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Abstract: Remediation of polychlorinated biphenyls (PCBs) in minimal mineral water media in the presence
of bacterial mixed cultures consisting of several individual strains is proposed. Starting from the fact that the
properties and features of bacterial strains in mixed cultures can be supplemented and compensated, two-,
three- and seven-membered mixed cultures (MC) were performed. The strains used for the construction of the
MC were isolated from the waste canal of a former PCB producer. The highest biodegradation of 70 % of the
sum of seven defined PCB congeners was achieved by two-membered MC containing the strains Rhodococcus
sp. and Stenotrophomonas maltophilia added in the biomass ratio of 1 : 3 and 3 : 1. PCB biodegradation by a
seven-membered MC was lower (58 %) but provided several benefits over the less-membered mixed cultures or
the individual strains: similarity to naturally occurring microflora, easier preparation of the inocula, certain
and repeatable results. Periodical reinoculation of the water media resulted to PCB biodegradation increase to
65 %. Seven-membered MC was applied to the historically PCB contaminated sediment as well, where a 59 %

degradation of the sum of seven PCB congeners was determined.
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Introduction

Polychlorinated biphenyls (PCBs) are dangerous
hydrophobic substances containing the biphenyl
molecule with varying degree of chlorination.
Long-term use and improper storage led to their
release into the environment (Wu et al., 2018). The
water cycle had spread them across all ecosystems;
they were detected even in the cryoconite of alpine
glacier (Weiland-Briuer et al., 2017). PCBs are able
to penetrate into the food chain and deposit in adi-
pose tissues (Louis etal., 2016). In higher organisms,
they are responsible for a wide range of diseases
resulting from their endocrine-disrupting property
(Bergman etal., 2001; Fénichel and Chevalier, 2017;
Pinson et al., 2017). Usually, some organisms that
came in long term contact with PCB contamina-
tion — plants, lower soil animals, microbes — have
adapted to their presence. For example, Leigh et
al. (2006) demonstrated the biodegradation ability
of bacterial strain isolated from the root system of
plants growing on a PCB contaminated site. Espe-
cially microorganisms are able not only to exist in
the presence of PCBs but also to decompose them
(Chen et al., 2015; Stella et al., 2017; Horvathova
et al., 2018). This fact serves as the basis for many
bioremediation techniques. Bioremediation can be
described as the conversion of organic pollutants
(e.g. chlorinated hydrocarbons) by microorganisms
into energy, cell mass and biological waste products

(Nikolopoulou and Kalogerakis, 2010; Santisi et al.,
2015) and can be implemented as bioaugmention
of the contaminated sites with propagated biomass
(Horvathova et al., 2018) as biostimulation of
naturally occurring microflora provided by (bio)
surfactants (Laszlova et al., 2018), plant terpenes
(Murinova and Dercova, 2014) and additional
nutrients, or as phytoremediation by specialized
plants and rhizoremediation by plant roots (Liu et
Schnoor, 2008; Slater et al., 2011). There is wide
evidence of successful bacterial bioremediation
provided by individual bacterial strains as well as by
mixed cultures either alone or in combination with
other microorganisms or an additional process. It
is possible to use: 1) individual bacterial strains,
2) mixed cultures obtained by enrichment from a
contaminated environmental sample, 3) artificially
prepared mixed cultures made from several indi-
vidual strains, 4) integrated approach combining
biodegradation of PCB by individual strains/
mixed cultures with a physico-chemical method for
their elimination, e. g. use of nanoscale zerovalent
iron (Cecchin et al., 2017), ozonation (Dudasova et
al., 2017), or sorption on activated carbon (Ghosh
et al., 1999). Soil/sediment microorganisms form
a wide synergic or antagonistic community, where
the product of metabolism of one group provides
a substrate for another group of microbes (Kwon
et al., 2008; Murinova et al., 2014). This is the
reason why the application of microbial, especially
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bacterial, mixed cultures emerges as a promising
bioremediation technique. An example of the inte-
gration of different (bio)remediation techniques is
the removal of 36.46 pmol kg™ of tetrachlorinated
congener PCB 61 in 140 days from the original
quantity of 50 pmol kg™ of dry sediment using a
bio-electrochemical reactor with poised potential of
-0.50V, acetate as carbon source and an addition of
Tween 80. During the experiment, several bacterial
strains were isolated and identified, which contrib-
uted to the degradation of PCB 61 as an aerobic
bacterial mixed culture (Yu et al., 2017). Bacterial
mixed culture was successful also in the biodegra-
dation of polycyclic aromatic hydrocarbons (PAHs).
Strains enriched from manufactured gas plant site
applied as bacterial mixed cultures were able to
degrade >95 % of LMW and 90 % of HMW PAHs
(Kuppusamy et al., 2016). Eio et al. (2014) com-
pletely degraded bisphenol-A up to 50 mg L™ using
sufficiently adapted non-specific bacterial mixed
culture enriched by activated sludge obtained
from the wastewater treatment plant. Our previous
research focused on bioremediation of PCB con-
taminated sediment showed that suitably selected
combinations of two or three bacterial strains are
able to degrade a significant amount of PCBs
naturally occurring in the sediment. Biodegrada-
tion of 80 % of the sum of seven PCB congeners
was achieved using a two-membered mixed culture
and biodegradation of 70 % was achieved when a
three-membered mixed culture was applied (Hor-
vathova et al., 2018). This research is focused on the
bioremediation of defined minimal mineral media
artificially contaminated by technical PCB mixture
Delor 103 (equivalent to Aroclor 1242 containing
59 PCB congeners) by bacterial mixed cultures con-
sisting of two, three and seven individual bacterial
strains isolated from the sediment originating from
the waste canal of the Chemko Strazske plant — a
former PCB producer.

Materials and Methods

Preparation of cell suspensions

Strains used for the preparation of mixed cul-
tures (MC) were isolated from the waste canal of
the Chemko Strazske plant in Eastern Slovakia
and characterized using molecular techniques
(Dudasova et al., 2014) as Achromobacter xylosox-
idans, Stenotrophomonas maltophilia, Rhodococcus sp.,
Ochrobactrum anthropi, Pseudomonas mandelii, Brevi-
bactertum sp. and Starkeya novella. Mixed cultures
composed of two (MC2), three (MC3) and seven
(MC7) of these strains were investigated to degrade
PCBs. MC2 and MC3 were prepared by inoculating
liquid Culture broth no. 2 (Biolife, IT) by individual

bacterial strains from stored agarised Culture broth
no. 2. After 48 h of cultivation on a rotary shaker
(180 rpm) at 28 °C, cells were harvested by cen-
trifugation and cell suspensions were prepared by
stirring the biomass pellet in distilled water. Con-
centration of the cell suspension required for the
biodegradation experiment was calculated from
the optical density at 620 nm (ODgy) by calibration
curves (not shown). MC7 was prepared by inoculat-
ing Culture broth no. 2 with each individual strain
from the slant agars. After 48 h of cultivation on a
rotary shaker, 10 % (v/v) cell inoculum was used.

Determination of cell concentration

Measuring of ODy,,. Concentration of bacterial bio-
mass was determined by withdrawing and suitably
diluting a sample from the flask and calculated from
the calibration curve.

Sowing on the plate agar. The sample was serially
diluted (107) and sowed on Plate count agar (Sigma-
Aldrich, USA) in Petri dishes with a microbiological
L-shape spreader. After 48 h of inverse cultivation
in the cultivation box at 28 °C, the number of
CFU mL™" was determined using a handy colony
counter (BIO KOBE, JP).

Biodegradation of Delor 103 mixture in artificially
contaminated minimal mineral medium

(MM medium)

Biodegradation experiments took place in 500 mL
Erlenmeyer flasks closed with cotton stoppers with
100 mL of the MM medium of the following com-
position: 1 g L™ of (NH,),SO,, 2.7 g L' of KH,PO,,
52 g L' of NaHPO,2 H,O, 0.2 g L' of
MgSO,7 H,O, 0.01 g L' of FeSO,7 Hy,O and
0.03 g L' of Ca(NO;)s-4 H,O (Lachema Brno, CZ),
and the technical mixture Delor 103 (Chemko
Strazske, SR) in the final concentration of
100 mg L. To examine the biodegradation ability
of the individual bacterial isolates, MC2 and
MC3 cell suspensions prepared from 48 h inocula
of the individual strains were added in the final
concentration of 1 g L™'. When MC2 was used, the
cell suspensions were added in the biomass ratio of
1:3,1:1and3: 1, and in the biomass ratio of
1:1:1 for MC3. In the biodegradation of PCBs by
MC7, 10 % (v/v) 48 h inoculum of seven bacterial
isolates was added. The flasks were closed with cot-
ton stoppers and placed on the rotary shaker for
14 days (biodegradation provided by MC2, MC3)
and for 21 days (MC7) at 28 °C and rotation speed
of 180 rpm. Flasks with PCBs bioremediation by
MC7 were reinoculated with fresh 48 h inoculum
after seven and 14 days of cultivation. All experi-
ments ran in three parallel measurements. For the
determination of PCB biodegradation in each set-
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ting, abiotic control (only MM medium with
100 mg L' of Delor 103 mixture) was used. Seven
PCB congeners monitored during the biodegrada-
tion represented 30.4 % of the total weight of Delor
103 mixture. At the beginning and at the end of the
bioremediation with the individual strains, biomass
concentration using calibration curves was calcu-
lated after withdrawing and diluting a sample from
each flask and measuring the ODy,.

Biodegradation of PCBs in historically
contaminated river sediment

The following experiments took place in 250 mL
Erlenmeyer flasks with 10 g of dried and sieved
sediment drenched with 100 mL of MM medium
and 10 % (v/v) 48 h inoculum of mixed culture
consisting of seven individual strains (MC7). The
flasks were stationary cultivated at 28 °C for 21 days
with occasional shaking. After the cultivation time,
the sediment was harvested by centrifugation, dried
and PCBs were extracted with n-hexane (Mikro-
chem, SR). Sediment used in the experiments
was collected from the waste canal of the Chemko
Strazske plant using an Uwitec sampler (Austria)
according to the Slovak Technical Norm. The total
amount of seven monitored PCB congeners was
22.7 mg kg™ (Horvathova et al., 2018).

Analysis of PCBs

After the cultivation, non-degraded PCBs were
extracted from the MM media in a two-stage ex-
traction with n-hexane. First, 10 mL of n-hexane
were added to each flask and these were placed
in an ultrasonic bath for 5 min to release the re-
sidual PCBs from the glass and from the bacterial
cell structures. The whole flask content was then
moved to a separating funnel for intensive shaking
(2 min). After the liquid phases settled, water phase
was released to the second separating funnel for
the second extraction (2 min). n-Hexane phases
were combined and dehydrated by filtration via
an anhydrous Na,SO, (Centralchem, SR) column.
Residual PCBs in the sediment were extracted
to n-hexane with a Soxhlet extraction apparatus.
The extracts were purified by ultrasonic bath with
copper (45 min), filtered through cotton wool and
poured into a Florisil column. PCB extracts were
subsequently analyzed by gas chromatography
with an electron capture detector (GC ECD)
under the same conditions as in Murinova et al.
(2014). The total biodegradation of seven selected
PCB congeners: (PCB 8 (2,47-), PCB 28 (2,4,4"-),
PCB 52 (2,27°,5,5"-), PCB 101 (2,27,4,5,5"-), PCB
118 (2,37,4,4°,5-), PCB 153 (2,27,4,4"-5,5-)), were
evaluated based on the peak area according to Mills
et al. (2007).

Statistical analysis

All experiments were done in three parallel
measurements. The obtained data were processed
using the software package MS Excel One way
ANOVA (analysis of variance) for statistical
evaluation. Differences in the biodegradation of
the sum of seven PCB congeners observed in the
applied degradation approaches (single strains,
two-, three- and seven-membered mixed cultures)
are greater than expected. There is a statistically
significant difference if the P-value is below 0.05.
P-values obtained from statistical analysis of an
appropriate group of results meet these condi-
tions.

Results and Discussion

Biodegradation of Delor 103 mixture by individual
bacterial strains, two- and three-membered mixed
cultures

When examining the biodegradability of Delor
103 by the individual bacterial strains in arti-
ficially contaminated MM medium, the following
biodegradations were obtained: O. anthropi 60 %;
A. xylosoxidans 41 %; S. maltophilia 40 %; Brevibacte-
rium sp. 33 %; S. novella 19 %, Rhodococcus sp. 18 %
and P. mandelii 17 % from the initial amount of
the sum of seven selected PCB congeners (Tab. 1).
Comparable results were obtained with an endo-
phytic bacterial strain isolated from the leaves of
Salix matsudana f. pendula. This strain, identified
as Enterobacter sp., was able to degrade Aroclor
1242 mixture (equivalent to Delor 103) with the
removal ratio of 43.2 % after seven days in liquid
minimal medium (Cai et al., 2018). PCB-degrad-
ing strains isolated from the surface sediment
sampled from Svalbard Islands by Papale et al.
(2017) were able to remove Aroclor 1242 at 15 °C
within a month in microcosm with the efficiency
varying between 7 % and 70 %. From our isolates,
O. anthropi (O), A. xylosoxidans (A), S. maltophilia
(S) and Rhodococcus sp. (R) were selected for the
assembly of two- and three-membered mixed
cultures (MC2 and MC3). Although our strains
were isolated from the same environment, there
are some differences in the biodegradation of the
sum of seven PCB congeners as well as in that of
each congener. Biodegradation of individual PCB
congeners by all above mentioned strains, except
for S. maltophilia, decreased with the increasing
amount of chlorine on the PCB molecule. Only S.
maltophilia was able to degrade various PCB con-
geners with the same efficiency (data not shown).
This variability was the basis for the preparation
of the mixed cultures. It was assumed that the ap-
plication of multiple bacterial strains simulates the
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site microbiological composition better than the
individual bacterial strains and that it is ultimately
beneficial. To determine whether the biodegrada-
tion took place in growth or non-growth condi-
tions, ODgy, was measured immediately after the
experiment setting and after 14 days, before the
extraction of non-degraded PCBs. No increase
in ODgy, was measured for any individual strain
so it was assumed that biodegradation provided
by all strains runs at non-growth conditions (Tab.
1). The largest changes in biomass concentration
were observed during the biodegradation with S.
maltophilia and S. novella (81 % and 57 % decrease
of biomass concentration). On the contrary, the
smallest decrease of the biomass concentration was
observed in the biodegradation with A. xylosoxidans
(29 %).

Two-membered mixed cultures — MC2 consisted
of two individual bacterial strains added in the bio-
mass ratios of 1:3,1:1and 3 : 1. First MC2 (Fig.
1a) consisting of the strains Rhodococcus sp. and A.
xylosoxidans added in the biomass ratio of 1 : 3 with
an excess of A. xylosoxidans degraded 61 % of the
sum of seven PCB congeners studied. This result
is favorable considering that individual strains
Rhodococcus sp. and A. xylosoxidans degraded only
18 % and 41 % of the sum of seven PCB congeners.
Independently of the added biomass ratio, bio-
degradation of individual PCB congeners by this
MC decreased with the increasing degree of PCB
chlorination. Biodegradation of hexachlorinated
PCB 138 was by approximately 40 % less effective
than that of dichlorinated congener PCB 8. These
differences in the biodegradation of variously
substituted PCB congeners were diminished by the
second MC2 (Fig. 1b) consisting of the strains S.
maltophiliaand Rhodococcus sp, which degraded 70 %
of the sum of seven PCB congeners at the added
biomass ratio of 1: 3 and 3 : 1. At the biomass ratio

of 1: 1, the biodegradation was by more than 10 %
less efficient. The difference in the congener analy-
sis was not as significant as with the first MC2. All,
lower and higher, chlorinated PCB congeners were
removed in a comparable extent. Moreover, bio-
degradation of PCBs by this MC2 was more efficient
than application of the relevant individual strains.
The lowest efficiency of PCB biodegradation was
observed with the third MC2 (Fig. 1c) containing
O. anthropi and A. xylosoxidans. Biomass inoculated
in the ratio of 1 : 1 degraded the sum of seven PCB
congeners to 59 %, which is comparable with the
biodegradation achieved with the individual strain
O. anthropi (60 %). In this MC2, the highest differ-
ences were observed in the biodegradation of PCBs
considering the three different biomass ratios.
Three-membered MC3 (Fig. 1d) were not as ef-
ficient as expected. Combinations OAS (O. anthropi,
A. xylosoxidans, S. maltophilia), ORA (O. anthropi,
Rhodococcus sp., A. xylosoxidans) and ORS (O. anthropi,
Rhodococcus sp., S. maltophilia) with the biomass ratio
of 1:1:1 removed only 29 %, 39 % and 19 % of
the seven PCB congeners despite the presence of the
best PCB-degrading strain O. anthropi. This result
is probably due to a strong antagonism between the
strains, and a change in the added biomass ratio
should be applied in further experiments. Recently,
biodegradation of bacterial mixed cultures also in the
historically PCB contaminated sediment has been
studied under laboratory conditions. MC2 contain-
ing the strains Rhodococcus sp. + A. xylosoxidans, and
Rhodococcus sp. + S. maltophilia, both in the biomass
ratio of 1 : 1 degraded approximately 80 % of the
sum of seven PCB congeners, which is much more
than the results achieved with the relevant individual
strains in the sediment. Biodegradation was higher
due to the presence of naturally occurring synergic
sediment microflora which contributed to the bio-
degradation (Horvathova et al., 2018).

Tab. 1. Biodegradation of the sum of seven defined PCB congeners by individual bacterial strains
(14 days), biomass concentration at the beginning of biodegradation and after 14 days, before the
extraction of residual PCBs, expressed as percentage decrease.

Biodegradation . . . . .
Initial biomass Final biomass Decrease of biomass
A . of the sum of 7 PCB K K R
Bacterial strain concentration concentration concentration
congeners (g L) (gL (%)
(%)
O. anthropi 60 0.92 0.58 37
A. xylosoxidans 41 0.88 0.62 29
S. maltophilia 40 0.85 0.16 81
Brevibacterium sp. 33 0.81 0.43 47
S. novella 19 0.85 0.37 57
Rhodococcus sp. 18 0.83 0.39 53
P. mandelii 17 0.80 0.49 39
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Fig. 1. Biodegradation of seven PCB congeners in minimal mineral medium (MM medium) artificially
contaminated with Delor 103 by two-membered mixed cultures (MC2): Rhodococcus sp. +
A. xylosoxidans (a), Rhodococcus sp. + S. maltophilia (b), O. anthropi + A. xylosoxidans (c) at the biomass ratio
of 1:3,1:1and 3 : 1, and three-membered mixed cultures (MC3) (d) with biomass ratioof 1:1: 1,
where O means O. anthropi, A means A. xylosoxidans, S means S. maltophilia and R means
Rhodococcus sp. Cultivation conditions: 100 mL of MM medium, 100 mg L™ of Delor 103 mixture,
rotary shaker — 180 rpm, 28 °C, 14 days. Abiotic control: MM medium + Delor 103 (100 mg L™).

Biodegradation of PCBs by mixed culture consisting
of seven bacterial isolates (MC7)

PCB biodegradation experiments with MC7 were
performed using two different sources of con-
tamination: a) Delor 103 mixture added to the
MM medium — artificial contamination with
PCBs and b) historically PCB contaminated dried
sediment flooded with the MM medium (Fig. 2).
In the artificially contaminated MM medium, 58 %
biodegradation of the sum of seven PCB congeners
was observed after 21 days. Three flasks with Delor
103 biodegradation by MC7 were reinoculated
after seven and 14 days of cultivation. Addition of
10 % (v/v) of fresh bacterial inocula resulted in an
increased PCB biodegradation (65 % of the sum of
seven PCB congeners). Generally, this is not the best
result achieved by MC but the use of MC7 provides
several advantages over the other ones.

Despite MC7 containing only bacterial strains, it is
still more similar to the natural consortium occur-
ring on a contaminated site. Also, MC7 is easier to
prepare. It is not necessary to make cell suspensions
of each individual strain and set the equivalent
volume of the suspension by measuring ODgy,, as

mentioned in section 2.1., inoculating the culture
broth by one inoculation loop of each strain is suf-
ficient. During the cultivation in the liquid broth,
bacterial growth is probably not uniform, the strains
stabilize on basis of synergy and antagonism. The
use MC7 provides stable and repeatable results in
comparison with the use of single strains and two-
and three-membered MCs which is fundamentally
important for the scale up. In mixed cultures, some
species of bacteria possibly beneficial in the degra-
dation of PCBs by removing potentially inhibitory
intermediates can be present (Clark et al. 1979).
Moreover, MC7 is able to survive longer in the
MM medium with Delor 103 (100 mg L) than in
that with individual strains. Biomass concentration
expressed as CFU -ml™ in a sample taken from the
flask where Delor 103 biodegradation by MC7 took
place increased from 9 x 10° to 19 x 10?. ODjy of the
sample after 21 days had the same value as at the
beginning of the bioremediation process. As seen
in Tab. 1, biomass concentration (g L) of all in-
dividual strains decreased. However, heterogenous
bacterial cultures are more resistant to PCBs, there-
fore they are better applicable. Our MC7 was tested
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Fig. 2. Biodegradation of seven PCB congeners in the mimimal mineral medium (MM medium)
artificially contaminated with Delor 103 and in historically PCB contaminated sediment by mixed
culture consisting of seven bacterial strains (MC7): Achromobacter xylosoxidans, Stenotrophomonas
maltophilia, Rhodococcus sp., Ochrobactrum anthropi, Pseudomonas mandelii, Brevibacterium sp. and Starkeya
novella. Cultivation conditions in MM medium: 100 ml of MM medium, 100 mg L™ of Delor 103 mixture,
10 % (v/v) 48 h inoculum of seven strains, rotary shaker — 180 rpm, 28 °C, 21 days, reinoculation
after 7 and 14 days of cultivation. Abiotic control: MM medium + Delor 103 (100 mg L™). Cultivation
conditions in the sediment: 100 ml of MM medium, 10 g of dried and sieved historically contaminated
sediment, 10 % 48 h bacterial inoculum, stationary cultivation with occasional shaking, 28 °C, 21 days.
Abiotic control: non-treated sediment.

for biodegradation of historic PCB contamination
in the sediment from the former PCB producer
surroundings. Microcosm bioremediation with
real contaminated sediment as the PCB source
was provided by flooding of the sediment with the
MM medium, inoculation with MC7 and stationary
cultivation under occasional shaking as mentioned
in section 2.2.2. The biodegradation was similar to
that achieved in the artificially contaminated MM
medium, 59 % biodegradation of the sum of seven
PCB congeners, and the decrease of the concentra-
tion of each congener was proportional to the total
degradation of PCBs. Petri¢ et al. (2007) isolated
two mixed cultures from polluted areas. Both cul-
tures showed degrading activity comparable with
that presented in this paper, e.g. 56 to 60 % of the
mixture of 50 PCB congeners (containing di- to
heptachlorinated congeners) were reduced after
14 days in PAS medium (phosphate-buffered mi-
neral salts medium) supplemented with biphenyl.

Both MCs contained the strain Rhodococcus erythro-

polis with its well-known PCB-degradation ability
(Chung et al. 1994, Pham et al. 2015). The mixed
cultures isolated by enrichment from the marine
sediment also exhibited PCB-degrading activity.
Strains forming the mixed culture mainly belong
to the Rhodococcus and Sphingomonas species and
despite their different PCB-degrading capability,

all of them are able to degrade PCB congeners with
two to four chlorine substitutions. Mixed cultures
degraded the industrial mixture Aroclor 1242 in a
seawater mineral salts medium within the range of

40—61 % (Kolar et al., 2007).

Conclusion

This work was focused on biodegradation of PCBs
(technical mixture Delor 103) by mixed cultures con-
sisting of two (MC2), three (MC3) and seven (MC7)
bacterial strains recently isolated from the waste
canal of the former producer of PCB based techni-
cal mixtures. Foremost, to consider the use of mixed
cultures, biodegradation of Delor 103 mixture by
the individual strains in water minimal mineral
medium (MM medium) was performed. Then, the
most efficient strains — gram negative O. anthropi,
S. maltophilia, A. xylosoxidans (60, 41 a 40 % biodeg-
radation of the sum of seven PCB congeners) and
gram positive Rhodococcus sp. (18 % biodegradation)
were used to construct the two- and three-membered
mixed cultures. Biodegradation of the PCBs in MM
medium contaminated with Delor 103 by three-
membered mixed culture (MC3) with the biomass
ratio of 1:1:1 was not significant and among two-
membered (MC2), combinations, Rhodococcus sp.+ A.
xylosoxidans and Rhodococcus sp. + S. maltophilia were
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more efficient than the relevant single strains. The
biodegradation of 61 % and 70 % with biomass add-
ed in the ratio of 1:3 was achieved. Finally, the mixed
culture consisting of seven bacterial strains was con-
structed. MC7 degraded 58 % of the sum of seven
PCB congeners in the artificially contaminated MM
medium and 59 % in the historically contaminated
sediment. When the MM medium was periodically
reinoculated with MC7, a 65 % biodegradation of
PCBs was observed. The application of the seven
bacterial isolates mixed culture provides a promis-
ing remediation alternative to that of the relevant
individual bacterial strains. Simple preparation of
inocula tailored to the microbial conditions in the
real contaminated site and repeatability are the most
significant benefits for future remediation research.
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Abstract: The aim of the study was to find parameters of electrolytic colouring on tin basis to form uniform
black coatings on anodized aluminium. A two steps electrolytic process consisting of aluminium anodization in
a sulphuric acid electrolyte and colouring in tin acidic electrolyte was used. Among parameters influencing the
colouring process, AC colouring voltage, composition of the counter electrode and agitation of the colouring
electrolyte were studied. Spectrocolorimetry was applied to analyse the quality of the colouring. Thickness of
the coloured and sealed anodized specimens was also evaluated. Optimal parameters for uniform colouring
of anodized specimens were found. Unfortunately, colouring electrolyte on tin basis is susceptible to oxidation

which negatively influences the colouring.

Keywords: aluminium; anodic oxidation; tin based electrolytic colouring; hydrothermal sealing; L*a*h*system

Introduction

Architecture, aircraft and nowadays automotive
industry require surface treatment of metals apply-
ing conversion coatings which are characterised by
corrosion resistance and adhesion improvement.
Aluminium and its alloys are used due to their excel-
lent mechanical, chemical and electrical properties.
Aluminium reacts with oxygen in the atmosphere
and forms a natural aluminium oxide film on the
surface with the thickness of about tenths of nm.
The oxide layer can be enhanced several times by
anodic oxidation (anodization). Sulphuric acid
electrolyte is commonly used for the anodization
(Wernick et al., 1987; Brace et al., 1979). The anodic
oxide film consists of a thin barrier layer formed
directly on the metal and a thick oxide layer with
hexagonally shaped cells and a central pore as it can
be seen in Fig. 1. Advantage of the sulphuric acid
electrolyte consists in low power consumption and
high reliability (Svorc, 2005; Michna, 2016). Elec-
trolytic colouring uses mostly alternating current
(AC) to deposit metal into the pores. Metals like tin,
nickel, cobalt, etc., are used. Tin acidic colouring
electrolytes are employed mostly in the automotive
industry. The main reason for tin colouring is to
meet toxicity requirements and to achieve good
throwing power, minimal sensitivity to pH and bath
contamination; it is also relatively easy to operate.
The main disadvantage of the bath is the electrolyte
oxidation in the atmosphere (Tsangaraki-Kapla-
noglou et al., 2006)

An important part of the surface treatment of
the coloured anodized aluminium is the sealing
process. During the sealing, pores of the anodic

cell wall

Fig. 1. Structure of aluminium oxide
(Brace, Sheasby, 1979).

oxide are closed. This process contributes to anti-
corrosion protection and enhances the decorative-
ness of the specimens.

Although the process of electrolytic colouring is
routinely used, there is still place for improvement.
The scope of this project is the study of parameters
controlling the electrolytic colouring of anodized
aluminium to form uniform black coatings.

Materials and Methods

Sample preparation

An aluminium sheet (Al 99.5) was cut to dimensions
of 40 x 70 x 1 mm and subsequently the hinge arm
was cut, which served as a conductive connection
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during the pre-treatment operations, anodic oxida-
tion and electrolytic colouring.

Pre-treatment operations

Surface of these samples was pre-treated in four

steps:

1. degreasing was realised in commercial solution
Aktigal (Slovakia): in this stage, rough dirt and
dust were removed from the surface.

2. alkaline etching, in this step, surface of the sam-
ples was subjected to an NaOH solution of 90 g/1
and the natural oxide layer was removed.

3. satin etching was done in a solution containing
90 g/1 of NaOH, 109 g/1 of NaNOgand 1 g/1 of
sucrose which smoothed the surface.

4. brightening is the last step of the pre-treatment
process and it was done in an HNOjy solution of
400 g/1. Nitric acid removed alloy components
from the surface, which produced black spots.

Each step of the pre-treatment process took three
minutes at the temperature of 75 °C. After each step,
the samples were rinsed with tap water for the time
equal to that of the pre-treatment operation and they
were left in distilled water before the following treat-
ment. All chemicals used were of the p.a. purity.

Anodic oxidation

In the process of anodic oxidation, sulphuric acid
electrolyte was used. Concentration of sulphuric
acid was 200 g/1 and process current density of
1.5 A/dm?® was maintained at the temperature of
(18—22) °C for the anodization time of 20 minutes.
After the anodic oxidation, the samples were rinsed
with tap water for the time equal to that of the pro-
cess and then put into distilled water.

Electrolytic colouring and sealing

Electrolytic colouring was carried out using

alternating current in the commercial solution

ALFICOLOR 699. The studied parameters of the

process included:

— time of colouring — 9, 12 and 15 minutes;

— AC voltage — in the range of (12—19 V);

— composition of electrodes — stainless steel AISI
304 marked electrode 1 and AISI 316 marked
electrode 2;

— area of electrodes — ratios of the sample area to
the counter electrode 2 : 1 and 1: 2;

— distance between electrodes — 2 or 3.5 cm;

— agitation of the electrolyte using a magnetic stir-
rer.

After the colouring, the samples were rinsed with

tap water for 10 minutes, dried by a hot-air dryer

(2 min both sides of the samples) and subsequently

the quality of the coatings was determined by spec-

trocolorimetry employing parameters L*a*h* This

system characterizes any colour by the luminance
parameter, L% and two colour coordinates, a* b%
which specify the point on the chromaticity dia-
gram (Fairchild, 2004). Parameter L* represents
the colour shade of the finishes and parameters a*,
b*characterize the brightness of the finishes; for an
ideal black body, these parameters are 0*0*0. Only
the L*parameter is decisive for the coating quality
determination and the results are presented in
Figs 3—8. A spectrocolorimeter Spectroguide 45/0
(Germany) was used.

Sealing was carried out in distilled water for
10 minutes after the electrolytic colouring.
Thickness of the specimens was measured by a
gauge MINITEST 500 N (Germany) which works
on the eddy current principle measuring the in-
sulting coatings on non-ferrous metals. Before
the measurement, the gauge was calibrated
against an uncoated sample. Presented values of
the coating thickness is the mean value of ten
readings. The values of layer thickness were
measured after anodic oxidation, electrolytic col-
ouring and sealing of the specimens.

Results and discussion

A study on the parameters for uniform black
coatings in the process of tin acidic electrolytic
colouring was carried out. Fig. 2 shows the layer
thicknesses after anodic oxidation (AQO), electro-
lytic colouring (AO + ¢) and sealing (AO + ¢ + s).
Thickness of the layer after anodic oxidation was
found to be about 10.5 pm. After colouring, the
thickness increased, which can be explained by
Al,O, growth occurring in the anodic half-cycle of
the colouring process (Tsangaraki-Kaplanoglou et
al., 2006). After the sealing process, thickness of
the oxide layer decreased due to pores closing. All
the presented results are in good correlation with
literature (Wernick et al., 1987).

Quality of the coating was evaluated based on the L*
parameter of the spectrocolorimetry coordinates,
which was measured after the colouring and sealing
processes. The studied parameters of electrolytic
colouring are provided in the text below.

First, the influence of the colouring time on the coat-
ing quality was analysed in the range of (8—15) min
under constant voltage of 12 V. The colouring
time of 9 min (as it is shown in Fig. 3) displays the
lowest value of the L* parameter. The value of the
L*parameter was 12.0 after the colouring and after
the sealing it decreased to 3.9.

The other parameters of the electrolytic colouring
were studied at the colouring time of 9 min.
Different composition of the counter electrode was
studied as the next parameter. According to the

Sopova B et al., Electrolytic colouring of anodized aluminium on tin basis. 9
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Fig. 2. Average values of thickness measured after anodic oxidation and colouring under the following
conditions: electrode 1, ratio of sample area to electrode area — 1 : 2, distance between sample and electrode — 2 cm,
t=9 min, agitation="700 rpm, U= 14 V and sealing time ¢= 10 min.
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Fig. 3. Dependence of the L*parameter on the colouring time under the following conditions: electrode 1,
ratio of sample area to electrode area — 2 : 1, distance between electrodes — 3.5 cm, U= 12V, agitation="T700 rpm.

results depicted in Figure 4, it can be assumed that
the composition of the electrode does not have any
effect on the quality of formed coatings. Values
of the L* parameter are comparable with those
obtained with electrode 1. It can be also concluded
that optimal value of voltage used in this process
is 12 V when the lowest values of the L* parameter
were observed.

The following measurements were focused on
the different ratio of the sample area to the counter
electrode area. The ratio of 1 : 2 was used instead
of 2: 1. Based on the results depicted in Fig. 5 it can

be stated that the counter electrode with larger area
than that of the sample provides more homoge-
neous coatings.

Fig. 6. shows the results of L* comparison for the
ratio the sample area to the counter electrode area
of2:1and 1:2.

It can be clearly seen that the ratio of 1 : 2 of the
electrode area results in lower L* values for the
coloured finishes. Based on the achieved results,
an optimised parameter was applied in the next
study — smaller sample area to the counter elec-
trode area.
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Fig. 4. Comparison of the L* parameter using the counter electrodes with different composition.
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Fig. 5. Dependence of the L*parameter on applied AC voltage under the following conditions:
electrode 1, ratio of sample area to electrode area — 1 : 2, distance between electrodes — 3.5 cm,
colouring time t=9 min, agitation =700 rpm.

Distance between the sample and electrode was
another studied parameter. It was reduced from
3.5 cm to 2 cm, which positively affected the
colouring of the anodized aluminium. The values
of parameter L* were lower for the electrode
distance of 2 cm in comparison to those at 3.5 cm as
it can be seen in Fig. 7.

The effect of agitation of the electrolyte on the
quality of coatings was studied as well. The realised
measurements were carried out at constant rate
of agitation of 700 rpm and without agitation.
Results for finishes without agitation depicted
in Fig. 8 show higher values of the L* parameter
compared with the finishes obtained under the
same conditions with agitation (Fig. 2—7).

The positive effects of agitation, area of the elec-
trodes and distances between the electrodes are in
good accordance with the theory of electrodeposi-
tion. All of the studied parameters (agitation,
distance between electrodes, and area of the elec-
trodes) contribute to the homogeneity of current
distribution during the electrodeposition process
(Paunovic and Schlesinger 2006).

On basis of the studied parameters it can be con-
cluded that the electrolytic colouring of anodized
aluminium species can be successfully done under
the following conditions: AC voltage of 12 V, colour-
ing time of 9 minutes, ratio of sample area to counter
electrode area of 1 : 2, distance between electrodes
of 2 cm, ensures black coatings of satisfying quality.

Sopova B et al., Electrolytic colouring of anodized aluminium on tin basis. 11
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Fig. 7. Comparison of the L*parameter at 3.5 and 2 cm distance between the sample
and the counter electrode.

When applying the optimised parameters of electro-
lytic colouring for anodized aluminium, the quality
of coloured finishes was influenced by the electrolyte
due to the instability of tin ions in the acidic electro-
lyte.

Figure 9 depicts the samples coloured under op-
timum conditions. It can be seen that the coatings
are homogeneous on the whole surface of the
samples.

Conclusions

The objective of the study was to find optimum
conditions for the electrolytic colouring of ano-
dized aluminium utilising electrolytes containing

tin ions. Parameters influencing the quality of the
electrolytic colouring process were studied to reach
uniform black coatings.

It was found that AC voltage of 12 V, colouring
time of 9 minutes, ratio of sample area to counter
electrode area of 1 : 2, and distance between elec-
trodes of 2 cm ensure black coatings with satisfying
quality. The most important parameter under the
studied conditions is the electrolyte freshness due
to the instability of tin ions in the acidic electrolyte
in time.

Quality of the coloured finishes was improved by
the sealing process which contributes to the increase
in the corrosion protection as well as the decorative-
ness of the material.
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Fig. 8. Dependence of the L*parameter on applied AC voltage under the following conditions:
electrode 1, ratio of sample area to electrode area — 1 : 2, distance between electrodes — 2 cm,
colouring time t=9 min, without agitation.

Fig. 9. Samples coloured under optimal conditions: a
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Abstract: Reactivity of various calcium carbonate samples for flue gas desulfurization was tested. Two groups
of CaCOj; samples were considered; natural limestone containing calcite phase dominantly and samples
prepared by the conversion of gypsum with ammonium and carbon dioxide (precipitated CaCO,) containing
different amounts of calcite, aragonite and vaterite.

Reactivity of precipitated calcium carbonate depends primarily on the particle size, similarly as in case of
industrial samples. The initial reaction rate was comparable with the industrial limestones for samples with
the average particle size lower than 15 nm. However, the conversion of laboratory samples was significantly
higher after 5 min of the reaction.

Phase composition of the precipitated calcium carbonate has a minor but noticeable impact on the reactivity.
The presence of vaterite slightly increased the reactivity, which is in accordance with its lower compact structure
in comparison with calcite and aragonite. Unexpected effect of the increased content of aragonite, which is
the most compact phase in comparison with calcite and vaterite, was observed. If calcium carbonate contains
up to approximately 30 % of aragonite the reactivity increases, which can be explained by the SEM pictures
showing agglomerate composition with relatively high specific surface. At higher contents of aragonite, the
reactivity decreases. All the obtained results proved the suitability of precipitated CaCO; prepared from flue

gas desulfurization gypsum to be recycled in the flue gas desulfurization process.

Keywords: flue gas desulfurization, CaCO, reactivity, aragonite, calcite, vaterite

Introduction

Fossils fuels are still the main energetic source.
Endeavour for minimizing the exploitation of fossil
fuels is evident but coal will remain important at least
until 2050 (BP Energy outlook 2018 Edition; Exxon
Mobil, 2018; EU Reference Scenario 2016). Besides
other impurities, various sources of coal contain from
0.1 up to 4 % of sulfur which generates SO, during
coal combustion. Harmful effects of SO, on living
organisms are generally known and therefore treat-
ment of flue gass is necessary (IEA 2016). Recently,
desulfurization techniques have been summarized
showing the wet limestone procedure to be one of the
most frequently used (Kralik et al., 2017). Wet flue
gas desulfurization (FGD) provides one of the high-
est efficiencies of SOy removal. This method is highly
reliable (Zhong et al., 2008) and belongs to the least
expensive ones to operate (Olausson et al., 1993). The
efficiency and reliability of this technology has im-
proved considerably in the past 20 years (Dou et al.,
2009) and combined with other purifying processes
significantly decreased the harmful effects of flue
gases from coal power plants.

The product of desulfurization technology is
gypsum. Properties and utilization of gypsum were

well described by Wirsching (2000); prefabricated
gypsum building components, gypsum plaster and
gypsum constructing materials generally, are its
main application areas (about 70 %). Another pos-
sibility is to use gypsum as a fertilizer; directly as a
water suspension or a raw material for the produc-
tion of other sulfur containing fertilizers, mainly in
form of ammonium sulfate and blends containing
it (Kralik et al., 2017; Jang et al., 2014). Ammonium
sulfate can be prepared by the conversion reaction
of gypsum with CO, and ammonia (Danielik et
al., 2018). Except for ammonium sulfate, calcium
carbonate is produced as a by-product which can be
recycled back to the FGD process (Jang et al., 2001;
CN101337684A). In this case it is important to know
the reactivity of produced calcium carbonate in the
FGD process.

Understanding of the limestone dissolution/reac-
tion kinetics of the FGD processes has attracted
quite serious attention (Siagi and Mbarawa, 2009;
Toprac and Rochelle, 1982; De Blasio et al., 2012;
Ye and Bjerle, 1994; Ahlbeck et al., 1993; Ahlbeck
et al., 1995; Pepe, 2001; Ukawa et al., 1993; Chan
and Rochelle, 1982; Shih et al., 2000). It is assumed
that limestone dissolution is the rate controlling step
of SO, absorption processes (Siagi and Mbarawa,
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2009; Pepe, 2001). When SO, diffuses into the liquid
phase its hydrolysis takes place and hydrogen ions
are produced. These ions are neutralized by the
dissolved limestone. When limestone is added into
water, it dissolves to a low extent (Ahlbeck et al.,
1993; Ahlbeck et al., 1995). Considering the carbon-
ate and bicarbonate equilibrium, the dissolution of
limestone is enhanced under acidic conditions. Ac-
cording to Wallin and Bjerle (1989), the limestone
dissolution rate in low pH environments is mass
transfer controlled; the diffusion of hydroxonium
ions is crucial. At higher pH, kinetics of the reac-
tion on the limestone surface prevails. Ukawa et al.
(1993) reported a method for measuring the rate of
limestone dissolution in both batch and continuous
reaction systems. They used continuous measuring
of the particle size distribution during the reaction
and obtained a good agreement with a model based
on the mass transfer. It is commonly accepted that
particle size distribution, limestone composition
and its origin are the limestone characteristics deter-
mining its reactivity in the FGD process.

Reactivity of limestone can be determined by dif-
ferent methods. Measurements showed reactivity
dependence on pH, particle size and reactor
volume. Reactivity of several types of limestones
used in FGD measured as neutralization rate with
strong and weak acids at constant and/or varying
pH was presented by Stumpf et al. (1984a, b). A
detailed analysis of the methods characterizing
limestone samples and their reactivity was sum-
marized by Brown et al. (2009). The most accurate
measurement of limestone reactivity in the flue
gas desulfurization process can be achieved with a
suspension of the ground limestone and SO, con-
taining gas. However, tests with mineral acids
(Ahlbeck et al., 1995; Fellner and Khandl, 1999;
De Blasio et al., 2012; Stumpf et al. 1984a, b)
proved the validity of “the pH constant method”
for the estimation of limestone reactivity. In this
method, a suspension of limestone is titrated with
a mineral acid solution (HsSO,or HCI) at virtually
constant pH chosen from the range of 4 to 5. Time
dependence of added acid as well as reaction rates
at certain time points are evaluated. This titration
is much more reproducible than bubbling of an
SOy containing gas through the slurry of limestone.
It is possible to compare reactivity of various lime-
stone samples easily. For this reason, we have also
used this method in our tests.

All the above mentioned papers deal with natural
(mineral) limestones, typically with calcite phase as
the dominant one. Calcium carbonate precipitated
during the reaction of gypsum with COy and am-
monia may show different reactivity, mainly due
to the different crystallographic modification of

calcium carbonate. A comparison of the reactivity
and properties of limestone and calcium carbon-
ate precipitate consisting of calcite was presented
by Dragan and Ozunu (2012). Reactivity strongly
depends on the particle size, the difference between
the limestone and calcium carbonate precipitate
was negligible. However, the influence of different
crystallographic modifications of calcium carbon-
ate (calcite, aragonite, vaterite) has not been thor-
oughly studied for the purposes of FGD.

In this paper, reactivity of calcium carbonate
prepared by the conversion reaction of gypsum
and with varying content of calcite, aragonite and
vaterite was studied. The reactivity was compared
considering the phase composition, particle size
distribution and specific surface area.

Materials and Methods

Nine laboratory samples of limestone prepared by
the conversion of FGD gypsum with NH; and
CO, in water solution were tested. Their reactivity
was compared with: (i) ground natural mineral
sample LietLuc, (ii) precipitated limestone from
paper industry Monkal. Content of CaCO; was
above 90 % in all samples. Samples LietLuc and
Monkal consisted mainly of calcite. Laboratory
samples contained different amounts of aragonite,
calcite and/or vaterite. Average particle size in all
samples was in the range of (10—25) pm.

The BET specific surface area was calculated from
nitrogen adsorption isotherms at -196 °C using
ASAP-2400 (Micromeritics, Norcross, USA). De-
gasification was carried out for 24 hours at 80 °C and
2 kPa. Reproducibility of measurements derived
from three repetitions was £7 % related to specific
surface area calculated from the BET isotherm.
Particle size distribution was measured using a
CILAS 930 Liquid laser diffraction granulometer.
Water was used as the liquid phase; ultrasound was
applied to disorder solid agglomerates. Morphology
of the specimens was observed using a scanning
electron microscope (SEM) ZEISS ZVO 40 coupled
to an energy dispersive X-ray spectrometer analyzer
(EDX) Bruker AXS.

Reactivity tests were performed as follows: about
1.500 g of dried powder calcium carbonate sam-
ple were added to 200 ml of deionized water and
stirred by a magnetic stirrer (500 rpm) for 5 min
at laboratory temperature (25 + 0.5) °C in order to
disintegrate the formed agglomerates. Then, the
suspension was titrated with 1 M HCI at constant
pH equal to 4. The control of pH was provided by a
control loop consisting of a pH electrode, computer
and a switcher controlling the peristaltic pump
dosing the solution of HCI. Dependence of the
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amount of added HCI on time was monitored every
second. The maximum length of an experiment
was 60 min. Conversion of limestone was calculated
with respect to the total weight of the sample. Three
parallel measurements were carried out.

Results and Discussion

Characteristics of all samples are summarized in
Tables 1 and 2. Laboratory samples have Gauss-like
distribution of the particle size, i.e. the size distribu-
tion of unimodal type. Industrial samples LietLuc
and Monkal showed several Gauss-like peaks in the
particle size distribution, i.e. they represent multi-
modal type of size distribution (three-modal in this
case).

In Fig. 1, SEM figures of the laboratory samples are
presented. It can be seen that the particle size of
samples CC1—CC5 is lower than that of the other
samples, which is in accordance with the particle
size distribution. However, the particles are of dif-

ferent shape due to the different phase composition
of the samples. Needles of aragonite may signifi-
cantly increase the particle surface. On the other
hand, calcite particles may form conjunct crystals,
which results in the formation of large particles.

A comparison of the time dependencies of calcium
carbonate conversion is shown in Figs. 2 and 3.
It can be seen that the initial reaction rate of the
laboratory samples with small particles (CC1—CC4)
is comparable with the reaction rate of the industrial
samples. However, the reaction rate of industrial
samples decreased after a short initial time (ca
5 min), probably due to the multimodal particle size
distribution and complete conversion of the smallest
particles. Moreover, the effect of dolomite present
in Lietluc and Monkal samples can also decrease
the reaction rate. After 10 minutes of the reaction,
conversion of samples CC1—-CC4 was above 70 %.
This is the point when the reaction rate of the
industrial samples is at one level with laboratory
samples containing large particles (CC5—CC9).

Tab. 1. Particle size distribution and specific surface area of samples.

Particle size [pm]

Diameter at 90 %

Diameter at 10 % Diameter at 50 %

Specific surface

Mean diameter

area [m?/g]

CCl1 1.9 9.51 18.03 9.9 2.52
CC2 2.66 10.12 17.66 10.3 4.84
CC3 3.56 13.87 23.55 14.02 2.89
CC4 2.41 11.93 21.65 12.46 2.66
CCh 2.21 13.38 28.09 14.63 1.64
CC6 12.15 23.63 41.78 25.55 1.54
CC7 10.7 23.55 41.79 25.14 2.55
CC8 7.54 18.93 34.82 20.18 1.29
CC9 11.88 22.00 34.37 22.67 0.43
LietLuc 1.68 8.58 45.56 16.31 -
Monkal 2.19 16.46 42.68 20.10 -
Tab. 2. Phase composition of samples.
Composition [ %]

Calcite Aragonite Vaterite Dolomite
CCl1 68.0 27.1 0.0 3.8
Cc2 38.0 54.2 0.0 3.3
CC3 1.6 2.6 91.0 3.7
CC4 1.0 0.0 93.3 3.9
CCh 50.0 10.2 35.0 3.7
CC6 1.0 90.0 0.0 3.7
(e{oy; 0.2 95.7 0.0 3.7
CC8 11.0 7.8 75.3 3.9
CC9 92.3 2.2 0.0 3.8
LietLuc 91.4 0.0 0.0 6.5
Monkal 94.6 0.0 0.0 2.4
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Fig. 1. SEM records of precipitated laboratory calcium carbonate samples.

a) CC1; b) CC2; ¢) CC3; d) CC4; e) CCH; £) CCO; g) CCT; h) CC8; 1) CCO.
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Fig. 2. Time dependence of the conversion of samples
CCI (1); CC2 (2); CC3 (8); CC4 (4); LietLuc (5); Monkal (6).
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Fig. 3. Time dependence of the conversion of samples CC5 (1); CC6 (2); CC7 (3); CC8 (4); CCI (5).

Detailed comparison of the reactivity of laboratory
samples was carried out 3 min and 15 min after the
beginning of the reaction. The initial reaction rate
can be studied at the time of 3 min while 15 min
afterthereactionbeginning, the conversionisabove
50 % and the reaction rate significantly decreases
compared to the initial one. The comparison is
shown in Fig. 4. As it can be seen, the conversion
correlates very well with the average size of the
particles and with the parameter diameter at 90 %
(Fig. 4a) 3 minutes after the reaction beginning.
Later (15 min), the correlation is satisfactory for
the diameter at 90 % (Fig. 4b). It can be assumed
that small particles completely reacted at this time

and the size of the large particles is decisive. On
the other hand, there is only a slight correlation
between the reaction rate and the specific surface
area of the samples, which is in accordance with
the published data (Ahlbeck et al., 1993; Ahlbeck
et al., 1995; Ukawa et al., 1993; Wallin and Bjerle,
1989; Dragan and Ozunu, 2012; Claudio A. Carleti
G., 2015).

Good correlation of the reaction rate and the par-
ticle size indicates that the influence of aragonite
and vaterite is not crucial for the initial reaction
rate. However, the impact of different solid phases
can prove to be of increasing importance at higher
conversion of CaCQO,.

18 Jurisova J et al., Reactivity of calcium carbonate prepared from flue gas desulfurization gypsum.
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Fig. 4. Conversion of samples CC1—CC9 vs. particle size in 3 min (upper) and 15 min (bottom).
(squares): mean diameter; (circles): diameter at 90 %.

It is assumed that limestone dissolution is the rate
controlling step (Siagi and Mbarawa, 2009; Pepe,
2001). Based on the solubility products shown in
Table 3, vaterite is more soluble and the reaction
rate should increase, which is in accordance with our
experimental data when higher content of vaterite
resulted in increased reaction rate (Fig. 5a). The
influence of aragonite content is not so obvious as
its solubility is slightly higher than that of calcite. If
calcium carbonate consists of calcite with a portion of

aragonite, the reactivity increases. Besides the higher
solubility of aragonite, morphology of the particle
surface may be reflected in the reactivity. As it can be
seen in Figs. 1a and 1b, needles of aragonite grow
from the calcite particles and the particle surface is
significantly larger while their size is still small. On the
other hand, when calcium carbonate consists mainly
of aragonite, the particles are huge and solid (Figs. 1f
and 1g). Therefore, the reactivity of calcium carbon-
ate with high content of aragonite is lower compared

Table 3. Solubility products of aragonite, calcite and vaterite

Aragonite

Calcite

Vaterite

K.= 6.0 x 10
(Plummer and Busenberg, 1982)

K,=3.3x 10"
(Benjamin, 2002)

K.- 1.3 x 10
(Plummer and Busenberg, 1982)

Jurisova J et al., Reactivity of calcium carbonate prepared from flue gas desulfurization gypsum.
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a)

Fig. 5. Conversion of samples CC1—CC9 in 3 min vs. particle size and content of vaterite (a)
and aragonite (b).

to that containing calcite. This has also been proven
experimentally. The reactivity of calcium carbonate
containing aragonite and calcite increases up to 30 %
of aragonite then it decreases (Fig. 5b).

Conclusions

Calcium carbonate samples prepared by the con-
version reaction of FGD gypsum with CO, and
ammonia were tested. Their reactivity was deter-
mined for the purpose of flue gas desulfurization
and compared with the ground natural mineral
(industrial) samples. The comparison showed that
such prepared calcium carbonate is suitable for
the FGD process and it can be recycled. The side
product from the conversion of FGD gypsum is am-
monium sulfate, which is a very valuable fertilizer
compound.

In case of industrial samples, the reactivity of pre-
cipitated calcium carbonate depends primarily on
the particle size. If the particle size is below 15 pm,
the initial reaction rate is comparable with industrial
limestones. After a short initial time, the reaction
rate of industrial limestones significantly decreases
while the reaction rate of precipitated samples re-
mains high.

Phase composition of the precipitated calcium
carbonate has a minor impact on the reactivity. The
presence of vaterite slightly increases the reactivity.
If calcium carbonate contains up to approximately
30 % of aragonite, the reactivity increases while it
decreases at higher contents of aragonite.
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Abstract: Electrical conductivity of NaF-KF-AlF; melts with different ratios of sodium fluoride and potassium
fluoride was measured using a pyrolytic boron nitride tube-type cell with constant distance of electrodes.
Molar cryolite ratios MR = (n(NaF) + n(KF))/n(AlF;) varied from 1.5 to 1.2 (with a step 0.1) in the temperature
range of (675—900) °C. AC-techniques with a sine wave signal with small amplitude in the high frequency
range were applied. Electrolyte resistance was obtained from nonlinear regression analysis according to
equivalent circuit. Concentration and temperature dependency of electrical conductivity was described and
defined. Experimental data were compared with literary sources and regression equations.

Keywords: electrical conductivity; aluminium electrowinning; low-temperature electrolytes

Introduction

Electrochemical preparation of primary alu-
minium has been invented over 132 years ago. In
this process, alumina (AL,O,) is dissolved in an
electrolyte consisting mainly of liquid sodium
cryolite (NazAlF,) at the temperatures of around
(950—960) °C. The electrolyte is usually modified
by additions of aluminium fluoride (AlF;), calcium
fluoride (CaF,), magnesium fluoride (MgF,) or
other additives (Thonstad et al., 2001). This process
has been optimized and innovated for more than
a century (Kvande and Drablgs, 2014). Innovations
of the aluminium electrolysis process are focused
on using inert electrodes (Galasiu et al., 2007) and
new types of electrolytes with lower temperature
of primary crystallization (Cassayre et al., 2010).
The most fundamental benefits are environmental,
economic, and energetic aspects. The NaF-KF-
AlF,system seems to be one of the best possible low-
temperature electrolytes for aluminium reduction.
The main physico-chemical properties of these new
low-temperature electrolytes have been studied in
lesser extent. Electrical conductivity is a very im-
portant physico-chemical parameter of electrolytes
(Hives and Thonstad, 2004). Huang et al. (2008)
measured the electrical conductivity of (NasAlF;-
40 %K;AlFy)-AlF;-Al,O4 melts by the continuously
varying cell constant (CVCC) technique. Differ-
ent additions of AlF;and Al,O;to the basic melt
(Na;AlF;-40 %K,AIF;) were studied. However,
the composition of measured electrolytes before
the melting, types of fractions (mol % or wt %)
and molar ration (MR), are not listed. Dedyu-
khin et al. (2009) studied KF-NaF-AlF, melts

with an addition of LiF and/or Al,O,; with
MR = 1.3 (and 1.5 for three-component melts). The
systems were measured from their temperature of
primary crystallization (TPC) up to 800 °C. Basic
three-component melts were measured in capillary
cell and multicomponent melts were measured in
a cell with two parallel molybdenum electrodes.
Apisarov et al. (2010) described the electrical con-
ductivity of the KF-NaF-AlF; system at the same
MRs, temperature ranges, measuring technique
as in the previously mentioned paper (Dedyukhin
et al., 2009). The last publication by this research
group (Dedyukhin etal., 2011) studied the influence
of CaF,on the electrical conductivity of a mixture
of cryolite-based electrolytes with MR = 1.3 and 1.5.
A four-component system was measured in a cell
with two parallel Mo electrodes. The melts were
studied in a broad temperature range >50 °C, as it
was stated. Another paper focused on the electri-
cal conductivity of KF-NaF-AlF; mixtures was
published by Yang et al. (2013), where the CVCC
technique was applied to measure electrical conduc-
tivity of the basic melt with MR = 1.2 to 1.5 and with
an addition of AlO,in the temperature range from
750 °C to 820 °C. The latest paper focused on elec-
trical conductivity of the sodium-potassium cryolite
system in wide concentration and temperature
ranges were studied by Kubinakova et al. (2018_1).
The operating temperature varied from 660 °C to
at least 870 °C and MR changed from 1.5 to 1.2.
The influence of different mutual ratios of KF and
NaF on electrical conductivity was determined. The
addition of NaF was constant for all studied MR;
the studied concentrations were (10, 20, 40, and
50) mol %.
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This paper follows our previous work (Kubinakova
et al., 2018_1). Electrical conductivity was measured
for four different MRs (1.5—1.2) and for three
various ratios of KF and NaF. Investigated NaF : KF
ratios (in mol %) were 25 : 75, 50 : 50, and 75 : 25 for
all selected MRs. Experimental data were compared
with data for low-temperature sodium, potassium
and (sodium-potassium) mixture cryolite systems
available in literature.

Experimental

Chemicals

Sodium fluoride (NaF, p.a., Merck) and sodium
chloride (NaCl, p.a., CentralChem) were dried for
(3—5) hours at (400—500) °C before use. Aluminium
fluoride (AlF;, Sigma Aldrich) was purified by subli-
mation (20 hours) in a platinum crucible at the tem-
perature of 1250 °C. Potassium fluoride (KF, p.a.,
Merck) was dried in a vacuum dryer with P,O; for
four days and then at 200 °C under vacuum for
another three days.

Apparatus and measuring techniques

The basic apparatus and electrical conductivity
measuring process were described in detail in our
previous paper (Kubinakova et al., 2016). The
tube-type conductivity cell consisted of a pyrolytic
boron nitride tube with electrodes in constant dis-
tance. A Solartron Impedance/Gain Phase Ana-
lyzer 1260 and a Solartron ECHI 1287 were used to
measure cell impedance. AC-techniques were used
with a sine wave signal and a small amplitude in the
high frequency range. The value of the amplitude
was about 10 mV, frequency was varied from 100 Hz
to 100 kHz, and 61 readings were taken within this
range. The measured impedance diagrams were
evaluated by the nonlinear regression analysis us-
ing the method of equivalent circuit. The obtained
values of electrolyte resistance were used to evalu-
ate electrical conductivities of the melts using Eq. 1;

l C

S-Rel Rel

where & is electrical conductivity (Q' cm™), land §
represents parameters of the cell (cm, respectively
cm?), C is the cell constant (cm™), and R, is the
electrolyte resistance (Q). The cell constant was de-
termined by calibration using the sodium chloride
melt (Janz, 1988).

Liquidus temperature

Phase diagrams of the binary NaF-AlF; (Solheim et
al., 1996) and KF-AlF, (Phillips et al., 1966; Danielik,
2005) systems are known. Temperature of primary
crystallization in the system Na;AlF;-K;AlF; was

first studied by Fellner et al. (1990). A recent study
of liquidus temperatures of KF-NaF-AlF; with
CakFymelts with low MR completes the information
about TPC of mixture cryolite melts (Apisarov et
al., 2011). Multicomponent systems were measured
at three MR values and at different mutual ratios
of KF and NaF. The relevance of the temperature
of primary crystallization estimation was verified
by experimental measurements. It is not possible
to measure electrical conductivity even in slightly
heterogeneous systems with the method applied.

Results and discussion

Electrical conductivity of pure sodium cryolite and
potassium cryolite systems (NaF-AlF; and KF-AIF;,
respectively) was measured in the low temperature
area (Kubindkova et al., 2018_2; Kubindkova et al.,
2018_3). Electrical conductivity higher than that of
KF-AIF; melts is an advantage of the NaF-AlF; sys-
tem. On the other hand, operating temperatures
are lower and alumina solubility is higher in
KF-AlF; melts than in the sodium ones. However,
KF-AlF; electrolytes in the industrial process will
never be pure potassium mixtures. Sodium oxide
is always present in alumina as an impurity and
regular additions of alumina into the electrolyte
cause accumulation of sodium in the system (De-
dyukhin et al., 2009). From an industrial point of
view, NaF-KF-AlF; systems are more suitable as low
temperature electrolytes for aluminium electrolysis.
The studied area of ternary NaF-KF-AlF; mixtures
in this paper is shown in Fig. 1.

Electrical conductivity of the three-component
system NaF-KF-AlF; was studied for four different
MR values (1.5—1.2) at various temperatures. Three
different ratios between NaF and KF were studied
for all MRs. The investigated mutual ratios (in
mol %) between NaF and KF were 25 : 75, 50 : 50,
and 75 : 25. Mole fractions of NaF, KF and AlF,in
the ternary systems and the corresponding tem-
perature ranges are given in Tables 1—3.

Electrical conductivity was sequentially measured
for all NaF:KF ratios at the given MRs and tem-

Tab. 1. Concentrations of NaF, KF, and AlF; and
working temperature range of ternary sys-
tems for each MR. Mutual ratio of NaF : KF

was 25 : 75.
XNaF XKF XAIF t
MR (mol%) (mol%) (mol%)  (°C)
1.2 0.136 0.409 0.455 678—776
1.3 0.141 0.424 0.435 718—824
1.4 0.146 0.437 0.417 766—825
1.5 0.150 0.450 0.400 825—-902

Kubinakova E et al., Electrical conductivity of low-temperature sodium-potassium cryolite melts. 23



Tab. 2. Concentrations of NaF, KF, and AlF;and Tab. 3. Concentrations of NaF, KF, and AlF; and

working temperature range of ternary sys- working temperature range of ternary sys-
tems for each MR. Mutual ratio of NaF : KF tems for each MR. Mutual ratio of NaF : KF
was 50 : 50. was 75 : 25.
MR XNaF XKF Xalr, t MR XNaF XKF Xalr, t
(mol %) (mol %)  (mol %) (°C) (mol %) (mol %)  (mol %) (°C)
1.2 0.273 0.273 0.454 684—786 1.2 0.409 0.136 0.455 690—792
1.3 0.283 0.283 0.434 723—-826 1.3 0.424 0.141 0.435 715—827
1.4 0.292 0.292 0.416 733—-824 1.4 0.437 0.146 0.417 731—-833
1.5 0.300 0.300 0.400 815—879 1.5 0.450 0.150 0.400 819—-901
AlF,
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Fig. 1. Measured points of three-component NaF-KF-AlF; mixtures.
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Fig. 2. Electrical conductivity of NaF-KF-AlF;system as a function of temperature for various MRs.
NaF : KF ratio was 25 : 75. Points are experimental data, lines are data calculated from Eq. 2.
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Fig. 3. Electrical conductivity of NaF-KF-AlF;system as a function of temperature for various MRs.
NaF : KF ratio was 50 : 50. Points are experimental data, lines are data calculated from Eq. 2.
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Fig. 4. Electrical conductivity of NaF-KF-AlF; system as a function of temperature for various MRs.
NaF : KF ratio was 75 : 25. Points are experimental data, lines are data calculated from Eq. 2.

perature ranges. The values of electrical conduc-
tivity decreased with lower MR and decreasing
temperature in all measured systems. This trend
is the same as in previous investigated binary
systems NaF-AlF, (Kubinakova et al., 2018 2) or
KF-AlF; (Kubinakova et al., 2018_3). The higher
addition of NaF leads to higher electrical con-
ductivity (Fig. 2—4.). For the NaF : KF ratios of
(25 : 75) mol % and (50 : 50) mol %, the values
of electrical conductivity for all measured MRs
were quite similar probably due to the very similar
ionic structure of the melt at these additions in the
NaF-KF-AlF;system. The decrease of electrical con-
ductivity for the NaF : KF ratio of (25 : 75) mol %
was about 3.67 % in average, compared to the

NaF : KF ratio of (50 : 50) mol %. Differences
between individual MRs were not very significant
(Fig. 2. and Fig. 3.). Lower additions of KF to the
mixture system (75 mol % of NaF to 25 mol % of
KF) led to a significant increase of electrical con-
ductivity, which was between the first two NaF : KF
ratios of (25 : 75) and (50 : 50). Differences of the
electrical conductivities between the NaF : KF ratios
of (50 : 50) and (75 : 25) were about 8.13 % in aver-
age (Figs. 3. and 4.). Higher additions of NaF to the
mixture system showed a more significant positive
impact on the values of electrical conductivities.

The NaF-KF-AlF; system was measured (Kubina-
kova et al., 2018 1) for various constant additions of
NaF at different MRs. Mutual ratio of NaF and KF

Kubinakova E et al., Electrical conductivity of low-temperature sodium-potassium cryolite melts. 25



changed with the MRs. The measured experimen-
tal data were compared to literary available regres-
sion equation for electrical conductivity calculation
(Kubinakova et al., 2018 1):

k/(Q em ) =[8.219x,, +1.630x,, +
4, (1.805—4.861xy, +5.156x7,, —2.341x3, )] X

x exp|(1361xy,, +151 7w, + x4, (2094 — 587 7y, )

(2)

.[L_l]
1800 T

where T'is temperature in (K), x; are mole fractions
of the components, and term xy,x represents the
mole fraction of NaF in the binary NaF-KF system
(Xnak = Xnar/ (Xgr + Xx,r)). This equation is valid in the
concentration range of x(AlF;) = (40—45.5) mol %,
x(NaF) = (0—60) mol %, x(KF) = (0—60) mol % and
in the temperature interval from TPC up to 100 °C
overheat. The regression equation (Eq. 2) is an
Arrhenius type equation (exponential temperature
dependence of electrical conductivity). More de-
tailed description of Eq. 2 derivation was published
in a previous paper (Kubinakova et al., 2018_1).

Equation (Eq. 2) describes all our experimental data
very well. The maximum deviation is up to 2.4 %
which confirms the validity of the given equation in
the defined concentration and temperature ranges.

Conclusion

Electrical conductivity of NaF-KF-AlF, low-tem-
perature cryolite molten systems was investigated.
Four different MRs (1.5—1.2) and three various
NaF to KF ratios (25 : 75, 50 : 50, and 75 : 25) were
applied. The AlF, concentration increasing up
to 45.5 mol % was found to decrease the working
temperature to (680—690) °C for sodium-potassium
cryolite melts (if the NaF concentration varied from
25 mol % to 75 mol %). Electrical conductivity de-
creased with the decreasing MR and temperature.
An increase in the NaF content led to higher electri-
cal conductivity. The obtained experimental data
were compared with the regression equation data
available in literature (Kubinakova et al., 2018 1).
Small deviations between experimental and calcu-
lated values of electrical conductivity confirm the
validity of the regression equation in the defined
concentration and temperature ranges.
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Abstract: Plasma pre-treatment represents the key enabler technology for microfine cleaning, surface
activation and plasma coating of almost all types of materials — from plastics, metals and glasses to textiles,
composites and photographs. More and more conventional industrial treatment methods are being replaced
by plasma technology in order to make processes more effective and environmentally friendly. This study is
oriented on the characterization of a photographic image on two types of photographic paper (glossy and matt
photographic paper with a barite layer), and monitoring the effects induced by the Atmospheric Discharge
with Runaway Electrons (ADRE) plasma in air atmosphere on the photographic image layers. To evaluate
their long-term stability before/after plasma treatment, degradation of black and white gelatin photographic
components upon accelerated light aging using Q-SUN was investigated and the photoinduced changes were
recorded by FTIR spectroscopy, densitometry and colorimetry. The results obtained demonstrated that the
plasma discharge had no significant destructive effect on the photographic image as only negligible changes
in the structure of the gelatin were detected due to plasma processing. Consequently, it can be concluded that
low-temperature ADRE plasma in air atmosphere has the potential for successful applications in microbial

decontamination and purification of damaged gelatin photographs.

Keywords: ADRE plasma, colorimetry, densitometry, FTIR spectroscopy, gelatin photography

Introduction

Photographs are typical of their uniqueness and ar-
tistic value. For this reason, there are many efforts
to preserve them and prevent their mechanical or
microbial damage. Also avoiding various changes
caused by the aging process such as color fading or
loss of color density has been attempted. (Badea et
al., 2008; Haberova, 2018) Because photographs
are composed mainly of organic materials such as
gelatin or cellulose, they represent suitable culture
medium for different fiber fungi as well as for many
other microorganisms. (Ioanid et al., 2010; Korachi
and Aslan, 2013; Scholtz et al., 2015) Consequently,
a great deal of historical photographs is damaged
and devaluated as these detrimental processes may
lead to their decomposition.

In recent years, more and more information on
the applications of low-temperature atmospheric
plasma, particularly in the domain of cultural
heritage objects including photography, appeared
in literature. (Tino et al., 2018; Pietrzak et al., 2017)
It has been known for a long time that electrical
discharges and plasma generated by them have
disinfection effect. Plasma is a highly ionized gas
composed of a set of neutral particles, free elec-
trons and ions (positive and negative). Ionized gas
becomes plasma only at the moment when it begins
to exhibit collective behavior and quasi-neutrality.
Under this term, we understand approximately

identical concentration of positively and negatively
charged particles. Plasma can be categorized as
low- and high-temperature plasma. (Haberovd,
2018; MartiSovits, 2004) In our experiments, low-
temperature air plasma was used.

The advantage of ADRE plasma is its ability to pro-
cess larger areas at the same time, which makes it
suitable for material sterilization. Its discharge has
the potential to destroy viruses, bacteria and also
fungi (Ioanid et al., 2010; Korachi and Aslan, 2013;
Scholtz et al., 2015) and it is applicable also for
coarse materials treatment. Another benefit of this
type of low-temperature plasma (LTP) is the activa-
tion and modification of materials surfaces, curing
of deposited layers and formation of required layers
on the material surface (hydrophobic, hydrophilic,
antibacterial etc.).

The first use of plasma treatment in cultural he-
ritage was in the preservation of historic metallic
materials. Plasma is also used in the treatment of
daguerreotypes, i.e. photographs on a metal mat
(Haberova, 2018; Daniels, 1984; Grieten et al., 2017)
and success has also been noted in case of testing its
disinfection effect on paper. Also, experiments with
plasma treatment of smoke-stained paintings were
done to attempt their cleaning or to remove various
organic impurities from their surface (Scheider et
al., 2013; Vohrer et al., 2001; Banks and Rutledge,
1996). However, all these plasma applications were
carried out in vacuum while the use of air plasma
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has been overlooked and its utilization appears in
literature only rarely. Direct application of plasma
to historical photographs on a paper mat has so far
been described only in two publications. (Ioanid et
al., 2010; Ioanid et al., 2011) In 2010, positive effect
of high-frequency plasma on the decontamination of
photographs from fungi as Aspergillus, Cladosporium,
Alternaria, Penicillium or Rhizopus was monitored.
(Ioanid et al., 2010) In the second case, the effect
of low-temperature high-frequency plasma using
an Hy/Ar gas mixture on the surface of two types
of historical photographs was determined. In case of
gelatin photography, roughness increase and gloss
decrease were observed; while in albumin-based
photographs, the changes found after plasma treat-
ment were exactly opposite. In both cases, plasma
resulted in photobleaching. (Ioanid et al., 2011)

The goal of our work was to determine the effect of
plasma discharge on the properties and long-term
stability of a photographic image, especially that of
low-temperature air plasma on optical properties
of photographs and on the structure of gelatin as
the main component of the light-sensitive layer. It is
necessary to ensure that plasma is not destructive to
the photographic image and therefore it is crucial
to evaluate all changes of densitometric and colori-
metric characteristics as well as FTIR spectra of the
prepared samples and their stability depending on
the time of plasma treatment.

Materials and Methods

Materials

Two types of barytic photographic paper FOMA-
BROM from Foma Bohemia (Hradec Kralové,
Czech Republic): N 112 (normal, matt), N 111 (nor-
mal, glossy) were used.

Preparation of samples

The above mentioned two types of photographic
paper (N 112, N 111) were used for sample prepa-
ration (Fig. 1). Exposure by Magnifax 4 (Meopta
Prerov, Czech Republic) was done to samples of a
photographic image with different optical densities
of the P1—P8 fields (P1 is the lightest area and P8 is
the darkest area). The exposure time was 0—32 s
(with the step change of 4 s) thus, the white area
was not exposed. Then, the samples were activated,
fixed and washed to obtain a permanent photo-

graphic image.

Fig. 1. Sample of photographic image
with different optical densities P1—P8.

Plasma treatment

ADRE plasma — Atmospheric Discharge with
Runaway Electrons is a low-temperature plasma
generated at atmospheric pressure. Fast electrons
with the energy of 20—350 keV are formed in the
mid-electrode space and behind the anode. Volume
stream of the fast electrons is detected behind the
anode and is shown as bright light across the area.
When the voltage pulse increases two to three times,
a change in the radiation between the electrodes
can be observed.

The prepared samples were exposed to the ADRE
plasma treatment (KAMEA ELECTRONICS, s.r.o.,
Piestany, Slovakia) in air atmosphere at 0.6 J, fre-
quency of 2000 Hz and gas flow rate of 6 L min™.
The plasma treatment time was 0.5, 1, 3, 5 and
10 minutes.

Accelerated light aging in Q-SUN Xenon test
chamber (Model Xe-1-S, Q-Lab Corporation,
Cleveland, USA) according to ISO 4892-2: 2013

Jor daylight simulation

Aging occurred under window glass filters with
black body temperature of 65 °C; the radiance at
420 nm was 1.1 W m™?; E = 89 klx; incidence of ra-
diation in the range of 300—800 nm was 494 W m=.
Aging was performed for one and for five days.

Densitometry

Densitometry is a photometric method used to
evaluate the proportion of light reflected from a
colored surface (reflective densitometry) or passing
through this layer (transmission densitometry).
(Panak et al., 2000) The result is given in form of
optical (photographic) density D. In our case, the
reflective densitometry measurement was applied.
Spectrophotometer ~ SpectroDens  (TECHKON,
Konigstein, Germany), which uses spectral re-
measurement according to ISO 5-3/4 and Spectro
Connect 2.4, was used to measure the optical den-
sity values. The settings were as follows: illumina-
tion — D50, standard observer — 2 °, polarization
filter turned on, white standard absolute. The
resulting values were calculated as the average of
five measurements.

Colorimetry

Colorimetry is a photometric method used to
measure and characterize color. (Panak et al., 2000)
The color space CIELAB serves to evaluate color
characteristics of the actual and desired color.
Coordinates L* a* b*in the CIELAB color space
were measured by Spectrophotometer SpectroDens
(TECHKON), which uses spectral re-measurement
according to ISO 5-3/4 and Spectro Connect 2.4.
The settings were as follows: illumination — D50,
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standard observer — 2 °, polarization filter off,
white standard absolute. The resulting values were
calculated as the average of five measurements.

The total color difference AE,, was calculated using

Eq. (1),

AE,, :\/(AL* ) +(aa’) +(ab) (1)
where AL’, Aa” and Ab" are the differences between
relevant values attributed to treated/aged and non-
treated/non-aged samples.

Fourier Transform Infrared (FTIR) spectroscopy
Infrared spectra were measured with an FTIR spec-
trophotometer (Excalibur Digilab FTS 3000MX,
USA) using an ATR adapter with a single reflec-
tion diamond crystal at defined positions of fields
P1—P8. The measurement range was from 4000 to
700 cm™; sensitivity — 8; 30 scans. Reference envi-
ronment was air. The FTIR spectra were evaluated
using the Origin software. In case of samples after
plasma treatment, the average of three measure-
ments was used in MS Excel.

Results and Discussion

Characterization of a photographic image
Coordinates L* a* b* and optical density values
obtained during characterization of all the fields
for both types of photographic paper are pre-
sented in Table 1. With the increasing optical
density of the photographic field, the value of L*
(lightness) decreases. Since these are achromatic
colors, coordinates a* and b* are close to zero.
Slightly negative values of % especially in low op-
tical density fields, are probably due to the addi-
tion of optical brighteners to photographic paper
and slight differences in the layer thickness.
Figure 2 shows the normalized FTIR spectra
(Amide I) obtained for N 112 paper with a photo-

graphic image (field P1—P8). As it can be seen,
the shape of the spectra depends only slightly on
the optical density of the photographic image, i.e.
on the silver content of the light-sensitive layer
(1000—700 cm™). Typical features in the spectra
are protein bands, i.e. Amide I (Al) at 1635 cm™,
Amide II (AID) at 1557 cm™', and Amide III (AIII)
between 1200—1350 cm™. (Singh et al., 2014) The
band of Amide A (A) is detectable at 3300 cm™ and
it is usually in form of a doublet with Amide B
(B) at 3073 cm™. (Badea et al., 2008) The shape
and intensity of these bands are also affected by
vibrations of —OH groups, which can cause prob-
lems in their evaluation. The intensive band at
1060 cm™ belongs to barium sulfate (barite), which
is a component of the barrier layer. (Zhang et al.,
2011) In the spectrum of paper N 111 (Fig. 3), this
band is not so evident, which may be caused by
a thicker light sensitive layer of the glossy paper.

Normalized absorbance

0.5 AB
lv

0.0+
4000 3500 3000

[ L T
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T
1750
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Fig. 2. Normalized FTIR spectrum (Amide I)
of photographic image with different optical
density D on photo paper N 112, D of individual
areas is shown in Table 1 (PI - black, P2 - orange,
P3 —dark yellow, P4 — purple, P5 — green, P6 — blue,
P7 —red, P8 — light green).

Tab. 1. Coordinates L', @', b" and values of optical density D for two types of photographic paper: N 112 and
N 111 (all values were calculated as the average of five measurements).

Fisld N 112 N 111
L* a* b* D L* a* b* D

Pl 95.5 0.8 -2.8 0.06 96.8 0.8 -2.4 0.05
P2 91.5 0.7 -2.2 0.13 95.2 0.7 -2.4 0.06
P3 74.5 0.4 -0.7 0.39 85.0 0.5 -1.2 0.14
P4 55.6 -0.1 0.2 0.77 65.9 0.3 0.5 0.33
P5 44.3 -0.2 0.0 1.08 49.1 0.0 1.2 0.63
Po6 38.2 0.0 -0.3 1.32 38.1 0.1 1.3 0.93
P7 34.9 -0.1 -0.5 1.49 31.3 0.3 1.2 1.15
PS8 33 -0.1 -0.6 1.57 26.6 0.6 0.9 1.31
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Fig. 3. Normalized FTIR spectrum (Amide I)
of photographic image with different optical
density D on photo paper N 111, D of individual
areas is shown in Table 1 (PI - black, P2 - orange,
P3 — dark yellow, P4 — purple, P5 — green, P6 — blue,
P7 - red, P8 - light green).

Influence of plasma treatment

on photographic image

As a result of plasma treatment, a slight decrease
in the optical density across the photographic
image on N 112 matt paper can be observed,
except for the P1 field (white), while the most
significant decrease was determined for the
dark fields P5—P8, where it reached the value of
0.12 after ten minutes of plasma treatment. On the
other hand, optical density increase was observed
on gloss paper N 111 especially in the gray fields
of the photographic image (in P5, optical density
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increased by 0.15) due to plasma treatment. Based
on measured L* a* b* coordinates, the values
of AE’,, were calculated over the whole range
of the photographic image (fields P1—-P8). The
evaluated AE",,were minimal (~1.3), not exceeding
the declared limit of 2.0, which corresponds to
the minimum difference that is not perceptible
even in direct comparison of the samples. (Pandk
et al., 2000)

FTIR spectra at individual sites of the photo-
graphic image were measured and compared in
order to identify changes caused by plasma treat-
ment. In FTIR spectra of photographic image on
N 112 paper after plasma exposure, minor changes
in the range of 1650—1250 cm™ were detected. The
absorbance of band AIIl decreased and the absorb-
ance of band AIIl increased. These changes are
similar in all fields (independent of optical density
of the photographic image) and indicate possible
hydrolytic damage of gelatin. Simultaneously, cer-
tain changes in the area typical of CH, groups
(2800—2900 cm™') was observed. As an illustrative
example, FTIR spectra of the photographic image
of field P1 and P8 for N 112 photographic paper
are shown in Fig. 4.

Absorbance of individual amide bands was
evaluated from the FTIR spectra using the baseline
method and the calculated ratios of Amide I and
Amide II (AI/AID); their increase indicates the
degree of hydrolytic damage of gelatin and is sum-
marized in Fig. 5. From the given results it appears
that on all the fields of the photographic image of
both paper types, this ratio is slightly increased due
to plasma treatment, revealing a little higher incre-
ment for N 112 paper.

3.0+
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Fig. 4. Normalized FTIR spectra (Amide I) of photographic images of fields P1(A) and P8 (B)
on photographic paper N 112 and their changes after plasma treatment
(untreated samples — black line and samples after 30 seconds of plasma treatment — red line,
1 min - blue line, 3 min — green line, 5 min — azure line and 10 min — pink line).
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Fig. 5. Graphical representation of calculated ratios of Amide I (Al)/Amide II (AIl)
(untreated samples — gray, samples after 10 min of plasma treatment — black)
for the selected fields P1, P5 and P8.
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Fig. 6. Normalized FTIR spectra (Amide I) of photographic images of fields P1(A) and P8 (B)
on N 112 photographic paper (untreated sample — black line, samples after plasma treatment,
spectra of which were measured immediately after plasma treatment — red line, two days
after plasma treatment — blue line and seven days after plasma treatment — green line).

Also changes occurring in the samples immedi-
ately after plasma treatment and after steady-state
(2—7 days) storage of the plasma-treated samples
under laboratory conditions in dark were moni-
tored (Fig. 6). While the samples with low optical
density of the photographic image (field P1) re-
turned to their original values as they were before
plasma treatment, for samples with high optical
density (P8), a band appeared at 1730 cm™ (oxida-
tion products), accompanied with changes in the
region of the CH, bands (2800—2900 cm™).

Accelerated aging in Q-sun chamber

To assess the effect of plasma treatment on long-
term photostability, the prepared samples were
aged in a Q-sun chamber. Untreated and also
samples after a 10-min plasma treatment were aged

using the total exposure of 120 hours representing
the total energy of 475 kJ/m?.

A change was noticed after the accelerated light
aging of untreated samples. On photographic paper
N 112, a decrease in optical densities, especially in
the darker fields (P6—P8) was observed, while on
glossy paper N 111, the optical density increased
mainly in the gray fields (P4—P6). It is interesting
that in case of plasma-treated samples, light aging
did not change the optical density.

L% a*and b*coordinates of untreated samples and of
samples after plasma treatment were compared. Un-
treated paper N 112, due to accelerated aging of the
photographic image, showed changes in the L* a*
and b*values depending on the initial optical density
of the photographic fields. While the L* coordinate
(lightness) for the low optical density fields (P1—P3)
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Fig. 7. Total color difference AE*, after aging for one day (gray columns)
and for five days (black columns) for untreated (A) and plasma treated photographic paper (B) N 112.
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Fig. 8. Normalized FTIR spectra (Amide I) of photographic images of fields P1 (A) and P8 (B)
for photographic paper N 112 (untreated sample — black line, sample after plasma treatment
for 10 min — red line, untreated sample aged in Q-SUN for five days — blue line,
sample after plasma treatment for 10 min and then aged in Q-SUN for five days — green line.

was almost identical to control values, slight increase
associated with image bleaching was detected in
the dark samples. Differences in coordinate a* were
small, and the most significant changes were ob-
served for coordinate b*for low optical density fields
(e.g. for field P1, Ab* = 6.3). With the optical density
increase of the photographic field, the increase in
Ab* was less significant. The total color difference
(AE",) correlates well with the major changes of
the b* coordinate. As it can be seen in Fig. 7, for the
low optical density fields (P1-P3) AE",, after five
days of accelerated aging is in the range of 4—6.5,
which represents changes observable only in direct
comparison. (Panak et al., 2000) Almost identical
differences also occurred in plasma-treated samples
subjected to accelerated aging. It can be assumed
that the use of ADRE plasma does not promote light
aging of photographic image.

FTIR spectra shown in Fig. 8 show that during
accelerated light aging in the Q-SUN chamber, an
increase in absorbance coupled with the formation
of a band at 1730 cm™ occurs in all samples (non-
treated/plasma-treated samples). This band can be
attributed to oxidative products generated in ma-
terials upon accelerated light aging, and its more
pronounced appearance in paper N 112 may reflect
the different properties of the studied papers.
Whereas matt paper (N 112) absorbs a significant
amount of radiation, glossy paper (N 111) reflects
this radiation. In case of matt paper, photoinduced
formation of oxidation products is more signifi-
cant. The extent of oxidative degradation is closely
related to the optical density of the photographic
image, therefore it is most pronounced in the dark-
est fields (P8) of both papers. In case of oxidation
products generated upon accelerated light aging,
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the promoting effect of plasma processing can
be seen in comparison to the non-treated samples
(green line in Fig. 8B).

Conclusions

Colorimetry, densitometry and FTIR spectroscopy
were applied for the characterization of optical and
spectral properties of a photographic image with
different optical densities prepared on two types of
photographic paper FOMABROM (matt and glossy)
with a barite layer. Also, the changes observed after
the air plasma treatment and accelerated aging in a
Q-SUN chamber were monitored.

Using densitometry and colorimetry, minimal
changes in optical density and colorimetric coordi-
nates due to air ADRE plasma treatment were ob-
served and the plasma processing did not damage
the photographic image. Using FTIR spectroscopy,
the changes in the gelatin structure in the image
layer were evaluated. It was found that, due to
plasma activity, the Amid I/Amid II ratio slightly
increased, indicating possible hydrolytic damage of
gelatin and, in some cases, simultaneously forming
a smaller amount of oxidation products. Under
dark storage, this phenomenon is permanent for
the darker photographic fields; however, plasma-
induced changes disappeared for the low density
fields.

Upon accelerated light aging of non-treated/
plasma-treated samples in the Q-SUN chamber,
no significant difference in optical density and
in the stability of the photographic image were
found. The only negative phenomenon detected
was a slightly increased production of oxidation
products in case of accelerated light aging of
plasma-treated samples in the fields with the high-
est optical density of the photographic image.
The fact that low-temperature ADRE plasma does
not have a negative effect on the photographic
image and its long-term stability in air atmosphere
and that plasma-treatment induces no significant
changes in the gelatin layer support, this technique
seems to be a perspective tool for microbial decon-
tamination and cleaning of photographs.
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Abstract: Subinhibitory concentrations of antibiotics and biocides in wastewaters and sewage sludge have a
great impact on the development of antibiotic resistance and its spread among bacteria. The aim of this work
was to determine the occurrence of coliform bacteria and enterococci resistant to biocide triclosan in samples
of sewage sludge. Subsequently, isolated strains of coliform bacteria were identified and characterized in
terms of their antibiotic susceptibility and ability to form a biofilm. Occurrence of the studied bacteria was
monitored in three samples of stabilized sludge from three different wastewater treatment plants (Vrakura,
Petrzalka, and Senec). The number of triclosan-resistant coliforms was the highest in the sludge sample from
the wastewater treatment plant in Senec and the lowest in the sludge sample from the wastewater treatment
plant in Petrzalka. Triclosan-resistant Enterococcus spp. were not found in any sample of stabilized sludge. Most
isolates were identified as Citrobacter freundiiand Serratia spp. Triclosan-resistant isolates showed also resistance
to antibiotics and the majority of them were strong biofilm producers.

Keywords: antibiotic resistance, biofilm, coliform bacteria, stabilized sludge, triclosan, wastewater treatment
plant

Abbreviations: AMP — ampicillin, ATB — antibiotics, CFU — colony forming units, CIP — ciprofloxacin,

CLSI — Clinical Laboratory Standards Institute, CMP — chloramphenicol, EQ — equivalent inhab-
itants, EU — European Union, EUCAST — European Committee on Antimicrobial Susceptibility
Testing, GEN — gentamicin, MALDI-TOF — Matrix-Assisted Laser Desorption/Tonization-Time
of Flight, MDR — multidrug-resistance, MIC — minimal inhibitory concentration, QAC — quater-
nary ammonium compounds, TET — tetracycline, WW'TP — wastewater treatment plant

Introduction

Nowadays, the use of synthetic antimicrobial agents
for disinfection and hygiene purposes is wide-
spread not only in hospitals but also in industry and
households (Carey and McNamara, 2015). Antisep-
tics, disinfectants and preservatives are biocidal
products intended to destroy or control harmful or
unwanted microorganisms (Kalkanci et al., 2015).

In hospital settings, they found their application
externally to disinfect the skin surface for infection
prevention of microbial origin or in pre-operative
procedures, as well as to disinfect other surfaces and
tools (Nunez and Moretton, 2007). In addition, bioc-
ides are widely used in the food industry particularly
for disinfecting containers and equipments (Kalkan-
ci et al., 2015). In households, they are sold for the
decontamination of food preparation surfaces (e.g.
Dettol), those perceived as microbiologically con-
taminated (e.g. toilets) and for general improvement
of household cleanliness (Fraise, 2002). Recently, the

use of antibacterial soaps is also widespread. These
products of daily hygiene often contain triclosan or
quaternary ammonium compounds (QACs). Howev-
er, it has been found that soaps containing triclosan
at commonly used concentrations (0.1—0.45 % w/v)
are no more effective in preventing infection symp-
toms and reducing the amount of bacteria on hands
than regular soaps (Aiello, 2007).

Inappropriate and excessive use of biocides in
various areas may lead to increased tolerance to
biocides including triclosan, QACs, chlorhexidine
and sodium phosphate. Since biocides enter the
environment at low concentrations, the risk of
resistant microorganism selection increases and
cross-resistance to antibiotics (ATBs) can also occur
(Kalkanci et al., 2015; Lavilla Lerma et al., 2015).
Another problem compared to ATBs is that bioc-
ides are non-prescriptive and can occur at higher
concentrations in wastewaters as ATBs. Therefore,
resistance to biocides is currently attracting great
interest (Kalkanci et al., 2015).
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The most important biocide triclosan (5-Chloro-
2-(2,4-dichlorophenoxy)phenol) (Fig. 1) is a syn-
thetic chlorinated phenyl ether bisphenol with
broad-spectrum antimicrobial properties (Middle-
ton and Salierno, 2013).

Cl OH

Cl Cl

Fig. 1. Chemical structure of triclosan.

It is used as a component of many products such
as soaps, toothpastes, shower gels, body lotions
and deodorants (Kim et al., 2011; Carey and Mc-
Namara, 2015). According to the European Union
Directive for cosmetics 76/768/EEC in products of
daily use (including cosmetic products), the maxi-
mum permitted concentration of triclosan is 0.3 %
(Pintado-Herrera et al., 2014). Recently, the use
of triclosan has been associated with many health
and environmental impacts such as skin irritation,
allergies or ecotoxicity of aquatic and terrestrial
environment (for Japanese medaka fishes) (Chen
et al., 2011). Triclosan can react with free chlorine
in water and form chloroform which is classified as
a carcinogen. Other compounds formed after their
interaction are 2,4-dichlorophenols. Most of these
molecules are subsequently after UV exposure
converted to dioxins, which are thought to be en-
docrine disruptors (Rule et al., 2005). According to
European Food Safety Authority in up to 450 tons
of triclosan for commercial use were produced in
the European Union (EU) in 2006, while in the
USA its production ranged from 500 to 5000 tons
in 1998 (EC, 2010; Carey and McNamara, 2015).

In general, biocide compounds act on multiple
target sites in the microbial cell resulting in cell
damage and bactericidal effect. However, triclosan
in subinhibitory concentrations specifically targets
the biosynthesis of fatty acids by the inhibition of
NADH-dependent enoyl-ACP reductase fabl in
Escherichia coli (EC, 2010; Sheridan et al., 2012).
Recent studies also suggest that triclosan has a weak
androgenic and anti-estrogenic effect making it a
potential endocrine disruptor (Gatidou et al., 2007).
Due to the wide and long-term use of triclosan, it
can be found almost everywhere in the environment
including wastewaters, soil, surface and drinking
water, wastewater treatment plants (WWTPs), sedi-
ments as well as breast milk, blood and urine (Lee
and Chu, 2013; Carey and McNamara, 2015). It has
been shown that up to 79 % of the original amount

of triclosan flowing into a WWTP is removed by
biodegradation and 15 % is absorbed by activated
sludge (Singer et al., 2002). Despite the high rate of
degradation in WW'TPs, its concentration in puri-
fied water is still relatively high (11—-98 ng/L) due to
high inlet concentrations (42—213 ng/L) (Bakova,
2016). It is alarming that the minimal inhibitory
concentration (MIC) values of triclosan for differ-
ent microorganisms are significantly exceeded in
the environment, especially in case of sediments,
biomass or activated sludge (EC, 2010). The occur-
rence of triclosan was detected in agricultural soils
as a result of fertilization with biomass originating
from WWTPs (Kim et al., 2011). On the other hand,
triclosan may also break down into methyl-triclosan,
which is more stable and has higher potential for
bioaccumulation (Rule et al., 2005).

The aim of the present work was to determine the
occurrence of triclosan-resistant coliform bacteria
and enterococci in samples of stabilized sludge.
Subsequently isolated triclosan-resistant coliforms
were identified and characterized in terms of their
ATB susceptibility and the ability to form a biofilm.

Materials and Methods

Characterization of collection points

Samples of stabilized sludge were taken from the
WWTPs in Petrzalka, Vrakuna and Senec. Those
in Vrakuna and Petrzalka belong to the largest
WWTPs in Slovakia. The Central WWTP in
Vrakuna as well as the WWTP in Petrzalka include
a mechanical and a biological treatment system and
their own sludge and gas economy. While the capac-
ity of the WWTP in Vrakuna is 300 000 equivalent
inhabitants (EQs), WWTP in Petrzalka serves for
120 000 EQs. Technical characteristics of these
WWTPs were described previously (Mackulak et
al., 2015a, 2015b). The sewage treatment system
is the same for both WW'TPs. Sludge is stabilized
anaerobically. During digestion, a part of organic
matter is converted to biogas which is either used
for the production of hot tap water or electricity.
The second part of sludge is drained and anaerobi-
cally stabilized sludge is formed which is used as
bio-compost. The WWTP in Senec was built in
1964, but it has been in permanent operation only
since 2000. This WWTP serves for 68 000 EQ. Sam-
ples of stabilized sludge were taken in December in
2015.

Monitoring of triclosan-resistant coliform bacteria
and enterococci occurrence in stabilized sludge
Coliform bacteria were detected on Chromocult
Coliform agar plates (VWR Chemicals, USA), while
Slanetz-Bartley agar (Biolife, Italy) was used in case
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of enterococci. Based on previous results obtained
in the laboratory, concentrations of triclosan ap-
plied in the media were determined to be 100 pg/
mL, 200 pg/mL and 300 pg/mL, thus significantly
exceeding the MIC values of this biocide defined
for the studied groups of bacteria. Coliforms were
cultivated for 24 h at 37 °C, while cultivation con-
ditions for Enterococcus spp. were 48 h and 40 °C.
Colony forming units (CFU) of the observed bacte-
ria were counted on parallel inoculated Petri dishes
and the results were expressed as the number of
CFU per gram (CFU/g) of stabilized sludge. Each
experiment was repeated three times.

Isolation and identification of triclosan-resistant
coliform bacteria

Coliform bacteria showing resistance to triclosan
were isolated by the streak plate method on Mueller
Hinton agar (Biolife, Italy) plates (24 h, 37 °C) and
identified by a Matrix-Assisted Laser Desorption/
Ionization—Time of Flight (MALDI-TOF) mass
spectrometer according to Lépesova et al. (2018).

Determination of ATB susceptibility

Susceptibility of triclosan-resistant coliform bacteria
to ATBs including ampicillin (AMP), gentamicin
(GEN), ciprofloxacin (CIP), chloramphenicol (CMP)
and tetracycline (TET) was detected by the plate di-
lution drop method previously described in the
study by Lépesova et al. (2018).

Detection of biofilm formation

Quantitative assessment of biofilm formation was
detected by measuring the absorbance of biofilm
eluate at 570 nm using a plate reader (BioTek, US)
according to Beenken et al. (2003). Experiment was

run in six parallels and it was repeated three times.
The exact method for biofilm detection has been in
details described by Lépesova et al. (2018).

Results and Discussion

Occurrence of triclosan-resistant coliform bacteria
and enterococci in stabilized sludge

As a result of low acute toxicity and general safety
for humans, triclosan has been used as an additive in
various consumer products including toothpastes,
soaps, deodorants or disinfectants for households
and hospitals. However, frequent use of such
products has resulted in an increased release of
triclosan into wastewaters, stabilized sludge as well
as recipients (Middleton and Salierno, 2013; Wang
et al., 2018). Thus, occurrence of coliform bacteria
and Enterococcus spp. resistant to triclosan in differ-
ent samples of stabilized sludge was determined in
the first part of the study. Since, in case of biocide
agents such as triclosan, resistance limits are not
given, concentrations nearly 1000 times higher than
the MIC of triclosan defined for studied bacteria
(c1 =100 pg/mL, c2 =200 pg/mL and ¢3 = 300 pg/
mL) were chosen for the selection of resistant
bacteria. The MIC value for triclosan ranges from
0.3 png/mL to 0.64 pg/mL (Chuanchuen, 2003).
Figure 1 describes the ratio of coliform bacteria
resistant to triclosan in the studied samples of
stabilized sludge taken in December in 2015. The
highest number of coliforms was recorded in
the sludge sample from the WWTP in Petrzalka
(6.6 log CFU/g), while in the sample from the larg-
est WWTP in Vrakuna, their number was slightly
lower (6.0 log CFU/g). In the stabilized sludge from
the WWTP in Senec, the total number of coliform

ECFB

wel

log CFU/g

R
WWTP mVrakuna

WWTP mn Petrzalka

WWTP 1n Senec

Fig. 2: Number of total and triclosan-resistant coliform bacteria in stabilized sludge. CFB — total coliform
bacteria, c1 — triclosan 100 pg/mL, ¢2 — triclosan 200 pg/mL, ¢3 — triclosan 300 pg/mL.
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bacteria was by 2.0 logarithmic orders lower (4.3 log
CFU/g). While in case of the WWTP in Petrzalka,
about a half of the coliform strains showed resist-
ance to all three applied concentrations of triclosan,
in stabilized sludge from the WW'TPs in Vrakuna
and Senec, coliforms resistant to the highest con-
centration of triclosan (¢3 = 300 ng/mL) were not
detected. Although, the sample of stabilized sludge
taken from the WWTP in Senec contained the
lowest number of coliform bacteria, most of them
(about 90 %) tolerated the lowest applied triclosan
concentration (Fig. 2).

The presence of total enterococci was detected in
all of three samples of stabilized sludge. The high-
est values were recorded again in the WWTP in
Petrzalka (5.2 log CFU/g) and the lowest ones in the
WWTP in Senec (4.2 log CFU/g). However, no sta-
bilized sludge sample contained triclosan-resistant
enterococci. Other studies also confirmed the pres-
ence of triclosan resistant bacteria in waste and sur-
face water, but none has studied triclosan resistance
in sewage sludge nor in such high concentration of
triclosan (Middleton and Salierno, 2013; Coetzee et
al., 2017). As this biocide is lipophilic, its adsorption
to sludge is much better compared to hydrophilic
compounds. This also confirms our results that
bacteria found in sewage sludge are more tolerant
to very high triclosan concentrations.

Identification of triclosan-resistant coliform isolates
For qualitative analysis of coliform isolates, MAL-
DI-TOF mass spectrometry, recently introduced in
many microbiological laboratories for routine iden-
tification of microorganisms (Hrabak et al., 2013),
was employed. When identifying microorganisms
by MALDI-TOF, an approach based on the genera-
tion of a unique spectrum (“fingerprint”) of intact
cells is used this is then compared to the reference
spectrum (Santos et al., 2015).

Triclosan-resistant isolates were identified as Citro-
bacter freundii, Morganella morganii, Serratia fonticola
and Serratia liquefaciens (Tab. 1). These types of bac-
teria can be found typically in soil, wastewaters,
sewage, but also in food or in the intestinal tract of
humans or animals (Wang, 2000; Liu et al., 2016).
C. freundii can become an opportunistic pathogen
that is mostly associated with urinary and res-
piratory infections (Santos et al., 2017). M. morganii
were previously considered as pathogens of minor
importance, however, they have been declared a
significant cause of nosocomial infections in recent
years (Liu et al., 2016). S. fonticola and S. liquefaciens
are conditional human pathogens responsible for
nosocomial, lower respiratory tract and urinary
tract infections as well as for infections of skin or
soft tissues (Aljorayid et al., 2016; Liu et al., 2017).

ATB susceptibility profile of triclosan-resistant
coliform isolates

The increasing phenomenon of ATB and biocide
resistance is a global problem that has been threat-
ening public health for several decades. Increasing
trend of bacterial resistance is due to the misuse of
ATBs as well as the widespread use and misuse of
biocidal agents not only in the hospital environment
but also in the food industry and households. Most
pharmaceuticals used in human infection treatment
and prevention are only partially metabolized.
Their metabolites are subsequently directed into the
municipal wastewaters that flow through the sewage
system to WW'TPs. ATB residues resist the process
of degradation in spite of the well-developed pro-
cess of wastewater treatment (including biological
degradation of drugs under anaerobic conditions
in sludge towers) and consequently can accumu-
late in sludge (BiroSova et al., 2014; Birosova and
Mikulasova, 2014). Studies pointed out the problem
of cross-resistance in triclosan-resistant isolates
which are also ATB resistant (Birosova et al., 2009;
Middleton and Salierno, 2013). Therefore, suscep-
tibility of coliforms showing resistance to triclosan
isolated from different samples of stabilized sludge
to ATBs was tested. ATBs of different classes were
applied in concentrations given by resistance limits
reported for Enterobacteriaceae by the European
Committee on Antimicrobial Susceptibility Testing
for the EU (EUCAST) and by the Clinical Labora-
tory Standards Institute (CLSI) for the United
States (Tab. 1).

Among B-lactam ATBs, AMP was chosen because of
its frequent use in Slovakia (ECDC, 2017). However,
according to Magiorakos et al. (2012) isolates identi-
fied as M. morganii and C. freundii are characterized
by an intrinsic resistance to this ATB thanks to the
chromosomally encoded ampC gene responsible for
B-lactamase production. While S. fonticola is resist-
ant to AMP in the CLSI concentration, isolates of
S. liquefaciens showed resistance against this ATB
according to the EUCAST (tab. 1). Both GEN
and CIP can be present in wastewaters in higher
levels due to their frequent use in the community
as well as hospital sector (Lépesova et al., 2018).
GEN resistance was observed only in M. morganii
and C. freundii (CLSI) isolated from the stabilized
sludge taken from the WWTP in Petrzalka. Resist-
ance to CIP showed only one isolate identified as C.
Jfreundii. Application of CMP is currently delimited,
but bacterial strains exhibiting resistance to this
ATB persist due to the possible mechanisms of
cross-resistance (Birosova et al., 2014). Decreased
susceptibility to CMP was observed in case of two
coliform isolates (M. morganii and C. freundii) from
the WWTP in Petrzalka, which were able to grow
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Tab. 1. Identification and susceptibility testing of triclosan-resistant coliform isolates from stabilized

sludge.
Stabilized Triclosan content . .
Identification AMP GEN CIP CMP TET MDR
sludge (oxg/mL)
100 M. morganii INR R2 - R1 INR -
100 C. freundii INR - - - - -
300 C. freundii INR - - - - -
WWTP B
. . 300 C. freundii INR - - - - -
in Petrzalka :
200 C. freundii INR - R2 R1 - -
300 C. freundii INR - - - - -
200 C. freundii INR R2 - - - -
WWTP 200 S. fonticola - - - - -
in Senec 200 S. liquefaciens - - - - -
WWTP o
200 S. liquefaciens - - - - -

in Vrakuna

AMP — ampicillin, GEN — gentamicin, CIP — ciprofloxacin, CMP — chloramphenicol, TET — tetracycline.

MDR — multidrug-resistant, INR — intrinsic resistance.

R1 — resistance according to the EUCAST, R2 — resistance according to the CLSI.

only at the concentration defined by the EUCAST
(Tab. 1).

Although TET is not used as much as AMP or CIP,
its selection pressure persists particularly because
of the use of oxytetracycline for veterinary praxis
(Birosova et al., 2014). From Table 1 it is evident
that M. morganii can be characterized by intrinsic
resistance to TET (Magiorakos et al., 2012). Except
for this isolate, resistance to TET was not recorded
in any triclosan-resistant isolates.

Based on the number of ATB classes against
which coliform isolates showed resistance, their
multidrug-resistance (MDR) character was re-
corded. According to Magiorakos et al. (2012),
only microorganisms resistant to antimicrobial
substances included in three or more ATB classes
can be considered as MDR. This condition was not
met in case of the tested coliform isolates (Tab. 1).

Biofilm forming ability of triclosan-resistant
coliform isolates

Biofilm is defined as microbial population adher-
ing to biotic and abiotic surfaces which is enclosed
in an extracellular matrix of a polymeric substance
(exopolysaccharides) (Donlan, 2002). Biofilms
are a source of severe infections and are difficult
to remove and problematic to control. Benefit
of biofilm community is the protection against
ATBs, disinfectants and environmental dynamics
(Garrett et al., 2008). Biofilm formation can also
be beneficial for the human population; it is used
in biological wastewater treatment in WW'TPs and
in biotechnological processes, in particular for
the removal of pollutants such as metals, radionu-

clides, oil or nitrogen compounds (Sehar and Naz,
2016). On the other hand, high bacterial density
and diversity are found in biofilms from waste-
water systems; especially from activated sludge of
sewage treatment plants which support horizontal
gene transfer in the bacteria population (Lépesova
et al.,, 2018).

Since bacteria in biofilms can be much more resist-
ant to ATBs as well as to other environmental stress
factors, the ability of triclosan-resistant coliforms
isolated from stabilized sludge to form biofilm was
determined (Fig. 3).

Based on the absorbance values, the tested isolates
were classified as weak, medium, strong and very
strong producers of bacterial biofilm according
to the scale developed by Taniguchi et al. (2009).
All isolates of C. freundii as well as those of M.
morganii and S. liquefaciens were strong producers
of bacterial biofilm. Second isolate of S. liquefaciens
from the WW'TP in Senec and S. fonticola from the
WWTP in Vrakuna were able to form biofilms with
medium intensity (Fig. 3).

The annual production of stabilized sludge in
Slovakia is about 58 000 tons, most of which is
transferred to the composting plant where it is
mixed with compost. In 2012, 36 832 tons of sta-
bilized sludge were processed into compost and up
to 1 139 tons were applied directly to soil (Birosova
et al., 2014). Many studies highlight the risk of
sludge application because of the content of ATBs
and their metabolites, biocides or heavy metals at
subinhibitory concentrations, which play a role
in stimulating both the emergence of bacterial
resistance by mutations as well as the horizontal
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Fig. 3. Biofilm forming ability of triclosan-resistant coliform bacteria. A — Absorbance.

gene transfer rate (Baquero a kol., 2008; Birosova
et al., 2014; Makowska a kol., 2016). In addition to
the spread of chemical agents from the stabilized
sludge into the environment, it was also shown that
sludge contains an abundant number of coliform
bacteria able to spread the resistance phenomenon
(Reinthaler et al, 2010; Birosova et al., 2014).

Conclusions

Currently, there is convincing evidence that com-
mon mechanisms responsible for resistance to
biocides and ATBs are present in bacteria and
can be acquired by mobile genetic elements. Our
data show that coliform bacteria present in sewage
sludge are able to resist very high concentrations of
triclosan. Approximately half of coliform isolates
were also ATB resistant and the majority of them
are strong biofilm producers.

The high prevalence of triclosan-resistant coliform
bacteria in stabilized sludge represents a potential
risk of direct application of sludge to soil due to the
development and spread of bacterial resistance in
the ecosystem.
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Alzbeta Medvedova, Romana Gyoriova

Department of Nutrition and Food Quality Assessment,
Faculty of Chemical and Food Technology, Slovak University of Technology in Bratislava,
Radlinskeho 9, Bratislava 812 37, Slovakia
alzbeta. medvedova@stuba. sk

Abstract: There is evidence that the transmission of Staphylococcus aureus and methicillin-resistant S. awreus
between the community and environmental surfaces still exists. Even the means of this transmission remain
uncertain, the public transport system may serve as a potential source of different bacteria, and the contact
with contaminated public surfaces may increase the risk for bacterial diseases emergence. This study aimed to
investigate S. aureus contamination on Bratislava’s public transport vehicles. Forty samples of hand-touched
surfaces were collected during December 2015 and March 2017 by using surface sampling method. S. aureus
was detected in all analysed swabs. Simultaneously, antibiotic resistance of S. aureus from swabs was evaluated.
Of 40 samples, only 23 % did not contain S. aureus resistant to some of 10 analysed antibiotics. On the other
hand, the severe prevalence of highly resistant S. aureus to penicillin, methicillin, ampicillin, and cefoxitin was
confirmed. 15 % of isolates displayed resistance to at least three antimicrobial classes. The amount of S. aureus
was not significantly influenced by the lines or by the analysed surface (grabs rails or on-board stop buttons).
However, there was a statistically significant effect of year period, both between samples from December and
March and between samples from the same month but different year. The study confirmed the widespread
occurrence of resistant S. aureus in public transport vehicles in Bratislava, Slovakia.

Keywords: antibiotic resistance, Bratislava, environmental contamination, public transport, Staphylococcus aureus

Introduction

Public vehicles, among other public areas, are
places with easy transfer of bacteria from indi-
vidual to individual, and connecting people with
different social, ethnic, hygienic and health condi-
tions. The bacteria transmission may be unsettling
if pathogenic and resistant bacteria occur. While
some bacteria are mainly nosocomial, some are also
community-acquired. These include coagulase-
positive staphylococci and  Staphylococcus aureus,
which frequently colonize the nasal vestibule and
the skin (ECDC, 2017) of about 10—50 % asymp-
tomatic human. However, S. aureus disposes of a
remarkably wide range of virulent factors leading
to smooth and skeletal muscle paralysis, blood ves-
sels damage, the formation of extensive skin lesions
and finally affecting the central nervous system
(Arbuthnott et al., 1990).

Moreover, pathogenic S. aureus is regarded as
a “superbug”, due to its amazing capacity to be
resistant to a wide range of antibiotics. Strains re-
sistant to methicillin (MRSA), vancomycin (VISA/
VRSA) and many other antibiotics represent an
urgent global problem in community as well as
in hospital-acquired infections. The mortality
of S. aureus bacteraemia remains approximately
20—40 % despite the availability of effective anti-

microbials (Mylotte et al., 1987, ECDC, 2017).
Most hospital-acquired MRSA in Europe belongs
to only five clonal lineages, which have distinct
geographical patterns of occurrence, whereas the
background populations of methicillin-susceptible
S. aureus (MSSA) are highly diverse, consisting of
many lineages that have been widely disseminated
due to leisure travel and migration flows (Gaymard
etal., 2016).

In the community, S. aureus can be quickly trans-
ferred from carriers or infected persons via direct
contact (Stepanovic et al., 2008). It has also been
shown that they can survive under dry conditions
and can persist on different surfaces for a very
long time (Bremer et al., 2004). Moreover, it is
well known for its ability to stick to plastic surfaces.
Teichoic acids are essential compounds present in
the cell wall and are important for adhesion on
plastic surfaces thanks to its interaction with other
surface polymers (Reffuveille et al., 2017). In this
connection, public vehicles may allow its transmis-
sion due to the high number of hand-touched sur-
faces and their permanent contact with transport
users (Gaymard et al., 2016).

Bratislava is the capital and the biggest city in
the Slovak Republic. Annually, the city public
transport provides transfer for approximately
250.000 people in approximately 850 vehicles
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(buses, trams, and trolleybuses). These may serve
as a critical reservoir of staphylococci, due to their
ability to colonize human skin and also environ-
mental surfaces. In this connection, we decided
to describe the prevalence of S. auwreus and its
antibiotic resistance profile on hand-touched sur-
faces in vehicles moving around the capital city of
Slovakia.

Materials and methods

Sampling

In December 2015, March 2016, December 2016 and
March 2017, 40 samples from 5 different public
transport lines were collected by using a surface
sampling method. Samples were taken concerning
to have a high level of skin-to-touch surfaces, like
grab rails and on-board stop buttons. The public
transport lines were chosen concerning copy the
routes with high passengers’ frequency, such as
proximity to Central bus or train station, proximity
to Central Hospital and cemetery or students Hall
of residences (Fig. 1).

The samples were collected from a predetermined
area in vehicles (about 300 cm?) using sterile swab
moistened in sterile peptone-saline solution. The
samples were kept refrigerated at 4—6 °C until they
were brought in the laboratory (not longer than
1 hour).

In Fig. 1, empty crosses represent proximity of the
hospital, filled crosses represent proximity of cem-
etery and triangles represent proximity to the Hall
of residence. Solid black circles represent places of

sampling.

Determination of S. aureus and S. aureus

resistant to antibiotics

Samples (without dilution and after their 10-fold
dilution in peptone-saline solution) from each
swab were plated onto Baird-Parker agar (Sigma-
Aldrich, St. Louis, USA) in order to determine the
total counts of S. aureus according to EN ISO 6888-1
(2003). Samples from each swab were also spread on
Baird-Parker agar containing different antibiotics
(ampicillin, ciprofloxacin, cefoxitin, erythromycin,
gentamicin, chloramphenicol, tetracycline, vanco-
mycin, penicillin, methicillin), all purchased from
Sigma-Aldrich (St. Louis, USA). Antibiotic resistance
was detected according to European (EUCAST, 2018)
or for methicillin-resistance according to US (CLS],
2007) resistance breakpoints. Before bacteriological
counting, the plates were incubated for 48 h at 37 °C
aerobically. Each experiment was run in triplicate.
The suspected colonies were confirmed by tube
coagulase test, by the presence of catalase by using
3 % (v/v) solution of hydrogen peroxide, by micros-
copy examination and by MALDI-TOF technique.

Statistical analysis

The data analysis was performed using Microsoft
Excel tools 2007 (Microsoft, Redmond, Washing-
ton, USA). Data were treated by independent
Student t-test and confirmed by ANOVA test with
statistical significance of p <0.05.

Results and discussion

In all samples, the presence of S. aureus was
confirmed. Its counts ranged from 1.40 to

Fig. 1. Scheme of selected public transport lines in Bratislava.
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Fig. 2. The concentration of S. aureus contamination on hand-touched surfaces in vehicles (n = 40).

3.94 log CFU cm™, with average value of N =
= 2.65 +0.70 log CFU cm™ (%V = 26.6 %). The
distribution of staphylococcal contamination on
analysed surfaces is presented in Fig. 2. Also,
Sexton et al. (2007) detected MRSA in all 2959
samples from subways, buses, trains, and other
public surfaces. MRSA was also isolated from all
55 vehicles analysed by Stepanovic et al. (2008).
However, the proportion of samples positive for
the presence of MRSA per vehicle ranged from
4.5 % to 57.1 %. Similar results were also obtained
by Otter and French (2009) who analysed the
occurrence of S. aureus in buses, trains, stations,
and other public places in London. They found
out that 95 % of analysed surfaces were colonized
by S. aureus and its average density was about
1.08 CFU cm™. On the other hand, in Lyon only
22 % of analysed surfaces in buses were positive
for S. awreus presence (Gaymard et al., 2016)
and in Porto, only 16 % of buses (mean count
6.1 CFU 100 cm™) and 9 % of trains (mean count
4.0 CFU 100 cm™) was contaminated by S. aureus
(Mendes et al., 2015). These differences could be
a result of specifically targeted sampling places
close to hospitals in some studies. Moreover, as
reported Mendes et al. (2015), the prevalence of
S. aureus in public transport system in Porto
decreased from 26 % in 2009—2010 to 9—16 % in
2015, mainly as a result of proper cleaning and
disinfection practices of vehicles’ surfaces.

In our samples, the amount of S. aureus was not
significantly influenced (p < 0.05) by the lines or by
the analysed surface (grabs rails or on-board stop
buttons). No significant difference between mean
counts of S. awreus in buses and trains was also
found out by Mendes et al. (2015). However, there
was statistically significant (p < 0.05) effect of the

year period, both between samples from December
and March and between samples from the same
month but different year.

The occurrence of resistant S. aureus

The occurrence of S. aureus resistant to 10 different
antibiotics is summarized in Figure 3, where are
shown all analysed samples and samples positive
for the presence of S. aureus resistant to selected
antibiotics. Only 22.5 % of samples did not contain
resistant S. aureus at all. 37.5 % of samples were
positive for the presence of S. awreus resistant to
only one antibiotic, mostly to a penicillin (36.8 %
of them) and methicillin (31.6 % of them). These
two antibiotics, together with vancomycin were the
most ineffective antibiotics in general. Altogether,
50 % of samples contained S. aureus resistant to
penicillin, and their portion in samples ranged
from 67 to 99 %. There was also a high prevalence
of resistant S. aureus to ampicillin (65—85 %) and
cefoxitin (81—95 %). However, these isolates were
detected only in 5 or 6 swabs, respectively.

The resistance to methicillin in analysed swabs
ranged within 75 to 95 %, and 30 % of swabs were
positive to the presence of methicillin-resistant
S. aureus. These findings are in accordance with
the data presented in the Antimicrobial resist-
ance surveillance report (ECDC, 2017). While
the prevalence of MRSA strains in EU countries
is continuously decreasing from 18.8 % in
2012 to 16.8 % in 2015, in Slovakia a significantly
increasing trend is observed. Their prevalence
in 2012 was 21.7 %, and in 2015 it was 28.1 %.
MRSA strains remain a public health priority
not only in Slovakia but also in whole Europe, as
MRSA percentages remain high (34.1 to 57.2 %)
in several countries, e.g., Italy, Greece, Cyprus,
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Portugal, Malta, and Romania. There is also a
high prevalence of MRSA strains in the United
States (0.2 isolates pre 1,000 patient days) with
Panton-Valentine leukocidin-positive strains as a
predominant compared with the United Kingdom
(0.1 per 1,000) with Panton-Valentine leukocidin-
negative strains as a predominant ones (Otter et al.,
2009). The increased MRSA infections reported in
different countries led to the detection of unique
SCCmec element, that appears more genetically
mobile, and it is suggested that it has been heter-
ologously transferred from other staphylococcal
species (Lowy, 2014). MRSA isolates are often also
resistant to fluoroquinolones, further limiting the
treatment options available for severe infections.
In this context, it was surprising, that there was no
ciprofloxacin-resistant S. aureus in our samples.
Furthermore, there was also no S. aureus resistant
to chloramphenicol and tetracycline. Contrary
results obtained by Stepanovi¢ et al. (2005) indi-
cating a high prevalence of coagulase-negative
staphylococci resistant to tetracycline (63.1 %),
followed by gentamicin (33.7 %) and erythromy-
cin (33 %) resistant strains. From vehicles moving
around Bratislava, S. aureusresistant to gentamicin
and erythromycin were confirmed in 10 or 5 % of
swabs, respectively. Stepanovié¢ et al. (2005) also
found out that 46.9 % of staphylococci detected
in Belgrade’s public transport were multidrug-
resistant. In our case, only 15 % of isolates can
be considered as multidrug-resistant S. aureus
according to criteria proposed by Magiorakos et
al. (2011).

Conclusion

In conclusion, we found out that S. aureus was de-
tected in all samples from public transport surfaces.
Only 23 % of samples did not contain S. aureus
resistant to some of 10 analysed antibiotics. On the
other hand, the severe prevalence of highly resist-
ant S. aureus to penicillin, methicillin, ampicillin,
and cefoxitin was confirmed. So, public surfaces
can be a significant reservoir not only for S. aureus
but also for its resistant variants.

Further work is required to assess the prevalence of
S. aureus also in other Slovak and European cities
and also to assess the transfer of resistant bacteria
from the community to environment, and vice versa.
Also, the appropriate cleaning and disinfection prac-
tices are needed in order to reduce the prevalence
of pathogenic bacteria in the environment together
with appropriate personal hygiene practices. Last
(but) not least, the well-considered and reasonable
usage of antibiotics is a global necessity.
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Abstract: This work was focused on the characterization of novel isolate of Trichoderma atroviride O1, found
in the forest around the village of Zazriva (the Northern Slovakia, region Orava). The isolate was identified
by sequencing its internal transcribed spacer (ITS) region of rDNA. T atroviride O1 stimulated the development
of lateral roots of model plant Lepidium sativum. Simultaneously, the isolate has proved its high mycoparasitic
potential as it displayed the ability to attack colonies of phytopathogenic fungi (Alternaria alternata, Fusarium
culmorum, Botrytis cinerea). This isolate produced secondary metabolites, which were isolated and tested for the
antimicrobial activity against gram-positive bacteria Staphylococcus epidermidis and Staphylococcus aureus. The
growth of these bacteria was suppressed to 10 % and 40 %, respectively. The suppression of the growth of two
Candida species was also strong (10 % growth). However, growth parameters of three phytopathogenic fungi
(Alternaria alternata, Botrytis cinerea and Fusarium culmorum) were less affected (75 % growth in comparison
with the control). Attempts were made to characterize secondary metabolites isolated from 7. atroviride O1.
Known peptaibols, 20—21 amino acid long, but also shorter peptides, were detected by MALDI-TOF mass
spectrometry. Thus, this study demonstrates the plant growth promotion, strong mycoparasitic potential and
antimicrobial activity of the isolate 7. atroviride O1, which could be in part ascribed to the production of
secondary metabolites. This isolate does have a potential in the biocontrol in eco-farming. Further study,
particularly, the identification of produced secondary metabolites, is needed.

Keywords: antimicrobial activity, mycoparasitism, plant-growth promotion, secondary metabolites, Tricho-
derma

Abbreviations: CCM — Czech Collection of Microorganisms, CWDE — cell wall degrading enzymes,

DMSO — dimethylsulfoxide, GKCH — Sabouraud Chloramphenicol agar, I'TS — internal tran-
scribed spacer, MALDI-TOF — Matrix Associated Laser Desorption Ionisation with Time of Flight
detector, MHA — Mueller Hinton Agar, NRPs — non-ribosomal peptides, PDA — Potato Dextrose
Agar, SMs — secondary metabolites, TLC — Thin Layer Chromatography, 6-PP — 6-pentyl-o-pyrone

Introduction

Trichoderma (teleomorph Hypocrea) is a genus of
typical soil filamentous fungi. It obtains nutrients
through the three different lifestyles: saprophytic,
symbiotic and parasitic one. Trichoderma reesei is a
typical saprophyte. It colonizes dead woody and
herbaceous material and produces cellulolytic
and hemicellulolytic enzymes to digest substrate.
Interaction with plants is an example of a symbiotic
lifestyle. Plant root exudates are a valuable source
of nutrients, while Trichoderma sp. promotes plant
growth and provides defense against biotic and abi-
otic stress. Other enzymatic apparatus is involved in
parasitic interactions with plant pathogenic fungi,
so-called cell wall degrading enzymes that are
chitinases, glucanases, and proteases (Druzhinina
et al., 2011; Harman et al., 2004). These findings
suggest Trichoderma sp. can combat phytopatho-

genic fungi. It is just plant-growth promotion and
mycoparasitism that mark the potential of Tricho-
derma sp. in the area of biocontrol agents. In fact,
European Commission has approved five species
as biopesticides: Trichoderma atroviride (strain IMI
206040, T11, AGR2, 1-1287, SC1); Trichoderma as-
perellum (strain ICCO012, T25, TV 1 and T34); Tricho-
derma gamsii (strain ICC080); Trichoderma harzianum
(strain T-22 and ITEM 908); Trichoderma polysporum
(IMI 206039) [http://ec.europa.eu/food/plant/
pesticides/eu-pesticides-database].

However, Trichoderma-plant and Trichoderma-phy-
topathogenic fungus interactions are much more
complex, mainly because they involve not only the
direct effect of hydrolytic enzymes, but also the role
of secondary metabolites (SMs) (Vinale et al., 2008b;
Liu et al., 2016; Alwhibi et al., 2017; Antasova et al.,
2013). SMs are numerous heterogeneous groups of
compounds, which are not essential for survival but
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are supposed to have functions in signalling and de-
fense (Mukherjee et al., 2013). SMs of filamentous
fungi are divided into four groups, according to the
origin of synthesis and structure: non-ribosomal
peptides (NRPs), polyketides, terpenes and pyrones
(Zeilinger et al., 2016).

By interactions with other organisms, compounds
of each group are involved, to various extent.
Peptaibiotics, specific NRPs consisting of both
proteinogenic, as well as non-proteinogenic amino
acids (typical is o-aminoisobutyric acid = AIB) are
intensively studied (Nawrocka and Malolepsza,
2013; Druzhinina et al., 2011; Neuhof et al., 2007).
The subfamily of peptaibols, 18—21 amino acids
long with C-terminal alcohol, was described to have
its function in signalling by activation of induced
systemic resistance of plants (Mukherjee et al.,
2013; Nawrocka and Matolepsza, 2013; Druzhinina
et al., 2011). Peptaibiotics were also described as in-
hibitors of B-glucan synthase (an enzyme involved
in cell wall synthesis) of plant pathogenic fungi
(Vinale et al., 2008a). Alamethicins and paracelsins
are particular peptaibols, known to be produced
by Trichoderma sp. (Reino et al., 2008), which are
involved in previously mentioned processes. One
of the best known SMs produced by Trichoderma sp.
is 6-pentyl-a-pyrone (6-PP) (Collins a Halim, 1972),
described as the auxin-like compound in terms of its
effect on plant growth, especially enhancement of
root and shoot development (Vinale et al., 2008a).
Its production was also observed by a mycoparasitic
attack on the colony of phytopathogen (Antasova
et al., 2013). This volatile organic compound with
the aroma of coconut is produced by 7. atroviride
(Druzhinina et al., 2011). Another group of SMs,
polyketides, are also known as molecules that
have the role in signalling, such as chrysophanol,
member of a subgroup of anthraquinonons (Liu
et al., 2016). They are synthesized by polyketide
synthases; one of them, encoded by the gene pks4 is
responsible for green pigmentation of conidia
(Antasova et al., 2013). Out of the last group, ter-
penes (based on the structural unit of isoprenyl
pyrophosphate), the production of trichothecenes
is significant. Trichoderma brevicompactum and Tricho-
derma arundinaceum, which produce trichothecenes
can inhibit the growth of Fusarium sp. (dangerous
plant pathogen), while Trichoderma gamsii, which
has genes for trichothecene production but their
own trichothecenes were not detected, appears to
tolerate trichothecenes of Fusarium sp. (Tijerino et
al., 2011). To sum up, SMs of Trichoderma sp. are
studied because of their potential to provide new
antimicrobial compounds.

This paper provides a characterization of the
isolate of T. atroviride O1, obtained from the forest

environment. The paper shows the potential of
the obtained isolate in interaction with the plant
by promoting its growth; in mycoparasitic activity
on phytopathogenic fungi and production of se-
condary metabolites with antimicrobial activity.
Using MALDI-TOF mass spectroscopy, detection
of peptaibiotics was performed.

Materials and methods

Microbial strains and culture conditions

Isolate Trichoderma atroviride O1 as well as Tricho-
derma viride CCM (Czech Collection of Microor-
ganisms): F534, phytopathogenic filamentous
fungi: Alternaria alternata CCM: F128, Fusarium
culmorum CCM: ¥21, Botrytis cinerea CCM: F16 were
maintained on Potato Dextrose Agar (PDA) (Bio-
life, Milan, Italy) slants at 4 °C and sub-cultured
on fresh growth medium every two weeks. Fungi
were cultivated at the room temperature. Yeast:
Candida albicans SC 5341, Candida parapsilosis ATCC
22019 were stored in glycerol (30 %) at -80 °C and
three days before experiments were inoculated on
GKCH = Sabouraud Chloramphenicol agar (Bio-
rad, Marnes-La-Coquette, France) and cultivated
at 37 °C. Model bacteria: Staphylococcus aureus CCM
3953, Staphylococcus epidermidis CCM 4505 and
Escherichia coli CCM 3988 were stored in glycerol at
-80 °C and two days before experiment inoculated
on MHA = Mueller Hinton Agar (Biolife, Milan,
Italy), and cultivated at 37 °C.

Isolation of Trichoderma sp.

Jfrom the wood material obtained from the forest

in Northern Slovakia — Orava

The piece of wood with assumed Trichoderma sp.
was transferred to the laboratory, conidia (Fig. 1)
were stamped at PDA growth medium (Biolife,
Milan, Italy). After one week of cultivation at room
temperature, part of mycelium was transferred on
fresh PDA. Next, we repeated the process until we
obtained pure culture (Fig. 1).

DNA isolation and PCR amplification

The isolate was grown on PDA medium, covered
with cellophane, at 25 °C, in the dark for two days.
Mycelium was harvested and homogenized in
liquid nitrogen. For isolation of genomic DNA,
the DNA Fast Isolation Kit (Spin-column) was used
(Ecoli s.r.0., Bratislava, Slovakia).

The internal transcribed spacer (ITS) region was
amplified using a set of primers ITS1 (forward
primer): 5°— CTT GGT CAT TTA GAG GAA
GTA A — 3" and I'TS4 (reverse primer): 5'— TCC
TCC GCT TAT TGA TAT GC — 3" (E.coli s.r.o.,
Bratislava, Slovakia) and Hot-start DNA poly-
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merase (Biotechrabbit GmbH, Germany). The
initial denaturation was held at 94 °C for 3 min,
followed by 30 cycles of amplification (94 °C
30 second, 55 °C 30 s and 72 °C for 1 min). At the
end, the reaction mixture was heated at 72 °C for
10 min and cooled down to 4 °C. After verification
of correct amplification by electrophoresis on 1 %
agarose gel, the obtained PCR product was purified
(GenUp™ PCR/ Cleanup Kit, Biotechrabbit GmbH,
Germany) and sequenced with the Sanger method.
The final sequence was inserted into Nucleotide-
Blast (PubMed), and the similarity with present ITS
sequences was evaluated. Finally, the sequence was
submitted into GenBank and is available under the
Accession number: MK522147.

Evaluation of T.atroviride O1 — plant interaction
The plant Lepidium sativum (Nohel Garden a.s.,
Dobiis, Czech Republic) was used as a model plant.
Sowing was preceded by seed disinfection. Seeds
were submerged in Sanosil Super 25 Ag (S010)
disinfection solution (Sanosil CZ s.r.o., Praha)
and incubated for 10 min. Then, Sanosil Super
25 Ag was removed by pipetting, and this step was
repeated 2-times. Then, seeds were swirled three
times in sterile HyO. As for the next stage, 10 seeds
were placed on Murashige and Skoog nutrition
medium in a glass Petri dish (diameter 20 cm). The
distance between seeds was approximately 1 cm.
For the first 24 h, cultivation was performed in a
horizontal position at laboratory temperature until
seeds began to germinate. Then Petri dishes were
placed at 60 ° angle. 48 h after sowing, 5 mm disc
of isolate mycelium was put in the position oppos-
ing forming roots. One week after inoculation, the
morphology of plants was evaluated by measuring
the length of the main root and counting the num-
ber of lateral roots.

Determination of mycoparasitic activity by dual-
culture assay

Determination of mycoparasitic activity took place
on PDA medium in Petri dish (diameter 10 cm).
First, 5 mm disc of the mycelium of phytopathogen
was inoculated on the growth medium, close to the
edge of Petri dish and after 4-day cultivation, at the
laboratory temperature, 7. atroviride O1 was inocu-
lated at the place opposing pathogenic fungus and
cultivation continued for next 13 days.

After this period, conidiation on the colony of T.
atroviride O1, as well as on phytopathogen colony
was determined. The number of conidia was evalu-
ated by direct counting in the hemocytometer and
by cultivation method. Briefly, the spore suspen-
sion was prepared by vortexing of two 5 mm disc
of mycelia (cut out from the colony) in the 0.1 %

Tween 80 water solution (Biolife, Milan, Italy). The
spore suspension obtained from the dual-culture
zone (the zone of overgrowth) was prepared using
the same procedure as mentioned previously, then
it was diluted by factor 10 to 107, and 200 pL of
cach dilution was spread on fresh PDA medium
(Biolife, Milan, Italy). After short cultivation (48 h)
colony forming units (CFU) were counted. Simulta-
neously, according to the morphology of obtained
colony, we were able to evaluate if colonies of phy-
topathogenic fungi were present or not, meaning
the fungistatic or fungicidal effect of T. atroviride
O1 on plant pathogenic fungi.

Production and isolation of SMs

T. atroviride O1 was inoculated on PDA medium and
cultivated in static circadian mode, at laboratory
temperature for two weeks, so the colony entered
stationary phase of growth when production of
SMs is expected to culminate.

The isolation of metabolites was performed by
using extraction into ethyl acetate (Centralchem,
s.r.0., Bratislava, Slovakia). SMs were isolated
from both mycelium and cultivation medium.
Water present in the extract was removed using
anhydrous Na,SO, (Lachema Brno, Czech Re-
public) and the extract was concentrated by
vacuum evaporation of ethyl acetate. Obtained
metabolites were dissolved in a small amount of
ethyl acetate. The tiny fraction was separated by
Thin Layer Chromatography (TLC) in a mixture
of benzene : acetone 3 : 1 (Centralchem, s.r.o.,
Bratislava, Slovakia) and then the solvent was
removed entirely again. Concentrated SMs were
dissolved in dimethyl sulfoxide (DMSO) (Central-
chem, s.r.o., Bratislava, Slovakia).

Antimicrobial activity of SMs

For evaluation of antimicrobial activity, microdi-
lution method was applied. Bacteria were culti-
vated in Mueller Hinton Broth (MHB), and yeasts
were cultivated in Sabourad Glucose Broth (SGB)
(Biolife, Milan, Italy). The overnight inoculum
was prepared and used for inoculation of the
growth media. Microorganisms were cultivated at
37 °C under shaking (350 rpm) in microtitration
plates. To 198 pL of 1 % inoculum, 2 pL of SMs
dissolved in DMSO were added. Absorbance at
630 nm (Agg) was measured as the growth para-
meter. The measurement was performed until
microorganisms reached the stationary phase of
growth. The growth of microorganisms treated
with an extract of isolated secondary metabolites
was compared with control (inoculum with 1 %
DMSO) according to the formula (1) for the per-
centage of growth.
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_ AG?)O, sample
growth —
AG?)(), control

The plate dilution method was used for the evalu-
ation of the antifungal potential of secondary me-
tabolites on plant pathogenic filamentous fungi.
Three mL of PDA medium was supplemented
with 30 pL of the extract of SMs (in control, SMs
were replaced by 30 nL of DMSO, the solvent) and
was poured in 3 cm diameter Petri dish. Once it
solidified, it was inoculated with spore suspension
in 0.1 % Tween 80 water solution (A. alternata, F.
culmorum) or with the mycelium disc of B. cinerea.
The spore suspension (5 pL = 10° conidia/disc) was
applied on filter paper disc placed in the center
of the growth media, or the growth medium was
inoculated with a disc of the mycelium of B. cinerea
(5 mm diameter). The filamentous fungi were
cultivated at the laboratory temperature until the
control reached its stationary phase of growth.
The growth of fungi was evaluated by measuring
the diameter of the fungal colony. The growth was
compared to the growth of control (3 mL of PDA
medium with 30 pL. of DMSO). The evaluation was
performed according to the following equation:

% x100 % (1)

diameter of colony,,,,;,

% x100 % (2)

growth =
diameter of colony,,,,,.,

MALDI-TOF analysis of produced peptaibiotics

For isolation of peptaibiotics, the method of Neu-
hof et al. (2007) was used with some modifications.
Isolate of Trichoderma spp. was cultivated on PDA
medium covered with cellophane at laboratory
temperature, in the circadian rhythm (sun-light),
for 13 days to make sure that the production of SMs
had already started. Peptaibiotics were extracted
into acetonitrile/methanol/water (1 : 1 : 1, by
vol.) (Sigma Aldrich, St. Louis, USA), centrifuged
(12000 rpm, 3 min, microcentrifuge) and 1 pL of
the extract was mixed with 1 pL. matrix solution
[10 mg of 2.5-dihydroxybenzoic acid mL™" (Bruker
Daltonics, Billerica, Massachusetts, USA) in aceto-
nitrile/methanol/water (1 : 1: 1, by vol.) and 0.3 %
trifluoroacetic acid (Sigma Aldrich, St. Louis,
USA)]. One pL of the sample — matrix mixture
was directly spotted onto the target plate (MTP
384 plate ground steel BC, Bruker Daltonik GmbH,
Germany) and allowed to air dry before analysis.
Alternatively, mycelium was disintegrated in liquid
nitrogen, and then peptaibiotics were extracted in
60 % ethanol. After centrifugation (12000 rpm,
3 min, microcentrifuge), 1 pL of the extract was
mixed with 1 pL matrix solution, and 1 pL of the
resulting solution was spotted onto a MALDI target
plate.

Measurements were performed in a reflector
positive mode. Protein standard (Bruker Daltonics,
Billerica, Massachusetts, USA) solution served for
calibration with m/z between 700—3500 (Tab. 1).
From obtained mass spectra, the peaks with high-
est m/z were identified, which represented the
peptaibotics. Spectra of m/z were compared with
spectra described by Neuhof et al. (2007), as well
as Comprehensive peptaibiotics database (Neuman
et al., 2015), which helped to identify present pep-
taibiotics.

Tab. 1. Peptides and their m/z (given by producer),
which were in solution for calibration of
mass spectrometer.

Protein m/z

Bradykinin (1-7) [M+H]+ mono 757.899
Angiotensin II [M+H]+ mono 1046.542
Angiotensin I [M+H]+ mono 1296.685
Substance P [M+H ]+ mono 1347.735
Bombesin [M+H]+ mono 1619.822
Renin Substrate [M+H]+ mono 1758.933
ACTH-clip (1-17) [M+H]+ mono 2093.086
ACTH-clip (18-39) [M+H]+ mono 2465.198
Somatostatin (28) [M+H]+ mono 3147.471

Results and discussion

Identification of obtained fungal isolate

Biological material was isolated from the forest
around the village Zazriva, located in the northern
part of Slovakia; region Orava. The underlying as-
sumption in our work was the fact that Trichoderma
sp. is a saprophytic filamentous fungus, which
uses its cellulolytic enzymes for degradation of
plant material. After isolation of pure culture
(Fig. 1), we observed green concentric rings on
fungal colonies with soft mycelium and coconut
aroma — feature typical for Trichoderma sp. Secre-

Fig. 1. Colony of isolate of Trichoderma sp.
on natural substrate and Potato-Dextrose Agar.
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Fig. 2. Phylogenetic analysis of 7. atroviride O1 isolate.

tion of yellow-green guttation droplet was also
observed on the colony.

The phenotypic analysis was followed by genetic
identification of ITS region, localized between
ITS1 and ITS4 primers. After obtaining the
genomic DNA, amplification of the desired region
and its sequencing by Sanger method, the resulting
sequence compared with GeneBank was similar to
the I'TS region of Trichoderma atroviride at 99 %. The
sequence was submitted into GenBank database and
is available under the Accession number MK522147.
Identity was also confirmed by insertion into a phy-
logenetic tree (Dereeper et al., 2008 [http://www.
phylogeny.fr]), and the classification of the isolate
was noticeable (Fig. 2).

Growth promotion of the model plant L. sativum

Due to well-known abilities of Trichoderma sp. to
promote plant growth, the characterization of
isolate started in this field. After one week of co-
cultivation with L. sativum, the positive effect on the
model plant was visible (Fig. 3). For both, control
plants (not exposed to T atroviride O1) and plants
exposed to 1. atroviride O1, the length of the pri-
mary root was similar (11 £ 0.8 cm and 11 £0.9 cm,
respectively), while the number of lateral roots

Fig. 3. The growth of L. sativum: a) control;
b) inoculated plant with 7. atroviride O1.

showed a significant increase. For control plants,
we detected only 5 £ 1 lateral roots per plant. The
number of lateral roots of inoculated plants in-
creased to 19 + 2 per plant. Obviously (Fig. 3), so
did the length of these roots (instead of a couple
of millimeters, the longest lateral root was around
1 cm long). To conclude, it is highly probable that
the isolate 7. atroviride O1 promotes plant growth in
the way that stimulates the development of lateral
roots. The observed phenotype is very similar to
the observed effect of auxins and auxin-like com-
pounds — the elicitors of plant growth. Auxins and
auxin-like compounds act as signal molecules for
stimulation of genes involved in plant growth. The
effect of lateral roots promotion was observed for
indole-3-acetic acid (IAA), one of the most studied
compounds in the area of biocontrol of the plant
growth (Druzhinina et al., 2011). Recently, the focus
on the role of SMs in this process is increased be-
cause of the discoveries of several metabolites with
the same growth-promotion effect. Among SMs
described as elicitors of plant growth, 6-PP, peptai-
bols, harzianolides, and polyketide chrysophanol
are known (Liu et al., 2016, Zeilinger et al., 2016;
Mukherjee et al., 2013; Vinale et al., 2008a).

The mycoparasitic activity of T. atroviride O1

The mycoparasitism is a trophic relationship,
where a parasitic fungus lives in association with
host fungus while derives the nutrients from it
(Mukherjee et al., 2013). It is one of the main fea-
tures of Trichoderma sp., which uses its enzymatic
apparatus (cell wall degrading enzymes) to attack
the colony of phytopathogen (host organism)
(Druzhinina etal., 2011). Our experiment revealed
that the isolate 7. atroviride O1 is not only able to
attack the colonies of three different phytopatho-
gens, including F. culmorum but also wholly over-
grows host fungi (Fig. 4). Fusarium sp. is one of the
most problematic plant pathogens due to its pro-
duction of trichothecenes (Tijerino et al., 2011).
The mycoparasitic activity was evaluated by co-
nidiation criteria and by the ability of the fungus
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Fig. 4. Dual-culture of T. atroviride O1 and F. culmorum (on the left), B. cinerea (in the middle),
and A. alternata (on the right) after a) 6-day; b) 10-day; ¢) 13-day cultivation.

to overgrow the colony of phytopathogen. We ob-
served that the intensity of conidiation of 7. atro-
viride O1 was decreased. At the zone of overgrowth,
the conidiation reached 10°—10° conidia per cm?.
The effect of isolate on all phytopathogens was
fungicidal. Phytopathogens were not able to grow
in fresh culture medium after the attack of T.
atroviride O1. To sum up, it is clear that the isolate
T. atroviride O1 showed high potential for biocon-
trol processes.

Secondary metabolites with antimicrobial potential

Production of secondary metabolites (SMs) of
Trichoderma sp. peaks in the late stationary phase,
when specific metabolites can be detected, for in-
stance, 6-pentyl-a-pyrone (6-PP), which is a volatile
organic compound responsible for coconut aroma,
typical of Trichodermasp. (Collins and Halim, 1972),
with observed antifungal and plant-promoting
activity (Vinale et al., 2008a). Such coconut aroma
(production of 6-PP) was noticeable fairly soon,
specifically after one week of cultivation, when the
production of yellow-green guttation droplets was
also observed, and the growth PDA medium was
changing its colour in the way of getting a yellow
tint. At this time, secondary metabolites were ex-
tracted in the ethyl acetate. Obtained concentrated
extract of metabolites had a brownish color. The
TLC analysis of the metabolic profile of T. atro-

viride O1 is shown in Fig. 5. Together, eight spots
were detected (over the limit of detection) what,
presumably, represent eight different types of me-
tabolites, according to their polarity. Metabolites
(at the start line of chromatogram) are considered
to be most polar compounds, unable to separate in
benzene : acetone 3 : 1. Furthermore, these spots

Fig. 5. TLC chromatogram of SMs of T. atroviride
O1 detected under UV light (254 nm).
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were the only observable metabolites in visible
light, in which they were brown.

The involvement of SMs in the interaction of
Trichoderma sp. with organisms such as plants
(growth promoting), phytopathogens (mycopara-
sitism), and other microorganisms have been
extensively studied and reviewed (Zeilinger et al.,
2016, Antasova et al., 2013, Malmierca et al., 2012,
Druzhinina et al., 2011, Vinale et al., 2008a). In
our work, we have focused on the inhibition ef-
fect of SMs of T. atroviride O1 on model bacteria,
yeasts, and phytopathogenic filamentous fungi.
Except extracted mixture, 2-times (2x) and 4-times
(4x) diluted mixtures of obtained metabolites
were used, in order to detect antimicrobial effect
dependent on their concentrations.

Antibacterial activity of SMs is presented in Fig. 6.
It is clear that the growth of gram-negative bacteria
E. coli was not influenced, while inhibition activity
was intense in the case of gram-positive bacteria S.
aureus and S. epidermidis. In the presence of SMs,
the growth of S. aureus reached only 40 %, in com-
parison with control. Moreover, the extract of SM
showed the 90 % inhibition effect on the growth of

100 =
80+

60 +

Yogrowth

40 4

Is Is:2x
Metabolite

S. epidermidis. In both cases, the inhibitory effect
was concentration dependent. Therefore, it may
be suggested that SM of the isolate of T atroviride
O1 can play a role as antibacterial compounds.
SMs have shown antifungal activity on model yeasts
(Fig. 7). In comparison with the control, only 7 %
growth of C. albicans was observed when the non-
diluted extract was used, while the percentage of
growth has increased to 30 % and 32 %, when 2x
and 4x diluted mixtures, respectively, were added.
C. parapsilosis was also significantly affected. The
addition of undiluted extract resulted in very simi-
lar growth inhibition to C. albicans; only 8 % growth
has been observed (Fig. 7). Further study is needed
in order to identify the inhibition effect of either
one metabolite or, more probable, to the mixture
of metabolites to evaluate the possible synergistic
activity of SMs.

When it comes to plant pathogenic fungi, the
inhibition effect of SMs was not as strong as by
yeast. B. cinerea was not inhibited at all, while the
growth of other two fungi was at just under 75 % in
comparison with the control, namely at 74 % for A.
alternata and 73 % for F. culmorum (Tab. 2). Based

B[ coli
WS e¢pidermidis

S aurens

[s:dx

Fig. 6. Growth of model bacteria in the presence of SMs of T. atroviride O1.
Is stands for non-diluted extract, Is: 2x — 2-times diluted, Is: 4x — 4-times diluted.
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Fig. 7. Growth of C. albicans and C. parapsilosis in the presence of SM of T. atroviride O1.
Is stands for non-diluted extract, Is: 2x — 2-times diluted, Is: 4x — 4-times diluted.
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on this result, it can be assumed that SMs plays a
secondary role in the mycoparasitic attack of 7.
atroviride (the foremost importance still belongs to
hydrolytic enzymes).

Tab. 2. Growth of phytopathogenic fungi in the
presence of SMs of T. atroviride O1. Is stands
for non-diluted extract, Is: 2x-2-times di-
luted, Is: 4x-4-times diluted.

. % growth
Metabolites
A. alternata F. culmorum
Is 74 73
Is: 2x 87 82
Is: 4x 97 85

MALDI-TOF analysis of peptaibiotics produced

by T. atroviride O1

Peptaibiotics are non-ribosomal peptides with a
length of 4—21 residues and a molecular weight of
500—2100 Da. Linear chain and presence of non-
canonical amino acids (c-aminoisobutyric acid, iso-
valine) are typical for this group of SMs (Neumann
et al., 2015). MALDI-TOF analysis of mass spectra
allows us to determine the production of peptai-
biotics (Neuhof et al., 2007). In this experiment, we
also analyzed strain of Trichoderma viride ¥534 from
Czech Collection of Microorganisms. According
to the publication of Neuhof et al. (2007), samples
for analysis were prepared by extraction into two
different solvents. One of them was the mixture
of acetonitrile : methanol : water (AMW) (1 :1: 1,
by volume) and the alternative was 60 % ethanol.
We compared the mass spectra of these two extracts
(Tab. 3) and found out that they are comparable.
Thesimilaritiesbetween strainsdepended onarange
of molecular weight we were analyzing. Peaks m/z
values ranging from 1900 to 2000 were almost the
same (Fig. 8), according to the Comprehensive pep-
taibiotics database, they most probably correspond

Tab. 3. Petaibiotics obtained from Trichoderma sp.

to the 20—21 amino acid long peptaibols (group of
peptaibiotics), named alamethicins, paracelsins, su-
zukacillins and atroviridines (Tab. 4) — SMs, which
production was described for Trichodermasp. (Reino
et al., 2008). Besides, alamethicins are known for
their antifungal activity as well as signal functions
in plant growth stimulation (Vinale et al., 2008b).
On the other hand, the spectrum of lower m/z was
completely different (Fig. 9). Their identity was not
revealed due to significant differences with values
in the publication of Neuhof et al. (2007) and in the
Comprehensive peptaibiotics database. However,
we were able to estimate the length of peptides ac-
cording to data in previously mentioned works. m/z
1008 and 1024 are, presumably, 8—10 amino acids
long, while m/z 700—750 should have 6—8 resi-
dues, and m/z 600—700 4—6 amino acids. Peptides
in these values can be either new peptaibiotics or
fragments of longer peptaibiotics, as was suggested
by Brito et al. (2014). This experiment was only a
first step towards a potential study of peptaibiotics
in isolate 1. atroviride O1.

Tab. 4. Identities of some detected peptaibiotics.

Number
m/z Name . .
of amino acids
1949; 1963; .
Alamethicin F-30 20
1964; 1977; 1991
1934; 1948; .
) ) Alamethicin F-50 20
1962; 1976; 1990
1908; 1922; .
Paracelsin A-1 20
1936
1908, 1922, -
Suzukacillin A 1-11 20
1936, 1950
1948, 1962 Atroviridin A-D 20
2016 Alamethicin type 21
2001 Alamethicin type 21
2002 Paracelsine type 21

after two different types of extraction procedure.

Underlined are with intensity over 0.8 x 10* arbitrary units (a.u.).

Trichoderma sp. Method Peaks of mass spectrum [m/z]
EtOH 681; 756;769; 782; 804; 813; 820; 994; 1008; 1024; 1935; 1949; 1963; 1972; 1976;
1988; 2002; 2016
T viride F534
AMW 621; 637; 665; 681; 709; 725; 756; 769; 782; 797; 813; 820; 857; 885; 901; 945; 989;
1008; 1024; 1033; 1905; 1919; 1935; 1949; 1963; 1977; 1988; 2002; 2016
621; 637; 665; 681; 699; 709; 725; 740; 753; 769; 797; 804; 813; 841; 857; 885; 901;
EtOH 929; 945; 973; 989; 1008; 1017; 1024; 1033;1061; 1077; 1121; 1149; 1193; 1919; 1933;
T atroviride O1 1947; 1956; 1963; 1972; 1986; 2002; (2010; 2016; 2024)
AMW 621; 637; 665; 681; 709; 725; 758; 782; 804; 820; 857; 901; 945; 992; 1008; 1024;
1033; 1077; 1340; 1905; 1933; 1919; 1949; 1963; 1972; 1988; 2002; 2016
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Fig. 8. Mass spectra of Trichoderma sp. between m/z values 1900—2000.
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Fig. 9. Mass spectra of Trichoderma sp. between m/z values 600—825.
Conclusion seems to be auxiliary in the mycoparasitic attack,

The characterization of some essential features typi-
cal of Trichoderma sp. was conducted on isolate of 7.
atroviride O1 obtained from the environment. Iso-
late has shown strong mycoparasitic activity, as well
as the ability to promote plant growth. 7. atroviride
O1 has produced typical peptaibiotics described for
Trichoderma sp. However, unknown peptides were
also detected. The role of secondary metabolites
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while the inhibition activity against gram-positive
bacteria and yeast indicates the potential of this
isolate for further study as a biocontrol agent, and
as a source of antimicrobial compounds.
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of [Ni(1,10-phenanthroline); | (fumarate)-9H,0 complex
with hydrogen bonded supramolecular layers
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Abstract: From the aqueous-ethanolic system Ni(OH)y—H,fum—phen (Hyfum = fumaric acid, phen = 1,10-
phenanthroline), novel complex [Ni(phen)s](fum)-9H,O (1) was isolated and characterized by chemical
analyses and FT-IR spectroscopy. Results of single crystal X-ray structure analysis have shown that the ionic
crystal structure of 1 is built of [Ni(phen);]*" complex cations, fumarate dianions and nine crystallographically
independent water molecules of crystallization. The Ni(II) atom exhibits hexa-coordination by three phen
ligands with mean Ni-N bond length of 2.090 A. Water molecules form hydrophilic supramolecular layers
with fumarate dianions via extended network of O—H - - - O type hydrogen bonds with O - - - O distances from
the range of 2.676(2)—2. 916(2) A; hydrophobic complex cations are embedded between these layers. Thermal
study of 1 has shown that endothermic dehydration in the temperature range of 95—195 °C takes at least two
steps of the process.

Graphical Abstract: Crystal structure of [Ni(phen);]fum-9H,O (phen = 1,10-phenanthroline; Hyfum = fumaric
acid) which is built of supramolecular layers formed by hydrogen bonded water solvate molecules and fum
dianions and between the supramolecular layers embedded [Ni(phen);]*" complex cations is described here.
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Introduction

Fumarate dianion is a versatile ligand exhibiting,
due to four potentially donor oxygen atoms, a large
number of bonding possibilities ranging from termi-
nal to various bridging modes of coordination. How-
ever, it can also act simply as a counter ion (Oldham,
1987; Zheng et al., 2003; Devereux et al., 2000, Bora
and Das, 2012; Téllez-Lopez et al., 2015; Zhang et al.,
2009). The ability of fumarate dianion to link mag-
netically active central atoms was used in synthetic
design of magnetically interesting low-dimensional
complexes (Téllez-Lopez et al., 2015; Neuman et al.,
2014; Téllez-Lopez et al., 2014); in order to obtain
low-dimensional systems, it is necessary to block
some coordination sites of the central atom with
suitable blocking ligands, e.g. with aromatic N,N-
chelates like phen or bpy (phen= 1,10-phenanthroline;

bpy=2,2"-bipyridine). Previously, using this approach,
[Ni(phen)(fum)] (Cernak et al., 2009) and [Ni(H;O)
(phen)(fum)],, complexes were isolated from systems
Ni(ID)—phen—fum (Hyofum = fumaric acid) and char-
acterized (Uhrinova et al., 2012). Surprisingly, to our
knowledge, only two complexes from these systems
have been structurally characterized up to now, namely
[Nig(phen),(fum)(HyO)ol(fum) - 16H,O  containing a
dinuclear complex cation (Ma et al., 2003) and ionic
[Ni(phen);](fum) - 2Hyfum- 4H,O with solvate mole-
cules of fumaric acid (Lin and Zheng, 2004). Within
a deeper study of low-dimensional Ni(IT) complexes
(Cernak et al., 2009; Cerak et al., 2015; Vrablova et
al., 2016), system Ni(II)—phen—fum was added to our
research. As the result of our experiments, the title
complex 1 was isolated in single crystal form in case
of full occupancy of the coordination sites around
the Ni(II) central atom by blocking ligand (3x phen)
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and its synthesis, IR spectroscopic characterization
and crystal structure as well as its thermal properties
are reported here.

Experimental

Materials

Nickel(II) hydroxide, Ni(OH),, fumaric acid,
C,H,0, (Hyofum), 1,10-phenantroline, aqueous am-
monia (25 %) and ethanol (96 %) were purchased
from commercial sources and used as received.

Synthesis of [Ni(phen);/(fum)-9H,0 (1)

Fumaric acid, 232 mg (2 mmol), was dissolved
in 15 c¢cm® of ethanol (96 % vv). To the formed
solution, 2 mmol of freshly prepared precipitate
of Ni(OH), and 1180 mg (6 mmol) of solid 1,10-
phenantroline (phen) were added under stirring.
The resulting red solution was filtered and left aside
for crystallization at room temperature. Within a
few days, red platelets formed on the surface of the
mother liquor, these were collected and dried in air.
Yield: 6 %

Anal. Calc. for C;,yHNi;N;O;; (Mr = 875.51) (%):
C, 54.88; H, 5.07; N, 9.60; Ni, 6.70. Found: C,
54.64; H, 4.98; N, 9.55; Ni, 6.69.

IR (cm™; s =strong, m = medium, w = weak, vs = very
strong, sh = shoulder): 3405vs, 3037w, 2990w,
1639w, 1625w, 1578vs, 1516s, 1495wsh, 1425vs,
1397s, 1340wsh, 1306w, 1257vw, 1225m, 1143m,
1104m, 1010m, 955w, 868sh, 846s, 812m, 774w,
725s, 667w, 643w, H76w.

Physical measurements

Elemental analyses (C, H, N) were performed on a
CHNS Elemental Analyzer Flash EA 1112 Thermo
Finnigan. Nickel content was estimated using the
AAS method (Varian Spectr AA-30).

Infrared spectra were recorded on a FT-IR
Avatar 330 Thermo-Nicolet instrument using the
KBr pellets technique (2 : 200) in the range of
4000—400 cm™.

Thermal analysis was performed on a NETZSCH
STA 409 PC instrument using ceramic crucibles.
Measurements were carried out under dynamic
conditions (heating rate was 9 deg/min) in air atmo-
sphere in the temperature range of 25—900 °C.

X-ray Crystallography

Single crystal X-ray experiments on 1 were car-
ried out on an IPDS Stoe diffractometer equipped
with an imaging plate area detector system with
graphite-monochromatized =~ MoKa  radiation
(A = 0.71073 A) at 100 K. Rotation method data
acquisition using ® scans was used. Structure
was solved by direct methods and further refined

using the SHELXS-97 (Sheldrick, 2008) and
SHELXL-2014/7 programs (Sheldrick, 2015) incor-
porated in the WinGX program package (Farrugia,
2012). Hydrogen atoms in the phen ligands and fum
dianion were placed in the calculated positions and
allowed to ride on the parent atoms with isotropic
thermal parameters tied with the thermal motion
of the parent atoms (U(H) = 1.2U(CH)). Isotropic
thermal parameters of water hydrogen atoms were
tied with thermal parameters of the parent oxygen
atom (U(H) = 1.5 U(O)), other positional parameters
of these hydrogen atoms were allowed to refine
freely. Structural figures were drawn using the
Diamond software (Brandenburg and Putz, 2008).
Crystal data and final parameters of the structure
refinement are summarized in Table 1, selected geo-
metric parameters are presented in Table 2 while
possible hydrogen bonds are given in Table 3.

Tab. 1. Crystal data and structure refinement for 1.

Empirical formula C40 H44 N6 N1 O13

Formula weight 875.52

Crystal system monoclinic

Space group P2,/c

Unit cell dimensions:

a(A) 10.9212(12)

b(A) 20.6837(17)

c(A) 18.348(2)

B 96.505(13)

Z 4

V(A% 4118.0(7)

Dy (g-cm™) 1.412

T (K) 100(2)

u (mm™) 0.544

Index ranges for data collection -13<h<13
-23< k<26
-23<1<23

0 range for data collection 2.12—27.00

Reflections collected 31894

Independent reflections (R;,) 8975 (0.0341)

Observed reflections [ 1> 25(l)] 6475

Data/restrains/ parameters 8975/0/595

Goodness-of-fit on F* 0.938

Final R indices [1> 2c(D)]
Rindices (all data)

Data completeness

R,=0.0344, wR,=0.0782
R, =0.0548, wR, = 0.0840
0.999

Largest peak and hole (e.A™?) 0.39(5) and -0.39(5)

Results and Discussion

Synthesis and identification

From the aqueous-ethanolic system Ni*'—phen—fum,
under mild conditions, single crystals of [Ni(phen),]
Sfum-9H,0 (1) were isolated and chemically charac-
terized. Similar experimental conditions were used
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to prepare [Niy(phen),(fum)(HyO)s]fum- 16H,O (Ma
et al., 2003) and [Ni(phen)s](fum) - 2Hyfum-4H,O
(Lin and Zheng, 2004). The formed mother liquor
exhibited a tendency towards jellification, so the
formed crystals were separated immediately after
their appearance which led to low yield of the
product.

Spectroscopic characterization

Characteristic absorption bands in the IR spectrum
of 1 (Fig. 1) were observed at 1578 and 1397 cm™;
these were ascribed to the asymmetric and sym-
metric carboxylate stretching vibrations v(COO)
according to literature (Nakamoto, 1997). In the
IR spectrum of the analogous complex [Ni(en);]
(fum) - 3H,O with ionic bonding of the fum? di-
anion, the corresponding absorption bands were
found at very similar values of 1583 and 1395 cm™
(Padmanabhan et al., 2008). The calculated value
of A=181 cm™ (A = 1,(COO) - v (COO)) for 1 is
in line with the corresponding value of 188 c¢m™
found for [Ni(en)s](fum)-3H,O (Padmanabhan et
al., 2008), suggesting that the dicarboxylate dianion
acts only as a counter ion; this was later corrobo-
rated by the results of X-ray structure analyses (see
below). The well identifiable shoulder positioned at
3037 cm™ can be assigned to (C,—H) stretching vi-
brations due to the presence of aromaticrings. In the
analogous complex [Ni(phen)ylo[Ni(mni)yls- 2DMF
(mnt = 1,2-dicyanovinylene-1,2-dithiolato, DMF =
N,N-dimethylformamide), the corresponding weak
band was observed at 3063 cm™' (Wang et al., 2004).
The broad strong absorption band observed around
3405 cm™ corresponds well to (OH) stretching
vibrations for hydrogen bonded solvate water

molecules. The IR spectrum of 1 below 1300 cm™ is
rich mainly due to the presence of phen ligands and
unambiguous assignment of the observed bands to
various types of vibrations is difficult.

Crystal structure of [Ni(phen);](fum)-9H,0

Tonic crystal structure of [Ni(phen)s](fum) - 9H,O (1)
consists of [Ni(phen);]* complex cation, fumarato
dianion and nine crystallographically independent
molecules of crystal water (Fig. 2). Within the com-
plex cation,

Tab. 2. Selected geometric parameters [A, °] for
[Ni(phen)s](fum) - 9H,O.

Nil—N1  2.0822(14) 04—C40 1.249(2)
Nil—N2  2.0888(14) C38—C37 1.499(2)
Nil—N3  2.0965(14) C38—C39 1.317(2)
Nil—N4  2.0782(14) C39—C40 1.502(2)
Nil—N5  2.1167(14) NI1—Nil—N2  80.09(6)
Nil—N6  2.0802(14) N3—Nil—N4  79.78(5)
01—C37  1.253(2) N5—Nil—N6  79.61(5)
02—C37  1.250(2) O1—C37—02  124.66(16)
03—C40  1.253(2) 03—C40—04  125.52(17)

the Ni(II) central atom is hexacoordinated by
six nitrogen atoms from three chelate bonded
phen molecules. Although the complex cation
is chiral, both enantiomers are present in the
crystal structure due to its centrosymmetric
character. The same complex cation was found in
analogous complexes [Ni(phen);](succBry) - TH,O
(Ho(suceBry) = 2,3-dibromosuccinic acid) (Li et

al., 2005) or [Ni(phen)s(phen-dione)][Ni(phen);]

100
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Fig. 1. FT-IR spectrum of [Ni(phen);](fum) - 9H,0.

58

Uhrinova A et al., Synthesis, crystal structure, infrared spectrum and thermal properties...



(PFg),- CH3CN (phen-dione = 1,10-phenanthroline-
5,6-dione) (Hadadzadeh et al., 2012). The Ni—N
bonds in 1 are within the range of 2.0782(14)—
2.1167(14) A (Table 2). Similar ranges for Ni—N
bonds, 2.082(4)-2.194(5) A and 2.081(6)—
2.137(7), were reported for the already mentioned
[Ni(phen)s](suceBry) - TH,O (Li et al., 2005) and
[Ni(phen)y(phen-dione) | [Ni(phen);](PFy),- CH;CN
(Hadadzadeh et al., 2012), respectively. Fumarate
dianion acts as a counter ion and its carboxylate
groups are somewhat twisted out of the plane
formed by the four carbon atoms C37—C40 as it
can be seen from the values of the torsion angles
01—C37—C38—C39 and O3—C40—C39—C38,
-172.93(1) and -159.45(1) °, respectively; this de-
viation from the planarity may reflect the tendency

cnb
e

Fig. 2. Structure of [Ni(phen);](fum) - 9H;O with atoms numbering scheme. Thermal ellipsoids are drawn
at the 30 % probability level. Hydrogen atoms from phen ligand are omitted for clarity.

to maximize the formation of hydrogen bonds (see
below). The remaining geometric parameters of
1 correspond well to those observed of [Ni(phen)s]
(fum) - 2Hyfum - 4H,0 (Lin and Zheng, 2004).

An outstanding feature of the presented structure
1 is the formation of a 2D supramolecular structure
perpendicular to the a axis built of O—H---O
type hydrogen bonds; fumarate dianions together
with nine crystallographically independent solvate
water molecules are involved in this structure (Figs.
3 and 4, Table 3). Within the hydrogen bonded
layers, ten different hydrogen bonded ring systems
can be distinguished and these can be described
using the graph-set analysis (Bernstein et al., 1995);
descriptors for the respective ring systems are (see
also Fig. 3) : RI: R/(13), R2: RJ(10), R3: R;/(10),

-

w
b

4

Fig. 3. A part of hydrogen bonded supramolecular layers in 1. Symmetry codes: i:x, 1/2 -y, z - 1/2;
il-x,1-y1-zii:1-x,1-y,2-ziv:x, 1/2-y,1/2+z;v: 1 -x,y-1/2,3/2 -z
vitl-x,y+1/2,3/2 -2,
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Fig. 4. Approximate crystal structure of 1 along b axis showing the hydrogen bonded hydrophilic host
part of the structure (red balls are oxygen atoms, black balls are carbon atoms, brown lines
are O—H - - - O hydrogen bonds) and embedded hydrophobic guest part of the structure formed
by [Ni(phen);]** complex cations (light green octahedrons).

R4 RA(10), R5: R}(13), R6: RX(10), R7: R}(10), RS:
R (12), R9: R{(8), R10: R}(8). Similarly hydrogen
bonded supramolecular layers with auxiliary ani-
onic species were observed in [Ni(bpy);]Cl, - 5.5H,O
(bpy=2,2"-bipyridine; chloride anions are involved as
anionic species) (Ruiz-Pérez et al., 2002), [Ni(bpy);]
[Cu(CN);y]-4.5H,0 (tricyanidocuprate(2-) anions
are the anionic species) (Kocanova et al., 2010) or
in [Ni(phen)s](HB),-7H,O (HB- = diphenylglyco-
late; with HB- anions as anionic species) (Covelo

Tab. 3. Possible hydrogen bonds in 1 [A, °].

et al., 2008). As a consequence of the formed su-
pramolecular layers in 1, the title compound can
be viewed as a host-guest (HG) system in which
the hydrophilic host part of the structure is built
of hydrogen bonded water solvate molecules and
fumarate dianions, while hydrophobic [Ni(phen);]**
complex cations as guest species are enclosed
between the formed layers (Fig. 4). The presented
crystal structure thus displays some similarity with
the well-know Hofmann-type clathrates in which

D—H.. A D—H H..- A D.---A D—H.. A
O5—H51---012 0.84(4) 1.93(4) 2.747(2) 162(4)
O5—H52--.013 0.84 (4) 1.93(4) 2.771(2) 173(3)
O6—H61 - - - 05 0.83(3) 1.86(3) 2.685(2) 177(3)
06—H62. - - 08l 0.87(3) 1.91(3)| 2.775(2) 172(3)
O7—H71-.-0107 0.79(3) 2.04(3) 2.824(2) 172(3)
O7—H72. - O11i 0.90(3) 1.79(3) 2.676(2) 168(2)
0O8—HS8I--.01 0.84(3) 1.87(3) 2.710(2) 177(3)
O8—HS82...06 0.79(3) 2.03(3) 2.803(2) 171(3)
09—H91 - --04 0.79(3) 2.04(3) 2.828(2) 175(3)
09—H92. . . 06 0.90(3) 2.01(4) 2.900(3) 173(3)
O10—HI101 - - -O4 0.87(3) 1.87(3) 2.728(2) 170(3)
010—H102- - .07 0.86(3) 1.93(3) 2.776(2) 169(2)
O11—H112. . - 02" 0.79(3) 2.00(3) 2.788(2) 174(3)
O11—H111---03 0.84(3) 1.93(3) 2.766(2) 175(3)
012—HI121---03 0.88(3) 1.87(3) 2.741(2) 177(3)
OI12—H122. . .01" 0.78(3) 2.00(3) 2.781(2) 178(3)
OI13—H131- - -02 0.80(3) 2.01(3) 2.812(2) 177(3)
013—HI132. . -010 0.84(3) 2.08(3) 2.916(2) 176(3)

Symmetry codes: i: x, 1/2 -y, z-1/2;ii: 1 -x, 1 -y, 1 - z;iii: 1 -x, 1 -y, 2 -2z iv:ix, 1/2 -y, 1/2+z;v: 1 -x,y-1/2,3/2 - z.
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the aromatic guest molecules are enclosed between
the cyanidometallate layers (Iwamoto, 1996). Addi-
tional much weaker hydrogen bonding interactions
of the C—H - - - O type (C- - - O distances are from
the range of 3.2040(4)—3.4555(4) Aand C—H - - - O
angles are from the range of 138—166 °) link com-
plex cations with the solvate water molecules.

Thermal analysis

Thermal curves of 1 are shown in Fig. 5. From
the TG curve it follows that decomposition starts
at 95 °C. The observed weight loss of 17.5 % in
the temperature range of 95—195 °C corresponds
well to the complete dehydration of 1 (calculated
18.5 % for nine water molecules from the formula
unit). The DTA curve suggests that the observed
dehydration is formed of three weak endother-
mic processes. Endothermic dehydration of the
analogous complex [Ni(en)s](fum) - SH,O occurred
in the similar temperature range of 90—165 °C
(Padmanabhan et al., 2008) while [Ni(fum)]-4H,0O
dehydrates at somewhat higher temperature from
the range of 130—225 °C (Randhawa and Kaur,
2007). On the TG curve of 1 after its dehydration,
a plateau in the temperature range of 195—220 °C
can be seen; which is accompanied by a weak exo-
thermic peak on the DTA curve at 210 °C suggesting
a possible phase transition. The second mass loss
of 21.7 % was observed in the temperature range
of 200—290 °C; this weight loss corresponds well to
the release of one phen ligand from the formula of
1 (calc. 20.6 %).

In the temperature range of 360—650 °C, a strongly
exothermic process associated with the mass loss

of 52.4 % can be observed; the experimental mass
loss corresponds well to the release (or decomposi-
tion) of the remaining organic part of the studied
compound (calculated value is 54.2 %). The solid
residue after thermal decomposition represents
8.4 % of the initial weight, which is in line with
the assumed formation of NiO (calculated value is
8.5 %). The formation of NiO as the solid residue
was also reported in case of thermal decomposi-
tion of [Ni(phen)(fum)] (Cernik et al., 2009),
[Ni(fum)]-4H,O (Randhawa and Kaur, 2007) and
[Ni(en)s](fum) - 3H,O (Padmanabhan et al., 2008).

Conclusions

Complex [Ni(phen)s](fum)-9H,O was synthesized
and chemically and spectroscopically charac-
terized. Crystal structure of 1 is ionic and it is
formed of [Ni(phen)s]** complex cations with a
hexacoordinated Ni(II) atom, fum counter dianion
and nine water molecules of crystallization. Water
molecules and fum?® dianions interact via hydro-
gen bonds forming a 2D supramolecular structure
with complex cations embedded between the
hydrophilic layers, which enables considering the
presented crystal structure as a host-guest system
built of hydrophilic hydrogen bonded host part
and hydrophobic guest complex cations. A study
of the thermal properties has shown that dehydra-
tion is the first step of thermal decomposition.

Supplementary materials
Crystallographic data for the compound have
been deposited with the Cambridge Crystallo-
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Fig. 5. Thermal curves for [Ni(phen)s](fum) - 9H,O.
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graphic Data Centre, CCDC 1542632. Copies of
the information may be obtained free of charge
from The Director, CCDC, 12 Union Road,
Cambridge, CB21EZ, UK (fax: +44-1223-336033;
e-mail: deposit@ccdc.cam.ac.uk or www: http://
www.ccde.cam.ac.uk).
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Abstract: Two types of composites based on natural rubber (NR) and strontium ferrite were tested in this study.
Composites of the first type were prepared by incorporation of strontium ferrite in the concentration range
ranging from 0 to 100 phr (parts per hundred rubber) into pure NR based rubber matrix, while with those
of the second type, strontium ferrite was dosed in the same concentration level into NR based rubber batch
with constant amount of carbon black — 25 phr. For rubber matrices cross-linking, a standard sulfur based
curing system was used. This work is focused on the effect of magnetic filler content on physico-mechanical,
magnetic and thermo-physical properties of composite materials. Subsequently, the cross-link density and the
structure of the formed sulfidic cross-links were examined. The results showed that the cross-link density of
both types of composites increased with the increasing content of magnetic filler, while the structure of the
sulfidic cross-links was almost not influenced by the amount of strontium ferrite. Tensile strength of rubber
composites with pure rubber matrix was slightly improved by the incorporation of ferrite, while in case of
composites based on a carbon black batch, the incorporation of magnetic filler resulted in the decrease of this
characteristic. The presence of magnetic filler in both types of composites leads to a significant increase of the
remanent magnetic induction.

Keywords: rubber composite, magnetic filler, cross-link density, tensile strength, remanent magnetic induction

Introduction

Ferrite permanent magnets of the general formula
SrFe ;0,9 or BaFe ;0,9 contain approximately 80 %
of iron oxide and 20 % of strontium or barium. They
are a class of technologically important magnetic
materials with high values of magneto-crystalline
anisotropy as well as magnetic characteristics (mainly
coercivity and remanent magnetic induction) (Wang
at al., 2009; Namai at al.; Li at al., 2015). Moreover,
they exhibit good chemical stability with high resist-
ance to solvents, salts, lubricants, alkalis, harmful
gases, soft acids and atmospheric effects. Operating
temperature of ferrites ranges between -40 °C to
+250 °C. These outstanding properties include fer-
rites in important magnetic materials which cannot
be easily replaced. Magnetic properties of ferrites
for specific applications can be adapted by selection
of components, composition, by supplying suitable
metal ions and by other suitable techniques (Leche-
vallier and LeBreton, 2005; Xie at al., 2013; Pullar,
2012).

Incorporation of magnetic crystalline ferrites into
various rubber matrices leads to the preparation of
magnets known as ferrite rubber magnets (Patta-
nayak at al., 2016; Gutiérrez at al., 2015; Jung at al.,
2016; Bellucci at al., 2016; Sykora at al., 2016). Rub-
ber magnetic composites are materials consisting of

at least two phases: magnetic powder as filler and
continuous rubber matrix. An important advantage
of these materials is they can be prepared and pro-
cessed by technologies typically used for polymer
composites processing. They can be bent, coiled
and shaped without the loss of their magnetic
characteristics. Additionally, they are very resistant
to corrosion and therefore no surface treatment is
necessary. Due to their elasticity and easy process-
ability, they are suitable for applications in which
good elasticity and high flexibility are required.
These attributes in combination with unique mag-
netic characteristics rank them among progressive
developing materials which have already found
the utilization in microwave and radar technology,
vibration absorbers, motor parts, memory devices,
variable impedance surfaces, inductor cores, sen-
sors of magnetic and electromagnetic fields and in
many other technological applications (Vinayasree
at al., 2016; Tong at al., 2013; Das at al., 2015).

In this work, rubber magnetic composites were
prepared by the incorporation of strontium ferrite
into NR based pure rubber matrix or carbon black
batch. The main aim was to observe the influence
of magnetic filler content on physico-mechanical,
magnetic and thermo-physical properties of the
tested composites. Cross-link density and structure
of the formed cross-links were also investigated.
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Experimental

Materials

Natural rubber (NR), type SMR20 (Mardec, Ma-
laysia), and carbon black batch based on natural
rubber, type SMR 20 (content of carbon black
N330 — 25 phr, Elastorsa, Martin, SR), were used
as rubber matrices. Strontium ferrite, SrFe ,O,q,
type FD 8/24, supplied as magnetic filler by Mag-
nety, Svétla Hora, Czech Republic, was dosed to the
rubber formulations in the concentration range
from 0 to 100 phr. Characteristics of the applied
strontium ferrite are provided in Tab. 1. For rubber
matrices cross-linking, a standard semi EV-sulfur
curing system consisting of zinc oxide — 3 phr (Slov-
lak, Koseca, Slovakia), stearic acid — 2 phr (Setuza,
Usti nad Labem, Czech Republic), N-Cyclohexyl-
2-benzothiazole sulfenamide CBS — 1.5 phr (Duslo,
Sala, Slovakia), and sulfur — 1.3 phr (Siarkopol,
Tarnobrzeg, Poland) was used. Phr stands for parts
per hundred rubber.

Tab. 1. Characteristics of strontium ferrite.

Characteristics Value
Particle size (um) 0.1-30
Specific surface area (m?/g) 4.06
Total porosity (%) 55.62
Total volume of pores (cm?/g) 0.254
Density (g/cm?) 4.73
Coercivity (kA/m) 117
Remanent magnetic induction (T) 0.17

Methods

Preparation and curing of rubber compounds

Rubber compounds were prepared in a labora-
tory appliance Brabender in two mixing steps.
Temperature of the chamber was set to 90 °C and
the mixing process was carried out at the rotor
speed of 50 rpm. In the first step, rubber and
filler were compounded. Mixing of ingredients
in the first step was performed for 9 min in the
temperature range of 90—95 °C. Components of
the curing systems were introduced in the second
step (4 min, 90—95 °C). Then, the mixed rubber
compounds were shaped into thin sheets by a two
roll calender.

Curing characteristics were investigated from the
corresponding curing isotherms measured on
Rheometer Monsanto R100 at 150 °C. The rub-
ber compounds were cured at 150 °C with regard
to their optimum cure time under the pressure of
15 MPa. Hydraulic press FONTIJNE was employed
to carry out the curing process.

Determination of cross-link density

and cross-link structure

Two different methods were used to determine the
cross-link density of rubber composites.

Chemical cross-link density, v,, was determined
based on equilibrium swelling of samples in xylene.
First, the samples were swelled in xylene until equi-
librium swelling was reached. The cross-link den-
sity was then calculated based on the equilibrium
swelling degree by applying the Krause modified
Flory-Rehner equation (1) for filled vulcanizates
(Kraus, 1963):

V,y In(1=V) 4V, 4\
Vo =— V. VVYE_0.5V
N r r0 ’ r

1)

v, — cross-link density (mol/cm?®), V,, — volume
fraction of rubber in equilibrium swelling sample
of vulcanizate in absence of fillers, V, — volume
fraction of rubber in equilibrium swelling sample
of filled vulcanizate, Vi — molar volume of solvent
(for xylene = 123.45 cm®/mol), x — Huggins in-
teraction parameter (for measuring conditions x =
0.4106).

In the second method, based on deformation
measurements, the total cross-link density, v, was
calculated by means of the Mooney-Rivlin equation
(Hamed, 1992) (2), utilizing relation (3):

o C.
—  —_C +=
2Aa—a?) o @ @

o — tension (MPa), a — relatively extension (%),
C,, G, — constants,

v, =2C/RT (3)

R=18.314 J/K-mol, T=293.15 K.

The measurements were carried out using an In-
spekt desk 5kN apparatus (Metrotest) up to 100 %
deformation with the deformation velocity of
10 mm/min.

Cross-link structure of vulcanizates was determined
using the thiol-amine method in argon atmosphere
as described in (Saville and Watson, 1967; Morrison
and Porter, 1984; Warner, 1994). Propane-2-thiol
was used, which has the ability to decompose poly-
sulfidic cross-links. First, the chemical cross-link
density, v,, of original samples was determined.
Then, the samples were treated with a solution of
propane-2-thiol for two hours at laboratory tem-
perature in argon atmosphere and the cross-link
density was determined again (vp; — the cross-link
density of samples after propane-2-thiol treatment).
The content of polysulfidic Sx was then calculated
by equation (4) and combinations of disulfidic S2a
monosulfidic S cross-links.

Sx =V, - Vpp, Sx= (v, - vppy-100]/v,, (4)
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Determination of physico-mechanical properties

Tensile properties of rubber magnetic composites
were determined using a Zwick Roell/Z 2.5 ap-
pliance. The measurements were carried out in
accordance with the valid technical standards at the
laboratory temperature and cross-head speed of
500 mm/min. The tested composites were cut into
double side dumbbell-shaped test specimens (width
of 6.4 mm, length of 8 cm, thickness of 2 mm).
Hardness was measured using a durometer and the
unit was expressed in Shore A.

Determination of magnetic characteristics

Magnetic characteristics of composites were evalu-
ated using a magnetometer TVM-1 at the maxi-
mum coercivity of H,, =750 kA/m. The basic prin-
ciple of measurement was the induction method of
scanning of scattering magnetic flux, @, induced
by magnetic vibrating sample. Magnetic field is
generated by two cores of a Weiss electromagnet at
the minimum distance of poles adapters of 7.5 mm.
The induced tension proportional to magnetic flux
time dependence in the sample is scanned with a
system of four small cores. The cores eliminate the
influence of electromagnet magnetic fields time in-
stability and the change of magnetic flux is directly
proportional to magnetic induction, B. Specimens
for magnetic characteristics evaluation were of
prism shape (8 x 4 x 2 mm).

Evaluation of thermo-physical characteristics

of composites

An Isomet appliance was applied to evaluate the
thermo-physical characteristics of prepared ma-
terials. The measurement is based on the analysis
of time dependence of thermal response to the
impulses of the thermal flow into the analyzed
material. The thermal flow is generated by scat-
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Fig. 1. Influence of ferrite content on physical v,
chemical v, and total v, cross-link density
of composites based on NR.

tered electric discharge in a probe resistor, which is
thermal-conductively connected with the analyzed
material. Temperature of the resistor was scanned
by a semiconductive detector.

Results and discussion

Influence of ferrite on cross-link density

and structure

Cross-link density and structure of the formed
cross-links are important structural parameters of all
rubber products determining their service proper-
ties. Not only the original properties but also their
changes in time are dependent on these characteris-
tics. Two different methods were used to determine
cross-link density of the prepared composites.
Chemical cross-link density, v,, was determined
based on equilibrium swelling of samples in xylene
and the total cross-link density, v, was determined
based on deformation measurements of the pre-
pared samples. In the first case, xylene diffuses into
the samples and disrupts all physical interactions
between the macromolecules of rubber. When equi-
librium swelling is reached, the cross-link density is
calculated by the Flory-Rehner equation (1). During
the deformation measurements to a low deforma-
tion degree, the disruption of physical interactions
between the macromolecules is not expected. As a
result, concentration of all cross-links (chemical and
physical) in the analyzed samples can be determined.
From the difference between the total and chemical
cross-link density, physical cross-link density, v, can
be calculated. Polymer-polymer physical interactions,
polymer-filler physical interactions, also various
intramolecular and intermolecular entanglements
are involved in physical cross-link density.

From Fig. 1 it is evident that chemical cross-link
density, v, of composites based on pure NR shows

35

g Physkcal cross-link density
3.0 1 pOChemical cross-Ink density
25 B Total cross-link density
2.0 4

15 4

v.10*{mol/ecm?)

1.0 4

0.5 A

0.0 +E£
0 20 40 60 80 100

Ferrite (phr)
Fig. 2. Influence of ferrite content on physical v,

chemical v, and total v, cross-link density
of composites based on carbon black batch.
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a slightly increasing trend with the increasing
amount of strontium ferrite. Physical cross-link
density, which represents the difference between
the total and the chemical cross-link density (v,
- v,), is much lower than v,, and also increases non-
linearly with the increasing content of the magnetic
filler. The physical and chemical cross-link den-
sity of composites based on carbon black batch was
higher compared to that of equivalent composites
based on pure NR (Fig. 2). This can be attributed to
the presence of carbon black which, as a reinforcing
filler, contributes to the formation of chemical and
mainly physical couplings in the rubber matrix.
Thus, also the total cross-link density of composites
based on NR batch is higher than the total cross-
link density of composites based on pure NR.

An analysis revealed that the cross-link structure
of both type composites was formed mainly from
polysulfidic cross-links (about 50—60 %), the rest
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100 4

Sulfidic cross-links (%)
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Ferrite (phr)
Fig. 3. Influence of ferrite content on the structure
of sulfidic cross-links of composites based on NR
(S1 — monosulfidic cross-links,

S2 — disulfidic cross-links,
Sx — polysulfidic cross-links).
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Fig. 5. Influence of ferrite content on modulus
M300 and hardness of composites
based on NR.

cross-links are formed by mono- and disulfidic
bridges (Figs. 3, 4). The achieved results are in line
with general knowledge, according to which, in case
semi-EV curing systems applied in cross-linking
of rubber compounds, all three types of sulfidic
cross-links are formed in the rubber matrix with
dominance of polysulfidic cross-links. The amount
of incorporated magnetic filler has no significant
influence on the structure of the formed cross-links.

Influence of ferrite on physico-mechanical properties
The incorporation of strontium ferrite into both
composite types resulted in the increase of modulus
M300 and hardness (Figs. 5, 6). The increase of
modulus and hardness (in addition to the fact that
hardness of strontium ferrite is much higher than
that of the rubber matrix) can be attributed to the in-
crease in cross-link density of both composite types.
It can be also stated that higher cross-link density
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Fig. 4. Influence of ferrite content on the structure
of sulfidic cross-links of composites based on
carbon black batch (S1 — monosulfidic cross-links,
S2 — disulfidic cross-links, Sx — polysulfidic
cross-links).
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Fig. 6. Influence of ferrite content on modulus
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carbon black batch.
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and the presence of carbon black in the composites
based on carbon black batch are responsible for
higher values of these characteristics compared to
equivalent composites based on pure NR.

On the other hand, the increase in cross-link den-
sity of both composite types with the increasing
amount of strontium ferrite was responsible for the
decrease of elongation at break (Fig. 7, 8). Again,
higher cross-link density of composites based on
carbon black batch was responsible for their lower
elongation at break. The different character of ten-
sile strength of both composite types in dependence
on the strontium ferrite content was recorded.
Incorporation of 40 phr of strontium ferrite into
the rubber matrix based on pure NR resulted in an
enhancement of tensile strength by about 2 MPa
in comparison with the unfilled sample. Then, a
slightly decreasing tendency of the tensile strength
was recorded. As it can be seen in Fig. 7, the tensile
strength of maximally filled composite reached the
level of reference — unfilled sample. From Fig. 8
it is evident that the highest tensile strength of
composites based on carbon black batch exhibited
a reference sample filled only with carbon black.
When ferrite was incorporated, the tensile strength
decreased. Composite with maximum ferrite con-
tent showed the lowest tensile strength. Comparing
both composite types, higher tensile strength was
found in composites based on the carbon black
batch. However, with the increasing amount of
magnetic filler, the differences in tensile strength
of both composite types became lower and the
composites based on pure NR with 80 and 100 phr
of ferrite already exhibited slightly higher tensile
strength than equivalent composites based on the
carbon black batch. This is interesting as in case of
composites based on carbon black, much higher
values of tensile strength were expected. Carbon
black is a well-known reinforcing filler in rubber

35 800

32-9\6\Q\<E’\B\{
]

29 - 600

26 4
+ 400

23 4 *

<V/"/—;_ﬂ\4>

20
- 200

Tensile strength (MPa)
Elongation at break (%)

# Tensile strength

DOElengation at bresk
14 T T T T 0
0 20 40 60 80 100

Ferrite (phr)

17

Fig. 7. Influence of ferrite content on tensile
strength and elongation at break of composites
based on NR.

compounds. Therefore, higher tensile strength of
composites based on pure NR with higher ferrite
content is very surprising and it shows a promising
aspect in the preparation of rubber composites
with magnetic fillers. The results point out a slight
reinforcing effect of strontium ferrite in the rubber
martrix.

Influence of ferrite on magnetic

and thermo-physical characteristics

The most important magnetic characteristics of all
permanent magnets are the remanent magnetic in-
duction, B,, which represents the value of residual
magnetism in the material when the external mag-
netic field is removed, and the coercive intensity
of magnetic field (coercivity, H), which represents
energy needed to abolish the remanent magnetic
induction. The higher are the values of both cha-
racteristics, the better are the permanent magnets.
Ferrites as hard magnetic materials have unique
magnetic properties and their incorporation into
rubber matrix should impart magnetic properties to
the rubber composites as well. Therefore, the influ-
ence of strontium ferrite content on the magnetic
properties of both composite types was investigated.
As shown in Figs. 9, 10, the incorporation of fer-
rite resulted in a significant increase of remanent
magnetic induction of both composite types. The
remanent magnetic induction increased by more
than 400 % when the amount of strontium ferrite
increased from minimum up to its maximum con-
tent. Slightly higher values of remanent magnetic
induction were found for composites based on the
carbon black batch. On the other hand, composites
based on the carbon black batch exhibited lower
coercivity compared with the equivalent composites
based on NR. It is also apparent from Figs. 9, 10
that the coercivity of both composite types fluctu-
ated only in the low range of experimental values
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Fig. 8. Influence of ferrite content on tensile
strength and elongation at break of composites
based on carbon black batch.

Kruzelik J et al., Magnetic composites based on NR and strontium ferrite. 67



7 130
E—B’_D/I]
50 0O L 120
5 4
- 110
E 41 E
% 100 3
= 34 =
= T
“ 90
2 4
1 3 & Remanent magnetic induction 80
OCoercivity
0 T T . 70
20 40 60 80 100
Ferrite (phr)

Fig. 9. Influence of ferrite content on remanent
magnetic induction B, and coercivity H,
of composites based on NR.

04 21
0 - 2.0
0.3 4 z
z m
£ 4 19 E‘
- o - -—
z 0 g
-
2 i
02 4 &
- 18
& Thermal conductivity coefficient
O Volumetric heat capacity
0.1 T T T T 17
0 20 40 60 80 100

Ferrite (phr)

Fig. 11. Influence of ferrite content on thermal
conductivity coefficient A and volumetric heat
capacity Cp of composites based on NR.

almost independently on the amount of strontium
ferrite.

Similarly, ferrites as metal oxide powders have
higher thermal conductivity than elastomers and
therefore their presence in rubber compounds
should lead to increased thermal conductivity
and thermal flow through the composites. Thus,
the thermal conductivity coefficient, A, and the
volumetric heat capacity, Cp, of rubber magnets
were also examined. As expected, thermal conduc-
tivity coefficient and volumetric heat capacity of
composites increased with the increasing amount
of strontium ferrite although the increase of both
parameters in dependence on the ferrite content
was not very significant (Figs. 11, 12). Based on the
achieved results it can be assumed that even at the
maximum ferrite content in the rubber matrix, the
percolation threshold of the filler is not reached
and therefore the increase of thermal conductivity
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Fig. 10. Influence of ferrite content on remanent
magnetic induction B, and coercivity H,
of composites based on carbon black batch.
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Fig. 12. Influence of ferrite content on thermal
conductivity coefficient A and volumetric heat
capacity Cp of composites based on carbon black
batch.

is not substantial. When comparing both composite
types, higher values of both parameters were found
for composites based on carbon black batch. Thus,
it can be concluded that carbon black also con-
tributes to the increase of thermal conductivity of
composite materials.

Conclusion

Rubber magnetic composites tested in this work
were prepared by incorporation of strontium fer-
rite into rubber compounds based on pure NR and
carbon black batch. The main aim was to investigate
the influence of magnetic filler content on the
cross-link density and properties of the prepared
composites.

The results revealed that the incorporation of
strontium ferrite leads to an increase of the cross-
link density of composites, while the structure of
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the formed sulfidic cross-links remained almost
unchanged with the change of the magnetic filler
content. Dependences of modulus M300, hardness
and elongation at break followed the those of cross-
link density showing that the higher is the cross-link
density, the higher is modulus and hardness and
the lower is elongation at break. Tensile strength
of composites based on carbon black batch showed
a decreasing trend with the increasing content of
magnetic filler, while positive effect of strontium
ferrite was recorded in case of composites based
on pure NR. This indicates a reinforcing effect of
strontium ferrite on the rubber matrix. The rema-
nent magnetic induction of both composite types
significantly improved with the increasing amount
of strontium ferrite. Incorporation of a magnetic
filler into rubber matrices leads also to an increase
of the thermo-physical characteristics of rubber
magnets.
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Abstract: A computational study using density functional theory is reported for selected model aza[n]circulenes

(n=6, 7, 8 and 9) and their derivatives consisting of pyrrole and benzene units. Local aromaticity of central rings
was discussed and analyzed using theoretical structural indices. Depending on their molecular structures,
energies of the highest occupied and lowest unoccupied molecular orbitals change from -5.23 eV to -4.08 eV and
from -1.97 eV to -0.41 eV, respectively. Based on B3LYP calculated optimal geometries, electronic structure of
molecules and their charge transport properties resulted in the suggestion of three planar molecules containing

three or four pyrrole units as potential candidates for p-type semiconductors. Hole drift mobilities for ideal
stacked dimers of these potential semiconductors were calculated and they range from 0.94 cm?®.V-'.s™! to

7.33 cm?. V.57l

Keywords: aromaticity index, HOMED, hole mobility, molecular orbitals, reorganization energy

Introduction

Hydrocarbon [n]circulenes represent a group
of fully conjugated polycyclic compounds charac-
terized by a central ring with [n] sides surrounded
by ortho-fused benzene rings (Hensel et al., 2015).
Nowadays, synthesized [n]circulenes and their
n-extended derivatives include bowl-shaped [4]cir-
culene (Bharat et al., 2010) and [5]circulene (Barth
and Lawton, 1996), planar [6]circulene (Scholl and
Meyer, 1932), saddle-shaped [7]circulene (Yamamo-
to et al., 1983) and [8]circulene (Feng et al., 2013).
Optimal geometries of all hydrocarbon [n]cir-
culenes from [3]circulene to [20]circulene were
theoretically predicted by Christoph and co-workers
(Christoph et al., 2008), who described the depend-
ence of strain energy on the enlargement of the
[n]circulene structure compared to the energy of
[6]circulene using the Density Functional Theory
(DFT) to predict molecular structure and implied
properties. On the other hand, the existence of [3]
circulene is considered to be unfeasible.

Replacing outer fused benzene rings by hetero-
cyclic rings results in planar condensed heterocyclic
compounds with highly n-conjugated electronic
structures which can eventually be used in many
important applications (Huong et al., 2015). Octa-
thio[8]circulene (CSy), called “sulflower”, is a
promising compound for optoelectronic applica-
tions, where all fused benzene rings are replaced by
eight fused thiophene rings. It was synthesized in
2006 for the first time (Chernichenko et al., 2006).

This compound was found to be a promising p-type
organic semiconductor by both experimental and
theoretical approaches (Dadvand et al., 2008; Datta
and Pati, 2007). Subsequently, electronic struc-
ture and charge transport properties of various
tetra-hetero[8]circulenes have also been extensively
studied (Mohakud and Pati, 2009; Gahungu et al.,
2009; Huong et al., 2012). Among them, organic
molecules as azatrioxa-, diazadioxa-, diazadithia-,
diazadiselena-[8]circulenes and tetrabenzotetra-
aza[8]circulene (Xiong et al., 2017; Sakamoto and
Suzuki, 2013) have also attracted considerable
attention because of functional motifs based on
the unique optical and electronic properties of
pyrroles. All the above mentioned heterocyclic [8]
circulenes were suggested as either p-type or n-type
organic semiconducting materials.

The concept of aromaticity is fundamental to
rationalize and understand the electronic structure
of compounds containing fused benzene and
heterocyclic rings. It has been studied and charac-
terized by many theoretical and organic chemists.
Electronic structure of aromatic molecules can be
investigated and described using different experi-
mental techniques and theoretical methods. From
the theoretical point of view, DFT represents one
of many chemical approaches for the quantification
of electron structure of conjugated systems with
moderate computational cost (Hohenberg and
Kohn, 1964; Runge and Gross, 1984). The DFT
method is convenient for the gas-phase optimal
geometry investigation of large molecules because
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it includes most effects of electron correlation.
Although the electronic structure of various aza-[8]
circulenes has been well characterized theoretically,
systematic theoretical comparative study on model
aza-[n]circulenes (n = 6, 7 and 9) and their deriva-
tives is absent in literature.

With respect to this fact, we decided to present a
theoretical analysis of electronic structures of the
model series of ten aza-[n]circulenes (n=6, 7, 8 and
9) and their derivatives (Fig. 1). Partial aims of this
study are: (1) to calculate optimal geometries; 2)
evaluate energies of frontier molecular orbitals and
visualize their shapes and (3) calculate reorganiza-
tion energies and drift mobilities. Consequently,
the local aromaticity of central rings is discussed
and hole mobilities are evaluated for selected model
n-stacking configurations of dimers.

Quantum chemical calculations method

Quantum chemical calculations were performed
using the Gaussian 09 program package (Frisch
et al., 2010). Optimal geometries of the studied
molecules were calculated by the DFT method
with BSLYP (Becke’s three parameter Lee—Yang—
Parr) (Lee et al., 1988; Becke, 1988) functional
without any constraints with the energy cut-off
of 107 kJ-mol™" and final RMS energy gradient
below 0.01 kJ-mol™-A™". For open-shell systems,
such as cations and anions, the unrestricted for-
malism (UB3LYP) was used. The SVP/SVPFit
basis set of atomic orbitals was applied for all atoms
(Eichkorn et al., 1995; Eichkorn et al., 1997). Next,
the basis set for nitrogen atoms was minimally
augmented with diffuse s- and p- functions by
the set of diffusion functions in a systematic way
(exponents of functions set to 1/3 of the exponent
of the lowest function in the non-augmented
basis set) (Zheng et al., 2011). Optimized struc-
tures were confirmed to be stable by vibrational
analysis (no imaginary vibrations). For the model
n-dimers, the interaction energy was corrected on
Basis Set Superposition Error (BSSE) (Boys and
Bernardi, 1970) using the Counterpoise method
(Simon et al., 1996; Xantheas et al., 1996) and
the BSLYP-D functional including the Grimme’s
dispersion D3 corrections on the van der Waals
interactions was used (Grimme et al., 2010). The
corresponding keyword in Gaussian input was
GD3BJ. Molecules and molecular orbitals were
visualized using the Molekel program package
(Flukiger et al.; 2002).

Strain energies of the molecules were calculated to
characterize structure modification of molecules
in comparison with fixed planar structure, which
is defined as the difference between electronic

B3LYP energy of optimal geometry and electronic
B3LYP energy of planar geometry with fixed atom
arrangement.

One possible way of central ring aromaticity quan-
tification is to express the geometrical changes of
carbon-carbon bond lengths with respect to the
structural changes using the Harmonic Oscillator
Model of Electron Delocalization (HOMED) index
(Frizzo and Martins, 2012)

HOMED = 1‘;{i(a_cf ~R, )2} (1)
i=1

where j represents the number of bonds con-
sidered and R, is the actual carbon-carbon bond
length (see Tab. 1). The B3YPL/SVP/SVPFit
optimized reference carbon-carbon bond length
(R.;) obtained from the benzene molecule is of
1.3988 A. The normalization constant, «, was cal-
culated using the following equation (O$smiatowski
et al., 2006)

-1

o= 2 {(Rref - Rsin )2 + (Rrﬁf - Rd‘)”b )2} (2)

where the reference single bond R, and the refer-
ence double bond Ry, were estimated from ethane
and ethene molecules respectively. Our calculated
single C—C and double C=C bond lengths were
1.5277 A and 1.3330 A, respectively. Based on these
bond lengths, the normalization constant is of
95.6 A,

Internal reorganization energy (\°) is another
important quantity describing structural changes
in molecules upon electron abstraction or addition.
These energies refer to the energy required for geo-
metry relaxation from the electroneutral to charged
state of molecule and vice versa (Brédas et al., 2004;
Wang et al., 2014; Da Silva Filho et al., 2005; Marcus,
1993). Based on the optimized electroneutral mole-
cule and cation/anion geometries, reorganization
energies are given by the equation

)\i:>\li+A2i:

3
= [Ei (QN )— Ei (Qi )} + [EN (Qi )— EN (QN )] @

where E,(Q,) is the total energy of charged state in
the electroneutral geometry, E.(Q.) is the total energy
of the charged state in the charged state geometry,
E\(Q,) is the total energy of the neutral state in the
charged state geometry, and Ex(Qy) is the total energy
of the electroneutral state in the neutral geometry
(Malagoli et al., 2004; Brédas et al., 2004).

To describe conductive properties, the hole-trans-
fer rate, k,,,, between two interacting subsystems
can be evaluated using classical Marcus formula
(Marcus, 1993; Sakanoue et al., 1999; Malagoli and
Brédas, 2000)
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Tab. 1. Selected B3LYP/SVP/SVPFit optimal bond lengths (in Angstroms) and HOMED parameters of

central rings of all studied molecules.

Molecule a b c d e f g h i HOMED
VI-N3 1.3773  1.3572 1.3773 1.3573 13772 1.3572 0.8950
VII-N3 1.4057 13839  1.4259 14204 14205  1.4258  1.3839 0.9606
VII-N4 1.3940 14332 14055  1.4332  1.3940  1.4130 1.4130 0.9610
VIII-N4 1.4151 1.4409 1.4151 1.4410 1.4151 1.4409 1.4151 1.4410 0.9026
IX-N4 1.4677 14877 14444 14597 1.4311 1.4597  1.4444 14877  1.4676 0.5979
IX-N5 1.4680 14533 14870  1.4533 14680 14249 14453 14453 14249 0.6926
VI-N6 1.4641 1.4389 14389  1.4641 1.4389  1.4389 0.7621
VII-N7 1.4378 14378 14303 14483 14283 14484  1.4301 0.8529
VIII-N8 1.3624 13625  1.3624  1.3625  1.3624  1.3625  1.3624  1.3625 0.8734
IX-N9 1.4300  1.4274 14278 14296 14259  1.4320  1.4249 14323 14257 0.9159

=

hole ——

] i

2 1| SXP|— (4)
kAT 4k, T

where ¢ represents an intermolecular hole-transfer
integral between the interacting molecular sites, &
is the reduced Planck constant, kg is the Boltzmann
constant, 7" is the thermodynamic temperature
and A" represents the hole reorganization energy.
The hole-transfer integrals for optimal dimer geo-
metries were calculated in the one-electron ap-
proximation using the direct evaluation method
(Nan et al., 2011).

At constant temperature, the hole drift mobility,
Hnole» €an be calculated by the Einstein—Smolu-
chowski relation (Maier and Ankerhold, 2010;
Cornil et al., 2002)

e 1 9

= __khole d (5)
kT 2m

#habz
where ¢ is the elementary charge. The length of
hopping pathway, d, is defined as the centroid-
to-centroid distance. Symbol m stands for space
dimensionality and k. is the hole-transfer rate.
Considering a two-dimensional transfer, m value
equals 2.

Results and Discussion

Chemical structure

Chemical structure of the investigated molecules
depends on the size of their central ring as well
as on the number of outer heterocyclic units.
According to the notation in Fig. 1, symmetric
[n]aza-[n]heterocirculenes containing [n] pyrrole
units (n = 6, 7 and 9) are distorted and exhibit
bowl-shaped structures (VI-N6, VII-N7 and IX-
N9, respectively). Within the group of studied
[n]aza-[n]heterocirculenes, the VIII-N8 molecule
is planar. Only the IX-N4 molecule shows a saddle-
shaped optimal geometry. Interestingly, theoretical
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results obtained for fully [n]thiophenyl-[n]circu-
lenes showed planarity and minimal strain energy
for molecules containing eight and nine thiophene
rings (Chernichenko et al., 2006). In case of the
remaining investigated molecules, separation of
pyrrole units by benzene ring supports the planar-
ity for almost all [n/2]aza[n]circulenes (n = 6, 8).
The theoretically predicted planar structure of the
VIII-N4 molecule is in agreement with the X-ray
structure of alkyl substituted tetraaza-[8]circulene
(Nagata et al., 2017). The largest IX-N5 molecule
is planar because of two condensed pyrrole rings
which results in the strain decrease in the central
ring compared with IX-N4. Interestingly, planar-
ity of VII-N3 is caused by two condensed benzene
rings in its structure. Generally, planarity of a
molecule is supported by lower strain in the struc-
ture characterized by strain energies and dihedral
angles. Strain energies, AE,, calculated with respect
to the fixed planar geometries changed from
57.3 kJ-mol” to 210 kJ-mol" for the bowl-type
structures (Fig. 2). Only one molecule, IX-N4,
exhibited the saddle-type structure and the cor-
responding strain energy was 17.6 kJ-mol™'. Di-
hedral angles studied are defined by three atoms
from the central ring characterizing one plane, the
fourth atom is carbon in fused pyrrole rings (see
Fig. 2). Bowl-shaped molecule VI-N6 provides the
smallest range of dihedral angles (118—126 °) and
so it is obvious that this molecule has the most sig-
nificant strain (with strain energy of 210 kJ - mol™)
compared with its fixed planar structure. On the
other hand, in case of the IX-N9 molecule, dihedral
angles are in the range from 143 ° to 153 ° and its
strain energy is of 57.3 kJ -mol™', which means that
this molecule is not significantly deformed related
to the planar structure.

Although the pyrrole and benzene building units
have aromatic character, central rings of the studied
aza-[n]circulenes do not have to be aromatic. The
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Side view

Top view

VI-N6 (AE, =210.0 k] -mol™'; § = 118—126 °)

Side view

Top view

VII-N7 (AE, = 165.4 k] -mol™; § = 127—135 °)

Side view

VII-N4 (AE, = 196.5 k] - mol™'; § = 142—161 °)

Top view

Fig. 2. Front and side views of the investigated non-planar molecules. B3LYP strain energies AE,
and dihedral angles 9 are written in parentheses. Grey balls (on left) symbolize carbon atoms providing
a dihedral angle 9. Corresponding colors of atoms: black — carbon, white — hydrogen, blue — nitrogen.

HOMED parameters evaluated for the central
molecular rings of the studied molecules exhibit
differences in the m-electron delocalization. An in-
crease of the HOMED index is related to significant
increase of m-electron delocalization in molecular
structures. Comparison of the HOMED parameters

collected in Tab. 1 shows that VII-N3 and VII-
N4 molecules exhibit the highest HOMED values of
0.96. On the other hand, the less aromatic character
(HOMED = 0.60) results in the saddle-shaped IX-
N4 molecule. Interestingly, molecular planarity does
not depend on the aromaticity of the central ring.
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Side view

Top view

IX-N9 (AE, =573 k] -mol™; 3 = 143—153 °)

Top view

Side view

IX-N4 (AE, = 17.6 k] - mol)

Top view

Fig. 2. (continued) Front and side views of the investigated non-planar molecules. B3LYP strain
energies AE,and dihedral angles 9 are written in parentheses. Grey balls (on left) symbolize carbon
atoms providing dihedral angle 8. Corresponding colors of atoms: black — carbon, white — hydrogen,
blue — nitrogen.

Calculated values of energy parameters for both
charged states are listed in Tab. 2. For planar
molecules, the BSLYP hole reorganization energy,
A", connected with the formation of cationic state
varies from 0.144 eV for IX-N5 to 0.332 eV for
VII-N3. In case of bowl-shaped molecules, the
VII-N7 molecule has the highest value of A"
(0.713 eV). The saddle shaped molecule IX-
N9 provides the hole reorganization energy of
0.638 eV. In case of anionic state formation, the
electron reorganization energies, A°, change
from 0.167 eV for the planar VIII-N8 molecule
to 0.685 eV for the bowl-shaped VI-N6 molecule.
The hole reorganization energy decreases as the
size of the m-conjugated system increases. The pre-
sented results are in good agreement with the ge-
neral trends suggested in literature. For example,
the calculated intramolecular hole reorganization
energy for an isolated tetracene is of 0.114 eV (Da
Silva Filho et al., 2005), which is nearly by 30 %

lower than that of the rubrene molecule (0.159 eV)
containing four perpendicularly oriented phenyl
rings. However, these values remain significantly
lower than that of bis-(triarylamine) derivative of
tetraphenyl-diamino-biphenyl (TPD) (0.290 eV)
(Malagoli et al., 2004), a well-established hole-
transport material. The low electron reorganiza-
tion energy of fullerenes can also be attributed
to their extended m-conjugation and their rigid
molecular structures. For example, the Cg, mole-
cule has been found to be an excellent n-type
acceptor with low electron reorganization energy
of 0.060 eV (Larsson et al., 1998). On the other
hand, theoretical B3LYP X values reported for
donor-acceptor 1,8-naphthalimide derivatives are
of 0.216—0.235 eV (Chai and Jin, 2016). For a
smaller fluorinated pentacene, the electron reorga-
nization energy is of 0.246 eV (Lukes et al., 2018)
and for tris(8-hydroxyquinolinato)aluminum
(Algs) it is of 0.296 eV (Friederich et al., 2016).
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Table 2: Vertical ionization potentials (VIP), adiabatic ionization potentials (AIP), vertical electron affinities
(VEA), adiabatic electron affinities (AEA), reorganization energies for hole and electron transfer
(A" and X, respectively) of studied molecules. All energies are in eV. Asterisks (*) indicate planar

molecules.

Molecule VIP AIP VEA AEA At A
*VI-N3 6.727 6.640 -0.593 -0.471 0.181 0.245
*VII-N3 6.400 6.150 -0.156 -0.055 0.332 0.205
VII-N4 6.279 6.014 -0.278 -0.114 0.421 0.339
*VIII-N4 6.309 6.233 0.237 0.329 0.149 0.184
IX-N4 5.923 5.830 0.058 0.185 0.176 0.262
*IX-N5 5.614 5.542 -0.291 -0.200 0.144 0.183
VI-N6 6.259 5.958 0.368 0.793 0.598 0.685
VII-N7 6.233 5.880 -0.040 0.268 0.713 0.606
*VIII-N8 5.646 5.537 -0.250 -0.169 0.220 0.167
IX-N9 5.480 5.136 -0.829 -0.620 0.638 0.645
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Fig. 3. Energy diagram of B3LYP/SVP frontier molecular orbitals for electroneutral states of studied
molecules. HOMO—LUMO energy gaps AE, (green band) are in eV. Asterisks (*) indicate planar
molecules.

Frontier molecular orbitals

Energy levels of frontier molecular orbitals have
direct influence on the carrier injection ability
and oxidation stability of the material. Based on
the B3LYP/SVP optimized structures of the elec-
troneutral state, energy levels of the Highest Oc-
cupied (HOMO) and Lowest Unoccupied (LUMO)
Molecular Orbitals were calculated. The obtained
results and corresponding energy gaps (AE,) for
all molecules are depicted in Fig. 3. Enlargement
of molecular structures with respect to the number
of building aromatic units significantly affects the
energy of frontier molecular orbitals. However,
there is no significant trend. In Fig. 3, the depicted
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blue bars represent LUMO energies within the
energy interval from -4.4 eV to -3.8 eV, which are
suitable to stabilize electrons during charge trans-
fer in electron transport materials (Liu et al., 2010;
Chang et al., 2010; Murphy and Fréchet, 2007).
Our theoretical calculations showed that LUMO
energies vary between -2.0 eV and -0.4 eV. These
values do not meet the above-mentioned criteria;
thus it is not an optimal setting for n-type semi-
conductivity.

On the other hand, the depicted pink bars indi-
cate the range of HOMO energy values typical
for commercial p-type organic semiconductors.
For example, the reported HOMO energies of
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Molecule

VI-N3

VII-N3

VIII-N4

Fig. 4. Shapes of B3LYP frontier molecular orbitals for selected electroneutral planar molecules VI-N3,
VII-N3 and VIII-N4. Corresponding colors of atoms: black — carbon, white — hydrogen,
blue — nitrogen. Depicted iso-surface value is 0.025 a.u.

o-sexithiophene and pentacene are of -5.3 eV and
-5.0 eV (Sigma Aldrich, 2019), respectively. In case
of the smallest planar VI-N3 molecule, the B3LYP
HOMO energy is of -5.26 eV and it is the lowest
HOMO energy compared with the remaining
studied molecules. The corresponding LUMO

energy is of -0.90 eV. The maximal value of HOMO
is of -4.10 eV for the saddle-shaped IX-N9 mole-
cule. Based on our results, HOMO energies of VII-
N3, VIII-N4 and VI-N3 fall within the interval of
HOMO energies typical for p-semiconductors (see
Fig. 3).
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The HOMO-LUMO energy gap (AE,) value re-
presents a theoretical parameter which corre-
sponds to the electrochemical gap. The B3LYP/
SVP AE, energy is the highest for the smallest pla-
nar molecule VI-N3 (4.36 eV) and the lowest for
the bowl-shaped VI-N6 molecule (2.62 eV).

With respect to the above-mentioned criteria,
molecules VII-N3, VIII-N4 and VI-N3 could be
used as potential p-type semiconductors because of
their low reorganization energies and their HOMO

energies falling within the interval typical for
p-semiconductor LUMO energies. Moreover, pla-
narity of these molecules supports their potential
application in optoelectronics.

Shapes of frontier molecular orbitals of selected
planar VII-N3, VIII-N4 and VI-N3 molecules
reveal the typical n-type molecular orbital charac-
ter. As it is demonstrated in Fig. 4 for the above-
mentioned promising molecules, the lobes of
HOMO for larger VII-N3 and VIII-N4 molecules

Side view

Top view

VI-N3 (AE,,=-16.7 k] - mol")

Side view

Top view

VII-N3 (AE;,= -60.7 k] - mol!)

Side view

Top view

VIII-N4 (AE,, = -44.0 k] - mol™)
Fig. 5. Side and top views of optimal geometries of model sandwich dimer configurations of VI-N3,

VII-N3 and VIII-N4. Counterpoise corrected B3LYP-D interaction energies AE;,, are written
in parentheses. Corresponding colors of atoms: black — carbon, white — hydrogen, blue — nitrogen.
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are spoke-wheel oriented towards the central ring.
Probably, the different shape of electron delocali-
zation in the smallest VI-N3 molecule is related to
lower aromaticity of its central ring (see Tab. 1).
A similar situation occurs in the delocalization of
LUMO clouds where electrons are depleted from
nitrogen atoms of pyrrole units. Interestingly, an
increase of central ring HOMED causes a decrease
of energy gaps of molecules.

Electrochemical properties of the investigated
organic molecules as well as their air stability are
also proportionally related to their ionization po-
tentials (IPs) and electron affinities (EAs). These
quantities are commonly used for the interpreta-
tion of electric solid-state experiments. According
to previous studies, the adiabatic IP (AIP) of the
selected air-stable p-type materials ranges from
5.9 eV to 6.8 eV, while the adiabatic EA (AEA) for
the air-stable n-type ones should be lower than
4.0 eV but higher than 2.8 eV (Liu et al., 2010;
Chang et al., 2010). The comparison of verti-
cal ionization potentials (VIP), vertical electron
affinities (VEA), adiabatic ionization potentials
(AIP) and adiabatic electron affinities (AEA) listed
in Tab. 2 supports the findings obtained from the
analysis of energies of frontier molecular orbitals.
The studied molecules are unsuitable organic
n-semiconductors. However, the planar VII-N3,
VIII-N4 and VI-N3 molecules could be perspec-
tive as p-type semiconductors.

Electric mobilities

Macroscopic properties of solid materials strongly
depend on the internal molecular structure. How-
ever, it is impossible to calculate the exact value of

35

microscopic electric quantities because they repre-
sent the statistical average value of local molecular
assemblies. To estimate and compare the p-type
semiconducting properties of selected perspective
molecules (VII-N3, VIII-N4 and VI-N3), model
dimers in perfectly parallel-stacked configuration
were investigated. As it is indicated in Fig. 5, the op-
timal intermolecular distances between molecular
planes are of 3.48 A, 3.60 A and 3.62 A for VI-N3,
VIII-N4 and VII-N3 sandwich dimers, respectively.
The corresponding interaction energies are of
-16.7 kJ-mol™! for VI-N3, -60.7 kJ-mol™' for VII-
N3 and -44.0 k] - mol™ for VIII-N4.

Hole-transfer integrals reach values of 0.302 eV
for VI-N3, 0.253 eV for VII-N3 and 0.216 eV for
VIII-N4. Consequently, according to equation (4),
the hole-transfer rates are of 6.15 x 10" s for VI-
N3, 0.74 x 10" s for VII-N3 and 4.78 x 10" s™! for
VIII-N4.

The drift hole mobilities evaluated by equa-
tion (5) for optimal geometries at 7= 298 K are
7.33 cm?-V-'.s7! for VI-N3, 0.94 cm?-V-'.s7! for
VII-N3 and 6.02 cm?- V-'.s7! for VIII-N4. Addi-
tionally, the hole drift mobilities dependence on
the distance between planes in the vicinity of the
minimal interaction energy of an ideal dimer, i.e.
d between 3 to 4 A, was studied because the dis-
placement between the molecular units can vary
in real solid materials. As it is illustrated in Fig. 6,
exponential decrease of the hole drift mobilities
occurred given by:

p’hole = Aexp(de) (6)

Correlation coefficients of the fitted function
are above 0.999. The lowest value of the preexpo-

30 |
25 [
20 F

15

Heore lem?V's!

0O VI-N3
O VI-N3
A VII-N4

3.0 3.2 34
d/A

Fig. 6. Dependence of hole electric mobilities on the distance for promising model dimers
of VI-N3, VII-N3 and VIII-N4.
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nential factor A was found for the VII-N3 dimer
and its value is of (7.7 £ 0.6) x 10> cm?-V-!.s7L,
These values for VI-N3 and VIII-N4 di-
mers are of (54 + 4) x 10° cm?.-V-'.s7! and
(14 £ 1) x 10*cm?*- V™' -s7!, respectively. Exponent
arguments B (in A™) are of 2.47 + 0.03 for the
VII-N3 dimer, 2.54 £ 0.02 for the VI-N3 dimer
and 2.79 £ 0.03 for the VIII-N4 sandwich dimer.
It seems that the magnitude order of obtained
values is comparable with the theoretical and ex-
perimental values reported in literature for hole
mobility of typical organic p-type semiconduc-
tors. For example, the hole drift mobility simu-
lated for perfect coronene and pentacene stacks
were found to be 14.93 cm?.-V-'.s!' (Bag and
Maiti, 2017) and 12.54 cm?®.-V-'.s! (Lukes et al.,
2018), respectively. However, experimental re-
sults for pentacene film layers are between 0.3
and 3.0 cm?-V™'.s! depending on the tempera-
ture and construction of field-effect transistors
(Lin et al., 1997; Yakuphanoglu et al., 2012).

Conclusions

Ten model aza-[n]circulenes (n = 6, 7, 8 and 9)
and their derivatives were studied at the density
functional theory level. The obtained theoretical
data show that local aromaticity of the central ring
is strongly dependent on the number of benzene
and pyrrole units and on their mutual position.
The minimal steric repulsion among the aryl rings
were found for the VI-N3, VII-N3, VIII-N4, VIII-
N8 and IX-N5 molecules. Depending on the mole-
cular structure, energies of the highest occupied
and lowest unoccupied molecular orbitals change
from -5.23 eV to -4.08 eV and from -1.97 eV
to -0.41 eV, respectively. A comparison of frontier
molecular orbital energies, ionization potentials
and electron affinities with data for typical organic
semiconductors showed that none of the studied
molecules are suitable to be n-type semiconductors.
On the other hand, based on the calculated electric
properties, planar VII-N3, VIII-N4 and VI-N3
molecules are potential p-type semiconductors. For
perfect-stacked sandwich dimers at optimal cen-
troid-to-centroid distance, the hole drift mobility
evaluated is maximal for VI-N3 with the value of
7.33 cm?- V-'.s7'. Molecule VII-N3 provides signifi-
cantly lower hole drift mobility of 0.94 cm®- V' s,
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Abstract: At the present time, characterised by worsening environmental conditions, the protection of human
organism against irreversible damage is necessary. Protective clothing on base of smart textiles represents the
future in human clothing. In this article, the effect of photochromic pigments on spinnability, drawability and

properties of pigmented polypropylene (PP) fibres is presented.

Mechanical properties (tenacity and elongation at break, Young’s modulus), thermo-mechanical properties
and the factor of average orientation of fibres were evaluated and discussed. The obtained results indicate a
possibility of fibres preparation with photochromic pigments.

Keywords: polypropylene, smart polymers, mechanical properties, thermal properties, photochromic materials

Introduction

We live in an overly-technological world. Everything
is advanced, modern, electronic, comfortable, but
also dangerous. These dangers have been created
by ourselves. On one hand, we improve our living
conditions and on the other, we are worsening the
living conditions on Earth. One of the impacts is the
formation of the ozone hole. The ozone layer ab-
sorbs dangerous UV rays coming to Earth (Frercks
atal., 2009). Solar radiation is an important natural
component because it is an important factor in the
Earth’s climate and it has a significant impact on the
environment. Ultraviolet part of the solar spectrum
(UV) plays an important role in many processes in
the biosphere. UV radiation has several beneficial
effects but it can also be very damaging if the UV
level exceeds ‘safe’ limits (Vikova and Vik, 2009).
UV radiation has shorter wavelength and higher
energy than visible light. It is an invisible part of
the spectrum of electromagnetic radiation with
frequencies ranging from 1012 to 1014 Hz and
wavelengths from 4 to 400 nm. Skin and eyes are
organs with the highest exposure to sunlight UV
radiation. Although hair and nails are also exposed
to harmful UV radiation, they are less important
from the medical point of view. UV radiation has
little penetration, so protection against it is easy.
Excessive exposure of human skin to the influence
of UVA and UVB radiation leads to skin damage
and aging, and long exposition to radiation leads to
skin tumours. Only suitable clothing, gloves, glasses
or sunscreen with a sufficiently high UV filter for
uncovered parts of the body (Vanicek at al., 2000)
can protect the body from UV radiation. Intelligent

textiles with built-in UV sensitive sensors can be
used in skin protection. People working in the
exterior, who are exposed to sunlight, would wear
garments indicating solar radiation intensity and
the need for increased protection just by changing
their colour intensity.

Smart textiles are specifically designed textile struc-
tures which in addition to fulfilling the functions
of normal fabrics respond and react to external
conditions and incentives of mechanical, electrical,
chemical and radiant or heat exposure (Bamfield,
2001). According to the reaction, they can be di-
vided into three classes: passive smart, active smart
and very smart materials. Passive smart materials
can only sense the environmental conditions or
stimuli; active smart materials sense and react to
the conditions or stimuli; very smart materials
can sense, react and adapt themselves accordingly
(Xiaoming, 2001).

One of the latest developments is the use of photo-
chromic materials reacting to UV radiation by
changing their colour. Flexibility of textile sensors
and the possibility of their integration into the gar-
ment structure allow movement of the textile into
which the sensor is inserted. One way of photochro-
mic dyes application in textiles is using inkjet print-
ing or exhaust dyeing. However, a reduction of the
photochromic effect during UV-radiation exposure
occurs due to photo-oxidation of photochromic
dyes or washing (Dietz and El'tsov, 1990). The
second way is the incorporation of photochromic
pigment in polymer matrix in melt during spin-
ning of fibres. The positive — pigment is dispersed
in the mass of the fibre and is more stable during
washing. These sensors, built-in textile materials
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(T-shirt, swim suit, etc.), would warn if the UV ra-
diation reached a high value and it is time to avoid
excessive exposure to the sun.

Photochromism is the reversible transformation
of a chemical species from one form to another
by absorption of electromagnetic radiation, where
the two forms have different absorption spectra.
It is simply defined as the light induced revers-
ible change of colour (Diirr and Bouas-Laurent,
2003). The original state referred to as A and the
transformed state referred to as B are both excited
simultaneously but the prevalent state depends on
the electromagnetic radiation (Crano and Gug-
lielmetti, 1999; Bouas-Laurent and Diirr, 2001).
Simple photochromic processes can be described as
described in Fig. 1.

A—"—B
) hI/QAT
Fig. 1. Scheme of a simple photochromic process
(Vikova, 2009).

Photochromic compounds can be divided into
five main classes: spiropyrans (spiroindolinobenzo-
pyrans), spironaphtoxazines, naphtopyrans (chro-
menes), fulgides and diarylethenes. In terms of
applicability to textile fibres, spiropyrans, spironaph-
toxazines and chromenes have been found as the
most suitable ones considering fatigue, life time and
fastness properties (Durasevic at al., 2011). Based on
the photochromic pigment, a simple textile sensor
sensitive to UV radiation for visual identification of
UV radiation has been developed. At present, there
is a large number of photochemical dyes. To indicate
the photochromic potential, these dyes have to be
embedded in the matrix. Technically and economi-
cally most important matrices are polymers, espe-
cially thermoplastics. Photochromic functionalized
polymers have specific characteristics and thus they
are very sensitive to their environment — structure
of polymer matrix or degradation of products and
additives. Therefore, parameters of photochromic
reactions such as speed, intensity, spectral distribu-
tion of colour change and fatigue phenomenon
after prolonged UV irradiation could be used as
matrix state sensors (Nechwatal and Nicolai, 2011).

Experimental part

Materials used

For the preparation of fibres, polypropylene Meto-
cene HM562R (PP) from LyondellBasell Industries,
c.o., Italy, was used. The characteristics of PP:

* meltflowrate MFR=25g/10 min (230°C/2.016 kg)
* melting temperature Tm (DSC) = 145 °C

In the experimental part of the work, commonly
available photochromic pigments Photopia®
Aqualite Ink Purple AQ-R (PURPLE) from Matsui
Shikiso Chemical Co.,Ltd., Japan, were used. These
pigments are able to change their colour with
sunlight or ultraviolet light. The photochromic pig-
ments are in form of paste containing 30—50 wt. %
of photochromic microcapsules.

Preparation of fibres

PP granules were mixed with photochromic pig-
ments in form of paste in two ways. In the first one,
the photochromic pigment was directly added to
the PP granules and mechanically mixed. In the
second one, the photochromic pigment was at first
dissolved in a small amount of ethanol (EtOH), and
then added to the PP granules. The amount of pig-
ment added corresponded to the final concentration
in the fibres. Concentrations of photochromic paste
in the fibres were 0.5; 1; 1.5; 2 and 3 wt. %. The next
step of prepared mixtures processing consisted in
drying for one hour with occasional mixing at the
drying temperature of 50 °C. Pigmented PP fibres
were prepared by spinning of the blend using a labo-
ratory spinning plant at the spinning temperature
of 220 °C for all prepared samples. Then, the fibres
were drawn using a laboratory drawing machine at
mutual draw ratios A = 3 and maximal draw ratios,
Amaws at the drawn temperature of 120 °C.

Methods used

Rheological properties of polymer melt: Rheological
properties of the polymer blends were measured
using a capillary extrusiometer Gottfert N 6967 with
extruder ¢ of 20 mm at 220 °C. Measurement condi-
tions were close to those in the spinning equipment,
namely dynamic conditions in the extruder before
blended melt extrusion. The Newton and Oswald de
Waele laws for basic rheological parameters determi-
nation: apparent viscosity, 77, and power law index, n,
which characterize the non-Newtonian behaviour of
the polymer melt, were used:

n=7/y (1)

(T=ky™ (2)

where 7 — shear stress, 7'— shear rate, n — apparent
viscosity, n — power law index, k£ — coefficient.

Mechanical properties: Mechanical properties (tenacity
and elongation at break, Young’s modulus) of PP
and pigmented PP fibres were evaluated. The In-
stron (Type 3343) was used to measure the mechani-
cal properties according to ISO 2062:1993 from
15 measurements. Initial length was 125 mm and
the deformation time was about 20 s. Mechanical
properties (tenacity and elongation at break, Young’s
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modulus) and their coefficients of variations were
evaluated by the Instron Software Series IX.
Thermo-mechanical properties: Thermo-mechanical
characteristics of PP and pigmented PP fibres were
measured by a Schimadzu TMA 50. Deformation
(extension or shrinkage) of fibres at constant load
in the temperature range of 30—100 °C (heating
speed of 5 °C/min.) were evaluated. The length of
fibres was 9.8 mm.

Thermal properties: Thermal properties were
measured by DSC 1/750 with a ceramic sensor
FRS5 by the SW STARe software from Metler
Toledo. Conditions used for the measurement
were: 1. heating: 50—220 °C, cooling: 220—50 °C,
2. heating: 50—220 °C. The speed of heating or
cooling was 10 °C/min and the measurements
were made in inert nitrogen atmosphere. Glass
temperature (7,), melting temperature (7,,) and
melting enthalpy (AH,) were determined.
Orientation of fibres: The speed of sound in PP
and pigmented PP fibres was measured by the
Dynamic Modulus Tester PPM-SR and it was used
according to standard PND 129-126-06. Factor of
average orientation (f,) of fibres was calculated by
measuring the speed of sound in oriented fibres:

5

.fu Cz

(3)

where: f, — factor of average orientation of fibres,
¢, — speed of sound in non-oriented fibres [km-s™'],
¢ — speed of sound in fibres [km-s™'].

Results and discussion

Rheological properties of PP and PP/PURPLE blends
Rheological properties of polymer melts provide
information about their behaviour, conditions
of shear and elongation flow and the processing
conditions. Rheological properties of polymer
blends were measured to monitor the impact of the
photochromic pigment content on the PP/PUR-
PLE melts processability. The melt flow properties
of PP and PP compositions were evaluated at dif-
ferent concentrations of photochromic pigments
(0.5, 1, 1.5, 2, and 3 wt. %) prepared with EtOH or
mechanically at 220 °C.

The results showed no influence of photochromic
pigments on the rheological properties of PP melt
nor on the PP/PURPLE blends preparation. De-
pendencies of shear stress, 7, on shear rate, v, for
all PP/PURPLE samples prepared with EtOH or
mechanically are almost identical with those of pure
PP (Figures 2, 3). Values of the power law index, n,
and viscosity, 1, of PP and PP/PURPLE blends are
very similar and these samples are characterized by
good processability (Tables 1, 2).

Mechanical properties of PP and PP/PURPLE fibres
The aim of this work was to prepare PP fibres
containing photochromic pigment with suitable
mechanical properties. The effect of fibres prepa-
ration and photochromic pigments concentration
were evaluated.

Tab. 1. Power law index, n, and viscosity, 7, of PP and PP/PURPLE blends prepared mechanically at

220 °C.
. 1 [Pa:s]
composition n
v =300s" ~ =500 s ~ =1000 s!
PP 562 R 0.41 217 161 107
PP+0.5 % PURPLE mech. 0.42 214 159 106
PP+1 % PURPLE mech. 0.41 216 159 105
PP+1.5 % PURPLE mech. 0.41 216 160 106
PP+2 % PURPLE mech. 0.41 217 160 106
PP+3 % PURPLE mech. 0.41 217 160 106

Tab. 2. Power law index, n, and viscosity, 7, of PPand PP/PURPLE blends prepared with EtOH at 220 °C.

composition n n [Pas]
¥ =300s"! v =500s"! ~ =1000 s!

PP 562 R 0.41 217 161 107
PP+ 0.5 % PURPLE EtOH 0.40 219 161 106
PP+ 1 % PURPLE EtOH 0.41 215 159 106
PP+ 1.5 % PURPLE EtOH 0.41 217 160 106
PP +2 % PURPLE EtOH 0.41 218 161 106
PP +3 % PURPLE EtOH 0.40 216 159 110
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Fig. 2. Flow curves of PP and samples PP/PURPLE EtOH with all concentrations
of photochromic paste.
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Fig. 3. Flow curves of PP and PP/PURPLEmech. samples mixed with all studied
photochromic paste concentrations.

All prepared fibres were drawn at maximal draw
ratio, A, and one mutual drawn ratio, A;. Samples
of PP fibres containing 3 wt. % of photochromic
paste were prepared with minor problems. How-
ever, PP + 3 % of PURPLE EtOH were not able to
spin at all.

Fibres from the PP/PURPLE mech. series drawn at
A showed improved tenacity at break at the concen-
tration of 0.5 wt. % compared to pure PP. Higher
concentration of photochromic pigment in fibres,
1—3 wt. %, improved the tenacity of break, but no
effect of the increasing photochromic pigment
concentration in fibres was observed. Tenacity at
break was 19.0—19.3 ¢N/tex with the exception of

PP + 2 % PURPLE where it was 18.2 cN/tex, which
is lower than for other pigmented fibres but still
higher than for pure PP.

Fibres from the PP/PURPLE mech. series drawn
at A, showed no significant effect of the increas-
ing photochromic pigment concentration on the
tenacity values. All fibres showed lower tenacity at
break compared to PP with the exception of fibres
concentration of 1.5 wt. %. Homogeneity of the
polymer mass with photochromic pigment and pig-
ment distribution in fibres were low because they
were not prepared from polymer concentrate but by
mechanical mixing of polymer granules and pho-
tochromic pigment before spinning. This assump-
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tion is supported also by high values of structural
non-uniformity of mechanical properties according
to their variation coefficients. Very similar depend-
ences were also shown for the Young’s modulus PP/
PURPLE mech. fibres (Tables 3 and 4).

Fibres from the PP/PURPLE mech. series drawn
at \; showed higher values of elongation at break
compared to pure PP. No significant dependence
on the increasing photochromic pigment concen-
tration and the elongation at break was observed.
Fibres with the photochromic pigment content of
0.5; 1.5 and 3 wt. % have very similar values of elon-
gation at break (70—72 %). PP + 1 % PURPLE fibres
show low elongation at break (54 %) and also low
tenacity at break compared with other pigmented
fibres. Photochromic pigment concentration of
2 wt. % caused significant increase of elongation at
break (81 %).

For PP/PURPLE EtOH fibres drawn at As;, the
tenacity at break decreased to 18.2 ¢cN/tex (PP + 1 %
PURPLE EtOH); for the highest photochromic pig-
ment concentration (PP +2 % PURPLE EtOH) is the
tenacity at break the highest (Table 5 and 6).

For all PP/PURPLE EtOH fibres drawn at \,,,,
with the increasing concentration of photochromic
pigment, the values of tenacity at break and Young’s
modulus decrease as confirmed by the decreasing
value of the maximal drawn ratio compared with
pure PP. Conversely, values of elongation at break
are higher than for pure PP. Higher values of

elongation at break were measured for fibres with
1 and 1.5 wt. % of photochromic pigment. For no
PP/PURPLE EtOH (); and A,,,,) sample, depend-
ence between the increasing photochromic pigment
concentration and values of elongation at break for
the prepared fibres was observed.

Non-uniformity of the fibres mechanical proper-
ties, such as tenacity and elongation at break and
Young’s modulus, results from the non-uniformity
of the fibre macrostructure, the number of weak-
nesses, macro and micro defects of individual
filaments, non-uniformity of the fibres cross
section, and the non-uniformity of molecular,
supramolecular and morphological structures. It
is a realistic assumption that the cumulative effect
of these variables is reflected in fibre deformation.
The variation coefficients show the non-uniformity
of PP fibres containing PURPLE photochemical
pigment (Tables 3—6).

Thermo-mechanical properties of PP and PP/
PURPLE fibres

Figures 4 and 5 provide graphical presentation
of dimensional stability (deformation) for PP and
PP/PURPLE fibres and the effect of photochromic
pigment content and the preparation procedure
on the deformation of these fibres in dependence
on temperature in the defined temperature mode.
Dimensional stability (deformation) of all fibres by
their shrinkage is shown.

Tab. 3. Tenacity, o, and elongation at break, ¢, Young’s modulus, E, and their coefficients of variation for
PP and PP/PURPLE mech fibres drawn at \_..

Fibre N o CVo € CVe E CVg

> [cN/tex] [%] [%] [%] [N/tex] [%]
PP 562R 4.8 25.8 5.6 46 15.1 2.90 8.7
PP+ 0.5 % PURPLE mech. 3.8 22.9 10.9 70 10.8 2.31 10.2
PP+ 1 % PURPLE mech. 3.5 18.2 9.1 54 10.3 1.88 11.7
PP+ 1.5 % PURPLE mech. 4.0 26.9 12.2 71 13.8 2.70 17.0
PP +2 % PURPLE mech. 3.5 22.8 13.6 81 10.0 2.31 6.0
PP + 3 % PURPLE mech. 3.5 24.2 9.3 72 10.7 2.21 4.8

Tab. 4. Tenacity, o, and elongation at break, e, Young’s modulus, E, and their coefficients of variation for

PP and PP/PURPLE mech fibres drawn at \s.

Fibre N o CVo € CVe E CVg

[cN/tex] [%] [%] [%] [N/tex] [%]
PP 562R 3.0 17.2 10.7 126 10.3 1.40 15.0
PP+ 0.5 % PURPLE mech. 3.0 20.0 12.5 101 14.8 1.83 12.3
PP+ 1 % PURPLE mech. 3.0 19.0 14.6 100 10.7 1.62 9.8
PP+ 1.5 % PURPLE mech. 3.0 19.3 7.8 98 10.5 1.69 11.7
PP +2 % PURPLE mech. 3.0 18.2 8.9 80 10.2 1.63 10.7
PP + 3 % PURPLE mech. 3.0 19.2 9.9 87 8.6 1.55 4.6
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Tab. 5. Tenacity, o, and elongation at break, ¢, Young’s modulus, E, and their coefficients of variation for
PP and PP/PURPLE EtOH fibres drawn at \_..

Fibre \ o CVo e CVe E CVy
e [cN/tex] [%] (%] [%] [N/tex] [%]
PP 562R 4.8 29.6 4.1 38 12.3 3.19 6.8
PP+ 0.5 % PURPLE EtOH 4.2 27.1 10.4 58 7.4 2.66 10.4
PP+ 1 % PURPLE EtOH 3.7 21.5 12.0 69 13.4 2.22 14.7
PP+ 1.5 % PURPLE EtOH 3.4 19.1 10.6 67 9.8 1.79 16.3
PP +2 % PURPLE EtOH 3.2 13.9 23.9 60 11.7 1.51 11.2
PP+ 3 % PURPLE EtOH 1.0 - - - - - -

Tab. 6. Tenacity, o, and elongation at break, €, Young’s modulus, E, and their coefficients of variation for
PP and PP/PURPLE EtOH fibres drawn at A;.

. o CVo € CVe E CVg
Fibre A
[cN/tex] [%] [%] [%] [N/tex] [%]
PP 562R 3.0 19.9 10.7 115 12.3 1.55 9.3
PP+0.5 % PURPLE EtOH 3.0 17.7 7.7 100 9.8 1.51 9.6
PP+1 % PURPLE EtOH 3.0 16.4 22.0 78 8.9 1.67 17.7
PP+1.5 % PURPLE EtOH 3.0 15.9 11.2 81 15.3 1.51 16.1
PP+2 % PURPLE EtOH 3.0 21.5 8.1 91 11.5 1.91 13.7
PP+3 % PURPLE EtOH 1.0 - - - - - -
4
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Fig. 4. Dependence of deformation — shrinkage /[%] of PP and PP/PURPLE fibres drawn
at \;on photochromic pigment concentration.

PP/PURPLE fibres drawn at \; showed lower de-
formation and thereby better dimensional stability
as pure PP fibres (Figure 4). Deformation of PP/
PURPLE mech. fibres is almost the same and that
of PP/PURPLE EtOH fibres, which decreases
with the pigment content, is significantly lower. An
exception are fibres with pigment concentration of
1 wt. %, which showed higher deformation probably
due to higher pigment concentration in fibres caus-
ing an increase of the PP temperature resistance.

PP/PURPLE fibres drawn at A, showed higher
deformation as pure PP fibres (Figure 5) which can
be a result of the action of internal stresses created
during the orientation by spinning and drawing.

PP/PURPLE EtOH fibres drawn at A, showed a
very similar deformation. The exception are fibres
with pigment concentration of 1 wt. %, which
showed the highest deformation. For PP/PURPLE
mech. drawn at A,,,, the deformation is different
as it is not dependt on the pigment content. For
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Fig. 5. Dependence of deformation — shrinkage {[%] of PP and PP/PURPLE fibres drawn
at A, on photochromic pigment concentration.

fibres with pigment concentration of 0.5 wt. %,
the highest deformation was found while lower de-
formation was determined for fibres with pigment
concentration of 1 wt. % and 2 wt. % compared to
pure PP fibres.

From the results in Tables 7 and 8 it can be seen that
the concentration of photochromic pigment does
not significantly affect the deformation temperature
of PP and PP/PURPLE fibres drawn at \,,.. The

Tab. 7. Temperature of deformation of PP and
PP/PURPLE fibres drawn at \,.

Fibre Tl
EtOH mech.

PP 562R 65.9 65.9
PP+ 0.5 % PURPLE 72.3 56.8
PP+ 1 % PURPLE 60.1 67.9
PP+ 1.5 % PURPLE 65.7 64.6
PP +2 % PURPLE 53.8 58.7
PP+ 3 % PURPLE - 57.6

Tab. 8. Temperature of deformation of PP and
PP/PURPLE fibres drawn at A,,,.

Fibre rral
EtOH mech.

PP 562R 55.2 55.2
PP+ 0.5 % PURPLE 57.1 55.5
PP +1 % PURPLE 57.1 68.0
PP+ 1.5 % PURPLE 53.7 62.3
PP +2 % PURPLE 56.4 61.9
PP+ 3 % PURPLE - 59.3
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highest temperature of deformation was determined
for PP/PURPLE EtOH fibres with 0.5 wt. % of
photochromic paste drawn at A\; while PP/PURPLE
mech. fibres with the same concentration showed the
lowest temperature of deformation.

Thermal properties

Thermal properties from the first heating show
the effect of fibres processing and polymer mixing
with pigment (Tables 9 and 10). Thermal proper-
ties were measured only for fibres drawn at the
maximal drawn ratio, A,,..

Fibres prepared by mechanical mixing of the
pigment with polymer have lower 7, than pure
PP, except for PP + 1.5 % PURPLE fibres with the
highest 7,,; (Table 9). Fibres prepared by mixing
of polymer with pigment in form of photochro-
mic paste dissolved in a small amount of ethanol
have higher T, values for pigment concentration
of 1 wt. % and 1.5 wt. % than pure PP (Table 10).
Melting temperature, 7,,,, of all PP/PURPLE fibres
is almost the same. No significant effect of the
increasing photochromic pigment concentration.
The pigment in the polymer has no nucleation ef-
fect, which results from constant 7,,, value for the
whole concentration range of pigment in polymer,
regardless of the fibre preparation method.
Melting enthalpy of the first heating is slightly
higher for PP/PURPLE mech. fibres compared to
the PP/PURPLE EtOH fibres. Higher AH,, means
higher crystalline portion in the fibres compared
to non-oriented polymer. At the second heating,
higher enthalpy was found for pigment concentra-
tion of 1—1.5 wt. % for both preparation methods
(Tables 9 and 10).
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Tab. 9. Melting temperature, 7, and melting enthalpy, AH,, of PP and PP/PURPLE mech. fibres drawn

at A
. first heating second heating
Fibre
T,,[°C] AH,, [Jg"] T,.[°C] AH,,[Jg]

PP 562R 147.4 81.6 144 .4 78.0
PP + 0.5 % PURPLE mech. 146.2 86.4 144.0 76.0
PP + 1 % PURPLE mech. 146.3 77.2 144.2 76.5
PP + 1.5 % PURPLE mech. 147.6 80.3 144.2 80.1
PP +2 % PURPLE mech. 146.3 79.1 144.4 77.6
PP + 3 % PURPLE mech. 147.0 75.9 144.8 775

Tab. 10. Melting temperature, T,, and melting enthalpy, AH,, of PPand PP/PURPLE EtOH fibres drawn

at A\
Fibre first heating second heating
T, [°C] AH, [Jg"] T,.[°C] AH,,[Jg"]

PP 562R 147.4 81.6 144.4 78.0
PP + 0.5 % PURPLE EtOH 147.3 76.1 144.2 75.1
PP +1 % PURPLE EtOH 148.1 77.6 144.7 82.5
PP+ 1.5 % PURPLE EtOH 148.4 77.6 144.5 83.4
PP +2 % PURPLE EtOH 146.0 69.6 144.3 76.1

PP +3 % PURPLE EtOH -

Orientation of fibres

Average orientation of fibres is determined by the
speed of sound method and consequently by calcu-
lating the factor of average orientation, f,.

Tab. 11. Factor of average orientation, f,, of PP and
PP/PURPLE fibres drawn at ..

Fibre Jo

EtOH mech.
PP 562R 0.715 0.715
PP+ 0.5 % PURPLE 0.698 0.670
PP+ 1 % PURPLE 0.673 0.652
PP+ 1.5 % PURPLE 0.626 0.708
PP +2 % PURPLE 0.622 0.692
PP+ 3 % PURPLE - 0.653

Tab. 12. Factor of average orientation, f,, of PPand
PP/PURPLE fibres drawn at \,.

Fibre Ja

EtOH mech.
PP 562R 0.574 0.574
PP+ 0.5 % PURPLE 0.566 0.671
PP +1 % PURPLE 0.595 0.599
PP+ 1.5 % PURPLE 0.663 0.628
PP +2 % PURPLE 0.564 0.622
PP+ 3 % PURPLE - 0.613

Values of the factor of average orientation measured
for PP/PURPLE fibres drawn at ), are almost the
same for both series of prepared fibres and they
are in the range of 0.6—0.72 (Tables 11). The best
orientation was found for pure PP fibres, which
corresponds to the highest drawn ratio, A,... A
similar value of the factor of average orientation
was determined for a sample with the photochromic
paste concentration of 1.5 %, which agrees with the
mechanical properties of these fibres and provides
the most optimal pigment concentration in PP. For
a mutual drawn ratio, )A;, factors of average orienta-
tion are lower, probably because of the insufficiently
drawn fibres at this ratio and thus their insufficient
orientation (Table 12).

Conclusions

Experimental part of the present work has con-
firmed that it is possible to prepare PP fibres
containing photochromic pigment in their mass
and that these fibres show satisfying mechanical
properties.

Two series of fibres containing photochromic
pigments, which differ in the PP granulate and
photochromic pigment mixing procedure, were
prepared. Rheological properties of PP melt
containing photochromic pigment showed that
the photochromic pigment does not significantly
affect the PP flow properties. Another goal of the
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experiment was to evaluate the properties of pre-
pared fibres. From the results obtained it cannot
be clearly determined which method of pigmented
PP fibres preparation is more advantageous. Di-
mensional stability of all fibres was manifested by
their shrinkage. Fibres drawn at )\; showed lower
deformation and thus better dimensional stability
than fibres drawn at A,,,,. Concentration of photo-
chromic pigment in the mass of PP fibres does not
significantly affect their deformation temperature.
No significant effect of photochromic pigment con-
centration increase or the preparation method used
on the factor of average orientation was observed.
Properties of these fibres can be improved in future
by optimizing the PP fibre preparation, conditions
in the pigment blending process and spinning
process.
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Substrate inhibition and pH effect
on denitritation with granular biomass
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Abstract: Undissociated HNO, (up to 2 mg dm™) was confirmed as substrate inhibitor for granular biomass
from a denitritation upflow sludge bed reactor used for biological removal of nitrite. On the contrary, total
nitrite nitrogen (N-NOyup to 500 mg dm™) and methanol (COD up to 2000 mg dm™) were not proven to be
inhibitors. pH also affected the denitritation efficiency (optimal pH was 5.9). Reduction of HNO, concentration

in the reactor by effluent recycling is recommended.

Keywords: denitritation, granulated biomass, methanol, pH, substrate inhibition, undissociated HNO,

Introduction

Denitritation is a reaction in which nitrite nitrogen
(N-NOy) is biologically removed to gaseous N,. This
process can be used for the treatment of various
wastewater types, e.g. industrial wastewater contain-
ing N-NO, or wastewater after partial nitrification
(nitritation), where ammonium nitrogen (N-NH,)
is oxidized only to N-NO, with inhibited nitrite

6

a)

c)

oxidizing bacteria (NOB) (Hellinga et al., 1998; Je-
nicek et al., 2004; Svehla et al., 2014). Denitritation
can be realized in various reactor types, including
activated sludge reactors with suspended biomass,
biofilters with fixed bed biomass, and specific reac-
tors, such as the upflow sludge bed (USB) reactors
(Fig. 1) with granular biomass (Galbova et al.,
2010; Pagacova et al., 2009; Pagacova et al., 2010).
In USB reactors, biomass is exposed to a substrate

— -

Fig. 1. a) Denitritation USB reactor: 1) substrate (wastewater with N-NO,and organic compound
e.g. methanol); 2) influent pump; 3) sludge bed with granular biomass; 4) g/1/s separator;
5) denitritation gas (mainly Ny); 6) treated wastewater effluent; 7) recycle of treated wastewater.
b) Details of g-1-s separator: 1) influent; 2) sludge bed; 3) separator; 4) denitritation gas; 5) effluent.
¢) granular denitritation biomass.
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concentration gradient, with higher concentrations
of substrate (N-NO, plus organic compound, e.g.
methanol) in the bottom part of the reactor.
N-NOyis commonly described as a possible inhibi-
tor of biological processes. However, most attention
has been focused on the impact on nitrification
(either in the dissociated form of NO, (Buday et
al., 1999) or the undissociated form of HNO, (An-
thonisen et al., 1976; Park et al., 2010)). Here, also
methanol was considered as a potential alternative
inhibitor of biological processes.

Little information on the N-NO, or methanol
inhibitory effect (substrate inhibition) on denitrita-
tion granular biomass is available. Only the effect
of N-NO; on denitrification has been reported.
According to Bilanovic et al. (1999) and Chen et
al. (1991), concentrations of 100—200 mg dm™
and 2000 mg dm™ of total N-NO,, respectively,
did not inhibit denitrification (measured in experi-
ments conducted with adapted biomass). Beccari
et al. (1983) and Versefeld et al. (1977) observed
denitrification inhibition at 10—150 mg dm™ of
total N-NO, with non-adapted biomass. According
to Abeling et al. (1992), denitrification was inhibi-
ted by undissociated HNO,, with an inhibitory
limit of 0.13 mg dm™ of HNO,. Chen et al. (1991)
determined that adapted denitrification bacteria
can tolerate 0.02—0.16 mg dm™ of HNO,.

Potential risk of denitritation substrate inhibition
was described in Babjakova et al. (2013). In USB
reactors with granular biomass, the efficiency of
denitritation with methanol as an external organic
substrate was significantly reduced after the inter-
ruption of treated water recycle (Fig. 1a, stream 7).
One possible explanation is that the inflow was not
diluted with the recycle. This dilution reduced the

2a 50

r. (mgg'h')

0 i i i i
0 50 100 150 200 250 300 350 400 450 500
S (mgdm?)

negative influence of the substrate concentration
on the denitritation biomass.

For this reason, a series of inhibition tests with
granular denitritation biomass were performed.
The effects of total N-NO, (dissociated plus undis-
sociated form), undissociated HNQO,, methanol
concentration, and pH were monitored with the
aim to determine substrate inhibition on granular
biomass. Methanol is a typical organic substrate
used for denitritation or denitrification because
it is easily biodegradable, relatively cheap and
contains carbon with low oxidation number (-II).
Compact granules with diameters from 1 to 3 mm
(Fig. 1lc¢) are generally considered to be more
resistant to external influence because, compared
to ambient water, relatively large volumes with
different conditions are likely to occur inside the
granules. For example, OH™ and HCO,™ ions pro-
duced by denitritation can increase pH inside the
granules (Drtil et al., 1995) or the substrate con-
centrations might be lower due to lower substrate
diffusion into the granules.

In cases where that substrate is not an inhibitor,
kinetics of substrate removal can be described by
the Monod equation (Eq. 1, Fig. 2a). From this
equation it follows that the removal rate increases
with the increasing substrate concentration until
the maximum removal rate is reached:

S/ (Kg+ S) (1)

where 1, is the specific substrate removal rate

rx= 7X, max *

(mg g'h™); mg of substrate per gram of biomass),
7 max 18 the specific maximum substrate removal rate
(mg g™'h™"), Sis the substrate concentration (mg dm™)
and Kj is the saturation constant (concentration of

substrate S with removal rate equal to 7, .,/ 2).

2b so0

r)(,mr.x

30

20

rv (mgg'ht)

7

1
. Kl[b] i Klfa}
0 : ¥
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S (mgdmJ)

Fig. 2. Typical dependence of substrate kinetics according to the Monod equation (Fig. 2a, Eq. 1.
No substrate inhibition: 7y . =40 mg g h™!, Kg= 10 mg dm™) and the Haldane equation (Figure 2b,

Eq. 2. Substrate exhibits inhibition. Full line: ry ., =

40 mg g'h”!, K¢=10 mg dm™, K, =450 mg dm™,

intermittent line: TX, max = 40 mg g71 h—l, Kg =10 mg dm’s, Kl(b) = 250 mg dm’%)
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If the substrate is an inhibitor, 7, values are lower
due to inhibition and 7, begins to decrease from a
certain S. The Haldane equation is most commonly
used to describe the substrate inhibition kinetics
(Eq. 2, Fig. 2b) (Carrera et al., 2004):

rx= rX, max S/(KS + S+ SQ/KI) (2)

where 7, is the specific rate of substrate removal
(mg g'h™), 7, . is the specific maximum substrate
removal rate (mg g h™'), S is the substrate con-
centration (mg dm™), Ky is the saturation constant
(concentration of substrate § with removal rate
equal to 7, ../2) and K; is the inhibitory constant.
The substrate inhibition is inversely correlated with
the inhibitory constant K. Figure 2b shows that in-
hibition is more intensive if K, (intermittent line)
is lower than K, (full line).

Materials and methods

Denitritation inhibition tests were realized with
granular biomass samples taken from a laboratory
USB reactor (Fig. 1) already adapted to denitrita-
tion with methanol (wastewater containing 500 mg
dm™ of N-NOyand 1500 mg dm™ of COD,,,cpane Was
treated with denitritation efficiency higher than
95 % at the loading of 2 kg N-NO,m™d™" and the
recycle ratio of 1). The biomass sample was mixed
half a day before the test to reach endogenous con-
ditions without exogenous substrate and was then
repeatedly washed with drinking water without O,
(water after nitrogen sparging). Initial biomass con-
centration in the test was 8 g dm™ and its change
during the experiment was negligible.

The denitritation tests were performed similarly to
the batch kinetic tests. PO,-P (KH,PO,) was added
at the start of each test so that the weight ratio
COD,ehanot © P was 100 : 1, while pH was adjusted
to the desired value with 1 M and 0.1 M HCI or
NaOH. Subsequently, the mixture was sparged with
nitrogen for 30 minutes to completely remove dis-
solved oxygen, and specific amounts of N-NO, and
methanol were added to this mixture. Concentra-
tions of N-NO, in the tests were in the range from
5 to 500 mg dm™, and those of COD,, o WeTe
in the range from 20 to 2000 mg dm™. The pH
range in the tests was from 4.6 to 8.5. The relevant
concentrations of undissociated HNO, were calcu-
lated according to Anthonisen et al. (1976) from
the concentration of N-NOyand pH (Eqs. 3 and 4).
Concentration range of HNO, was from 0.0002 to
2 mg dm™.

HNO, = (47/14) - N-NO,/(K, - 10P") (3)

where HNO, and N-NO, are the concentrations in
mg dm~, and K, is the ionization constant of HNO,.

K, = e(-2300/T) 4)

where T is the temperature in Kelvin.

A total of 21 denitritation tests were performed.
The biomass was mechanically stirred in 300 mL
closed flasks during the tests. The stirrer speed was
up to 100 min™' (sufficient for mixing of granular
biomass without its mechanical destruction). With
regard to the production of OH™ in the denitrita-
tion, pH was continuously adjusted to the initial
value by additions of 0.1 and 0.01 M HCL

Activity of denitritation biomass was evaluated from
the specific denitritation rates, ry (mg of N-NO, per
gram of biomass per hour) measured at various
concentrations of methanol, N-NO,, and at different
pH values. The rates were calculated from the linear
part of the N-NO, concentration decrease curve.
Samples with the volume of 5 mL were taken in 10-
to 30-min intervals, they were filtered immediately,
and the N-NO, concentration was determined by a
spectrophotometric method (APHA, 2005). Tem-
perature in the tests was between 18—21 °C.

Results and discussion

Specific denitritation rates, 7y, are summarized in
Figures 3—5. Dependencies in these figures were
compared with the Haldane kinetics model (their
correspondence with Eq. 2 and Fig. 2b). The cor-
relation coefficients show the compliance with this
equation (the closer the correlation coefficient is to
1, the higher the conformity with Eq. 2). Similarly,
the substrate inhibition of nitrification was evaluated
in Buday et al. (1999) and Carrera et al. (2004).
Comparing Figures 3 and 4 with Figure 2b, it is
evident that N-NOy and methanol do not show any
dependence, which confirms substrate inhibition.
This conclusion was also confirmed by the very
low calculated correlation coefficient values. Cor-
relation coefficient for N-NO, was only 0.13 (other
parameters from Eq. 2 were: 7, . = 2.1 mg g’ h™,
K¢ =5 mg dm™, K; = 1950 mg dm™) and that for
COD was 0.11 (7, 0 =2.5 mg g”'h™'; Kg=76 mg dm™;
K;=2670 mg dm™).

Substrate inhibition, which correlates with the
Haldane kinetics and Eq. 2, was observed only
with undissociated HNO, (Fig. 5). In this case,
denitritation activity increased with the increasing
HNO, concentration; reaching a maximum at the
concentration of 0.01—0.1 mg dm™; then it begun
to decrease with the increasing HNO, concentra-
tion. The calculated correlation coefficient was
0.79, which confirms the dependence according
to Eq 2. Therefore, in Figure 5, experimentally
measured values were compared with the depend-
ence calculated according to Eq. 2 (intermittent
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is introduced to better distinguish 7, values at low HNO, concentrations.

curve with calculated 7, ., = 2.03 mg g' h”,
K¢ = 0.00028 mg dm™, K; = 0.95 mg dm™, cor-
relation coefficient = 0.79). Similar inhibition
limit for denitrification (0.13 mg dm™ HNO,)
was measured also by Abeling et al. (1992). The
range of HNO, concentrations still tolerated by
denitritation granular biomass (up to 1.9 mg dm™
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according to Fig. 5) is wider than the range re-
ported by Chen et al. (1991) (up to 0.16 mg dm™
HNO,). However, the decrease of denitritation
activity with the increasing HNO, concentration
is significant (35 % inhibition compared to the
maximum 7y at 0.5 mg dm™ of HNOyand 75 % at
1.9 mg dm™ of HNOy; Fig. 5).

Kecskésova S et al., Substrate inhibition and pH effect on denitritation with granular biomass.



(]

+ 4,5 5 5.5 6

pH

SO O OB

6,5 7 15 8 B.5 9

Fig. 6. Effect of pH on denitritation rates, 7y.

Inhibition found for undissociated HNO, explains
the reduced denitritation efficiency in USB reactors
without effluent recycle (Fig. 1a, without stream 7)
Babjakova et al. (2013). Recycle dilutes the influent
and reduces the HNO, concentration in the reactor,
especially in the bottom part with the sludge bed.
Therefore, effluent recycle is recommended for
any upflow reactor with substrate concentration
gradient.

The dependence of ryand pH (Fig. 6) summarized
from all tests shows that pH 5.9 is optimal for deni-
tritation. The dependence of r, and pH in Figure 6
is also highlighted by a trend line (intermittent
curve with a calculated correlation coefficient of
0.93).

It is interesting that denitritation was observed
also at very low pH = 4.6. This can be explained by
higher internal pH in big and compact granules
with diameters of up to 3 mm (Fig. 1c) compared
to ambient water (due to denitritation producing
OH" and subsequently HCOj;™ ions, Drtil et al.,
1995). Such internal conditions with pH different
from ambient wastewater was detected also in the
experiments with biomass fixed in polyurethane
cubes used as biomass carrier (cubes with the size
from 0,75 cm up to 1,5 cm, with fixed biomass con-
centration of up to 13.3 g dm™, Drtil et al., 1994).
Simultaneous denitrification in deeper parts of the
biomass carriers improved nitrification at acid pH
of 4.2—-6.2.

Figures 3—6 also illustrate the relatively low denitri-
tation rates of granular biomass from a USB reactor
in the range of 0.4 to 2.2 mg N-NO, g™ h™'. Similar
rates (0.4 mg N-NO, g"' h™') were obtained by Abe-
ling et al. (1992). However, much higher values, up
to 7.7 mg N-NO, g"' h™', were reported by Chen et
al. (1991). Re-calculating the rates in Figures 3—6 to
oxygen equivalents (I mg of N-NO, is equivalent

to 1.7 mg of O,; 1 mole of nitrogen accepts 3 elec-
trons, and 1 mole of oxygen accepts 2 electrons)
provides rates equivalent to respiratory rates of
0.7—3.4 mg O, g™' h™'. Such values are relatively low
considering they represent the total rate including
endogenous and exogenous denitritation with
methanol (e.g., compare with Cech et al. (1984)).
However, this fact does not handicap granular
biomass in the USB reactor; due to excellent sedi-
mentation properties of the granules, it is possible
to maintain extremely high biomass concentrations
in the USB reactor (up to 40—50 g dm™, Pagacova
etal., 2010).

Conclusions

A series of inhibition tests have shown the effect of
substrate inhibition on adapted granular denitrita-
tion biomass only for undissociated HNO,. Total
N-NO, and methanol were not confirmed as relevant
substrate inhibitors in the tested concentration
range. Optimal denitritation pH was 5.9. Denitrita-
tion rates higher than 0.4 mg N-NO, g' h™' (with
maximum of 2.2 mg N-NO, g"' h™') were measured
with granular biomass at concentrations up to
500 mg dm™ of N-NO,, 2000 mg dm™ of COD,,inanel
and 2 mg dm™ of undissociated HNO,.
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Bis(3-methylsalicylato)bis(picolinamide)copper(II)
complex — preparation, spectral properties
and supposed structure
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Abstract: Blue methylsalicylatocopper(IT) complex with picolinamide Cu(3-Mesal)y(pnia), has been prepared
and characterized by elemental analysis and spectral methods. Based on the infrared spectra, monodentate
coordination of 3-methylsalicylate anion has been assumed and the coordination variability of the anion has
been shown. By determination and refinement of the unit cell from powder diffraction data, the existence
of a monomeric Cu(II) complex can be anticipated. EPR spectrum of the complex is in good agreement with
these results. The g-factors fulfil the relation g, > g > 2.0023, which is consistent with the d,2_,2 ground
electronic state and indicates coordination sphere of distorted tetragonal symmetry {CuN,0,0,} for the

central copper(Il) ions.

Keywords: picolinamide, powder diffraction analysis, copper(1l) complex, spectral properties, EPR spec-

troscopy

Introduction

Superoxide dismutase (SOD) is a copper contain-
ing enzyme present in most living systems which
catalyzes dismutation of the superoxide anion.
When the catalytical function of the enzyme is
disturbed, various disorders can occur in the
biosystem. Therefore, the preparation of low
molecular weight analogues mimicking the SOD
enzyme function has great potential in medi-
cine. In previous studies, copper(I) complexes
with nicotinamide (nia) derivatives have been
examinated for many reasons e.g. their biological
aspects (antiinflammatory, antibacterial, SOD mi-
metic activities) and of course for their magnetic or
structural properties (Zvimba, 2007; Puchonovd,
2018; Shiekl, 2018). Information concerning the
complex structure is important for understanding
the interaction between molecules in a solution as
well as in pure substance solid state and moreover
in cocrystal formation. Different intermolecular
interactions can lead to the formation of vari-
ous supramolecular architectures which leads to
variable structure modifications. It is well known
that hydrogen bonds formation plays a significant
role, therefore, these coordination compounds
are interesting for solid state chemistry and
bioinorganic chemistry (Moncol, 2008; Repicka,

2010). Currently, nia derivatives like picolinamide
(pnia) or isonicotinamide (inia) provide several
structure motifs especially in this field of various
carboxylatocopper(II) complexes. So, the final
product formation and coordination mode of
bonded ligands are influenced by the positional
isomers of nicotinamide (Fig. 1.).

The most frequent coordination mode of nia and
inia is monodentate by nitrogen atom of the pyri-
dine ring (Ozbek, 2017; Bozkurt, 2013, Kése, 2011,
Hokelek, 2010). Only a few complexes containing
these ligands are coordinated in the bridging mode
where oxygen atom of the carboxamide group is
bonded to the neighbouring central atom (Perec,
2011; Kozlevéar, 1999; Moncol, 2007). On the other
hand, the picolinamide molecule (pnia) is domi-
nantly coordinated only in the chelating bonding
mode by the pyridine ring nitrogen atom and by the
carboxamide group oxygen atom (Sieron, 2004).
Only several examples of carboxylatocopper(II)
complexes with pnia can be found in literature
(Dacic, 2013).

Our attention has focused on the preparation of
novel biologically (SOD) active copper(Il) com-
pounds with picolinamide and on their characteriza-
tion. A new coordination compoud of the composi-
tion Cu(3-Mesal)y(pnia),, its chemical and physical
properties, are presented. Possible structural motif

Acta Chimica Slovaca, Vol. 12, No. 1, 2019, pp. 97—102, DOI: 10.2478/acs-2019-0014 97



HzN / 0
NH,
\
XN

_ NH, X 0 X

N
= =
0 N N

a) pnia b) nia ¢) inia

Fig. 1. Positional isomers of nicotinamide.

of the prepared complex and its purity were studied
by elemental analysis (EA), powder diffraction analy-
sis (XRPD), electronic absorption spectra (UV/Vis),
infrared spectra (IR) and Electron Paramagnetic
Resonance spectroscopy (EPR).

Coordination variability of the studied compoud
Cu(3-Mesal)y(pnia); was compared with that
of previously published [Cu(3-Mesal)s(inia)s],,
[Cu(3-Mesal)y(nia),] complexes (Puchonova, 2018;
Puchonova, 2015).

Experimental

Synthesis

Analytical grade (Sigma, USA or Acros Organics,
USA) chemicals and solvents were used without
further purification. Picolinamide (pnia) was
washed down with a necessary amount of solvent
(water or acetonitrile) into the aqueous solution
of copper(Il) acetate. Then, 3-methylsalicylic acid
was added to the reaction mixture. The precipitate
was filtered off and the mother liquid was left for
crystallization. The product was characterized by
available methods as elemental analysis, infrared
spectra and powder X-ray diffraction.

Anal Calc for Cu(3-Mesal)y(pnia),: C, 55.1; H, 4.3;
N, 9.2. Found: C, 54.6; H, 4.4; N, 9.1.

Apparatus and physical measurement

Analyses of carbon, hydrogen and nitrogen were
carried out on a CHNSO FlashEATM 1112 Au-
tomatic Elemental Analyzer. Infrared spectrum
(4000—400 cm™) of the complex was measured
on a NICOLET 5700 FT-IR spectrophotometer
at room temperature using the ATR technique.
Electronic spectrum (190—1100 nm) of the com-
pound was measured in a Nujol suspension using
a SPECORD 250 Plus spectrophotometer at room
temperature.

The first derivative Cu(I) EPR spectrum of poly-
crystalline copper(I) complex was recorded on
an X-band (» 9.4 GHz) EMX EPR spectrometer
(Bruker, Germany) at room temperature. The spin
Hamiltonian parameter values were obtained from

the experimental EPR spectra using WinEPR
(Thiele, 1992) and then they were further refined
by computer simulation using SimFonia (Weber,
1995).

X-ray powder diffraction analysis was carried out
on a parafocusing Bragg Brentano diffractometer
Philips PW1820 using CoKa radiation (40 kV,
35 mA) equipped with an automatic divergence
slit and a curved graphite monochromator placed
in the diffracted beam. The polycrystalline sample
was measured in Si zero-background sample holder
in the 26 range of 3—60 °, step size of 0.02 ° and the
counting time of 1 s per step at room temperature.
The structures were drawn using Mercury 2.0.
(Macrae, 2008)

Result and discussion

A change of the reaction conditions (stoichiometric
ratio = Cu : pnia : 3MesalH or solvent) led to the
formation of a new complex of the composition
Cu(3-Mesal),(pnia), which was found based on EA.
The blue product was formed in the stoichiometry
of 1:2:2 in water. The prepared complex absorbed
at 632 nm; this broad asymmetric ligand field band
attributes to the d—d transition maxima which corre-
sponds to its blue colour. There are also intraligand
bands (250—300 nm) and charge transfer bands in
the range of 300—350 nm.

Infrared spectrum of Cu(3-Mesal)y(pnia), comprises
bands confirming the presence of all characteristic
functional groups. The spectrum contains charac-
teristic of a broad envelope of probably two or three
overlapping medium intensity bands with their
maxima in the region from 3250 to 3500 cm™ assign-
able to OH stretches and two medium intensity band
assignable to NH vibration at about 3180 ¢cm™ and
3305 cm™. The bands corresponding to v,(COO)
and v (COO") are at 1602 cm™and 1394 cm™'. Differ-
ences between antisymmetric and symmetric stretch
(Av = v,, - 1) are greater than Av for the ionic form.
The Av value for the complex is consistent with the
monodentate mode of the carboxylate group (Naka-
moto, 2009).
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a) [Cu(3-Mesal),(inia)s]s

b) [Cu(8-Mesal)o(nia)s,]

Fig. 2. Molecular structure of complexes (Puchorova, 2018; Puchonova, 2015).

Fig. 3. Molecular structure of complex [Cu(mal),(pnia),] (Sieron, 2007).

Literature data provide some evidence of 3-methyl-
salicylate variability of coordination modes which
are shown in Fig. 2 (Puchonova, 2018; Puchonova,
2015) as well as a difference of the anion coor-
dination mode in relation to the nicotinamide
derivatives. Bidentate chelating mode is preferred
in monomeric [Cu(3-Mesal),(nia),] and bidentate
chelating together with bridging mode were found
in the dimeric [Cu(3-Mesal)y(inia),], complex. Ac-
cording to data from the Cambridge Structural
Database, the length of Cu—O bond in methylsali-
cylate copper(I1) complexes is in the range of 1.94—
2.03 A for chelating or monodentate mode, and
1.92—2.06 A (Cu—O1 shorter bond) 2.35—2.78 A
(Cu—O2 longer bond) for bidentate chelating
mode (CSD version 5.40 updates November 2018;
Groom, 2016). For the presented compound, Cu(3-
Mesal),(pnia),, monodentate bonding mode has
been suggested from the anion spectral data.

Moreover, the absence of C=QO vibration in the
IR spectrum of Cu(3-Mesal)y(pnia), at about
1690 cm™ allows us to suppose that oxygen atom of

the pnia carboxamide group is bonded to the cen-
tral atom (Bakiler, 2007). Literature and crystallo-
graphic database provide additional examples
where the picolinamide molecule is bonded in
the bidentate chelating mode by nitrogen atom
of the pyridine ring and oxygen atom of the car-
boxamide group to central atom. One of them is
carboxylatocopper(I) complex [Cu(mal)y(pnia),]
where mal is monoanion of maleic acid (Fig. 3)
(Sieron, 2007). In this type of copper(Il) com-
plexes, the length of Cu—O bond is in the range
of 1.94—2.38 A, and that of Cu—N is 1.96—2.00 A.
If derivatives of nicotinamide are joined to cop-
per atom only by nitrogen atom, the distance of
Cu—N is in the range of 1.94—2.38 A (CSD version
5.40 updates November 2018; Groom, 2016).

EPR spectrum of the polycrystalline complex Cu(3-
Mesal)y(pnia), measured at room temperature is
shown in Figure 4. The corresponding computed
EPR spectrum is indicated by the red line. An axially
symmetric Cu(II) EPR spectrum with unresolved hy-
perfine splitting was obtained. Additionally, the EPR
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Fig. 4. Experimental (black line) and simulated
(red line) EPR spectra of copper(Il) complex
recorded at room temperature.

spectrum of this copper(Il) complex was measured
in a wide sweep width of 800 m'T. However, no typi-
cal EPR resonance due to the presence of copper(II)
dimeric complex was observed.

The spin Hamiltonian parameters evaluated from
the experimental Cu(II) EPR spectrum and further
refined by computer simulation are g;,=2.267%0.002,
g, =2.078 £ 0.002. The g-factor values of the axially
symmetric Cu(II) EPR spectra fulfilled the usual rela-
tion of g;;> g > 2.0023, which is consisted with the
d,2_2 ground electronic state and indicates distorted
tetragonal symmetry of coordination spheres for
copper(Il) central atoms.

Finally, the geometric parameter G= (g, - 2)/(g, - 2)
was calculated. The G-value is 3.423 and the relation

of G <4 indicates the presence of exchange interac-
tion between the copper(Il) ions (Hathaway, 1970a;
Hathaway,1970b). The above presented g-factor
values are in good accordance with those for similar
monomeric copper(Il) complexes reported in litera-
ture (Hathaway,1970a; Hathaway,1970b; Goodman,
1970; Halaska, 2016; Oztiirk, 2012).

When single crystals with suitable size and good
stability are not available, powder diffraction
analysis (XRPD) is an appropriate method for
structure determination. In such situations, a high
quality powder pattern should be recorded. How-
ever, in this case, XRPD was used only to verify
the phase purity of the sample and to determine
the lattice parameters. Profile fitting and ab initio
indexing of powder diffraction patterns collected
for the presented complex with pnia were done
using the multipurpose program CMPR (Toby,
2005) with incorporated autoindexing program
DICVOLO06 (Boultif, 2004). The best solution is
the triclinic crystallographic system with the figure
of merit being M(20) = 22.5 and the following unit
cell parameters: a = 7.1734(34) A, b=7.1855(53) A,
¢=14.9808(66) A, o = 83.249(43)°, B="78.227(38)",
v = 61.305(53)°. Subsequently, the obtained unit
cell parameters were refined with the Le Bail
method using program Jana2006 (Petficek, 2014),
where correction of the powder profile (Le-
gendre polynomials with 25 terms for calculation,
Pseudo-Voigt peak-shape function, asymmetry by
Berar-Baldinozzi correction) was performed. The
refined unit cell parameters are: a = 7.1753(15) A,
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Tab. 1. Comparison of unit cell volumes and crystal densities of Cu(II) complexes.

Chemical formula Molecular formula VA V Crystal density
(A% (g cm™)
[Cu(8-Mesal),(inia)s ], 2(CygHosCuN,Oy) 1 1345.56(14) 1.5058(2)
[Cu(3-Mesal)y(nia),] CasHysCuN, O 4 2836.86(17) 1.4284(2)
Cu(3-Mesal)y(pnia), CosHysCuN, Oy 1 664.4(2) 1.5247(3)

“all samples were measured at the room temperature

b="7.1863(9) A, c=15.0034(22) A, a = 83.219(13)°,
3="78.286(16)°, v=61.328(17)° and V=664.4(2) A®.
As shown in Fig. 5, the polycrystalline sample of
Cu(3-Mesal)y(pnia), does not contain any impuri-
ties.

Based on the volume of the unit cell from
JANA2006 (V = 664.4(2) A®) in comparison
to densities and volumes considering number
of formula units Z of previously solved crystal
structures of complexes [Cu(3-Mesal)y(inia),], and
[Cu(8-Mesal)y(nia),] (Table 1). We can claim that
possible molecular structure of the complex is
monomeric with the given chemical formula, which
is in good agreement with the conclusion from EPR
and infrared spectroscopy. Experimental errors
for crystal densities of [Cu(3-Mesal)y(inia)s], and
[Cu(3-Mesal)y(nia),] were evaluated using the
standard analysis errors (Taylor, 1997).

Conclusion

In conclusion, a new Cu(3-Mesal)y(pnia), complex
was prepared and characterized by available
methods (EA, UV/Vis, IR, EPR and XPRD). The
polycrystalline complex EPR spectrum recorded
at room temperature gave the g-factor values of
g>g1>2.0023, which is consistent with the d,2_2
ground electronic state and indicates the coordi-
nation sphere of distorted tetragonal symmetry
for central copper(Il) ions. Based on infrared
spectroscopy, we can suggest a monodentate
bonding mode of the carboxylate group of
3-methylsalicylate and bidentate chelating mode
of picolinamide can be proposed. The possibility
of monomeric unit presence in this complex
structure has been found from X-ray powder dif-
fraction analysis, which was used only to verify
the phase purity of the sample and to determine
the lattice parameters of Cu(3-Mesal)y(pnia),.
However, collection of high quality powder dif-
fraction data or growing of suitaible single crystal
is necessary for structure determination. Up to
today, any salicylatocopper(Il) complex with pnia
has not been found in the Cambridge Structural
Database nor in literature. Therefore, the subse-
quent reaserch will be related to the synthesis of

other methylsalicylatocopper(Il) complexes with
pnia and the study of their SOD mimetic activity
which could be potencially used in medicine
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Abstract: This work deals with the capture of human recombinant erythropoietin (thEPO) from a mixture
of proteins in a concentrated postcultivation supernatant. Cation-exchange multimodal adsorbent Capto
MMC ImpRes was selected as potential chromatographic separation material. Its equilibrium properties were
investigated in batch adsorption experiments. The effect of pH in the range of 5.5—7.5 and NaCl concentration
in the range of 0—300 mM on the adsorption of thEPO and contaminant proteins was examined. Optimal
conditions found in these equilibrium experiments were applied to thEPO adsorption in a chromatographic
column. Several experiments were carried out at different elution conditions to optimize the rhEPO yield and

selectivity.
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Introduction

Erythropoietin is a human hormone involved in the
formation of red blood cells. Recombinant human
erythropoietin (thEPO) is a commercially available
drug used to treat anaemia and other diseases.
rhEPO produced by mammalian cells is secreted
into the growth medium and subsequently isolated
and purified to the required purity.

During purification, all foreign proteins, viruses
and toxins have to be removed because they can
cause an undesirable immune response. Different
chromatographic methods are used for rhEPO pu-
rification (Adamikova et al., 2019). Size-exclusion,
ion-exchange, hydrophobic, affinity and multi-
modal interactions between protein molecules
and adsorbent are the most commonly applied in
rhEPO purification.

Multimodal chromatography is the novel process
separation mode which was originally developed
for monoclonal antibodies purification. Multi-
modal adsorbents contain several different func-
tional groups, which allows simultaneous binding
of proteins through different interactions. Multi-
modal adsorbents offer different selectivity com-
pared to classical ion exchangers and have larger
operating range in terms of adsorption buffer
conductivity (Holstein et al.). Nowadays, there are
several applications of multimodal adsorbents for
recombinant proteins purification, but applica-
tions for thEPO purification are rare (Koticha
and Chaudhari, 2011; Bandi et al., 2017). Our
main goal was to determine optimal conditions of
rhEPO binding to adsorbent Capto MMC ImpRes

from a real mixture and to find appropriate elu-
tion of bound proteins.

Materials and methods

Adsorbent

Multimodal adsorbent Capto MMC ImpRes (GE
Healthcare, Uppsala) has a matrix consisting of
agarose chains. Its ligand is shown in Fig. 1. This
ligand can provide ionic interactions (1), hydrogen
bonds (2), hydrophobic interactions (3) and thio-
philic bridges (4) with molecules.

4 3
Voo )«
OH OM r 2
O 0 S A p—
| )
07 O

Fig. 1. Structural formula of ligand Capto MMC
ImpRes.

rhEPO post-culture supernatants

Two different batches of a post-culture supernatant
containing thEPO produced by human embryonic
kidney cells 293 were used (Molnar et al., 2019).
The first one was concentrated and desalted using
different membrane filtration processes (Molnar et
al., 2019). The final rhEPO concentration and total
protein concentration were 0.05 g/1 and 0.8 g/1,
respectively. This protein solution was used in batch
equilibrium experiments and separation runs S1—
S5 (Table 1). The second batch contained 0.08 g/1
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of thEPO and 2.1 g/l of total proteins and was
used in the separation run S6 (Table 1). This post-
culture supernatant was not treated via membrane
processes. Only pH was set by concentrated HCI
and 300 mM NaCl was added into the supernatant
before adsorption.

Batch adsorption

Adsorbent in the amount of 25 mg was placed into
a syringe filter, washed three times with 1 ml of
distilled water and five times with 1 ml of 50 mM
citrate phosphate buffer. The equilibrated adsor-
bent was suspended in 1 ml of adjusted thEPO-con-
taining solution and the suspension was stirred for
20 hours at the frequency of 80 rpm using a rotary
shaker. The content of rhEPO and total proteins in
the solution before and after the adsorption were
determined and the adsorbed rhEPO/total protein
amount was calculated from the material balance.

Column separation

System AKTA FPLC™ (GE Healthcare) was used
for rhEPO separation from the thEPO concentrate.
Chromatographic column Tricorn (GE Healthcare)
was filled with the adsorbent Capto MMC ImpRes.
The column adsorbent volume was 1.198 ml when
the bed height and diameter were 6.1 ¢cm and
0.5 cm, respectively.

Tab. 1. Eluent composition in separation runs.

Run  Eluent”

S1 Shock-wave gradients: B1 -~ B2 - B6

S2 Shock-wave gradients: B3 -~ B4 - B6

S3 Shock-wave gradients: B5 -~ B6

S4 Linear gradient B1/B5 - shock-wave gradient B6
SH Shock-wave gradients: B7 — B8 - B6

S6 Shock-wave gradients: B3 -~ B4 - B6

“Symbols B1—B8 refer to different buffers specified in
Table 2.

Tab. 2. Elution buffers.

Buffer code Buffer type”

Bl Tris, pH 7

B2 Tris/1 M NaCl, pH 7

B3 Tris, pH 8

B4 Tris/1 M NaCl, pH 8

B5 Tris, pH 9

B6 Tris/1 M NaCl, pH 9

B7 CF/2 M NaCl, pH 5.5

B8 CF/2 M NaCl/2 M urea, pH 5.5

"Tris — 50 mM Tris-HCI buffer, CF — 50 mM citrate-
phosphate buffer.
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The adsorbent was first equilibrated with 30 ml
of the 50 mM citrate-phosphate buffer containing
300 mM NaCl at pH 5.5. The feed pH and compo-
sition were adjusted to pH 5.5 and NaCl concentra-
tion of 300 mM. The feed volume was either 9 ml
(runs S1—S5) or 13ml (run S6) and the feed flow
rate was 0.5 ml/min. After the feed loading was
finished, the bed was washed with 3.6 ml of the
adsorption buffer. Several ways of gradient elution
to recover ThEPO from the column were tested
(Table 1). The eluent composition was adjusted
using different buffers labelled B1—-B8 (Table 2).
The elution flow rate was 0.5 ml/min and the UV
and conductivity signals were monitored during
the whole experiment. Elution fractions were col-
lected and the rhEPO/total protein concentration
was determined.

Protein assays

BCA method

Protein concentration in batch equilibrium expe-
riments was determined using the BCA method.
Working solution was prepared by mixing bicin-
choninic acid (BCA) from Sigma-Aldrich (St.
Louis, USA) with a 4 % CuSO,solution in the ratio
of 50 : 1. First, a 25 pl sample was pipetted into a mi-
croplate well. Using a multichannel pipette, 200 pl
of the working solution was added to the sample.
The microplate was incubated for 30 minutes at
the temperature of 37 °C. The sample absorbance
was measured at the wavelength of 562 nm. Bovine
serum albumin (BSA) in the concentration range of
0.05—1 g/1 was used for calibration.

Bradford method

Protein concentration in elution chromatography
samples was determined using the Bradford method
due to the interference of Tris—-HCI buffer with the
BCA reagent. The Bradford agent is a mixture of
0.01 % Coomassie Brilliant Blue G-250, 4.7 % etha-
nol, and 8.5 % phosphoric acid in deionized water. It
was filtered before use. Then, 20 pl of the analysed
sample and 1500 pl of the Bradford agent were
pipetted into test tubes. After 10—15 minutes, ab-
sorbance was measured at two wavelengths, 590 and
450 nm. BSA solution in the concentration range of
0.05—2 g/1 was used for calibration.

ELISA method

rhEPO concentration was determined using a
commercial kit of sandwich ELISA method (Sigma-
Aldrich). The sample volume of 100 pl was trans-
ferred into a microplate well which was incubated
for 2.5 hours at the temperature of 25 °C. It was then
washed four times with 300 ul of wash solution. After
adding 100 nl of biotinylated detection antibody into
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each well, the well plate was incubated for one hour
at room temperature. The wells were again washed
four times as before. A streptavidin-HRP solution
(100 pl) was added into each well and the well plate
was incubated for 45 minutes at gentle shaking. The
washing was repeated again. Finally, 100 ul of ELISA
colorimetric reagent TMB were added into each well
and the well plate was incubated for 30 minutes in
dark at gentle shaking. To stop the reaction, 50 ul of
0.2 M sulphuric acid were added and the absorbance
at 450 nm was measured.

In run S6, a recently developed indirect ELISA
method was used (Molnar et al., 2019).

Results and discussion

Equilibrium experiments for the determination of
optimal rhEPO adsorption conditions were done in
the pH range of 5.5—7.5 and NaCl concentration
range from 0 to 300 mM. Equilibrium adsorbed
amounts of thEPO, ¢gpo, and total proteins, ¢,
are shown in Figs. 2a and 2b. It is evident that
higher pH has negative influence on the adsorp-
tion of both rhEPO and total proteins. On the other
hand, higher salt concentration promotes thEPO
binding in spite of lower binding of total proteins.
This effect is advantageous for selective separation
already in the adsorption phase. Fig. 2a shows that
the highest amount of ThEPO was adsorbed at pH
5.5 and 300 mM NaCl. Therefore, these conditions
were chosen for chromatography feed.

Efficiency of thEPO separation was examined in six
elution chromatography runs (Fig. 3). For efficient
elution, desorption by 1 M NaCl was first examined
in runs S1—S3. Different pH was also applied in
runs S1—S3. Each of these runs started with feeding
a salt-free eluent. The NaCl concentration was later
increased to 1 M in a shock-wave gradient. In the
final elution phase, a shock-wave gradient increase
of pH from 7 (run S1) or 8 (run S2) to the value of
9 was applied. Figs. 3a—3c show abrupt increase of
outlet protein concentration demonstrated by the

2|
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increase of UV signal after the application of each
gradient change. Numbered peaks denote each elu-
tion phase.

These results demonstrate a synergistic effect of
pH and NaCl concentration on protein recovery.
The existence of several elution peaks implies
strong protein binding albeit not so strong as in
case of multimodal anion exchanger applied to the
separation of this product (Kurak et al., 2019). A
significant fraction of adsorbed proteins was eluted
using salt-free eluents (peak 1 in Figs. 3a—3c). The
protein yield increased from 23 % at pH 7 to 50 %
at pH 8 and finally to 74 % at pH 9. The application
of 1 M NaCl in the second elution phase led then to
almost complete protein recovery. Only in run S1,
6 % of proteins were recovered in the third phase.
Unfortunately, sensitivity of the ELISA method
allowed only semi-quantitative estimation of the
eluted thEPO. This was much higher in the second
fraction than in the first one in runs S1 and S2. In
run S3, approximately equal amounts of rhEPO
were detected in both fractions.

Following these results, a linear pH gradient from
7 to 9 and salt-free eluent were applied in the first
phase of run S4. Fig. 3d shows that no positive effect
was achieved and the separation performance was
very similar as in run S1. Considering the distribu-
tion of thEPO and impurity proteins in individual
fractions in runs S1—S4, the best selectivity of
rhEPO separation was achieved in run S2 carried
out at pH 8.

Fig. 3e presents the results of run S5 which was de-
signed at the same pH in both the loading and the
clution phases. An eluent with stronger desorp-
tion effect had to be applied from the beginning
of the elution. It is clear that neither 2 M NaCl
nor 2 M NaCl/2M urea were efficient enough.
Complete protein desorption was achieved only
when pH was increased to 9 in the final elution
phase.

Fig. 3f presents the results of run S6 in which the
same process conditions were used as in run S2 ex-

25
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~ CNac
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10 I LI =0
E | iII 150
H EII 300
=,
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55 6 65 7 15
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b)

Fig. 2. pH and NaCl concentration influence on adsorbed amount of a) thEPO and b) total proteins.
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Fig. 3. Chromatograms of individual separation runs: a) S1, b) S2, ¢) S3, d) S4, e) S5, and f) S6.
Blue and orange lines represent UV and conductivity signals, respectively.
Peak numbers denote individual elution phases.

cept for a higher feed volume. Since a product from
a different cultivation batch was used in this run,
the rhEPO and protein loads were more than twice
higher. Figs. 3b and 3f show that the chromato-
grams of runs S2 and S6 are very similar. The pro-
tein recovery yields in both phases were almost
identical again. Due to a higher thEPO feed con-
centration in run S6 and better reproducibility of a
recently developed analytical method (Molnar et
al., 2019), the ThEPO concentration in the elution
fractions, the measurement reliability was higher.
It was found that the thEPO purity was around

106

90 % in the first elution fraction (peak 1) and 60 %
in the second elution fraction (peak 2). The total
rhEPO yield was however only slightly below 50 %,
similarly as for a multimodal anion exchanger in
our previous work (Kurak et al., 2019).

Conclusions

Adsorbent Capto MMC ImpRes has been proven
to be a good candidate for thEPO capture step in
rhEPO separation. The most selective binding of
rhEPO from a post-cultivation supernatant was
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observed at pH 5.5 and NaCl concentration of
300 mM in batch equilibrium experiments. Chro-
matographic runs were used to optimize elution
conditions. Two shock-wave gradients, in which pH
was increased to 8 and the NaCl concentration to
1 M, provided the best separation performance.
The rhEPO purity of about 80 % was reached when
the yield of this target protein was 50 %.
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Abstract: Very recently, a report on the antioxidant activity of flavonoids has appeared, where authors con-
cluded that Hydrogen Atom Transfer mechanism represents the thermodynamically preferred mechanism in
polar media (https://doi.org/10.1016/j.foodres.2018.11.018). Unfortunately, serious errors in the theoretical
part of the paper led to incorrect conclusions. For six flavonols (galangin, kaempferol, quercetin, morin,
myricetin, and fisetin), reaction enthalpies related to three mechanisms of the primary antioxidant action were
computed. Based on the obtained results, the role of intramolecular hydrogen bonds (IHB) in the thermo-
dynamics of the antioxidant effect is presented. Calculations and the role of solvation enthalpies of proton
and electron in the determination of thermodynamically preferred mechanism is also briefly explained and
discussed. The obtained results are in accordance with published works considering the Sequential Proton-
Loss Electron-Transfer thermodynamically preferred reaction pathway.

Keywords: phenolic antioxidant; intramolecular hydrogen bond; DFT calculation; sequential proton-loss

electron-transfer; solvent effect

Introduction

Phenolic compounds are naturally present in almost

all plant materials and represent an integral part of

human diet. Tocopherols, flavonoids and (poly)phe-
nolic acids are considered the most important groups
of naturally occurring phenolic antioxidants.

Flavonoids wereidentified in almostall parts of plants,

such as leaves, stems, roots, fruits or seeds. Besides

the antioxidant action, they exhibit other biological
effects: antiviral, antibacterial, anti-inflammatory,
anticancer, vasodilatory and anti-ischemic (Prochaz-
kova et al., 2011). From the structural point of view,
they consist of benzene ring, A, condensed with
heterocyclic ring, C, and phenyl ring, B, attached
on C2 carbon atom (Fig. 1). Experimental reports
on flavonoids radical scavenging activity (primary
antioxidant effect) have shown that the following

structural features are required (Bors, et al., 1990;

Burda and Oleszek, 2001; Croft, 1998; Prochazkova

et al., 2011; Rice-Evans et al., 1996):

(i) catechol (ortho-dihydroxy) structure of the B
ring enabling electron delocalization in the
formed phenoxy radical,

(i) C2=C3 double bond conjugated with C4=0
keto group in the C ring providing electron
delocalization from the B ring,

(i) hydroxy OH groups at positions 3 and 5 pro-
viding hydrogen bonds to C4=0 group.

In general it is expected that radical scavenging
activity of flavonoids is mainly related to the B
ring. The number and positions of OH groups
in this ring play an important role. However, the
total number of OH groups in flavonoids also af-
fects their antioxidant activity, because OH groups
present in the C ring (3-OH neighboring with
C2=C3 double bond) and A ring also contribute
to the overall observed effect (Musialik et al., 2009;
Rice-Evans et al., 1996; Trouillas et al., 2006).
Flavonoids as primary (chain-breaking) antioxi-
dants scavenge free radicals via three mechanisms
(Foti et al., 2004; Galano et al., 2016; Ingold and
Litwinienko, 2005; Litwinienko and Ingold, 2003,
2004; Musialik et al., 2009):

1. Hydrogen atom transfer (HAT) — one step
mechanism where homolytic cleavage of phe-
nolic O—H bond takes place; O—H bond dis-
sociation enthalpy, BDE, represents the reaction
enthalpy of this process.

2. Single Electron Transfer-Proton Transfer (SET-
PT), also known as Sequential Electron Proton
Transfer (SEPT) — two-step mechanism, where
electron abstraction from antioxidant is followed
by proton transfer.

3. Sequential ~ Proton-Loss  Electron-Transfer
(SPLET) — two-step mechanism, where OH
group deprotonation is followed by electron
transfer.
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Fig. 1. Atom numbering and ring denotation in flavonoids (a) and studied flavonols: galangin (b),
kaempferol (c), quercetin (d), morin (e), myricetin (f), and fisetin (g).

Thermodynamics of the Single Electron Trans-
fer-Proton Transfer (SET-PT) mechanism is
described by Ionization Potential (IP) and Proton
Dissociation Enthalpy (PDE). Proton Affinity (PA)
of the phenoxide anion and Electron Transfer En-
thalpy (ETE) represent reaction enthalpies related
to the Sequential Proton-Loss Electron-Transfer
(SPLET) mechanism.

Very recently, Chen et al. (2018) published a paper
focused on the theoretical and experimental study
of antioxidant activity of flavonoids. Unfortunately,
theoretical calculations show serious inaccuracies.

Erroneous thermodynamic data for HAT, SET-PT
and SPLET mechanisms enabled the authors to draw
incorrect conclusions which disagree with available
literature. Therefore, the aims of this work are: (i)
to explain all details and general rules of a reliable
theoretical study of primary antioxidant action ther-
modynamics, (i7) to present re-calculated reaction
enthalpies for six flavonols (galangin, kaempferol,
quercetin, morin, myricetin, and fisetin) in ethanol
and acetone, and (i) to confirm that found values al-
low drawing conclusions in agreement with available
experimental and theoretical reports.
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Computational details

All calculations were performed using the
Gaussian 09 program package (Frisch et al., 2013).
The geometry of each flavonoid molecule (F1—
OH), phenoxy radical (FI—O°), radical cation
(FI—OH®) or phenoxide anion (FI—O") were
optimized using the Density Functional Theory
(DFT) method with M06-2X (Zhao and Truhlar,
2008) functional without any constraints (energy
cut-off of 10°k] mol™', final RMS energy gradient
under 0.01 k] mol™' A™'). Calculations were per-
formed using the 6-311+G(d,p) basis set (Binkley
etal., 1980; Rassolov et al., 2001). Solvent (ethanol
and acetone) contribution to the total enthalpies
was computed employing SMD polarized conti-
nuum model (Solvation Model based on the
quantum mechanical charge density of a solute
molecule interacting with a continuum) developed
by Marenich et al. (2009). Optimized structures
were confirmed to be real minima by frequency
analysis. O—H bond dissociation enthalpies,
BDE, ionization potentials, IP, proton dissociation
enthalpy PDE, phenoxide anion proton affinity,
PA, and electron transfer enthalpies, ETE, values
were calculated

BDE = HF1—O") + HH") - HFI—OH) (1)
IP = H(FI—OH"") + H(e") - H(FI—OH) (2)
PDE = H(FI—O") + HH") - H(FI—OH"") (3)
PA = H(FI—O") + H(H") - H(FI—OH) (4)

ETE = H(F1—O") + H(e") - HF1—O") (5)

where H(FI—OH) represents total enthalpy of the
flavonoid, H(FI—OH") is total enthalpy of the
flavonoid radical cation, HFl—O") and H(FI—O")
are total enthalpies of the phenoxy radical and
phenoxide anion, respectively.

Proton and electron solvation enthalpies were also
computed using the (SMD) M06-2X/6-311+G(d,p)
approach to obtain values compatible with total
enthalpies of the studied species. For hydrogen
atom solvation enthalpy, A,,H(H"), published
values of 3.7 k] mol” and 4.5 k] mol™ (Parker,
1992) for acetone and ethanol were employed,
respectively.

Results and Discussion

For the studied flavonols, calculated solution-
phase reaction enthalpies are compiled in Tables
1 (ethanol) and 2 (acetone) which also show results
published by Chen et al. (2018). Table 1 summa-

rizes also data for quercetin found using identical
computational approach, i.e. (SMD) M06-2X/6-
311+G(d,p) (Zheng et al., 2017a). In the tables, the
lowest values of individual reaction enthalpies for
each flavonol are set in italic.

Structure of flavonoids and the role

of intramolecular hydrogen bonds

Optimum geometries of the studied flavonoids
must preserve all possible intramolecular hydrogen
bonds (IHB). Geometries used for the calculations
significantly affect the electronic structure of the
studied species and consequently the energetics
of homolytic or heterolytic O—H bonds cleavage.
If the hydrogen atom of OH group participates in
IHB, HAT or proton loss requires also the disrup-
tion of the hydrogen bond. As a result, an increase
in O—H BDE, PDE or PA values can be observed.
Therefore, 5-OH BDE, PDE and PA are usually the
highest ones in flavonols, as it is evident from our
results in Tables 1 and 2. Analogously, in case of
the ortho-dihydroxy structure of the B ring, values
for the 3"-OH group are higher than those obtained
for the 4"-OH group (see results for quercetin and
fisetin in Tables 1 and 2).

In galangin, kaempferol, quercetin, morin, myri-
cetin, chrysin, apigenin, and luteolin, Chen et al.
(2018) neglected the C4=0- - -H—Ob) intramolec-
ular hydrogen bond (IHB). Besides, the proposed
optimum structure of fisetin assumes no IHB
between 3°-OH and 4°-OH groups, while in other
molecules, the mutual orientation of the two OH
groups on the B ring is correct. In Fig. 2, correct
geometries of quercetin and fisetin obtained in this
work are depicted.

For quercetin, Galano et al. (2016) showed that THB
between 3°-OH and 4"-OH groups leads to a more
stable conformation, by 18.0 k] mol!, compared
to the conformation lacking IHB. This IHB also
stabilizes the 4 -O" phenoxy radical and results in
a 12.5 kJ mol™ decrease in 4"-OH BDE. In case of
C4=0...-H—O5, even stronger IHB is expected
(Nazarparvar et al., 2012; Zheng et al., 2017b, 2018).
In the solution-phase, the effect of IHB on phe-
nolic O—H groups cleavage is lower compared to
that in the gas-phase, but 5-OH BDE, PDE and
PA values still belong to the highest ones obtained
in flavonoids (Lengyel et al., 2013; Lucarini et al.,
2002; Markovi¢ et al., 2012, 2013; Vaganek et al.,
2012, 2014; Zheng et al., 2019, 2018, 2017a, 2017b).
Using model compounds catechol, pyrogalol, and
resorcinol, Thavasi et al. (2006) confirmed the
importance of IHBs for the antioxidant effect of
polyphenols.

In literature, various reports on flavonoids with
correct geometries, which are in agreement with
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Tab. 1. (SMD) M06-2X/6-311+G(d,p) reaction enthalpies in k] mol™ for selected flavonoids in ethanol:
Chen et al. (2018) / this work, or Zheng et al. (2017a*). The lowest values for a molecule are in italic.

Flavonoid BDE 1P PDE PA ETE
Galangin 675/549

3-OH 313/349 488/9 630/149 533/409
5-OH 335/395 510/55 603/154 582/450
7-OH 355/396 530/55 604/ 134 601/471
Kaempferol 656/531

4"-OH 325/367 519/45 618/147 557/429
3-OH 306/343 500/21 630/153 526/399
5-OH 335/395 528/73 604/155 581/449
7-OH 352/393 546/71 603/135 598/468
Quercetin 652/530

3°-OH 314/349 512/29 616/143 547/416
4"-OH 314/ 343 512/22 622/ 133 541/418
3-OH 307/343 504/23 631/152 526/400
5-OH 336/395 534/74 603/155 583/449
7-OH 352/393 549/73 601/135 599/468
Morin 655/529

2"-OH 333/375 527/55 619/146 564/438
4"-OH 335/374 529/54 620/146 564/437
3-OH 308/343 502/23 631/151 526/401
5-OH 336/397 530/76 602/152 583/453
7-OH 355/395 549/75 601/132 603/472
Myricetin 654/528

3"-OH 298/354 494/36 611/142 534/422
4"-OH 320/326 516/ 7 615/ 124 555/410
5-OH 326/354 522/35 633/142 542/420
3-OH 307/344 503/25 630/149 527/404
5-OH 336/395 532/76 604/154 582/449
7-OH 352/394 548/75 604/134 598/469
Fisetin 656/528

3"-OH 310/349 504/30 617/143 543/414
4"-OH 318/341 512/22 618/ 134 550/415
3-OH 308/345 502/27 626/158 532/396
7-OH 353/390 546/72 607/136 595/463
Quercetin® 652/536

3"-OH 314/361 512/7 616/133 547/424
4"-OH 314/344 512/-10 622/108 541/430
3-OH 307/343 504/-11 631/123 526/404
5-OH 336/397 534/43 603/131 583/449
7-OH 352/395 549/50 601/111 599/468

a) b)

Fig. 2. Optimum geometries of quercetin (a) and fisetin (b).
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Tab. 2. (SMD) M06-2X/6-311+G(d,p) reaction enthalpies in k] mol™ for selected flavonoids in acetone:
Chen et al. (2018)/this work. The lowest values for a molecule are in italic.

Flavonoid BDE 1P PDE PA ETE
Galangin 700/483

3-OH 312/349 466/8 681/181 486/310
5-OH 331/402 485/62 637/193 549/351
7-OH 349/391 503/51 636/159 568/375
Kaempferol 682/462

4"-OH 320/363 492/43 651/173 524/332
3-OH 305/344 477/24 683/187 477/299
5-OH 331/402 503/82 638/195 548/350
7-OH 346/389 518/69 635/160 566/372
Quercetin 675/463

3°-OH 306/343 486/23 637/168 524/318
4"-OH 313/336 493/ 15 664/ 154 504/324
3-OH 306/345 485/24 665/186 495/301
5-OH 332/402 512/81 627/195 560/349
7-OH 348/390 528/70 635/160 567/372
Morin 686/463

2"-OH 330/374 498/53 655/178 529/338
4"-OH 329/371 498/50 652/173 532/341
3-OH 308/345 476/24 685/186 477/302
5-OH 332/404 501/83 633/190 554/356
7-OH 348/392 517/71 631/155 572/379
Myricetin 659/463

3°-OH 292/349 487/29 636/167 511/325
4"-OH 310/ 318 505/-3 636/ 142 529/318
5-OH 324/349 519/29 681/168 498/324
3-OH 306/344 501/24 678/181 482/305
5-OH 331/402 527/81 625/193 561/351
7-OH 347/379 542/58 622/159 579/362
Fisetin 673/463

3"-OH 304/342 486/27 652/169 508/315
4"-OH 314/ 334 516/ 18 635/157 533/319
3-OH 306/346 487/31 656/197 504/291
7-OH 335/385 516/70 635/163 554/364

Fig. 2, can be found, see for example Ajitha et al.
(2012), Alvarez-Diduk et al. (2013), Galano et al.
(2016), Leopoldini et al. (2006), Markovi¢ et al.
(2012, 2018), Mendoza-Wilson et al. (2011), Osorio
et al. (2018), Sadasivam and Kumaresan (2011),
Zheng et al. (2018, 2017). Leopoldini et al. (2011)
and Trouillas et al. (2006) also presented optimum
geometries of phenoxy radicals and phenoxide
anions of various flavonoids.

Thermodynamically preferred mechanism vs solva-
tion enthalpies of proton and electron

Solution phase calculations of reaction enthalpies
related to SET-PT and SPLET require the ap-
plication of total enthalpies of electron, H(e’), and
proton, H(H'), in the studied solvent (eqs. 2—5).
Using implicit solvation models, such as variants
of the Polarized Continuum Model (PCM), solva-
tion enthalpies of proton, A, H(H"), and electron,
A H(e), can be simply calculated from the defini-

tion of the solvation enthalpy as follows (Markovic¢
et al., 2016; Rimarcik et al., 2010)

A HH") = H[(S—H)", sol] - H(S, sol) - HH", g) (6)

A H(e?) = H[(S—e)"", sol] - H(S, sol) - H(e", g) (7)

using the computed total enthalpies of solvent
molecule S, solvated by the solvent itself H(S, sol)
and total enthalpies of (S—H)" and (S—e)"~ species
that represent proton and electron added to the
single solvent molecule, respectively.

Markovic et al. (2016) performed calculations of
H" and e solvation enthalpies using the SMD
solvation model and the 6-311++G(d,p) basis set.
The calculations were performed using ab initio
(MP2) method and the Density Functional Theory
(DFT) approach. Results for ten functionals, in-
cluding the most frequently employed ones, i.e.
B3LYP, M05-2X, and MO06-2X, were reported.
For ethanol, the obtained DFT proton solvation
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enthalpies lie in the range from -1063 k] mol™ to
-1076 kJ mol™' and electron solvation enthalpies are
in the range from -44 to -76 kJ mol™'. In acetone,
the DFT proton solvation enthalpies are similar,
from -1049 to -1067 kJ mol™. Electron solvation
enthalpy values obtained in acetone are more nega-
tive in comparison to those obtained in ethanol:
from -112 kJ mol” to -133 k] mol”'. Hydration
enthalpies of proton and electron were found in the
range from -1052 k] mol™ to -1064 k] mol™" and
from -66 k] mol” to -101 kJ mol™, respectively.
Rimarcik et al. (2010) performed analogous (IEF-
PCM) B3LYP/6-311++G(d,p) calculations. Al-
though different solvation models, SMD (Marenich
et al., 2009) and IEF-PCM (Cances and Mennucci,
1998; Cances et al., 1997), were used in the two
works, BSLYP results in the two papers can be con-
sidered similar (Markovic et al., 2016). Table 3 sum-
marizes B3LYP, M05-2X, and M06-2X solvation
enthalpies for common solvents (ordered by their
increasing polarity) published in the two papers,
as well as (SMD) M06-2X/6-311+G(d,p) solvation
enthalpies corresponding to the computational
method employed in this work.

Chen et al. (2018) did not specify the employed
total or solvation enthalpies of proton and electron.
However, the IPs, PDEs, PAs, and ETEs determined
indicate the use of incorrect values. Due to BDEs
being lower than IP and PA values, the authors
anticipate that HAT represents the thermodynami-
cally preferred reaction mechanism of antioxidant
activity of flavonoids in ethanol and acetone. Com-
paring our results with data obtained by Chen et
al. (2018), discrepancies in PAs and PDEs reached
roughly 500 k] mol™in ethanol (Table 1) and more

than 400 kJ mol™ in acetone (Table 2). Differ-
ences in IP and ETE values exceed 120 k] mol-'and
200 kJ mol™ in ethanol and acetone, respectively.
Correct conformations with all intramolecular
hydrogen bonds induce considerable changes in
the results obtained for the 5-OH group. In some
cases, different conformations cause a change in
the thermodynamically preferred OH group of the
flavonoid (see for example PA values for quercetin
in Tables 1 and 2). For quercetin, available calcu-
lated reaction enthalpies in aqueous solution are
provided in Table 4. Although shifts in IP, PDE, PA,
and ETE values are apparent, all methods provide
practically identical general trends. The observed
shifts stem from the application of different com-
putational approaches (functionals, basis sets, and
solvation models) employed in the published works.
Also, the used solvation enthalpies of electron and
proton may contribute to the uniform shifts con-
siderably and therefore total or solvation enthalpies
of proton and electron used in all calculations of
reaction enthalpies have to be specified.

From the thermodynamics point of view, the ten-
dency to enter a reaction mechanism is driven by
BDE, IP and PA because in the two-step SET-PT
and SPLET mechanisms, the energetics of the first
step is determining. Despite the differences induced
by various computational methods, data in Tables
1, 2, and 4 unambiguously show that SPLET is the
thermodynamically preferred mechanism in polar
solvents such as ethanol, acetone and water.

It is also worth to point out that confrontation of
solution-phase reaction enthalpies summarized in
Tables 1, 2, and 4, as well as other available com-
putational results for the polar organic solvents

Tab. 3. Solvation enthalpies of H" and e” in common solvents for widely used functionals.*

Solvent Ay HH)/K] mol™ Ao H(e)/k] mol™!
B3LYP M05-2X MO06-2X B3LYP M05-2X MO06-2X
benzene -903.9 (-894) -879.3 -877.4 -16.5 (-7) -8.7 -10.5
toluene -937.9 (-925) -913.7 -911.7 -21.7 (-13) -13.9 -15.2
aniline -1108.5 (-1092) -1101.7 -1100.5 -78.9 (-51) -77.2 =774
acetone -1060.2 (-1070) -1056.1 -1053.6 -132.9 (-119) -119.8 -116.6
-1054° -116°
ethanol -1068.4 (-1045) ~1064.5 ~1064.0 ~73.6 (-76) -43.6 -56.3
-1065° -39b
methanol ~1067.9 (-1038) -1065.2 -1065.4 -80.0 (-86) 487 -61.4
acetonitrile  -1043.8 (-1031) ~1031.7 -1032.4 -132.2 (-95) 1167 -115.0
DMSO -1119.6 (-1115) -1120.3 -1119.7 -53.0 (-84) -95.6 -42.9
water -1055.4 (-1022) -1052.0 -1055.7 -101.1 (-105) -66.8 =775

4Calculations in 6—311++G(d,p) basis set and SMD solvation method (Markovic¢ et al., 2016). B3LYP data in parentheses were

calculated using IEF-PCM method (Rimarcik et al., 2010).
"(SMD) M06-2X/6-311+G(d,p) - this work.
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Tab. 4. Published DFT and semi-empirical PM6 reaction enthalpies in k] mol™ for quercetin in aqueous
solution. The lowest values for a molecule are in italic.

Method BDE 1P PDE PA ETE
(SMD) M05-2X/6-311G+(d,p) (Markovic et al., 2013)

334
3-OH 349 14 116 232
4-OH 333 -1 93 240
3-OH 334 0 108 226
5-OH 383 48 112 270
7-OH 383 49 94 289
(SMD) M06-2X/6-311+G(d,p) (Zheng et al., 2017a)

535
3-OH 351 15 126 424
4-OH 336 1 106 430
3-OH 333 -2 116 416
5-OH 385 49 124 460
7-OH 386 50 107 478
(IEF-PCM) B3LYP/6-311++G(d,p) (Vaganek et al., 2014)

447
3-OH 316 68 174 341
4°-OH 305 56 159 344
3-OH 317 68 192 324
5-OH 369 120 205 363
7-OH 351 103 170 380
(COSMO) PM6 (Amic et al., 2013)

361
3°-OH 311 -51 51 260
4-OH 298 -63 31 267
3-OH 305 -57 35 269
5-OH 373 11 22 350
7-OH 383 21 14 368

and water (Amic et al., 2013; Markovic et al., 2013;
Vaganek et al., 2014; Zheng et al., 2019, 2018, 2017a,
2017b) indicate that the three polar solvents exert
similar effect on the reaction enthalpies for pro-
cesses involving charged species, where solvation
plays an important role. On the contrary, solvent
induces only minute changes in BDEs because they
are calculated from the total enthalpies of neutral
species only.

Our values compiled in Tables 1 and 2 are in accord-
ance with previously published experimental (Foti
et al., 2004; Ingold and Litwinienko, 2005; Litwi-
nienko and Ingold, 2003, 2004; Musialik et al., 2009;
Stasko et al., 2007) and theoretical reports (Amic et
al., 2013; Lengyel et al., 2013; Markovic et al., 2013;
Toscano and Russo, 2016; Vaganek et al., 2012, 2014;
Vakarelska-Popovska and Velkov, 2016; Zheng et al.,
2019, 2018, 2017a, 2017b) concluding that SPLET is
the favored reaction pathway in polar solvents.

Preferred reaction sites in studied flavonols

For the HAT mechanism, data in Tables 1 and
2 indicate that the lowest BDE values were found
for 4-OH group on the B ring or for the 3-OH

group on the C ring. Comparing the results for
kaempferol, quercetin and myricetin possessing
one, two and three OH groups on the B ring, BDE
values reveal that 4-OH BDE in myricetin with
pyrogallol (trihydroxy) structure of the B ring is the
lowest one, while in kaempferol with only one OH
group on the B ring, 4"-OH BDE is the highest one
in this series. In kaempferol, the lowest BDE was
found for 3-OH group analogously to galangin that
has no OH group on the B ring. For morin with two
OH groups on the B ring, the corresponding BDEs
are significantly higher because the two groups
are mutually in meta position, where OH group
shows electron-withdrawing effect resulting in the
increased BDE (Klein and Lukes, 2006). In morin,
the 3-OH group shows the lowest BDE. For querce-
tin in ethanol, 3-OH and 4"-OH BDE reached
identical values. 5-OH and 7-OH groups of the A
ring have the lowest tendency to homolytic O—H
bond cleavage. From the thermodynamic cycle it
follows that identical trends hold also for proton
dissociation enthalpies in the SET-PT mechanism
as the second step of the SET-PT mechanism also
results in phenoxy radical formation.
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Another key factor of radical species stability, spin
density, is shown for quercetin in ethanol in Fig. 3.
The 7-OH radical has the highest spin density on
the O-atom and BDE compared to the 3-OH and
47-OH radicals having the lowest spin density on
the O-atom and BDEs. This means that the forma-
tion of the latter radicals is more favorable as the
spin density is more delocalized over the whole
molecule and the species are more stabilized. In
case of 5-OH BDE, the higher value is caused by
hydrogen bond cleavage during hydrogen atom
transfer and not by the spin density distribution.
These results are comparable with those obtained
by Zheng et al. (2017a).

For SPLET, data in Tables 1 and 2 indicate that in
galangin, kaempferol, and morin, the 7-OH group
is most prone to deprotonation. In quercetin, myri-
cetin and fisetin, the 4"-OH group is the preferred
one. However, for quercetin and fisetin, 4"-OH and
7-OH PA values in ethanol can be considered prac-
tically identical, the difference is only 2 k] mol™.
In acetone, 4°-OH and 7-OH PA values of the two
flavonols are again close and the differences do not

exceed 6 k] mol™. These data, as well as the pub-
lished reaction enthalpies for quercetin in aqueous
solution in Table 4, unambiguously indicate the
significant role of the 7-OH group (ring A) in the
overall antioxidant activity. For quercetin, Musialik
et al. (2009) experimentally confirmed that the
anion formed at position 7 in ionization-supporting
solvents is responsible for very fast kinetics of the
quercetin/dpph ¢ reaction because of the participa-
tion of both mechanisms: HAT (from catechol mo-
iety in ring B) and SPLET (from ionized 7-hydroxyl
in ring A). For isoflavones, Lengyel et al. (2013)
found that deprotonation of the 7-OH group is
thermodynamically favored in aqueous solution as
well as in non-polar environment (benzene).

Thermodynamics of primary antioxidant action vs
antioxidant activity

Activity of individual flavonoids does not depend
solely on their structure and the polarity of the
environment. The type of scavenged radical and
the kinetics related to the individual reaction path-
ways also play important roles (Galano et al., 2016;

Fig. 3. Spin densities (values are in a.u.) of quercetin radicals in ethanol: a) 3-OH, b) 5-OH, ¢) 3 -OH,
d) 4 -OH, e) 7-OH (M06-2X/6-311G, isosurface value 0.01).
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Galano and Raul Alvarez-Idaboy, 2019; Markovi¢ et
al., 2013; Prochazkova et al., 2011; Rice-Evans et al.,
1996).

In general, other processes can also affect the
experimentally observed radical scavenging activ-
ity of flavonoids in polar environment. Recently,
it has been shown that HAT from deprotonated
flavonoids is more thermodynamically feasible in
comparison to parent (non-dissociated) flavonoids;
see for example Galano et al. (2016), Galano and
Raul Alvarez-Idaboy (2019), Klein et al. (2016). This
mechanism has been denoted as SPLHAT (Galano
et al., 2016; Galano and Raul Alvarez-Idaboy, 2019)
because it represents the combination of the first
step of SPLET (deprotonation of phenolic OH
group) followed by HAT from a different OH
group of the formed anion. Relevance of both,
SPLET and SPLHAT mechanisms for phenolic
antioxidants in the polar ionization supporting
solvents was indicated by many experiments and
rationalized also by theoretical studies (Alvarez-
Diduk et al., 2013; Duenas et al., 2010; Foti et al.,
2004; Galano et al., 2011; Ingold and Litwinienko,
2005; Klein et al., 2016; Lemanska et al., 2001,
2004; Leon-Carmona et al., 2012; Litwinienko and
Ingold, 2003, 2004; Musialik et al., 2009; Stasko et
al., 2007). Experimentally observed increase of free
radical scavenging activity of polyphenols with the
increase in pH can be related to lower O—H BDEs
in deprotonated species. It can be assumed that the
SPLHAT mechanism considerably contributes to
the observed antioxidant action of flavonoids in
aqueous solutions.

Conclusion

In this report, a theoretical study of the thermo-
dynamics of three mechanisms of primary anti-
oxidant action of six flavonols in two polar solvents
is presented. Another important aim of this work
was to provide an explanation of all issues to be
aware of in order to perform reliable theoretical
calculations providing correct values of the investi-
gated reaction enthalpies.
In general, computational chemistry offers reason-
able predictions of antioxidant action thermo-
dynamics for solution-phase reactions where no ex-
perimental data are available. Published theoretical
papers allow deeper insight and explanation of the
experimentally observed antioxidant effect. How-
ever, to obtain reliable theoretical results, certain
general rules have to be obeyed:

(i) It is necessary to use a suitable computational
method. In antioxidant research, DFT methods
are dominant. Previous studies have confirmed
the applicability of BSLYP (probably still the

most popular one) (Becke, 1993; Lee et al., 1988)
and newer M05-2X (Zhao et al., 2006) and M06-
2X (Zhao and Truhlar, 2008) functionals. For
solvent effect description, implicit solvent mo-
dels (polarized continuum models — PCM) are
usually employed. Sufficiently large basis sets
including both, diffuse and polarization, func-
tions are recommended for balanced descrip-
tion of molecules, radicals and charged species.
Pople’s basis sets, such as 6-311++G(d,p) or
6-311+G(d,p), are widely used in this field.

(ii) Conformational analysis of the studied mole-
cules is necessary to identify conformation
with the lowest energy, i.e. to identify the most
stable conformation. In this step, it is inevitable
to consider possible intramolecular hydrogen
bonds. Their presence often affects the ob-
tained results significantly.

(#11) In solution-phase thermochemistry of proton
and electron transfer, proton and electron
solvation enthalpies represent important
quantities. On the other hand, solvation does
not significantly alter the thermodynamics of
homolytic bond dissociation in neutral mole-
cules. Hydrogen atom H* solvation enthalpy
values in various solvents are within several
units of k] mol™! (Parker, 1992; Wilhelm and
Battino, 1973). The authors should always
specify the employed total or solvation enthal-
pies of H*, H", and e used in the calculations.
Application of different available values of
solvation enthalpies can shift the obtained
results by tens of k] mol™. If the employed
solvation enthalpies are not specified, mu-
tual comparison of various published values
is questionable.

It should also be noted that the Gibbs free energy

represents the general criterion of the thermo-

dynamically favored mechanism. However, in case
of the studied reactions, the absolute values of the
entropic term, -7TA,S, are only a few units or tens
of kJ mol” and the reaction Gibbs free energies,

A,G=AH -TAS, are just slightly shifted compared

to the reaction enthalpies (Dewar, 1990; Klein and

Lukes, 2006; Rimarc¢ik et al. 2010). Thus, BDE,

IP and PA values indicate the thermodynamically

preferred mechanism. In polar solvents, the differ-

ences between them are in hundreds of k] mol'.
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Abstract: The aim of the research was to prepare and characterize hydrotalcite synthesized under different
preparation conditions. The most common hydrotalcite preparation is the co-precipiaton method. The prepa-
ration process strongly influences the catalytic properties of hydrotalcite; therefore, optimal conditions have to
be determined. During the study, seven samples of the catalyst were prepared in the pH range from 8 to 12 and
the synthesis temperature range from 25 to 55 °C. Based on several catalyst properties, optimal synthesis pH
10 was found. Ideal temperature of the preparation was determined to be 35 °C, but the temperature does not

have a significant effect on the catalyst properties.

Key words: hydrotalcite, preparation conditions, co-precipitation, catalyst

Introduction

Several types of layered double hydroxides (LDH)
were studied for various applications depending
on their crystallinity and catalyst properties. LDH
synthesis dates from 1930, when precipitation
was used to prepare samples (Sato et al., 1988). A
wide range of applications of this special layered
structure have been studied. For example, oil ad-
sorbents, sorption agents for industrial, sensors in
electrochemistry and flame retardants in polymer
nanocomposites (Cavani et al., 1991, Salomao et
al., 2013).

Hydrotalcite (HT) belongs to the group of LDH,
also known as anionic clays. In comparison to
cationic clays, anionic clays are not very com-
mon in nature but their preparation in labora-
tory is much easier. The most widely used HT
is magnesium-aluminum type with the chemi-
cal formula [M,*M,* (OH)yuum]n TA 0  HLO,
where M**"and M?*"are divalent and trivalent metal
cations and A, is the interlayer anion. An identical
formula was found for the natural mineral hydro-
talcite (Nishimura et al., 2013). Layered structure is
based on rotation of positively charged octahedral
layers and interlayer space. Charge balancing
anions and water molecules occupy the interlayer
space (Baskaran et al., 2015). The range of metal
cations from the positive charge layer is relatively
wide and is determined by their size, which should
be similar to that of Mg?* for divalent cations and
that of A" for trivalent cations (Basag et al., 2016).

Scheme 1 shows a simplistic representation of the
hydrotalcite structure (Baskaran et al., 2015).

Scheme 1. Simplistic representation of hydrotalcite
structure (Baskaran et al., 2015).

Synthesis

Co-precipitation is the most common method to
prepare LDH like hydrotalcite. There are two dif-
ferent way of preparation: co-precipitation at vari-
ousable pH and at constant pH values. At constant
pH, preparation is based on addition of NaOH
solution to maintain the pH value constant during
the whole time of preparation. In the variable pH
method, a solution containing salts of the cations
(divalent and trivalent) is added to an alkaline solu-
tion containing the anion to be interlayered. With
the increasing concentration of alkaline metals, pH
decreases. Co-precipitation is usually carried out
at relatively low temperatures, usually up to 55 °C,
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to prevent secondary formation reaction of simple
hydroxides (Salomao R, et al., 2013).

Hydrotalcite application

Thanks to its special layered structure, hydrotalcite
can be used for a variety of applications such as base,
redox and photo-catalyst, as well as adsorbents. As a
base catalyst, hydrotalcite can catalyze a wide range
of reactions such as aldol condensation, hydroxyla-
tion, isomerization and others. Nowadays, many
studies deal with hydrotalcite use as an adsorbent
to reduce emissions of NO, and SO, because of
its large sorption capacity. Hydrotalcite has drawn
attention also as a catalyst to produce biofuels as it
is very effective for transesterification of vegetable
oils to produce biofuels. Easy preparation by co-
precipitation, which is quick and not complicated,
as well as its great catalyst properties are its advan-
tage.

Experimental

One of the most common methods to prepare
hydrotalcite was used to prepare seven samples.
First solution (A) was Na,CO; (c = 0.5 mol/dm?) dis-
solved in 1 L of deionized water. Solution of metal
nitrates (solution B) prepared from Mg(NO;), and
AI(NO,); with the concentration of 1.0 mol/dm?
was slowly added (10,44 ml/min) to solution A for
1 hour. Preparation of hydrotalcite samples was
realized in the pH range from 8 to 12 and tempera-
ture range from 25 to 55 °C. The pH value was kept
constant by addition of NaOH solution with the
concentration ¢ = 3.0 mol/dm?®. Addition of NaOH
was controlled by a pH electrode measuring the
pH value throughout the reaction. Temperature
was monitored by a temperature sensor connected
to a heating plate. Each sample aged for 24 hours.
After the solution sedimentation, the sediment
was washed with at least 2 L of distilled water and
filtered. Drying was carried out for 1—2 hours at
80 °C. After the preparation, all samples were stored
in an airtight container and subsequently calcined
at 150 °C and 450 °C. Prepared samples were used
for further measurements.

Crystalline phase identification and phase purity
determination of the prepared samples were car-
ried out by XRD analysis using a STOE THETA-
THETA diffractometer, with CoKa radiation, scan
range of 2.90 ° — 90.00 ° 20 and at the step size of
0.02°.

Surface characteristics were measured by physical
adsorption of nitrogen at -196 °C using ASAP-
2400 (Micromeritics). Overnight evacuation of
the samples at 150 °C and 450 °C preceded the
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adsorption analysis. Specific surface area, Sy, was
obtained using the conventional BET isotherm
(p/po = 0.05 — 0.30). The surface of mesopores, S,
and the volume of micropores, V .., were calcu-
lated from the t-plot using the Harkins-Jura master
isotherm. The value of the total pore volume, V,,
was determined from adsorption data at relative
pressure p/p, = 0.99. From desorption branches of
the isotherms, pore size distribution was calculated
using the BJH method.

Temperature programmed desorption of carbon
dioxide as a probe molecule (TPD-CO,) was car-
ried out in equipment with a TCD detector. The
catalyst amount of 200 mg (grain of 0.4—0.71 mm)
was placed in a quartz reactor. Before the TPD
experiment, the catalysts were activated at 450 °C
for 80 minutes in helium flow (75 mL/min). Subse-
quently, the catalysts were cooled down to 25 °C and
treated with CO, flow (99 % purity, 50 mL/min) for
30 minutes. The weakly adsorbed CO,was removed
by flushing the sample with helium (110 mL/min)
at 25 °C for 80 minutes. Desorption of CO, was
measured by heating the catalyst from 25 °C to
500 °C at the heating rate of 5 °C/min in helium
flow. The amount of basic sites was calculated from
the area of CO, desorption peaks with help of
calibration using a known amount of CO,desorbed
from MgCO, decomposition.

SEM images were taken using field emission JEOL
JSM-7600F SEM at the accelerating voltage of 5 kV
and working distance of 4.5 mm.

Result and Discussion

Seven samples of aluminum-magnesium hydro-
talcite were prepared for the study under various
synthesis conditions. Temperature of the synthesis
as well as pH were varied for each sample. Table
1 presents symbols of individual samples together
with their preparation conditions. All samples were
prepared with the same amount of metal nitrates
and Na,COgsolution.

Tab. 1. Samples preparation conditions.

pH Temperature of synthesis
Sample .
of synthesis [°C]

HTT/10/25 10 25
HTT/08/25 8 25
HTT/09/25 9 25
HTT/12/25 12 25
HTT/10/45 10 45
HTT/10/55 10 55
HTT/10/35 10 35
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Temperature was controlled by means of a tem-
perature sensor connected to a heating plate while
pH was maintained at a constant value during the
reaction by NaOH solution. Designation of the
samples was as follows: HTT/pH/temperature.

Specific surface area — BET

One of the most important properties of a catalyst is
its specific surface area. It tells us about the catalyst
adsorption capability. With the increasing specific
surface area, hydrotalcite gains better properties
for the catalysis of various reactions.

The determined specific surface areas of samples
calcined at 150 °C and 450 °C with different prepa-
ration pH can be seen in Table 2. HTT/10/25 pre-
pared at pH 10 shows the highest specific surface
area and pore volume at both calcination tempera-
tures.

A graphical comparison of the samples prepared
at 25 °C and calcined at 150 °C and 450 °C with
different pH can be seen in Figure 1. A significant
increase in the specific surface area for the sample
prepared at pH 10 can be observed.

Tab. 2. Determined surface area of samples with
different preparation pH.

150 °C 450 °C
Sample Sger \'A Sger \'A
[m*/g] [em®/g] [m*/g]l [cm®/g]
HTT/08/25 27 0.127 175 0.279
HTT/09/25 38 0.177 177 0.411
HTT/10/25 131 0.468 236 0.759
HTT/12/25 24 0.078 86 0.256

Based on Table 2 it is clear that from the point of view
of surface area, optimal pH for hydrotalcite prepara-
tion is 10. In Table 3, calculated specific surface areas
of samples prepared at pH 10 can be seen. The range
of preparation temperature was from 25 to 55 °C
and after the preparation, samples were calcined at
150 °C and 450 °C. It can be seen that the sample of
HTT/10/35 synthesized at 35 °C shows the highest
specific surface area compared to other samples.

However, in Figure 2 it can be seen that the syn-
thesis temperature does not significantly affect

250
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Fig. 1. Comparison of samples prepared with different pH calcined at 150 °C and 450 °C.
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Fig. 2. Comparison of surface area of samples prepared at different synthesis temperatures
and calcined at 150 °C and 450 °C.
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Tab. 3. Determined surface area of samples with
different preparation temperatures.

150 °C 450 °C
Sample Sger V. Sger V.
[m*/g]l [em®/g]l [m*/g]l [cm®/g]
HTT/10/25 131 0.468 235 0.759
HTT/10/35 155 0.630 291 0.856
HTT/10/45 102 0.457 223 0.721
HTT/10/55 153 0.620 278 0.907

the specific surface area of hydrotalcite; however,
four samples are not enough to make a conclusion
whether the preparation temperature affects the
specific surface area at all.

XRD

Influence of preparation temperature and synthesis
pH on hydrotalcite properties has been investigated
also by X-ray diffraction. XRD patterns of samples
prepared at constant calcination temperature of
450 °C and different preparation temperatures are
shown in Figure 3. This calcination temperature
was chosen because hydrotalcite layered structure
changes to mixed metal oxides structure. Higher
calcination temperatures caused destruction of the
layered structure and led to the formation of spinel
structure.

The XRD pattern shows typical peaks of mixed metal
oxide structure consisting of a symmetrical and
sharp peak with high intensity at low 26 angle (8—10)
and asymmetric broad peaks at high 20 angle. These

— HTT/10/25
--- HTT/10/35

- HTT/10/45

m

- HTT/10/55

60 70 80 80 100

2 theta (°)

Fig. 3. XRD patterns of samples prepared at constant pH calcined at 450 °C.

-~ HTT/8/25
, | - HTT/9/25
'“H ﬁ \ HTT/10/25
- HTT/12/25
0 10 20 30 40 i 60 70 80 %0 100

2 theta (7)

Fig. 4. XRD patterns of samples prepared at constant temperature and calcined at 450 °C.
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diffraction patterns indicate good crystallinity of the
prepared hydrotalcite (Wiyantoko et al., 2015). The
influence of synthesis temperature on crystallinity
is small which can be seen as just a little difference
between the intensity of each peak.

In Figure 4, XRD pattern of samples prepared at
constant temperature (25 °C) but different synthesis
pH can be seen. Samples were calcined at the tem-
perature of 450 °C. The XRD pattern also shows
typical peaks of mixed metal oxide structure. In the
sample prepared at pH 12, intense reflection at 20
values of 35 ° and several smaller reflections in the
26 range of 25 ° — 70 ° can be seen. These peaks
can be attributed to NaNO; crystals and their pres-
ence may be caused by insufficient sample washing
during filtration. Filtration of HTT/12/25 (pH 12)
is difficult probably due to the crystal size of the
prepared sample. The influence of synthesis pH
on the crystallinity of hydrotalcite is considerably
higher than that of the preparation temperature.
In the 26 range from 30 ° to 45 °, there are not
very intense peaks in samples HTT/08/25 and
HTT/12/25 prepared at pH 8 and 12, which are
not characteristic peaks for mixed oxides structure.

SEM

Based on XRD, differences between the sample crys-
tals obtained under different preparation conditions
are minimal. Crystallinity of the prepared samples
was in line with the characteristic reflections from the
XRD pattern. (Wiyantoko et al., 2015) Figure 5 shows
a SEM image of HTT/10/25 prepared at 25 °C and
pH 10, which proved to be the best preparation
conditions. The image shows very thin crystals. The
morphology of prepared hydrotalcite was formed by
accumulation of nanoparticle aggregates (Wang et
al., 2012).

Adsorption-desorption isotherm

The following graphs show the adsorption-desorp-
tion isotherms of samples calcinated at 150 °C and
450 °C. Based on their shape, mesoporous texture
of the samples can be seen. As a result of capillary
condensation, a hysteresis loop is formed caused by
a different mechanism of pores filling and empty-
ing. These hysteresis loops are formed due to the
presence of mesopores. Distribution of mesopores
is in average 5—50 nm, some are up to 70 nm when
it comes to macropores. The volume of micropores
was evaluated using the t-plot and it was found to be
negligible; specific surface area of mesopores, S,, was
practically the same as Sgpr. When comparing the
effect of preparation temperature on the adsorption
isotherm, the total pore volume is slightly increased
in the sample prepared at 35 °C. The effect of calci-
nation temperature can also be seen at greater pore
volumes at higher calcination temperatures, which is
positive for the catalyst properties.

Temperature-programmed desorption of CO,
(TPD-CO,)

Hydrotalcite belongs to basic catalysts. With in-
creasing basicity, catalytic properties of hydrotalcite
are better. TPD-CO, was used to determine basicity
of all hydrotalcite samples calcinated at 450 °C. As it
can be seen in the previous section, after calcination
at temperatures below 450 °C, hydrotalcite structure
changes from layered to mixed metal oxides. Table
4 shows calculated values based on CO, desorption
measurements. Sample prepared at pH 10 and at
35 °C achieved the highest basicity. The strong ba-
sicity in mixed oxides is connected to the presence
of alkaline metals. (Fraile et al., 2015).

In Figures 7 and 8, dependence of the measured
signal from the calcination temperature can be

Fig. 5. SEM image of sample HTT/10/25 prepared at pH 10 and preparation temperature of 25 °C.
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Fig. 6. Adsorption-desorption isotherms of prepared samples.

Tab. 4. Calculated values of basicity based on CO, desorption measurements.

Sample HTT/10/25 HTT/08/25 HTT/09/25 HTTI12/25 HTT/10/45 HTT/10/55 HTT/10/35
mmol CO,/g 1.04 1.35 1.10 0.92 0.78 1.38 1.44
seen. Through the calcination of hydrotalcite, basic  Conclusion

centers are formed. At temperatures below 100 °C,
weak basic centers are visible. At higher calcination
temperatures, from 100 °C to 200 °C, medium-basic
sites, and at temperatures above 200 °C, strong basic
sites occur (Navajasa et al., 2018). The sample pre-
pared at pH 8 shows an intense maximum in the area
of weak basic centers, which can be seen in Figure 7.
In contrast, the HTT/10/25 sample does not reach
such high intensity as the HT'T/08/25 sample, but
its signal indicates the presence of medium-basic or
strong basic sites. In case of preparation tempera-
ture effect on sample basicity, high maximum in
sample HTT/10/35 can be seen in the area of weak
basic center, but high signal at other temperatures
indicates the presence of medium-weak and strong
basic sites. In Table 4, a comparison of basicity of
all samples is shown, sample HTT/10/35 has the
highest basicity among all samples.
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Because of its wide range of application and easy
preparation, hydrotalcite is an interesting substance.
Preparation of hydrotalcite at different preparation
temperatures and pH values provides information
on the influence to hydrotalcite properties. Prepara-
tion by co-precipitation is the most common method
to prepare this catalyst with the required structure to
catalyze basic reactions. Basicity of hydrotalcite is one
of the key properties. Preparation pH can influence
basicity as it can be seen for sample HTT/10/35 pre-
pared at pH 10, where basicity reached the highest
value of all samples. In case of specific surface area,
sample HTT/10/25 prepared at pH 10 showed
the highest surface area. Preparation temperature
does not have any significant effect on the specific
surface area. Hydrotalcite is a mesoporous material
as indicated by the hysteresis loop. In case of samples
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Fig. 7. Desorption curve of samples prepared at different pH.
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Fig. 8. Desorption curve of samples prepared at different temperatures.

prepared at 35 °C, higher pore volume can be seen.
With higher pore volume, the sorption capacity of
hydrotalcite increases, which is important when
it is used as an adsorbent to reduce NO, and SO,
emissions from industry. XRD patterns showed
good crystallinity of prepared samples with peaks
typical for mixed metal oxide structure. In sample
HTT/12/25 prepared at pH 12, high intensity peaks
can be seen which was attributed to NaNOj crystals
present due to insufficient washing of sample during
filtration.
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Abstract: Propane-propylene mixture splitting by industrial conventional rectification incorporating a heat
pump for energy intensity decrease was modeled in the Matlab environment. The constructed model was veri-
fied by comparing its results with operational data of a real C3 fraction splitting unit. As documented, increased
product quality can be obtained at zero additional costs due to specific features of the system design. Process
capacity and product purity limitations have to be considered in future C3 fraction production increase plans.
Further compressor and its driving unit design features have to be incorporated in the calculation model to
reliably assess the C3 fraction processing costs and provide a reliable tool for process operation optimization.

Key words: C3 fraction, industrial heat pump, mathematical modeling, product purity

Introduction and study objectives

Refining and petrochemicals production belong to
energy intensive industry sectors, accounting for
more than 7 % of the total industrial energy con-
sumption in the OECD countries in 2012 (EIA 2016)
and predicted to keep this share at least until 2040.
Similarly, the share of chemical industry sector in-
cluding refining and petrochemicals production on
the total industrial energy demand was more than
15 % in Slovak Republic in 2011 (Vall, 2011). Facing
the expected decrease in fossil fuel demand for in-
dividual transportation, many refining companies,
including MOL GROUP, focus their attention on
new technologies implementation and material and
energy efficiency improvement in those expected to
continue playing a key role in their future business
(MOL, 2016).

The issue of refining industry energy intensity
decrease has been tackled in numerous studies in
recent years. Many published studies, includ-
ing Alhajji and Demirel (2015); Al-Rowaili and
Ba-Shammakh (2017), and Li et al. (2016), apply
computational modeling based both on the laws
of thermodynamics and on the mass and energy
balances together with heat and mass transfer equa-
tions and economic considerations. Environmental
aspects are considered in the energy intensity and
profit optimization calculations of entire produc-
tion clusters as documented by Alhajji and Demirel
(2015), Al-Rowaili and Ba-Shammakh (2017) and
Morrow III et al. (2015).

Individual production units are frequent subjects
of optimization calculations as well as simulations,

e.g. crude distillation unit (Gadalla et al., 2015),
isomerization process (Chuzlov and Molotov, 2016),
isopropylbenzene production plant (Chudinova
et al., 2016) or other plants (Vilarinho et al., 2016;
You et al., 2016). The role of robust software for
extensive calculations seems to be very important
in achieving units profitability increase by opera-
tional or design changes. Best industrial practice
and energy auditing procedures as established by
DeCarolis et al. (2017), Hasanbeigi and Price (2010)
and Worell et al. (2015) employ computational
approach also in identification and reduction of
process and design inefficiencies.

Traditional solutions and best practice applied in
refining energy intensity decrease are summed up
in recent studies by Danilov et al. (2018) and Worell
etal. (2015), identifying, among others, heat driven
refrigeration units, heat pipes and heat pumps as
suitable technologies to achieve this goal. Several
authors assessed the potential of industrial heat
pumps application in the refining sector in recent
research outcomes (Gadalla et al., 2015; Kazemi et
al., 2016; You et al., 2016), corroborating the earlier
findings of Demirel (2004) and Fonyo and Benko
(1998) together with the industrial experience of
properly designed and operated industrial heat
pump reducing the process energy consumption
by 30 to 50 % compared to traditional design. Best
results have been achieved in applications where
substances with similar boiling point have to be
separated by rectification (Demirel, 2004; Fonyo
and Benko, 1998), such as light alkane-alkene
mixtures or light isomer mixtures. Especially
cthane-ethylene and propane-propylene splitters
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are frequently equipped with mechanical vapor
recompression heat pumps (Morrow III et al., 2015;
Variny et al., 2013; Variny et al., 2015; Worrel et al.,
2015).

Earlier work of the authors compared traditional
and heat pump driven propane-propylene separa-
tion units in SLOVNAFT a.s. (Variny et al., 2013).
The prospective of C3 fraction production boost
with the C3 splitter expected to be one possible
bottleneck, the future C3 splitter operation with
increased feed and/or changed feed composition
has to be modeled, which represents the main ob-
jective of the presented study. To achieve this goal,
a reliable and robust mathematical model of this
part of the Fluid Catalytic Cracking Unit (FCC) was
developed in the Matlab environment, verified on
real operational data and used to predict the impact
of feed quantity and quality changes on products
purity and system energy intensity.

Materials and Methods

Modeled system

C3 fraction splitting can be characterized by high
energy demand as the propylene-propane mixture
is a close boiling mixture (Demirel, 2004). Pro-
pylene polymerization to which the produced
propylene is submitted requires high purity pro-

2

pylene (> 99.6 %). To achieve this via conventional
approach, numerous equilibrium stages and high
reflux ratio are necessary (Demirel, 2004).

In the SLOVNAFT refinery, components of the
C3 fraction are separated in two production units:
Ethylene Unit and Fluid Catalytic Cracking (FCC)
Unit. The Ethylene Unit operation provides suf-
ficient amount of disposable heat for the column
reboiler. Thus, the process in the Ethylene Unit
is realized conventionally. On the contrary, the
Propylene Recovery Unit of the FCC operates as
an industrial heat pump utilizing latent heat of
compressed product vapors in the column reboiler.
A simplified flow scheme of the FCC C3 splitting
process is provided in Fig. 1.

During normal operation, preheated feedstock (1)
is delivered to the feed stage of the tray rectifica-
tion column. Distillate vapors leaving the head of
column (2) are led to heat pump compressor (K)
driven by condensation turbine (T). A part of the
compressed vapors (5) continues to column reboiler
(E1) where it condenses and the heat of condensa-
tion serves as the heat supply for the column. The
excess heat is disposed of in heat exchanger (E2)
cooled by cooling water. Condensate (6, 8) is sub-
sequently expanded to the head pressure level in
flash vessel (F). Evaporated gas phase (12) is led back
to the compressor and liquid phase (9) is pumped

pa

Feedstock
C3 fraction

v

A

Superheated
steam

>

o

Cooling
water

> Eoraeed
>

Cooling
water

to storage|

l Propane | |Pro=>y‘=ere

to storage

Fig. 1. Process flow diagram.
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partly as reflux to the head of the column (10) and
partly as product flow (11) to storage.

Mathematical model

The model setup reflects the physical plant struc-

ture as shown in Fig. 1 and includes the following

assumptions:

* Feedstock is supplied as a boiling liquid.

e Both feedstock constituents are considered to
have identical molar isobaric heat capacities in
liquid and in gas phase as well as identical molar
heats of evaporation at constant temperature.
Available data in Perry (1997) justify this sim-
plification: molar isobaric heat capacities in the
liquid phase differ by less than 7 % for propane
and propylene in the relevant temperature inter-
val from 300 to 320 K. The same conclusion was
achieved for their molar isobaric heat capacities
in the gaseous phase and also for molar heats
of evaporation. Thus, the liquid molar flow
changes only on the feed stage and that of vapor
is constant along the whole column.

 Ideal gas and ideal liquid behavior is assumed.

* Pressure profile along the column is linear with
no radial pressure gradient.

* There is no radial temperature gradient.

* Column reboiler operates as a total condenser
and reflux enters the column as boiling liquid.

e Gaseous phase leaving each stage of the column
is in thermodynamic equilibrium with the liquid
phase.

* Vapor and liquid phases leaving each stage of
the column are of the same temperature and
composition as vapor and liquid phases at the
stage, respectively.

* Heat losses in the system as well as the pressure
losses in the pipelines are negligible.

The mathematical model consists of two connected
parts; the first calculates the column conditions in
terms of concentration and temperature profiles
and energy requirements considering the assump-
tions formulated above and the latter calculates the
heat pump performance.

Model equations (1) to (35) are provided below

and the calculation diagram shown in Fig. 2a, 2b

implemented in the Matlab environment provides

a comprehensive overview of the calculation pro-

cedure and its complexity. Physico-chemical input

data used for molar enthalpies calculation and for
equations (5), (18) and (27) were obtained from

Perry, 1997.

To calculate the concentration and temperature

profile along the column, overall mass balance (Eq.

(1) to (4)) along with balances of each stage (Eq. (8)

to (13)) were calculated considering phase equilibri-

um at each stage (Eq. (5) to (7)). The energy balance
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(14) reflects the column energy requirements. As a
result, the model provides information regarding
distillate mass flow and thus enables heat pump
performance calculation. Alternatively, distillate
composition if the heat pump performance is given.

1, , = Ri, (1)
Ny =T 0y, (2)
I (3)
Ny = Ny — 10y, 4)

c2
Clit =54 C3, In(T;)+C4, 7,7 ‘

Pl=e 7 (5)
Xy = yA,j% (6)

Vs,j “lz%j(leJ> @)

foal,, =1y, =%, =0y ,X, (8)

fvalj,l =N X Ty Ve T XA T My DA 9)

Joalyy =y x5 0y, 0+

) . . (10)
FNpXp =My Xy = My Vg
fvalj,l =g X o YA — N nXa; — My Ya (11)
fvalj,l = iLL,mxA,j—l - anA,j - thA,j (12)
foal,o =y, +y,,—1 (18)
QRB = 7%/W [hz’{\’f/B xA,N + hé’f/B (1 - xA,n, )] +
+n, (R+1)[h/’§l,gy/l,l +h17i:l,g (I*y/u)]* (14)

— i [Rc By (L= 0y | =
- nDR[hii,lyA,l + h’ﬁ,l (1 —Jaa )]

Given the column energy requirements it is possi-
ble to calculate the actual condensate flow through
the reboiler and ultimately the mass flow through
the heat pump compressor. The calculation pre-
requisite is the knowledge of the actual condensate
temperature. In order to obtain this information,
design condensate flow evaluation is necessary. The
calculation is relatively straightforward, including
a simple iteration.

3 3 hV Jdesign
QRB,dmz'gn = Qs - (15)
\4
fval = Pout,dexign - })out,itm (16)
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1 Lond design Tiond design
hwnd,design =h, Y + g (1 - yA,l) (17)
hcom/),design =
n—1
— ﬁ Pout, design g
Z RmY;n,d[.rign — 1 - 1 (18)
n— Pz'n,design
Ty
7 T design Tin design
hin,design - hA,g yA,l +hB,g (l_yA,l> (19)
out  design = hin,design + hwmﬁ,dmigw (20)
. o Q,RB,design
ncand,design, - h h (21)
out,design — '“cond design

The overall heat transfer coefficient in Eq. (22) is
proportional to the mass flow through the heat ex-
changer. Thus, the design-to-actual heat flux ratio
can be expressed as shown in Eq. (23).

Q = KAAT (22)
QRl'f ,design — mdr.sign A 7’;1!,’.?1;1"‘71 ( 2 3)
(O m AT
AT = L | AT, (94)
QRB Jdesign mdmign

Assuming a constant fraction exponent, the final
equation for condensate temperature calculation is

as follows:
Q. . —06
n .
_ RB cond ,iter
cond,iter — . X
Q,RB,dmign nwnd,design (26)
X (Zond,design - TRB ) + TRB

Empirical correlations for heat transfer coefficient
(o) incorporate its dependence on the Reynolds
number as o ~ Re™ where m varies between 0.4 and
0.8 depending on particular heat transfer conditions
and heat exchanger design. The Reynolds number
is directly proportional to mass (molar) flow; heat
exchanger duty estimated from the heat transfer
equation can therefore be related to the mass flow to
the power of m. Average value of m = 0.6 was con-
sidered in this study — Egs. (23), (24), (26). Using an
analogous approach as in Egs. (17) to (21), the actual
condensate flow was calculated.

TR, " [P] -

‘-1 B (27)

comp,iter

My
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Poir = Mty Yas + i (1= 301 ) (28)
witsitr = Pinier + Reoupier (29)

Remasor = 1" Yay gy (1= 3,,) (30)
Qunier = Pemasior Pontir = oot (31)
foal = Qpp i = Qs (32)

Combining mass and heat balance of the flash ves-
sel, actual flow through the heat pump compressor
(Eq. 35) and vapor generation rate in the flash ves-
sel (Eq. 34) are calculated.

hwﬂux = hz‘:‘,lyA,] + hl@,l (1 - yA,1> (33)
. hwnd - hu/ﬂux .
nﬂa\\h = mnwnd (34)
i v
ot 1 _ hwn(l - hnjﬂux (?)5)
hin - hrefﬂux

Input data for the model simulation in form of
average daily operational values were provided
by SLOVNAFT a.s. and evaluated for a 500-day
period. Typical operational values are depicted in
Table 1. Data regarding column and compressor
design parameters were obtained from equipment
documentation and from the refinery staff and are
summarized in Tables 2 and 3.

Tab. 1. Feedstock properties.

Numerical
Parameters
Value
Typical Mass Flow [t/h] 8.2
Typical Composition [mol % propylene] 81.2

Tab. 2. Column parameters.

Parameters Numerical Value
Column Stages 165
Feed Stage 46
Head Pressure [MPa] 1.17

Bottom Pressure [MPa] 1.32

Tab. 3. Design compressor parameters.

Parameters Numerical Value
Mass Flow [t/h] 147.7

Inlet Pressure [MPa] 1.17

Inlet Temperature [ °C] 26
Discharge Pressure [MPal 1.78
Discharge Temperature [ °C] 50
Polytropic Efficiency [ %] 84.4
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Fig. 2a. Calculation diagram: Column performance.

The following Figs. 2a, 2b serve as calculation
process visualization in the Matlab environment,
allowing for easy functional module addition,
which is important for future work aimed at the
compressor and its driving unit performance

curves adoption in the model. For each converged
iteration loop, the function value fval has to reach
the value of 10°%. Therefore, 15 to 25 iterations
on average have to be done regarding the loop
complexity.
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Fig. 2b. Calculation diagram:

Results and discussion

Results of software calculations were reprocessed
into charts shown in Figs. 3, 4. Fig. 3 serves for model
verification, comparing the calculated and measured
mass flow of vapors compressed in the heat pump
compressor. Very good agreement can be seen
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v

Eq. 19, 20 - Design
inlet/discharge
enthalpy calc.

.

Eq. 21 - Design
condensate flow calc.

.

Actual condensate |,
flow est. by

v

Eq. 26 - Actual
condensate @ [-----------3
temperatura calc.
v 5

Eqg. 5- Actual -
comprassor :
discharge pressure '
calc. i

Eq. 27 - Actual :
specific work
transferred calc :
Y -
Eq. 28, 29 - Actual Eq. 30 - Actual
inlet/discharge condensate enthalpy
enthalpy calc. cale.

Eq. 31 - Actual heat :
exchanged via = [®----------- !
reboiler calc.

.

EQ. 32 - Heat
=¥ exchanged
comparison

v

No Estimation
adjustment

Yes

Eq. 33 - Reflux
enthalpy calc.

L
Eq. 34 - Generated
vapour in flash vessel
calc.

|

Eq. 35 - Flow through
compressor calc.
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during periods with the measured mass flow above
100 t/h. With decreasing vapors mass flow, the calcu-
lated and model based values diverge; the calculated
ones being by 20 to 30 t/h lower than the measured
ones. Explanation for such discrepancy was obtained
by studying the compressor performance curves that
have not been a part of the calculation model — the
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compressor design limits proper compressor opera-
tion above 100 t/h of compressed vapors to avoid the
surge occurrence danger. At lower column feeds,
mass flow of vapors below 100 t/his sufficient to
achieve the desired product purity (99.5 to 99.6 % wt.
propylene). This, however, requires regulated open-
ing of the compressor antisurge by-pass to increase
the compressed vapors mass flow. In the end, a part
of the compression work is wasted to recompress the
by-pass stream, which lowers the heat pump energy
efficiency.

An alternative approach, as documented in Fig. 4
and preferred by staff, allows for the production
of even higher purity propylene product (around
99.7 % wt.); due to very close propane and pro-
pylene molar masses, the propylene molar and
weight fraction in the propylene product is almost
identical (Fig. 4) at no additional cost: the column
reflux ratio can be increased above the usual value
during periods with lower column feed. Therefore,
sufficient compressed vapors mass flow through the
heat pump compressor is retained and the antisurge
by-pass valve can remain closed.

180
160 |
140
120 F
100
80 r
60 f
40
20 F

M, / th!

The applied compressor load controlled by the
frequency converter couples the compressor dis-
charge pressure and throughput. The possibility
of compressor discharge pressure optimization is
unused by staff at the moment keeping the dis-
charge pressure at almost constant value. However,
optimization would yield specific compression work
decrease as well as a modest decrease of the mini-
mum compressor throughput needed to avoid surge
occurrence. This possibility will be considered in
further work.

An alternate means of compressor load control — by
a variable inlet guide vane — seems to be more
suitable in this application as it allows operating
the compressor in a broader throughput range
than the frequency converter while decoupling the
discharge pressure and throughput control. An
analysis of additional implementation possibilities
of such compressor load control is out of the scope
of this paper.

It can be concluded that increased product purity at
zero incremental cost can be achieved in the studied
system during periods with lower C3 fraction feed
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Fig. 3. Calculation model verification — comparison of calculated and measured values
of compressed vapor mass flow in the heat pump compressor.

L.ooo r

0,999 r

0,998 +
<0997

0,996 |

0.995

0,994

W MM General

revision

] 30 100 150 200

2350 300 350 400 450

t/d

Fig. 4. Achievable propylene product purity.
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to the splitter, allowing for production costs reduc-
tion in the polypropylene production plant, as lower
amount of inert (propane) has to be removed from
the reaction gas purification section in such a case.
Alternative point of view yields that increasing the
C3 splitter load above a certain value may limit the
achievable product purity which is an important
fact to be taken into account when evaluating the
C3 fraction production increase possibility in the
FCC unit.

Conclusions

The presented paper provides a comprehensive
overview of industrial C3 fraction splitter modeling
incorporating a heat pump. The model has been de-
veloped based on the system layout and taking into
account the system mass and heat balance as well as
the vapor-liquid equilibrium and compression work
calculation. Comparison of model calculated and
measured vapor mass flow compressed in the heat
pump compressor showed very good agreement. Pe-
riods with differences in these values stemmed from
the compressor antisurge protection system activated
atlower vapor throughputs. This remains a challenge
to be addressed in future work together with the heat
pump driver performance assessment. It is expected
that implementation of these equipment limitations
and features in the C3 splitter mathematical model
will enable calculating the incremental C3 fraction
splitting costs reliably, thus providing a tool for sys-
tem operation optimization.

List of symbols and abbreviations

a exponent in equations (23) and (24);
a=0.6[-]
C,to C; constants used in pure substance saturated

vapor pressure calculation - equation (5)

foal function value [-]
h molar enthalpy [k] kmol™]
k overall heat transfer coefficient

[kW m™? K]
m mass flow [kg s7']
n molar flow [kmol s™']
n average value of polytropic coefficient [-]
P pressure [kPa]
P saturated vapour pressure of pure sub-
stance [kPa]

e heat flux [kW]

R reflux ratio [-]

R, universal gas constant [k] kmol™! K]

T thermodynamic temperature [K]

X molar fraction in liquid phase [-]

y molar fraction in gas phase [-]

z average value of compressibility coef-
ficient [-]
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AT mean temperature difference [K]
un polytropic compression efficiency [-]
Subscripts

+s components (propane and propylene)

«mp Telated to compressor

«na Telated to condenser

p  distillate (stream)

dign design  (operational or construction) para-
meter

»  feed (stream)

s Telated to flash vessel

gas phase

; component

»  inlet conditions

4 value in iterative calculation

stage numbering

;  liquid phase

.  stages above the feed stage

.  stages below the feed stage

. outlet (discharge) conditions

rs  related to reboiler

e Teflux (stream)

v vapor (phase)

w  waste (stream)

Superscripts
T calculated at temperature T
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Agile manoeuvres using
model predictive control
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Abstract: This paper shows how model predictive control (MPC) can be used to perform agile manoeuvres
in a pendulum-on-a-cart system, which is an abstraction of many mechanical systems commonly used in the
industry, such as cranes. Specifically, the problem of moving a cart on which a pendulum is mounted using
a free joint is rapidly moved from one position to another one while mitigating the swings of the pendulum.
To achieve this goal, an optimization-based MPC strategy is employed that selects the control moves while
minimizing the chosen cost function and, simultaneously, enforcing constraint satisfaction. As the controlled
system is nonlinear, two options are considered. The first one solves the nonlinear MPC problem in an ap-
proximate fashion using the so-called random shooting approach. The second method is based on the first
one approximating the nonlinear system by a linear one, followed by applying convex MPC techniques. The
performance of both strategies was compared by means of real-time experiments.

Keywords: nonlinear model predictive control, convex model predictive control, random shooting, linearization

Introduction

Chemical reactors, heat exchangers and many
other processes in the chemical industry perform
with nonlinear dynamics which makes their control
a challenging task. Especially when the operation of
such processes accentuate safety. Control strategy
offering the most benefits is model predictive control
(MPC) (Maciejowski, 2002) due to its ability to per-
form optimized control actions while state and input
constraints are enforced. Therefore, MPC has be-
come the most preferred and popular control ap-
proach in the process industry, as proven by the sur-
vey of Qin and Badgwell (2003). Many successful
applications of the MPC strategy control chemical
reactors (Oravec and Bakosova, 2012; Bakosova and
Oravec, 2014; Oravec and Bakosova, 2015; Bakosova
et al., 2013), heat exchangers (Oravec et al., 2016a,
2018), and distillation columns (Martin et al., 2013).
Alternatively, MPC can also be used as a supervisory
control layer that can be coupled with conventional
PID controllers (Klauco et al., 2017).

The principle of MPC is to solve an optimization
problem based on a mathematical model of the
controlled system. Additionally, future behavior
of the system is predicted and control inputs are
optimized over the whole prediction horizon. In
case of a linear model of the system, the evalua-
tion of control input can be fast and relatively easy.
Limitations of the linear model stem in a narrow
range of its validity and often insufficient descrip-
tion of all the distinctions of the real process. To
tackle these limitations, a nonlinear model of the
process can be used. Performing nonlinear MPC
can lead to non-convex optimization problems that
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require increased computational power. In fact,
obtaining such a solution is unattainable within
one sampling period if the process is characterized
by fast dynamics.

In recent years, reducing of computational com-
plexity affiliated with non-convex optimization
problems within nonlinear MPC (NMPC) has
become a serious research field (Allgéwer and
Zheng, 2012). Various methods intended for the
solution of such optimization problems have been
described (Wright and Nocedal, 1999; Cizniar et
al., 2009; Kirkpatrick et al., 1983; Poli et al., 2007).
Some of the methods are focused on searching
for the minimum in a certain local area. There-
fore, there is always a possibility of solution sub-
optimality. Searching for the global minimum can
be performed in a stochastic or deterministic way.
Simulated annealing is a stochastic method based
on inspecting an enormous number of solutions
and subsequent convergence to the lowest value of
the cost function of the NMPC. On the other hand,
the drawback of the deterministic methods lies in
their applicability in small size problems.

One of the systems with fast and nonlinear dy-
namics is also a pendulum-on-a-cart. The problem
of unwanted oscillations at the output occurs
during the system control. The pendulum system
represents a crane moving cargo. If this crane is in
the vicinity of other objects, its oscillation is very
undesirable as it can cause considerable damage.
At the same time, the speed at which the crane
transmits objects plays an important role. The
faster the device runs, the more it can transfer and
the more efficient it is. Higher speeds, however,
cause larger oscillations to be mitigated. The com-
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promise between the speed of operation and the
oscillation amplitude is agile maneuvers which
operate with the device the fastest way possible
to avoid violation of the constraints given for the
oscillation amplitude.

This paper focuses on the solution of this NMPC
problem employing the random shooting ap-
proach (Dyer et al., 2014). Application of this
method is spread in machine learning (Sahoo et
al., 2018) or robotics (Piovesan and Tanner, 2009)
fields. Elegance and simplicity of the method
is based on the fast randomly generated control
input sequences pursued by investigation of the
constraints enforcing and evaluating the cost func-
tion value. The sequence with the lowest value
of the performance index is considered as the
solution. Due to the random selection, solution
sub-optimality can occur, while increased number
of random sequences reduces the extent of such
sub-optimality. However, the solution is feasible
and it guarantees safe operation of the manipu-
lated system.

Control performance of NMPC and MPC based
on the linear model were compared in this paper.
Scenarios of the agile maneuvers control in the
pendulum-on-a-cart system were the same for both
control strategies.

Theoretical

We considered a control of a system in the discrete-
time domain represented by the state-update equa-
tion

x(t+ A) = fix(D), u(®)), (1)
and the output equation
W) = g(x(0), u(?)), (2)

where x()) € R" represents the state vector at time ¢,
u(?) € R™are the control commands, and y(7) € R? are
the controlled outputs. Additionally, x(¢ + A) repre-
sents the successor state. Finally, f/R" x R” — R" and
gR"xR" — R’ are, in general, nonlinear functions.
The objective of model predictive control is to
use system equations (1) and (2) to predict future
evolution of the system and to optimize the control
inputs to achieve optimal behavior while meeting
all system constraints. Mathematically, the MPC
problem can be stated as

N-1
J )= min 3 (g = |+ l),  (Ga)
05 UN-1 0
s.to Xy = flg, w), k=0, ..., N- 1, (8b)
yk: g(xk, uk), k: 0, veey N— 1, (SC)

x,eX,k=0,.., N-1, (8d)
w,el, k=0,...,N-1, (Se)
wel k=0,..,N-1, (8f)

x = x(D), (3g)

where x;, u;, y, are the state, input, and output pre-
dictions at the k-th step of the prediction horizon,
respectively, ||-|| is any vector norm, and &, U, ) are
state, input, and output constraint sets, respectively.
Optimization is performed over a finite prediction
horizon N and yields the sequence {«', ..., w'\,} of
control moves that are optimal for the given initial
condition, x(f) per (3g) and the given reference
value, x..

The trouble with optimal control inputs from (3)
is that if functions f(-) and g(-) in (3b)—(3¢c) are
nonlinear, or if the constraints sets are non-convex,
(3) becomes a non-convex optimization problem
that is difficult to solve to global optimality. In the
subsequent sections, two principal ways allowing (3)
to be solved quickly are reviewed.

The first method to solve a nonlinear MPC prob-
lem of (3) quickly is the so-called random shooting
method, introduced in more details in Bakarac
and Kvasnica (2018). In principle, the method
investigates a (possibly large) number of randomly
generated control sequences {u, ..., uy.;}. For each
random sample, the response of the nonlinear sys-
tem, i.e., the sequences {x;, ..., x5} and {y,, ..., yy.,} are
calculated by (1) and (2), respectively, as a forward
simulation of the nonlinear system starting from
xy = x(1). Subsequently, the validity of constraints in
(3d)—(31) is checked and any infeasible trajectories
are discarded. Among the feasible trajectories, the
random shooting method selects the sequence that
yields the lowest value of the cost function (3a).
The advantage of random shooting is that it can
cope with arbitrary nonlinear dynamics in (1) and
(2) since only forward simulations are required.
Moreover, arbitrary non-convex constraint sets can
be employed. Therefore, the procedure can be used
to investigate a very large number of randomly
generated input trajectories in a short time. How-
ever, the obvious disadvantage is that the resulting
control actions are merely sub-optimal. Moreover,
due to their random generation, they can exhibit
significant chattering and oscillations, which might
not be desirable from a practical point of view.
However, the sub-optimality can be mitigated by
resorting to a very large number of random se-
quences (e.g. one million).

Another approach is to linearize the nonlinear
dynamics in (1)—(2) around some chosen operating

Fedorova K et al., Agile manoeuvres using model predictive control. 137



point, e.g. xgand us. Applying the truncated Taylor
expansion yields the linear approximation:

c(r )~ By
ox o
o (5 ()
=", . (u—u),
8“ 50 Us
and
s~ 2EEY )
Ox )
+8g(x,u)| (u—u)
ou " e
which can be written as
x(t+ A) = Ax() + Bu(t), (6a)
38 = Cx(?) + Du(?), (6b)

where matrices A, B, C, D result from the partial
derivatives of f{-) and g(-).

The advantage of the linear prediction in (6) is
that when it is used in (3b)—(3¢), the MPC problem
becomes a convex optimization problem, which
can be easily solved using conventional optimiza-
tion techniques, provided the constraint sets X, U,
Y are convex sets. If they are not, their respective
inner convex approximations can be derived e.g.
by maximization of the inscribed ellipsoid volume,
or by searching for the largest inscribed hyper-box.
The latter approach is preferred as the constraints
in (3d)—(3f) become linear and are easier to tackle
compared to quadratic constraints arising from
an ellipsoid inner approximation. If, moreover,
the norms in (3a) are squared 2-norms, the MPC
problem (3) becomes a convex quadratic program
that can be solved e.g. by active-set or interior-point
methods.

Experimental

In this work, model predictive control was applied
to control a laboratory mechanical system consist-
ing of a cart on which a pendulum is mounted
using a free joint, shown in Fig. 1. Such a system
represents a crane moving a cargo from one posi-
tion to another one as quickly as possible while
mitigating the swings of the cargo to prevent col-
lision with obstacles. Dynamics of the pendulum is
represented by four nonlinear state equations in the
continuous-time domain:

X = Xy, (72)

(7b)

. 3g .
Xy = Zucos(xl)—kﬁsm(xl)—bx?,

Xy =%, (7¢)
X, =u, (7d)

along with the output equation
y= Lsin(x;) + x5. (8)

Here, x, represents the pendulum’s angle, x, is the
angular velocity of the pendulum, x; is the posi-
tion of the cart, and x; is its velocity. The input of
the system is u, the acceleration of the cart. The
output from the system, y is the x-position of the
pendulum’s endpoint. Model parameters in (7) are
L=21 cm, g=9,81 ms? and b= 1. The control
objective is to change the position of the end point
of the pendulum in the shortest possible time. The
trajectory of the movement has to be such that all
states of the system enforce the state and input
constraints:

-0 < x; < 00, (9a)
—00 < X < 00, (9b)
-0.25 < x,<0.25, (9¢)
-2.0 < x, < 2.0, (9d)
-0 <y<0.45, (9e)
“4<u<4. (9f)

Naturally, as the cart moves it induces oscillations
of the pendulum, which are not desired as they
may lead to the pendulum’s endpoint colliding with
obstacles. Therefore, the y<0.45 constraint must be
met at all times to avoid such collisions.

To achieve a collision-free transition from one posi-
tion to an another, model predictive control was
applied. Specifically, the continuous-time system
in (7) was first discretized using the sampling time
A = 0.02 s and the forward Euler discretization.
Specifically, given a continuous-time state equation
x = f(x, w), its discrete-time version was achieved:

x(t+ A) = x(t) + Mx, y), (10)

Alternatively, if the forward Euler discretization is
imprecise, explicit Runge-Kutta discretization can
also be applied. Specifically, the second-order ex-
plicit Runge-Kutta method yields the discrete-time
system:

x(t+A) = x() +

AR + 0.5Af(D), w(®), ul) +0.54).  (11)

With the discrete-time version of the dynamics in
(7) at hand, the MPC problem in (3) was formulated
with a prediction horizon of N =20 steps. The cost
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function in (3a) was chosen as (x; - x,..p)" Q(x; - X,.) +
+u”,Ru, with Q=11, 0, 30, 0] - I, and input penalty
R = 0.01. Notice that the penalty on the third state
is 3000 times higher than that on the control input.
Therefore, the controller has a large incentive of
changing the position quickly even at the expense
of more aggressive control actions.
To solve the optimal control inputs in (3), the two
methods outlined in the previous section were
applied. First, the random shooting approach
Fig. 1. Laboratory Pendulum. was applied in conjunction with the discretized

—— Linear model approach
03| - - -Random Shooting
Reference position

- - =Output constraint
ns | | | | | ! I I I I I

L] 0.0 1 1.5 2 245 3 a5 4 1.5 h

u [ms?

|—Linear model approach
- - -Random Shooting
I;I 0.5 1 15 2 2.5 ;‘! fi-.ﬂ I. I|'> "lu

time

8]

Fig. 2. First graph shows the position of the pendulum’s endpoint over time. The blue solid line
represents performance under linearization-based MPC, while the profiles for random shooting
are shown using red dashed lines. The reference position of the pendulum’s endpoint is represented
by green dashed line and the constraint for this output by the black dashed line.

Secong graph shows the respective control actions over time using the same color scheme.
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nonlinear dynamics from (7). The random shoot-
ing controller was constructed using the Rand-
ShootMPCController method of the MPT toolbox,
which also allows compiling the controller into a
mex function for faster execution. To apply convex
MPC, the dynamics was first linearized around a
zero position and speed, providing (after discretiza-
tion) the linear prediction model (6). Note that all
constraints in (9) are already linear (thus the sets X,
U, YV in (3d)—(8f) are convex), therefore no further
processing was necessary. The resulting quadratic
program was then solved using the Gurobi solver.
Both approaches were tested in experiments using
a laboratory pendulum lab process, described in
more details in Oravec et al. (2016b). However,
not all state variables could be directly measured.
Specifically, only x, (pendulum’s angle) and x;
(cart’s position) can be directly accessed. As MPC
is a state-feedback control policy, the remaining
states have to be estimated by devising a suitable
state observer, such as the Luenberger observer.
The state estimation as well as computation of con-
trol actions from (3) and all data processing were
implemented in Matlab on a PC connected to the
pendulum via a USB cable. The MPC controller
ran on a sampling time of 20 ms using the fixed-
rate periodic timer in Matlab.

Results and discussion

To compare the control performance of each
strategy, the following scenario was considered. A
cart carrying a pendulum is in the initial position
x3(0) = -0.2 m in relation to the center of the range
of its possible movements. At the beginning, the
pendulum is in a steady downright position with
x,(0) = x,(0) = 0. The objective of the controller
is to move the cart to the desired final position
x,(7) = 0.2 m while satisfying all constraints pre-
sented in (9). Specifically, the pendulum’s endpoint
position must not exceed 0.45 m while the cart
changes its position from -0.2 m to 0.2 m.
Experimental results are shown in Fig. 2. The first
graph shows the measured position of the pendu-
lum’s endpoint over time. As it can be seen, both
approaches are able to move the cart to the desired
position within four seconds while respecting the
constraints on the pendulum’s endpoint position.
However, the linearization-based method performs
significantly better, exhibiting a smaller overshoot.
The random shooting method, on the other hand,
shows more oscillations, which is due to the fact that
it generates control actions at a random basis. This
can be observed from the bottom graph in Fig. 2.
However, both controllers meet the specified con-
trol goal with a similar settling time.

It should be noted that the oscillatory behavior
of the control actions is partly due to the physical
construction of the device which only provides a
finite resolution of measurements. Therefore, only
sensory data are sampled, which leads to deterio-
rated performance.

Conclusions

This paper shown how MPC can be applied to
perform agile manoeuvres using the cart-and-
pole laboratory setup. Two versions of the MPC
problem were considered. The first one employed
a full nonlinear description of the processes but
provided only a sub-optimal solution to the optimi-
zation problem. The second version was based on
linearization of the nonlinear dynamics, followed
by formulation and solution of the MPC problem
as a convex quadratic program. Both versions of
the controller were implemented in real time with
satisfactory results using a sampling time of 20 ms.
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An active indirect solar system
for food products drying
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Abstract: An energy independent active indirect solar drying system for the study of food products drying at
specific climate conditions was developed and tested. As a model material, sliced tomato was selected because of
its short shelf live, high humidity and potential to be a high value dried product. Indirect solar dryer enabled
complete protection of the dried material against sunlight, birds, insects, rain and dust during the drying
process. The solar dryer system design includes a rectangular section (1000 x 600 x 400) mm chamber and a
flat solar collector (1500 x 600 x 100) mm with the surface area of 0.9 m?. Air flow was induced by a fan installed
at the inlet of the collector and powered by a photovoltaic solar panel and a battery system. Temperature and
humidity of air were monitored at the collector inlet, collector outlet and the drying chamber outlet. The
key element of the collector is a 10.5 m long rectangular section aluminum pipe (55 x 35) mm coated with
an absorption layer. The maximum dryer capacity is around 3 kg of wet material (sliced tomato) per batch.
Average air temperature increase in the collector was measured to be 30 °C during the winter season. Air
relative humidity decreased from 21 % to 15 % after passing through the collector. The moisture of tomato
slices decreased from the initial value of 92 % down to 22 % during the time of the experiment (30 h). Quality
of tomatoes dried using the designed solar dryer differed significantly in color as well as in texture from those
dried by the commonly used methods, like an open sun drying system. Equilibrium moisture content of the
product was reached after 30 h in December when the maximum outside temperature was 17.6 °C. The tomato
mass decreased from 333 g to 33.15 g; the mass loss being approximately 90 %. The heated air temperature and
humidity at the dryer inlet and outlet were influenced by the change of the ambient temperature and humidity
during the day. Variation of the drying rate with the change of the ambient temperature and humidity was
observed. During summer, when the sun radiation increases, the drying time for sliced tomato with 9 mm
thickness decreased from 25 h to 15 h. The sample thickness also has an impact on the drying process. When
the sample thickness increased from 9 mm to 12 mm, the drying time increased from 15 h to 20 h of active

device time.

Key words: Active indirect solar dryer, renewable energy, drying, upland condition, sliced tomatoes

Introduction

Most food products require some kind of preser-
vation to enhance their shelf life since the produc-
tion usually exceeds the market demand during
the harvest season. For example: application of
heat or cold, chemical substances, fermentation,
mechanical methods and combinations of two
or more of the mentioned methods (Mathavi et
al., 2013), as well as modern methods like ultra-
violet light processing and pulsed light processing
(Rahman, 2007; Abida et al., 2014), microwave
preservation (Barrett and Lloyd, 2012), high-
pressure processing (Kadam et al., 2012), ionizing
radiation, ultraviolet radiation (Abida et al., 2014),
biopreservation (Acuna et al., 2011), etc., are used.
Drying is the most used and most suitable method
for agricultural products preservation (Srisit-
tipokakun et al., 2012).

The most popular and current techniques for
agricultural products dehydration include open
sun drying (Akpinar, 2010), solar drying (direct
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and indirect) (Mohamed et al., 2008), convec-
tive drying (Royen et al., 2018), drum drying
(Mujumdar, 2014), spray drying (Sormoli and
Langrish, 2016), fluidized-bed drying (Senadeera
et al.,, 2013), freeze drying (Kudra and Mujumdar,
2009), microwave drying (Pu et al., 2016), osmotic
drying (Karam et al., 2016), vacuum drying (Sagar
and Kumar, 2010), ultrasound drying (Mulet et
al., 2003), etc. However, drying is generally an
energy-intensive operation and it can significantly
affect the cost of the product. High prices and
shortages of fossil fuels increase the emphasis on
the use of solar energy as an alternative energy
source, especially in developing countries (Tiris
et al.,, 1996). Indirect solar drying represents a
cost effective method for food products drying in
many countries including Afghanistan where this
research was done.

Afghanistan is a landlocked country located in the
center of Asia. Economy of the country is based on
agribusiness (Finck-Pastrana, 2014; World bank,
2014) as agriculture creates approximately 1/3 of
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the gross domestic product, GDP, and employs an
estimated 80 % of the Afghan population directly
or indirectly (Ward and Jalal, 2011). Afghanistan’s
climate is perfectly suitable for high-valued fruits,
vegetables and herbal plants’ cultivation (Shukla et
al., 2017). Environmental conditions of the country
are highly favorable for many tree crops, vegetable
species and herbal plant production (Kemal-ur-
Rahim, 2003; Bhardwaj, 2012). Dry products which
are famous all over the world also include almonds,
walnuts and pistachios, apricots, cherries, plums and
raisins (Rasoly and Chandrashekar, 2018; Ministry
of Industry and Commerce, Islamic Republic of Af-
ghanistan, 2018). The world popular herbal plants
which are grown and cultivated here are saffron,
onions, peppermint, garlic, chamomile, chicory,
flixweed, liquorice, fumitory, sage, marshmallow,
dill, fennel, harmal or syrian rue (Amini and Ham-
dam, 2017). The major export agriculture product
is dried fruits (27 %), medicinal plants (10 %) and
fresh fruits (7 %) (Salman, 2017). However, one of
the major limitations in dried product business in
Afghanistan is to meet the standards and require-
ments for hygiene of the drying process. Open sun
drying, which is the most often used method, does
not meet these requirements. On the other hand,
conventional hot air drying is very energy intensive.
Solar drying under controlled conditions can be
an alternative to the hot air and open sun drying
methods, especially in locations with good sunshine
during the harvest season (Sunil et al., 2012). A
wide variety of solar dryers have been designed
by many researchers (Mehta et al., 2018; Sengar et
al., 2009; Rathore and Panwar, 2010; Sharma et al.,
2009). Solar dryers are classified into two types, ac-
tive and passive ones, each working in three modes:
direct, indirect and mixed (Sharma et al., 2009;
Srisittipokakun et al., 2012; Boughali et al., 2009;
Wang et al., 2018; Zoukit et al., 2019; Shamekhi-
Amiri et al., 2018; El Khadraoui et al., 2017). Solar
drying systems, especially indirect active ones need
shorter time for the drying process completion than
the open sun light systems (Sunil et al., 2012), lower
energy consumption than conventional hot air dry-
ing systems and they enable control of the hygienic
conditions of the process.

Indirect active solar cabinet dryers are considered
more advanced compared to typical cabinet dry-
ers because they generally consist of two separate
components: a collector that heats air with solar
radiation and a drying chamber in which scales
or planks of the product are accommodated. The
operating principle is similar to that of a cabinet
dryer; however, ambient air is driven to the collector
by a ventilator (fan or blower). Active indirect solar
dryer is more suitable for agricultural products

with high moisture content, such as fruits, vegeta-
bles and herbal plants (El Khadraoui et al., 2017;
Mujumdar, 2014).

Advantages of indirect forced solar dryer are that
the samples are not exposed to solar radiation, the
product quality does not decrease significantly
and unstable vitamins and nutrients content is not
reduced as much, drying rate is higher than in un-
forced systems and it is controllable (Phadke et al.,
2015). Disadvantages of this system include higher
initial costs and higher operation expenses due to
intense circulation of heated air by fan or another
kind of blower (Sontakke and Salve, 2015).
Afghanistan is one of the countries with a huge
potential for using solar energy as it has more than
300 sunny days per year and high potential of solar
energy production with the average capacity of
4—6.5 kWh/m?/day (Jahangiri et al., 2019). Nowa-
days, solar energy is used for cooking, lighting, water
heating and food drying in Afghanistan (Shukla et
al., 2017). However, traditional open sun drying
methods without quality control and standard hy-
giene conditions fulfilment are still applied (Abur et
al., 2014).

The principal objective of this work was to design
and test an energy independent solar drying sys-
tem for food products drying in the indirect mode
to achieve complete protection of fruit and vegeta-
ble against sunlight, birds, insects, rain and dust
during the drying process producing standard
dried products for worldwide market (Sontakke
and Salve, 2015; Aiswarya and Divya, 2015). As
a model material, sliced tomato was selected be-
cause of its short shelf live, high humidity and its
potential to be a high added-value dried product.
Tomato (Lycopersicum esculentum) is an herbaceous
plant which is part of the family Solanaceous like
potato (Manaa et al., 2013).

Materials and Methods

Solar Dryer

A scheme of the designed solar dryer system is
shown in Fig. 1. The system includes a rectangular
(1000 x 600 x 400) mm chamber and a flat solar
collector (1500 x 600 x 100) mm with the surface
area of 0.9 m®. Air flow was induced by a fan
installed at the inlet of the collector and powered
by a photovoltaic solar panel and a battery system.
Temperature and humidity of air were monitored
at the collector inlet, collector outlet and the drying
chamber outlet. The key element of the collector is
a 10.5 m long rectangular section aluminum pipe
(55 x 35) mm coated with an absorption layer. The
dryer capacity is around 3 kg of wet material (sliced
tomato) per batch.
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Fig. 1. Characteristics of solar dryer collector
and chamber.

Samples

Fresh and ripe tomatoes with approximately equal
size and color were selected and purchased from
a Kabul local market. Then, they were washed
with tap water before sliced to pieces with circular
shape with 9 mm and 12 mm thickness using a
stainless steel knife. The average diameter of to-
matoes was around 5 cm. For each batch, around
323 g of sliced tomatoes were distributed in a
single layer in the dryer chamber. The samples
were weighted by a digital balance with the capac-
ity ranging from 0.01 g up to 500 g with + 0.01 g
precision.

Experimental procedure

Chamber and trays were washed and cleaned be-
fore the samples were distributed. Initial moisture
content of tomato slices measured by a laboratory
moisture analyzer equipped with an analytical mois-
ture balance (capacity 0.001—160 g, VWR, Italy) was
0.95 (wet base). Duration of the experiments and
active drying time during the day depended on the
season. In summer, experiments started at 8:00 AM
and were finished at 5:00 PM, 9 h; while in winter,
the experiments started at 9:30 AM and continued
until 2:30 PM for 5 consecutive hours. After every
60 min, the sample mass loss was recorded. During
the active drying periods, the temperature and rela-
tive humidity of air stream at the solar collector inlet,
solar collector outlet and at the chamber outlet were
monitored. During winter, the maximum ambient

temperature was around 18 °C and in the summer
it was 38 °C. The range of ambient air relative
humidity was (13—21 %), and the air pressure was
around 80—82 kPa. The data were recorded by an
automatic data logger. The last step of the drying
process was the device discharging. The average
air velocity measured at the outlet of the solar col-
lector (circular part of the pipe with a diameter of
50.8 mm) was 0.6 m/s.

Results and discussion

The collector efficiency was tested by measuring
the air temperature before and after the collec-
tor during the winter season (December), under
extreme conditions (minimum sunshine time and
lowest ambient temperatures in Kabul). Tempera-
ture behavior during the measurement days are
presented in Fig. 2. The collector inlet temperature
during the active measurement period was between
10 °C and 18 °C. The maximum increase of air tem-
perature after passing the collector was from 17 °C
up to 47 °C. Also, the effect of temperature changes
during the day can be seen in this figure. The maxi-
mum air outlet and inlet temperature difference
(maximum collector efficiency) corresponds to
conditions at noon, when the sun radiation angle is
more perpendicular to the collector surface. These
measurements showed that the system can be used
during the whole year including the winter season
when the temperature is low and sunshine time is
short.

Fig. 3 shows the sample mass loss versus time in
winter season. Active drying time (time with hot air
flow inside the chamber) was 5 h per day. Total time
needed for complete drying was five days. In ex-
periments done in summer (June), the total drying
time was reduced to two days (Fig. 4). Total mass
loss of the sample was around 90 % in winter and
92 % in summer. Equilibrium moisture content of
the product was reached after 25 h of active drying
during winter season and after 15 h of active drying
during summer season.

Of course, the dryer works more effectively during
the summer season when ambient temperature is
higher (30—40 °C in Kabul). Fig. 4 presents the mass
loss variation with time for two samples with differ-
ent slice thickness obtained in summer when ambi-
ent lowest and highest air temperatures were 18 °C
and 36 °C, respectively. When the slice thickness
increased from 9 mm to 12 mm, the time required
to achieve equilibrium moisture content increased
from 15 h (two device working days) to 20 h (three
device working days). As it results from Fig. 4, in
the initial drying period when free water from the
sample surface is evaporated, the drying rate is not
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Fig. 3. Sample mass loss versus drying time.

influenced by the slice thickness. Later, when water  circulation (Figs. 3 and 4), the effect of hot air
diffusion to the surface takes place, drying rate is  circulation can be observed. Drying rate obtained
influenced by the sample slice thickness. during the forced air circulation periods is in
Comparing active solar drying periods (periods with  average around 7.8 times higher than that observed
forced air circulation) and periods with only natural ~ during the natural air circulation periods.
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In winter, the device worked in active mode just for
5 h each day. In Fig. 3, the gaps between measure-
ment points shown by dashed lines represent
19 h off-time per day. The decrease of the tomato
moisture content (dry basis) for each day is shown
in Fig. 5. The dry basis moisture content in tomato
slices decreased from the initial value of 11.5 (92 %
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wet basis) down to 0.3 (22 % wet basis) during 25 h
of active drying.

One of the most important parameters influencing
the rate of drying is air relative humidity. Relative hu-
midity of air was measured in three different points: in
the stream entering the collector (relative humidity of
ambientair), after the collector (at the drying chamber

, An active indirect solar system for food products drying.



inlet) and at the chamber outlet. Fig. 6 shows the air
humidity in all three points during the active mode of
the device. Air humidity changed during the process
and also during the day. The range of ambient air rela-
tive humidity was (13—21 %), the air relative humidity
decreased to (6—17 %) after passing the collector, and
it increased to (40—75 %) at the chamber outlet. As
it results from Fig. 6, the change of temperature
during the day influenced also the ambient air rela-
tive humidity. It is most visible for the air leaving the

drying chamber. These measurements provide very
important information that at geographical locations
such as Afghanistan, the device can work with accept-
able driving force also under extreme winter condi-
tions and at low air velocity. At higher air velocities,
smaller change in air relative humidity in the device
can be expected, which means higher driving force
for the mass transfer.

Drying rate is affected mainly by air relative hu-
midity and air temperature. Eq. (1) was used to
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calculate the drying rate.

m, dX
A, dt

Where m, is mass of the bone-dry material in dried
product (kg), A, is fresh tomato slices surface area
(m?) and (d X/d?) is a derivative of the moisture con-
tent (dry basis) relative to time. (d X/d?) was obtained
by derivation of a third degree polynomial function
of the moisture content versus active drying time.
The polynomial function was obtained using a
trend line of the measured experimental data.
Fig. 7 shows the variation of drying rate with the
solid phase moisture content. When the moisture
content of tomato slices decreases, the drying rate
also decreases. Despite the high moisture content
of tomato slices, the drying curve does not show
any constant drying rate period. However, the dry-
ing rate decrease at the beginning of the process is
much slower. Non-smooth behavior of the drying
curve shown in Fig. 7 is due to the intermittent ac-
tive drying mode.

The sample surface area, A,, was considered to be
constant during the drying in this study. However,
the sample shrinkage can influence the shape of the
drying curve. The effect of the sample shrinkage
can dim the drying rate decrease at lower solid
phase moisture content.

DR =— (1)

Conclusions

An energy independent indirect solar dryer was
developed and tested by drying tomato slices.
Measurement of air temperature and air relative
humidity change after passing the collector and dry-
ing chamber showed that at the given geographical
location, the dryer can effectively work also during
winter season.

Under the climatic conditions in Kabul (Af-
ghanistan) at the period of the experiment (end
of December, winter, ambient day temperature:
10—17 °C, air relative humidity: 13—23 %, air pres-
sure: 80—82 kPa), five days (five hours per day)
were sufficient for 9 mm thickness sliced tomato
drying in an energy independent indirect solar
dryer. The average air temperature increase after
passing through the collector was 30 °C. The air
relative humidity decreased by around 7 % after
passing through the collector and increased by
around 30 % after passing through the drying
chamber. During summer, when the sun radiation
is more intensive, the drying time for sliced tomato
with a 9 mm thickness of slices decreased from 25 h
to 15 h. Under these conditions, only two days of
drying (7.5 h of sunshine each day) were necessary
for sliced tomatoes drying compared to five days
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required in winter. The sample thickness showed
the same effect as well. By increasing the sample
thickness from 9 mm up to 12 mm, the active dry-
ing time in summer season increased from 15 h up
to 20 h, which took three days of drying.
Approximately 90 % of the product mass was lost
during the drying process. Lower relative humidity
and lower ambient pressure of upland geographi-
cal locations enable effective indirect solar drying
also during the winter season.
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Abstract: Natural or synthetic zeolites have unique physical, chemical and structural properties that pre-

determine their use in many processes, including wastewater treatment. This study presents the results of
our preliminary research in the field of nitrogen and phosphorus removal using adsorption and adsorptive
ozonation with natural and modified zeolites. Iron-modified zeolite was the most efficient for the removal of
ammonium nitrogen by adsorption. Phosphorus removal efficiency using adsorption was relatively low and
natural zeolite was not suitable for the phosphorus removal at all. Ozone had no significant impact on the

removal efficiency. Regeneration of loaded zeolites with ozone has also been studied. This method was partly

efficient but it needs be further examined.

Keywords: adsorption, nitrogen and phosphorus removal, wastewater treatment, zeolites

Introduction

Wastewater contains various pollutants of diverse
chemical nature. Wastewater treatment techniques
have progressed over the past decades. One of the
possibilities is to use adsorbent materials, either
for adsorption alone or in combination with other
technologies.

Activated carbon, biomaterials, zeolites, clays and
some industrial solid wastes are widely used for ad-
sorption of ions and organic matter in wastewater.
Natural or synthetic zeolites have unique physical,
chemical and structural properties that predeter-
mine their use in many processes. Properties of
zeolites can be further improved by chemical treat-
ment. Modified zeolites can also be used as catalysts
in catalytic ozonation (Fontanier et al., 2006; Valdés
and Zaror, 2006; Qu et al., 2007, Wang et al., 2011)
as well as in combined processes, e.g., adsorptive
ozonation (Fujita et al., 2004).

By altering the reaction conditions, the surface of
zeolites or their internal structure can be changed
(Foldesova and Hudec, 2006). Zeolites have a po-
rous structure and they are able to adsorb various
sorbates, for example, pesticides, polar and non-
polar inorganic and organic molecules. Natural
clinoptilolite has a high affinity to the NH," cation
and toxic metal cations; therefore, it can be used
for their removal from wastewater (Rehakova et al.,
2003).

Nitrogen and phosphorus are essential macronutri-
ents for all living forms. On the other hand, they are
also significant pollutants due to their high content,
particularly in municipal wastewater. Release of
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these macronutrients into receiving water has to be
minimized due to their negative impact on aquatic
environment and their removal is an essential part
of the prevention of eutrophication problems.
Specific production of nitrogen varies according
to household equipment; it is approximately 12 g
per person per day. Other significant sources of
nitrogen are also animal wastes from agriculture,
fertilizers, and the food industry (Pitter, 2015).
Anthropogenic sources of inorganic phosphorus
are washing and cleaning powders, degreasing
and washing agents, as well as fertilizers. Animal
waste contains phosphorus of both organic and
inorganic origin. Specific phosphorus production
is approximately 2—3 g per person per day (Pitter,
2015). Nitrogen and phosphorus can be efficiently
removed from wastewaters by biological treatment
which is commonly used at many wastewater treat-
ment plants. Adsorption is one of the alternative
methods that can be used when it is not possible to
use activated sludge process, or in case it is neces-
sary to include a tertiary treatment. The main
advantage is that the adsorbents can also retain
persistent pollutants that would otherwise only pass
through the activated sludge bioreactor.

Ozonation is a perspective oxidation technology
used for water and wastewater treatment. Adsorp-
tive ozonation combines the benefits of both
processes — ozonation and adsorption. Ozone has
the ability to cleave organic molecules into smaller
ones which then bind to the adsorbent. Adsorption
also leads to a local increase in the concentration
of pollutants and ozone at the adsorbent-liquid
interface, which can contribute to increased pro-
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cess efficiency (Tsai et al., 2005; Melicher, 2013).
Some adsorption materials (e.g., activated carbon,
zeolites) may also serve as catalysts for the decom-
position of ozone to hydroxyl radicals. Thus, the
mechanism of direct ozone reactions, i.e., the
mechanism of ozonolysis is changed to a radical
reaction mechanism, which can lead to an increase
in the efficiency of ozone reactions. Ruffino and
Zanetti (2011; 2012) applied bromide as a catalyst
for ammonia, bicarbonate and organic carbon
depletion in ozonized systems.

Another combined process using ozone is the ad-
sorption—regeneration process. Ishii et al. (1979)
patented the ozonation method for regenerating
an oxidation catalyst. Ozone can be used for the
regeneration of loaded zeolites after the adsorp-
tion (Zhang et al., 2014). The authors successfully
applied this process for adsorption of trichloro-
phenol on zeolite and adsorption regeneration
with ozone. The adsorption capacity was kept
stable for at least eight cycles of adsorption and
regeneration. Fe-active zeolites were successfully
applied in two cycles of the adsorption/oxidation
approach of adsorption/wet peroxide oxidation of
the non-ionic surfactant TX-100 (Shahbazi at al.,
2014).

This study presents the results of our preliminary
research in the field of wastewater treatment in
adsorption and adsorptive ozonation processes for
nitrogen and phosphorus removal. Natural zeolites,
iron and manganese modified zeolites were used
as adsorbents. Another aim of the research was
to assess the possibilities of ozone regeneration
of zeolites after adsorption applied for municipal
wastewater treatment. These single and combined
processes can be potentially applied in the treat-
ment of sludge liquids and tertiary treatment of
wastewater.

Theoretical

Adsorption can be defined as a process in which ma-
terial (adsorbate) travels from a gas or liquid phase
and forms a surface layer on a solid or liquid phase
(Crawford and Quinn, 2017). The most common
models describing the adsorption process kinetics
are pseudo-first (Eq. 1) and pseudo-second (Eq. 2)
order kinetics (Lin and Wang, 2009; Simonin, 2016,
Naushad et al., 2016; Tan and Hameed, 2017). The
pseudo-first order kinetic equation, originally de-
scribed by Lagergren, assumes that the adsorption
sites occupancy rate is proportional to the number
of vacant sites. If film diffusion is the rate control-
ling process, the constant of the equation will vary
inversely with the particle size and the film thickness
(Ho and McKay, 1999).

Pseudo-first order kinetic model

g =g (1="") (1)

where ¢, ¢. express the quantity of adsorbate re-
tained by the unit amount of adsorbent (adsorption
capacity) at time ¢ and at equilibrium, respectively
[mg g'l, % is the pseudo-first order rate constant
[min™'].

The pseudo-second order kinetic model is based on
the assumption that the adsorption sites occupancy
rate is proportional to the square of vacant sites.
This model assumes that the overall sorption rate is
controlled by the rate of adsorbate diffusion within
the sorbent pores (Plazinski et al., 2013). Both these
models were used in this study for the adsorption
kinetics evaluation with model and municipal
wastewater.

Pseudo-second order kinetic model

ky g, t

E ©

4 =9q.

where ¢, ¢. express the quantity of adsorbate re-
tained by the unit amount of adsorbent (adsorption
capacity) at time ¢ and at equilibrium, respectively
[mg g'l, %k is the pseudo-second-order rate con-
stant [g mg™ min™'].
Mass transfer during the adsorption process can
also be controlled by external and internal diffu-
sion (intra-particle diffusion). When the adsorbate
diffusion in adsorbent pores is the adsorption
rate-determining step, the intra-particle diffusion
rate constant can be obtained from the Weber and
Morris equation (Nagy et al., 2013; Li et al., 2016)

4= kip t{)_) (3)

where ¢, is the quantity of adsorbate retained by the
unit amount of adsorbent [mg g™'] at time ¢ [min],
ki, is the intra-particle diffusion rate constant
[mg g min™*’] and C represents the boundary-
layer effect. When external diffusion is the rate
determining step, the liquid film diffusion model
can be used (Nagy et al., 2013):

In(1 - F) =k ¢ 4)

where F = ¢/q. is the fraction attainment at equi-
librium, and 4y is the liquid film diffusion rate
constant [L min™].

The adsorption isotherm is a dependence of
the quantity of the adsorbate adsorbed by the
adsorbent (adsorption capacity) on pressure or
adsorbate concentration under equilibrium condi-
tions at constant temperature (Bleam, 2017). The
most commonly used isotherms are Langmuir
(Eq. 5) and Freundlich (Eq. 6) isotherms. The
Langmuir isotherm is commonly used to describe
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the adsorption process on a homogeneous surface
with negligible interactions between the adsorbed
molecules. The model assumes uniform adsorption
energy on the surface, and the maximum quantity
of adsorbate depends on the level of the monolayer
saturation. The Freundlich isotherm is known as an
empirical, two-parameter, equation describing the
adsorption process equilibrium. Unlike the Lang-
muir isotherm, Freundlich’s model has no apparent
adsorption maximum (Bleam, 2017). It can be ap-
plied to non-ideal and reversible adsorption, useful
for heterogeneous surfaces as well as for multi-layer
sorption.

Langmuir isotherm

— qmax bC (5)
1+b6C

where ¢ is the adsorption capacity [mg g™, ¢
represents the maximum monolayer adsorption
capacity [mg g'], C is the equilibrium concentra-
tion of adsorbate [mg L™'], and b is the equilibrium
constant of interaction [Lmg™'].

Freundlich isotherm
1
g=*kC" (6)

where ¢ is the adsorption capacity of adsorbate
[mg g'], Cis the equilibrium concentration of ad-
sorbate [g L'], and % and n are empirical constants
[mg"-V"g ' LV"] [-] (Bowman, 1982).

Critical properties of the Langmuir isotherm can
also be affirmed from the viewpoint of equilibrium
parameter (R, also called the separation factor), a
dimensionless constant defined by Eq. 7. The value
of R, indicates the shape of the isotherms to be
either unfavorable (R, > 1), linear (R, = 1), favorable
(0 < R < 1) orirreversible (R, ~ 0) (Das et al., 2014;
Foo and Hameed, 2010; Nethaji et al., 2013).

.
140G,

The Freundlich empirical constant 1/n as a func-
tion of the adsorption strength in the adsorption
process was also considered. The value of 1/n
in the range from zero to one also indicates a
favorable sorption process (Das et al., 2014;
Nethaji et al., 2013).

(7)

Materials and methods

Adsorption and adsorptive ozonation

Glass laboratory reactors with a volume of 1 L
stirred by a magnetic stirrer were used in all adsorp-
tion experiments. Model wastewater was prepared
from deionized water and NH,OH, so the concen-
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tration of ammonium nitrogen corresponded to the
content in municipal wastewater (approximately
70 mg L"). Municipal wastewater was sampled from
the municipal wastewater treatment plant in
Bratislava-Vrakuna. Natural zeolite with the frac-
tion size of over 1 mm, two zeolites modified by
manganese (fraction 0.3—2.5 mm and
1—2.5 mm) and one modified by iron (fraction size
1—2.5 mm) were used for the experiments. The zeo-
lites were supplied by Zeocem, Slovakia. The adsor-
bent amount was 20 g per 1 L of water. The experi-

size

ments were carried out at laboratory temperature
of 20 £ 2 °C with the main aim to evaluate and asses
the adsorption potential of natural and modified
zeolites for nitrogen and phosphorus removal.
Another goal was to determine the adsorption equi-
librium time, describe the adsorption kinetics and
determine the values of parameters of adsorption
isotherms for the evaluation of adsorption potential
of the investigated zeolite samples.

A Lifetech ozone generator with a maximum ozone
production of 5 g L™ was used for ozone produc-
tion from pure oxygen. Ozone concentration in the
gas phase at the inlet and outlet of the reactor was
measured using a Lifetech ODU 200 UV labora-
tory detector. The system was operated in a batch
configuration: wastewater samples and adsorbents
were added to the reactor at the start of each experi-
ment. The mixture of ozone and oxygen was fed
into the reactor through a glass frit to form fine
bubbles and thus to increase the efficiency of ozone
transfer to the liquid phase. A magnetic stirrer was
used to stir the reaction mixture. During the ozo-
nation, the ozone generator power was set to 50 %
and the oxygen flow was maintained at 1 L min™.
Municipal wastewater was used in the experiments.
The amount of adsorbent was 20 g per 1 liter of
wastewater. Ozonation without any sorbent was also
performed. Ozonation time was 60 min.

Repeated adsorption was carried out with municipal
wastewater to investigate the adsorption-regenera-
tion process with the ozone regeneration of zeolites.
For each zeolite, five cycles of adsorption (2 h, 20 g
of zeolite, 1 L of wastewater) were performed and
followed by 15 min ozone regeneration using the
reactor and conditions described above.

Analytical methods

Ammonium nitrogen concentrations were deter-
mined using the absorption spectrophotometric
method with the Nessler reagent. In a test tube,
5 mL of the sample was mixed with 1—2 drops of a
potassium-sodium tartrate solution (500 g L™') and
100 pL of the Nessler’s reagent (10 g of Hglyand 7 g
of KI in 100 mL of 10 % NaOH). A yellow-brown
colloidal complex was formed. The color intensity
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was measured after 10 min by a spectrophotometer
at the wavelength of 425 nm (Hordkova et al., 2003).
Phosphate phosphorus concentrations were also
measured spectrophotometrically. Five mL of the
sample were mixed in a test tube with 0.5 mL of
the agent solution prepared by mixing 125 mL of
sulfuric acid (2.5 mol L), 50 mL of ammonium
molybdate solution (30 g L™'), 25 mL of antimony-
potassium tartrate solution (1.36 g ') and 50 mL of
ascorbic acid solution (21.6 g L'). After 15 minutes,
the absorbance was measured by a spectrophoto-
meter at 690 nm (Horakova et al., 2003).

Values of COD and TOC were determined by the
National Water Reference Laboratory, Water Re-
search Institute in Bratislava.

Experimental data processing

Nonlinear regression was used for data analysis and
fitting the values in the models. Parameter values
of Egs. 1, 2, 5 and 6 were determined by the grid
search optimization procedure. The values of cor-
relation coefficient and residual sum of squares
between the measured and calculated data were
used to compare the adsorption potential of the in-
vestigated zeolites and to evaluate the quality of the
mathematical description of the experimental data.
We strongly support the conclusion of authors Lin
and Wang (2009) that nonlinear form of kinetic
equations should be primarily used to obtain ki-
netic parameters. The reason is that linearization
can distort the basic assumption of the least square
method, i.e., constant Gaussian distribution of
values of the dependent variable for all values of
the independent variable.
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Fig. 1. Time dependence of ammonium nitrogen
concentration in model wastewater.

Results and discussion

Adsorption with model wastewater

The first set of experiments was carried out with
model wastewater containing ammonium nitrogen
as the only pollutant. Fig. 1 shows that the equilib-
rium time in the adsorption with model wastewater
was about 300 min. However, most of the ammo-
nium nitrogen was adsorbed in the first two hours.
This time was therefore used for the measurements
of equilibrium data and determination of adsorp-
tion isotherm parameters. Unmodified zeolite (in
Fig. 1 marked as “natural d >1 mm”) performed
the lowest decrease of N-NH,. The best results
were obtained using Fe-modified zeolite (in Fig. 1
marked as Fe 1—2,5 mm). The pseudo-first and
pseudo-second order kinetic parameters are shown
in Tables 1 and 2.

Tab. 1. Parameter values of pseudo-first order kinetics and statistical characteristics for N-NH, adsorption
from model wastewater (Sy? — residual sum of squares of experimental and calculated values;
Sy* — dispersion of dependent variable values; R,, — correlation coefficient).

. 9. ky Sg? Sy ny
Zeolite L - . o I

[mg g1 [min '] [mg?g~?] [mg?g~?] [-]

Natural 0.980 0.00750 0.00154 0.0910 0.989

Fe-modified 1.80 0.0698 0.0142 0.389 0.964

Mn-modified 1.28 0.0170 0.00150 0.180 0.991

Tab. 2. Parameter values of pseudo-second order kinetics and statistical characteristics for N-NH, adsorp-
tion from model wastewater (Sz* — residual sum of squares of experimental and calculated values;
Sy* — dispersion of dependent variable values; R,, — correlation coefficient).

. 9. ky Sg* Sy R,
Zeolite L L s o -

[mg g'] [gmg 'min '] [mg?g?] [mg?g?] [-]

Natural 0.860 0.0208 0.0100 0.0910 0.890

Fe-modified 1.92 0.0592 0.00720 0.389 0.982

Mn-modified 1.42 0.0172 0.00460 0.180 0.974

Urminska B et al., Use of zeolites for macronutrients removal from wastewater.
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The pseudo-first order model corresponded with
the experimental values obtained with the Mn-
modified zeolite and the natural zeolite better than
the pseudo-second order one. The pseudo-second
order model had a slightly higher correlation coef-
ficient in case of Fe-modified zeolite but the dif-
ference was negligible. The highest rate constants
were obtained for Fe-modified zeolite according to
both kinetic models.

Results of the experiments aiming to determine the
parameters of adsorption isotherms and provide
an insight on adsorption mechanisms with model
wastewater are summarized in Table 3 and Fig. 2.
Comparison of the values of correlation coeffi-
cients indicates that the Langmuir isotherm better
corresponded with the experimental data than the
Freundlich isotherm. The Fe-modified zeolite was
again the most efficient, i.e., the highest adsorp-
tion quantities were reached; while natural zeolite
was the least efficient adsorbent. The calculated
values of equilibrium parameter R, (Eq. 7) were
in the range from 0.17 to 0.62 for natural zeolite,
from 0.16 to 0.65 for Mn-modified zeolite and from
0.18 to 0.71 for Fe-modified zeolite, depending on
the initial concentration values. It can be concluded
that for all investigated zeolites, the values of equi-
librium parameter were <1 and >0 for all initial am-
monium nitrogen concentrations, which indicates
favorable adsorption. Values of the Freundlich

g [mg o]

20

1.0

0.0 T T
0 30 ol

® natural - experimental

——natural - calculated

* Mn-experimental

—— Mn-calculated

empirical constant 1/n also lie between 0 and 1 for
all types of zeolites, which also indicates favorable
sorption process.

According to Eq. 3 and data shown in Fig. 1, linear
plot of the equation passes through the origin in
case of natural (R, = 0.986) and Mn-modified
zeolite (R, = 0.981). Based on the values of the cor-
relation coefficient (R,), it can be concluded that
for these two zeolites, internal diffusion is the rate
determining step. This is not the case of Fe-modi-
fied zeolite (R,, = 0.820). According to Eq. 4 and
data shown in Fig. 1, linear plot of the equation
passes through the origin in case of natural zeolite
(R, = 0.978) and Mn-modified zeolite (R, = 0.956).
It can be concluded that for these two zeolites, ki-
netics of the adsorption process was controlled by
diffusion through the liquid film surrounding the
adsorbent. In case of Fe-modified zeolite, the value
of the correlation coefficient was lower, 0.904.

Adsorption with municipal wastewater

Fig. 3 shows the decrease in ammonium nitrogen
concentration for unmodified zeolite (natural
d > 1 mm) and modified zeolites with manganese
and iron (Mn 1—2.5 mm and Fe 1—2.5 mm).
Unmodified zeolite showed the lowest efficiency
while the highest efficiency was again achieved
by the Fe-modified zeolite. Equilibrium time
for natural and Fe-modified zeolite was around

91 120 150 180
C, [mg L)
® Fe-expernmmental

—— Fe-calculated

Fig. 2. Experimental values of adsorption capacities dependence on equilibrium concentration
of ammonium nitrogen adsorption from model wastewater and calculated values using Langmuir isotherm.

Tab. 3. Adsorption isotherm parameters and correlation coefficients (R,) for N-NH, adsorption from
model wastewater obtained by nonlinear regression.

Langmuir isotherm

Freundlich isotherm

Zeolite Gonax b R, k 1/n R,
[mg g—l] [L mg—l] [_] [mg(l -1/n) g—l Ll/n] [_] [_]
Natural 1.69 0.0273 0.984 0.118 0.500 0.942
Fe-modified 4.80 0.0252 0.942 0.247 0.547 0.980
Mn-modified 1.79 0.0311 0.960 0.138 0.518 0.923
154 Urminska B et al., Use of zeolites for macronutrients removal from wastewater.
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Fig. 3. Time dependence of ammonium nitrogen
concentration in municipal wastewater.

120 min; in case of Mn-modified zeolite, the equi-
librium was not reached even after 360 min, but
the majority of ammonium nitrogen was adsorbed
within 120 min.

The pseudo-first and pseudo-second order kinetic
parameters for this process are shown in Tables
4 and 5. The equilibrium times and adsorption
quantities were about the same as in the experiments
with model water. The pseudo-first order model
better corresponded with the experimental data for
all three zeolites; the correlation coefficients were
significantly higher compared to the pseudo-second
order model. The highest rate constants were again
obtained for the Fe-modified zeolite.

Results of the adsorption isotherm parameters de-
termination and insight on the adsorption mecha-
nisms with municipal wastewater are summarized
in Tables 6 and Fig. 4. Comparison of the correla-

tion coefficient values indicates that the Langmuir
isotherm described the experiment more accurately
than the Freundlich one. Again, Fe-modified zeo-
lite exhibited the highest ammonium nitrogen re-
moval capacity. The presence of other pollutants in
wastewater did not seem to negatively influence the
process of ammonium nitrogen adsorption; on the
contrary, higher maximal quantities of adsorbate
were reached for all three zeolites with municipal
wastewater than with model wastewater.

The calculated values of equilibrium parameter (R;)
were more or less constant for all studied zeolites,
i.e., 0.37 for natural zeolite, 0.47 for Mn-modified
zeolite and 0.55 for Fe-modified zeolite for all initial
concentration values. Values of the equilibrium pa-
rameter were <1 and >0 for all investigated zeolites
and all initial ammonium nitrogen concentrations,
which indicates favorable adsorption. Values of the
Freundlich empirical constant (1/n) for all types of
zeolite are also in the interval of 0 to 1, which again
indicates favorable sorption process.

According to Eq. 3 and data given in Fig. 3, linear
plot of the equation passes through the origin in
case of natural zeolite (R, = 0.916). Based on the
value of correlation coefficient R, it can be con-
cluded that for this zeolite, internal diffusion is the
rate determining step. This is not the case of Mn-
modified zeolite (R, = 0.854) and Fe-modified zeo-
lite (R,, = 0.756) According to Eq. 4 and data shown
in Fig. 3, linear plot of the equation passes through
the origin in case of natural zeolite (R, = 0.930)
and Mn-modified zeolite (R, = 0.909). It can be
concluded that for these two zeolites, kinetics of the
adsorption process is also controlled by diffusion
through the liquid film surrounding the adsorbent.

Tab. 4. Parameters of pseudo-first order kinetics and statistical characteristics for N-NH, adsorption
from municipal wastewater (Sz* — residual sum of squares of experimental and calculated data;
Sy* — dispersion of dependent variable values; R,, — correlation coefficient).

. qe ky Sg? Sy ny
Zeolite L - . o I

[mg g1 [min '] [mg?g~?] [mg?g~?] [-]

Natural 0.874 0.0174 0.00428 0.0790 0.946

Fe-modified 1.68 0.0425 0.00563 0.238 0.976

Mn-modified 1.49 0.0228 0.0173 0.213 0.919

Tab. 5. Parameters of pseudo-second order kinetics and statistical characteristics for N-NH, adsorption
from municipal wastewater (Sg* — residual sum of squares of experimental and calculated data;
Sy* — dispersion of dependent variable values; R,, — correlation coefficient).

. qe ky SR2 SY2 RXY
Zeolite 1 Tpso 1 2 -2 2 -2

[mg g'] [gmg 'min '] [mg?g?] [mg?g?] [-]

Natural 0.86 0.0450 0.00742 0.079 0.906

Fe-modified 1.70 0.0581 0.00617 0.238 0.974

Mn-modified 1.39 0.0485 0.0277 0.213 0.870
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Fig. 4. Experimental values of adsorption capacities dependence on equilibrium concentration
of ammonium nitrogen adsorption from municipal wastewater and calculated values
using Langmuir isotherm.

Tab. 6. Adsorption isotherm parameter values and correlation coefficient values (R,,) for N-NH, adsorp-

tion in municipal wastewater

Langmuir isotherm

Freundlich isotherm

Zeolite

Grnax b R, k 1/n R,

[mg g'] [L mg] [-] [mgt -V g LV/"] [-] [-]
Natural 3.40 0.0232 0.996 0.283 0.472 0.993
Fe-modified 12.2 0.0109 0.985 0.283 0.744 0.979
Mn-modified 3.49 0.0185 0.997 0.0760 0.803 0.981

In case of Fe-modified zeolite, the correlation coef-
ficient was lower, 0.574.

The next series of experiments were performed
with Mn-modified zeolite of the fraction size
0.3—2.5 mm. Mn-modified zeolite with the fraction
size 1.0—2.5 mm and iron modified zeolite of the
same fraction size (1.0—2.5 mm) were also used. The
decrease in concentrations of ammonium nitrogen

_ 50 4
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Fig. 5. Time dependence of ammonium nitrogen
concentration in municipal wastewater during
adsorption on three types of modified zeolites.
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(N-NH,), total nitrogen (N,,), phosphate phospho-
rus (P-PO,), chemical oxygen demand (COD) and
total organic carbon (TOC) over time is shown in
Figs. 5—9. All three zeolites showed similar rates of
N-NH,, N,,, COD and TOC removal. However, for
the removal of P-PO,, Fe-modified zeolite showed
significantly lower efficiency than Mn-modified
zeolites. Most pollution was eliminated in the first

= 50
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“230 -
Z
=20 A
o o \—\_:!{
10 4
0 T T T r
0 4 8 12 16 20 24
t|h]
—4—Mn10-25 —4-Mn03-25 8 Fel0-25

Fig. 6. Time dependence of total nitrogen
concentration in municipal wastewater during
adsorption on three types of modified zeolites.
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Fig. 7. Time dependence of phosphate phosphorus
concentration in municipal wastewater during
adsorption on three types of modified zeolites.

COD [mg L]

0 . .

0 4 8 12 16 20 24
7[h]

~—4—Mn10-25 —4-Mn03-25 8 Fel0-25

Fig. 8. Time dependence of chemical oxygen
demand (COD) in municipal wastewater during
adsorption on three types of modified zeolites.

=60 -
o 50 K
£
= 40 -
b
€ 30
L+
20 A M ——
10 -
O T T T T T T 1
0O 4 8 12 16 20 24
t[h]
——Mn1,0-25 —&—Mn03-25 —8Fe 1,0-25

Fig. 9. Time dependence of total organic carbon con-
centration (TOC) in municipal wastewater during
adsorption on three types of modified zeolites.

two hours of adsorption, but the equilibrium time
was around six hours in most measurements. The
fraction size of Mn-modified zeolite did not have a
significant impact on the adsorption efficiency.
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Adsorptive ozonation

Zeolites modified with Mn and Fe (fraction size
1.0—2.5 mm) and natural zeolite (fraction size of
over 1 mm) were used in this part of the study.
Fig. 10 shows the decreasing values of ammonium
nitrogen concentrations during ozonation and ad-
sorptive ozonation. Ozonation alone was the least
efficient compared to adsorptive ozonation. The
removal efficiency was only 5.7 % while modified
zeolites were more efficient. The highest efficiency
was achieved with Fe-modified zeolite. However,
the efficiency was approximately the same as after
adsorption alone (without ozonation), so adsorp-
tive ozonation was not efficient in this case. The
efficiency of each zeolite also corresponds to the
results obtained in the adsorption experiments,
where Fe-modified zeolite was the most and natural
zeolite was the least efficient.
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Fig. 10. Time dependence of N-NH, concentration
during ozonation and adsorptive ozonation.

Fig. 11 shows COD concentrations during the ozo-
nation and adsorptive ozonation processes. During
ozonation, the highest COD decrease can be seen
after ten minutes of the process. COD removal ef-
ficiency reached 15 % after 60 minutes. For adsorp-
tive ozonation, the highest decrease in COD was
achieved by the Fe-modified zeolite (39 % decrease);
the least efficient was the natural zeolite which
removed 26.7 % of COD from the effluent. The
Mn-modified zeolite efficiency was about 33 %. In
this case, the process of adsorptive ozonation seems
to be more efficient than adsorption alone (Fig. 6)
probably thanks to strong oxidizing properties of
ozone which is capable of removing organic pollu-
tion expressed as COD. However, the difference is
not very significant and using ozone is not feasible
due to operation costs.
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Fig. 11. Time dependence of COD concentration
during ozonation and adsorptive ozonation.

Regeneration of zeolites using ozone

Fig. 12 shows the efficiency of ammonium nitro-
gen removal by repeated adsorption followed by
regeneration. Decreasing tendency of the ammo-

;?SD 1 435

340 -

5 32,5 32,0

- .

= 30 - 26,9

s 22,7 224
=

2 20 -

=

2

jul

nium nitrogen removal efficiency for all types of
zeolites is evident, which means that sorption ca-
pacity of the zeolites was not completely re-
covered. In Figs. 13—16, decrease in the concen-
trations of N-NH,, P-PO,, COD and TOC during
the adsorption are expressed in the positive direc-
tion of the y-axis while the amounts desorbed
from the zeolite during regeneration are in the
negative direction of the y-axis. The amounts of
nitrogen released from the zeolites in four re-
generation cycles ranged from 4.4 mg L' to
13.1 mg L' and the amounts of phosphorus
ranged from 0.1 mg L' to 0.3 mg L. Residual
concentrations of ammonium nitrogen and phos-
phate phosphorus in the liquid phase after the
regeneration of individual zeolites with ozone are
a little higher than those after the desorption
without the presence of ozone (performed in a
stirred reactor using deionized water), where only
about 1 mg L' of ammonium nitrogen and less
than 0.8 mg L' of phosphate phosphorus were
desorbed in the same time.
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Fig. 12. Efficiency of N-NH, removal from real wastewater in five cycles of adsorption
and regeneration with Os.
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Fig. 13. Change of N-NH, concentration in five cycles of adsorption followed by regeneration with Os.
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This suggests that regeneration by ozone takes place
on the zeolites surface. The mechanism of adsorp-
tive ozonation can be caused by increased amount
of pollutants and ozone concentration on the sur-
face of zeolites and the subsequent oxidation reac-
tions. Another possible mechanism of regeneration

2,2 -

Ac|mg L]

03 2nd
cycle cvele
B Mn 1-2.5 mm

mFe 1-2,5mm

is catalytic ozonation, which is accompanied by the
formation of free hydroxyl radicals. In case of the
studied zeolites, a combination of both mechanisms
can be assumed. Another possible explanation is
the recovery of free adsorption sites for ammonium
nitrogen adsorption by oxidation of the adsorbed

3rd 4th 5th

cycle cycle cycle

Fnaturald = 1 mm

Fig. 14. Change of P-PO, concentration in five cycles of adsorption followed by regeneration with Os.
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Fig. 15. Change of COD in five cycles of adsorption followed by regeneration with O;.
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Fig. 16. Change of TOC concentration in five cycles of adsorption followed by regeneration with Os.
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organic pollution. However, further experimental
research is needed to verify this hypothesis, includ-
ing more detailed monitoring of the emerging
oxidation intermediates and products.

Natural zeolite caused an increase in the phos-
phorus concentration in wastewater in the first
two adsorption cycles (Fig. 14) probably due
to washing-out/desorption from the zeolite.
However, from the third cycle on, a significant in-
crease in the adsorption efficiency was observed.
Increase of the efficiency was also observed for
COD (Fig. 15) and partially also for TOC (Fig. 16)
adsorption, which can be attributed to continual
cleaning of adsorption sites after longer ozona-
tion time.

Conclusions

All used zeolites showed good adsorption capaci-
ties, and while modified zeolites were more effi-
cient, their disadvantage is in their higher price.
Fe-modified zeolite was the most efficient in the
removal of ammoniacal nitrogen by adsorption,
with the highest values of rate constants and
the highest adsorption capacity. This zeolite was
also more efficient in COD and TOC removal.
Phosphate phosphorus removal efficiency using
adsorption was relatively low but Mn-modified
zeolite was slightly more efficient than the Fe-
modified zeolite. Natural zeolite was not suitable
for phosphorus removal. Adsorption kinetics was
described using the pseudo-first and pseudo-
second order models. The pseudo-first order
model fitted the experimental data better than the
pseudo-second order one.

Comparing adsorptive ozonation with adsorption
alone, it can be concluded that adsorption is more
efficient for ammonia nitrogen removal since ozone
has no significant impact on the removal efficiency.
For COD removal, adsorptive ozonation is slightly
more efficient but from the economical point of
view, adsorption is preferable.

Regeneration of zeolites by ozone has to be further
examined. The results obtained show that the am-
moniacal nitrogen removal efficiency decreased
by approximately 18 % after five adsorption cycles,
which means that ozone did not completely recover
the adsorption capacity of zeolites. On the other
hand, for phosphate phosphorus, COD and TOC
removal, adsorption efficiency slightly increased
in the five cycles, probably due to adsorption sites
cleaning after a longer ozonation time. It seems
that regeneration of zeolites by ozone is a possible
method, but the mechanism has to be clarified and
different ozonation times and number of adsorp-
tion cycles have to be tested.
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