or biochar to create a unique hybrid product
with different weight ratios (Roupcova et al., 2017,
Zhang et al., 2009). In addition, these syntheses
have been enriched with the combined oxidation
of graphite with MWCNT (Roupcova and Klouda,
2017).

Fullerenes are wide closed-cage carbon clusters
with extraordinary properties (Notariani et. al.,
2016). They were discovered in 1985 and belong to

the group of carbon allotropes (3™) after graphite
(1) and diamond (2"Y). Fullerene Cg, (so far the
most stable form) named after Buchmister Fuller,
who built buildings in the shape of domes resem-
bling a soccer ball (bucky ball) (Sharma et al., 2015).
Many techniques to synthesize fullerenes have been
introduced: laser ablation of graphite + He; AC arc
discharge of graphite + gas (He, Ar), combustion of
benzene (O,), chemical synthesis and introduction
of dopants inside the structure (Lee et. al, 2002;
Saunders et al., 1994).
Fullerenes possess excellent stability, large specific
surface area, superior electrical conductivity, and
individual three-dimensional structure. One of the
major applications of fullerenes is photocatalysts
(pollutants degradation, production of hydrogen,
antibacterial, water disinfection) (Pan et. al., 2020).
From the biomedical applications, fullerenes are
known as antioxidants, drug delivery and antiviral
agents (against flu viruses, herpes simplex virus
(HSV), human immunodeficiency virus (HIV) and
cytomegalovirus (CMV)) (Pochkaeva et. al., 2020).
The structure, shape and the emergence of carbon
nanotubes (CNT) can be pictured as a graphene
plane rolled in the direction of two possible vectors.
This will arrange the tubes with mutual arrange-
ments of six-member-C-circles into the structure of:
chair, zigzag, or chiral. According to the number of
layers, the carbon tubes can be divided into single-
walled and multi-walled types (Lee et al., 2012).
The basic preparation consists of the deposition
of chemical vapor using the CVD method at high
temperatures (500—900 °C), depending on the
organic material and the catalysis by various metals
(Lee et al., 2012). Rolling of the carbon plates can
also be carried out under normal laboratory con-
ditions from graphene oxide in a strongly acidic
environment and in the presence of ferrocene alde-
hyde (Calvaresi et al., 2013). The surface of carbon
nanotubes can be functionalized to form covalent
bonds between the surface of the nanotubes and
the substituent, non-covalent ones by modification
with a macromolecule (hybrid, composite), or by
physical adsorption of molecules on the surface of
the nanotube (Calvaresi et al., 2013). Reactions that
allow covalent bonding on the nanotube include:

* oxidation (in solution, gaseous phase, plasma),

* halogenation (iodination, bromination, chlo-
rination, fluorination by reaction with BrFj,
XeF,),

e reaction with diazonium salts (ArN?*) (Calvaresi
etal., 2013).

Non-covalent modification of nanotubes is pre-

dominantly provided by n-n interactions, mn-stack-

ing, electron transfer, hydrophobic interaction
with pyrene derivatives, polymer composites, or
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composites with biological molecules, DNA, pro-
teins, etc. This type of reaction may include gra-
phene rGO-MWCNT composites. Published
preparations of these composites comprise mixing
of graphene oxide and MWCNT in a certain
weight ratio; sonication and subsequent reduction
by hydrazine (Woo et al., 2012), ferrous sulfate

(Kabiri et al., 2014), ascorbic acid (Chartar-

rayawadee et al., 2013), or i-propanol under y-radi-

ation ®°Co (Sun et al., 2014).

The thus-prepared composites, rGO-MWCNT, can

be used in super-capacitors (Sun et al., 2014) or, after

morphological treatment, as an ideal adsorbent for
organic substances, especially oils (Kabiri et al.,

2014). Modern applications of carbon nanotubes

utilize their ability to behave as a unique nano-reac-

tor. In such nano-reactor, i.e. within the carbon na-
notubes, the concentration of chemical reactants in-
creases thereby increasing the reaction rate; the
charge transfer effects are reflected in the reduction
of free activation energy, and the arrangement of
the molecules allows the reaction to be directed in
the desired direction (Miners et al., 2016). Electron
transmission also affects catalytic activity. Metal na-
noparticles of Ni, Fe, Pd, Pt, Ru, Co, and Cu (Miners
et al., 2016; Wang et al., 2012) are often used as cata-
lysts, adsorbed on the carbon surface (Miners et al.,

2016). Several hydrogenation reactions, synthetic gas

conversions, ammonia synthesis or decomposition,

oxidation reaction, etc. (Miners et al., 2016) have
been realized in this way.

GO, graphene, hybrid compounds, composites, and

porous carbon (biochar) have the following applica-

tions:

* adsorption materials (absorbents) for metal
ions, organic pollutants in waste water treatment
plants (WWTP) (Gopalakrishnan et al., 2018;
Wei et al., 2018),

» sensors (of gases, metals, biomolecules) (Ju,
2018),

e energy accumulation — electrode material for
super-capacitors, Li-ion batteries, solar collec-
tors,

* hybrid compounds and composites — magnetic
composites, ternary composites,

e C-catalysts,

* C-M, C-MO,-catalysts,

* photochemical catalysts (C-TiO,),

* environmental applications (Oladipo and Ife-
bajo, 2018),

* construction, diagnostics (Roupcova, 2017).

CQDs belong to nanostructures consisting of C-

atoms and their size is below 10 nm (Molaei, 2019a,

2019b). They are functionalized with biomolecules
or organic substances (Molaei, 2020) and they are

characterized by (Lim et al., 2015; Zuo et al., 2016):

¢ fluorescence emission,

e solubility in water,

e preparation simplicity,

* low toxicity,

* biocompatibility,

¢ chemical inertness,

¢ functionalization.

CQDs have found many applications in various
areas such as bioimaging (both in vivo/vitro)
(Jamieson et al., 2007), drug and gene delivery,
solar energy, sensors, solar energy conversion, pho-
toelectrochemical (PEC) cells, solar cells, etc. They
can be considered as a substituent for semiconduc-
tior quantum dots (QDTs) due to the characteristics
mentioned above as in comparison to semiconduc-
tor quantum dots (QDs), they can be considered as
alternatives in solar energy conversion applications
(Molaei, 2020).

Biochar

Biochar is also ranked among carbon NMs because
it is a porous carbonaceous material. Biochar, or
bio-charcoal, is the product of waste pyrolysis after
biomass fermentation (Zhu et al., 2012; Weber and
Quicker, 2018). Biomass or wastes, from which
biochar is most often produced, can come from
various sources, such as cow and pig manure, straw,
fruit skins, rice, peanuts, maize, soy, wood waste,
sludge from WWTP etc. (see Figure 3). After the
biomass fermentation process, which aims to pro-
duce biogas, so called digestate remains, mostly
containing a solid portion and a liquid portion, is
left (Zhu et al., 2012; Weber and Quicker, 2018).
The separated solid material can be treated by
pyrolysis at 300—600 °C with restricted air access
or without it. Decomposition temperature can be
reduced by hydrothermal pyrolysis (wet pyrolysis),
where the main ongoing reaction is hydrolysis of
hemicellulose, cellulose and lignin and subsequent
decarboxylation, dehydrogenation, aromatization
and condensation (Zhu et al., 2012). Pyrolysis or
hydrothermal pyrolysis yields a porous carbona-
ceous material with a compact hydrophobic core of
a predominantly aromatic structure and a shell ex-
hibiting hydrophilic and chemically active proper-
ties (surface groups —OH, —C=0, —C—O—C—,
—COOH) (Wei et al., 2018). Surface of biochar
can be reduced (ascorbic acid), oxidized (hydrogen
peroxide) or further modified, and thereby its
properties can be altered (Roupcova, 2017).

The Biochar Journal (Schmidt and Wilson, 2014)
published 55 examples of biochar application with a
precondition for commercialization. In addition to
its specific use (Yao and Wu, 2015; Zhang et al., 2014),
such as a heterogeneous catalyst with wide applica-
tion and energy conversion/storage as a super-
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Fig. 3. Most common substrates for biochar production.

capacitor or Li-batteries, the main application of bio-

char is in soil engineering and as an adsorbent for

various inorganic and organic pollutants, both in

water and soil — see below. In relation to agriculture

(soil), biochar provides the following benefits

(Krishnakumar et al., 2014; Roupcova et al., 2017):

* increased water capacity of soil;

* increased biomass production;

* increased pH of soil;

* reduced toxicity of aluminium;

* reduces tensile strength of soil;

* changed (supported) microbial activity;

¢ reduced emissions of CO,, N,O, CH, from
soil, absorbs organic and inorganic compounds
(Krishnakumar et al., 2014; Roupcova et al.,
2017).

Applications of biochar are very diverse, ranging

from heat and power production, flue gas cleaning,

metallurgical applications, agriculture and animal

husbandry, building material, to medical use. In an

attempt to reduce greenhouse gas emissions, it has

gained increasing popularity in the last years as a

replacement for fossil carbon carriers in several of

these applications (Weber and Quicker, 2018) due

to its ability to absorb both inorganic substances

(ions of heavy metals) and organic contaminants

in an aqueous medium and in soil preventing or

reducing the entry of undesirable substances in the

plants (Krishnakumar et al., 2014).

NM:s toxicity and genotoxicity

The science which deals with toxicity and effects
of artificially created nano-structures and mecha-
nisms to living organisms is called nano-toxicology
(Durnev and Lapitskaya, 2013). Toxicity of nano-
particles is affected by several factors such as the

quantity and size of particles, their concentration,
specific surface, charge, shape, structure, reactivity,
or solubility; therefore, their physical and chemical
properties should be considered in the analysis of
nanoparticles (Freixa et al., 2018; Borm et al., 2006).
It is rather complicated to examine the toxicity of
NMs because they behave differently in various
environments and change their structure and
composition. Therefore, to determine their toxicity,
various studies have to be conducted to examine
their contact with organisms (dermal, oral, or other
means), and their effects (Freixa et al., 2018). To
examine the toxicity, various analytical techniques
are needed; it is not possible to analyze it only by
one single analytical technique.

Various methods are used to determine the toxicity

of NMs: cell toxicity (Tabei et al., 2019), genotoxicity

(Martinez-Paz et al., 2019), toxicity of microorgan-

isms (Chen et. al, 2019), test on larvae (Moon et. al,

2019). Standardized methods of NMs ecotoxicity

include tests on:

* higher green plants — e.g. Sinapis Alba L. (white
mustard) (OECD 208/1984) Terrestrial plants,
growth test, methodical instruction of the De-
partment of Waste of the Ministry of the Envi-
ronment of the Czech Republic to determine the
ecotoxicity of waste,

* invertebrates — e.g. Daphnia manga (pearl mus-
sel) (Gao et al., 2018),

* vertebrates — e.g. Brachydario rerio (Striped
Danio) (Jia et al., 2019),
e autotrophic unicellular green algae — e.g.

Desmodesmus subspicatus (Nam et al., 2018).
Another reason why their toxicity is relatively un-
explored is that most of the analytical methods are
destructive, and so it is not possible to re-use the
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samples (Brandeburova et al., 2017, Mackulak et
al., 2016; Tiede et al., 2008). Particles are made of
the same material but their toxicity varies with dif-
ferent sizes. The material in form of nanoparticles
is more toxic than the larger particles that can still
be breathed in. Nanoparticles can be moved from
the place of accumulation via nasal vessels up to the
brain and gain access to blood and other organs;
phagocytosis is not able to stop them. Nanoparti-
cles of very small dimensions, smaller than some
molecules, can bind to larger molecules and then
modify the protein structures (Donaldson et al.,
2004; Ghika et al., 2018). In addition to the size of
nanoparticles and their surface, an important fac-
tor in their toxicity is also oxidative stress causing
inflammation and genotoxicity (Ghika et al., 2018;
Hussain et al., 2009).

Ecotoxicity of NMs of the graphene family
A whole series of specialized studies has been devoted
to the toxic effects of NMs from the graphene group.
Detailed research studies (Seabra et al., 2014; Guo
and Mei, 2014; Jastrebska et al., 2012) summarize the
contemporary findings concerning the toxic effects
and possible mechanisms of toxicity. While their
conclusions agree that graphene, graphene oxide,
and reduced graphene oxide have toxic effects both
in the in vitroand in the in vivotests (Roupcova, 2017),
the interpreted toxicity results vary and depend on
many factors, such as the physical form of the tested
substance, method of its preparation (contamination
during chemical preparation or during reduction),
environment where the toxicity test was carried
out, or biological system the tests were performed
on (bacteria, green algae, nematodes, crustaceans,
mammalian cells, etc.) (Roupcova, 2017). For exam-
ple, the following data have been published concern-
ing GO toxicity in an aqueous medium (Roupcova et
al., 2016):
* toxicity to crustaceans Amphibalanus Amphitrite
(Mesaric et al., 2013),
* toxicity to microbiological community in efflu-
ents (Ahmed and Rodrigues, 2013),
* non-toxicity against bacterium Shewanella onei-
densis (Wang et al., 2011),
* slight toxicity to embryos of Zebra Danio (Danio
rerio) (Chen et al., 2012),
* non-toxicity to embryos of Zebra Danio (Danio
rerio) (Zhou et al., 2012),
« either toxic or non-toxic to field bean seeds (Vicia
faba) (Anjum et al., 2014).
From this summary, the disunity of results can be
seen. The interaction with live systems is influenced
by both the concentration of the test substance and
the functional groups on its surface, particle size,
exposure time, type of exposed cells (Seabra et al.,

2014), and, in our opinion, also purity of the test
substance. All these variables affect the results of
the toxicity tests.

For example, phytotoxicity of graphene and GO was
analyzed by tests carried out with seeds and germi-
nation plants of tomato, headed cabbage, red spin-
ach and lettuce (Roupcova et al., 2016; Begum et al.,
2011). Concentrations of 0, 500 mg/1, 1000 mg/1,
and 2000 mg/1 were tested and the exposure time
was 20 days. Results of the tests showed significant
reduction of growth and the number and size of
leaves at the highest concentration in almost all
products, with the exception of lettuce; at the same
time, there increase in the production of reactive
oxygen species (ROS) and of the necrotic symptoms
was observed (Roupcova et al., 2016; Begum et al.,
2011).

Similar tests were conducted by Anjum et al. with
field bean seeds (Vicia faba). The seeds were exposed
to different concentrations of GO suspension (sus-
pension contained particles of 0.5—5 pm created
from a simple GO bi-layer) in the concentration
range of 0—1600 mg/l. The study revealed both
positive and negative impact on the growth para-
meters (Anjum et al., 2014). Positive impact has been
determined with GO concentrations of 400 and
800 mg/1. For other concentrations, either lower or
higher, the impact on the bean growth parameters
was negative. The negative effect was indicated by
the drop of growth parameters, increased activity
of enzymes decomposing hydrogen peroxide, in-
creased level of electrolyte leak (damaged stability
of cell membranes), and finally by increased levels
of hydrogen peroxide and lipids and proteins oxi-
dation. These results demonstrate the complexity
of phytotoxicity results interpretation. A question
remains why the specified GO concentrations opti-
mized the physiological process of germination and
growth (Hussain et al., 2009; Lanwani et al., 2016).

Applications of NMs

Environmental applications of CBNMs

Many hazardous pollutants from industry enter
the environment every year. To help protect the
environment and humans, adequate safety manage-
ment is required employing chemical, biological
or physical treatment (Jurado-Sanchez and Wang,
2018; Tratnyek and Johnson, 2006).

Micromotors present a brand new paradigm for
actual time environmental monitoring with huge
promise for detection of sudden changes and possi-
ble threats or for monitoring remediation processes
or hardly accessible environments. One effective
strategy depends on the changes in the floating
behavior of catalytic self-propelled micromotors
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when hazardous chemicals are present (Jurado-
Sanchez and Wang, 2018; Sen et al., 2009).

Use of micromotors for adsorption

Adhesion of atoms, molecules or ions from a lig-
uid, dissolved solid or gas to a surface is called
adsorption. Concerning micromotors and the
environment, research has been directed towards
the proposal of micromotors functionalized with
proper (bio)-ligands or composed of activated car-
bon or graphene. A great part of attention has been
paid to dynamic oil removal using micromotors
as an effective way to encounter petroleum drops
(Jurado-Sanchez and Wang, 2018). For example,
hydrophobic graphene/Pt tubular micromotors,
made by rolling together with wax-printed sheets,
were successfully tested for collecting lubricants
from water samples. The high surface-to-volume
ratio combined with graphene along with self-
propelled micromotor motion offers friendly
conditions to collect lubricant droplets occurring
in water through its hydrophobic interactions
(Baptista-Pires et al., 2018).

Graphene is the most used allotrope of carbon for
adsorptive removal of pollutants. For example, re-
duced graphene oxide coated silica/Pt Janus mag-
netic self-propelled micromotors show enhanced
removal of persistent organic pollutants (triclosan
and polybrominated diphenyl ethers) from water.
Micromotors can be repeatedly used in four cycles
in sequence without any difference in their adsorp-
tion characteristics (Orozco et al., 2016).

Pollutant degradation micromotors

Progressive oxidation processes play an important
role in the chemical treatment removing organic
and inorganic pollutants in water by oxidation
through chemical reactions with ozone (Oy),
hydrogen peroxide (HyO,), hydroxyl radicals
(-OH) or UV light. Peroxide driven self-propelled
micromotors provide a new dimension to progres-

sive pollutant removal because peroxide behaves
as a strong oxidizing agent broadly used by envi-
ronmental communities for the degradation of
dangerous organic substances. The micromotor
motion enables faster contact of the pollutants
and active reactants, developing in more dynamic
degradation processes that can be compared to
static opposites (Jurado-Sanchez and Wang, 2018).
A short overview of CBNMs used as self-propelled
micromotors is given in Table 1.

CBNMs and their applications in medicine

The development of different NMs for diagnosis
and therapy caused NMs to become an interesting
and important area of biomedical research. Due
to the high toxicity and side effects of the use of
traditional chemotherapy in cancer, scientists are
working on the development of alternative thera-
peutic technologies (Roacho Perez et al., 2018). The
above mentioned NMs can assist in the monitoring
of disease progress and treatment efficacy, recog-
nize blood type of the patient, or the type of tissue
at transplantation (Li et al., 2018). One of the main
advantages of these substances is their non-invasive
use as a diagnostic tool. Another new and exciting
feature is the multi-modal use of one sensor formed
from NMs. This allows for a better and more ac-
curate understanding of the in vivo action (Wang
et al., 2017). Moreover, the connection of diagnosis
and treatment in one system provides new pos-
sibilities in the treatment of diseases such as cancer.
This type of treatment is called teranostics. When
applying a modified nanomaterial in various imag-
ing techniques and treatment possibilities, higher
therapeutic efficacy can be achieved (Barreto et al.,
2011).

NMs characteristics in cancer treatment

The prerequisite of successful use of NMs in vivo as
well as in vitro is their correct synthesis. A particle
that has the right size, surface, or polarity has to

Tab. 1. Summary of carbon based micromotors for potential environmental applications.

Motor

Pollutant

Reference

Removal of pollutants by adsorption

Activated carbon/Pt Janus micromotors

Heavy metals, explosives, nerve

(Jurado-Sanchez et al., 2015)

agents, azo dyes

Zr/rGO/Ni/Pt tubular micromotors
rGO/Ni/Pt tubular micromotors

rGO/Pt Janus micromotors

Chemical warfare agents
Heavy metals

Persistent organic pollutants

(Singh et al., 2015)
(Vilela et al., 2016)
(Orozco et al. 2016)

GO/ Pt nanoparticles (NPs) rolled — up micromotors  Oil droplets (Baptista-Pires et al., 2018)
Degradation of pollutants

Advanced oxidation

rGO/ Prussian blue hydrogel micromotor Azo dyes (Hao et al., 2015)
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be created. Toxicity of nanoparticles and their bio-
compatibility have also to be considered (Ghika et
al., 2018).

The reticulo-endothelial system (RES) is a part of
the immune system composed of phagocytic cells.
Macrophages and monocytes are located in spleen
and in lymph nodes, while Kupffer cells are located
in liver. The main role of this system is to eliminate
old or foreign cells and create new cells for immune
and inflammatory response. Tumor cells induce the
infiltration of other cell types and instruct them
(fibroblasts, endothelial cells and immune cells)
in cell-contact dependent (paracrine, receptor-
mediated) and contact independent manner (endo-
crine, cytokines and other signaling molecules)
to establish a self-promoting and mutually self-
reinforcing tumor microenvironment (TME) that
promotes tumor progression (Conde et al., 2016).
This system is active mainly in the elimination of
larger nanoparticles. The smaller the particle, the
longer time is needed to eliminate the particles
from blood circulation. It was found that particles
smaller than 200 nm are the ideal size for cancer
treatment (Song et al., 2017). The lower limit of the
size is derived from the ability to filter particles in
the kidneys. Glomerular barrier transmits particles
smaller than 6 nm, while those larger than 8 nm
will not pass through. Also, a healthy endothelium
has an effective pore size of about 5 nm; therefore,
NMs smaller than this size will pass through into the
extra-vassal spaces. The entry of foreign particles
into a cell is blocked by three stage mechanism. Us-
ing opsonization, macrophages recognize foreign
particles and absorb them via endocytosis, and
the digestive enzymes try to break them down. If
the particle is not biodegradable, it is removed by
kidneys or stored in the reticulo-endothelial system
(Barreto et al., 2011).

Degradation of NMs through RES is also linked to
the polarity and charge of particles. This process is
faster if the particles are more hydrophobic, which
allows for better adsorption of blood proteins on
their surface. Also surface charge affects the elimi-
nation of NMs; neutral particles or particles with low
charge are removed immediately. Positively charged
particles are not specifically linked to the cells,
whereas the negative charge attracts phagocytes in
liver. It has been proved that zeta potential of a par-
ticle higher than +30 mV prevents its agglomeration
in a model suspension (Barreto et al., 2011).

Conclusions

The article briefly summarizes the general charac-
teristics of NMs, especially their properties with
which they penetrate into the environment (water,

soil). Furthermore, individual members of the gra-
phene family, including porous carbon (biochar),
are described. The main characteristics, prepara-
tion, and the new eco-friendly applications of car-
bon based NMs as self-propelled micromotors are
introduced. NMs have become an important part of
medical research combining diagnosis and therapy
into one system, which provides new possibilities in
treatment of diseases such as cancer.
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Abstract: This paper focuses on the assessment of the inclination to self-ignition of various types of wood chips
according to the methodology of European standard EN 15188. The study also assesses the effect of heating
temperatures on the composition and quantity of gaseous products of heating. Gases were analysed using an
infrared spectrometer with Fourier transformation. From the measured results it was found that the inclination
to self-ignition differs for various samples of wood chips. The paper discusses certain parameters assumed to
affect the inclination of biomass to self-ignite. When assessing the effect of temperature on the composition
of gaseous products, a sample of forest wood chips heated at temperatures from 50 to 150 °C resulted in
the following gaseous products: carbon dioxide, carbon monoxide, water and aliphatic hydrocarbons; their
concentrations increase with the increasing temperature. Carbon oxides have been proposed as indicators
of the state of stored materials self-heating. Observations presented in this paper can be used as data for
elaborating safety instructions for storage of fuels based on solid biomass.

Keywords: gaseous products, induction time, spontaneous combustion, self-heating temperature, wood chips.

Introduction

One of the possible alternatives to fossil fuels is the
use of solid biofuels whose combustion causes less
damage to the environment. In the Czech Republic,
the most common alternative used for energy-
production purposes is wood chips. Wood chips are
defined as chipped wood biomass typically 5 mm to
50 mm in size, produced by mechanical cutting of
wood using sharp tools, e.g. blades (CSN EN ISO
17225-4, 2015).

No heating or drying is used during their produc-
tion and most of the original wood humidity is
retained. The production process of other types of
solid biofuels, such as pellets or briquettes, involves
heating and therefore their biological activity is
reduced (Alakoski et al., 2016). For this reason,
wood chips have higher tendency to spontaneous
self-heating than other types of biofuels.
Self-ignition occurs mainly if chips are stored in
large quantities and over long periods of time.
Safe storage time is determined not only by the size
of the stored pile, but also by the type of biomass,
storage, material humidity and homogeneity as
well as by other parameters.

Conditions for safe storage of solid biofuels are
mainly determined based on the results of labora-
tory tests (Veznikova, 2016). A number of methods
are used for this purpose, with both empirical
and theoretical foundations. Methods currently
used to assess the risk of spontaneous combustion
evaluate the solids behaviour under adiabatic, iso-
peribolic or isothermal conditions (Babrauskas,
2003).

For example, the isoperibolic method according to
European standard EN 15188 sets procedures for
determining the volume dependence of self-ignition
temperature of combustible dusts or granular
materials. After determining this dependence in
laboratory conditions, an extrapolation is performed
for the expected conditions during storage of the
evaluated material. The standard method is often
used to assess the risk of spontaneous combustion
of biomass and to determine safe storage conditions
(Ramirez et al., 2010; Jones et al., 2015).

One of the methods used to control the develop-
ment of material self-ignition in warehouses is to
monitor changes in the concentration of gases
produced during the self-heating process. Domi-
nant gases emitted during heating by wood include
carbon dioxide, carbon monoxide and methane
(Alakoski et al., 2016). The method indicating the
state of self-heating based on the analysis of gase-
ous products from heating has been used for many
years, especially for coal materials. As the study of
Derychova et al. (2016) shows, majority of gaseous
products from coal and biomass are qualitatively
identical. Therefore, analysis of gaseous products
can also be used in the indication of the temperature
of stored biomass. However, the composition and
quantity of these products is affected, just like the
self-ignition temperature, by the material proper-
ties and storage conditions. Therefore, besides the
evaluation of the inclination of various wood chips
to self-ignition, this study also evaluates the impact
of temperature on the composition and quantity of
carbon monoxide, carbon dioxide and methane for
one type of biomass.
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Tab. 1. Overview of studies on self-ignition.

Resolved issues

Source

Self-ignition in general

Self-ignition of plant materials

Effect of composition on self-ignition temperature

Effect of temperature on self-ignition temperature

Effect of grain size on self-ignition temperature

Effect of humidity on self-ignition temperature

Effect of volume of accumulated material on self-ignition
temperature

Methods for determining inclination to self-ignition
Issue of gaseous products released during wood material
self-heating

Effect of temperature on the quantity of gaseous products
released during wood material self-heating

Effect of concentration of oxygen on the composition of
gaseous products produced during wood sawdust self-
heating

(Balog, 1999; Kalousek, 1999; Adamus et al, 2007,
Véznikova & Adamus, 2007)

(Balog, 1999)

(Ekoporadna, 2010)

(Balog, 1999)

(Jirjis, 1995)

(Lohrer et al, 2005)

(Jirjis, 2005)

(Adamus, 2004; Bowes, 1984)

(Kuang et al, 2009; Yazdanpanah et al, 2014; Kuang et al,
2008; Jappinen et al, 2014; He et al, 2014; Oren et al, 1987)
(Oren et al, 1987; Perdochova, 2014)

(Perdochova et al., 2015)

Numerous experimental studies have focused on
the issue of self-ignition. An overview of the most
important studies in this field is provided in Tab. 1.
The cited papers focus primarily on the issue of self-
ignition in general, self-ignition of plant material,
evaluation of various phenomena on self-ignition
temperature and on the effect of temperature on
the composition of products of wood material self-
heating.

The effect of wood material variability on the self-
ignition process has not been deeply studied, most
probably because biomass has been combusted on
an industrial scale for a relatively short time. The
variability of wood material composition is greater
than in case of other fuels (Vassilev et al., 2015) and
it affects the properties and behaviour of the mate-
rial during its combustion and storage. The effect
of chemical composition and physical properties
(granulometry and ash content) on flammability,
explosibility and inclination to self-ignition has
only recently been addressed (Torrent et al., 2016).
Numerous other papers deal with the comparison
of economic parameters of combusting coal or fuel
oil and wood material (Esteban et al., 2016).

In this study, the inclination to self-ignition was
evaluated for four various types of wood chips and
the effect of temperature on the composition of
gaseous products of heating forest wood chips was
also studied. The aim of the paper was to determine
the effect of the biomass type on the self-ignition
process and on the change of the gaseous products
composition with temperature for forest wood
chips. Based on the results, suitable measures were
proposed to prevent self-ignition as unified instruc-
tions for safe storage of wood material.

Material and Methods

Tested materials

The following samples were subjected to testing

(Fig. 1):

* Sample No. 1 — wood chips from deciduous
trees — wood chips and crushed wood fuel, water
M45, ash A5.0 according to CSN EN ISO 17225-1
(CSN EN ISO 17225-1, 2015).

* Sample No. 2 — wood-working (white) wood
chips — wood chips and crushed wood fuel,
water M45, ash A5.0 according to CSN EN ISO
17225-1 (CSN EN ISO 17225-1, 2015).

* Sample No. 3 — forest wood chips — wood chips
and crushed wood fuel, water M50, ash A10.0+
according to CSN EN ISO 17225-1 (CSN EN
ISO 17225-1, 2015).

* Sample No. 4 — wood chips from poplars —
sorted wood chips class B1 according to CSN EN
ISO 17225-4 (CSN EN ISO 17225-4, 2015).

Fig. 1. Tested materials (Perdochova, 2015).
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Tab. 2. Proximate and ultimate analyses of samples.

Properties/ Tested material

Deciduous wood  Wood-working wood  Forest wood Deciduous wood chips —

chips chips chips poplar
Proximate analysis (wt %)
Ash A¢ 4.66 3.95 11.90 2.86
Volatile combustible matter V4 82.93 83.38 81.10 85.07
Fixed carbon C%f; 17.07 16.62 18.90 14.93
Ultimate analysis (wt %)
Carbon total C9, 49.34 49.54 46.89 49.44
Hydrogen total HY, 5.46 5.55 5.14 5.54
Nitrogen N¢ 0.18 0.09 0.34 0.16
Sulphur S9, 0.04 0.03 0.04 0.03
Oxygen O, (by calculation) 44.98 44.79 47.59 44.83

Note: meaning of symbols
Ash Al

Ash in dry matter

Volatile combustible matter Vet Volatile combustible matter in dry ash-free basis
Fixed carbon C%f. Fixed carbon (f) in dry ash-free basis

Carbon total Cce Carbon total in dry ash-free basis

Hydrogen total HY, Hydrogen total in dry matter

Nitrogen N¢ Nitrogen in dry matter

Sulphur S4 Sulphur in dry matter

Oxygen (by calculation) (oF Oxygen (by calculation) in dry matter

Tab. 3. Summary of physical parameters of respective samples — moisture, apparent density, screen

analysis (Perdochova, 2015).

. Deciduous wood
Physical property

Wood-working

. Deciduous wood
Forest wood chips

chips wood chips chips — poplar
Moisture (%) 43.35 41.02 47.74 44.23
Apparent density (kg-m™) 330 280 320 300
Mean grain size (mm) 8.88 13.23 8.75 9.40

The aforementioned materials were sampled from
a power company in the Czech Republic, which
is one of the most significant consumers utilising
renewable sources in large quantities.

Proximate and ultimate analyses were performed
for all the tested samples — Tab. 2.

Tab. 3 shows measured values of the physical
properties for the respective tested samples.

Experimental methods

Sampling was done according to standard CSN
EN 14778 — Solid biofuels — Sampling (CSN EN
14778, 2011). A total of four varieties of wood
chips were sampled (four combined samples).
According to standard CSN EN 14780 — Solid
biofuels — Methods for sample preparation (CSN
EN 14780, 2011), subsamples were taken from the
samples, for which the moisture content was deter-
mined immediately using a METTLER TOLEDO
HS 153 halogen moisture analyser.

Furthermore, the subsamples were subject to
proximate and ultimate analyses, apparent den-

sity according to tandard CSN EN 15103 — Solid
biofuels — Determining apparent density (CSN
EN 15103, 2010) and screen analysis according to
standard CSN EN 933-1 — Testing of geometric
properties of aggregates — Part 1: Determining
granularity — Screen analysis (CSN EN 933-1,
2012).

Inclination to self-ignition, the so-called basket
test, was determined for all combined samples
using the method according to standard CSN
EN 15188 — Determination of the spontaneous
ignition behaviour of dust accumulations (CSN
EN 15188, 2008). This method is used to
determine self-ignition temperature in relation to
quantity based on piling in a furnace at a constant
temperature. In addition, the induction period,
defined by the standard as the period between
reaching the storage temperature and ignition,
was monitored.

The self-ignition temperatures were measured in
a furnace for solid materials self-heating CLASIC
CZ KK5006 (Czech Republic) with the volume of
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54 dm®. A special device for hanging a cubic basket
with a sample and three thermocouples is installed
in the test furnace. The furnace temperature is
measured by two thermocouples placed in the
middle of the distance between the furnace wall
and the basket. The temperature of the sample is
measured in the centre of the cubic basket with
another thermocouple. The measurement takes
place in the isoperibolic mode.

The first furnace test temperature was chosen ac-
cording to the experience with the evaluated mate-
rial. Once the selected temperature was reached,
the sample basket with the sample was placed in
the oven. The thermocouple located in the centre
of the sample was used to indicate whether self-
ignition has occurred at the constant furnace tem-
perature. Temperature for the next test is governed
by the result of the previous test. The self-ignition
temperature (T;) was calculated as the temperature
average of the two thermocouples that measure the
temperature in the furnace.

Furthermore, in case of forest wood chips,
gases were analysed in relation to temperature.
The analysis of gaseous products was done using a
NICOLET iS10 infrared spectrometer with Fourier
transformation (USA).

After the measurements, the measured data of
the respective samples were compared and evalu-
ated in terms of fire due to self-ignition. Besides
determining the self-ignition temperature, critical
sample dimensions were also calculated, which
characterise the degree of self-ignition risk at an
ambient temperature and also the time in which
self-ignition can occur at the given temperature
and size. Based on the gas analysis, the effect of
temperature on the composition and quantity of
the gases produced during forest wood chips self-
heating was evaluated.

Analysis of gaseous products from forest wood chips
The apparatus used for the analysis of gaseous
products of the forest wood chips self-heating was
built from the following parts: furnace for solid
materials self-heating with selectable atmosphere
CLASIC CZ KK5006 (CR), NICOLET iS10 infra-
red spectrometer with Fourier transformation
(FTIR spectrometer- USA) equipped with a gase-
ous cuvette of the optical length of 10 m, a pump
and a computer. Samples of forest wood chips
were heated at 50 °C, 100 °C and 150 °C in a cubic
wire basket with the side dimensions of 7 ¢cm for
1 hour. The gaseous products were identified
using the OMNIC 8 software, and quantitative
determination of carbon oxides and methane
was done using the TQ Analyst spectroscopic
software.

Results and discussion

Determination of self-ignition temperature
According to standard CSN EN 15188 (CSN EN
15188, 2008), the measured temperature-time
relation is used to determine the self-ignition
temperature, T, for each basket volume. Cube-
shaped baskets are used for the measurement.
Furthermore, the measured results can be used to
determine the induction burning period for vari-
ous volumes. Table 4 shows results of the basket test
of the tested samples; the given values are averages
from two measurements. From the results it follows
that with the increasing material volume, the self-
ignition temperature decreases and the induction
period is extended.

Tab. 4. Results of the basket test (Perdochova, 2015).

Tested sample Basket volume T ID
(cm?) (°C)  (hour)
Deciduous wood 343 204 2.17
chips 1000 183 3.20
3375 160 4.90
Wood-working wood 343 211 1.23
chips 1000 205 1.50
3375 195 1.90
Forest wood chips 343 193 1.33
1000 177 2.83
3375 160 6.23
Deciduous wood 343 207 0.93
chips — poplar 1000 187 2.29
3375 167 6.54

Evaluation of the test results of self-ignition tem-
perature determination was performed using the
dependence of the logarithm of volume to surface
ratio for the respective shape and site of the basket
used (log [ V/A]) and the inverted reciprocal value of
the self-ignition temperature (1/7T, [K™']), known
as the pseudo-Arrhenius graph of self-ignition
temperature.

Equation (1) was used for the extrapolation of data
outside the zone of measured temperatures and
dimensions is as follows (CSN EN 15188, 2008):

log (V/A) =a+bx(1/T) (1)

where V — volume of precisely defined body (m?),
A — surface of precisely defined body (m?), Ty, —
self-ignition temperature (K).

The results obtained from Equation (1), i.e.
logarithm of volume to surface ratio, are shown in
Fig. 2. This Figure shows self-ignition temperatures
(upper side of the graph) for different volumes of
the material depending on (log (V/A) to 1/71).
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From the graph above it is evident that samples
of deciduous, forest wood chips and poplar have
a similar course, whereas the dependence for
wood-working wood chips is different. In case of
wood-working wood chips, the intensity of oxida-
tion is more strongly dependent on temperature
than in case of the other samples, which can be due
to different ingredients and structure. Based on
this graph, self-ignition temperature T, of wood-
working wood chips is less dependent on the change
of volume than in other materials. Wood-working
wood chips are less prone to self-ignition than other
types because of their higher self-ignition tempera-
tures compared to other samples.

In addition, the logarithmic dependence of wood-
working wood chips does not describe the course
of the measured data as accurately as for other
materials. Therefore, other types of mathematical
expressions were tested and a third-degree poly-
nomial was found applicable for wood-working
wood chips. However, confirmation of the correct-
ness using other experiments is necessary, at least
for the 2000 cm? basket volume.

The different dependence for wood-working
wood chips may be due to the different properties
of this material as wood working wood chips are
made from wood free of bark, leaves or needles
and therefore have lower nitrogen content (see
Table 2) than the other samples. Nitrogen content
is related to the presence of needles and leaves in
the biomass (Blomqvist & Persson, 2003) and can
affect the course of self-heating, as these materials
have lower ignition temperature (270—350 °C) than
wood (410—450 °C) (Babrauskas, 2003).

Another possible cause of the different behaviour
of wood-working wood chips is the grain size, which
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mperature for tested samples (Perdochova, 2015).

is different than in the other samples. In case of
wood-working wood chips, the mean grain size was
about 13 mm, whereas in the other samples it was
around 9 mm. According to literature (Jirjis, 1995),
the increased size of particles means a decreasing
risk of self-ignition, which has been confirmed by
the self-ignition temperature measurement (wood-
working wood chips have the lowest inclination to
self-ignition).

The graph in Fig. 3 shows that the dependence of the
volume to surface ratio logarithm on temperature
also differs for different samples (other than wood-
working wood chips). For small sample volumes,
forest wood chips are most easily self-ignited, whereas
the lowest inclination to self-ignition is demonstrated
by wood-working wood chips. However, during ex-
trapolation to larger volumes, deciduous wood chips,
which contained bark just like forest wood chips,
were shown to be more inclined to self-ignition.
Also, induction time of combustion for various
volumes as a dependence of the induction time
logarithm () to the volume to surface ratio loga-
rithm for a given shape and size of the used basket
(log [V/A]) can be determined from the measured
results (Fig. 3). The induction time is designed by
the standard CSN EN 15188 (CSN EN 15188, 2008)
as a period between reaching storage temperature
and ignition. The determined dependence is de-
scribed by Equation (2):

log (&) = axlog(V/A) - b (2)

where 4 — induction time (h), V — volume of pre-
cisely defined body (m?), A — surface of precisely
defined body (m?).

Graph 3 shows the induction time, ¢, required to
reach the self-ignition temperature, 7}, under opti-
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Fig. 3. Dependence of induction time on the volume to surface ratio of the tested samples
(Perdochova, 2015).

mal condition for the advancement of self-heating
at a given volume to surface ratio, V/A.

The dependence of induction time on the self-igni-
tion temperature has an approximately linear cha-
racter. This dependence is described by Equation (3):

£,=-0.0961 T+ 20.932 (3)

Its coefficient of determination R* = 0.8161 indi-
cates strong dependence of the induction time
on temperature. Therefore, samples of materials
(deciduous wood chips — green line, wood-working
wood chips — blue line) with higher self-ignition
temperature behave differently.

From the above graphs (Figs. 2 and 3), self-ignition
temperatures and times necessary for the self-
ignition of samples for volumes approximating
the realistic storage of the tested materials, i.e. for
larger volumes, can be estimated. For example,
wood-working wood chips with the cubic volume of
1 m® self-ignite above 98 °C (Fig. 2). If this sample
is stored at this constant temperature, a fire would
start after 15.4 days (Fig. 3).

After modification, the extrapolated dependence
also provided critical dimensions of stored dust for
the respective samples, which presents a risk of self-
ignition at the given ambient temperature, and also
the time after which self-ignition can occur at the re-
spective temperature and dimensions; characteristic
dimensions, i.e. the cube’s side, which are limiting
for the self-ignition. These dependencies can also
be used to evaluate the danger of layers of deposited
dust at higher temperatures. According to the calcu-
lated values, a deciduous wood chips pile of about
5.17 m would self-ignite after being stored for about
9.78 days at 30 °C. From this evaluation it follows
that under normal conditions it is highly probable

Skrizovska M et al., Inclination to self-ignition and analysis of gaseous products of wood...

that storage of deciduous wood chips can lead to
self-ignition. If this stored material is heated to an
even higher temperature, the risk of fire increases.
Therefore, to prevent self-ignition, the stored mate-
rial must be protected against sources of heat and
by increasing its surface area. Self-ignition is also
probable in case of poplar and forest wood chips be-
cause they can self-ignite at 30 °C and dimensions
of 9.31 m (poplar) and 15.07 m (forest wood chips).
Compared to that, wood-working wood chips under
normal conditions are improbable to self-ignite
during storage because the calculated layer height
at which self-ignition could occur at around 30 °C
exceeds realistic storage conditions.

Effect of temperature on the composition of gaseous
products of forest wood chips

Fig. 4 shows an example of infrared spectra of
gaseous product composition for forest wood chips
at 50, 100 and 150 °C in the 60™ minute from the
measurement start.

Spectral analysis has shown that at temperatures
of 50, 100 and 150 °C, carbon oxides, water and
aliphatic hydrocarbons are produced. In all cases,
water demonstrated the highest intensity in the
4000—3500 cm™ and 1700—1300 c¢cm™' zones, fol-
lowed by carbon dioxide in the 2350 c¢cm™ and
670 cm™! zones. Carbon monoxide, which is found
immediately next to carbon dioxide, lies in the
2240—2040 cm™ zone. In case of the sample tested
at 150 °C, the presence of carbon monoxide was
evident, whereas for samples heated at lower tem-
peratures, only its traces are shown in the spectrum
throughout the entire sample heating time. During
wood chips heating, a clear band appeared in the
3000—2800 cm™ zone indicating the presence of
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Fig. 5. Band of methanol in the spectrum of gaseous products of forest wood chips decomposition
at 150 (green spectrum), 100 (purple spectrum) and 50 °C (red spectrum).

aliphatic hydrocarbons. Aliphatic hydrocarbons
also have a band in the 1450—1300 cm™' zonme,
which however also includes a water absorption
band; therefore, their presence could not be con-
firmed. When heating forest wood chips to 150 °C,
methanol was detected in the gaseous products,
with a band in the 1100—960 cm™ zone which has
a significant peak at 1030 cm™ (see green spectrum
in Fig. 5) and a band around 3100 cm™'. Here, it
is necessary to emphasize that methanol, just like
carbon monoxide, is a toxic substance.

As it is evident from the spectra above, heating
temperature affects the composition of gaseous
products. At higher temperatures, more harmful

substances are released and it is therefore necessary
to monitor the temperature of the stored material to
prevent self-ignition and the occurrence of hazard-
ous substances.

Effect of temperature on CO,, CO and CH,
concentrations in forest wood chips

The effect of heating temperature on the concen-
tration of CO,, CO and CH, was evaluated and
the changes in the concentrations of these gases
at 50—150 °C for forest wood chips are shown in
Tab. 5.

From Table 5 it is evident that the heating tempera-
ture affects the quantity of the produced gases. For
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Tab. 5. Time-dependent concentrations of CO,, CO and CH, in forest wood chips at different tempera-

tures.
CO, concentration CO concentration CH, concentration
(ppm) (ppm) (ppm)

Time
(min) 50 °C 100 °C 150 °C 50 °C 100 °C 150 °C 50 °C 100 °C 150 °C
0 19.74 2117.08 19567.00 3.32 8.79 139.86 19.31 39.03 82.31
10 24.28 1610.67 11300.74 2.88 10.51 124.60 16.79 43.35 78.83
20 23.65 944.44 4711.99 3.81 10.10 119.00 11.59 42.48 64.74
30 21.16 490.87 3666.46 4.29 8.62 110.88 8.70 38.85 75.41
40 19.48 186.66 3064.21 3.31 8.99 98.05 10.82 42.99 62.95
50 18.05 53.00 2767.79 3.50 11.27 85.14 9.42 42.64 56.49
60 12.00 28.00 2772.60 3.01 8.15 87.7 9.13 45.53 56.49
Average 19.77 775.82 6835.83 3.45 9.49 109.32 12.25 42.12 68.17

all tested gases applies that increasing temperatures
increases the gas concentration. At 150 °C, the in-
crease of gas concentration is very sharp for carbon
oxides, whereas in case of methane, the increase
already occurs at 100 °C and a further increase in
temperature does not lead to such a sharp increase
in the concentration as in case of carbon oxides.
Therefore, it can be concluded that the reaction
mechanism of carbon oxide production is different
to that of methane.

During wood chips heating, the highest volume of
released gases was found for carbon dioxide even
though the volume of methane at 50 °C was com-
parable.

Thus, the heating temperature affects the quantity
of gases produced by wood material decomposition
and the carbon dioxide and methane concentration
can be used as indicators of self-ignition develop-
ment. It is generally known that these gases are
used for the indication of self-ignition in coal.
Nevertheless, based on the difference of gases
concentrations at various temperatures, it is neces-
sary to consider which gas is most suitable as the
indicator of self-ignition state.

Also, the CO/CO, ratio (Adamus et al, 2007) is
often used as an indicator of the stored material
temperature. Nonetheless, Derychova et al. (2016)
stated that the use of the CO/CO, concentration
ratio to estimate the temperature of wood material,
especially saw dust, is not possible. In addition, in
case of forest wood chips evaluated in this study,
the CO/CO, ratio cannot be used to indicate the
temperature increase.

With respect to the safety of workers, carbon
monoxide should be used as the indicator of
self-ignition due to its toxicity. However, because
the differences in concentrations at various tem-
peratures are more distinct for carbon dioxide, its
production has also to be monitored in addition

to carbon monoxide, using it to more accurately

monitor the early stages of self-ignition.

An intervention upon the increase of the measured

gases concentration can serve as a measure against

the initiation of fire due to the self-ignition of
stored wood material.

The measurements and evaluated data lead to the

following conclusions:

— The lowest inclination to self-ignition is demon-
strated by wood-working wood chips. It was found
that at small volumes, forest wood chips are most
inclined to self-ignition, but after extrapolation
to larger volumes, deciduous wood chips have
proved to be more prone to self-ignition.

— In case of wood-working wood chips, a different
trend of dependence was observed than for the
remaining tested samples, which is probably due
to the absence of bark, leaves or needles in the
sample as well as different particle size.

— Qualitative analysis of gaseous products of
forest wood chips showed that carbon oxides,
water and aliphatic hydrocarbons are produced
at 50, 100, 150 °C. When heating forest wood
chips to 150 °C, methanol was also detected in
the gaseous products.

— Concentrations of carbon dioxide, carbon
monoxide and methane increase with the in-
creasing temperature.

— Carbon oxides and methane can be considered
as characteristic gases for the indication of wood
chips self-heating.

Conclusion

This study focuses on the evaluation of the inclina-
tion to self-ignition and the effect of heating tem-
perature on gaseous products for various types of
wood chips with the aim to compare their behaviour
at increased temperatures, and thereby to obtain
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objective data for the proposal of suitable measures
to prevent self-ignition.

Measurement results showed that the inclination to
self-ignition is not the same for all types of wood
chips. Besides the self-ignition temperature for the
respective volumes, which were different for each
sample, the character of the dependence between
the self-ignition temperature and biomass volume
also differed.

Three of the evaluated samples demonstrated a
strong inclination to self-ignition. The sample
of wood-working wood chips showed differences
compared to the other samples. This wood chip
type demonstrated the lowest inclination to self-
ignition, so its self-ignition is very improbable. Its
low inclination to self-ignition is probably due to
the low content of bark, leaves and needles in the
sample, which was also demonstrated by the low
nitrogen content.

Furthermore, it was found that the heating tem-
perature affects the gases released from the forest
wood chips. Gaseous products of heating are com-
prised mainly of water vapour, carbon oxides and
aliphatic hydrocarbons. At the highest heating tem-
perature, methanol was also released. The heating
temperature also affects the amount of monitored
gases. Higher concentrations were measured with
increasing temperature.

The performed measurements showed that self-
heating of biomass based on wood material stored
in large quantities can lead to a fire. During self-
heating, production of toxic gases occurs compro-
mising safety at the worksite in case of storage in
closed areas.

From the above it follows that for safe storage of
wood material, no universal instructions can be
drawn. Each company should elaborate its own
instructions for the specific type of biomass and
situation regarding the storage of biomass in terms
of self-ignition.

For each type of biomass, the instructions should
include the maximum storage height of loosely
dumped piles and the maximum time of storage.
These safety parameters can be determined experi-
mentally. Verification of the course of self-ignition
can be done by analysing the carbon dioxide and
carbon monoxide released from the stored wood
chips.
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Abstract: Berberine (1), as a compound with interesting biological activities, can be modified at various positions
to obtain more potent substances. Modifications at position 9 are based on demethylation with simultaneous
dechloration resulting in berberrubine. The most frequent process is thermal dechloromethylation and this
work describes this method with detailed tricks to obtain almost pure product in high yield.

Introduction

Berberine (1) (Scheme 1) is an isoquinoline
alkaloid belonging to protoberberine alkaloids
(Nechepurenko 2010). About thousand structurally
similar alkaloids with planar isoquinoline skeleton
are currently known (Huang 2011).

1

Scheme 1. Berberine.

Berberine can be found in many plants such as

Hydrastis canadensis, Coptis chinensis, Berberis aquifo-

liwm, Berberis vulgaris or Berberis aristata mostly in
crust of their roots, roots or rootstocks obtained by
extraction with ethanol and isolated like chloride
or hydrogen sulfate, respectively. Berberine shows
antibacterial activity against various bacteria, fungi,
protozoa, chlamydia or viruses, and it also shows
other pharmacological effects (Birdasall, 1997).
Very important applications are in the treatment
of Alzheimer’s disease (Ling, 2012), schizophrenia
(Sun, 2018) and HIV (Bodiwala, 2011) due to the
inhibition of AChE or topoisomerase I resulting in
antiproliferative (antineoplastic, anticancer) (Yang-
Biao, 2013; Lo, 2013; Su, 2013; Xiao, 2012; Zhang,
2012), antimicrobial (Shao-Lin, 2013; Zhan, 2013a),
antihyperlipidemic (Peng, 2008) or hypoglycemic
activity (Yan-Xiang, 2012).

Most frequent reactions run at positions 2, 3, 9, 10 or
on the immonium fragment, e.g. nucleophilic addi-

tion (Man, 2001). Reactivity of berberine has been
thoroughly summarized by Nechepurenko (2010).

Experimental

Spectrometer INOVA 300 (800 MHz, Varian Inc.,
Palo Alto, CA, USA) was used to measure 'H
NMR spectra at RT frequencies. Chemical shifts
in (8)-[ppm] (parts per million) were referenced
to the residual signal of the solvent. Coupling
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 to calculate '"H chemi-
cal shift scales and it was correctly referenced using
the (residual) solvent signals (2.50 and 39.52 ppm
for DMSO).

All reagents (incl. berberine chloride) and solvents
were purchased from Sigma-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 chro-
matography was performed using silica gel No-
masil—40—63 m (VWR®, Randor, PA, USA) and
a suitable eluent according to TLC. Reaction pro-
gress was monitored by thin layer chromatography
on Silufol or Alufol plates (Merck®, Darmstadt,
Germany) with a UV indicator at A =254 nm.
Melting points (m. p.) of the prepared compounds
were determined on a Boetius micro hot stage
using a digital thermometer TD 121 (VWR®,
Randor, PA, USA) and are uncorrected.

5,6-Dihydro-9-hydroxy-10-methoxybenzo[g]-

1,3-benzodioxolo[5,6-a]quinolizinium (berberrubine)
A sample of 2.0 g (2.3 mmol) of berberine (1) was
heated without any solvent under vacuum and mag-
netic stirring to 200 °C for 40 minutes. During heat-
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ing, yellow berberine powder slowly turned to deep
red-brown-black matter of the crude product. Yield
was around 1.54 g of raw berberrubine. Recrystal-
lization from methanol — ethanol 1:1 mixture gave
almost analytically pure product.

'H NMR: (CD,OD) § 9.28 (s, 1H, H-8), 8.70 (s, 1H,
H-13), 7.54 (t, 1H, *J;; = 8.04 Hz, H-12), 7.49 (s,
1H, H-1), 6.91 (d, 1H, *Jyy = 7.60, H-11), 6.85 (s,
1H, H-4), 6.04 (s, 2H, H-2"), 4.60 (t, 2H, *J 1, = 5.32,
H-6), 3.89 (s, 3H, H-10"), 3.12 (t, 2H, *Juy = 5.46,
H-5)

BC NMR: (CD;OD) & 149.5 (C-137), 149.4 (C-9),
148.0 (C-10), 145.9 (C-8), 134.2 (C-2), 132.2 (C-3),
129.2 (C-127), 1226 (C-87), 121.4 (C-4"), 120.1
(C-1377), 118.3 (C-12), 107.7 (C-11), 107.1 (C-13),
104.4 (C-4),101.8 (C-1), 56.9 (C-2°), 55.2 (C-10"),
54.1 (C-6), 27.5 (C-5)

Results and Discussion

Berberrubine alone has interesting properties. It
behaves as a fluorescent chemosensor of alkanes with
an almost constant response regardless of the alkane

u=2205D
ﬂf'iﬁjﬁ
. 2.55 TS1
AG,4(1) = +31.4 (+30.9)
-MeCl
0\
c1© 0
3
N
MeO Z @
OMe  ,=354D
1
-MeCl

AG,(2) = +34.8 (+34.2)

chain length (Delgado-Camon, 2015). Because many
biological activities are related to structural modifica-
tions (Xiao, 2017) at position 9 (Liu, 2017, Xiao 2018),
some 9-substituted derivatives were prepared (Milata,
2019). Dechloromethylation of the starting berberine
(1) selectively occurring at position 9 is the key step
leading to derivatization of this position. Therefore,
a number of berberrubine preparations are known
(Iwasa, 1996; Lo, 2013; Basu, 2012; Zhan, 2013a,
2013b), including microwave one (Liu, 2014; Delga-
do-Camon, 2015; Das, 2002), but these procedures
are not recommended to be used with larger batches
(more than 1 g). Due to the volatility of methylchlo-
ride, most of these reactions proceed under vacuum.
In 2015, quantum chemical calculations have been
published (Delgado-Camén, 2015, Scheme 2).

DFT calculations explain that the observed se-
lectivity depends on the electron delocalization
capability and the selectively demethylated species
2a/2b are in oxo-enol tautomeric equilibria. Thus,
a simple mechanism of berberine (1) dechloro-
methylation to berberrubine (2) was proposed
(Scheme 3).

u=7.08D
- 2a 2b -

e
0
_J
@0 /5
OMe w=10.05D
3

AGpn(2) = -3.7 (-18.0)

Scheme 2. DFT calculations of the dechloromethylation of 1. Reproduced
from Delgado-Camon 2015 with permission of Elsevier Ltd.
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Scheme 3. Proposed mechanism of berberine (1) dechloromethylation to berberrubine (2).

The crucial step was optimized also under micro-
wave irradiation in an open vessel, closed vessel
and in a closed vessel under vacuum (1.6 kPa) but
the obtained yields were not higher than 80 %
and, according to our experience, yields close to
the quantitative one are not real (Delgado-Camoén,
2015). Classical procedures have proved to be the
most efficient, economical and simple. The best
results were obtained in a round bottomed flask for
a 2 g batch with the volume of 100 ml (Fig. 1a). An
Apolon (pear-shaped) flask might be better but one
with an NZ 29 ground was not at disposal. A tear
drop-shaped flask is not as advantageous and the
last one, which can be used under vacuum — heart-
shaped flask, is totally unsuitable considering the
following mechanical stirring.

The starting deep yellow berberine (1) is a volumi-
nous, mobile, lightweight powder and 2 g of it is
the optimum quantity for each run: the flask is con-
nected to vacuum (1.6 kPa). Higher vacuum gives
does not result in better yields or faster reaction; on
the contrary, when the flask is closed and vacuum is
applied, the dust outlet at 1.6 kPa is low (estimated
approx. 2—3 % — see Fig. 1a), at higher vacuum, the
dust outlet is much higher (perhaps it is influenced
by sublimation).

a) b)

The flask with berberine (1) was placed in an oil bath
preheated to 205 °C, the temperature then drops
down to 195—200 °C (sometimes isolation with alum-
minium foil is required). At this particular time, a
powerful crosshead or cross-like stirrer (suitable
for solid substances, Fig. 1b) and and flexible fitted
apparatus are necessary to help stirring the reaction
mixture by balancing the whole apparatus. After a
few minutes, berberine started to change its color to
brown, strating from the wall (Fig. 1¢), and the pow-
der became heavier and turned to deep red/brown
color, mainly at the wall of the flask.

Then, the apparatus was removed from the bath,
vacuum was stopped and the content of the flask
was thoroughly stirred to remove burned parts from
the wall (Fig. 1d); after that, it was quickly returned
into the heated bath (under vaccum). The use of a
heating mantle is not recommended due to burned
residues on the wall and more difficult heat control
with scorch production. As the reaction proceeded,
the color became darker and mechanical stirring
was repeated approximately 7—9 times. After about
35 min, heating was switched off and the reaction
mixture was left under vacuum to cool. Using this
procedure, between 1.45—1.62 g (75.3—84.2 %) of
raw berberrubine (2) can be obtained.

c) d)

Fig. 1. a) Apparatus for effective preparation of 1, b) Mag. stirrers, ¢) First stop of heating of 1,
d) Final product.
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Recrystallization was carried out from a mixture
of ethanol:methanol (1:1); 1.57 g of raw 1 was
refluxed in a sufficient amount of solvent (about
18 ml). After cooling, the separated ruby-red
colored crystals were filtered off and washed
with cold ethanol (berberrubine is insoluble in
ethanol, contrary to methanol). After vacuum dry-
ing (1.6 kPa, 40 °C, 1 h), an analytical sample of
berberrubine (2) (usually 1.25 g, 62.5 %) with m.p.
275—279 °C was obtained.
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Abstract: In this work, the possibility of flow coulometry application as coulometric titration was studied. The
method was used to analyze phosphates in wastewater samples. The principle of the determination consisted
in the formation of molybdophosphate and its subsequent one-electron electrolytic reduction. The present
method is applicable under optimal conditions in the concentration range of 1.5 x 10 to 5.5 x 10~ mol/dm®.
Detection limit of the method is 3.42 x 10”7 mol/dm?® Mineralization step has been proved a problem in total
phosphate content determination. If mineralization was not carried out, only inorganic soluble phosphates
were determined. It is a new method characterized by its simplicity of instrumentation and handling, which is
a prerequisite for its further use in the field of trace analysis.

Keywords: coulometry, coulometric titration, phosphates, wastewater samples, porous electrode

Introduction

Coulometry is based on the measurement of the
electrical charge required to affect the electro-
chemical conversion of a studied substance.
Faraday’s law expresses the relationship between
the amount of the substance and the charge.
Coulometric measurements are very often used
for quantitative analysis. With complete electrolytic
conversion of the studied substance while maintain-
ing the current efficiency of 100 %, this method can
be used for direct or indirect determination of the
substance without any reference materials in the
coulometric analysis. The coulometric measure-
ment can be performed for electrolysis at controlled
current or potential. For coulometric titration of
the sample solution in the porous electrode volume,
no separate indicator system is required. If the pore
size is approximately equal to the thickness of the
diffusion layer, concentration of the analyte during
electrolysis is practically the same throughout the
electrode volume. In accordance with the Nernst
equation, a change in the analyte concentration in
the electrode volume is reflected by the change in
the electrode potential. When the substance titra-
tion is complete, the electrode potential changes
abruptly, indicating an equivalent point. In this
way, substances which can be electrochemically
oxidized or reduced in the aqueous solution or con-
verted into an electrochemically active form can be
titrated. Such substances also include phosphates
and they, form a complex compound when reacted
with ammonium molybdate with the P:Mo ratio
of 1:12 (Heslop and Jones, 1985). Thus bound
hexavalent molybdenum is electrochemically

reduced to pentavalent at different potential than
molybdenum not bound to a heteropolyacid salt.
Thus, an electrochemical reaction takes place on
the electrode:

Mo®% + e~ = Mo

Phosphate content can be determined by the amount
of molybdenum reduced. The high molybdenum-
phosphorus binding rate ranks this method among
very sensitive methods of quantitative analysis of
phosphates in water. Phosphorus is mainly present
in water in form of various phosphates: inorganic
phosphates, polyphosphates, and organically bound
phosphorus. Methods available in a conventional
laboratory do not enable, the determination of
individual groups of compounds as exact distribu-
tion cannot be achieved. All groups of phosphorus
compounds are determined by their conversion to
soluble inorganic orthophosphates which are then
determined by absorption spectrophotometry (Nol-
let and De Gelder, 2000).

The Handbook of Water Analysis provides 29
references to phosphate determination in litera-
ture.

The review by Zaporozhets et al. (2019) covers
the advantages of phosphorus determination in
environmental objects such as saline and fresh water,
soil, human serum and urine, food and fertilizers
for the period of 2000—2018. Spectrophotometry
as well as spectrophotometry combined with liquid
or solid-phase extraction, flow-analysis system,
electrochemical, luminescent and visual test-system
have been considered. Spectrophotometry remains
the most multipurpose method (applicable for the
analysis of different objects), cost-effective despite
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the rapid progress of electrochemical sensors.
Flow-analysis systems are successfully imple-
mented for surface and groundwater analysis as
well as for saline water. Complex multicomponent
luminescent and voltamperometric systems are
used for phosphorus determination in biological
matrices, e.g. serum and blood plasma, urine, etc.
Test-systems can provide simple and prompt reac-
tive phosphate monitoring without using complex
devices. However, the limitation of columns with
color band formation include the short range of
phosphate concentrations and UV radiation effect
on some components of paper-based test-systems.
Snigur et al. (2020) reported fast room temperature
cloud point procedure for spectrophotometric
determination of phosphate in water samples with
linear calibration graph in the phosphate concen-
trations range of 1.58—63 pg/L.

This topic has also been studied by Afkhami and
Norooz-Asl (2009) in the work ‘Cloud point extrac-
tion for the spectrophotometric determination of
phosphorus(V) in water samples’. Linearity was
obeyed in the range of 1.0—125 ng/mL of P and the
detection limit of the method was 0.5 ng/mL of P.
Najafi and Hashemi (2020) introduced a new supra-
molecular solvent from a non-ionic nonylphenol
ethoxylate surfactant, and its potential was evaluated
for microextraction of orthophosphate before mo-
lybdenum blue spectrophotometric determination.
Under the optimized conditions, orthophosphate can
be determined in the linear range of 0.5—28.0 pg/L
(R?=0.9933) with the detection limit of 0.1 pg/L and
preconcentration factor of 50.

Katsaounos et al. (2003), in an effort to monitor
orthophosphate in natural waters and wastewater in
the Ipirous region (Greece), proposed an analytical
interference-free determination method for low
mg/L levels, preparing a derivative which con-
veniently solubilized in the micelles of a non-ionic
surfactant under mild conditions, and using spec-
trophotometrical measurements at 370 nm after
its uptake with a sulfuric acid-methanol solution.
Preconcentration of 10 mL of the sample volume
provided the detection limit of 2.6 nM.

In the work by Kiso et al. (2002), an alternative
phosphate spot test is introduced, where phosphate
concentration is measured by the color band length
of phosphoantimonylmolybdenum blue formed
in a detection tube similar to a gas detection tube.
This method has been successfully used for the de-
termination of phosphate concentrations in actual
wastewaters, indicating the quantification range
of 3—18 mg/L PO,* without dilution prior to the
analysis.

The determination of phosphates as dissolved
anions using ionic liquid chromatography was

studied by Xie et al. (2019). The determination
range was 1-500 mg/L and the detection limit
was in the range of 0.17—0.54 mg/L.

Special attention has been paid to preconcentra-
tion methods and the chromatographic deter-
mination of heteropoly acids in phosphorus de-
termination (Dubovik et al., 2003, Tikhomirova
et al., 2002). Detection limit for phosphorus is
(6.7 x 1.2) x 107 pg/mL. Calibration curve for
phosphorus is linear in the concentration range
of 0.02—0.15 pg/mL.

Different  electrochemical sensing  strategies
adopted for the determination of phosphate using
selective ionophores are discussed in the review
‘Determination of inorganic phosphate by electro-
analytical methods’ (Berchmans et al., 2012).
The sensing strategies are classified based on the
electrochemical detection techniques used viz.
potentiometry, voltammetry, amperometry, uncon-
ventional electrochemical methods, etc. Enzymatic
sensing of phosphate coupled with electrochemical
detection is also included. Various electroanalytical
methods available in literature were assessed for
their advantages in terms of selectivity, simplicity,
miniaturization, adaptability, and suitability for
field measurements.

Berchmans et al. (2011) reported an amperometric
method for phosphate analysis based on the use of
a surface modified glassy carbon electrode. The
linear range of detection for phosphate is between
19 and 100 pM with the first electrode configura-
tion. The limit of determination can be extended
to a lower range, 0.79—32 pM, using the second
electrode configuration.

In the paper ‘Novel reagentless paper-based screen-
printed electrochemical sensor to detect phosphate’
(Cinti et al., 2016), a novel reagent-less paper-based
electrochemical phosphate sensor was prepared
using a simple and inexpensive approach. This
novel and highly sustainable configuration readily
enables the determination of phosphate ions with
high reproducibility and long storage stability,
achieving the detection limit of 4 uM over a wide
linear range of up to 300 mM.

Initial steps in the development of an autonomous
in situ electrochemical sensor for orthophosphate
determination in seawater were presented by Jonca
et al. (2011). The molybdophosphate complex is
detectable by amperometry with an average preci-
sion of 2.2 % for the concentration range found in
the open ocean and the detection limit of 0.12 pM.
Kahveci et al. (2017) described the development of a
novel fluorescent biosensor based on the inhibition
of alkaline phosphatise.

On basis of the composite, a novel ratiometric fluo-
rescence probe with good sensitivity and selectivity
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for the detection of phosphate in aqueous solutions
was developed (Dai et al., 2015). The limit of detec-
tion is 0.06 pM and the relative standard deviation
for ten replicate detections of 10 pM phosphate was
0.6 %. Recovery of spiked phosphate in water, hu-
man urine, and serum samples ranged from 94.1 %
to 103.4 %.

Knochen (2020) specified continuous flow analysis
(CFA) methods for the determination of ortho-
phosphate indicating the mass concentration
range from 0.01 mg/L to 1.00 mg/L P, and total
phosphorus in the mass concentration range from
0.10 mg/L to 10.0 mg/L P.

A novel and automated sequential injection pro-
cedure for spectrophotometric determination of
orthophosphate without unstable chemical reduc-
ing species used in the classical molybdenum blue
method was proposed by Mas-Torres et al. (2004).
The proposed method is linear up to 20 mg/L P
and the proposed analyzer features an extremely
wide dynamic range of 0.3—800 mg/L as well as
improved tolerance to silicate interference.

A sequential injection system with dual analytical
line was developed and applied by Mesquita et
al. (2011), who compared two different detection
systems: a conventional spectrophotometer with
a commercial flow cell, and a multi-reflective flow
cell coupled with a photometric detector under
the same experimental conditions. The achieved
detection limit of 0.007 pM PO,* is consistent with
the requirement of the target water samples; a wide
quantification range of 0.024—9.5 pM was achieved
using both detection systems.

Automation of the molybdenum blue method by
sequential injection (SIA) for on-line monitoring
of phosphate in natural waters was presented by
van Staden and Taljaard (1998). The proposed SIA
analyzer is able to monitor phosphate in the range
of 0—70 mg/L with a standard deviation of 0.9 %.
The detection limit is 0.5 mg/L PO,*.

The aim of the paper ‘Determination of phosphorus
in natural waters: A historical review’ (Worsfold et
al., 2016) introduced a virtual special issue review-
ing the development of analytical approaches to
the determination of phosphorus species in natural
waters.

Environmentally friendly, simple and sensitive
isotachophoretic method for the identification
and quantification of orthophosphates, pyro-
phosphates, tripolyphosphates in various samples
was developed (Jastrzebska, 2011). This system
is characterized by its linearity (R? = 0.999 for all
ions), accuracy (recoveries ranging from 97 to
98 % for pyroP and 95 to 97 % for tripolyP), de-
tection: 0.64 (pyroP) and 0.27 mg/L P (tripolyP)
and quantification: 2.12 (pyroP) and 0.91 mg/L P
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(tripolyP) limits, as well as by intra-assay of relative
step height RSH (1.27—10.73 %) and inter-assay of
RSH (3.95—11.17 %).

Experimental

Chemicals of defined purity and deionized water,
purified with a NANOpure instrument, boiled
and cooled before the measurement, were used
throughout the analyses. For calibration, a
0.1 mol/dm® HCI solution was used as the
electrolyte. A solution of 0.0001 mol/dm® of
K,[Fe(CN)s] - 3H,O in 0.1 mol/dm?® of HCI was
used to calibrate the electrode. Electrolyte for the
measurement of phosphates with the following
composition: 0.00284 mol/dm*® of Mo and
0.1 mol/dm? of H,SO,. NaH,PO, - 2H,O dried
at 105 °C for two hours, was used to prepare
1.0 x 10”° mol/dm® of phosphate in electrolyte
solution for model samples. Interferences of sub-
stances such as humic acid and other inorganic
ions were monitored. An ECA™ model GLP
150 (Istran, Ltd., Bratislava, Slovakia; internet
address: www.istran.sk) flow analyzer for calibra-
tion-less analysis of trace concentrations of the
analyte was used. An integrated three-electrode
electrochemical cell was coupled with an easily
replaceable powdered glass working electrode
showing the most advantageous properties in
terms of use. The procedure consisted of flow
analyzer preparation for the measurement,
replacement of the working electrode if necessary,
removal of air bubbles, and determation of the
flow rate. The measurement procedure consisted
of setting the working parameters, determination
of the effective electrode volume, measurement,
and final integration of the dissolution peak to
obtain the measured analyte concentration in the
sample. Some matrices such as: high solids sam-
ples, dissolved gases, samples containing strong
oxidizing agents, sulfur compounds, and organic
substances affect the yield, which results in a
systematic error, when these possible interfering
disturbances have to be removed. Samples were
taken in three wastewater treatment plants in the
district of Dunajska Streda by employees of
Zapadoslovenska vodarenska spolocnost a.s.
Dunajska Streda into PE containers and sub-
sequently treated.

Results and Discussion

Electrode calibration

Several substances were used to calibrate the effec-
tive electrode volume, of which K,[Fe(CN);] - 3H,O
was the most successful. The effective electrode
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volume depends on the electrode dimensions but
mainly on the oxidation current. As the oxidation
current increases, the effective electrode volume
decreases due to uneven loss of analyte in the
electrode. At the electrode surface, electrolysis
proceeds faster than in the center of the electrode,
where unoxidized analyte remains at higher oxida-
tion current. The peak height decreased, and the
peak position shifted to higher values. The effective
electrode volume was about 20 x 105 dm?.

Optimization of measurement parameters

Working parameters of the measurement were used
to optimize the reduction current, filling potential,
sample volume and electrolyte composition. The ef-
fect of temperature on phosphate determination was
also studied using currents ranging from -0.1 mA
to -0.8 mA to reduce the model sample of phos-
phate with the concentration of 1 x 10”° mol/dm?.
Reducing current of -0.2 mA was chosen as optimal
because at this current the measured concentration
corresponded to the actual value. Therefore, when
replacing the electrode, effective electrode volume
was calibrated at the oxidation current of 0.2 mA.
As the absolute current increased, the signal height
decreased, and the peak maximum position shifted
to more negative values. At the optimum filling
potential, the electrode should be completely filled
with the sample solution and no electrode reactions
should occur. The measurement was performed
with a model sample ranging from -300 mV to
800 mV. The measured phosphate concentration
approached the true value at the filling potential of
0mV.

The sample volume was optimized based on the
assumption that analyte adsorption to the electrode
also occurs during electrode loading. This as-

fcounts]
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sumption can be confirmed by the increase of the
measured concentration with the increasing sample
volume. However, the measurement results did not
confirm this assumption.

Electrolyte optimization was done by varying the
concentrations of Hy,SO, and molybdenum, thus
changing the ratio of hexavalent molybdenum
to phosphate anions. The measured value cor-
responded to the actual molybdenum/phosphate
ratio of 284:1, which corresponds to the of H,SO,
concentration of 0.1 mol/dm?.
Chronopotentiometric recording of phosphate
measurements is presented in Fig 1.

Interference effects

Interferences were observed in a model phosphate
sample solution with given additions of interfering
inorganic ions and humic acid. Fe*" ions caused
positive measurement error, Ca** and NO® ions
influenced the determination to a minor extent,
Cl, Na', Mn*, Mg? ions, and especially Fe* ions
at higher concentrations caused negative error of
determination. Measurements of humic acid in-
terference showed that phosphates concentrations
above 5.0 x 10 g/dm’ cannot be determined.

Metrological parameters

Metrological parameters such as results accuracy,
measurement repeatability, detection limit and
working range were monitored. Results accuracy
for concentrations below 1.0 x 10 mol/dm® was
13 % and more, from 1.5 x 10° mol/dm?® to
5.5 x 10° mol/dm® it was 2 % and from
5.5 x 107 mol/dm’® to 8.0 x 107 mol/dm? it was
from 7 % to 20 %. When investigating measure-
ment repeatability, the average measured concen-
tration of phosphate in the model sample over ten

Fig. 1. Chronopotentiometric recording of phosphate.
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days was 1.003 x 10~ mol/dm’ with a relative
standard deviation of 0.60 %. The detection limit
of the method is 3.42 x 107 mol/dm?® The
presented method is applicable under optimal
conditions in the concentration range of 1.5 x 107
to 5.5 x 10~ mol/dm?® (Slana, 2001).

Analysis of real samples

Wastewater samples were taken before and after
the treatment in Slovak cities Kuty, Samorin and
Gabcikovo as 8-hour cast samples. Activated charcoal
was added to the collected fractions to remove col-
loids and other interferents. The samples were then
filtered through filter paper and preserved by the
addition of CHCI; to prevent biological processes.
The measured phosphate concentrations in real
wastewater samples from given sites before (1) and
after (2) the treatment in a wastewater treatment
plant are given in Table 1 which provides the
confidence interval of phosphate concentrations
determined without and with the standard addition
by the flow coulometric method and the phosphate
concentrations determined spectrophotometrically
after mineralization according to the standard norm
(STN EN ISO 6878 (757465)).

Phosphate concentrations measurements by flow
coulometry (Methodological guidelines 1982) were
performed with non-mineralized samples and
therefore only the content of dissolved inorganic
phosphates is probably obtained. For the mine-
ralized sample from location Kuty taken prior to
purification, a poorly integrated high peak with the
maximum shifted by about 40 mV to more positive
values was obtained. At the indicated integration,
the phosphate concentration was 4.60 mg/dm’
and no peak in the potential range typical for re-
duction of molybdophosphate was observed. This
indicates a likely disturbance of the mineralization
background and therefore, mineralization of the

blank was performed. The result of this measure-
ment showed a peak similar to that of the sample,
of course, approximately ten times smaller. After
adding the standard addition to the blank mine-
ralization experiment, a peak similar to that of
a real sample, with a significantly shifted the
maximum and high signal, was obtained. Another
standard addition caused that the peak height in-
creased only to a small and apparently inadequate
extent. Nonconformity of the results measured by
flow coulometry and spectrophotometry and the
procedure of wastewater samples mineralization
will be the subject of further study.

Conclusion

The aim of the presented work was to study the
application of flow coulometry as coulometric
titration. The method was used to analyze phos-
phates in wastewater samples. The determination
principle consisted in the formation of molybdo-
phosphate and its subsequent one-electron reduc-
tion. The presented method is applicable under
optimal conditions in the concentration range of
1.5 x 10 to 5.5 x 10 mol/dm’. The detection
limit of the method is 3.42 x 10”7 mol/dm?. The
mineralization step in total phosphate content
determination was problematic. If the mineraliza-
tion was not carried out, only inorganic soluble
phosphates were determined. It is a new method
characterized by its simplicity of instrumentation
and handling, which is a precondition of its fur-
ther use in trace analysis. As this is an absolute
method it ranks among reliable and independent
methods.
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Tab. 1. Measured concentrations of phosphate in real samples.

Concentration® Concentration®#* .
. X . . = Concentration®#*
Location without standard addition with standard addition L
( ) [mg/dm?]
[mg/dm?] [mg/dm?]
Kuty 1 1.64 £0.04 2.91 £0.12 2.67
Kuty 2 0.53 £0.02 1.74 £0.03 1.69
Samorin 1 1.88 £0.09 3.06 £0.11 5.11
Samorin 2 0.53 £0.02 1.77 £0.02 4.54
Gabcikovo 1 1,91 £0,07 3,15 0,18 5,86
Gabcikovo 2 1,43 £0,05 2,59 +0,08 5,48

*measured by flow coulometry

*#measured by flow coulometry with standard addition of 1.24 mg/dm?®

***measured spectrophotometrically
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Abstract: Since environmental pollution is increasing, scientists try to find a sustainable way for its clean
up and for environment protection. Due to increasing knowledge of genetics and recombinant technologies,
recombinant enzymes have been increasingly applied for these purposes. This article deals with the possibilities
of environmental treatment with different types of enzymes produced by P. pastoris. Environment is polluted
mostly with pesticides, wastewaters, phenol compounds, plastics, toxic compounds, wastes from medical
treatment, etc. All these compounds have to be eliminated considering the deteriorating biodiversity, human
health, and condition of plants. Enzymes are an environmentally friendly way of such treatment.

Keywords: Pichia pastoris, recombinant enzymes, environment, pollution

Introduction

In the last century, a massive expansion of oil in-
dustry and different industries have negatively af-
fected our environment. The situation got serious
a long time ago and that is why scientists already
devised some ways to stop damaging and even
partially restore environment. First significant ef-
fort was the concept of chemical catalysis which
dealt with catalytical reduction of contaminants
derived from petroleum. The idea started in the
1960s and was in its heyday in the 1990s due to
widespread application of chemical catalysis in
industry (Alcade et al., 2006). Nowadays, long-
term use of chemical catalysis is questioned mostly
because of its health risks, and waste and toxic
compounds production. Even though chemical
catalysis has advantages in reducing chemicals
footprint, a “cleaner technique”, biocatalysis, had
to be introduced. Its concept was introduced in the
1990s and it is still interesting as an environmen-
tally friendly technique. Basically, it is an applica-
tion of microorganisms, or their enzymes, in the
production of renewable and clean products re-
placing chemical catalysts mainly due to their
negative environmental impact or energy and raw
material requirements. Biocatalysis requires mild
reaction conditions and it offers high activity
products and chemo-, regio- and stereoselectivity
(Sheldon & van Rantwijk, 2004). The same en-
zymes and microorganisms can also be used for
the remediation of toxic wastes. Biocatalysis is very
closely connected with recombinant techniques
(Alcade et al., 2006). Combined with remediation
efforts, microorganisms producing recombinant
enzymes for environment remediation. Also, bio-
industry wastes are studied as carbon source for
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some microorganisms. Attention, especially these
days, is focused on crude glycerol.

Pichia pastoris

One of the most widely used microorganism in
recombinant technologies is Pichia pastoris. This
methylotrophic yeast belongs to the family of Sac-
charomycetaceae (Satyanarayana & Kunze, 2009) and
its genome was sequenced in 2009, which opened
the door to further research (Schutter et al., 2009).
Previously, in the 1970s, P. pastoris was used as “sin-
gle cell protein” (SCP) producer for animal feeding.
At that time, there was an effort to produce SCP
from cheap carbon sources, e.g. methanol. P. pas-
toris later became the most cited methylotrophic
yeast, but due to oil crisis, this interest decreased.
Ten years later, the company which started to use
P. pastoris for SCP — Philips Petroleum — together
with the Salk Institute of Biotechnology prepared
a strain for heterologous expression for academic
and industrial purposes (Cos et al., 2006). Since the
production of a functional heterologous protein
expression is closely related to the metabolism of
the production microorganism, P. pastoris offers
several advantages in this respect. It is suitable
for the expression of milligrams up to grams of
protein per liter of fermentation broth — for basic
laboratory research but also for industrial produc-
tion. The advantages include its easy production
in fermenters, where it is possible to regulate para-
meters affecting protein productivity, such as pH,
aeration, the amount of carbon source supplied
and induction of protein production. Compared
to other producers, P. pastoris does not need com-
plex growth media and the culture conditions are
easily ensured. Yeasts are easily manipulated on the
genetic level and their protein synthesis is similar to
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that of higher organisms. Therefore, some proteins
that cannot be efficiently expressed in bacteria,
Saccharomyces cerevisiae or baculoviruses are often
produced in functionally active forms in P. pastoris.
These yeasts are beneficial for several reasons: easy
genetic manipulation, functional complementation
cloning, high-frequency DNA transformation,
high intra- and extracellular protein production,
and post-translational modifications of proteins.
The yeast’s post-translation modifications include
disulfide bridge formation, glycosylation, and
phosphorylation. During the cultivation, high
cell densities are achieved using minimal media,
which means production of proteins can reach
high yields. Also, vectors with recombinant genes
are integrated into the yeast chromosome which
makes them genetically stable even in continuous
and large-scale fermentation processes. At the same
time, recombinant P. pastoris produces low levels of
native proteins facilitating the purification of re-
combinant proteins. Powerful and available genetic
techniques, together with the overall economics of
the process, make P. pastoris a suitable expression
system for the production of homologous proteins
(Macauley-Patrick et al., 2005).

Cultivation of P. pastoris consists of two steps. The
first is the growth of P. pastoris on glycerol to reach
high cell density. Then, after glycerol depletion,
methanol is added to the medium and protein pro-
duction begins (Markosova et al., 2015).

The beginning of the methanol pathway (Fig. 1)
in P. pastoris is in special organelles — peroxisomes
and continues in cytoplasm. First step, where form-
aldehyde and hydrogen peroxide are formed, is
catalyzed by alcoholoxidase (AOX). For methanol
utilization, dihydroxyacetone synthase is necessary
for formaldehyde assimilation in peroxisomes. A
part of formaldehyde leaves the peroxisomes and
is further oxidized by cytoplasmic dehydrogenases

Energy + CO,

Formaldehyde

to formate and carbon dioxide. These reactions are
an important source of energy for the cell growth
(Cereghino & Cregg, 2000). Genetically modi-
fied P. pastoris has, under AOX promoter control,
located the gene encoding the homologous protein
of interest. This promoter is induced only by
methanol, which means methanol is the carbon
source as well as the inductor. Since formaldehyde
is formed during its utilization, methanol has to be
added carefully due to its toxic effect (Markosova et
al., 2015).

As mentioned above, P. pastoris initial substrate is
usually glycerol, which is mainly used as pure com-
pound. However, several publications show that
P. pastoris is also able to grow on industrial crude
glycerol (Anastacio et al., 2014). It is a by-product
of biodiesel production and in the last decades
started to be an environmental burden (Bartocci et
al., 2018). The possibility of utilizing crude glycerol
is only one way in which P. pastoris can participate
in the reduction of environmental pollution. It has
also great potential in the production of proteins,
which can help the environment directly. Genetic
engineering tools and commercial P. pastoris strains
availability are also important advantages of this

yeast application in research and industry (Fisher
& Glieder, 2019).

Recombinant products of Pichia pastoris
and their use in the environment

Antimicrobial peptides

Currently, the massive use of pesticides in the
agro-sector causes significant pollution. Pesticides
have been used worldwide and for many years to
prevent pathogen diseases of plants. On the other
hand, pesticide residues accumulate in soil and
from there they can reach drinking water supplies.
In the 1990s, a study by U.S. Geological Survey

Xylulose 5-phosphate

dehydrogenase
AOX1 & AOX2
CH;0H ,0 DHA + GAP
Dihydroxyacetone
synthase
H,0,
Hydrogen
peroxidase PEROXISOME
H,0 + %0,
) s Biomass
v
Regenerate xylulose 5-phoshate
CYTOSOL

Fig. 1. Methanol pathway of P. pastoris (Ali et al., 2020).
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(USGS) stated that 90 % of fish samples and water
from all streams were contaminated by one or
several pesticides. According to USGS, pesticides
from every major chemical class were found in
ground water and its pollution is a worldwide
problem (Aktar et al., 2009). From water, pesticides
can easily enter any organism. There is evidence
that they cause cancer, respiratory problems,
neurologic deficiency, birth defects, miscarriages
or dermatologic difficulties (Bassil et al., 2007)
(McCauley et al., 2006). Moreover, biodiversity
is damaged since many animals are endangered
by them (Mahmood et al., 2006). Pathogens have
become resistant to pesticides, and new and more
environmentally safe agents are needed.

One of the antimicrobial peptides is pexiganan,
which has lethal effect on many types of undesirable
microorganisms. It attacks the bacterial membrane
resulting in pores on their surface and thus caus-
ing their death (Lazarev & Govorun, 2010). This
peptide is recombinantly produced by P. pastoris
because it has low sensitivity to almost no antimi-
crobial effect in eukaryotic cells. Thanks to that,
large quantities can be produced without damaging
the host microorganism. For example, produc-
tion of recombinant peptide via E. coli reached
30 mg/L (Sun et al., 2018) while via P. pastoris it was
52 mg/L. Furthermore, to avoid E. c¢oli inhibition,
inactivation sequence is added to the peptide gene
which has to be cleaved using thermal, enzymatic
or chemical methods leading to higher production
costs and partial loss of produced peptide. Recom-
binant peptide produced in P. pastoris was tested on
eight plant pathogens causing significant economic
losses in agriculture industry and on two human
pathogens (Tab. 1). Pexiganan showed 500 times
stronger antimicrobial activity than copper oxychlo-

ride which is a common chemical pesticide against
plant pathogens. Peptide has high long-term
stability and temperature resistance. According to
calculations, production of 52 mg of recombinant
peptide costs about 10 $, while synthetic production
of crude pexiganan is 20—30 times more expensive
and in case of 98 % purity, it is even 120 times more
expensive (Neshani et al., 2019), (www.entonbio.
com; www.synpeptide.com).

Pathogens elimination can also be done using killer
toxin produced by the yeast Tetrapisispora phafii.
Killer toxin, known as Kptk, has B-1,3glucanase
and killer activity which induces ultrastructural
modifications to the cell wall of the yeast of genera
Kloeckera/Hanseniaspora and Zygosaccharomyces caus-
ing spoilage of grapes and losses in wine and sweet
beverage production. Recombinant killer toxin was
produced by P. pastoris and reached final concentra-
tion of 23 mg/L which is significantly more than
the amount produced by native Tetrapisispora phaffii.
Moreover, compared to native Kpkt, recombinant
Kpkt shows a wider spectrum of activities, e.g. toxic
effect on Dekkera bruxellensis, spoilage yeast in wine
making and biofuel industry (Chessa et al., 2017).

Pesticides

Enzymes are also applied for pesticides moni-
toring and their degradation. One of them is
organophosphorus hydrolase from Pseudomonas
pseudoalcaligenes (Shen et al., 2016) which can
be used for biodegradation of residues from
organophosphorus pesticides or their detection
(Mulchandani et al., 1998). These pesticides are
synthetic esters, amides, or thiol derivates of
phosphonic, phosphoric or phosphonothioic acid.
They are widely used in agriculture and domestic
cultivation. Organophosphorus pesticides were

Tab. 1. Minimum inhibitory concentration of recombinant pexiganan and cooper oxychloride needed for
lethal effect on pathogen (Neshani et al., 2019).

Minimum inhibitory concentration (cxg/ml)

Pexiganan-based .
. .. . Cooper oxychloride 35 % WP
biopesticide solution

Pseudomonas syringae pv. syringae 0.81 625
Ralstonia solanacearum 0.4 1250
Pantoea stewartiii 0.4 312.5
Plant Xanthomonas arboricola po. pruni 0.81 625
pathogens Erwinia amylovora 0.4 2500
Pectobacterium carotovorum 0.4 625
Agrobacterium tumefaciens 0.4 1250
Brenneria nigrifluens 0.4 312.5
Human Staphylococcus aureus ATCC 25923 8 -
pathogens Escherichia coli ATCC 25922 16 -
110 Kyzekova T et al., Pichia pastoris — recombinant enzyme producent for environmental...



detected in soil and drinking water long after their
application and they belong to the most toxic pesti-
cides causing long-term damage to human health
since they inhibit the enzyme acetylcholinesterase
which is essential for the function of central
nervous system (Songa & Okonkwo, 2016). Decon-
tamination methods for these pesticides are often
toxic, corrosive, allergic and not environmentally
friendly and thus it is essential to hydrolyze them,
preferably with enzymes (Farnoosh & Latifi, 2014).
Organophosphorus hydrolase was produced on pu-
rified glycerol with later methanol induction by P.
pastoris. Recombinant organophosphorus hydrolase
had good biodegradation properties and expres-
sion reached high level (7.8 g/L of protein); this
production can provide an effective way of dealing
with organophosphorus pesticides. Activity of this
enzyme was measured by hydrolysis of substrate
methyl parathion, a popular organophosphorus
pesticide widely used for crop protection, its activity
reached 21.6 pmol/h/mg of wet weight (Shen et al.,
2016). To compare, organophosphorus hydrolase
produced in Moraxella sp. Hydrolysing reached the
activity of only 0.6 pmol/h/mg of dry weight using
the same substrate (Shimazu et al., 2001).

Wastewater, phenol compounds and lignin treatment
Historically, the most well-known enzymes used
for bioremediation of wastewater and soils are
wood-destroying fungal enzymes involved in lignin
degradation (laccase, lignin peroxidase, manganese
peroxidase). Water and soils are widely polluted
with chemical compounds like phenol, aromatic
amines, synthetic dyes, antibiotics, hydrocarbons,
chlorine etc., which have negative effect on the bio-
diversity or plant and human health. Since industry
is very developed and these pollutants are still used,
there is no other option than to eliminate them. The
use of oxidative enzymes for their biodegradation
is environmentally friendly, low cost and more ef-
fective compared to physical and chemical methods
which have many disadvantages such as hazardous
by-products or limited degradation activity (Alcade
et al., 2006). Besides biodegradation, the men-
tioned enzymes can also be used in other industrial
sectors. First and the most studied enzyme is lac-
case, which can be found in bacteria, fungi, higher
plants and even insects. Laccase finds its applica-
tion in the following industries: food, paper, pulp,
textile, cosmetics, and it is used for bioremediation,
removal of endocrine disruptors and biodegrada-
tion of phenolic pollutants. Laccases are also able
to oxidize non-phenolic lignin-related compounds.
An important environment application of laccase is
decolorization of dyes (Shraddha et al., 2011). More
than 100,000 dyes are commercially available, most

of which are very difficult to eliminate from water
due to their complicated structure and synthetic
origin. They are specially designed to resist fading
after exposure to light, water and oxidizing agents.
Due to their high stability, wastewater treatment
techniques to decompose them include electro-
chemical destruction, membrane filtration, electro-
flotation, ozonation, ion exchange or adsorption
(Nigam et al., 2000). The use of enzymes is a more
simple, clean, and effective technique leaving less
waste. One of the examples of enzymatic treat-
ment is detoxification and reduction of color and
aromatic compounds of black liquor — wastewater
from pulp production. Detoxification was per-
formed with Tramates versicolor producing laccase.
This microorganism was also used for complete
decolorization of Amaranth, Congo Red, Reactive
Black 5, Tropaeolin O, and Reactive Blue 15 colors
(Ramsay & Nguyen, 2002). In bioremediation, lac-
case also achieves excellent results; laccase from T.
villosa removed 100 % of 2,4-dichlorophenol from
soil (Ahn et al., 2002). Recently laccases have been
applied in nanobiotechnology, since they are able
to catalyze electron transfer reactions with no addi-
tional cofactors (Shraddha et al., 2011). Laccase and
other ligninolytic enzymes are produced during
the secondary metabolism of fungi under nitrogen
or other nutrient limited conditions when they are
secreted in the medium extracellularly. Most widely
known species for laccase production are Basidi-
omycetes and Saprotrophic fungi and the production
usually proceeds via solid-state or submerged
fermentation, which have some disadvantages like
broth viscosity, oxygen and mass transfer problems
(Moreira et al., 2003). Laccase production via solid-
state and submerged fermentation does not reach
the maximum yield and it is not possible to produce
large volumes of highly active enzyme at affordable
cost (Shraddha et al., 2011).

Although enzymes are widely used, due to the slow
growth of fungi and the mentioned disadvantages,
their recombinant production by Pichia is a more
effective way of production (Xu et al., 2017). As
an example, recombinant laccases from Pleurotus
ostreatus produced by P. pastoris were capable of
efficient removal of nitrophenols, chlorophenols
and sulfonamide antibiotics (Fig. 2), dangerous
agents with high toxicity and carcinogenic effect.
Their residues were found mainly in wastewater.
The best degradation effect was achieved in case
of sulfonamide antibiotics (sulfadiazine: 98.1 %,
sulfamethazine: 97.5 % and sulfamethoxazole:
97.8 %). Degradation of nitrophenols was also
successful (2-nitrophenol: 59.21 %, 3-nitrophenol:
47.91 % and 4-nitrophenol: 60.24 %). The worst
results were obtained for chlorophenols (4-chloro-
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Fig. 2. Degradation of 4-chlorphenol (A), 2-nitrophenol (B) and sulfadiazine (C) by three recombinant
laccases produced by P. pastoris (Zhou et al., 2018).

phenol: 47.9 %, 2,4-dichlorophenol: 28.9 % and
2,6-dichlorophenol: 35.1 %) (Zhou, et al., 2018).

In comparison, laccase from 7. versicolor provided
97 % degradation of 4-nitrophenol (Levil et al.,
2016) and laccase from T. pubescens ensured 41.1 %
degradation of 2,4-dichlorphenol (Gaitan, et al.,
2011). However, this result may be affected by the
cooperation of multiple enzymes in fungi. Also the
reaction mixture for laccase from 7. pubescens and
T.versicolor contained 15 mg/L and 139 mg/L of
the pollutant while recombinant laccase showed the
concentration of 100 mg/L. Degradation ability of
recombinant laccase was observed only for 1 hour
and in case of native laccase from 7. pubescens and
T. wversicolor, a 4 and 72 hour experiments were
done, respectively. Based on these results, it can be
concluded that recombinant laccase has better deg-
radation ability the native one (Zhou et al., 2018).
Different types of laccase from the wood-destroying
fungi T. trogii was also successfully expressed
in P. pastoris (Colao et al., 2006). The recom-
binant enzyme exhibited similar specific activity
(232 U/mg) and the same properties as the native
one. Its decolorizing ability was tested on synthetic
dyes including azo dyes, triarylmethane, indigo
carmine and the anthraquinonic dye alizarin red
S. Relative decolorization (almost 100 %) was the
highest in case of blue indigo and since this is the
most important dye in blue jeans manufacturing, it
is an important advantage of recombinant laccase.
Moreover, production of recombinant laccase
achieved concentrations (129,6 mg/L) which,
according to the authors, exceeds that obtained from
T. trogii cultures, which also produce a number of
laccase isoforms and are difficult to separate since
they have similar chemico-physical properties. This
does not happen in case of P. pastoris production
(Colao et al., 2003).

Another ligninolytic enzyme is manganese per-
oxidase catalyzing the depolymerization of plant
lignin. Manganese peroxidase is one of the most
common lignin degradation enzymes and has great

potential in agriculture for its ability to degrade
cellulose, hemicelluloses, and lignin. It was first
isolated in 1985 from the wood-destroying fungus
Phanerochaete chrysosporium (Paszczynski et al., 1985).
It is the most abundant lignolytic enzyme in nature.
Currently, it has been isolated and characterized
from several fungi and its properties are the subject
of extensive research. Many studies suggest man-
ganese peroxidase to effectively degrade azo dyes.
In the field of environmental protection, it is also
used for the degradation of organic and toxic sub-
stances such as polycyclic aromatic hydrocarbons,
chlorophenols, industrial dyes and nitroaromatics
(Xu et al., 2017). Polycyclic aromatic hydrocarbons
are derived from industrial activities causing health
risks due to their carcinogenic and mutagenic po-
tential. Manganese peroxidase from Bjerkandera sp.
degraded them (specifically anthracene, dibenzo-
thiophene and pyrene) to a large extend and in a
short period of time, 7 hours for anthracene, and
24 hours for dibenzothiophene and pyrene (Eibes
et al., 2006). Manganese peroxidase from Pleutorus
ostreatus detoxicated aflatoxin, which is a mycotoxin
with carcinogenic, mutagenic, hepatogenic and im-
munosuppressive properties (Yehia, 2014). Enzyme
from Phanerochaete chrysosporium was successful in
removing tetracyclines and oxytetracyclines. The
results show that manganese peroxidase degraded
72.5 % of tetracyclines and 84,3 % of oxytetra-
cyclines (Wen et al., 2010). Manganese peroxidase
crude enzyme extract of Nematoloma frowardii and
Stropharia rugosoannulata proved to convert several
aminonitrotoluens such as 2-amino-4,6-dinitro-
toluene, 4-amino-2,6-dinitrotoluene and 2,6-di-
amino-4-nitrotoluene (Scheibner & Hofrichter,
1998). All mentioned application showed great
potential in the removal of impurities from the
environment. However, natural production of this
enzyme is disadvantageous due to the slow growth
of fungi, accumulation of extracellular polysac-
charides, or production of compounds with similar
chromatographic properties. Therefore, recom-
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binant microorganisms have been studied for its
production (Xu et al., 2017).

Manganese peroxidase from Ganoderma lucidum
produced by P. pastoris was tested for phenol and
synthetic azo dyes degradation (Xu et al., 2017). It
was proved that during photocatalytic degradation
of azo dyes, several aromatic intermediates are pro-
duced (Fig. 3). They are harmful to the nature and
human health (Tanaka et al., 2000).

Azo dye
HO -@ HO -@—HO
NH, ‘@- SO;Na

Orange G

Acid orange 7

New coccine PO
Acid black 1 “°'© "°=QO‘:["
Tartrazine NH, O SO;Na

Acid yellow 17 NHzOSOJNa

Congo red @-on

Fig. 3. Intermediates (phenolic compounds,
aromatic amines) in photocatalytic degradation
of azo dyes (Tanaka et al., 2000).

It is an advantage that manganese peroxidase can
degrade both phenol and synthetic dyes. There
are several studies confirming that manganese
peroxidase decolorizes wastewaters from factories.
However, expression on high level has to be
considered before commercial use. In many isolates
it is usually too low for industrial application but P.
pastoris could meet these requirements. Compared
with the natural host, P. pastorisincreases expression
levels by 10-, 100- or even 1000-fold. Recombinant
enzyme from P. pastoris was produced with specific
activity of 524,61 U/L and final yield of 126 mg/L.
Activity of manganese peroxidase was confirmed
through its ability to degrade phenol which was
monitored chromatographically. In case of the
tested synthetic dyes, the results are easily visualized
(Fig. 4). In Figure (c) are dyes before degradation
and Figure (d) shows dyes after applying crude
protein extract of recombinant P. pastoris containing
manganese peroxidase. Decolorization of all dyes
reached 70 % (Xu et al., 2017).

Manganese peroxidase is also important in pulp
and paper industry. Pulp mills discharge a wide
range of chlorinated and non-chlorinated organic
compounds because they use molecular chlorine
for bleaching. Chlorinated compounds include
chlorinated phenolic derivatives and chlorinated

Fig. 4. Visual representation of dyes degradation:
Drimaner Blue CL-BR (1), Yellow X-8GN (2),
Drimaren Red K-4BI (3) a Disperse Navy Blue

HGL (4). On the left side: crude protein extract
of non-recombinant P. pastoris used as a control
at the beginning (a) and the end of dye degra-
dation (b). On the right side: (c, d) is crude protein
extract of recombinant P. pastoris containing
manganese peroxidase at the beginning (c) and the
end of dye degradation (d) (Xu et al., 2017).

dioxins and furans, and they are known to accumu-
late in the tissue of fish (Owens et al., 1994). Public
has forced pulp and paper mills to reduce chlorine-
based chemicals and use more environmentally
friendly bleaching techniques based on enzymes
like manganese peroxidase. Results from P. pastoris
manganese peroxidase fermentation showed that
recombinant enzyme can degrade lignin and it is
very effective when combined with alkaline extrac-
tion in delignification and brightening. Kappa
number of the resulting pulp was reduced by 61 %,
to 8.6 (ideal value should be below 6.5 (Viikari et
al., 1968)) and brightness increased by 26 points
(Xu et al., 2010).

Another enzyme involved in lignin degradation
is lignin peroxidase, which oxidizes non-phenolic
substrates. Lignin is an aromatic polymer which
protects plants from microbial attacks. Lignin
degradation in nature is interesting because it is an
essential part of the carbon cycle and it is unusually
biochemically stable (Hammel et al., 1993). Lignin
as a waste is generated as a by-product from pulping
or ethanol production. Due to its complex structure,
itis an environmental burden and its degradation is
essential (Li & Takkellapati, 2018).
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Lignin peroxidase was expressed in various hosts.
One of them was Escherichia coli. Even though the en-
zyme production was fast and provided high yields, it
was limited by the low yield of subsequent in vitro re-
folding. This was necessary due to the lack of haem
incorporation inside the cells and formation of inclu-
sion bodies. Lignin peroxidase was also expressed
in baculovirus with low yield of active peroxidase
and high production cost. The yield in Aspergillus
niger was also comparatively low. On the other hand,
production of recombinant lignin peroxidase in P.
pastoris was successful and was it proved that multi-
copy transformation of plasmid increases the final
yield. Activity of the enzyme reached 15 U/L after a
12 hours induction (Wei & Xianghua, 2009).

From peroxidases, horseradish peroxidase is an-
other interesting enzyme to be used for the treat-
ment of the following pollutants and wastes: aro-
matic amines, bromophenols, chloromethylphe-
nols, methoxyphenols, chlorophenols, methyl-
phenols, phenol, bleach plant effluent, cotton
mill effluent and coal conversion wastewater (Ait-
ken, 1993). Nowadays, great progress has been
made using directed evolution inside P. pastoris.
The enzyme showed a 2.3-fold higher specific ac-
tivity towards the pollutant guaiacol and a 5.4-fold
higher activity towards ABTS [2,2 -azinobis
(3-ethylbenzthiazoline-6-sulfonic acid)]. ABTS is
a chemical compound used to determine the en-
zyme kinetics or enzyme-linked immunosorbent
assay. It is used as a substrate for horseradish
peroxidase to identify its kinetics. Production of
horseradish peroxidase was also realized in S. cer-
evisiae, but the enzyme from P. pastoris had a
5.6-fold higher total activity and a three-fold
higher cell density (Morawski et al., 2000).
Acrylonitrile and acrylamide are widely used in
petroleum industry and are the main pollutants
in generated wastewaters. Their high toxicity and
carcinogenicity are very dangerous, but nitrile
hydratase showed bioconversion activity for these
compounds. It was expressed in P. pastoris but,
unfortunately, it was unstable and low activity was
achieved. To solve this problem and enhance the
activity of the enzyme, directed evolution can be
used combined with another P. pastoris strain (Shi
etal., 2004).

Pulp bleaching and conversion of agrowaste

In addition to manganese peroxidase, xylanase
also provided excellent bleaching results. More-
over, xylanase is commercially important due to its
ability to convert lignocellulosic material and
agrowaste enabling the production of high value
products such as furfural, xylitol, biofuels, and
artificial low-calorie sweeteners. Xylanolytic en-

zymes find their application in animal feed as they
improve their digestibility by breaking down
arabinoxylans and reduce the raw material vis-
cosity. As it has already been stated, xylanase is
also an effective enzyme for wood pulp bleaching
and structure modification of pulp fibers (Bar-
noud et al., 1986). Together with manganese,
peroxidase increased pulp delignification (Xu et
al., 2010). Xylanase treatment is important for
baking, where it breaks down hemicelluloses in
wheat flour and water insoluble hemicellulose is
converted to soluble forms, leaving the dough
softer and easier to knead. Fruit juices are also
treated with xylanase to reduce their viscosity and
improve organoleptic characteristics. Natural
sources of xylanases are bacteria and fungi, while
those from fungi have higher activity. On the other
hand, fungi also secrete cellulase, which is un-
desirable for some industrial applications, espe-
cially during paper pulping and bleaching. Xyla-
nases are produced using submerged or solid-state
processes. Solid-state fermentation suffers due to
some limitations such as lower process control or
low capacity (Malhotra & Chapadgaonkar, 2018).
Since xylanase is a very interesting enzyme with
wide use, its recombinant production has been
studied. Xylanase was expressed in P. pastoris
reaching very high yields (1.2 g/L). The final yield
of the enzyme is important for its further applica-
tion in industry, which makes P. pastoris suitable
for industrial production of high quantities of en-
zymes (Mellitzer et al., 2012). P. pastoris is not only
suitable due to its high enzyme yields but also due
to post-translation modifications like glycosylation
enzyme which show better properties. Higher
thermostability of glycosylated enzyme from P.
pastoris compared to those from E. coli were con-
firmed (Fonseca-Maldonado et al., 2013). Recom-
binant xylanase was produced in P. pastoris by
directed evolution which yielded a strain with
1,3-fold higher xylanase production compared
with the parent strain (Ma et al., 2019). This result
excellently demonstrates how directed evolution
can improve the produced enzyme quality.

Degradation of bioplastics waste

The problem with plastic waste is probably the
most widespread and well-known. That is why
biodegradable plastics produced from
able agricultural sources are a promising alternative.
Polyhydroxyalkanoates have commercial potential
as biodegradable thermoplastics; their biodegra-
dation and mineralization are attributed to poly-
hydroxyalkanoate depolymerase from Thermobifida
sp. The enzyme was expressed in P. pastoris and it
catalyzed the degradation of poly-[(R)-3-hydroxy-

renew-
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butyrate] (PHB) films, which was accelerated in
(R)-3-hydroxyvalerate copolymers with the maximum
degradation rate of 882 ng-cm™-h™". Such prepared
enzymes can be used in standard processing of bio-
plastics waste (Phithakrotchanakoon et al., 2009).

Pichia recombinant products for alternative medical
treatment

Overuse of drugs is also an environmental prob-
lem because their residues are found in water or
animals. It means that replacement of pathogens’
control methods with e.g. enzymes or antigens has
to be prioritized. Strains of P. pastoris were used
to produce AHL-lactonase which can be used as a
cure of Aeromonas hydrophila infection in fish. This
serious pathogen causes hemorrhagic septicemia
which is controlled by antibiotics and chemicals.
Excessive use of chemicals for the treatment of
this disease leads to their accumulation in the food
chain and thus they can enter human body. In ad-
dition, frequent use of antibiotics results in “super-
bugs” (strains resistant to antibiotics). Recombinant
production was successful and the results indicate
the possibility of mass low-cost production of AHL-
lactonase (Chen et al., 2010). Another veterinary
problem is caused by Boophilus microplus which is
a cattle tick causing problems with their reproduc-
tion. Control methods of this ectoparasite include
the use of chemicals which are costly and cause en-
vironmental and residual problems. Vaccination is
a way of protection against tick infestations. Vaccine
Gavac™ (Heber Biotec S.A., Cuba), a recombinant
Bm86 protein, is produced in P. pastoris and used
in Latin America. Unlike other expression system
(baculovirus, Aspergillus niger, E. coli) recombinant
antigen expressed in P. pastoris is acquired in a
highly immunogenic, glycosylated, and particulate
form (Canales et al., 1997).

Bioremediation of toxic compounds

Cyanide is a very toxic and well-known compound.
In plants such as almond, cassava, sorghum or flax-
seed, cyanogenic products are widely distributed.
Due to B-glucosidase in the intestines of mammals,
acutely toxic hydrocyanic acid is produced and
therefore detoxification is important for safe feed-
ing of animals with these plants. Popular detoxi-
fication method is boiling, roasting, autoclaving,
microwaving and extrusion. Also, B-glucosidase
can be used to hydrolyze these compounds which
releases hydrocyanic acid into air. This problem can
be solved by cyanide hydratase which catalyzes the
hydrolysis of cyanide to formamide. It is used for
bioremediation of cyanide-containing wastes and
to absorb hydrocyanic acid formed from the cyano-
genic glycosides hydrolysis. Recombinant cyanide

hydratase was produced in P. pastoris together
with B-glucosidase to develop a novel co-enzymatic
method with high degradation activity of cyano-
genic glycosides. Enzyme preparation produced
by recombinant P. pastoris completely decomposes
cyanogenic glycosides and catalyzes the hydrolysis
of more than 80 % of cyanide (Wu et al., 2012).

P. pastoris recombinant proteins are not used only
for pollutant degradation but also for their detec-
tion. One of the commercial P. pastoris product is
Superior Stock produced by Nitrate Elimination
Co. from Michigan (USA). It is a recombinant
nitrate reductase used in Kkits to test nitrates in
water, soil, and animal feed. Normally, nitrate is
tested through its reduction to nitrite via a copper-
cadmium reagent, which is quite a toxic method
(Campbell et al., 1997). Thus, an enzymatic analysis
has been verified for accuracy, sensitivity and re-
liability showing minimum impact on people and
providing reliable data (www.nitrate.com).

Production on crude glycerol

All mentioned enzymes were produced on purified
glycerol in P. pastoris. However, there are many
studies where crude glycerol was used for enzymes
production, e.g. phytase, a very important indus-
trial enzyme used as animal feed additive for swine,
poultry, and fish (Xie et al., 2020). Production of re-
combinant phytase on crude glycerol was upscaled
up to a 7.5 1 bioreactor. Enzyme activity and biomass
concentration reached 137.8 U/ml, and 146 g/L,
respectively. Maximum specific growth rate was
higher when using crude glycerol than glucose
(0.266 h! vs. 0.203 h™') as the carbon source; final
enzyme activity obtained with glucose achieved
121.6 U/ml (Tang et al., 2009). This proves that
crude glycerol does not negatively affect P. pastoris
growth or recombinant protein expression, which is
its advantage over other microorganisms.

Conclusion

High-level expression, growth to high cell densi-
ties and post-translation modifications prove that
P. pastoris is a suitable microorganism for recombi-
nant enzyme production. Given all available data
of successfully produced enzymes, P. pastoris has
also great potential in the environmental sector.
Products of P. pastoris were able to degrade pesti-
cides or replace them with more environmentally
friendly variants, degrade phenol compounds,
synthetic dyes, hydrocarbons, antibiotic residues,
lignin, nitroaromatics, toluene, bioplastics, and
toxic compounds like cyanide. Its products were
used also for kraft pulp bleaching, detection of
pollutants and as alternative medical treatment
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Tab. 2. Summary of enzymes produced by P. pastoris with positive effect on environment.

Product

Environmental treatment

Reference

Pexiganan

Organophosphorus hydrolase

Kpkt

Laccase

Manganese peroxidase

Lignin peroxidase

Xylanase

Phytase

Nitrate reductase

Cyanid hydratase

Horseradish peroxidase

Polyhydroxyalkanoat depolymerase
Bm86 antigen

Keratinase

AHL-lactonase
Nitril hydratase
Azoreductase*
Cyanidase*
Lactoperoxidase*

Polyphenol oxidase*

replacement of pesticides

biodegradation of organophosphorus
pesticides

B-1,3glucanase and killer activity against
spoilage yeast in wine and sweet beverage
industry

degradation of synthetic dyes, lignin,
nitrophenol, antibiotics and phenolic
pollutants

degradation of lignin, cellulose, hemi-
cellulose, polycyclic aromatic hydrocarbons,
chlorophenols, synthetic dyes, nitro-
aromatics, tetracyclines, oxytetracyclines,
bleaching of pulp

degradation of lignin

conversion of lignocellulosic material and
agrowaste to high-value products, paper
pulping and bleaching

helps to digest phytate which prevent
phosphorus pollution

test nitrates in water

detoxification of cyanogenic glycosides,
hydrolysis of cyanide

degradation of aromatic amines, phenolic
compounds, coal conversion wastewater,
bleach plant effluent

biodegradation of polyhydroxyalkonotes
vaccine against Boophilus microplus
improvement of nutrional value of feather
meal and alleviate the environmental
impact associated with its processing or
disposal

control of Aeromonas Hydrophila
conversion of acrylonitrile and acrylamide
degradation of azo dyes

treatment of cyanide

degradation of chlorophenols

degradation of phenol compounds

Neshani et al., 2019
Shen et al., 2016

Chessa et al., 2017

Zhou et al, 2018; Colao et al., 2006

Xu et al., 2017; Xu et al., 2010

Wei & Xianghua, 2009
Ma et al., 2019

Tang et al., 2009

www.nitrate.com

Wu et al., 2012

Morawski et al., 2000

Phithakrotchanakoon et al., 2009
Canales et al., 1997
Porres at al., 2002

Chen et al., 2010

Shi et al., 2004

so far not produced by P. pastoris
so far not produced by P. pastoris
so far not produced by P. pastoris
so far not produced by P. pastoris
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