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The use of renewable energy sources is one of the possible prospects offering a real alternative to fossil fuels in
combination with various eco-oriented advantages. In Bulgaria’s forests, there exists an extensive set of fast growing
tree species. The most preferred are intensive forest plantations and short-rotation systems from selected clones of
poplar, willow, paulownia, acacia, etc. The biomass from plantations of fast growing tree species can be an alternative
and attractive base for bioethanol production.

The investigation is performed for determination the potential of fast growing hardwood species from Bulgaria
(paulownia (Paulownia elongata), poplar (Populus alba) and willow (Salix viminalis rubra)) as energy crops.

Highest cellulose content is established in Populus alba, while the amount of lignin is lowest in Paulownia
elongata. The obtained lowest calorific value for Paulownia elongata is related with the determined content of lignin.
The glucose yield after cellulase hydrolysis of steam-exploded Paulownia elongata is up to 52%. That result is
approximately 24% higher in comparison with corresponding treatment of Populus alba and Salix viminalis rubra. The
obtained result can be explained with the specific structure of Paulownia elongata. The chemical composition of wood
and especially the cellulose content has no direct effect on the glucose yield.

The plantation harvesting, the calorific value and the glucose yield from fast growing Populus alba, Salix
viminalis rubra and Paulownia elongata from Bulgaria make that tree species perspective and suitable for bioenergy
production.
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INTRODUCTION [5], ogasification [6, 7], hydrolysis [8, 9],
fermentation [8], etc. Lignocellulosic biomass has
long been recognized as a potential sustainable
source of mixed sugars fermentation to biofuels and
other biochemical [10, 11]. In the current
environment of renewable energy development one
option is the production of energy from fast growing
forest trees in short rotation intensive culture
plantations (SRIC), called bioenergy feedstock. The
potential of fast growing forest trees high
productivity, coppice ability and ease of vegetative
propagation in SRIC plantations has been
recognized for over thirty years [12]. One of the
most popular fast growing trees are willow [12-14],
poplar [12, 13, 15, 16], eucalyptus [15], paulownia
[17, 18], etc.

The main object of this study is to establish the
suitability of fast growing hardwood species
cultivated in Bulgaria (Paulownia elongata, Populus
alba and Salix viminalis rubra) as a potential
sources of fermentable sugars (glucose) for
bioethanol production.

Bioenergy is receiving increasing attention
because it may reduce greenhouse gas emissions,
secure and diversify energy supplies and stimulate
rural development. It is well known that transport is
almost totally dependent on fossil particularly
petroleum based fuels such as gasoline, diesel fuel,
liquefied petroleum gas, and compressed natural
gas. As the amount of available petroleum
decreases, the need for alternative technologies to
produce liquid fuels that could potentially help
prolong the liquid fuels culture and mitigate the
forthcoming effects of the shortage of transportation
fuels increases [1, 2].

A potential source for low-cost bioenergy
production is to utilize lignocellulosic materials
such as crop residues, grasses, sawdust, wood chips,
and solid animal waste. Biomass-based fuels, also
known as biofuels can be produced Vvia
thermochemical and biochemical conversion
technologies such as liquefaction [3, 4], pyrolysis
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EXPERIMENTAL

Fast growing hardwood tree species of the genus
Paulownia (species Paulownia elongata), Salix
(species Salix viminalis rubra) and Populus (species
Populus alba), were used in these study. They have
been harvested for three years in Experimental
Station for Fast-growing Forest Tree Species,
Svishtov, (north Bulgaria, 43° 37' N 25° 21" E).

The tree species were analysed for cellulose [19],
lignin (TAPPI standard T222 om-11), ash (TAPPI
standard T211 om-12) and calorific value (TAPPI
standard T684 om-11).

The steam explosion pretreatment of wood chips
was performed in 2 dm?® stainless steel laboratory
installation at the following conditions: a
hydromodul ratio 1:10; an initial temperature of 100
°C; a maximum temperature of 190 and 200 °C;
pressure of 12.8 and 15.85 bar; heating time of 60
min followed by additional 10 min at the maximum
temperature. The steam exploded lignocellulosic
mass was washed with distilled water and was
subjected to enzymatic hydrolysis as a second stage
of treatment.

The cellulase complex NS 22086 with activity
1.000 BHU g? and B-glucosidase NS 22118 with
activity 250 CBU g of Novozymes AS were used
for the enzymatic hydrolysis. The enzyme charge of
NS 22086 was 5%, while that of NS 22118 was
0.5%, both referred to the mass. The enzymatic
treatment was carried out in polyethylene bags in a
water bath previously heated to 50 °C, pH 5.0 — 5.6
and reaction time 72 h.

The glucose, cellobiose, xylose, furfural and
HMF content were analysed with a Dionex HPLC
system, according to the NREL standard biomass
analytical procedure [20].

RESULTS AND DISCUSSION
Properties of the studied materials

The chemical composition and the calorific value
of Salix viminalis rubra, Paulownia elongata and
Populus alba are presented in Table 1. The results
show that higher content of cellulose and lignin is in
Populus alba and Salix viminalis rubra, and the
lowest in Paulownia elongata. The ash content of
the Salix viminalis rubra, 1.59%, is very similar to
that of Populus alba (1.58%).

The calorific value ranging from 17 970 to
19660 kJ kgt The highest calorific value is
determined in Populus alba and the lowest in
Paulownia elongata. Relationship between the
lignin content and the calorific value of the
substrates is found. In the sample with the highest
content of lignin was obtained the highest calorific
value which may be due to the higher content of
carbon and hydrogen in the lignin, which are the
main heat producing elements [21, 22].

Table 1. Chemical composition and calorific value of Salix viminalis rubra, Paulownia elongata and Populus alba

Component (%)
Feedstock Calorific Xalue
. (kI kg™)
Lignin Cellulose Ash
Salix viminalis rubra 24.7 46.43 1.59 18 850
Paulownia elongata 21.87 44.03 1.03 17 970
Populus alba 25.31 49.72 1.58 19 660

Evaluation of pretreatment of various biomass
materials used in this study

Pretreatment of the substrates by steam explosion
shows that the optimum temperature for full
defibrillation of Paulownia elongata is 190 °C,
while of Salix viminalis rubra and Populus alba is
200 °C, which is possibly due to the differences in

6

the anatomical structure of tree species. The
additional refining of the pulp is necessary at lower
temperatures of treatment.

The soluble hemicelluloses are removed with the
filtrate during the washing of steam exploded pulp.
By the separation of the prehydrolysate from the
lignocellulosic mass is effectively reduced the
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inhibition products as furfural, hydroxymethyl
furfural (HMF), and phenolics. The results of the

analysis of the prehydrolysates using HPLC system
are summarised in Table 2.

Table 2. Reducing sugars obtained in the prehydrolysates of Paulownia elongata, Salix viminalis rubra and Populus

alba.

Salix viminalis

Paulownia Salix viminalis rubra rubra Populus alba
elongata (190 °C) (190 °C) (200 °C) (200 °C)
Glucose (%) 1.71 1.62 - -
Xylose (%) 2.41 1.18 1.43 0.73
HMF (%) - 0.38 0.10 -
Furfural (%) 0.24 0.18 0.28 0.10

The lowest furfural and xylose yields of 0.10%
and 0.73% are obtained from Populus alba, while
the yield of xylose is greatest from Paulownia
elongata and that of the furfural from Salix
viminalis rubra (200 °C).

The studied pulps after steam explosion
pretreatment present low glucose conversion of
1.62% and 1.71% for Salix viminalis rubra (190 °C)
and Paulownia elongata, respectively, and absent of
conversion for Populus alba and Salix viminalis
rubra (200 °C).

Enzymatic hydrolysis of the pretreated feedstock

The pretreated feedstock are hydrolysed with
cellulases (NS 22086) supplemented with J-
glucosidase (NS 22118). The vyields of glucose and
xylose are determined using the HPLC and the
results obtained for Salix viminalis rubra (190 and
200 °C) are presented in Fig. 1.
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Fig. 1. Glucose vyield after hydrolysis of pretreated Salix
viminalis rubra.

As seen in Fig. 1, the glucose yield reaches nearly
28.7% and 29.8% for Salix viminalis rubra (190 °C)
and Salix viminalis rubra (200 °C), respectively.
The results obtained are approximately identical but

the short refining must be included at low treatment
temperatures. The yields of glucose from Paulownia
elongata and Populus alba are presented in Fig. 2.
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Fig. 2. Glucose yield versus enzymatic hydrolysis time of
Paulownia elongata and Populus alba.

The results show that greater amount of glucose
is prepared from Paulownia elongata (52%)
compared to Populus alba (32.1%). This effect is
due to the anatomical characteristics and full
defibrillation of Paulownia elongata during the
pretreatment, which contributes to a more efficient
enzyme hydrolysis.

The comparing of the obtained results for
Paulownia elongata, Populus alba and Salix
viminalis rubra shows the significant advantage of
the paulownia.

The results for Populus alba are comparable with
those of the enzyme treatment of wheat straw, while
the data for Salix viminalis rubra are slightly lower
[23].

During the cellulase hydrolysis of Salix viminalis
rubra and Populus alba is removed and certain
amount of xylose, while for paulownia that effect is
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not observed (Fig. 3). That is connected with the
steam exploded treatment of wood.
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Fig. 3. Xylose yield versus enzymatic hydrolysis time of
Salix viminalis rubra and Populus alba.

CONCLUSIONS

The largest yield of glucose is obtained for
Paulownia elongata compared with Populus alba
and Salix viminalis rubra.

Poplar and willow, which are a typical tree
species on the territory of Bulgaria, shows results
comparable with those obtained for wheat straw.

The anatomical structures of tree species, which
are selected for testing, explain the different
temperatures required for steam exploded treatment.

In conclusion it can be said that the fast-growing
tree species, grown in Bulgaria, show a great
potential  for  second-generation  bioethanol
producing, on the one hand by the high yields
obtained sugars, and on the other by the possibility
of cultivation in the short rotation plantations.
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M3CJIIEABAHE IIOTEHLIMAJIA HA BBEP30OPACTAIILA TOITOJIA, BHPEA U TTAYJIOBHUS 3A
I[NOJIVHABAHE HA BUOEHEPT A

H. SBopos*, Crt. [lerpun, 1. Beirues, C. HenkoBa

Kameopa ,, LJenynosa, xapmusi u noiucpagust “, XuMukomexnonio2uier u Memaiypeuien YHugepcument,
oyn. ,,Ce. Knumenm Oxpuocku ™ 8, 1756 Cogpus, Bvacapus

Tlonyuena nHa 14 roim 2014; Ilpuera Ha 24 romm 2014

(Pesrome)

W310/13BaHETO HA Bb30OHOBAEMH €HEPTUMHU W3TOYHHIHM € €IHa OT Bb3MOXKHHUTE IIEPCIEKTHBH, KOHUTO
npejaraT peajta ajlTepHaTHBa Ha MUHEPAJIHM TOPUBA B KOMOMHALMA C PAa3IMYHU €KO-OPUEHTHPAHU MPEIMMCTBA. B
ropute Ha Bbarapus, chiecTByBa Gorat Habop OT OBP30PACTAILM ABPBECHH BUAOBE C MOTEHLHMAN 33 [LUIAHTALIMOHHO
orriexaade. Hali-npenanouynranure ca u30paHy KIOHOBE Ha TOMNOJA, BbpOa, NayJIoBHMsA, akalus u ap. buomacara ot
HACAXIEHUSI OT ObP30PacTSIIM JbPBECHH BUIOBE MOKe Jia ObJic AITEpPHATHBHA U IPHBJICKATENIHA OCHOBA 3a
[POM3BOJICTBO HA OHOETAHOJL

[lenta Ha Hacrosmata paboTa € U3CEABAHE M YCTAHOBABAHE MOTEHIHANa Ha ObP30PACTAIIHTE,
[IMPOKOJUCTHU ABPBECHH BUAOBE, OTIVICKAAHH Ha Tepuropusrta Ha bweirapus (Paulownia elongata, Populus alba u
Salix viminalis rubra) kato enepruitu KyaTypH.

Haii-BHCOKO ChIbpKaHKE HA 1ETYJI03a € YCTAHOBEHO IIPH TOIOJIATA, JTOKATO KOJIMYECTBOTO HA JIMTHUHA € HaM-
HHCKO IIPH NayJOBHHATA, KOETO OOACHABA IOJydYeHAaTa HHUCKA CTOMHOCT Ha KajgopudHocT npu Paulownia elongata.
JloOMBBT Ha IIFOKO3a CJIE LeTy/Ia3Ha XUAPOIU3a Ha TayJIOBHUSA, NPEIBAPUTENHO TPETUPAHA ¢ IIaPEH B3pUB € 10 52%,
KOMTO € npubusutento 24% 1o-BHCOK OT TO3W NPH TOIOJATa U BbpOaTa NP PaBHU APYTH YCIOBHA. Ta3u pasjiuka
Hall-BEpPOATHO Ce IB/DKM Ha Crend(uuHaTa CTPYKTypa Ha NayJOBHMATA, T.K. C€ BI)KIA, Y€ XMMHUYHHAT ChCTaB Ha
IbPBECHHATA M OCOOEHO ChIBPIKAHMETO HA LETYJI03a HAMA JUPEKTHO BIMSAHHME BbPXY H00KMBA Ha IIHOKO3a.

Bb3MOXKHOCTHTE 3a IUIAHTALMOHHOTO OTIVIEKIAHE, IOJTyYEHUTE JAHHH 32 KJOPHYHOCT U BUCOKHAT JOOMB Ha
[JII0K03a OT M3CJIEIBAHUTE ObP30PACTAIM JbPBECHU BUIOBE, OTIJICIKIAHH B Bhirapus, NpaBd T€3H JIbPBECHH BUIOBE
NEPCIEKTUBHH | TIOXO/IAIIN 32 IIPOU3BOJICTBO Ha OHOEHEPTHUSL.
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Keratin and collagen are ones of the most abundant proteins which can be used in a variety of biomedical
application due to their biocompatibility and biodegradability. Even though, keratin and collagen biomaterials are very
high potential for tissue engineering applications. But, the major disadvantages of the natural biomolecules are their
poor mechanical properties. Therefore it must be modified or combined with synthetic polymers. More of the synthetic
polymers have good mechanical properties and thermal stability and numerous studies of biocomposites based on
collagen or keratin and synthetic polymers are performed. The polyurethanes (PUs) are considered the most promising
class of synthetic polymers for in vivo studies, and fulfill all the criteria for application to medical practice.

Keratin biomaterials have many various advantages over conventional biomolecules, including unique chemical
properties due to the high content of sulfur in their structure, high biocompatibility, having aptitude to intracellular
recognition and tendency to self-configure. There have been a lot of studies for the composites based on the keratin and
one of the following synthetic polymers: poly(ethylene-oxide) (PEO), polyamide (PA6); poly(vinyl alcohol) (PVA),
poly(methylmethacrylate) (PMMA), poly(L-lactic acid) (PLLA), etc., with the application in tissue engineering and
drug delivery, in the form of gels, sponges, foams, films, fibers, mats and others. In the literature, however, no

investigations for the composites based keratin/polyurethane for biomedical applications.

Key words: biocomposites, keratin, collagen, polyurethane, biocompatibility

INTRODUCTION

Collagen is the most abundant used tissue-
derived natural polymer, and it is a main component
of extracellular matrices of mammalian tissue
including skin, bone, cartilage, tendon and ligament.
It possesses low immunogenicity, high absorbance
and very good biodegradability and it is suitable for
preparing of biomaterials with different properties,
composition and form by combination with synthetic
polymers [1-25].

Keratin is the most abundant non-food protein
being the major component of wool, hair, horns,
nails and feather. Biomaterials based keratin are
proven promising class of natural polymers due to
their typical biocompatibility, biodegradation,
chemical resistance, biological activity, higher cell
adhesion compared to collagen and the possibility of
polymerization in the porous structures [26-45].

The disadvantages of the proteins as biomaterials
are: their similarity with substances naturally
surrounding; poor mechanical properties; proteolytic

*E-mail: darinajeleva@abv.bg

modification at temperatures below its melting
point; difference in the structure of the
macromolecular substances which are derived from
different animal sources. Each of these polymers is
different from one another (specificity of samples)
but also by one of the other tissues (tissue
specificity) [6,14,18].

In recent years, hybrid polymeric systems of
natural and synthetic macromolecules are used as
medical biomaterials. The main biopolymers or
called animal-based proteins used in preparation of
materials for biomedical applications, are collagen,
chitin, chitosan, keratin, silk and elastin
[12,13,14,28,45].

The term "composite” means having two or more
different parts [14]. Most composites are produced
to ensure the mechanical properties such as strength,
stiffness, toughness and fatigue resistance combined
with other necessary qualities: biological functions
and biocompatibility. Polyurethanes (PUs) are
synthetic materials, which are obtained from
isocyanates and hydroxyl containing components,
are considered the most promising class of polymers
for in vivo studies [4,12,13,18]. The reasons are their

10 © 2015 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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high mechanical strength, elasticity, aging
resistance, tissue compatibility. Another advantage
is their biodegradability by resorption. The PUs can
be varied in a wide range by the proper selection of
components,  composition and  preparation
conditions. The PUs have a lot of functional
groups: hydroxyl-, isocyanate-, urethane-, ester-,
ether, alofanate-, etc. The collagen or other
polypeptides, including the keratin, can react with
terminal groups of PUs, which may result in
bioactive composites. Consequently composites are
based on keratin or collagen and polyurethane,
combining the advantages of natural and synthetic
materials would be promising biomaterials for
tissue engineering, drug delivery and others.

The purpose of this study is to review and
analyze the established possibilities for obtaining
and application the biocomposites based on keratin/
polyurethane in the medicine and other areas as
compared to those based on collagen/ polyurethane.

COLLAGEN AND COMPOSITES BASED
ON COLLAGEN/ POLYURETHANE

Collagen is the most abundant protein. It is
found in all multicellular organisms in the animal
world. About 60% of the total content of protein in
living organisms falls on collagen. It is available in
large quantities, particularly as waste from
slaughterhouses and leather industry. During the
80s of XX century, the collagen became a
commonly used biomolecule in many medical
applications. From a scientific point of view, which
appears to collagen is understandable because it
belongs to the so-called "grateful" biological
objects for investigation. It can easily be isolated in
pure form of insoluble fibers; it has a significant
chemical and thermal stability as well as highly
ordered structure. Due to its valuable biological
properties: biocompatibility and biodegradability,
which are well studied, there is a growing scientific
interest towards it, especially in the field of bone
implant surgery [1,3,11-25].

Collagen and elastin are two of the key
structural proteins which have been found in the
extracellular matrix of many tissues [20,21]. These
proteins are important modulators for the physical
properties of any engineered scaffolds, affecting
cellular attachment, growth and responses to
mechanical stimuli.

Natural polymers such as collagen and elastin
are usually insoluble both in water and organic
solvents [12,14]. The exception is collagen
extracted from tissues of young animals, which is
soluble in dilute acetic acid. The solubility of

collagen in acetic acid provides the possibility to
blend it with other water soluble polymers.
Mixtures of collagen with synthetic polymers as
well as with other natural polymers has been widely
studied as biomedical materials, as have been
collagen itself [14,26].

Biocomposites based on collagen, water-soluble
synthetic polymers, namely polyvinyl pyrrolidone
(PVP); polyvinyl alcohol (PVA); polyethylene
glycol (PEG); polyethylene oxide (PEO), prepared
in the form of thin films, hydrogels and sponges,
have been studied in detail in medical practice. For
the preparation of biocomposites are used and other
synthetic polymers, namely: polyurethanes (PU);
polyglycolic-(PGA), polylactic acid (PLA), poly
(DL-lactide-co-glycolide) — PLGA [11-25].

Polyurethanes (PUs) are considered the most
promising class of polymers for in vivo studies such
as fulfills all the criteria for applicability to medical
practice. PUs are potentially biodegradable
materials, have  unique  chemistry  and
processability, but there is some limitation on their
application due to lack of biologically active groups

[4-10].
Jianjun et al [17] developed a flexible,
biodegradable scaffold  structure for cells

transplantation in the form of a composite material
based on biodegradable poly(esterurethan) urea and
collagen type 1. Poly(esterurethan)urea was
synthesized by poly(caprolactone), 1,4-
diisocyanatebutan and putrescine.

Oprea [18] studied the synthesis and properties
of the microporous material based on polyurethane
and collagen (0-15 wt.%). Polyurethane is prepared
by polyadditional reaction on polyetherdiol with an
aliphatic  1,6-hexamethylene  diisocyanate and
castor oil as the three-functional extender of the
polymer chains. The obtained two-phase structure
is characterized by excellent mechanical properties,
pores with required sizes and biocompatibility,
which are important parameters for biomedical
applications.

The formation of the first primary compact and
secondary porous structure can be explained by the
surface gelling mechanism, in which the collagen
migrates towards the surface of the composite film
and the big size pores are formed at this stage.
These pores were randomly distributed and
interconnected [14,18]. Pore interconnectivity is
due to the presence of smaller pores (up to 50 pm)
that are positioned adjacent to the collagen fibers. It
also has been observed that fewer small numbers of
small pores are present in the PU (polyurethane)

11
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phase with a higher content of the collagen. The
decomposition temperature in the main stage and
mechanical properties decreased with increasing the
collagen content. The measurements of the contact
angle show that the collagen improves the
hydrophilicity of the PU-Collagen composites.

In order to improve the cells adhesion the
coatings from collagen onto numerous hydrophilic
polymeric scaffolds were applied [19].

The regeneration of damaged or lost tissue
requires that certain function reparative cells
assemble three-dimensionally around and inside the
surrounding scaffold [24]. The nanofibres based on
collagen and  functionalized  thermoplastic
polyurethane (TPU/ Collagen) were successfully
synthesized by electrospinning technique in order
to obtain biomedical material with a porous
structure. The results show that electrospun
nanofibre composites exhibit features of natural
extracellular matrix and can be effectively used as
an alternative material for tissue engineering and as
functional biomaterials.

The effects of the different parameters on the
preparation process of porous structures have been
studied in order to obtain optimal polyurethane
scaffolds for the cardiovascular engineering.

We synthesized and investigated the composites
based on polyurethane (PU) and collagen as a filler
in concentrations (5 and 10 wt.%) [25]. The
synthesis of the PU was carried out by two-step
polyadditional reaction of the polyester polyols and
1,6-hexamethylene diisocyanate (MDI), and 1,4-
butanediol as chains extender. Collagen was added
in situ during the polymerization reaction. In vitro
tests were conducted of the composites prepared in
1.5 SBF (Simulated Body Fluid) for 7 days under
static conditions. FTIR (Fourier Transform Infrared
Spectroscopy) and SEM (Scanning Electron
Microscopy) methods were used for analysis.

Oprea et al [18,20] proved that the appearance
of the hydrogen bonds between the collagen and the
polyurethane  macromolecules which is an
indication of crosslinking or hardening of the
composite structure. The adsorption bands at 1709
cm?® corresponds to the free and H-bonded C=0
groups. The same bands are also observed in our
investigations. The intensity of the bands at the
composites increases as compared to that of pure
PU. The amide and carbonyl regions of spectra
provided information for the intermolecular
attraction by hydrogen bonding.

The micrographs on fig.2 show the deposition of
hydroxylapatite agglomerates with spherical forms
after 7 days stay in SBF. The pores are
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interconnected in the scaffolds and there is the
presence of the micropores in macroporous wall on
which they to fulfill the criteria of the scaffold
structure.

1um208BkY 406E4 2410-81 S

Fig.2. SEM of the PU/Coll after 7 days in SBF

KERATIN AND ITS COMPOSITES

Keratin is one the most abundant animal protein
and is a waste from slaughterhouses, the leather and
textile industry. It is a major component of hair,
horns, nails, feathers, hooves and the stratum
corneum of the epidermis. General, which bring
together various Kkeratins in one class proteins, is
the presence of large amounts of cysteine, and thus
the sulfur in its composition. Keratin is
characterized by a higher cell adhesion compared to
collagen. It has ability to polymerize in the porous
structures as collagen and to self-assemble into
complex of three dimensional scaffold structures
[1,2,12,13,27].

Keratin belongs to the group of fibrous proteins.
The extracted keratin can be produced in different
forms: sponge scaffolds, mats, films, sheets, gels,
micro fibers and bulk materials [26-45].
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Wool keratin has been studied for application in
cosmetic and tissue engineering for fabrication of
sponge scaffolds for cells cultivation due to the
close chemical similarity with human skin and hair
or has been electrospun with other polymers to
produce blend nanofibers with  potential
applications in different areas, from technical
textiles to biomedical commodities [32].

It was limited the use of many biomaterials of
natural origin, especially keratin-based products
due to their poor mechanical properties. Thus the
focus of research shifted to optimize the physico-
mechanical properties and the preservation of their
excellent biological activity. Several approaches
have been considered to control the physical and
biological properties, including the addition of
natural and synthetic polymers to the keratin
compounds and the application of novel preparative
techniques to obtain pure keratin films [33,44].

Therefore Kkeratin is suitable basic material for
obtaining of hybrid systems with different
characteristics, composition and forms, in
combination with synthetic polymers. To the
keratin is particularly interested in developing new
products for the pharmaceutical industry, medicine,
cosmetics and biotechnology.

The earliest documented use of keratins for
medicinal applications comes from a Chinese
herbalist Li Shi Zhen in 16" century [26]. A
substance made of ground ash from pyrolized
human hair that was used to accelerate wound
healing and blood clotting called Xue Yu Tan, also
known as Crinis Carbonisatus, was described in his
book.

During the years 1905 to 1935, many methods
were developed to extract keratins using oxidative-
reductive chemistries. These technologies were
initially applied to animal horns and hooves, but
were also eventually used to extract keratins from
wool and human hair.

Advances in the extraction, purification and
characterization of Kkeratins, led to exponential
growth of keratin materials and their derivatives in
the 70s of the last century [26]. The potential uses
of keratins in similar applications began to be
explored by a number of scientists. In 1982,
Japanese scientist published the first study
describing the use of keratin coating on vascular
grafts as a way to eliminate blood clotting, as well
as experiments on the biocompatibility of keratins.

In order to enhance the mechanical properties
of the glycerol-containing keratin films by adding
the chitosan or keratin experiments were done [35].
The composite films obtained show enhanced anti-

thrombo-genetic ~ properties  and  increased
biocompatibility compared with fibroin itself or
keratin.

Authors [36] were studied the interaction
between keratin and synthetic polymers, namely on
the interaction between the poly(ethylene oxide)
(PEO) and the keratin film in order to obtain keratin
biomaterials with improved properties. These
composites can be used as scaffolds supporting the
cells growth, dressing materials, membranes for the
drug delivery.

It was investigated the intermolecular
interactions between keratin and polyamide 6
(PAG) [39] in order to obtain keratin materials with
a wide range of applications: from biomedical
devices to active water filters and textile fibers.

Various methods for the processing of keratin
with synthetic or natural polymers are applied in
order to improve its processability in fiber-
materials. Materials based on keratin/ PEO have
been synthesized by mixing an aqueous solution of
keratin and powdered PEO with good mechanical
properties [37].

Fibers were obtained from aqueous solutions of
the keratin with polyvinyl alcohol (PVA) [38]. The
obtained composites showed good mechanical
strength, water resistance, and excellent adsorption
ability to toxic substances. Therefore with the
success can be applied as absorbents for toxic
substances, heavy metal ions and toxic gas from the
formaldehyde.

Keratin fibers are used as reinforcing filler for
the matrix of PMMA (polymethyl methacrylate)
[39]. The composites have a high thermal stability
and the keratin well distributed in the polymer,
which leads to an increase of visco-elastic
properties at elevated temperatures.

Keratin fibers are used in composites of
polypropylene [43]. Maleic anhydride is grafted to
the polypropylene in order to improve the
dispersion of the keratin. These keratin materials
increase the rate of crystallization of the
polypropylene and thus improving its thermal
stability.

As a native protein, keratin from wool is used to
improve the affinity of the cells to poly (L-lactic
acid) (PLLA) [44]. It has been found that the
keratin supports interactions between osteoblastic
cells and the polymer scaffold.

Wet-spinning techniques have been developed
to produce novel keratinous fiber materials with
potential use as hygiene articles [42]. Composites
are prepared on the basis of keratin derived from
feathers and modified bio-cellulose and used
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Fig.3. Micrgraphs of polyurethane-keratin membranes: a) keratin salt, b) dialyzed keratin,

c) alkaline biofiber solution, d) acid biofiber solution, all of them at 15 wt.% [40]

to produce fibers, which are characterized by a
good sorption properties, higher hygroscopicity and
a lower contact angle than the cellulose fibers
themselves.

The authors [40] have studied the possibility for use
of the porous membrane based on polyurethane/
keratin to remove of hexavalent chromium. Keratin
creates active sites for bioabsorption of Cr (V1) and
polyurethane plays an important role in supporting
the protein

CONCLUSION

Various biomaterials have been developed,
some of which serve to support the healing process,
acting as implants, others as drug delivery, to
increase the adhesion of cells involved in the
construction of the extracellular matrix and others.
Some of them are based on keratin and synthetic
polymers, combining the positive properties of the
natural and the synthetic polymer. In the literature
there are no reported studies on biomaterials based

on keratin/  polyurethane  for  biomedical
applications.

Keratin biomaterials have many various
advantages compared to conventional

biomolecules, including unique chemical properties
due to the high content of sulfur in their structure,
remarkable biocompatibility, tendency for self-
configuration and internal cell recognition. Since
these properties are becoming better studied,
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monitored and implemented many biomedical
applications of keratin biomaterials have made their
way in the clinical studies and will undergo
revisions and new research in the development of
new methods for synthesis of composite
biomaterials.
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ITPEI'JIE 1 CPABHUTEJIEH AHAJIN3 HA KEPATUHOBUW BMOKOMITIO3UTHU C TAKUBA
HA BA3A KOJIATEH

JI. W. Xenera

Xumuxomexnonoeuuen u memanypeuven ynusepcumem — Cogus, Kameopa ,, Texcmun u xoowcu ™
Ilocrprmna Ha 1 aBrycr 2014 r.; npuera Ha 26 sayapu, 2015 T.
(Pesrome)

KepaTHHBT M KOJNAreHbT ca €IHH OT Hai-4ecTo CpellalluTe ce NPOTEHHH, KOUTO MOrar Ja OblIaT M3IMOJI3BaHH B
pasnuuHu OMOME/MIIMHCKH HarpaBJieHusl OnaronapeHue Ha TAXHATa OMOpasrpauMocT U OuockBMecTHMOCT. OCBEH
TOBa KEPATHHOBHTE W KOJAr€HOBHTE OHMOMATEpHAM IPHUTEKABAT BHUCOK IMOTEHIMAN 3a MPHUJIOKEHHE OCOOeHO B
obnacTTa Ha THKAaHHOTO MH)XXeHepcTBO. OCHOBEH HEJOCTATHK Ha MPUPOAHUTE OMOMOJIEKYIIN Ca HE330BOJIUTEITHUTE UM
MEXaHWYHU CBoWcTBa. ToBa Hanara MOAM(UKALMS WIN CHbBMECTSIBAHE ChC CHHTETHYHH IOJIMMEPH, XapaKTepU3npaIin
ce ¢ no0pM MeXaHWYHM CBOWCTBa M TepMH4YHa cTabwiHocT. [IpoBeneHm ca MHOTOOPOMHHM H3CIIEABAaHHMS Ha
OMOKOMITO3UTH Ha 0a3a KoJIareH WM KepaTHH U CHHTETUTHYEH nosmMep. Haii-oOemmasany kiac CHHTETHYHH MTOJIMMEpH
3a iN ViVO w3ciefBaHMS Ce CMSITaT MOJUYPETAHWTE, KOMTO OTTOBapsAT HAa BCHYKH KPUTEPHH 3a OHOMEIUIIMHCKO
MPUIIOKEHUE.

KeparuHoBHuTEe OMOMarepualld NpPUTEKaBaT MHOTO Pa3JIMuHU TMPEIUMCTBA B CpPaBHEHHE C KOHBEHI[HOHAIHUTE
OMOMOJIEKYJIM, BKIIIOYUTEIHO M YHUKAIHH XUMUYHU CBOMCTBA, IBJDKAIIM CE€ HA BHCOKOTO ChIbp)KaHHE Ha cspa B
CTPYKTypara UM, BUCOKa OMOCHBMECTHMOCT, CKJIOHHOCT KbM BBTPELIHO KJIETHYHO Pa3lO3HABaHE M CKIOHHOCT KbM
CaMOoCTOSATENTHO KOHUrypupane. Vima MHOTO H3ciieiBaHMS Ha KOMIIO3UTH Ha 0a3a KepaTHH B KOMOMHAIMS C Pa3IMYHU
CHHTCTHYHH MONUMepH, a wuMeHHo: mnonuermwineHokeus (PEO), nomuwamun (PA6); mnonmeununauer (PVA),
noiumernimerakpuwiat (PMMA), momu(L-mneuna kucenuna) (PLLA) u ap., ¢ npuiioxeHne B TBKAHHOTO HHXEHEPCTBO
W 32 IOCTaBKa Ha JICKapcTBa, oA (opmaTa Ha TresioBe, I'bOM, EHH, (GUIIMH, BIaKHA, IIOUIOKKH M 1p. B mnuTepatypara
o0aue IHUICBAT M3CIEABAHUS CHENMATHO HAa KOMIIO3WTH Ha 0a3za KepaTWH/ TONUYypeTaH 3a OHOMEIUIMHCKH
HPUII0KCHUSL.
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Composite materials reinforced with natural short fibres have a number of advantages compared to other
composites. These materials have high moulding flexibility, lightweight properties and they are environmentally
friendly. Through fibre modification, obtained materials have uses in different areas, such as the automotive industry,

conductive composites, building construction, etc.

The ultimate goal of this work is to study the properties of produced composite materials. This research focuses on
the production of highly-filled polymer composites from short paper fibres from de-inking process and polymer matrix.
The properties of these newly created composites are unknown. This is what forms the principle basis for the need for

research.

In this work, a method for the use of waste fibres is provided. The fibres were mixed with liquid polyurethane
prepolymer to form the composite. The samples were exposed to artificial ageing for 72, 144, 288 and 384 hours at
90°C and 50% RH. Mechanical properties before and after the ageing were studied.

Keywords: Composite materials, Cellulose fibres;, Artificial ageing; Mechanical properties; FT-IR.

INTRODUCTION

Wood components are natural polymers and
their interface has a large quantity of functional
polar groups, in particular the cellulose. Waste
wood, waste paper and waste plastics are major
components in wood-polymer composites and offer
great opportunities as recycled ingredients [1,2].

The paper industry generates a source of waste
that can be used in further manufacturing. The
waste consists of a mixture of fillers, short fibres
and ink .

Bonding at the interface can be achieved by
modifying the filler-matrix surface with various
surface-active additives or coupling agents [3]. The
hydrophilic nature of wood particles and cellulose
fibres offers additional advantages, in comparison
to inorganic fillers, by readily providing the
possibility for the incorporation of different
chemical groups on the surface [4].

Several classes of adhesives used in wood
bonding involve the use of isocyanates. Isocyanates
are widely used due to their reactivity with groups
that contain reactive hydrogen, such as amine and
alcohol groups at room temperature. Isocyanates
are most often used to produce polyurethanes by
reacting with liquid diols [5].

A great variety of publications offers results in

*To whom correspondence should be sent.
E-mail: ilieva246@gmail.com

the field of artificial ageing of WPC.

In the present investigation, a new prepolymer
based on diphenylmethane diisocyanate (MDI) and
long chain polyether polyol was obtained and the
effect of cellulose fibres as a filler on the
mechanical properties after artificial ageing of
composites was studied.

EXPERIMENTAL
Materials

The materials used in this study were waste
short cellulose fibres, CuSO4.5H20, NazS:03.5H,0
(Sigma Aldrich), Desmodur® 44 M Flakes
(BAYER), Lupranol®1000 (BASF), catalyst-
Stannous Octoate PC CAT T9 (Performance
Chemicals Handels GmbH).

Short cellulose fibres are a waste product from
the de-inking process in papermaking. The average
value of inorganics in this mixture of fibres, fillers
and ink is about 22.06 % + 0.9.

For the purposes of this study, three different
ratios of CuSO. and Na»S;Os were used at hydro
modulus 1:6. The goal of fibres modification is
obtaining of conductive composites from short
fibres [6]. This modification was carried out by the
immersion of the fibres in the solution according to
Table 1 for 30min at an elevated temperature
(80°C). For drying, modified short fibres are kept
for 5 hours at a temperature of 105°C.

16 © 2015 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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Liquid prepolymer was prepared as follows: 0.1
% Stannous octoate is mixed with 1020g
Lupranol®1000 (A-component). 350g MDI are
melted at 40°C, and then the A-component is added.
The process is carried out for 4 hours at 75°C. The
isocyanate content was determined using back
titration - 9.6%.

Preparation of composites

The composites were obtained by melt blending in
a chamber of a Brabender mixer, at 120°C and
processed for 30 minutes. After the processing step,
each sample was compression moulded at 9.6MPa
for 20minutes, at 120°C.

Investigation methods

FT-IR spectra. Infrared Spectroscopy (FT-IR) was
applied with Varian 600-IR equipped with a single
reflection ATR accessory, at spectrum range- 400-
4000cm™,

Artificial ageing procedure. All composite samples
were placed in a laboratory chamber ESPEC PL-
2KPH to accelerate the ageing of the samples.
According to TAPPI T544 chamber conditions
were 90 °C and 50% relative humidity. The samples
were removed from the chamber at regular intervals
after 72, 144, 288 and 384 hours.

Mechanical properties. Tensile and flexural tests
were carried out at room temperature on a Zwick
2000 testing machine equipped with activated grips,
according to EN ISO 178:1996 and EN ISO
178:2010.

Every sample has dimensions of 4x10x100mm.

sbsorbtion,3
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RESULTS & DISCUSSION
Compounding characteristics

Fibres modification was carried out with two
component system (Na»S:0s/ CuSQOs) at 120°C for
30 minutes. Ratio between dry mass and liquid in
this system was calculated (1:6). Different
percentage of modifying agent was used- 20%,
30% and 40%.

Liquid prepolymer DesLu2.8-1 was synthesized
and subsequently studied by means of FT-IR. This
process was carried out for approximately 4 hours.
The samples were collected for 5 minute periods
and the changes in OH-group’s absorption peak at
~3500 cm ™ was used to study kinetic reactions.
Several infrared vibrations, typical of polyurethane
systems, could be assigned:

. N-H stretching mode assigned at ~3365 cm™;
. Carbony! assigned between ~1780 cm™ and
~1600 cm™ (Amide 1);

The low intensity of the vibration at ~1643 cm™
(urea carbonyl) compared with that of the
overlapped vibration at ~1732 cm® (urethane
carbonyl) indicates that, under the synthesis
conditions used, -NH formation is favoured.

o Amide Il ~1556 cm™ and amide Il ~1244
cm! vibration modes;

. C- H stretching vibrations are assigned at
~2950 cm*and ~2880 cm?;

. ~2270 cmt NCO consumption;

. ~3500 cm* OH-consumption, ~3365 cm™ —
NH formation.

T U T grs) 1200 1003 80 &00

Fig.1: FT-IR spectrum of polyurethane prepolymer DesLu2.8-1 (reaction start and end)
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Table 2. Composite samples
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FT-IR characteristic spectrum OH-consumption and —NH formation (DesLu2.8-1, 5min, 10min, 15min, 50min)

Fibres
. . Prepolymer,
Composite material Modification % P %y
1-90F10P Chem1 (60/40) 90 10
1-80F20P Chem1 (60/40) 80 20
1-70F30P Chem1 (60/40) 70 30
2-90F10P Chem2 (70/30) 90 10
2-80F20P Chem2 (70/30) 80 20
2-70F30P Chem2 (70/30) 70 30
3-90F10P Chem3 (80/20) 90 10
3-80F20P Chem3 (80/20) 80 20
3-70F30P Chem3 (80/20) 70 30

The peak that occurs at ~3500 cm™ corresponds
to the OH-groups of the long chain polyether polyol
and the peak at ~3365 cm™ corresponds to the NH-
groups of the polyurethane prepolymer. As the
reaction takes place the hydroxyl groups of the
polyol are reduced in order to form polyurethane
groups of the prepolymer. The two characteristic
peaks at ~1720 cm? and ~1530cm™ proved
formation of urethane structures. Non- modified
fibres were used for reference samples preparation
(Table 2).

Table 1. Reference composite samples

Composite Fibres, Prepolymer,
% %
0-90F10P 90 10
0-80F20P 80 20
0-70F30P 70 30

Composites from modified fibres and liquid
prepolymer were obtained. All specimens were
artificially aged in a chamber under controlled

18

conditions. For the conditioned samples FT-IR was
applied.

A significant difference in FT-IR spectra of
modified and non-modified composites was
observed. Figure 3 shows that a peak at ~1428 cm?
occurs. This peak is close to the peak of poly (ethyl
acrylate) — a component of ink formulation. This
component has a boiling point of 99°C and
processing the fibres at temperature of 120°C for 30
minutes leads to poly(ethyl acrylate) evaporation.

Mechanical properties

Figure 4 presents the normal behaviour of the fibres
after artificial ageing. Non-modified fibres have no
significant changes in tensile properties but for the
series with modified fibres a collapse in the values
was observed. This can be explained with the heat
exposure by fibre modification followed by another
heat exposure by compression moulding.
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Non-modif.fibres

Fig.3. FTIR of composites containing non-modified and modified short fibres.
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Fig.4. Tensile strength of the composites.
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Fig. 5. Flexural strength (g, MPa) of the composites
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The modulus of short-fibre-reinforced composites
depends in general on the length of fibres and their
uniform dispersion in the matrix. A difference is
observed by fibre content of 90%, which means
higher fibre content and a greater level of ageing.

After the artificial ageing only 3 to 4% collapse
in flexural strength values are observed.

It is seen that water affects the strength
properties of the composites, but the degree of this
influence depends on the compounding process.
The absorbed water molecules reduce bonding
between the short fibres and establish hydrogen
bonds between short fibres and water molecules.

CONCLUSIONS

Polyurethane/Modified cellulose fibres
composites were prepared by melt mixing and their
behaviour upon controlled weathering was
investigated. The influence of artificial ageing on
the mechanical properties of short fibres

composites was observed. Significant changes at
oM after ageing were observed by a sample
prepared from 90% fibres and 10% prepolymer.
The composites with 20-30 wt% prepolymer
recorded a small decrease in mechanical properties
after artificial ageing.
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N3KYCTBEHO CTAPEEHE HA KOMITIO3UTHU MATEPUAJIN, ITIOJIYUEHU OT
MOANPUNINPAHU LEJYJIO3HU BJIAKHA U ITOJINYPETAHOB ITPEITIOJIMMEP

I[.H. Wmesa®”, C.K. Henkosa®, M. Xepuor?

Kameopa ,, Lenynosa, xapmus u nonuzpagus ““, XuMukomexnonio2uien u Memaiypauden yHueepcumenn,
1756 Cogpus, bvreapus
2 Vuueepcumem no npunoxcnu Hayku Bunoay, 15745 Bunoay, I epmanus

[onyuena Ha 17 tonu, 2014 r.; Ilpuera Ha 4 HOemBpH, 2014 T.
(Pestome)

KOMHOSI/ITHI/ITC Martepuaii, YCUJIEHU C KbCU MNPUPOAHU BJIAKHA, HMAT pe€aula MOpeaAuMCTBa B CpPaBHCHHUEC C
OCTAHAJIMTE TTO3HATH KOMITO3UTH. T€31 KOMIIO3UTH MpUTEXKaBaT €JIaCTUIHOCT, HUCKO TECTJIO U HE BPCIAAT HA OKOJIHATa
cpena. Upes MoIupUIMPAHETO HA BIAKHATA, TOJYYCHUTE MaTEPHUAIH MPUIOOUBAT CICIIU(PHYHN CBOUCTBA, IPHUI0KUMHU
B pas3JIMYHU TEXHUYECCKU O6HaCTH- aBTOMO6I/IHHa " CTPOUTEIHA UHAYCTPHUA, IIPOU3BOACTBO HA IPOBOJMMU MaTEpUATIN U
Ap.

Llenra Ha W3clIeqBaHKUATA € []a CE W3yJaT CBOMCTBATA Ha TE3W HOBH KOMIIO3MTHH MaTepuaid. PadoraTa e HacoueHa
KBbM TIOJyYaBAHETO HAa BHCOKO HAITHIHEHH TIOJMMEPHH KOMIIO3UTH OT KBCH IIETYJI03HH BIIAKHA, KOUTO Ca OTIMaIbyeH
MarepHai Ipu 00e3MacTHIIsIBAHE Ha XapTHATA U TIOCIEABAIIOTO MM KOMOHHHUpaHe ¢ ToiuMepHa Matpuna. CBoicTBaTa
Ha TO3M HOB THIT KOMITO3UTH HE Ca U3BECTHHU, KOETO HaJlara MPOBEsK/IaHe Ha OOIIMPHH U3CIIeBaHMS B Ta3HW HACOKA.

B mporieca Ha paboTa ca W3MOJ3BaHHM OTIAIBYHU [EIYI03HH BIIAKHA, KOMTO CE€ CMECBAT C TEUYECH MOJHYPETAHOB
npernojiuMep 3a TOJydaBaHe Ha KOMIIO3WTEH MaTepuan. KoMmosuTHHTe 00pasiy ca MOMJIOKCHH Ha HM3KYCTBEHO
crapeeHe B mpoabnkeHne Ha 72, 144, 288 u 384 yaca mpu 90°C m 50% oTHOCHTENHA BIIQKHOCT Ha BB3AyXa.
W3cnenBany ca MEXaHUYHHUTE CBOWCTBA MPEIH U CIIE/ CTapeeHe Ha MaTepHalIHTe.
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The basic raw materials used in papermaking processes are obtained from fibrous materials produced by chemical

treatment of various types of wood or annual plants.

In this research were obtained chemical mechanical pulps (CMP) of wood chips from Paulownia tomentosa and
Populus deltoides clon-235-15 with improved density (474 kg/m?).

The obtained chemical mechanical pulp was bleached in two stages by using H»O, and Rongalyt C
(NaHS0.,.CH20.2H>). The investigation of changes of brightness and yellowness of samples in the process of artificially

thermal ageing at 105°C have been performed.

The main goals of the present work are studying of artificial thermal ageing of bleached and unbleached CMP obtained

in the laboratory from Populus and Paulownia woods.
Key words: wood, thermal ageing, fiber materials.
INTRODUCTION

During the last years we observe that the
production of fibrous materials lags behind from the
demand of the market. That trend requires to fabricate
higher quality papers, cardboards and packaging
obtained by high-grade initial fibrous materials.
Therefore, in this research we aim to investigate not
only the well knows species Populus deltoides clon-
235-15, but also the relatively new fast-growing
species Paulownia, which are suitable for the
production of high-yield fibrous materials (HYFM)
[1,2,3].

Genus Paulownia (fam. Scrophulariaceae)
includes nine species wood [4, 5]. All species of
Paulownia are fast growing, with excellent timber,
but the most promising ones are P. elongata (emerald
tree) and P. Fortune which for a period of 8-10 years
reach 20 m in height and 30-40 sm diameter of the
stem [6, 7].

EXPERIMENTAL

Production of CMP

The utilized CMP is obtained from the fast-
growing poplar timber Populus characterized by
increased density of and hardwood timber of the
specie P. Tomentosa [6, 7]. The two types of wood
were cleaned from the root parts and later shredded

To whom correspondence should be sent.
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into slices with 20mm thickness. After roots removal
the wood was chopped into chips of standard
dimensions of 15x20x3 mm.

The fibrous materials utilized in this study are:

¢ CMP — derived by poplar wood of the specie
Populus deltoides clon - 235-15, obtained in
laboratory conditions;

e CMP — from timber of P. tomentosa, obtained in
laboratory conditions.

During the process of production of CMP are
used: Na,SOs, analytical grade, NaOH. During the
bleaching are utilized: H,O,, analytical grade,
Rongalyt C (NaHSO,.CH,0.2H,0), produced by the
company BASF.

Into the composition of the bleaching solution we
included the substances Na,SiO; and MgSQO4 which
serve as stabilizers of the H.O.. Further more NaOH
was added to reach the required level of
approximately pH 10.5. In order to sequester the ions
of the heavy metals - solution of
ethylenediaminetetraacetic acid (EDTA) was
utilized. The following parameters of the produced
CMP have been determined:
eYield [%], determined by weight method in

comparison to the mass of the absolutely dry
timber;

e Milling degree, as determined by the device
Schopper — Riegler (°SR) as per EN ISO 5267 —
1/AC:2004;

For all used fibrous materials the degree of
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Table 1. Conditions of bleaching CMP

Type of Quantity of T, Duration of Concentration of pH of the
Bleaching reagent, (%) (°C) process, (min)  fibrous materials, (%) solution
I stage 2% H20; 80 120 10 10.5

1l stage 1.5% Rongalyt C 80 60 6 5

brightness Rus7 (ISO 2470:2002) was determined
before and after ageing thanks to the appliance by
Spectrophotometer Gretag Magbeth Spectroeye.

Each sample consists of 100g absolutely dry
timber of Populus and wood of Paulownia.

The preliminary weighted chips have been placed
in a thermostatic container with the aim to temper it
and to maintain the required permanent temperature.
Later on they were soaked into required quantity of
solution of NaOH and Na,SOs. After retention for a
specified period, the used solution was removed and
the chips have been washed to reach pH 7. The
treatment continued by refined in a Sprout-Valdron
laboratory mechanical refiner till the moment of
production of fibrous materials. Further on it was
washed away and sorted out manually between two
sieves.

For production of a CMP is performed according
to preliminary determined optimization regime:
NaOH 7%, Na SOz 5%, temperature 80°C, treatment
duration — 120 min and liquor-to-wood ratio 1:5 [4].

The yield of CMP is calculated by the mass
method. After soaking for 24 hours in distilled water,
the treated chips were washed to reach neutral pH
and dried into a drying apparatus at 105°C to achieve
absolute dry state.

Bleaching of the different types of fibrous
materials

The samples of CMP are destined to two-stage
bleaching:

I stage — bleaching with H,O,, Il stage —
bleaching with Rongalyt C.

The conditions of bleaching are given in Table 1.

First stage of bleaching. During the first stage of
whitening pH=10.5 and it is maintained thanks to
additives like: NaOH 2%, Na;SiOz 5%, MgSO4
0,5%. The aggregation of the ions of heavy metals
is performed by 0.5% solution of EDTA [4, 5]. The
guantities of all reagents are expressed as percentage
regarding the absolute dry fibrous material. After the
completion of the first stage, the fiber material is
washed properly to obtain pH 7 and in this manner it
is able to undergo the next phase.

The fibrous mass is placed in a polyethylene bag
where the bleaching solution is poured. The
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additional reagents are added and the solution is
mixed till reaching complete homogenization. Later
the bag is placed in thermostatic container which
ensures constant temperature during the whole
process of bleaching. In order to achieve better
degree of degree of whiteness, it is required to ensure
mixing of the fiber material, thus facilitating the
uniformly distribution of whitening mixture.

Second stage of bleaching. During the second
stage of whitening of the two fiber materials, the
reagents utilized are Rongalyt C 1.5% and EDTA
0.5% (Table 1). The process of bleaching is similar
to the one described in the first stage. After
completion of the process, the fibrous mass is
washed away again to adjust pH 7.

Ageing of fibrous materials

The samples of both bleached and unbleached
fiber materials, are dried and then they undergo
artificial ageing in thermal cupboard at 105°C. In
order to characterize the ageing process for bleached
and unbleached samples, the degrees of brightness
and yellowness for periods of 0, 2, 4, 6, 12, 24, 36,
48 and 72 hours since the commencement of the
artificial thermal ageing are determined.

RESULTS & DISCUSSION

The yield of CMP from the specie Paulownia
tomentosa is 86%, while for the specie Populus: the
yield is 88%. The milling degrees are: CMP from P.
tomentosa - 13°SR, and CMP from Populus - 12°SR.

The utilization of HYFM in various brands of
paper and cardboard is limited because of the low
level of whiteness. This is the reason to perform two-
staged process of whitening. Furthermore artificial
thermal ageing at 105°C is conducted. In order to
investigate the impact of this ageing over the
parameters of the different fiber materials, bleached
and unbleached ones, the levels of whitening and
yellowness are measured after various periods of
time 0, 2, 4, 6, 12, 24, 36, 48 and 72h. Figures 1 and
2 represent the kinetic correlations between the
changes in the degree of of brightness and
yellowness.

During the process of ageing (Fig. 1) together
with the increase of time, the degree of brightness
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decreases for both CMP - bleached and unbleached
ones. The change in the degree of brightness is most
drastically expressed in the beginning of the ageing.
The degree of whiteness (Fig. 1) diminishes in
various levels for all samples independently of the
way of obtaining of fiber materials. The higher
degree of brightness of the bleached samples is kept
even during the process of artificial thermal ageing.

Even at equal conditions of production and
bleaching of fibrous masses, the higher degree of
brightness [%] is observed for the timber from
Paulownia.

During the continuation of the ageing (fig. 2) the
degrees of yellowness increase for all samples.
Independently of the origin of the sample in
bleached and non-bleached, their yellowness
increase with time. The yellowness is higher for the
sample of unbleached CMP from Poplar timber.
Almost identical are the recorded levels of yields for
the unbleached CMP from Paulownia and the two-
staged bleached CMP from Populus.

Figures 1 and 2 give clearly shows that the CMP
from Paulownia in their bleached and unbleached
form, provides higher degree of brightness, while the
level of yellowness is lower in comparison with the
bleached and unbleached CMP from Populus.

Finally it became clear that at equal conditions of
production, bleaching and ageing, the CMP derived
from Paulownia explicitly proves better results.

CONCLUSIONS

During the study we obtained CMP from the
species Populus and P. tomentosa, under
preliminary determined regime the yield obtained
was 88% and 86% accordingly, while the degree of
milling was 12°SR and 13°SR:
Because of the low level of brightness, the CMP
was treated by two-stage bleaching. During stage |
the agent utilized was an H202, while during stage 11
reduction agent was applied - Rongalyt C. The final
degree of brightness achieved for Paulownia was
66.4% and for Populus - 59.0 %.
¢ During the processes of bleaching of the two types
of fibers materials, it became clear that when
treated under the same conditions for preparation
and bleaching, the degree of brightness for the
specie Paulownia is higher.

eThe obtained high-yield fibrous materials
originating from different timbers are suitable and
successfully could be included into compositions
of various quality papers and cardboards.
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Fig. 1. Change of the degree of Brightness of different
bleached and unbleached samples during artificial thermal
ageing at 105°C.
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Fig. 2. Change of the degree of Yellowness of different
bleached and unbleached samples during artificial thermal
ageing at 105°C.
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Abbreviations:

CMP - Chemical Mechanical Pulp
EDTA - Ethylenediamine tetraacetic acid
HYFM - High-yield fiber materials

Acknowledgement:. The authors thank the Scientific
Research Centre (contract N211237) at the UCTM
Sofia for the financial support of these
investigations.

REFERENCES

1. V.B. Woods, AFBI Agri-Food and Biosciences
Institute, 7, 2, 2008.

2.V.H.D. Zuazo, J.A.Jiménez Bocanegra, F.Perea Torres,
C.R. Rodriguez Pleguezuelo, J.R. Francia Martinez,
IJRER, 3, 789, 2013

3. K.M. Han, R. Dharmawardhana, R.S. Arias, C. Ma, V.
Busov, S.H. Strauss, Plant Biotechnol J, 9, 162,
2011.

4. R. Boeva-Spiridonova, E. Petkova, J. UCTM, 42, 41,
2007.

5. R. Boeva, G. Radeva, P. Hinkov, E. Hinkov, J. UCTM,
47, 37, 2012.

6. S. Ates, Y. Ni, M. Akgul, A. Tozluoglu., African J.
Biotechnol., 7, 4153, 2008.

7. A. Ashori, A. Nourbakhsh, European J. Wood Product,
67, 323, 20009.

N3CJIEABAHE HA TEPMUYHOTO CTAPEEHE HA XMMMKO MEXAHUYHU MACH,
[TOJIYUEHH OT PA3JIMYHU BUJOBE ILIMPOKOJIMCTHA IGPBECUHA

P. Boesa'*, U. Cnupunonos?, P. Huxonos?, I'. Panesa?

Kameopa ,, Llenynosa, xapmus u nonuzpagus “,
2 Kameopa ,, Qusuxoxumus *
Xumuxomexuonozuuen u memanypeuien ynusepcumem, oyn. Knumenm Oxpuocku, 1756 Cogus, Bvreapus,

[Toctrenuna Ha 30 romu 2014r.; Kopurupana na 30 ssuyapu 2015r.

(Pesrome)

OcHOBHHTE CYPOBHHU B XAPTUCHOTO MPOU3BOACTBO Ca BJIAKHCCTUTC MATCpUAJIH, MMOJYYCHU NPHU XUMHUYIHO
Hpepa60TBaHe Ha pa3JIM9YHu BUAOBC IbPBCCUHA WK €AHOTOAUIITHN PACTCHHA.
B HACTOAIICTO H3CJICABAHC Ca IOJYYCHHU XHUMHUKO MCXAaHUYHU MaACHU OT ABbPBCECHU TPECCKU HaA Paulownia

tomentosa u Gbp30pacTsiua TONOJI0BA JEPBECHHA ¢ nosuIneHa mubTHocT (474 kg/m®) ot Buma Populus deltoides clon-
235-15. Tlopaau HUCKaTa cTeneH Ha 0eoTa IBeTe MacH ca u3bdenenu asycrenento ¢ H2O2 u Rongalyt C. Hanpasenu ca
oriuBKY. [IpocieneHo e M3MEHEHHETO Ha CTENICHTa Ha 0€JI0Ta M JKbJITHHA B IPolieca Ha U3KyCTBEHO TEPMUYHO CTapeeHe
mpu 105°C.

[lenta Ha pa3paboTkaTa € U3clie[BaHe Ha N3KYCTBEHOTO TEPMHUUHO CTapeeHe Ha N30eIeHN U HEU30ETIeHN XUMHKO
MEXaHUYHU MAaCH, ITOyYCHH B JIAOOPATOPHH YCIOBHS OT TOIOJIOBA IHPBECHHA U IHPBECHHA Ha MAyJIOBHUS.
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This work aims to study the behavior of two dimensional composites (2-D composites) during a thermoforming process.
Polylactide acid (PLA) films were prepared in a hot press at a temperature of 155° C and pressure of 90 kN/m?. The
obtained PLA-films were used as a base for further composite materials synthesis. Various glass fiber types and viscose
rayon were used in order to improve the composite behavior. Those materials were further processed to final product
packaging, in KIV Kreis GmbH via vacuum thermoforming. The mechanical properties were tested by means of tensile
strength, tensile modulus, three point bending and Charpy impact strength. The morphological properties of the

composite materials were investigated by digital microscope.

Keywords: PLA, Viscose rayon, Glass fiber, Thermoforming process

1. INTRODUCTION

Plastic thermoforming is one of the fastest
growing methods of producing plastic packaging.
During the thermoforming process, the polymeric
sheet is heated to the so-called forming
temperature. This temperature depends on the
different type of thermoplastic material. The
polymer sheet is supple and elastic plastic
deformable at the forming temperature [1].
Thermoforming is widely used in manufacturing
industries to produce large and labor intensive
products. Compared to other manufacturing
techniques, thermoforming is an extremely efficient
process that is suitable for high-efficiency mass
production [2].

PLA is biodegradable and biocompatible
polyester, which can be produced from renewable
sources [3, 4]. Due to new techniques which allow
economical production of high molecular weight
PLA, this polymer has attracted great attention
recently, being considered as one of the most
promising materials for replacing synthetic
polymers [5]. PLA has reasonably good optical,
physical-, mechanical and barrier properties
compared to existing petroleum-based polymers
like high density polyethylene (HDPE), polystyrene
(PS), polypropylene (PP) and polyethylene
terephthalate (PET). The building blocks of PLA
can exist in an optically active state. Depending on
the enantiomers ratio, the PLA can obtain different
mechanical, barrier and surface properties. This

To whom correspondence should be sent.
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allows the production of a wide spectrum of PLA
grades matching the performance requirements [6].
The thermoplastic property of those composites
enables commercial manufacturing.

Extrusion, injection molding, casting of films and
sheets, thermoforming, foaming and fiber spinning
are among the methods utilized for PLA processing
[7, 8]. The PLA technological waste can be reused
to a great extent, which is another significant
benefit of this polymer [9].

Despite the above-mentioned advantages the

PLA materials show some disadvantages which
limit its application, such as high brittleness, poor
heat stability, low impact strength. To improve
these properties, different modification methods
like annealing, adding nucleating agents, fibers or
nanoparticles were investigated. Alternatively,
some chemical and physical treatments were
applied to facilitate the cross linking between PLA
molecules. Plasma treatment, UV-light and laser
exposures were applied in order to enhance the
material adhesion properties. [10, 11].
In this work, glass fiber reinforced, viscose rayon
reinforced, and unreinforced PLA sheet were used
in experimental thermoforming operation. The
results obtained from the experiment and
mechanical properties of composite materials were
compared with results from unreinforced PLA.

2. EXPERIMENTAL
2.1 Materials

Poly (lactic acid) (PLA; molecular weight, My =
20kDa;M,=10.1 kDa) was obtained from Biomer

© 2015 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 25


mailto:kirol_volodiev@abv.bg

Dimitrov et al.: Thermoforming—process of biopolymer composites

Krailling, Germany. Viscose rayon (Cordenka).
Cordenka is Super 2 Rayon yarn with high
elongation at break and optimized (= reduced)
water shrinkage. It is used in mechanical rubber
goods, with a focus on radiator hoses. Viscose
rayon was obtained from Cordenka GmbH
Germany. Glass fiber (stitch) density =300 g/m?,
glass — wool density =440 g/m?. Both products
were obtained from DHD Technology GmbH &
Co.KG/ Germany.

2.2 Composites processing

The composites were obtained using press
(Servitec Polystat 400S). The fibers were added
between two PLA films and pressed. The
processing parameters for press are: pressure = 90
kN/m?, temperature = 155° C for 10 minutes. The
compositions of the composites prepared are shown
in Table 1.

Table 1. Compositions of composites

Materials Time Filler
(min) _ (g/m?)
PLA 5 -
PLA/Cordenka (short fibers) 10 90.5
PLA/Cordenka (stitch) 10 180.5
PLA/Glass fibers (stitch) 10 270.5
PLA/Glass - wool 10 320

The end products were manufactured by KIV
Kreis GmbH. The thermoforming process was
realized using Visual Thermoforming (HDVS
3036) vacuum skin packager. The processing
conditions are shown in Table 2.

Table 2. Thermoforming conditions

Sheet temperature 160-170°C

Heater temperature 350°C
Heater distance from sheet 10 cm

Mold temperature 35-40°C

Figure 1 shows the thermoform (A), and the
thermoforming process (B). Figure 2 shows the
thermoformed composites. Figure 2 (A) shows
PLA, (B) shows PLA/Viscose rayon (short fibers),
(C) shows PLA/Viscose rayon (stitch), (D) shows
PLA/Glass fibers (stitch) and (E) shows PLA/Glass
—wool.

2.3 Measurements

2.3.1 Mechanical testing. A mechanical testing
machine, “Zwick 2000” Zwick GmbH & Co. KG
(20 kN), Germany was used to measure the tensile
properties according to 1SO 14129. The flexural
properties of a thermoformed composite were
preformed according to the ISO 178. System
control and data analysis were preformed using
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Datum software. All results presented are the
average values of five measurements.

An EN ISO 179 charpy impact test was carried
out using 10 unnotched samples. In each case a
standard deviation < 15% (drop weight) was used
to calculate the charpy impact strength.

Fig. 1 (A) the thermoform, (B) the thermoforming
process.

2.3.2 Optical microscopy. The morphology of
impact cross section of the composites was
observed by optical microscopy at room
temperature. A microscope (model VHX-600
Series) was used to collect microscopy images for
the composite specimen.

4. RESULTS AND DISCUSSIONS

The results of the tensile properties investigation
of PLA and PLA - composites are shown in Figs. 3
and 4.The pure PLA has a tensile strength of 58
MPa and a modulus of 3.8 GPa. The addition of
glass fiber (stitch and wool) improved the tensile
strength 178 MPa, 80 MPa and the modulus of 7
GPa and 5.7 GPA, which indicates that the stress
transfers from PLA polymer matrix to the glass
fibers. Whereas the addition of Viscose rayon fibers
decreased the modulus of 3.9 GPa and the tensile
strength of 30 MPa.
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The three point bending tests of PLA and
reinforced PLA composites (Fig. 5) were performed
at room temperature. The pure PLA has a flexural
tensile of 31 N. Glass fibers (stitch) composite
improve the flexural tensile of PLA 42 N. No
improvement could be observed in the Viscose
rayon composites. Charpy impact samples were
prepared by cutting and sanding to dimensions of
80 x 10 x 3.9 mm (length x width x thickness). The
results of Charpy impact strength test are
summarized in Fig. 6. All composites show
improvement in impact strength. Composites with

T
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the Viscose rayon (stitch) improved the impact
strength of fracture greater than 90 kJ/m?.
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Fig. 6 Charpy impact strength of composites.

The digital microscopy images are shown in
Figure 7. The fibers are illuminated white; the
matrix is grey and the voids black. Microscopy
analysis allows important individual void
characteristics to be assessed. For example, the
missing adhesion between the polymer matrix and
the fibers can be clearly seen in Fig 7B, Fig. 7C and
D proof of the bad adhesion based on the greater
contrast between fibers and matrix. The best
adhesion from all materials is that of the PLA/Glass
wool, Fig. 7 (E). One explanation could be the fiber
thickness; the thinner the fiber the better the
adhesion.

5. CONCLUSIONS

Due to the variety of interesting composites
properties,  further  development  of  the
thermoforming process is highly recommended.
One of the biggest advantages of those materials is
tailoring their properties according to the
application, followed by the economically efficient
production process.

In many cases, the physical properties are
enhanced dramatically compared to that of the sub-
components. The lack of elasticity and the lack of
compatibility in adhesion remains a problem as
seen in PLA/Viscose rayon composites. The
PLA/Glass fibers composites manufactured in this
study have a higher tensile strength and a higher
specific E-modulus than PLA/Viscose rayon
composites. The three point bending test showed
that only the glass (stitch) improved the flexure of
composite.

PLA/Viscose rayon (stitch) improved the impact
strength almost five times. The promising impact
properties of the presented PLA/Viscose rayon
composites show their potential as an alternative to
traditional composites.
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Fig. 7. Composite cross section (A) PLA, (B)
PLA/Viscose rayon (short fiber), (C) PLA/Viscose rayon
(stitch), (D) PLA/Glass (stitch), (E) PLA/Glass wool.
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The kinetic dependences characterizing enzyme hydrolysis of cellulose fiber material (bleached hardwood pulp) by
cellulasic enzyme complexes are studied. It is found that the topochemical mechanism provides a good interpretation of
the cellulase action. The Kinetics of the process is described by the modified topochemical equation of Prout —
Tompkins. It is applied to the processes starting on the easily accessible outer surface of the pulp to continue further
through by a gradual penetration to the capillary system of the fiber. The structural features of the system pulp —
enzyme control the rate of the process. The activation energy of the hydrolysis is found constant indicating that the
energy characteristics of the cellulose are identical on the surface and in the bulk of the fiber matrix. The pre-
exponential factor accounts for the accessibility and the varying dimensions of the reaction area, which is formed by the
cellulose—enzyme complexes and change during the process. The rate decrease in the course of the process is
determined not only by the pre-exponential factor decrease but by the enzyme inhibition as well.

Keywords: bleached hardwood pulp, enzyme hydrolysis, kinetics.

INTRODUCTION

The enzyme hydrolysis of cellulose to glucose
by cellulases is one of the major steps involved in
the conversion of cellulose and lignocellulose
material to yield biofuel. The susceptibility of
cellulose substrates to cellulase depends on the
structural features of the substrate including the
cellulose crystallinity, the degree of cellulose
polymerization, the surface area, and the lignin
content [1]. Cellulose is known to have relatively
easily accessible amorphous regions with a few
lateral interactions between the cellulose chains as
well as crystalline domains that are much harder to
hydrolyze. In addition, the hydrolysis product of the
cellulase reaction, cellobiose (glucosyl [-1-4
glucose), inhibits severely the cellulase [2]. The
optimization of lignocellulosic bioconversion by
cellulase enzymes requires good knowledge of the
reaction kinetics.

The enzyme processes are generally
characterized by relations analogous to those of the
heterogeneous catalytic and topochemical reactions.
This concept is based on the fact that a specific
chemical interaction proceeds between the substrate
and the enzyme. It can be limited to the accessible
contact surface or can proceed in the bulk of the
fiber material. The heterogeneous nature of the
macromolecular structure of the cellulose and the

*To whom correspondence should be sent.
E-mail: grradeva@uctm.edu

lignocellulose matrices hampers the thorough
elucidation of the mechanism of the enzyme-
substrate  interaction  [3-6]. Our  former
investigations on the Kkinetics of cellulase
hydrolysis of wheat straw and maize stalks show
that the kinetic model of inhomogeneous surfaces is
applicable [7,8]. The explanation refers to the
specific structural peculiarities and the highly
developed contact surface which result from the
hydrothermal pretreatment of these lignocellulose
materials. The same kinetic model is also found
valid in case of enzyme hydrolysis of steam
exploded Paulownia Tomentosa. It is worth adding
that the cellulase product in the latter case is of
lower activity and which is why it attacks only the
accessible active centers of the cellulose. Thus the
process taking place cannot reach the bulk of the
material, which in turn results in low efficacy [9].
According to M. loelovich and E. Morag [1] the
more active cellulasic enzyme can generate new
nano-holes (meso-pores) mainly in the non-
crystalline amorphous domains of the cellulose and
hence provide access of the enzyme molecules to
the inner cellulose structure. The application of a
highly active cellulasic complex in the hydrolysis
of bleached hardwood pulp preserving its pulp fiber
structure, irrespectively of the pretreatment carried
out, requires the consideration of the enzyme
process from the topochemical point of view.

The aim of the present communication

is to present the kinetic relations observed in the
course of the enzyme hydrolysis of bleached
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hardwood pulp which in turn provide to
elucidate the mechanism of action of the highly
active cellulase complex.

EXPERIMENTAL

The investigations were carried out on bleaching
hardwood pulp from "Slilocell” AD - Svishtov. The
cellulasic  hydrolysis was carried out in
polyethylene bags in a water bath preheated to the
desired temperature. The cellulase complexes NS
22086, with activity 1000 BHU.g! and g-
glucosidase NS 22118, with activity 250 CBU.g*,
were used in a ratio of 10:1 for the enzymatic
hydrolysis. The kinetics of the latter was examined
at: temperature values of 30°C, 40°C, 50°C; a
consistency of 10%; pH range of 5.0-6.0; reaction
time of 1h to 48 h and 5% enzyme charge. The
glucose content was analyzed by a Dionex HPLC
system in accordance with the NREL standard
biomass analytical procedure [10].

RESULTS AND DISCUSSION

The amount of glucose obtained, G (%), at
different temperatures and reaction times is
presented in Table 1.

Table 1. The amount of glucose, G (%) at different
temperatures and reaction times

Time, G, %
min
T=30°C T=40°C T=50°C
60 7.63 9.52 12.94
120 10.20 12.58 16.63
180 12.00 15.90 20.00
1440 26.90 34.00 40.80
2880 33.10 42.28 49.20

The dimensionless quantity o is used as a
kinetic variable. It has the meaning of an degree of
hydrolysis, i.e. an extent of conversion of cellulose
to glucose. It is determined by the relative change
of the glucose amount and is calculated in
correspondence with Eq. 1:

- (1)
where G (%) is the current amount of glucose,
while Gmax=87% is the maximal amount.

The degree of conversion o increases with the
increase of time and temperature, (Fig. 1).

The applicability of different kinetic equations
referring to diffusion, topochemical and other
heterogeneous catalytic processes is examined. It is
found that the enzyme process is best described by
the modified Prout — Tompkins topochemical (P-T)
equation:

2 (kty )

l-a

where k has the meaning of an apparent rate
constant, while the power factor y is an invariable
quantity characteristic for the cellulose — enzyme
system.

06 - -
—a—307C

—e—40°C

05 - |_a—s50%

04

0 SDIIJ 1D:JD IS:JIJ 20;JIJ 25IIJD 3D|DIJ
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Fig. 1. Kinetic curves of the extent of enzyme hydrolysis

at different temperatures.

Fig.2. Linearized form of Prout — Tompkins equation for
different temperatures.

It is known that Eq. (2) is successfully applied to
chain topochemical reactions of chain mechanism
[10]. A similar equation can be used in case of
diffusion controlled heterogeneous processes.
Analogous results have been reported for the
xylanase action on kraft pulp [11].

All Kinetic curves are linearized in coordinates

@ vs. In t in correspondence with the
l-a

logarithmic form of Eq. (2):

In

mfg—=1MK+ZMt 3

The linear dependences obtained are illustrated
by Fig. 2. The apparent rate constant k and power
factor y are calculated. The latter is temperature
independent and has an average value of 0.5. The
apparent rate constant k depends on the temperature
in correspondence with the Arrhenius equation.
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On the ground of the linear relation between In k
and 1/T (Fig. 4), the values of the activation energy
E and pre-exponential factor In A are calculated:
E=47.5 kJ/mol and In A=10.05.

It is of interest to determine the current

da

ratey = ==, which varies during the process. The
t

derivative form of the modified Prout-Tompkins
equation is applied:

271 x+1

V=gka * (l-a) 4)

It outlines the dependence of the rate v (min™)

on both the amount of the substrate left (1— ) and

that of the product formed, o.

The factor (1_0()”7+1 decreases with o increase.
7-1

The factor « * decreases also with a increase,

because the exponent is negative (x<1). This factor

takes account of the glucose inhibiting effect on

cellulase, especially near the end of the hydrolysis

process when the rate decreases significantly [1]. In

case of y=0.5, Eq. (3) becomes:

3
\,:k@ (5)
2a
Eq. (5) provides the calculation of the current
rates v (mim?) at different o and temperature

values. It is shown in Fig. 3.

2.0

w10

08 F

06 |

04t

02k

00

Fig. 3. Dependence of the current rate v (mim?) as a
function of o at different temperatures.

It is seen that the process rate is the highest at o
values less then 0.2. Then it decreases significantly,
probably because of the inhibiting effect of the
accumulated glucose at the final stage of the
process.

The temperature dependence of the hydrolysis
rate is followed in accordance with Arrhenius
equation presented in the following form:

E

v=Ae R (6)
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Fig. 4. Temperature dependence of the current rate and
the rate constant at a=const.
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The activation energy E and the pre-exponential
factor A are calculated at different constant values
of a (Fig. 4). The activation energy is E = 47.5
kJ/mol, i.e. a value which coincides with that found
from the temperature dependence of the rate
constant. It is evident that the activation energy
stays constant during the process, which in turn
shows that the cellulose active centers do not
change their activity.

A0 min!

Fig. 5. Dependence of pre-exponential factor A (min'1)
on the degree of hydrolysis o.

Unlike the activation energy, the pre-
exponential factor A decreases with the increase of
the degree of hydrolysis o (Fig. 5) following the
equation:

(")

The factor A can be related to the dimensions
and the accessibility of the reaction area, which is
formed on the basis of the cellulose-enzyme
complexes and changes during the process. It
accounts also for the applicability of the
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on the most accessible outer surface of the bleached Bommarius, Biotechn. Adv., 27, 833 (2009).
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KMHETUYHU ACIIEKTU HA EH3MUMHATA XU/POJIM3A HA LEJIYJIO3EH BJIAKHECT
MATEPUAIJI

C. llerpun, H. fIBopos, II. LieTkoB, U. Bhiues, I'. PaneBa™
Xumuro-mexnonocuuen u memanypeuuer ynugepcumem, 6yn. Knumenm Oxpuocku 8,1756 Cogpusi, bvreapus

Tlocteruna Ha 30 rouu, 2014 r.; [puera Ha 29 suyapu, 2015 r.

W3yuenn ca KHHETUYHUTE 3aBUCUMOCTH Ha €H3MMHA XMIPOJIM3a Ha LIETYJIO3€H BIAKHECT MaTepHall
(u30eneHa IIMPOKOJMCTHA LIETYJI03a) C LETYJa3eH €H3MMEH KOMIUIEKC. YCTaHOBEHO €, 4Ye NPOLEChT Ha
CH3MMHA XWUAPOJH3a MOXKE Ia C€ HMHTEPIPETHUpa C TOIMOXMMHUYECH KUHETHYCH MOICIL. 3a omucaHue Ha
KMHETHKAaTa Ha Mpoleca € U3MOI3BaH0 MOAU(PHULIMPAHOTO TOMMOXUMHYHO ypaBHeHue Ha Ilpayt — Tomnkusc.
To e mpriI0kKMMO 32 MPOLIECH, KOUTO 3aII04BAT OT Hal-IECHO AOCTBIIHUTE BHHIIHU LIEHTPOBE U MOCTENEHHO
IIPOHMKBAT B CTPYKTypaTa Ha LEIyJI03HOTO BiakHO. Ompeensiiu 3a CKOpocTTa Ha Ipoleca ca
CTPYKTYPHHUTEC NU3MCHCHHA Ha IMOBBPXHOCTTA. YcranoBeHO €, U€ aKTuBHUpallaTa CHEPruss HEC CC IMPOMCHA B
X0Jla Ha Mpolieca, KOETo M0Ka3Ba, Y€ €HEPreTHYHUTE XapaKTePUCTUKH ca WACHTUYHH M Ha NMOBBPXHOCTTA U
BBB BHTPEUTHOCTTA Ha IeTyJI03HATa MATPHUIIA.

[Ipen-excOHEHITHAHUAT (aKTOP, KOWTO OTYUTA JOCTHITHOCTTa W OCOOEHOCTHTE Ha PEeaKIIMOHHATa
30Ha Ha CHUCTEMaTa IIeNyJ103a — €H3UM, C€ IIPOMEHS B XOJa Ha Mpoleca. Y CTAHOBEHO €, Y€ HaMaJICHUETO Ha
CKOpOCTTa C€ JABDKM HE CcaMO Ha HAMaJEHHETO Ha Mpen-€KCIIOHEHLMANIHUS MHOXKUTEN, HO M Ha
WHXHOMPAHETO HA EH3UMA.
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The use of printed wastepaper as a source of secondary fiber material for the production of paper and cardboard is

related to the process of de-inking through flotation.

The ink removal from waste paper through flotation treatment with enzymes while the pH is neutral leads to
modification of the cellulose fibers. The process is fully environmentally friendly.

Restoring the sheet-formation properties of secondary fibers as a result of bio-modification with enzymes helps to
increase the number of cycles of waste paper usage and improves some of the characteristics of recycled paper.

The present study is a research on the removal of ink from paper with offset printing through flotation by the usage

of the enzymes cellulase and lipase.

Key words: de-inking, enzymes, printed waste paper

INTRODUCTION

The use of recycled fiber material for the
production of paper and cardboard has a significant
role for solving the problems of environmental
protection and contributes to energy savings by
decreasing the energy consumption.

One of the most important processes used in the
recycling of printed waste paper is de-inking, i.e.
the removal of ink from the used paper in order to
get a whiter recycled fiber pulp. The process
includes removing the ink particles from the surface
of the fibers and separating them from the fiber
suspension through washing or flotation. [1]

A useful method for removing the ink from the
waste paper through flotation is the treatment with
enzymes while the pH is neutral. When recycling
waste paper, enzymes are used to enhance the
disintegration of fibers and improve the process of
draining, to remove the ink from paper used for
Xerox copies and laser printing, as well as to
prevent the formation of sticky substances. [2]

Enzymes are complex protein molecules which
act as catalysts. The activity of enzymes is essential
to the process and is closely related to the chemical
and physical environment (temperature, pH), the
type and concentration of the substrate. [3]

Offset printing is superficial. The printed and
non-printed elements are on the same surface. The
printed elements are covered with ink, while the
rest are moistened.

Removing the ink with enzymes aims at

*To whom correspondence should be sent.
E-mail: vesla@uctm.edu

reaching a balance between the strength of fibers,
the strength of interfiber connections and the loss of
output, which have to be reduced to a minimum. [4]

—

Fig. 1. De-inking in the presence of surfactants

The improved regeneration of the sheet-
formation properties of secondary fibers as a result
of enzyme treatment is capable of increasing the
number of cycles of waste paper usage, as well as
improving some characteristics of the paper made
from secondary fibres. [2]

The aim of the present study is to investigate the
process of removing the ink from waste paper with
offset printing through flotation by the use of
cellulase and lipase enzymes in combination with
surfactants.

The surfactants have the following functions
during the process of de-inking through flotation:

e They remove the ink particles from the surface of
the fibers and prevent them from settling again on
the fibers during the process of de
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e -inking; They agglomerate the small ink particles
into large ones and change the surface of the
particles from hydrophilic into hydrophobic;

¢ They act as foaming agents accumulating froth on
the surface of the flotation cell and enhancing the
de-inking process [5].

The purpose of this study is to review and
analyze the established possibilities for obtaining
and application the biocomposites based on keratin/
polyurethane in the medicine and other areas as
compared to those based on collagen/ polyurethane.

EXPERIMENTAL

Materials and Reagents
The waste paper with offset printing used in the
present research has a grammage of 80 g/m2. The
enzymes flotation is carried out with the following
surfactants: BRIJ 35, Sigma Aldrich and the
enzymes Cellulase (C) and Lipase(L).

Apparatus

Laboratory hydropulper. An amount of 500
grams of waste paper weighted prior to the
experiment is torn into small pieces and is soaked
into water for an hour. The soaked pulp undergoes
the process of disintegration of the fibers inside the
hydropulper.

The laboratory hydropulper has a cylindrical
shape and a vertically installed propeller. The
apparatus has a volume of 100, | and functions
when the concentration of the mass is 2%. The
apparatus is working for 2 hours. The produced
suspension is drained with a sieve, additionally
squeezed to a state of dryness of 20-30% and the
secondary fiber pulp is stored in a refrigerator.

Laboratory disintegrator. 20grams of oven dry
fiber pulp are taken from the hydropulper and put
inside a disintegrator for 10 minutes. Depending on
the type of examined pulp samples after the initial
time, the necessary reagents are added in a
sequence. The fiber suspension is further
disintegrated - the process is prolonged by 10
minutes with each one of the reagents. The
disintegrator has a working volume of 4 | and a
maximum concentration of 2%.

Laboratory froth flotation cell. The suspension
of fiber pulp taken out of the disintegrator is then
placed into a froth flotation cell (Photo.1). The air
is switched on, as well as the stirring paddle. Some
flotation froth is formed on the surface which is
removed. The process of flotation continues for a
certain period of time and the ink-free fiber pulp is
stored in a container.

The froth flotation cell consists of a flotation
chamber connected to a pipe for air supply and a
stirring paddle. The stirring paddle is responsible
for turning the fiber pulp into a homogeneous
mixture. The even-dispersion of air in the fiber
pulp is a condition of utmost importance because it
makes it possible for all the ink particles to reach
the air bubbles.

Photo 1.

The turbulence inside the froth flotation cell has
to be controlled in a way that not a single zone
remains stagnant, which would lead to a flotation of
fibers and leaving of dirt on the walls of the cell.
On the other hand, the turbulence should not be too
strong because the fiber pulp can be mixed with the
froth on the surface.

Laboratory sheet-moulding apparatus
(apparatus Rapid- Keten). The ink-free fiber
suspension is divided into a number of moulds
which are made up with the help of a laboratory
sheet-moulding apparatus Rapid-Keten.

The sheet-moulding apparatus consists of a
moulding and a drying sector. The moulding part
includes a cylindrical chamber, a sieve and a
suction device. The wet pulp settles on the sieve,
and then it is drained with the suction device which
removes and collects the water. The drying sector
consists of two nests for drying.

Laboratory apparatus for establishing the
degree of brightness Frank Spectrophotometer
Brightness Colour. Brightness is the property of
paper to reflect light in a dispersed and
homogenous way along the whole range of the
visible spectrum.

Brightness is measured as a % of reflected light
with a defined wavelength in the blue segment
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Table 1. Content of pulp suspension samples.

Name of samples Waste Surfactants,  Cellulase,  Lipase
P paper g/m? % % %
Zero sample 80 0 e
Waste paper + Surfatants 80 03 - e
Waste paper +Surfatants +0,1 Cellulase 80 0,3 01 -
Waste paper +Surfatants +0,3 Cellulase 80 0,3 03 -
Waste paper +Surfatants +0,1 Lipase 80 03 - 0,1
Waste paper +Surfatants +0,3 Lipase 80 03 - 0,3
Waste paper +Surfatants+0,1Cellulase +0,1Lipase 80 0,3 0,1 0,1
// 1 Waste paper
MR/

S B Waste paper+Surfactants

g BO7/ 1 Waste paper+Surfactants+C0, 1

)

o 807/

N E T AVt paperSuractats €03

L I/

= 200 /) 1 Waste paper+Surfactants L0, 1

o 830/,

8 001/, Waste paper+Surfactants+L0.3

= 80401

8000 -

, Waste paper+Surfactants+2E
/

7950

Fig. 2. Brightness of the samples defined according to 1SO Brightness.

(457nm) and is termed as Brightness Rus; (1SO
2470:2002). [6]

RESULTS AND DISCUSSIONS

The waste paper with offset printing undergoes
the process of disintegration of fibers, followed by
further disintegration with the help of enzymes in
combination with surfactants and finally, flotation
to separate the cellulose pulp. The following paper
samples have been tested, cf. Table 1.

Testing the degree of Brightness of the paper
samples. The degree of brightness of the samples is
presented in Figure 2.

The results show that the degree of brightness is
increased in all samples of de-inked paper.
However, it is highest in the samples obtained after

36

flotation with surfactants in combination with
lipase enzyme.

De-inking capacity. It is estimated on the basis
of a comparison of results after measuring the
degree of brightness of the waste paper before de-
inking (Zero sample) and the de-inked samples.
The following formula is used:

De-inking capacity = {(de-inked sample —zero
sample)/zero sample}x 100, [%)]

Figure 3 shows the de-inking capacity of
enzymes and their possible combinations in
percentages. [7]

The greatest de-inking capacity is measured in
samples produced after flotation with surfactants in
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Fig. 3. De-inking capacity

combination with lipase enzyme. The other
samples also show an increased de-inking capacity,
which leads to the conclusion that both enzymes
have a positive effect in the process of de-inking.

Breaking length (L),[m]. This is the length at
which a strip of the tested paper with a width of
15mm, suspended at one end, would be torn by the
force of its own weight. It is calculated by the
formula of Hartig:

L=(F.1.100)/d,

where:

F — force of tearing in [N], measured by
the dynamometer;

| — length of the strip in [m], defined by
the distance between the two ends of the
dynamometer;

d — weight of the strip in [g], measured
after it has been torn from the hooks. [7]

Figure 4 shows the breaking length in [m] of the
samples.

A slight increase in the breaking length of the
samples is observed, with the exception of those
samples obtained after flotation with surfactants in
combination with lipase enzyme. The samples
obtained after treatment with surfactants in

combination with cellulase enzyme have the
highest breaking length.

CONCLUSION

Waste paper is a competitive material for the
paper industry. During the process of recycling,
removing the printed ink from the paper suspension
can be a problem. De-inking is a hard task because
the different kinds of ink have different ingredients.
Therefore, it is necessary to find the most effective
and ecological method of removing the ink from
the paper.

Restoring the sheet-formation properties of
secondary fibers as a result of bio-modification
with enzymes helps to increase the number of
cycles of waste paper usage and improves some of
the properties of recycled paper.

The parameters of enzyme de-inking of printed
waste paper have been defined. In the process of
flotation the enzymes cellulase and lipase increase
the degree of brightness, the de-inking capacity and
the physico-mechanical property - breaking length.
Adding these enzymes, the de-inking of waste
paper is improved.

//
430

Breaking length, m

0\Waste paper

\Waste paper+Surfactants

u\Waste paper+Surfactants+C0,1

u\Waste paper+Surfactants+C0,3

B \Waste paper+Surfactants+L0,1

Waste paper+Surfactanis+L0,3

Waste paper+Surfactants+2E
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Fig.4. Breaking length of the samples.
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EKOJIOI'MYHO OITIOJI3OTBOPABAHE HA OTIIAABUYHA XAPTUA C IIEHAT

C. Kotnaposa*, B. Jlamega, /1. Tomoposa
Xumurxomexuonozuuen u memanypeuder ynugepcumem — Coghus
Tloctbrmna Ha 12 aBryct 2014 r.; Kopurupana Ha 11 dpespyapu 2015 r.

(Pesrome)

Wsnon3BaneTro Ha oTnagb4yHaTa XapTud € Ie4aT KaTo HU3TOYHUK Ha BTOPUYCH BJIAKHECT MaT€pual 3a
MPOM3BOJICTBO Ha XapTHH W KapTOHH € CBBP3aHO C HEHHOTO obe3MacTwisiBane 4pe3 (uiotanus. [lepcrniekTHBHO |
€KOJIOTUYHO ¢ 00e3MaCTWIABAaHETO Ha OTHAIb4YHATAa XapTHUs MO MeToja Ha (oTauus ¢ €H3UMHO TpeTHpaHe NpHU
HeyTpaiHo pH, KoeTo Boau 10 MouduKalys Ha LETyJI03HUTE BIaKHA.

B Hacrosimata pa3paboTka ce u3cie/Ba BIMSHUETO Ha 2 eH3MMa — lelyjlas3a U JMIas3a, KakTo 1 KOMOWHALMs
OT THX, B Mpolieca Ha (QIIoTaIusl.

Perenepanusita Ha r'bBKaBOCTTa Ha BJIAKHATa 3aloyBa B ITBPBHS €Tall Ha pa3BIakHSIBaHE Ha OTIAJbyHATa
XapTus pu KoHIeHTpanus 4%. 3a MOoBEJEHNETO U XapaKTEePUCTUKATa Ha IIOJyYeHHUs BIAKHECT MaTepuall ce ChJIH 110
KMHETHKaTa Ha OTBOAHSABAHE, onpeesieHHa Ha anapara [llonep-Puriep.

En3umnara ¢uiotanus ce npoBexaa BbB (PIOTAMOHHA KIJIETKA, OCUTYPSIBAIlA ONPEISICHH XUIPOINHAMIYHA
YCIIOBUSI HAa CMECBaHE Ha XapTHUEHATa CycIeH3us ¢ enzumute U ¢ [IAB u oTnensHe Ha MacTHICHNUTE YaCTUIIH.

3a oxapakTepu3HpaHe Ha (PU3MKO-MEXaHMYHMYHHUTE MOKA3aTSIIUTEe Ca IMOJYYCHH XapTHEHH 0o0pas3iuu Ha
amapar Rapid-Keten. OnpeneneHo e ChbIpOTHBICHHETO HA CKBCBAaHE TPH OIBH, CHIPOTHBICHUETO Ha pa3IupaHe,
CBIIPOTUBIICHUETO Ha OIbBaHE, CBIIPOTHBJICHHETO Ha crhykBaHe. OmnpejeneHa € cTelneHTa Ha OeloTa Ha
ouomoauduITUpaHus 00€3MaCTHIICH PEIIUKIUPAH BIAKHECT MaTepHall .

Bp3cTanoBsBaneTo Ha JUcTOOOpasyBallUTe CBOWCTBA HA BTOPUYHUTE BJIaKHA B pe3yiTaT Ha
OouomMouduKalmaTa ¢ eH3UMH CIIOCOOCTBA 32 yBelnyaBaHe Opost Ha UKIIUTE 32 U3II0JI3BaHE Ha OTMaAb4YHATA XapTHs U
3a 10100psIBaHE HA HIKOM [TOKA3aTeNN Ha XapTUsTa, MOJy4eHa OT PEHUKINPAHH BIAKHA.
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Copper-based nanostructured lignocellulose materials with antibacterial activity
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In this study we report for successfully preparation of copper-based lignocellulose nanocomposites. The wood fibers
(WF) and technical hydrolysis lignin (THL) were used as lignocellulosic materials. To produce copper sulfide
lignocellulose nanocomposites a two-component cupri reduction system at saturated steam were used. The copper
content in the synthesized samples was determined by Inductive coupled plasma (ICP) analysis, thermal and acid
decomposition methods. The linkage of copper ions with lignocelluloses was studied by Infrared (IR) spectroscopy. The
IR bands observed at~3400 cm suggest that the main mechanism of interaction between lignocellulose materials and
copper ions was realized by oxygen atoms of OH groups in cellulose and in the aromatic nucleus of the lignin
macromolecule. SEM-EDS analyses showed the presence of copper particles on the surface of investigated samples.
According TEM observations it was found the tendency to formation of clusters from CuNps in different shape. The
size of the formed nanoparticles varies between 10-50 nm. The antibacterial activity of modified lignocelluloses was
tested against Gram-positive (Bacillus subtilis 3562) and Gram-negative (Escherichia coli K12 407) bacteria. The

results showed that copper-based THL has better antibacterial activity compared to WF material.

Key words: lignocellulose nanomaterials, modification, copper sulfide, antibacterial activity

INTRODUCTION

Glucose In recent years, owing to the increased
environmental  awareness, the usage of
lignocellulosic materials as a potential replacement
for synthetic fibers such as carbon, aramid and
glass fibers in composite materials have gained
interest among researchers throughout the world.
Lignocelluloses are abundant in nature, renewable
raw material and a low cost material. Owing to
their low specific gravity, lignocellulose fibers are
able to provide a high strength to weight ratio in
plastic materials. The usage of lignocellulose
materials also provides a healthier working
condition than the synthetic fibers [1, 2]. The
chemical compositions of lignocellulose materials
vary according to the species, growing conditions,
method of fiber preparations and many other
factors. Lignocelluloses have a large number of
reactive groups, a wide range of molecular weight,
varying chemical composition, which contribute to
their diversity in structure and property [3].

Copper sulfide (Cu2xS) has various phases [4,5].
All of these phases are p-semiconductor due to
presence of copper vacancies in their lattice.
Copper sulfides are used for solar cells, field
emission device, nano switch, photo -catalyst,
biosensors, p-semiconductor, gas sensors and so on

To whom correspondence should be sent.
E-mail: nenkova@uctm.edu

[4,5].

Antimicrobial effects of transition metal
nanoparticles have attracted considerable interest
from both medical and technological standpoints,
because this kind of property plays a crucial role in
applications such as protection of medical
instruments and devices, water treatment and food
processing [6]. Nano-form copper particles
(CuNPs) have enhanced antimicrobial activity
toward a broad spectrum of microorganisms,
including pathogenic bacteria. Apart from their
small size, the high surface to volume ratio and
derived close interaction with  microbial
membranes, the source of cytotoxicity were also
identified from leached copper—peptide
coordination. This complex formation induces a
multiple-fold increase in the generation of
intracellular reactive oxygen species, reduces cell
viability and inhibits overall biomass growth [6].

The purpose of this study is to clarify the
modification of lignocelluloses materials (WF and
THL) with cupri reduction system at saturated
steam. We also examined the structure and
antibacterial behavior of obtained copper-based
lignocellulose materials.

EXPERIMENTAL

In this study the WF (produced in Lesoplast
Inc., Troyan, Bulgaria) and THL (obtained by acid
hydrolysis of wood in Pirinhart PLC, Razlog,
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Bulgaria) were used as lignocellulosic materials
The copper-based lignocellulose materials were
prepared as follows. CuSO..5H,0 was used as the
metal precursor to produce CuNps. On the other
hand Na»S;03.5H,O was used as reductor. The
modification process was at hydromodule 1:6, and
the ratio between the components
(CuS04.5H20:Na2S,03.5H20) was 1:2 in quantity
45% in term of lignocellulose materials. To
produce copper based lignocellulose
nanocomposites a method at saturated steam were
used [7,18]. All analytical grade reagents were used
as without further purification for synthesis of Cu,S
nanoparticles and modification of lignocellulose
materials.
The copper content in the samples was determined
by ICP (Prodigy High Dispersion ICP Spectrometer
— Teledyne Leeman Labs) analysis used thermal
and acid decomposition methods. The linkage of
copper ions with lignocelluloses was studied by
Infrared (IR) spectroscopy (MATSON 7000 Fourier
Transforming Infra-Red spectrometer). The shape
and size of formed copper nanoparticles was
observed by TEM (JEOL 2100). The surface
morphology was verified by SE M (JEOL JSM
6390). Energy-dispersive X-ray spectroscopy
(EDS) was used as quantitative analysis of
elemental composition of samples.
For investigation of antibacterial behavior of
lignocelluloses materials bacterial strains used in
this study were obtained from the culture collection
of Bulgarian National Bank of Industrial
Microorganisms and Cell Cultures and included
Gram-positive bacteria - Bacillus subtilis 3562 and
Gram-negative - Escherichia coli K12 407.

The cultures growth, bacterial growth-inhibiting
effect and the optical density of the culture was
described previously [9]. The measurement of
antibacterial activity of hybrid materials was

WF, 0.02%

THL copper-based,
o

calculated according to N. Rangelova et al. [9],
between the control sample and the test sample.

RESULTS & DISCUSSION

In our previous investigations [7,10] we
described the scheme of Cu?* reduction process and
Cu,S formation. The results for copper content are
shown on Fig. 1. As can be seen the copper content
is higher in the modified THL than the wood fibers.
Probably lignin adsorbed in a greater extent the
metal ions in comparison with the fibers. As it is
known, lignin is very often used as an adsorbent
because of its large internal surface area. In this
case the metal ions may be adsorbed by both
physical sorption or through coordination bonding.

Fig. 2 presents the infrared spectra of
lignocellulose and copper-based lignocellulose
materials. In these spectra four characteristic
absorption regions can be distinguish: from 3700 to
3000 cm™, 3000 to 1800 cm™; 1800 to 700 cm™;
and below 700 cm™. The bands in the first area
(3700-3000 cm™) corresponding to stretching
vibration of free (unsubstituted) and hydrogen
bonding OH groups in polymer backbone and water
[2, 11]. The second area consist intense band at ~
2940 cm and may be attributed to the asymmetric
and symmetric stretching vibrations of C-H linkage
due to CH, CH; or CHs, and the methyl groups (O-
CHs5) in the lignocellulose materials. The area from
1800 to 700 cm is unique to each of carbohydrate
polymers — “fingerprint region”. These include
vibrations of the skeletal (C-O-C and C-C)
glucosidic bonds, as well as deformation and
stretching vibrations of the C-OH linkages in the
pyran ring. Here also include the C-H, C-O, C-O-
C, C-OH asymmetric, symmetric and deformations
stretching vibrations of aromatic skeletal or
glycosides linkages and primary alcohol groups
[11-13]. The bands at 1600 and 1637 cm™ are

WF copper-based,
)

Fig. 1. Copper content in lignocellulose and copper-based lignocellulose materials.

40



N. Rangelova et al.: Copper-based nanostructured lignocellulose materials with antibacterial activity

110

J(@ —WF
100

90
80
704

60

Transmittance, a.u.

50

40

30 T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

-1
Wavenumber, cm

1(b) (1) THL
(2)THL,

per based
90
80—-
70 :
60—‘

50

Transmittance, a.u.

40
30 | v
g
&

20

10 T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

1
Wavenumber, cm

Fig. 2. IR spectra of lignocellulose(a) and copper-based (b) lignocellulose materials.

assigned to the absorbed water and pB-glucosidic
linkages between the sugar units, respectively. In
last area (700-400 cm?) can be found the
characteristic absorption bands of C-OH out-of-
plane bending mode in cellulose, skeletal
deformation of aromatic rings, substituted groups
and side chains in lignin, some heavy atoms stretch
in cellulose macromolecules and others [12-14].
The FTIR spectra of lignocellulose and copper-
based lignocellulose materials are similar. The main
differences in the IR spectra (Fig. 2 a, b) were
observed in the range 3500-3200 cm™. A decrease
in the intensity of the O—H absorption band at 3430
cm? was observed. This fact can be connecting
with reduced of content of hydroxyl group in
lignocelluloses after reaction. Many authors
reported that the bands above 3400 cm™ can be
attributed to the vibration of coordination bonding
between the copper ions by oxygen atoms from the
OH groups of lignocellulose materials [15,16]. On
the base of above mentioned results and literature
data can be suppose that the probable mechanisms

of interaction between copper ions and
lignocellulose materials by oxygen atoms of OH
groups in cellulose and in the aromatic nucleus of
the lignin macromolecule. In details we described
previously these results in several papers [7,10].

The SEM images of raw materials and modified
lignocelluloses are shown on Fig. 3. On the surface
of wood fibers (Fig. 3, a) can be seen the presence
of pore with diameter 50 nm. After the modification
(Fig. 3, b) on the WF surface are observed bright
particles, due to existence of copper nano particles.
Moreover as can be seen that the pores disappear on
the surface which can be explain with penetration
of copper particles in the presented hollows. The
micrograph images of THL (Fig. 3, c and d) have
shown the heterogeneous, compact structure with
rough and disordered surface.

After modification the existence of copper ions
on the samples surface is confirm by EDS analysis
for both type of copper based lignocelluloses
materials. The results of EDS analysis which are

’j ) N
werl

206V X500 *500m 21 Q3 BEC

Fig. 3. SEM images of WF (a), WF copper based (b), THL (c) and THL copper based (d).
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connected with the present elements in the samples
are summarize in Table 1.

TEM observations of WF sample containing
copper are shown in Fig. 4. As can be seen the
fibers are coated a cluster-forming CuNPs with
dimension in the range between 30-50 nm (Fig. 4a)
and their shape vary from spherical to elliptical. At
higher magnification (Fig. 4b) of the image the
present tendencies towards aggregation of copper
particles preserve. On the Fig. 4b can be found
separated cupper nanoparticles less than 30 nm
(from 10 to 30 nm) distributed in the main matrix.

The antibacterial properties of obtained
modified lignocelluloses were tested against B.
subtilis and E. coli K12. Bacterial growth of B.
subtilis was totally suppressed by both materials -
WEF copper-based materials and THL copper-based
materials — 97.42% and 100% respectively (Table
2). This was confirmed by plating a diluted aliquot
from each sample onto a LB agar plate and
observing bacterial colony after incubation of 24
hours (Fig. 5).

Table 1. EDS elemental analysis of samples

Lignocellulose

Elemental Composition, wt.%

material Carbon Oxygen Copper Sulphur
WF 51.14+0.80 48.84+0.80 - -
WFcopper based 50.09+1.07 46.11+1.07 3.5+0.63 0.3+0.11
THL 59.15+0.76 40.72+0.76 -——- -——-
THLcopper based 58.94+1.47 33.84+1.43 6.12+0.97 1.14+0.18

)

Fig. 5. Test results of B. subtilis (upper pahel) and E. coli K12 (I

ower panel) for: WF (A), WF copper-based (B), THL

(C) and THL copper-based (D).
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Table 2. Antibacterial test results of B. subtilis and E. coli K12 after 24 h cultivation.

B. subtilis E. coli K12
Materials Reduction Reduction
CFU/mlI of bacteria  CFU/ml  of bacteria
(%) (%)
WF 11.6 x108 9 x10% -
WFcopper-based 03 Xlo8 9742% 39 XlOlO 567%
THL 27 x108 4.2 x10%° -
THbLC‘;pper' n.d. 100 % 1 x10%0 76.2 %
These materials caused approximately 56.7% REFERENCES
0 . )
and 76.2 % reduction of E. coli K12 growth, 4 ;¢ vy pyk, B.I. Pletschke, Biotechnol. Adv., 30,
indicated that B. subtilis is more sensible to CuNPs 1458 (2012).
than E COI' K12 OUI‘ I’ESU“ZS demonstrate that THL 2. T. Hatakeyama’ H. Hatakeyama’ Thermal properties
copper-based materials have more promising effect of green polymers and biocomposites, Kluwer
towards investigated bacteria, compared to WF academic publishers, Netherlands, 2004.
copper-based materials. The mechanism of biocidal 3. M. Dragnevska, PhD Thesis, UCTM, Sofia, 2013.
action of copper nanoparticles may be explained 4. Y. Wu, C. Wadia, W. Ma, B. Sadtler, A. P.

with the fact that CuNPs release Cu (Il) ions on
contact with moisture. These copper ions bind with
the COOH and SH groups of protein molecules of
bacterial cell wall [17,18].

CONCLUSIONS

Copper-based  nanostructured  lignocellulose
materials (wood fibers and technical hydrolysis
lignin) with antibacterial properties were prepared.
The quantity of copper is higher in the modified
THL than the wood fibers. It was suggested that the
most probable mechanism of interaction between
lignocelluloses and copper ions is the coordinative
binding with the oxygen atoms of OH groups in
cellulose and in the aromatic nucleus of the lignin
macromolecules. SEM-EDS analyses confirm the
presence of copper particles on the samples surface.
TEM observation showed cluster-forming CuNPs.
The size of the formed nanoparticles varies between
10-50 nm. Antibacterial properties of the copper
based lignocelluloses against B. subtilis and E.coli
K12 were demonstrated. The results revealed that
the B. subtilis strain was more sensitive because it
showed larger killing in comparison to E.coli K12.
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MEJTHN HAHOCTPYKTYPUPAHI JIMTHOLEJIYJTO3HU MATEPUAJIN C
AHTHUBAKTEPHUAJIHO AEMCTBUE

H. Panrenosa, C. HenkoBa*, H. Jlazaposa, H. I'eopruesa

Xumurxomexuonozuuen u memanypeuuen ynusepcumem, oyn. Ki. Oxpuocku 8, 1756 Cogpus, Bverapus

[ocrpnuna Ha 17 romu 2014 r.; xopurupana Ha 29 suyapu 2015 r.

(Pestome)

B mpencraBeHara u3cienoBarencka paboTa ca MOKa3aHHM PE3ydTaTH 3a MOJTydYaBaHE HAa MEIHH JIMTHOLENYJIO3HHU
HaHokomno3uTH. JlepBecHute BiakHa ([IB) u Texnmuecku xuaponusern aurHuH (TXJI) ca wu3momsBaHM KaTo
JIMTHOLIETYJIO3HN MaTepuaiy. 3a MoJy4yaBaHeToO Ha MEIHO-CYI(GHIHN JINTHOLETYI03HH HAHOKOMIIO3UTH Ca M3IOJI3BaHU
JIBYKOMITOHEHTHa MEJHO-PEIYKLIHOHHA CUCTEMa M JIMTHOLENIYJIO3HH MaTepHand. MoanpuuupaHeTo € MpoBeIeHO M0
MeTo/a Ha HacuTeHa mapa. ChIbp)KaHHETO Ha MeEJl B MMPOOUTE € OMPEAEICHO Ype3 TEPMHUYCH M KHCEIMHEH METOZ Ha
pasmarane ¢ nociensaiml |CP ananu3 (MHIYKTHBHO CBBp3aHa IDIa3Ma), Bpp3kaTta Ha MeTHUTE HOHU C JINTHOIIECIYIO3HUS
maTepuan O6e uscienpaHa upes uHppauepsena (MY) cmextpockonus. MU uBuuurte, HaGmonasanu npu 3400 cm?
MIOKa3BaT, Y€ OCHOBHMAT MEXaHM3bM HAa B3aHMOJICHCTBHE CE OCBIIECTBABA Upe3 KOOPIAMHAIMOHHO CBBP3BAHE Ha
MEIHHUTE HOHHM C KuciaopoaHu atomu Ha OH rpynu B memynosara u B apOMaTHO sSIIPO Ha JIMTHUHOBATa MaKPOMOJIEKYIIa.
CEM-EDS anammute moka3BaT HAIMYMETO HA METHH YAaCTUIM BBPXY MOBBPXHOCTTA Ha M3CiIeABaHHUTE mpodu. Ot
TEM wu300pakeHusiTa 0¢ YCTAHOBCHAa CKJIOHHOCTTa KbM OOpasyBaHe Ha kibcTepu oT CUNPS ¢ pasiauuna ¢opma.
PasMepbT Ha 00pa3yBaInTe ce HAHOUACTHIIM Bapupa B HHTepBaia Mexay 10-50 nm. AnTubakTepranHaTa akTHBHOCT Ha
MOIU(HUIMPAHUTE JIUTHOLEIYI03H Oe TecTBaHa cpenty Ipam-nonoxurennu (Bacillus subtilis 3562) u I'pam-
orpuniarenuu (Escherichia coli K12 407) Gakrepun. [Ipu cpaBHsBaHe Ha JBaTa Marepuala Pe3yJTaTUTE MOKa3Bar, 4ye
moaudurmpanust TXJI, Ha MenHa ocHOBa, MMa MO-100pa aHTHOAKTEpHAIHA aKTUBHOCT CHPSIMO TbPBECHO-BIAKHECTHS
Marepuai.
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Investigation on the influence of chemical additives over the behavior of paper
furnish from recycled newspaper fiber material
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The use of secondary fibers from waste paper itself is a major trend in the production of various types of paper
and cardboard, which has a very positive environmental effect; it saves water, electricity, steam and wood raw material.
On the other hand the regenerated fibers have reduced sheet-forming-properties and induce problems by the appearance
of so-called "stickies". These substances are undesirable components, since reduced and in some cases interfere with the
action of the cationic chemical additives (CCA) added for a specific purpose. To solve these issues papermakers use

CCA.

What is used primarily in the paper production processes are high-molecular weight hydrophilic synthetic
polymers (polyelectrolytes) with different chemical nature. As a result, the dewatering is accelerated, the retention of
the components in the paper sheet is improved and this provides a clarified white waters.

The purpose of this study was to investigate the effect of cationic synthetic polyelectrolytes with different
chemical nature and charge over the behavior during the dewatering of paper furnish from recycled fiber material from

waste paper.

The recycled fiber material is from waste newsprint paper and it mainly consists of chemical-thermo-
mechanical pulp. Six types of cationic chemical additives with different chemical nature and charge density are used.
The dewatering ability is measured and the turbidity and conductivity of the white waters is determined.

As a result of the studies carried out it is found out that for the improvement of the dewatering and for the
clarification of the white waters, the most advisable is the usage of chemical additive based on polyacrylamide.

Key words: chemicals additives, paper furnish, dewatering, white water, polyelectrolytes

INTRODUCTION

Paper is one of the oldest and widespread
industrial products of the world. It is an irrevocable
part of everyday life in all its aspects. Fortunately,
paper is an ecological product. Its main components
are the renewable materials and used paper can be
unfenced in natural conditions if it’s not being used
again for the production of recycled paper or some
other method.

Modern paper technology is unimaginable
without the use of a great amount of subsidiary
materials and chemical additives (CA) as well.
Added to the renewable materials they above all
things form the necessary features of a paper sheet.
With their help a number of technological problems
are being solved and also they provide a possibility
for saving raw materials when at the same time
improving paper quality properties [1-3].

Nowadays the first place among raw materials
for paper production takes waste paper which has a
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E-mail: todorova.dimitrina@uctm.edu

very positive environmental effect; it saves water,
electricity, steam and wood raw material. On the
other hand the regenerated fibers have reduced
sheet-forming properties and induce problems by
the appearance of so-called "stickies". These
substances are undesirable components, since
reduced and in some cases interfere with the action
of the cationic chemical additives (CCA) added for
a specific purpose. To solve these issues
papermakers use CCA. One of the problems in
using secondary fiber material is its lower drainage
ability. This necessitates a specific selection of wet-
end chemical additives in the composition of
recycled papers [4-6].

What is used primarily in the paper production
processes are high-molecular weight hydrophilic
synthetic polymers (polyelectrolytes) with different
chemical nature. Their role is to cause colloid-
chemical changes at the barrier surface of the
system "fiber-to-water", and especially the values
of the electro-kinetic potential. The obtained larger
and smaller agglomerates are better retained onto
the web. As a result, the dewatering is accelerated,
the retention
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of the components in the paper sheet is improved

and this provides a clarified white waters.

Paper is definitely not a factor interfering with
the ecological balance of the world. On the contrary
- one of the reasons for that is because a basic
requirement towards CA for the paper industry is
their ecology — it is being put equally in the triangle
“functionality - cost — ecology” [6]. What does this
mean? The short answer is — to provide:

e Better utilization of resources — here comes into
play the recycling process of waste paper and
improved components retention;

e Greater economy of energy — this includes the
intensification of refining, dewatering and
drying;

e Purer waste waters, which include an improved
water circuit with maximum use of white
waters.

The behavior of paper furnish during
dewatering basically depends on the type of fiber
material and the degree of its beating (pulp,
chemical pulp, waste paper), fillers, sizing agents
and used chemical additives.

A fundamental goal in paper production has
always been: to get a greater possible quantity of
paper with the highest possible quality at the lowest
expense possible all the while acknowledging the
ecological requirements.

The purpose of this study was to investigate the
effect of cationic synthetic polyelectrolytes with
different chemical nature and cationic charge over
the behavior during the dewatering of paper furnish
from recycled fiber material.

EXPERIMENTAL

The investigations were carried out with
secondary fiber material from waste newspaper,
containing pulp and chemo-thermo-mechanical
pulp (CTPM). The slushing of the paper was made
in laboratory vertical pulper and the refining degree
was 70 °SR. The objective is to disintegrate fiber
slurry so that fibers are separated, wetted and are
flexible before entering the chemical additives.

As a Chemical Additives (CA) for the
investigation of the drainage ability were used six

Tablel. Characteristics of chemical additives.

additives by four types of polymers -
Polyacrylamide (PAA), Poly Amine (PA), Poly
Ethylene Imine (PEI) and PolyDADMAC + PAA.
Its characteristics are shown in Table 1. The
consumption of the polymers is 0,025%, 0,05%,
0,075% and 0,1% from o.d.f.

During the process of production of CMP are
For straightening out the interactions, the Kinetics
of the drainage ability of the suspensions was
determined, by Schopper Riegler method. The
Dewatering time of paper furnishes were
determined for 300ml, 400ml, 500ml, 600ml and
700ml, s.

White waters are also being studied:
e Turbidity — NTU nephelometric acc. 1ISO 7020

(Turb 350 IR);

e Conductivity - uS acc. ISO 7888

(conductometer EC215).

Measuring the electric conductivity gives an
indication of the total concentration of electrolyte in
the liquid phase.

RESULTS & DISCUSSION

Influence of the quantity and type of chemical
additives, on the drainage ability of the
suspensions from recycled fiber material. The
accelerated dewatering and increased retention as a
result of flocculants effect usually means purer
waters in paper mill as well. We are going to
present experimental data on the behavior of some
CA with dewatering and flocculation effect in the
structure of various fiber suspensions. The studies
are conducted by products with different chemical
nature, molecular weight, conductivity and cationic
charge density (Table 1).

The above-mentioned CA are being added in
quantity of 0.025% to 0.1% from o.d.f. to water
suspensions of secondary fiber material.

The effect of the six examined CA on the
drainage ability of suspensions can be presented
with the change of dewatering time in seconds (Fig
1-6).

The CA in this case definitely improved the
dewatering time, even at 0,025% consumption of

Characteristics of chemical additives

Chemical substance Name Cationic Conductivity,

charge uS
1 Polyacryl amide (PAA) Percol 178 + 61
2 Polyacryl amide (PAA) Percol 57 ++ 117
3. Polyacryl amide (PAA) Retaminol PCE-304L + 73
4. Poly Amine (PA) Retaminol K +++ 343
5 Poly Ethylene Imine (PEI) Retaminol 2S +++ 410
6 PolyDATMAC 50% + PAA 50% Fenosil ES 128 ++ 174
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Fig. 2. Dewatering time of secondary fiber suspension at
different Percol 57 consumption.
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Fig. 3. Dewatering time of secondary fiber suspension at
different PAA-304 consumption

the polymers. The figures show that the PAA based
CA (Percol 57, Percol 178 and PAA-304) have
improved dewatering effect, compared to the other
types of polymers (Polyamin K, PEI -2S,
PolyDADMAC+PAA). The course of the curves is
more uniform with the CA, compared with those
without CA.

As it is well known, the cationic PAA are CA
with higher molecular weight and lower charge
density. They formed agglomerates “water-fibers-
cationic-polyacrylamide”, through the bridge-
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Fig. 4. Dewatering time of secondary fiber suspension at
different Polyamin K consumption.
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Fig. 6. Dewatering time of secondary fiber suspension at
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Fig. 7. Dewatering time for 700ml of secondary fiber
suspension at different Polyelectrolytes consumption.

forming mechanism. As a result, in the web are
formed larger free spaces, without small particles
and fines, which results in better water flowing
ability. The so- formed flocks are larger with friable
structure (macro-flocculation) and the flocculation
advanced the dewatering. With increasing the
chemical additives, the flocculation capacity is
enhanced. With increasing the charge density of the
cationic CA, the dewatering is improved.
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Fig. 8. Dewatering effect of secondary fiber suspension at different Polyelectrolytes and different consumption.

The dewatering effect with the other three CA,
based on polyamine, poly ethylene imine and
PolyDADMAC, is different and the mechanism of
their effect is mainly by the mosaic bonding. They
have lower molecular weight and higher charge
density. The formed flocks are smaller in relatively
compact structure — micro-flocculation.

The effect of the six examined CA on the
Dewatering Effect of the secondary fiber
suspensions can be presented with the change of
dewatering in percentage, calculated with the value
of dewatering time at 700 ml filtrate without (T%o)
and in the presence (Tz0) of certain quantity of
chemical additive:

Dewatering effect = (T07oo —T7oo) / T07oo .100, %

The obtained experimental results are shown in
Fig.8. It can be seen, that PAA-304, at 0,05%
consumption, has the highest dewatering effect —
76%. From the other types of CA, the PEI-2S at the
same consumption has 43,4% dewatering effect.
The CA in this case definitely improved the
drainage. According to their dewatering effects at
0,05% consumption, they are being sorted by the
nature of the polymers, i.e. the cationic PAA have a
better effect: PAA-304 > Percol 57 > Percol 178 >
Polyamine K > PEI-2S > PolyDADMAC+PAA.
Influence of the quantity and type of chemical
additives, on the properties of the white waters.
The investigated secondary fiber material mainly
consists of chemo-mechanical pulp, which is a
precondition for the appearance of stickies. By the
increased mechanical treatment they accumulate
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more. One of the ways to investigate this process is
by measuring the turbidity of the white waters,
shown on Fig.9. As it’s visible, chemical additives
based on cationic PAA, gives the clearest white
waters. The other three types are less effective for
the clarity of the white waters and with increasing
the CA consumption the clarity decreased.

The effect of the six examined CA on the
clarification ability of the secondary fiber
suspensions can be presented with the change of
clarification effect in percentage, calculated with
the value of clarity at 700 ml filtrate without
(NTU%q) and in the presence (NTU7q0) of certain
quantity of chemical additive:

Clarification EffeCt=(NTU07oo ~NTU700 )/NTUO700 .100, %
Fig.9
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Fig. 9. Turbidity of secondary fiber suspension white
waters at different Polyelectrolytes consumption.
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Fig. 10. Clarification effect of secondary fiber suspension at different Polyelectrolytes and different consumption.

Table 2. Conductivity of the white waters.

Conductivity, puS

Consumption, % Percol 178 Percol 75 PAA-304  Polyamin K PEI-2S PolyDADMAC+PAA
0 152 150 148 146 145 146
0,025 151 149 148 145 145 145
0,05 150 149 148 145 144 144
0,075 150 149 147 145 144 144
0,1 145 143

Fig.10 shows the clarification effect for the sixth
investigated polymers at the certain consumption.
The highest clarification effect - 84% has the Percol
57 at 0,05% consumption, while with PEI-2S, at the
same consumption the clarification effect is 53,4%.
The worse effect, at 0,05% consumption, gives the
Polyamin K — 41,8%.

The investigations carried out show that for the
waste newspaper recycled suspensions the PAA
based polymers are particulate, in spite of their low
cationic charge. The advisable consumption for the
PAA based polymers is from 0,025% to 0,05% from
o.d.f., but for the other three types is from 0,05% to
0,075% from o.d.f.

The results for the conductivity of the white
waters, shown in Tabl.2 present that with increasing
the Percol 178, Percol 57, PAA-304 and
PolyDADMAC+PAA consumption, the
conductivity parameter decreases. Measuring the
electric conductivity gives an indication of the total
concentration of electrolyte in the liquid phase. The
guantity of the fines in the white waters decreases,
because of the enhanced flocculation and retention.

CONCLUSIONS

The obtained experimental results show, that for
the acceleration of the dewatering ability of
secondary newspaper fiber material, it is appropriate
to use chemical additives, based on Polyacrylamide
at a consumption of 0,025 + 0,05% from o.d.f.

For enhancing the clarity of the white waters
from recycled fiber material it is necessary to use
Wet-End  chemical  additives  based on
Polyacrylamide.

By its action on accelerating the drainage of the
secondary fiber material and the clarification of
white water, the studied out chemical additives,
used in amount 0.05% from o.d.f. are being sorted
by their dewatering and clarification ability, in the
following orders:

Dewatering ability:

PAA-304 > Percol 57 > Percol 178 > Poliamin
K > PEI-2S > PolyDADMAC+PAA
Clarification ability:

Percol 57 > PAA-304 > Percol 178 > PEI-2S >

PolyDADMAC+PAA > Poliamin K.
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N3CJIEABAHE BJIMAHUETO HA XUMUWYECKU CITOMATI'ATEJIHU BEIIIECTBA BbPXY
INOBEJAEHUETO HA CYCIIEH3UA OT PEHUKJIMPAH BJIAKHECT MATEPHUAJI OT
BECTHHULU

H.A. Tomoposa*, C.I1. beruera

Xumurxomexnonozuuen u memanypeusen ynusepcumem, Cogpus 1756, 6yn. Knumenm Oxpudcku Ne§
Mocrenuna Ha 30 roiu, 2014 r.; npuera Ha 13 despyapu, 2015 r.

(Pestome)

M3nmon3BaHeTo Ha BTOPMYHM BIAaKHA OT OTHAJbUHA XapTHs Ce Hajara KaTo OCHOBHA TEHIACHIMSA MpHU
MIPOM3BOJICTBOTO HA PA3JIMYHU BHJOBE XapTHU M KAPTOHHU, KOETO UMa W3KJIFOUUTENIEH MOJIOKHUTENICH EKOJIOTHYEH e(eKT,
CIecTsBa Pa3XxoJy Ha BOJA, Ha €JIEKTPUUYHA €HEprus, mapa U AbpBecHa cypoBuHAa. OT Apyra cTpaHa pereHepupaHuTe
BJIaKHA UMAT IOHMKECHH JINCTOOOpa3yBallll CBOMCTBA M Ch3AaBaT NMPOOJIEMH, IPUYMHEHH OT MOsIBaTa Ha T.H.”TIpeyely
BemiecTBa”. Te3u BellecTBa ca HEXeNAaTeTHH KOMIIOHEHTH, ThH KaTO pexylupar, a B HAKOM CIy4au CMyIaBaT
JIEWCTBUETO HAa KATHOHHHUTE XMMUYHH criomararesiHu Bemectsa /XCB/, nobaBenu ¢ onpeneneHa 1en. 3a pemaBaHeTo Ha
Te3U BbIIpocH ce u3nouaspar XCB.

OCHOBHO C€ H3IION3BAaT BHCOKOMOJIEKYJIHH XHAPO(MWIHH CHHTCTHYHH IIOJIUMEPH /TIOJIHMENEKTPOIUTH/ C
pa3nMyHa XMMHYHA TNpHUpojaa. B pesynrar Ha TIXHOTO NEHCTBHE c€ YCKOpsBa OTBOAHSABAHETO, IMOJ00psiBa ce
3abPXKAHETO HA KOMITOHEHTHTE B XapTHEHUsI JIUCT M CE OCUTYPSIBAT MO-OUCTPH ITOJCUTOBH BOJIH.

IlenTa Ha HACTOAIIOTO M3CJICABAHE € Jla C€ M3YYH BIMSHHETO HA KATHOHHM CHHTETHYHH IOJIHMEIEKTPOIIUTH C
pa3IuYHa XMMUYHA IPUPOAA U 3apsA] BbPXY MOBEIEHHETO NPH OTBOAHABAHE HA CYCICH3US OT PEUMKIHPAH BIAKHECT
MaTepHall OT OTIaAbuHa XapTHsl.

PerknupaHusaT BIaKHECT MaTepuan, C KOHTO ce OCBIIECTBABAT EKCIEPUMEHTUTE € OT OTNaAb4Ha
BECTHHMKapcKa xapTus. IIpu mpoBexXIaHEeTO Ha M3CIEABAHMATA Ca M3MOI3BAHH PA3IHMYHHU [0 CBOATA XMMHUYHA IPUpPOJA
KAaTHOHHHU CUHTETUYHH MOJIMEIEKTPOINTH, pa3INYaBally ce 0 MOJIEKYJIHA Maca U IUTBTHOCT Ha 3apsaja.

B pesynTar Ha mpoBeeHUTE U3CIEBAHMS C€ YCTaHOBH, Ue€ 3a IMOA0OpsABaHEe HAa OTBOAHABAHETO U 3a M3OUCTPSIHE Ha
MOJICHTOBUTE BOJAM, Hai-menecbo0pasHo e wm3moin3BaHeto Ha XCB Ha ocHOBaTa Ha  IOJHEKPHIAMUI.
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Effect of dry-heat ageing on label paper quality
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Ageing of paper can be defined as a sum of all irreversible physical and chemical processes which appear in the
material during time. Brightness reversion is of importance for high brightness paper producers. Reversion is a result of
chromophores generation via condensation reactions.

The impact of dry-heat ageing on strength and optical properties of label paper was studied. Three types of pigment
coated label papers were used. Dependence of Pc number on reaction time for three different temperatures was
examined. The studies showed that it increases significantly in the paper with denser surface layer. This was determined
by the chromophore structures in pigment surface layer. The kinetics of the ageing process was described most
precisely by an exponential kinetic equation for all types of sample papers.

Second examination was carried out to determine the color stability of aged digital prints. The label papers were
printed by multicolor printing device and artificially aged using the same technique of accelerated ageing. Differences
between aged and non-aged papers were analyzed. Their colorimetric characteristics are represented by means of color

difference AE,,.

Key words: dry-heat ageing, label paper, exponential kinetic equation, color difference

INTRODUCTION

The mechanism of ageing involves numerous
interactions between substances in the paper and
with its surroundings. These could be defined by
deterioration in the mechanical strength, loss of
chemical stability and deterioration of the optical
characteristics of the paper [1]. The term
“permanence” describes the ability of paper to
remain chemically and physically stable over long
periods of time. The durability depends mainly on
the physical and mechanical characteristics of the
principal raw materials and on contamination by
ions from the environment, the action of light, heat,
humidity and microorganisms [2,3]. A study of the
natural ageing of paper can take several years to
register certain paper properties. To solve these
problems of hostile environment which are more
aggressive than the normal environment conditions
are implemented. The first and the most widespread
approach is the exposure to elevated temperatures,
usually referred to as thermal accelerated ageing.
Accelerated ageing tests are often used to determine
the changes of the permanence and durability of
paper, as well as to predict the long-term effect of a
paper usage [4,5]. Heat is one of the most important
environmental influences on the stability of papers
[6]. In the accelerated ageing method proposed by
TAPPI [7], the material is exposed in a climate
chamber at extreme temperature for a certain period

To whom correspondence should be sent.
*E-mail: ivoval@uctm.edu

of time, during which the changes in the material
are measured. The reasons for the loss of strength
with ageing are not completely understood, but they
are presumed to be directly related to changes that
occur at molecular level. Consequently, the concept
of chemical kinetics in quantifying the effects of
aging is applied. In the chemical kinetics approach,
the loss of strength property with time is used to
characterize the rate of deterioration of the material
[8,9]. “ZOU et al. [10,11]” conducted a general
kinetic analysis to investigate the aging process of
paper. The results from their investigation proved
the accurate usage of accelerated aging tests for
paper permanence prediction.

In case of label papers the permanence is of
great importance. This type of paper is used for
different products labeling: bottles, containers etc.
Each label carries not only important data but also
graphical information for the brand. That is why
paper’s color characteristics stability over time is
important. Moreover the physical and mechanical
properties have to satisfy high demands because the
labeled product often experiences a lot of different
kinds of environments, which can damage or
deteriorate its quality. Depending on the product,
the label may be exposed to extreme moisture or
dryness, elevated heat or cold, physical tortures and
other unforeseen circumstances over time.

The aim of the present study is to determine the
impact of dry-heating ageing on the quality of label
paper properties. This will allow identification of

o1
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the stability of paper when aged under normal
conditions of use and handling over time.

The accomplishment of this goal requires
estimation of the impact of dry-heat ageing on the
strength and optical properties of the label paper.
This was done by analyzing the following
parameters:

- mechanical properties of the tested papers;

- ageing by means of ISO Brightness (R457 nm)
loss and Pc number (post color number);

- kinetics of the ageing process;

- colour differences between aged and non-aged
printed images.

EXPERIMENTAL

Three types of pigment coated label papers were
examined. Their properties according to the
technical data are presented in Table 1. The
specimens were put under accelerated ageing in
oven with forced ventilation. Experiments were
carried out at 85°C, 105°C and 125°C for 4 hours
ageing time.

Table 1. Technical data for the three types of label paper

Paper, Opacity, Gloss, ISO
[Ne] [%] [%] Brightness,
[%]
1 90+2 7243 88+2
2 >84 65+5 92+3
3 94 70 87

In order to characterize the paper some
important mechanical and strength properties were
examined. The research includes experimental data
for tensile strength, tearing resistance and bursting
strength. The tests for tensile strength were done
according to ISO 1924:2008 [12]. The tearing
resistance and bursting strength were determined in
conformity with 1SO 1974:2012 [13] and ISO
2758:2001 [14] respectively. The selected
properties of the three types of paper are compared
before and after the second and the fourth hour of
ageing.

Since the loss of brightness is an index for the
yellowing of paper, 1ISO Brightness values were
studied during the accelerated ageing for the three
types of paper. Specimens were measured at regular
time intervals within four hours. The measurements
were carried out according to 1SO 2470-1:2009 [15]
with Elrepho “Datacolor 2000 spectrophotometer.
Behavior of fiber material subjected to ageing was
characterized in term of relative variation of
Kubelka-Munk  (k/s)  function  using the
experimentally obtained brightness values. In order
to show the comparison of the magnitude of
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yellowing for the three label papers a recalculation
of Pc number was accomplished. The kinetics of
the ageing process, based on the calculated Pc
numbers, was examined and applicability of
different kinetic equations valid for heterogeneous
processes was verified.

Color stability of printed test charts was
investigated in order to determine the usability of
the label papers for long periods of time. The charts
were printed on the three types of paper with 6
channel ink-jet printing device. Since offset
printing is the most popular process device linked
profile was created to simulate this type of printing.
Chart with 452 patches was generated including
patches for determining the color densities of
CMYK process colors and halftone values. The
device link profiles were applied to the test chart
according to the paper types and then were printed.
The samples were put under accelerated ageing for
8 hours at 105°C. Their colorimetric characteristics
were measured with  X-Rite  Spectroscan
spectrophotometer at regular time intervals. The
color differences between non-aged and aged prints
are represented in terms of AEap.

RESULTS AND DISCUSSION
Mechanical properties

Studies of the ageing influence on tensile length
and tear index for the three types of label papers
were carried out in machine and cross direction.
Figure 1 illustrates the obtained results for tensile
strength measured at different temperatures. It can
be seen that in the course of ageing at different
temperatures the tensile length in both directions
increases for the three types of examined papers. It
was found that after the second hour of accelerated
ageing the tensile length changes for Paper No 1
and Paper No 2 are minimal with respect to the
initial values. After the fourth hour of ageing the
experiments at 85°C showed marginal changes in
the tensile length. Significant changes were
observed in the tensile length measured for Paper
No 3. As an exception, the experimental data for
Paper No 3 showed correlation between tensile
length and temperature of ageing.

The measured values for the tensile length in
cross direction for Paper No 3 differ significantly
from those for the other types. This can be
explained with the denser pigment surface layer.
When ageing is carried out at higher temperature
cross-linking reaction appears. As a result the fiber
bonding in cross direction is getting stronger, which
increases the tensile length.
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Fig. 2. Effect of ageing time and temperature on tear index in machine and cross directions for the three types of label

paper.

The essential chemistry, structure and
morphology of the fibers which form the paper as
well as their mutual disposition are reflected by the
mechanical and strength properties of the paper.
The latter also reflect the chemical changes in the
paper permanence caused by time. The most
commonly used tearing test, measures the internal
tearing resistance of paper. Figure 2 shows the
obtained results for the tear index measured at
different temperatures for the three types of label
papers. It is seen that the tear index for Paper No 1
and No 2 decreases with increasing temperature and
ageing time. Paper No 3 had slightly different
behavior. Its tear index showed correlation to the
temperatures used for the experiment rather to the
ageing time. The lowest index has been measured at
125°C.

The tear index measured in cross direction for
Paper No 1 decreases most significantly after the
fourth hour of accelerated ageing at 105°C.
Measured values of the tear index for Papers No 2
and No 3 after the second hour of ageing at 85°C
increased, while those for Paper No 1 decreased.
This experimental data can serve as indicator of the
permanence of paper. The results prove that ageing

changes the fiber structure, their length and
consequently affects the paper permanence.

In support to this conclusion are the results for
burst index of the label papers reported in Table 2.
This indicator for Paper No 1 and No 2 does not
change during the aging process, while increases
significantly for Paper No 3. The reason is the
polymerization process during ageing which forms
a denser surface layer.

Yellowing

Yellowing is reported either as loss of ISO
Brightness wunits or after recalculation as Pc
number. The 1ISO method is used when papers with
same ISO Brightness are compared. The main
advantage of the approach is the clear
understanding of the magnitude of yellowing. The
chromophore concentration is not linearly related to
the ISO Brightness, but is linked to it via the
Kubelka-Munk equation (Eq.1):

kK_@-Rry

> 1
S 2.R- )
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Table 2. Effect of ageing time and temperature on the burst index for the three types of label paper

Paper,  Burst index of Ageing Burst index at Burstindex at ~ Burst index at
[Ne] zero sample, time, [h] 85°C [kPa.m?/g=  105°C 125°C
[kPa.m?/g™] 1 [kPa.m?g?] [kPa.m?/g]
1 2.7 2 2.8 29 2.9
4 2.8 2.8 3.1
2 25 2 2.4 2.7 2.4
4 2.3 2.8 2.4
3 2.2 2 35 3.6 3.6
| | 4 3.7 3.5 3.7

Fig.3. Micrographs of polyurethane-keratin membranes: a) keratin salt, b) dialyzed keratin, c) alkaline biofiber solution,

d) acid biofiber solution, all of them at 15 wt.% [40].

where k is the absorption coefficient, s is the
scattering coefficient and R, is the ISO Brightness.
The values for the k/S factors were calculated using
the experimentally obtained brightness units for the
three types of label papers aged at different
temperatures. In order to achieve better accuracy
the Pc number was recalculated according to Eq.2.

PCleOHkJ —(kJ } )
S afterageing S beforeageing

where the scattering coefficient s is unaffected by
the yellowing.

Physical factors affecting yellowing of paper
include humidity, temperature and time. One of the
major phenomena of paper ageing is the trend for
reduced brightness and increased yellowness.
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Fig. 3. Brightness dependence on temperatures for paper

No 1.
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Figures 3, 5 and 7 show the brightness reversion
versus time of ageing at various temperatures for
each of the examined types of label papers.
Obviously the brightness decreases with increasing
temperature and time of ageing. The figures have
inherent shapes indicating stable correlation
between the brightness loss and temperature. The
yellowing increases as the retention time increases.
The measured values are similar for the first and
second type of papers. The third type has slightly
different behavior due to differences in the pigment
and binder used for coating. The experimental data
were sufficiently well described by one-term power
series model.

1.6 i
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14 H— Power fitting (125°C) ]
’ ® T=105°C >
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c
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o
04 r 1
o2 ..r——r’_>
0 . ; ; ;
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Time, [min]

Fig. 4. Pc number dependence on temperatures for paper
No 1.
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Fig. 5. Brightness dependence on temperatures for paper
No 2.
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Fig. 7. Brightness dependence on temperatures for paper

No 3.

The brightness reversion was also recalculated
to Pc number and plotted versus the ageing time.
Figures 4, 6 and 8 illustrate the time dependence
calculated for the label papers at different
temperatures. The figures show good correlation
and stability of the ageing process, which proves
the general decrease in brightness. The
experimental data obtained for Paper No 1 were
well described by one-term power series model.
Logarithmic equation was used for description of
the Pc number data calculated for paper No 2.
Second degree polynomial model successfully
fitted the calculated data for Paper No 3.

Kinetics of the ageing process

In accordance with Pc number dependences on
reaction time kinetic curves were plotted for the

1.2 T T
» T=125°C
— Logarithmic fitting (125°C)
1+ ® T=105°C
[ ]

Logarithmic fitting (105°C)
T=85°C
Logarithmic fitting (85°C)

Pc number
o
[e)}

e
~

02r

-

0 L L 1 1
0 50 100 150 200 250
Time, [min]
Fig. 6. Pc number dependence on temperatures for paper
No 2.
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m T=85°C
1.4 | — Polynomial fitting (85°C) 8
5 121
0
E 1
=2
c
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Time, [min]
Fig. 8. Pc number dependence on temperatures for paper
No 3.
three label papers. As already discussed the

changes of the Pc number values are with similar
characteristics. A representative kinetics of the
aging process for Paper No 3 is presented. The
experimental data was recalculated in terms of
dimensionless quantity o to present the
corresponding  kinetic curves at  different
temperature values. The quantity o has a meaning
of degree of the ageing and has been used as a
kinetic  variable. It was calculated in
correspondence with equation (Eq. 3):

(L o
S afterageing S beforeageing

where the k/s values changes describe the Pc
number values and illustrate the brightness
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Fig. 9. Described kinetic curves of the ageing at all
temperatures for paper No 3.

reversion. Figure 9 illustrates o as a function of the
ageing time for experimental based recalculations
for Paper No 3. As it can be seen the degree of
ageing increases with increasing time and
temperature.

After verification of applicability of different
kinetic equations valid for heterogeneous processes
was found that the accelerated ageing process was
best described by an exponential kinetic equation.
This equation is valid for processes which are
taking place on uniformly inhomogeneous surfaces
like the label papers surfaces [16]. According to the
model of uniformly inhomogeneous surfaces
expressed by Eq. 4 the active centers on the surface
are distributed linearly referring to their energy and
entropy,

v =y e 0F 4)

where v = da /dt is the current rate and v is the

initial rate of the ageing process. The Kkinetic
coefficient of inhomogeneity @, which is

temperature-dependent term, accounts for the
energy and the entropy inhomogeneity of the
system [17].

Figure 10 shows a values for three temperatures
as a linear function of Int in correspondence with

the approximate integral form of the exponential
kinetic equation (Eq.5):

a = e) In(vya) + e) Int . (5)

The Kinetic coefficient of inhomogeneity a,
which is temperature-dependent term, accounts for
the energy and entropy inhomogeneity of the
system.

Equations 5 and 4 were used respectively for
estimation of the initial rate vo and current rates v
of the ageing process performed at the three
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Fig. 10. Linearized kinetic curves of the ageing at all
temperatures for paper No 3.

temperature values. Their linearized values in

accordance with Equation 4 are presented in Figure

11. It is seen that the current rate decreases in the

course of the process.

As a proof of this conclusion the results for
linearized process rate values calculated at 105°C
ageing temperature for the three types of label
papers are presented in Figure 12. It is seen that the
current rate decreases in the course of the process
with increasing of the ageing degree.

The temperature dependence of ageing rate
constants was described by the well-known
Arrhenius equation (Eq.6):

v = Ae E/ET (6)
where A is the pre-exponential factor, E is the
activation energy (kJmol-I). This dependence was
applied for the initial rate and calculations for the
initial activation energy and pre-exponential factor
were done. In Table 3 are summarized the values
calculated for the three types of paper. It can be
seen that the differences in the activation energy
values are minimal for the examined papers. It was
found that the activation energy is a determinant for
the decreasing rate of the ageing process. The
higher pre-exponential factor value for Paper No 3
could be explained with the different pigment layer
of the label paper. The ageing process was localized
in the surface layer which is determined by the
pigment surface coatings used for the three
examined label papers. The initial stage of the
process affects more active chromophores. During
the ageing process new chromophore groups are
generated. This new active centers are with
decreasing reactive ability with increasing of the
ageing time.
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Fig. 11. Linear dependence of process rate vs. ageing

degree for paper No 3.

0.003 0.006 0.015

Table 3. Initial activation energy Eq and pre-exponential
factor for all types of paper.

Paper No .2 3
Eo, [kd/mol] 26.3 26.7 29.7
InAo 1.02 0.87 4.06

Colour differences

The permanence of the examined label papers
was studied in term of color stability of printed
images. Ink-jet system with dye-based inks was
used for the printing process. Dye inks are prepared
by dissolving of the liquid colored dyes into a fluid
carrier. This makes them easy to apply. When they
are applied to a paper, the dyes are absorbed very
uniformly and reflect light very evenly. During
ageing the properties of the paper and ink are
simultaneously changing. Hence the durability of
the prints depends not only of their chemical
composition but also of the physical characteristics
of the printed paper.

One of the main quality characteristics of a
printed testcharts is the color difference between
measured and reference solid process colours.
Figure 13 illustrates the obtained colour differences
differences were obtained for Paper No 3 due to the
denser pigment layer of this paper and its more
stable surface structure. The differences are higher
at the end of the ageing process.

Figure 14 demonstrates the maximum and
averaged colour differences between all ink colours
on non-aged samples and aged printouts of the

» PaperNo 1
— Linearfitting (V)
@ PaperNo 2
— Linearfitting (V)
B PaperNo3

— Linearfitting (V___ )

x10°°

Fig. 12. Linear dependence of process rate vs. ageing
degree for all types of paper.

for solid patches of the four process colours on
aged papers in relation to the prints on non-aged
papers. The color difference was calculated in term
of AE_, in accordance with Equation 7:

AEZ, = J(AL)? + (Aa®)? + (A2 , (7)
where AL* = L% — L%,
Ab* = b; — b are the distances between aged and

non-aged colour values in the coordinates
respectively of L*, a® and b*. The value of AEZ,, is

Aa® = a3 —az,

perceptually similar to human’s visual perception
of color difference. The dimensionless values of
AE}, can be roughly classified into three different
levels to reflect the degrees of color difference
perceived by human. The color difference is hardly
perceptible when AEZ, is smaller than 3; is

perceptible but still tolerable when AE;, is
between 3 and 6; and not acceptable when AE,, is

larger than 6 [18]. From the results can be seen that
all colour shifts are tolerable. Lowest colour

three types of paper. According to the experimental
data Paper No 3 is less influenced by the
accelerated ageing but all obtained results are
tolerable. The averaged differences are hardly
perceptible. This manifests that the prints are stable
during time.
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Fig. 13. Ageing influence on color differences for full tone CMYK.
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Fig. 14. Ageing influence on color differences of printed testcharts

CONCLUSION

Experimental data showed that paper No 3 has
slightly different behavior in respect of brightness
reversion compared to other studied label papers.
This can be explained with the denser pigment
surface layer and different pigment surface coating.

The kinetics of the ageing process was studied.
The results indicated that the process takes place at
the surface. As the paper surface is uniformly
inhomogeneous an exponential Kinetic equation
valid for this type of processes was successfully
applied to describe the experimental Kinetic data.
The temperature-dependent kinetic coefficient,
which takes into account the energy and entropy of
the ageing, was determined.

Analysis of the kinetics of the ageing process
showed that similar initial activation energies are
found for the three types of label papers. The
activation energy was found to increase in the
course of the ageing process because of the
formation of new active centers.

All three types of paper are suitable for labeling
applications due to their resistance of mechanical
and optical properties to accelerated ageing.
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BJIMAHUE HA TEPMHUYHOTO CTAPEEHE BHPXY KAUECTBATA HA XAPTHUA 3A
ETUKETU

B. Pagxosa, I1. IlekoBa, T. lBanosa, 1. Bemues*
Xumurxomexnonozuwen u memanypeuuer ynusepcumem, Cogus, 1756, bvreapus
[Toctpnuna Ha 30 ronu, 2014 r.; npuera ua 30 siuyapu, 2015 T.

(Pestome)

CrapeeHeTo Ha XapTusiTa MOXe Jia ObJie pasriielaHo KaTo Pe3yJTaT OT BCHYKH HeoOpaTuMu (QU3WYHU M XUMHYHU
NpolLieCcH, KOUTO Bb3HUKBAT B MaTepHaia B TeUeHUe Ha BpeMeTo. [loHmkaBaHeTo Ha OenoTaTa € eMH OT Te3H MPOLIeCH,
KOHUTO ca OT 3HA4YCHHE 32 NPOM3BOJMTEIMTE Ha BHUCOKOKAYeCTBEHH OepH XapTuH. PeBepcusara e B pe3ynaraTr ot
obpa3yBaHeTO Ha XpOMOGOPHH CTPYKTYPH B PE3yJITaT Ha PEak[Mi Ha KOHACH3ALHS.

BiusiHMEeTO HAa TEPMUYHOTO CTApecHE BBPXY MEXaHHMYHUTE W ONTHYHHU CBOICTBa Ha XapTHS 33 €THKETH € MPEAMET
Ha HACTOAIIOTO M3CJIe/BaHEe. 3a aHalu3a ca W3MOJ3BaHM TPH BHIAa NUTMEHTHO MOKpHUTa XapTus. MscnenBana e
3aBHCHMOCTTa Ha PC YHCIOTO OT MPOIBIDKHUTEIHOCTTA HAa CTapeeHe NPH TPU pa3iMYHU TeMIlepaTypH. Pesynrarure
NOKa3aT 3HAYMTEJHO HapacTBaHE IPH XapTHATa C MO-IUTPTEH IIOBBPXHOCTEH cioil. ToBa ce ompenmens OT
XpOMO(OPHUTE CTPYKTYPH B MUTMEHTHUSI MOBBPXHOCTEH clioil. KuHeTnkarta Ha mpolieca Ha CTapeeHe NMpU BCHUYKH
M3II0JI3BaHU XapTHUHU CC OIMCBa Hal-TOYHO OT CKCITOHCHIHUAJIHOTO KHHETUYHO YpaBHCHUC.

IlpoBeneHO € [MONBIHUTENHO M3CIEIBAHE 3a OIpeNeNIHe CTa0MIHOCTTa HA LIBETOBUTE XapaKTEPUCTHKHM Ha
JUTUTAIHU OTIEYaTbUM IIPU TEPMUYHO CTapeeHe. BbpXy XapTUuTe 3a €TUKETH Ca HalpaBeHW OTNEYaTbLHU
TIOCPEACTBOM MHOTI'OIIBETHO II€HaTaIlO yCTpOﬁCTBO U TOJIOXKEHN Ha TEPMHUYHO CTAPECHE, NPU CHUIATE YCIOBUA.
AHan3upaHu ca pa3IMKUTE MEeXIy HadaJHW OTIEYaThIM M TaKkWBa, KOMUTO Ca IOJUlaraHd Ha cTapeeHe. TexHute
KOJIOPMMETPUYHH XaPAKTEPUCTHKH Ca MPEICTABEHH KATO IBETHA pasnuka AE ;.
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Due to limited fossil resources and an increased need for environmentally friendly, sustainable technologies,
the importance of using renewable resources in ink and coating industries will increase in years to come. Other than
traditional water-based coatings, which are based on petroleum derivatives, biodegradable coatings focus on resins and
waxes from nature. Biodegradable coatings are based on natural resources for more than 90% and are biodegradable
more than 75%, which makes it possible to dispose coating remains and washing water directly in a clarification plant,
after approval from corresponding authorities. To be able to fully replace the conventional water-based coatings, which
main components are acrylate and styrene acrylate polymers, the biodegradable coatings should be able to cover the
main quality requirements — stable running characteristics on the printing press, scuff and scratch resistance, wet block
resistance and satisfying optical properties. The current research highlights the primary quality differences between
biodegradable and conventional coatings and their optical, chemical and physical characteristics.

Keywords: biodegradable coatings, water-based coatings, physical-mechanical characteristics, optical properties

INTRODUCTION

Nowadays we can classify the overprint
varnishes into 4 main groups, depending on their
contents, applications and drying methods — oil-
based, solvent-based, water-based and UV [4, 5].

They are applied on special coating units that
are coupled in-line to the printing press or on off-
line coating machines, outside the printing press or
even printing house.

The following qualities of the printed product
are achieved by coating with a dispersion varnish:
abrasion protection, scuff resistance in a wet
condition (labels), high gloss, silk finish, or matte
effects, hot-seal resistance, gliding quality, deep
freeze resistance, fixing of metallic inks. [6]

In recent years an increasing interest is observed
in development of eco-friendly materials. Oil-based
polymers are slowly being replaced by such from
renewable  resources.  Biodegradability  and
compostability play very important role for
environmental sustainability. Some biodegradable
polymers possess excellent mechanical properties,
thermal and UV resistance; however production
capacity, processing challenges, adhesion, barrier

To whom correspondence should be sent.
*E-mail: yanko.nedelchev@gmail.com

properties and the price are not yet on a sufficient
level for the demands of the packaging and printing
industries. Biopolymer dispersions find use in
various applications, such as adhesives, inks,
coatings, etc. From the Biopolymers family only
few cover the performance requirements for
applying on printing products. Because of their
biodegradability, the suitable biopolymers can be
used mainly on printing products with limited
durability requirements.

The Biopolymers Family can be classified in 4
main groups (Fig.1) [7].

Polymer dispersions are stabilized water-borne
emulsion polymers with colloidal particles in water.

Film formation results from the coalescence of
the individual particles held apart by stabilizing
forces. These forces are overcome by the
evaporation of the continuous phase [7].

The goal of this study is to compare 2 types of
polymer  dispersions, their properties and
characteristics, used for the preparation of water-
based printing varnish — the reference dispersion,
based on synthetic polymer — acrylate dispersion
and second one, based on biopolymer.

60 © 2015 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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Fig. 1. Classification of biopolymers.

EXPERIMENTAL

Materials. As a reference has been used acrylic
water-based multipurpose, gloss varnish with fast
drying speed and high wet block resistance —
ACTEGA Terra Wet GlossG9/535 (45 sec).[8] The
tested varnish was water-based gloss coating, based
on renewable resources - ACTEGA Terra Green
Gloss G5/200 (45 sec).[9]

Methods. Both varnishes were applied on offset
printing press HEIDELBERG CD74 4+L, under
same conditions and initial parameters:

- Material — Carboard — LWC 220 g/m?
- Ceramic Anilox roller — Zecher, 100 L/cm, 60 °

35 p, 13 cm®m?

- IR Lamps power — 15 %, hot air — 100 %
- Temperature in stack —35°C

- Equal press speed — 8 000 sheets/hour

- Applied quantity — 3,5 g/m*

RESULTS AND DISCUSSIONS

The researches over both varnish types - acrylic
water-based ACTEGA Terra Wet GlossG9/535 (45
sec) and water-based gloss coating from bio-
polymer, based on renewable resources - ACTEGA
Terra Green Gloss G5/200 (45 sec), in real
production  conditions, clearly show their
characteristics and performances, when applying on
printed packaging production. The results are given
in Table 1 and Table 2.

Table 1. Properties during coating process.

G9/535 - acrylic ~ G5/200 - bio
Runability Very good Very good
Drying Very good Good
Crackling Very good Very good
tolerance
Foaming tolerance Excellent Acceptable
Two-sided coating Excellent Poor
Table 2. Properties in dry condition.
G9/535 - Gb/200 - Bio
Acrylic
Gloss (Gloss 65/73 GU 53/61 GU
meter—60°)
Rub resistance Good Good
Slip angle (COF) 23° 21°
Wet block Excellent Good
resistance
Cobb (o) 5.90 g/m? 7.33 g/m?
Whiteness/Yello 80.10/- 4.50 79.50/-2.80
whness - R 457
Heat resistance Upto 120°C Uto
150°C

The obtained results in Table 1 and 2 determine
that both varnishes have similar key performance
parameters during the coating process in the
printing machine and don’t have significant
influence on the normal overall production process.
The biodegradable varnish can be used for coating
of packaging products without any specific
preparations and equipment. Its usage doesn’t have
any further interference over the printing machine’s
exploitation. However the results in table 2 are
showing  obvious  performance  differences
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in water absorption test and in optical
characteristics — gloss and whiteness/yellowness,
wherefrom can be concluded, that the
biodegradable varnish, in this form, cannot meet the
criteria for printing packaging from highest quality.

Table 3. Performance during further processing

G9/535 - Acrylic  G5/200 -
Bio
Counter glueing Excellent Good
Hot foil stamping Excellent Excellent
UV varnishing Very good Good
Foil lamination Good Satisfying

The printed product, coated with both varnish
types is used for the production of food packaging,
therefore it needs further processing. Table 3 is
showing the performance of the acrylic water-based
varnish and the biodegradable varnish during
Postpress processing. The research in real
production  environment  shows, that the
biodegradable varnish doesn’t have significant
influence over the production process and its
performance is similar to the acrylic varnish. Both

varnishes have stable runability parameters and can
be used when Postpress finishing is required for the
printing production.

When exposed to aging, the printed production,
coated with both varnish types shows similar
behaviour in their optical characteristics alteration,
which can be neglected, when talking about food
packaging, because of the limited products
expiration dates (cf. Charts 1 and 2).

CONCLUSION

As a result from the tests can be concluded,
that the biodegradable varnish covers the main
quality criteria, required from a water-based
overprint varnish:

— good runability on the printing press
—  satisfying properties in dry condition
— sufficiently good performance
further processing,
However the results clearly show that
biodegradable varnishes still have to face some

during
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challenges, in order to fully replace the
conventional water-based varnishes.

The next step in this direction is the
improvement of the optical, adhesion and barrier
characteristics of the varnish by modifying the
binders or implementing of new additives.
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I[NOAOBPABAHE HA ®U3UKO- MEXAHUYHUTE U OIITUYHU XAPAKTEPUCTUKU HA
INEYATHATA ITPOAYKLUSA C BUOPA3I'PAANM HAIIEYATEH JIAK

T. boxxkona, U. Criupugonos, S. Henenuer*, P. boepa, A. 'anueB

Xumurxomexnonoauuen u memajiypeuden ynueepcumem

byn. Kn. Oxpuocku 8, Cogus 1756

[Toctpnuna Ha 1 asrycr, 2014 r.; npuera na 23 despyapu, 2015 r.

(Pesrome)

IMopagu m3uepnBaHe Ha ()OCHIIHMTE pECypcH M HapacTBaliaTa HYXXOAa OT €KOJOTWYHO YHCTH, YCTONYUBH
TEXHOJIOTHH, HEOOXOIMMOCTTa OT M3I0JI3BAHETO Ha BH30OHOBSIEMH N3TOYHHUIIM B IPOM3BOCTBOTO HA MAacTHJIa U JIAKOBE
IIe HapacTBa Mpe3 MIHWUTE TOAMHM. 3a pas3ifKa OT TPaJUIHMOHHHUTE JIAKOBH IOKPUTHS HA BOJHA OCHOBA, KOMTO ca HA
0aza MEeTpPONHU AEpHBATH, OMOpa3rpaJiMuUTE JIAKOBE ce (POKYCHpAT BBPXY CMOJIM W BOCBHIM OT npuponara. 90% or
KOMITOHEHTUTE Ha OMOpa3rpaiMHTE JIAKOBE Ca OT MPUPOJHH B30OHOBSIEMU U3TOYHUIIM, KOUTO ca OMOPa3rpaJiuMu Ha
moseye oT 75%, K0eTo mpaBy BH3MOXHO M3XBBPISHETO HAa OCTATHINTE AUPEKTHO B KaHAIM3ALKATA, CIIe]] 0100peHHe OT
CBOTBETHHTE BJIACTH. 3a Ja OBJAaT B CHCTOSTHWE HAITBIHO Ja 3aMEHST KOHBEHIMOHAIHUTE JIAKOBE Ha BOJHA OCHOBA,
YHUTO OCHOBHM KOMIIOHEHTH Ca aKpWIHHM M CTHPEH-aKPHIIHU TOJIMMEPH, OMOpasrpaguMHTe JIakoBe TpsiOBa na ca B
CBCTOSIHHME J1a MOKPUAT OCHOBHHWTE HM3WCKBAHMSA 32 Ka4eCTBO — CTAOMIHH XapakTEPUCTHKH IO BpeMe Ha HAaHACSHE B
IeJaTHaTa Mpeca, YCTOMYMBOCT Ha HAIpacKBaHE WM W3TPHBAHE, BIArOyCTOWYMBOCT W YAOBIETBOPSBAIIN ONTHYHU
cBoiictBa. HacrosimeTo mn3cienBaHe moadepTraBa OCHOBHHTE DPA3iMKA B KaueCTBOTO MeEXIy OMOpasrpajiuMuTe U
KOHBEHIIMOHAJIHUTE JIAKOBE HA BOJHA OCHOBA, TEXHUTE ONTHYHHU, XUMHUYHH U (PU3NYHU XapaKTEPUCTUKH.
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Immobilization of glucose oxidase on porous copolymer
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Porous copolymer was prepared by suspension polymerization method of styrene, maleic anhydride and divinylbenzene
in a batch type reactor. The characteristics of the copolymer were evaluated using Fourier Transform IR spectroscopy
and scanning electron microscopy. The glucose oxidase (GOD) enzyme was selected as a model enzyme to assess its
potential applicability for immobilization purpose. Then the glucose oxidase was immobilized on a copolymer under an
optimized condition (the incubation time, and pH 6,5, GOD 5 mg/ml). Enzymatic activities of free and immobilized
GOD were assessed in terms of the oxidation of D-glucose to D-gluconic acid carried out under stirring by air. The
enzyme immobilization yield was 87% with the immobilized GOD activity of 125 U/mg protein. The Michaelis
constant for immobilized GOD was disclosed to be 16,3 mmol/l by Lineweaver—Burk plot at 25°C. The highest
enzymatic activity was achieved when the pH of the medium was approximately pH 7.0. Storage stabilities of GOD
samples were investigated during 40 days and the retained activity was 70%, higher than the 22% of the free enzyme.

Key words: maleic anhydride copolymer; glucose oxidase; immobilization

INTRODUCTION

Glucose-oxidase (GOD, B-D-glucose:oxygen-1-
oxidoreductase, EC 1.1.3.4) is a well-characterised
enzyme (flavoprotein), that catalyses the oxidation
of B-D-glucose to D-gluconolactone which in its
turn converts in an aqueous solution into gluconic
acid according the following equation:

GOD
Glucose + O2 + H:O — gluconic acid
CAT

gluconic acid + H:O, — CO; + H,O + £ 0,

During the catalytic oxidation of glucose,
hydrogen  peroxide is  generated.  Under
physiological conditions GOD is exposed to very
low concentrations of H.O,, but in the industrial
applications higher H,O, concentrations are usually
obtained, which can attack some residues of the
proteins and GOD’s enzymatic activity is reduced.
The gluconic acid accumulates, reducing pH of the
solution. Both gluconic acid and hydrogen peroxide
can result in product inhibition of GOD. Therefore,
it is inevitable to remove hydrogen peroxide,
properly with catalase (CAT).

Industrial use of soluble GOD from A. niger is
the basis of many applications in the food industry,
textile bleaching and as a glucose biosensor. The
GOD-catalysed reaction removes oxygen and
generates hydrogen peroxide, a trait utilised in food
preservation [1, 2]. GOD has also been used in

To whom correspondence should be sent.
E-mail: m_kamburov@yahoo.com

baking, dry egg powder production, wine
production, gluconic acid production, etc. Maillard
non-enzymatic browning is a result of reaction
between the amino group of proteins or amino acid
and reducing sugars. In the production of dried egg
powder, this reaction causes undesirable browning.
Thus, soluble GOD-CAT are mixed into egg
products in order to remove traces of glucose from
them. The GOD-CAT mixture can be added to the
beverage to remove oxygen, and thus to prevent
damage by oxidation. This is typically a batch
process and contains the enzyme as an impurity in
the product.

However, because of the relatively high price of
GOD it is no competitive. In order to compensate
the high price of enzymes, it was proposed to
recover them by immobilisation. Through
immobilisation, continuous process is possible and
the enzyme can also be retained and recycled.
Although immobilized enzymes usually show lower
catalytic activity than the free ones, they are more
stable and can be reused and therefore they are
cheaper and more effective in large scale
applications [3]. Many studies were performed
involving the immobilization of GOD in different
matrices to enhance properties such as reusability,
recovery, stability, thermostability and shelf life.
GOD has been immobilized on numerous carriers,
such as sol—gel matrix, porous silica beads, polymer
membrane, polymer microsphere. Besides natural
polymers, many synthetic organic polymers have
been investigated for that purpose. Among them,
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two common examples are the derivatives of
ethylene-maleic anhydride copolymer and those of
polystyrene [4,5].

In the present paper, a novel reactive fine
powdery copolymer preparation is demonstrated.
Its structure and morphology are also investigated.
Taking into consideration the economical demands,
a simple way of covalently immobilization of GOD
is applied. The parameters important for
immobilization process were studied. The effect of
immobilization on the multiple use of the enzyme
was estimated in batch type reactor.

EXPERIMENTAL
Materials

Glucose oxidase isolated from Aspergillus niger
(Sigma-Aldrich, Product Number GO 49180), its
GOD activity was 185 units/mg. Styrene (Lukoil
Neftochim Bourgas, Bulgaria, St) was washed
successively with a dilute solution of sodium
hydroxide and water, dried over anhydrous calcium
chloride, and then distilled under reduced nitrogen
pressure just before use. Divinylbenzene (DVB),
maleic anhydride (MA) and benzoyl peroxide
(BPO) used were reagent grade (Sigma-Aldrich).
All other chemicals were reagent grade commercial
products.

Preparation of copolymer of styrene-maleic
anhydride-divinylbenzene
(P(St-co-MA-co-DVB)

A glass reaction vessel equipped with a stirrer
(1000 rpm), a thermometer, and a reflux condenser
was used. 100 ml benzene was put into the reaction
vessel and under nitrogen stream a definite weight
of the monomers and BPO were added. The
copolymerization was carried out at 70°C and
stirred for 4 hours. The resultant copolymer was
quickly filtered, washed with benzene, and dried up
at 70°C under vacuum.

Determination of the maleic anhydride unit
content

The total amount of anhydride and free carboxyl
groups in copolymer were determined. For this
purpose 0,2 g copolymer was hydrolyzed in 25 mL
0,1M NaOH at 90°C for 3 h applying also stirring.
After cooling, the mixture was titrated with 0,1 M
HC1 using phenolphthalein as indicator. The
copolymerized MA quantity was calculated as the
MA unit content of the copolymer.

Immobilization procedure

The immobilization of GOD to the active support
(P(St-co-MA-co-DVB) was conducted under

defined conditions: 1,0 g of carrier and 100 mg of
enzyme were added to 19,0 ml of 0,05 M phosphate
buffer (pH 6,5). After incubation at 4°C for 24 hr
with occasional stirring, the immobilized enzyme
was collected by filtration and washed extensively
with several portions of cold buffer to remove the
free enzyme.

Determination of protein

Protein determination was performed according to
Lowry et al. [6]. The amount of immobilized
protein was calculated as the difference between the
amount of protein introduced into the coupling
reaction mixture and the amount of protein found in
the filtrate and washing solutions after
immobilization.

Assay of GOD activity

The reaction velocity is determined by an
increase in absorbance at 460 nm resulting from the
oxidation of o-dianisidine through a peroxidase
coupled system [7]. One unit causes the oxidation
of one micromole of o-dianisidine per minute at
25°C and pH 6,0 under the conditions specified.
The mixture of 2,5 ml dianisidine-buffer mixture,
0,3 ml 18% glucose, 0,1 ml peroxidase and 0,1 ml
of appropriately diluted enzyme was added into a
cuvette and the increases in Asgo for 4 - 5 minutes
were recorded. AAsgo from the initial linear portion
of the curve was measured and GOD activities was
calculated:

AA, / min

11,3.mgGOD/ml

Units/mg =

Effect of immobilization on the kinetic constants

The activity assays were carried out applying
different glucose concentrations (10,0, 20,0, 30,0,
40,0 and 50,0 mM) in order to determine maximum
reaction rates (Vmax) and Michaelis—Menten
constants (Km) of free and immobilized GOD. Vnax
and Kn for free and immobilized GOD were
determined from double reciprocal plots. The
stability tests were performed at 4°C with 0.5 ml
soluble enzyme or 20 mg immobilized enzyme in
10 ml 0,05M acetate buffer (pH 6.0). After
appropriate times of incubation the residual
activities were assayed.

RESULTS & DISCUSSION

It is known that the copolymerization of MA
with St leads to copolymers with nearly equimolar
ratio of monomer units (alt-copolymers). The
incorporation of a third monomer (DVB) in the
polymerization process is a prerequisite for the
preparation of a porous solid carrier. Styrene and
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divinylbenzene were washed with 2 M sodium
hydroxide and water to remove inhibitors. Benzene
was distiled before use. P(St-co-MA-co-DVB) was
prepared in a batch type reactor. A mixture of 0,04
M MA, 0,1 M St , 0,006M DVB and 0,04 mM
benzoyl peroxide were added to a 300 ml of
benzene. The mixture was dispersed and the batch
temperature was raised to 70°C. The reaction
mixture was continuously stirred for 3 hour. As the
benzene is a poor solvent for the crosslinked
copolymer, several minutes after the beginning of
copolymerization the reaction system turbid. The
resulting reactive fine powdery was filtered,
washed with benzene and dried.

The chemical structure of the synthesized
polymer was confirmed by Fourier transform
infrared spectroscopy (FTIR) by using a
spectrophotometer (Varian 660-IR). Absorption
bands characteristic of stretching vibrations of
aromatic and aliphatic C—H bonds were observed
at 3100-3000 and 2926 cm™ (Fig.1). Bands were
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also detected at 1854.6 cm™ (asymmetric C=0
stretching vibrations of the maleic anhydride
groups), 1771.7 cm? (symmetric C=0 stretching
vibrations of the maleic anhydride groups), 1633.2
cm?® (stretching vibrations of the polystyrene
aromatic ring), 1495.1 cm* (bending vibrations of
the aromatic ring), 1454.8 cm? (C—H bending
vibrations of the polymer chain), as well as at 763.1
and 702.4 cm? (C—H stretching vibrations of the
mono-substituted aromatic ring of polystyrene). It
can be concluded that the synthesized polymer is a
copolymer of styrene, maleic anhydride and
divinylbenzene.

The microparticles were analyzed with scanning
electron microscopy (JEOL JSM-5510, Japan). As
seen from Fig. 2 their surface was a highly porous
and rough. The copolymerized MA quantity was
calculated as the anhydride and free carboxyl
groups in copolymer. The MA unit contents of the
copolymers were 32%.
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Fig. 1. FTIR spectrum of P(St-co-MA-co-DVB) in KBr pellet.
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Fig. 3. Lineweaver-Burk plots of free (A) and immobilized (m) GOD.
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Scheme 1.

It must be pointed out that the P(St-co-MA-co-
DVB) undergo the typical reactions of anhydrides
with amines and alcohols. The copolymer may also
be affected by the water used in the post-treatment
of the samples. The proposed method of
immobilization of GOD on P(St-co-MA-co-DVB)
includes the reactions represented on Scheme 1.
The presence of reactive anhydride groups allows
enzymes to bind covalently to the polymer carrier.
There are two possibilities for covalent coupling of
enzymes depending on the pH of medium. The

copolymer binds proteins via its anhydride groups,
which may react with different nucleophiles on the
protein as a function of pH:

- Through the formation of an amide bonds
between the amino groups of lysyl or arginyl
residues.

- Through the formation of ester linkages
between the hydroxyl groups of seryl and threonyl
residues, or the phenols OH groups of tyrosyl
residues.

Parameters, characterizing GOD
immobilizationare presented in Table 1. The
activity of immobilized GOD and protein binding
capacity

Table 1. Characteristics of immobilized GOD.

Parameters Free Immobilized

GOD GOD

Protein content [mg/g of 87.1

support]

Spec[ﬂc activity [U/mg 180,2 125,0

protein]

Relative activity [%] - 69,4

Immobilization yield [%] - 87,0

Storage stability after 40

days [%] 22,0 70,5

reached 125,0 U/mg protein and 87,1 mg/g support.
The relative activity was 69,40%, compared with
the free GOD.

The effects of immobilization on the properties
of the immobilized enzymes were studied. It was
found that GOD, immobilized onto P(St-co-MA-
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co-DVB) exhibited typical Lineweaver-Burk
behaviour (Fig.3). The linear nature of the
Lineweaver-Burk plots proves that in both cases
enzyme reactions followed the Michaelis-Menten
kinetics, which permitted the determination of the
Michaelis constant (Ky,) and the maximum rate of
the reaction (Vmax). As the Ky is a characteristic
constant for enzyme activity, it was calculated for
both immobilized and free enzymes. It was found
that Vmax Of the immobilized GOD (0,45 mM/min)
decreased with respect to that of the free enzyme
(0,62 mM/min), whereas K, increased from 16,3
mM for the free enzyme to 19,1 mM for the
immobilized one. Since the Ky, values were of the
same magnitude, this means that the catalytic
function of the enzyme was not significantly
impaired by the coupling process. Probably the
increase in the Ky, value after the immobilization of
GOD is due to changes in the conformation of the
enzyme molecules, which impedes the enzyme-
substrate interaction or due to hindered access of
the substrate to the active sites of the immobilized
enzyme (steric and diffusion effects).

The stability of free and immobilized GOD at
4°C was investigated and results obtained are
illustrated in the Fig. 4.

120

100 +

=
(=}
L

60

40

residual activity (%)

0 T T T T 1
0 10 20 30 40 50

time (days)
Fig. 4. Storage stability of free (A) and immobilized (m)
GOD at 4 °C. The initial enzyme activity is taken as
100%.

The immobilization procedure stabilized the
enzyme structure and the immobilized GOD was
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much more thermally stable than the free having
70% activity retained compared to 22% for the free
GOD after 40 days storage. This phenomenon was
also found by Onda et al. [8].

The possibility of reuse of the immobilized GOD
was studied by measuring its activity after 10
reusing cycles. Covalently bound enzyme shows
good operational stability and upon 10 reuses it
loses 25% of its activity. This activity reducing is
probably due to enzyme deactivation and protein
losses from the support upon multiple uses.

CONCLUSIONS

In conclusion, three monomers were used to
synthesize porous P(St-co-MA-co-DVB) with
maleic anhydride reactive groups. The immobilized
glucose oxidase has better stability upon repeated
use than the free enzyme. Probably the covalent
immobilization leads to a more stable enzyme
conformation in comparison to that of the free
enzyme.These properties render the copolymer
suitable carrier for immobilization of GOD. The
activity values of the immobilized enzyme are
suitable for the industrial processing.
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NMOBUWJIM3NPAHE HA I'NITFOKO30OOKCHU/JIA3A B IIOPLO3EH CBITIOJIMMEP

M. H. Kam6ypos*, T. B. lanos, U. I'. Jlanos

Kameopa ,, Buomexnonocus”, Xumuxomexunonozuuen u memanypeuuer ynusepcumem, 1756 Cogpus, Boacapus

Iloctpnnna Ha 27 ronu 2014 r.; kopurupana Ha 11 ¢espyapu 2015 r.
(Pestome)

CuHTe3upaH € HOCHUTEN 32 MMOOMIIM3UpaHe Ha €H3UMH Ype3 CYCIIEH3MOHHA ChIIOJINMEpPHU3anus Ha CTUPEH, MAJICHHOB
aHXHUAPHI U AMBHHUIOeH3eH. CHIOIUMEPBT € oxapakTepusupan ¢ momomra Ha FTIR crekTpockomnus U ckaHupariia
eJIEKTPOHHAa MHUKpockomnus. [moko3ookcuaazata (GOD) e u3bpana KaTo MOJEJIE€H €H3MM, 3a Ja Ce H3CIe/Ba
BB3MOXKHOCTTA 32 IMOOMITM3UPAHETO i B OMYYCHHUST CHIOIMMED IIPH ONITHMAJIHH YCI0BUs (Bpeme Ha HHKyOupaune, pH
6,5, GOD 5 mg/ml). En3umHaTa akTHBHOCT Ha cBOOOIHMs M mMoOwmm3upanus GOD ca ompezeneHn upe3 OKUCIECHHE
Ha D-rimroxo3ara 1o D-rmokoHOBa KrcennHa mpH pa30bpKBaHE M acpupaHe ¢ BB3AyX. JJoOMBBT Ha mMoOMIH3NpaHe Ha
enszuma ¢ 87%, a akruBHoctTa My ¢ 125 U/mg 6enrpk. Korcranrara na Michaelis 3a umobuwimsupanust ensum e 16,3
mmol/l, onpexenerna ¢ nomomTTa Ha rpadguyHaTa 3aBUcUMOCT Ha Lineweaver-Burk. Haii-Bucoka eH3MMHa akKTHBHOCT €
nocturuara, koraro pH Ha cpenara e 7.0. YcraHOBeHa € MOBHUILIEHA CTAOMITHOCT IIPU ChbXpaHEHHE Ha NMMOOMIU3UPaHUs
GOD (ocrarpuna aktuBHOCT 70%), cripsiMo cBOOOHUS eH3uM (22%).
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Nitrate contamination is one of the major problems in wastewater. The aim of the present investigation is to study
the denitrification process with immobilized on different synthetic supports cells of Pseudomonas denitrificans
(NBIMCC 1625). The bacterium from the agar slants was inoculated into YPD liquid medium. The activated culture
was transferred to 100ml of a medium with potassium aspartate or methanol as carbon source. Preliminary study had
been carried out with free cells in shake flasks, containing nitrate as KNO3 and carbon source methanol, C/N ratio was
6. Complete nitrate removal was achieved for 3 hours. In order to determine the kinetic of process the influence of
initial nitrate concentration on nitrate removal were examined. By applying linear fit to rate of denitrification vs. initial
nitrate concentration Km and Vmax were found to be 63mg NO3-N/I and 0,671mg NOs-N/min/g cells respectively. The
further investigation of the denitrification process was performed with immobilized on different synthetic supports cells.
Denitrification in the continuous-flow column reactor was carried out. After 3 hours the steady state was reached and
output concentration of 30mgNQO3-N/I. The result of this study demonstrated that nitrate concentrations up to 45mg
NOs/l can be removed from wastewater. In the continuous column process with immobilized cells at HRT=1h high

denitrification rate was achieved.

Key words: denitrification, Pseudomonas denitrificans, magnetic support.

INTRODUCTION

The use of fertilizers and other nitrogen
components in various industries, contribute to
nitrogen pollution. lon exchange, adsorption and
membrane processes have been developed for
nitrogen compounds, like nitrate and nitrite
removal. Each of them has advantages and
disadvantages, from which biological method is
found to be the most commonly used and effective
method. The process of biological denitrification
has been well studied in last years. There are a large
number of bacteria, which can transform nitrogen
compounds into harmless nitrogen gas with
accompanying carbon removal. The denitrification
could be achieved either with pure cultures of
Pseudomonas denitrificans, Ps. Stutzery and other
strains or by mixed cultures from wastewater
treatment plants [1, 2]. The application of cell
immobilization techniques to wastewater treatment
process has recently gained much attention, because
biological denitrification with free suspended cells
is usually slow process [3]. The treatment of
wastewater in different types continuous-flow
column reactors using immobilized cells is
attracting increasing interest and a variety of

To whom correspondence should be sent.
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carriers and immobilization methods have been
developed [4]. The advantages of immobilized cells
application are in their longer operation stability
and in their multiple uses in continuous bioreactors.
Several natural materials [5] and synthetic
polymers [6, 7] have been applied as support for
cell  immobilization. Among the various
immobilization methods that are available, the
immobilization by spontaneous biomass adhesion
onto porous support (biofilm formation) has been
chosen for its ease of use, low cost and operational
stability.

EXPERIMENTAL
Materials and methods

Pure culture of Pseudomonas denitrificans was
used in this study. A  strain of P.
denitrificans (NBIMCC 1625), provided from the
Bulgarian ~ National ~Bank  of  Industrial
Microorganisms and Cell Cultures, was used. In
order to prepare the inoculum, the strain was
cultured in a medium containing: peptone, 5g/I;
meat extract, 3g/l; glucose, 10g/l, and was
incubated for 24 h at 30 °C in a rotary shaker at low
agitation speed, 50 rpm. The culture medium for
biomass growing and biofilm formation had the
following composition (in g/l): potassium aspartate
15; yeast extract 14; KNO3 8; MnSO4 0,0025;
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Fig. 1. Fixed bed column bioreactor for denitrification.

(NH4)sM07024.4H,0 0,0025; FeCls.6H,O 0,006; pH
6,75. After cultivation with weak shaking for 24h at
30°C, cells were harvested by centrifugation
(15min, 4000g), washed twice in saline solution
and stored at 4°C. The accessibility to biofilm
formation on four different carriers was tested by
cultivation for one week. The culture medium was
replaced every second day. The first two support
materials were a copolymer of acrylonitrile and
acrylamide formed as granules with an average
diameter of 2mm [8], without and with
incorporated FesOs nanoparticles. The second two
carriers were polyurethane foam (PUF) cut into
cubes with approximately 3mm x 3mm x 3mm
cubic sizes, also without and included magnetite.
Magnetite nanoparticles were incorporated in
support matrix by coprecipitation of ferric and
ferrous salts with alkaline solution [9], then washed
and dried overnight at 50°C. The study of
denitrification activity of free and immobilized
biomass was carried out with batch fermentation in
shake flasks, containing nitrate as KNO3 and carbon
source methanol, C/N ratio was 6. The continuous-
flow reactor for denitrification was set up as an
upflow fixed bed, as shown in Fig. 1.The reactor
was run in continuous mode at 25°C, and with a
flow volume speed of 100 ml/h. It consisted of a
container, column reactor with ID=50mm and
100ml total volume, peristaltic pump and container
for outflow. The column was packed with 25g
support and solution with 50mgNOs-N/I  was
pumped thru the column. Nitrate concentrations
were determined through UV-spectrophotometry
[7]. Before each spectrophotometric determination
of nitrate, the samples were centrifuged for 15 min
at 4000 rpm to remove cells from the supernatant.
Then 0,1 ml IN HCI was added to 5 ml of diluted
sample. The light absorbance of samples was read
against redistilled water at 220 nm on a UV-vis-
spectrophotometer (Perkin-Elmer, Germany). In
order to avoid the interference of the organic

matter, the absorbance of samples was also
measured at 275nm. The corrected UV-light
absorbance of nitrate in the sample A was
calculated by the equation: A=A2-2.As;5 and
calibration curve was used to determine the
concentration of nitrate. The concentration of
nitrites in the centrifuged samples was determined
spectrophotometrically from the amount of the
diazonium salt of sulphanilic acid (formed from the
nitrites present) by coupling with a-naphthylamine
at pH=20-25. The analyses of nitrites were
carried out as follows. The assay involved two
reagents. The Griess 1 reagent consisted of 0.6 g
sulphanilic acid dissolved in 100 ml of distilled
water. The Griess 2 reagent contained 0.6 g o-
naphthylamine dissolved in distilled water. The
solution was mixed with 25ml of glacial acetic acid,
and diluted to 100ml with distilled water. Five
milliliters of diluted sample was mixed with 1 ml of
each of Griess 1 and Griess 2 reagents. The light
absorbance of this solution was measured after
40 min using Spekol spectrophotometer at 543 nm
against distilled water. When necessary, the
samples were diluted prior to the addition of the
Griess reagents. The nitrite concentrations were
calculated using a calibration curve composed by
the same method for concentrations from 0.05 to
1 mg/I. All chemicals were of analytical grade.

RESULTS & DISCUSSION

Batch cultivations with potassium aspartate
and methanol as carbon source were performed.
The potassium aspartate was replaced with
equivalent quantity of methanol in culture medium.
The experimental data showed that there are not
significant differences between growth Kinetics.
Results of a typical s-shaped growth curves are
presented in Fig.2. The experimental data showed
that biomass concentrations after 24h cultivation
was 9,6g/1 wet biomass, when potassium aspartate
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Fig. 2. Kinetics of biomass growth on different carbon
sources.
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Fig. 4. Nitrate reduction by free cells in culture media
containing 32,1mg NOs-N/I and 2g/l dry biomass

was used vs. 8,8g/l wet biomass when methanol
was used like carbon source. It was found that there
is no difference between denitrification activities of
biomass from two different carbon sources. In
orderto determine the optimal conditions of the
process nitrate reduction activity of free cells as a
function of pH in denitrification media was tested.
The denitrification profile obtained for the strain of
Pseudomonas denitrificans is shown in Fig. 3. The
Figure shows that the pH optimum of
denitrification activity is between 7.25 and 7.5. At
pH higher 9.0 nitrate reduction also was observed.
The time profile of denitrification process with free
cells is shown in Fig. 4. Complete nitrate removal
was achieved after 150 minutes. Slight
accumulation of nitrite was observed, during the
experiment, but final nitrite concentration was low.
In order to determine the kinetic of process the
influence of initial nitrate concentration on nitrate
removal was examined. The effect of different
initial nitrate concentrations is shown in Fig. 5. The
data from batch experiments were used to calculate
the rate of nitrate reduction as a function of initials
concentrations.
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Fig. 3. pH optimum of the nitrate reduction by free cells.
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Fig. 5. Lineweaver-Burk plots (1/v versus 1/[S]) derived
from initial rate of nitrate reduction at different nitrate
concentration.

The rate of nitrate reduction was observed to
depend on its concentration as predicted by the
Michaelis—Menten equation. By applying linear fit
to rate of denitrification vs. initial nitrate
concentration Michaelis-Menten constants Km and
Vmax were found to be 63mg NOs-N/I and
0,671mg NO3-N/min/g cells respectively. A
comparison of the experimental results for the
processes using immobilized on different supports
cells in batch culture is shown in Fig. 6.

It is clearly seen from fig. 6 that nitrate removal
increases when the polyurethane foam beads are
used. The best results were obtained with magnetite
containing polyurethane foam support. There are
many  investigations on  bacterial  biofilm
application, but initiation of biofilm formation is
poorly understood, and in particular, the
contribution of chemical bond formation between
bacterial cells and metal oxides (titanium dioxide
and iron (11, 111) oxide) has received much attention
[10]. The FesO4 probably has a complex effect on
the bacterial community, but did not show a
straightforward toxic effect. It was found that
nanoparticles of FesOs changed the hydrolytic
activity and bacterial community composition.
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Fig. 6. Nitrate reduction by immobilized cells in culture
media containing 50,0mg NO3-N/I and 100g/l beads.

Generally, magnetite tends to cover cell
surfaces, but no damage to the cell’s integrity was
reported in different studies dealing with this
problem [11]. Overall, magnetite nanoparticles did
not affect bacteria in culture media and model

waste waters enough to indicate significant risk.
meNO;-N/1
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Fig. 7. Denitrification in continuous-flow column
reactor.

The results from denitrification in continuous-
flow column reactor are shown in Fig. 7. The
results of column experiments show that after 3
hours the steady state was reached and output
concentration of 30mgNO;-N/I.

The result of this study demonstrated that nitrate
concentrations up to 45mg NOs/l can be removed
from wastewater. In the continuous column process
with  immobilized cells of Pseudomonas
denitrificans at HRT = 1 h high denitrification rate
was achieved. Through the description of the Fig. 7,
it can be concluded that flow rate of 0.1l/h should
be chosen as the optimum hydraulic loading, and
two columns should be used to reach desired nitrate
reduction.

T T T T T T T T ad
0 20 40 60 80 100 120 140 160 180

CONCLUSIONS

The microbial cells of gram-negative bacteria
Ps. denitrificans were immobilized by adhesion
onto four different kinds of polymer supports.
Denitrification processes with free and immobilized
cells have been investigated. Our findings, based on
the experimental results, suggested that the use of
immobilized cells in column bioreactor for water
denitrification ensured a stable process over a long
period of time without biomass wash out. An
increase in the efficiency of the denitrification was
observed in the presence of a magnetite (FesOa
nanoparticles) embedded in a matrix. The effect of
the iron oxide nanoparticles on biofilm formation
and denitrification should be studied better. The
technique of using magnetic biomass carriers was
shown better results. An accumulated biomass of
microorganisms was achieved inside the reactor
during a continuous process when applying this
technique. Magnetite containing PUF was the most
appropriate carrier of the particles evaluated and
could be applied in Magnetic carrier technology.
Our results confirm that stabilized magnetite
nanoparticles interact with bacterial surfaces
without causing damage sufficient to inhibit cell
growth. Magnetite is also relatively cheap and
available, why magnetic separation and
reintroduction can be achieved to a relatively low
cost in large-scale production.
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JEHUTPUDOUKALINA HA OTITAAHM BOJAMY C UMOBNJIM3NPAHA BUOMACA OT
Pseudomonas denitrificans

T.B. Usanos*, W.T. Jlanos, JL.K. MoTtosa

Kameopa Buomexnonozus, Xumukomexunonocuuer u memanypeuier ynusepcumem, oyi. Kn.Oxpuocku Ne8, 1756
Cogus, Bvreapus

[ocremmna Ha 2014 r.; xopurupana Ha 18 despyapu, 2015 .
(Pesrome)

EnvH OT OCHOBHHTE 3aMBPCHUTENIN B OTIIAJHUTE BOAM ca HuTpartute. Llenra Ha HacTosimaTa paboTa e 1a ce u3ciensa
M ONITHMH3UpA TIPOIIEC Ha ICHUTPUPHKAIMSA ¢ UMOGHIN3HpaHa BhPXY PasiIHIHN HOCHTENH Guomaca om Pseudomonas
denitrificans (NBIMCC 1625). Ot TBbpJaTa XpaHHTEJIHA Cpella MHKPOOpraHM3MHTE OsXa pa3BUTH HA TEYHA cpefa
ChIBpIKAIlA KAIHEB aclapTaT WM METaHOJ KaTO BBIVIEPOJCH M3TOYHHK. [Ipy M3MOJI3BaHEe HA METAHON B Mpolieca Ha
nenutpudukanus u cpotHomenne Ha C/N = 6 cbc cBoOomHAa OHOMaca Oellie JOCTHIHATO MBJIHO OTCTpPaHSIBAaHE Ha
uutparute 3a 3h. Onpenencenu ca u ocHoBHUTE KuHeTHuHu napamerpu Km = 63 mg NOz-N/I 1 Vmax=0,671 mg NOs-
N/min/g xnetku. Ilpomeca Ha aeHuTpudHKanus Oelle M3CAEABAH M C UMOOWIM3UpAHA HA Pa3IMYHM CHHTETHYHH
HocuTenu Ouomaca. Ilpu M3MoON3BaHE Ha KOJOHEH PEAKTOpP 3albJHCH C UMOOHMIM3MpaHa OHOMaca B HENPEKBCHAT
nporiec e gocruraara kouneHTpauus ot 30 mg NO3-N/I Ha u3x0/ OT KOJIOHATA U € YCTAHOBEHO Y€ BPEMEIpPECToii oT 1
9ac ¢ JOCTAThYCH 3a JOCTHTaHe Ha BUCOKA CTEICH Ha NEHUTPH(HUKALIUSL
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The present study is focused on platinum and ruthenium complexes of 4-bromo-spiro-(fluorene-9,4'-imidazolidine)-
2',5'-dithione (L), synthesized from (NH4)2[PtCls] and RuCls.H-O, and their potential cytotoxicity properties. The
structure of the complexes obtained is researched by elemental analysis and means of spectroscopic UV-Vis, IR, FT-
ATR methods. We have examined for the first time biological potential of new complexes on a retinoblastoma human
cell line (WERI-Rb-1). The cytotoxic effect is evaluated by WST-assay (Roche Applied Science).

Key words: 4-bromo-spiro-(fluorene-9,4'-imidazolidine)-2',5'-dithione, metal complexes, cytotoxic effect

INTRODUCTION

Hydantoin derivatives possess a wide array of
important  biochemical and pharmacological
properties. Several of these (phenytoin, methetoin,
mephenythoin, fosphenytoin, norantoin) are well-
known anticonvulsive drugs [1], whereas others
have been suggested to act as antiarrhythmics and
antimicrobial agents, skeletal muscle relaxants and
nonsteroidal antiandrogens [2]. Recently, antitumor
effect of hydantoin derivatives has been described
by several authors [3, 4].

Although hydantoin compounds are studied
extensively, there is not much research on their
anticancer effects. In a previous work of ours, we
have reported a method for obtaining 4'-bromo-(9'-
fluorene)-spiro-5-(2,4-dithiohydantoin)  (4-bromo-
spiro-(fluorene-9,4'-imidazolidine)-2',5'-dithione)
[5] and 3-amino-9'-fluorenespiro-5-hydantoin [6].
In the studies cited above, we have investigated
cytotoxic activities of the two compounds on the
retinoblastoma cell line WERI-Rb-1 and
antibacterial effects towards Gram-positive, Gram-
negative bacteria, as well as yeasts C. albicans.
Recently, we studied the complexation properties of
(9'-fluorene)-spiro-5-hydantoins and its 2-thio
derivative [7]. The two platinum complexes show

To whom correspondence should be sent.
E-mail: marinova@uni-plovdiv.bg

significant effects on cancer cell growth compared
to their ligands.

In the current work we described the synthesis
and reaction conditions to obtain of new Pt(ll) and
Ru(I11) complexes of 4-bromo-spiro-(fluorene-9,4'-
imidazolidine)-2',5'-dithione (L) with general
formula given in Figure 1, as well as
characterization of the obtained complexes and in
vitro antiproliferative activity on human tumor cell
line.

S
\\ H
/—N

HN QS

%

Br
Fig. 1. General formula of (L).

EXPERIMENTAL

Metal salts ((NHs),[PtCls] and RuCls.HO -
Sigma-Aldrich or Merck) and solvents used for the
synthesis of the complexes were with a p. a.
qualification. UV/Vis spectra of L and its metal
complexes were measured on a Lambda 9 Perkin-
Elmer UV/Vis/NIR Spectrophotometer from 200
nm to 1000 nm. The IR spectra of L and its
complexes were registered in KBr pellet on a
Bruker FT-IR VERTEX 70 Spectrometer from
4000 cm™ to 400 cm™ at resolution 2 cm™ with 25
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scans. Attenuated Total Reflection (ATR) spectra
were registered on the same instrument by ATR
accessory MIRacle™ with a one-reflection ZnSe
element (Pike); the stirred crystals of L and its
complexes were pressed by an anvil to the
reflection element; the spectra were from 4500 cm
to 600 cm™ at resolution 2 cm™ with 16 scans.

1. Synthesis of Pt(11) and Ru(l111) complexes of L

0.0004 mol (0.1445 g) of L in 10 cm® THF;
0.0002 mol (0.0746 g) (NH4)2[PtCl4] or 0.0002 mol
(0.0450 g) RuCl3.H.O in 10 cm® H0; 0.1 M
solution of NaOH. 1 cm® of 0.1 M NaOH was
added slowly to an L solution while stirring at pH =
9. The solution of the metal salts was added
dropwise from a burette during stirring with
electromagnetic stirrer. The precipitation of the
formed complexes started after 72 h for Pt(I)L or
48 h for Ru(ll)L, respectively. The complexes
were formed as a brown or a black amorphous
precipitates. The precipitates was filtered and
washed with 10-20 cm® H,0. These were dried over
CaCl, for 2 weeks. It was found out that the
complexes were soluble in THF and DMSO.

Elemental analysis for PtL,.2H,0;
C30H20N4S4BI‘2P1102; Mw = 951.65 g/mol;
calc./(exp.) C% - 37.8 / (37.2); H% - 2.1 / (2.0);
N% - 5.9 / (62), RUszL.4HC|2.2H20;
CooHs4N12S12BrsRU20:Cly; Mw = 2472.72 g/mol;
calc./(exp.) C% - 43.7 / (43.1); H% - 2.2 / (2.1);
N% - 6.8/ (7.0)

IR (vmax, cm™) L: 3374, 3150, 3066, 2919, 1605,
1575, 1515, 1465, 1448, 1407, 1232, 1216, 1194,
1102, 1064, 773, 754

IR (vmax, cm™) Pt(I1)L: 3500, 3392, 3250, 3065,
2922, 1607, 1513, 1465, 1448, 1405, 1233, 1215,
1191, 1103, 1064, 773, 757

IR (vmax, ¢m™) Ru(lll)L: 3400, 3100, 3065,
2973, 2872, 1606, 1508, 1465, 1448, 1406, 1234,
1215, 1194, 1106, 1064, 774, 757.

The ATR spectral data obtained of the free
ligand L and its new complexes are on situation in
University of Plovdiv, Department of the
corresponding author.

2. WST-1 cell proliferation assay

The cytotoxic effect of Pt(Il)L and Ru(lIT)L
complexes were assessed on a retinoblastoma cell
line (WERI-Rb1, ATCC-HTB-169) using WST-1
assay (Cat. Nol11l 644 807 001, Roche). Cells were
seeded in 96-well flat-bottom plates at a density of
6,5x10* cells/well. After a cultivation period of 24h,
the compounds were added at a concentration of 50
uM and incubated for 24 and 48h respectively.
WST-1 was added to the cells at these time points
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and incubated for 4h. WST-1 is a colorimetric assay
for the nonradioactive quantification of cell
proliferation, viability and cytotoxicity. Absorbance
was measured on ELISA SUNRISE Reader. The
wavelength for measuring the absorbance of the
formazan product is 450 nm and the reference filter
was set at 620 nm in accordance with the WST-1
manual. Cells grown in culture media alone and in
appropriate concentrations of DMSO were used as
controls. The percentage of viable cells was
calculated as a ratio of the OD value of the sample
to the OD value of the control. Descriptive statistics
was done in Excel to determine mean and SD
values.

RESULTS AND DISSCUSION

Complexation with Pt(Il) and Ru(lll) were
conducted under alkaline conditions using metal
salts namely (NH.)[PtCls] and RuCls.H.O at
molar ratio M:L:OH~ = 2:4:1. Neutral complexes
were synthesized and isolated as brown and black
precipitates, respectively. All complexes were
investigated by means of elemental analysis, UV-
Vis FT-ATR and IR spectroscopy. The elemental
analysis data show metal-to-ligand ratio 1:2 and
presence of two water molecules for Pt(lI)L
complex. All UV/Vis spectra were registered in
THF. Maxima in the UV/Vis spectra of the free
ligand L were observed at Amax = 234 nm, 241 nm,
268 nm, 279 nm, 294 nm. Maxima in the UV/Vis
spectra of Pt(I)L and Ru(ll)L complexes were
observed at 238 nm, 243 nm, 271 nm, 290 nm, 380
nm and 239 nm, 269 nm, 294 nm, 380 nm,
respectively. In the UV/Vis spectra of the two metal
complexes, one new maximum appeared at 380 nm.

The presence of two thioamide groups renders
four donor atoms for coordination to the metal
center: two S-atoms from C=S groups and two N-
atoms from NH groups. The fact that both
thioamide groups are part of a common
heterocycle, where p-conjugation occurs, makes
almost impossible the unambiguous assignment of
the observed IR frequencies to individual
vibrational modes. Selected vibrational frequencies
observed in the IR spectra of the complexes and the
free ligand L are given in Experimental part. The
bands at 3374 cm™ and 3150 cm™ of the free ligand
L may refer to the stretching vibrations of two N-H
groups of the hydantoin ring. In the IR spectrum of
the PtL complex, the same bands have been
observed at 3392 and 3250 cm™. The two bands
shift to higher frequency by 18 and 100 cm™ as
compared to the corresponding free ligand bands.
In the IR spectrum of the RuL complex one of the
N-H band has disappeared and the second band
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Fig. 2. Effect of the Ru(ll1)L complex on the proliferation of WERI-Rb 1 cells measured by WST-1 assay at 24h of
treatment. The results represent mean values of three measurements. Error bars are SD values.

shifts to a lower frequency by 50 cm™ as compared
to the corresponding free ligand. The bands of free
ligand L at 1605 cm® and 1575 cm® can be
attributed to the stretching vibration of the two C=S
groups of the hydantoin ring. In the IR spectrum of
PtL and RuL complexes the band at 1607 cm™ and
1606 cm™ can be attributed to the stretching
vibration of C=S group, respectively. In the IR
spectrum of PtL and RuL complexes the second
band of C=S group has disappeared. This fact shows
that one of the two thiocarbonyl groups of the ligand
hydantoin ring participates in the coordination with
a metal ion. In the IR spectrum of the PtL and RuL
complexes one new band has been observed at 3500
cm?® and 3400 cm?, respectively. This band may
refer to the stretching vibrations of OH™ group. In
the IR spectra of the free ligand and its PtL and RuL
complexes the band at 3066 cm™ and 3065 cm?,
3065 cm™ have been for stretching vibrations of CH
in fluorene moiety, respectively.

Our results show that the Ru(ll)L complex has a
moderate  cytotoxic effect on the human
retinoblastoma cell line WERI-Rb1 (Figure 2). We
have found that prolonged incubation periods do not
influence cell viability. In contrast, the complex
Pt(I)L does not perturb cell proliferation at all.
This could be explained by the fact that this
compound has a low solubility and the highest
achievable concentration at which we were able to
test it was only 50 uM. We have previously shown
that the ligand 4’-bromo-(9'-fluorene)-spiro-5-(2,4-
dithiohydantoin) significantly reduces the number of
cells in a time-dependent manner [5].

CONCLUSIONS

The synthesis of two new Pt(Il) and Ru(lll)
complexes  with 4-bromo-spiro-(fluorene-9,4'-
imidazolidine)-2',5'-dithione have been described.
The structure of the obtained complexes was

verified by elemental analysis, UV-Vis, FT-ATR
and IR spectroscopy. Our results imply that two
newly synthesized compounds could not act as
potential anticancer agents since they do not
significantly inhibit the growth of retinoblastoma
cells at the tested concentration.
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CHUHTE3 U BUOJIOTUYHA AKTUBHOCT HA HOBH Pt(I1) Y Ru(111) KOMITJIEKCHU HA 4-
BPOMO-CITUPO-(®JIYOPEH-9,4-UMNJIA30JIN/I1H)-2",5'- AUTUOH

I1.E. Mapunosa'”, M.H. Mapunos?, M.X. Kasakosa®, SI.H. ®eomoposa®,
B.C. Capadsu®, H.M. Crossos®

Y11y, I1. Xunenoapcku”, Xumuuecku ¢paxyamem, Kameopa ,,OHX ¢ MOX”, IInosous 4000
2 Azepapen ynusepcumem-Ilnosous, @axynmem no pacmumenna sawuma u azpoexonozus, Kameopa ,, Obwa xumus”,
ITnosoue 4000
SMeouyuncku ynusepcumem-Ilnosous, Kameopa ,, Meouyuncka 6uonozus”’, Inoeous 4000
4Pycencku ynueepcumem-®uauan Pasepao, Kamedpa ,, Xumus u xumuunu mexuonoeuu”, Pasepao 7200

[Mocrenmna Ha 24 1omm, 2014 1.; npuera Ha 19 deBpyapu, 2015 T.
(Pestome)

Ilenra Ha Hacrosimmara paspaborka e¢ momydaBanero Ha HOBH Pt(I1) w Ru(lll) xommiexcn Ha 4-Gpomo-crmpo-
(pmryopen-9,4'-umunazonunu)-2',5'-IUTHOH W W3CICIBAaHE HAa TEXHUTE NOTCHIHMAIHU IUTOTOKCHYHU CBOWCTBA.
CrpyKTypara Ha TOJyYCHHTEC METallHM KOMIUIEKCH € W3CieABaHa ¢ enemeHTeH ananu3 u UV-Vis, MY, FT-ATR
CIIEKTPOCKOIHMS. 33 IPBB BT € MPOYYCH NOTCHIUATIHUAT LIATOTOKCHYCH e(eKT Ha HOBOIOIYYEHHTE KOMIUICKCH BBPXY
YOBEIIKa PETHHOOIACTOMHA KJIEThYHA IJHHHA (WERI-Rb-1, ATCC-HTB-169). 3a omecHka Ha KICThYHATa
nponudepanus 1 xxuzHeHoct e usnoa3san komepcuannus Cell Proliferation Reagent - WST-1 tecr (Cat. No11 644 807
001, Roche Applied Science).
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An adapted method for synthesis of ATRP macroinitiator based on C-tetra-pentylcalix[4]resorcinarene was
demonstrated. Studies on optimization the process of preparation of star-shaped acrylic polymers by ATRP controlled

radical polymerization were performed.

The possibility to obtain butyl acrylate/ (hydroxyethyl) methacrylate (HEMA) copolymer in one pot synthesis
initiated by octa-functionalized C-tetra-pentylcalix[4]resorcinarene macroinitiator has been shown. It was found that the
polymerization process carried out at [macroinitiator]/[monomer] ratio below 1/1000 for polymeriztion time over 30
min yields to a formation of star-branched (co)polymers containing tetraalkylcalix[4]resorcinarenes core.

Key words: C-tetrapentylcalix[4]resorcinarene, ATRP polymerization, star polymers, star-branched polymers

INTRODUCTION

Star-branched polymers with nonlinear structure
exhibit specific properties and therefore the subject
of intensive research during last decade [1-6]. The
synthesis of materials of controlled composition
and architecture may be accomplished by the
methods of controlled/living radical
polymerization. For example, atom transfer radical
polymerization (ATRP) enables the synthesis of
well-defined macromolecular architectures such as
block copolymers, graft copolymers and other
branched structures [7,8]. Among branched
macromolecules star polymers and dendrimers are
those that show interesting rheological properties,
due to their specific spatial architecture and
existence of a large number of functional groups [9-
12]. Regular star polymers consist of a core located
in the center of the molecule and a different number
of radiating linear chains (arms, branches) of a
symmetrical structure with identical chemical
composition connected to the core [2]. They are
synthesized using two different approaches: "arm
first" and "core first". There are two ways for the
synthesis of star polymers by the use of a ‘arm first"
methodology [13-17]. In the first method the
formation of the cross-linked core consists of the

following:  "living" linear  polymer  chain
copolymerized with divinyl monomer in the
presence of mono-functional macro initiator.
Another  method is based on  direct

copolymerization of macro monomer with divinyl
monomer in the presence of low molecular weight

To whom correspondence should be sent.
E-mail: p.petroval@abv.bg

initiator [18,19]. By using the "core first" approach
the controlled polymerization is carried out by the
initiator with a defined number of initiating groups
[20-25] or Dby not entirely well-defined
multifunctional macromolecule [26-29].

To hold a low degree of component
heterogeneity star-branched polymers are required
to have cores of an accurate and known structure
and function. These requirements are satisfied by
calix[4] resorcinarenes and their derivatives. As
cyclic oligomeric precursors they are superb output
fragments for construction of such architectures.

Their high functionality allows for greater
variety of synthesis and modification of the
polymer  structures  containing  calixarenes
fragments [30].

The aim of the present study was to synthesize a
series of star (co)polymers of well defined
predetermined structure based on suitably
functionalized calix[4]resorcinarenes using ATRP
polymerization technique.

EXPERIMENTAL

Materials

Triethylamine  (TEA),  a-bromoisobutyryl
bromid (98%, Acros), 2,2-bipyridine, cuprous
chloride (CuCl), propylene glycol, dichloromethane
were used as received (Acros). Tetrahydrofurane
(THF) (99.5 %, Fisher) and DMSO (Fisher, 99 %)
were purified by distillation over calcium hydride
before use. Butyl acrylate (99%,Acros) and 2-
(hydroxy-ethyl) methacrylate (HEMA) (97%,
Acros) were purified to remove the stabilizers
according to the following procedure: about 1% by
volume deionized water was added to the liquid
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monomer, the mixture was cooled and after
removing the frozen water with dissolved therein
stabilizer the purified monomer was dried over
magnesium sulfate. C-tetra-
pentylcalix[4]resorcinarene  was synthesized
according to the procedure described in [31] and
was used without further purification.

Syntheses

Synthesis of octa-functionalized C-tetra-
pentylcalix[4]resorcinarene-ATRP macroinitiator.
C-tetrapentylcalix[4]resorcinarene 1 mmol (0,769
g), triethylamine 24 mmol (2,43g), dry THF 12 ml
and DMSO 8 ml were placed into a two-necked
flask fitted with a reflux condenser and magnetic
stirrer. The mixture was cooled to 0°C and under
constant agitation slowly drop wise a-bromo-
isobutyryl bromide 24 mmol (5,52 g), previously
dissolved in 12 ml dry THF was added. The
reaction mixture was intensively agitated and
purged with N, for 48h at room temperature. Then
the reaction mixture was concentrated on a rotary
evaporator. The resulting highly viscous mixture
was dissolved in 100ml of dichloromethane washed
with deionized water and again concentrated on a
rotary evaporator. The product was precipitated in
cold methanol and the resulting precipitate was
filtered and dried.

Synthesis of star polymer: polymerization of
butyl acrylate initiated by octa-functionalized C-
tetrapentylcalix[4]resorcinarene ATRP macro-
initiator. Octa—functionalized C-tetrapentylcalix[4]
resorcinarene 0,dmmol (0,196 g), 2,2'-bipyridine
1,6 mmol (0,2498 g), CuCl 0,8 mmol (0,0792 g),
butyl acrylate 160 mmol (22.93 ml) and propylene
glycol 30,72 mmol were placed in a two-necked
flask fitted with a reflux condenser and magnetic
stirrer.  The reaction mixture was intensively
agitated and purged with N, for 30 min then the
temperature was raised to 135°C. The reaction was
continued for 2 hours. Then the reaction mixture
was cooled, 30 ml of THF was added and the
resulting mixture was filtered through a column
filled with neutral Al. The final product was

precipitated in 40ml mixture of MeOH/H.O
(v/v=80/20).
One pot synthesis of star-branched

copolymers: ATRP polymerization of butyl
acrylate and (hydroxyethyl) methacrylate (HEMA)
initiated by octa-functionalized C-
tetrapentylcalix[4] resorcin-arene macroinitiator.
Octa—functionalized C-
tetrapentylcalix[4]resorcinarene 0,1mmol (0,196 g),
2,2'-bipyridine 1,6 mmol (0,2498g), CuCl 0,8 mmol
(0,0792g), butyl acrylate 40 mmol (5,73 ml) and
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propylene glycol 7,68 mmol were placed in a two-
necked flask fitted with a reflux condenser and
magnetic stirrer. The reaction mixture was
intensively agitated and purged with N> for 30 min
then the temperature was raised to 135°C. The
reaction was continued for 20 minutes. Then
HEMA 40 mmol (4,85 ml) was added and was
stirred at the same temperature for a further 20
minutes. After the completion of the second step of
the polymerization process the reaction mixture
was cooled, 25 ml of THF was added and the
resulting mixture was filtered through a column
filled with neutral Al The finally obtained
copolymer was precipitated in 40ml mixture of
MeOH/H20 (v/v=80/20).

Instrumentation. 'H NMR spectra were
recorded on a Bruker Avance DRX 250 (250 mHz)
instrument. The samples were dissolved in
deuterated  solvent  (dimethyl  sulfoxide-ds).
Tetramethylsilane was used as an internal NMR
standard.

Infrared spectra of the samples were recorded on
a Varian Scimitor 1000 FTIR spectrophotometer
equipped with a MIRacle Attenuated Total
Reflectance Attachment.

The molecular weight characteristics were
determined on a chromatography line consisting of
a 510 HPLC pump, a U6K universal injector, a
tunable absorbance detector M 484, a differential
refractive index detector M 410 (all Millipore Co.,
Waters Chromatography Division) and a set of
three Phenogel columns (Phenomenex) with
nominal pore sizes of 50A, 100A and 10000 A.
THF was used as an eluent at 40°C and a flow rate
of 1.0 ml.mint. Molecular weight characteristics
were calculated wusing a calibration curve
constructed with  monodisperse  poly(styrene)
standards on a station for collection and processing
of data through Clarity software. 1,3-
dihydroxybenzene was used as an internal standard.

RESULTS AND DISCUSSIONS

Synthesis of octa-functionalized C-tetra-
pentylcalix[4]resorcinarene-ATRP macroinitiator.
The synthesis of octa-functionalized C-tetra-
pentylcalix[4]resorcinarene was performed accor-
ding to the methodology proposed in [32] and
adapted in analogy to [33] as shown in Scheme 1.

The methodology is optimized to achieve
maximum reproducibility of well defined products
and to avoid the step of product purifying by
column  chromatography  or  repeated re-
crystallization as described in the literature
[15,24,30,32]. The methodology is optimized to
achieve maximum reproducibility of well defined
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Scheme 1. Synthesis of octa-functionalized C-tetrapentylcalix[4]resorcinarene

products and to avoid the step of product purifying

by column  chromatography or  repeated
recrystallization as described in the literature
[15,24,30,32].

GPC, 'H NMR and IR spectroscopy were used
to characterize the products obtained.

In the IR spectra of both C-tetra-
pentylcalix[4]resorcinarene (Fig. 1a) and of the
functionalized product (Fig. 1b), an oscillation band

evidence that the product was functionalized.

|81 oaw

at about 3200cm* characteristic for the OH groups
was not observed. A strip oscillation at about 1753
cm? was appeared which is characteristic for the
C=0 bond of the carbonyl group. A doublet at
about 1100 cm?, characteristic for the methyl group
(-CHs) of the substituent was also detected. The
appearance of an intense band at about 1255 cm?,
which is characteristic for the (Ar) C-O-C bond is
further

B B e e e e R e e e e
4500 4000 3500 3000 2500
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Fig. 1. IR spectra of C-tetrapentylcalix[4]resorcinarene (a) and octa-functionalized derlvatlve (b)
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Fig. 2. 'H NMR spectrum of octa-functionalized C-tetrapentylcal|x[4]resorcinarene.
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Fig. 3. GPC traces of C-tetrapentylcalix[4]resorcinarene (a) and octa-functionalized ATRP macroinitiator (b).

The structure of ATRP macroinitiator obtained
was proved from 'H NMR spectrum (Fig. 2) where
signals characteristic for the protons of the expected
structure are observed.

The molecular weight characteristics of the C-
tetrapentylcalix[4]resorcinarene and its octa-
functionalized derivative are shown in Fig. 3. The
calculated from GPC traces molecular mass of the
functionalized calixarene based macroinitiator of
about 2000 Da (Fig. 3) corresponds to the
theoretically calculated one (1960 Da).

Synthesis of star polymer: polymerization of
butyl acrylate initiated by octa-functionalized C-
tetra-pentylcalix[4]resorcinarene ATRP
macroinitiator. The synthesis of star polymer with
a core comprising octa-functionalized
tetrapentylcalix[4]-resorcinarene was carried out

according to the adapted methodology described in
[33] as shown in Scheme 2.

The dependence of formation of star polymer of
the time in ATRP polymerization of acrylate
monomer initiated by octa-functionalized C-tetra-
pentylcalix[4]resorcinarene was investigated. It was
found that under the adopted reaction conditions
almost complete conversion of the monomer was
observed within about two hours. The studies were
conducted at various macroinitiator/monomer ratios
(1:1600; 1:1200, 1:800, 1:400). The type of
reactions taking place within this time interval is
determined by the data taken from the GPC
eluograms.

It was found that at [In]/[M] ratio of 1/1600
(close to the value cited in [7]) polymer with a
gradual increase over time molecular weight and
low polydispersity was obtained.
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Scheme 2. Synthesis of star polymer via ATRP of butyl acrylate initiated by octa-functionalized C-tetra-
pentylcalix[4]resorcinarene macromonomer.
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Fig. 4. GPC traces of star polymer prepared by ATRP of butyl acrylate initiated by octa-functionalized C-tetra-
pentylcalix[4]resorcinarene macromonomer at [macroinitiator]/ [monomer] ratio = 1/1600.
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Fig. 5. 'H NMR of star polymer prepared by ATRP of butyl acrylate initiated by octa-functionalized C-tetra-
pentylcalix[4]resorcinarene macromonomer at [macroinitiator]/ [monomer] ratio =1/1600.

The values for molecular mass of polymers
synthesized at different times are marked in
chromatograms shown in Figure 4. It can be seen
that the star polymer with a relatively narrow
molecular mass distribution and molecular mass of
about 40,000 +~ 50,000 Da was prepared at reaction
time of about 60 min.

The prepared star — structure was proved by H
NMR spectroscopy. The signals characteristic for
the protons of the expected structure are observed
as shown in spectrum presented in Fig. 5.

There is a tendency to increase the degree of
monomer conversion and to obtain a higher yield of
star polymer with lower polydispersity by reducing
the amount of monomer, i.e., [In]/[M] ratio. The
amount of star polymer obtained against reaction
time is plotted on Fig. 6.

In addition, the maximum amount of star
polymer was prepared in a relatively shorter
reaction time reducing the monomer content as seen
from Fig. 6. When the polymerization is carried out
at [In)/[M] ratio above 1/1000 the complete

conversion of the monomer in selected research
time interval was not occur. The optimum vyield of
star polymer for ATRP at [In]/[M] ratio of 1/1200
at at polymerization time of 38 min was found to be
of about 64% while for polymerization at [In]/[M]
ratio of 1/1600 at polymerization time of 60 min the
amount of star polymer reached value of only 50%.

100

=

Amount of star polymer | %

Reaction time, min

Fig. 6. Plot of the amount of star polymer against
reaction time for ATRP of butyl acrylate initiated by
octa-functionalized C-tetrapentylcalix[4]resorcinarene at
various [In]/[M] ratios: 1/1600 (a); 1/1200 (b); 1/800 (c);
1/400 (d)
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At [In]/[M] ratio up to 1:1000 the dependency of
the yield of the star polymer versus the reaction
time reaching a pronounced maximum at a reaction
time of about 30 minutes. The almost complete
monomer conversion was observed - 87.30% at
[In)/[M] ratio of 1:400 and reaction time of 28 min,
and 81.46% at [In]/[M] 1:800 ratio and reaction
time of 32 min, respectively. The GPC traces of the
reaction mixtures taken at larger reaction times
showed the presence of a copolymer fraction of
increased molecular weight and index of
polydispersity. The amount of these polymer
fractions versus reaction time was plotted in Fig. 7.

1:400

1:800

T
40

Amount of cross-linked polymer fraction, %

Reaction time, min

Fig.7. Plot of the amount of cross-linked polymer
fraction against reaction time for ATRP of butyl acrylate
initiated by octa-functionalized C-
tetrapentylcalix[4]resorcinarene at [In]/[M] ratio of
1/800 (a) and 1/400 (b).

Possibly after initial almost complete monomer
consumption a process of intermolecular
interactions of preformed star polymer was
occurred, namely coupling reactions between star
macromolecules was initiated. These side effects
lead to the observed decrease in the amount of star
product of the desired molecular weight and
polydispersity when polymerization was carried out
at larger reaction times (see curves b and ¢ shown
in Fig. 6).

One pot synthesis of starcopolymer: ATRP
polymerization  of  butyl acrylate  and
(hydroxyethyl) methacrylate (HEMA) initiated by

LRI]

octa-functionalized C-tetrapentylcalix[4]resor-
cinarene macroinitiator..

Determined optimal reaction conditions for
obtaining defined product at higher yield, namely
the [In]/[M] ratio and polymerization time, was
used in reaction of preparation of star copolymers
by the addition of second monomer to the reaction
mixture.

“One pot” synthesis was used to prepare star —
branched copolymer by sequential addition of two
different acrylic monomers, namely butyl acrylate
and (hydroxyethyl) methacrylate (HEMA). The
reaction course of ATRP polymerization was
monitored by GPC. GPC traces of polymer
obtained polymerizing butyl acrylate and the
copolymer formed after the addition of second
HEMA monomer are presented in Fig. 8. The two
monomers were added in equimolar ratio. Each
polymerization step was carried out for 20 minutes.
After the first-stage of reaction — polymerization of
butyl acrylate the number average molecular weight
(M) of star homopolymer obtained was of about
15000 Da and PDI = 1,14. At the end of the
polymerization of HEMA, the second polymeri-
zation stage, the M, was reached a value of about
21000 Da while the polydispersity remains
unchanged. Probably the reaction capability of the
second monomer is less, since it established
conversion rate is significantly lower (45%) for
applied reaction time of 20 minutes.  However, a
possibility of obtaining a star-shaped (cross-linked)
(co)polymers of branches of various lengths and
composition by ATRP polymerization initiated with
calyx resorcinarene macroinitiator is demonstrated.

CONCLUSIONS

An optimized method for synthesis of ATRP
calix[4]resorcinarene macroinitiator was
demonstrated and the structure of octa-
functionalized  C-tetrapentylcalix[4]resorcinarene
prepared was proved.
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Fig. 8. GPC traces of star-branched copolymer formed via ATRP of butyl acrylate and HEMA initiated by octa-
functionalized C-tetrapentylcalix[4]resorcinarene macroinitiator at macroinitiator/monomer ratios [In)/[M1])/[M2] =

1/400/400; reaction time — 60 min.
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The possibility for preparation of various star—
branched homo- and (co)polymers of well defined
architecture via ATRP polymerization initiated by
functionalized calixarene macroninitiator was
established.

Butyl acrylate / (hydroxyethyl) methacrylate
(HEMA) copolymer has been prepared in one pot
copolymerization initiated by octa-functionalized
C-tetrapentylcalix[4]resorcinarene macroinitiator.

The structure of star—branched homo- and
copolymers prepared was studied by various
conventional instrumental methods.
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HAIIPEYHO CBBbP3AHU 3BE3IOBUIHM CBIIOJIMMEPH, CbABPXKAIIU AAPO OT C-
TETPA-AJIKUJIKAJIMKC[4]PE3OP3UHAPEHU
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I[lo apmantupana  Mertommka e  cuHresupaH ATRP  makpouwnunmarop Ha  ocHoBata Ha  C-
TeTpaneHTunkanukc[4]pesopuntnapen. [IpoBeaeHn ca W3cieABaHUs 3a ONTHMHU3MPAaHE Ha METOJA 3a MOJydYaBaHE Ha
3BE3JJOBU/IHM aKkpuiaTHH moiuMepu upe3 ATRP xonTponupana paaukanoBa momuMepusanus. Ilokazano e, 4e npu
OIpEJICTICHN YCJOBHSL € BB3MOXKHO IOJy4aBaHETO Ha OyTHIIaKpWIIAT-XHIPOKCHETAJIaKpUIATeH CBHIOIMMEp 4Ype3
€/IHOETaleH METOl. Y CTaHOBEHO €, Y€ MPU ChOTHOLICHUS MakpouHuuatop/MoHomep nof 1:1000 u peakilMOHHO Bpeme
Hax 30 MuMHYTH ce  ToiyyaBaT M OMpPEXEHM  3BE3JOBUIHM  ToiuMmepH,  cbappkamu  C-
TeTpaalKHIKaJIuKC[4]pe3opuuaHapeHoBH spa.
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Preparation of poly(ethylcyanoacrylate) nanofibers by vapor phase polymerization
using alcohol initiators
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Anionic initiators, containing either hydroxyl or thiohydroxyl group as initiating moieties, were used for
preparation of poly(ethylcynoacrylate) (PECA) nanofibers by vapor phase polymerization. The hydroxyl (alcohol) and
thoalcohol groups as nucleophilic entities are capable to attack the double bond of monomer resulting in polymerization
in vapor phase and formation of nanofibers at high relative humidity atmosphere. Different techniques such as scanning
electron microscopy, thermogravimetric analysis, differential scanning calorimetry, gel permeation chromatography and
Fourier transformed infrared spectroscopy were used for characterization of the morphology, thermal behavior,

molecular weight and structure of polymer nanostructures (nanofibers).
The results obtained show differences in the properties of PECA nanofibers formed via vapor phase
polymerization more probably due to the different nucleophilicity of both initiating species.

Key words: Nanofibers, poly(ethylcyanoacrylate), vapor phase polymerization, alcohol initiators

1. INTRODUCTION

Alkyl-2-cyanoacrylates (ACA) are known as one of
the most reactive monomers that easily undergo
anionic polymerization by nucleophilic attack of
strongly activated double bond even by traces of
nucleophiles or weak bases such as water or
alcohols [1]. The high susceptibility to anionic
polymerization of the ACA originates from the
monomer property of the 1,1 di-substituted strong
electron withdrawing groups, nitrile (CN) and ester
(COOR). The attacking nucleophile causes strong
electromeric effects, which make the nitrile and
ester groups highly negative. This leads to the
polarization of the double bond and activates the
monomer to the nucleophilic attack. Polymerization
of cyanoacrylate vapors is used in forensic science
for development of latent fingerprints [2,3] and for
replication of ice crystals [4]. In the recent years,
Mankidy et al. [5,6] were prepared nanofibers of
poly(ethyl-2-cyanoacrylate) (PECA) by a wvapor
phase polymerization directly on surface modified
glass substrates. The vapor phase polymerization of
ethyl-2-cyanoacrylate (ECA) accomplished under
high relative humidity conditions resulted in
different polymer morphologies depending on the
type of initiator used [7]. As the best of our
knowledge mercaptoethanol is not investigated as
initiator of ECA vapor phase polymerization.

e To whom correspondence should be sent.
eE-mail: msimeonova@uctm.edu

2. EXPERIMENTAL
2.1 Materials

Ethyl-2-cyanoacrylate  monomer  was
purchased from Specialty Polymers Ltd, Bulgaria.
Ethanol (96%), sulfuric acid (97%) and hydrogen
peroxide (30%) were from Valerus Ltd, Bulgaria.
1IN—(3-methoxy silyl propyl)diethylenetriamine was
obtained from Sigma Aldrich (USA) and
mercaptoethanol (96%) was from Merck (USA).
Tetrahydrofuran  (THF) was from  Merck
(Germany). All chemicals were of laboratory grade
purity and used as obtained.

Microscope slides (coverglasses) with size of
18x18 mm were from Knittel Glass (Germany).

2.2. Methods

2.2.1. Preparation of poly(ethylcyanoacrylate)
(PECA) nanofibers by  vapor phase
polymerization. The closed glass chamber was used
at room temperature with a humidity of 89.6-90.3%
for preparation of PECA nanofibers. Glass
substrates used for nanofibers deposition were
cleaned by immersing for 30 min in a freshly
prepared Piranha etching solution, then rinsed
carefully with deionized water followed by ethanol
and dried. Silanation of the cleaned substrate
surfaces was performed by 2% aqueous solution of
IN—(3-methoxy silyl propyl)diethylenetriamine in
deionized water. For this purpose the cleaned
substrates were immersed in this silane solution for
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45 min and after that were removed and
immediately rinsed with ethanol. The substrates
were then placed in a drying-oven maintained at
110°C for 2 hours. Both anionic initiators at a
volume of 0.3-0.5 ml were scattered onto processed
glass substrates and dried. The substrate was then
placed in the chamber with humidifying solution (8
% aqueous solution of sulfuric acid) and humidified
for about 10 hours at 89-90% RH. Subsequently
(after wetting of substrates), 50 pl of liquid ECA
monomer was placed in a plate inside the chamber
and vapor phase polymerization was carried out for
12 hours. The circulation in the gas phase inside the
chamber was provided by a fan. Humidity was
monitored by a Thermo-/Hygrometer model 306
(Germany).

The nanofibers samples were carefully scraped
away from the glass substrates, washed by distilled
water and dried before characterization by Infra
Red Spectroscopy, Gel Permeation
Chromatography and Thermal analyses.

2.2.2. Scanning electron microscopy (SEM).
The morphology of PECA nanofibers was
examined using a scanning electron microscope
SEM 515 Philips (Holland) operated at 25 kV of
acceleration voltage. Before the observation the
samples were coated with thin gold film by BH-30
coater (Philips).

2.2.3. Fourier ~ Transformed Infrared
Spectroscopy Fourier Transformed Infrared (FT-
IR) spectra of the PECA nanofibers were recorded
on an IR Affinity-1 “SHIMADZU” FTIR
spectrometer with MIRacle Attenuated Total
Reflectance Attachment. A total of 50 scans were
used and data were recorded with a spectral
resolution of 4 cm™ over the range 4000-400 cm™*
spectral region.

2.2.4. Gel Permeation Chromatography.
Molecular weight and molecular weight distribution
of the PECA nanofibers were determined by Gel
Permeation Chromatography (GPC). GPC was
performed on a Waters chromatographic system
equipped with a double detection - Differential
Refractometer M410 and an UV M484 (254 nm)
detector. The analyses were performed on Phenogel
50A, Phenogel 100A and Phenogel 10000A
columns (Phenomenex) calibrated with polystyrene
standards. THF was used as a mobile phase with a
flow rate of 1.0 ml/min at 40°C. Data collection and
processing were done by the Clarity software.

2.2.5. Thermal analyses. Thermogravimetric
(TGA) — Differential Scanning Calorimetry (DSC)
analyses were performed using DSC-TGA Perkin-
Elmer Sapphire machine in flowing N with an
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average heating rate of 10°C/min between 25 and
300°C.

Thermal degradation and the weight loss of the
nanofibers samples were obtained by TGA. The
TGA experiments were carried out under a nitrogen
flow from 25°C to 300°C at a scan rate of 10°C/min.
The glass transition temperatures (Tg) of the PECA
nanofibers were measured with DSC. For each
measurement, a sample of approximately 5 mg was
used, placed in aluminum pan and sealed. The
samples were firstly heated from 25°C to 170°C and
cooled down (2.5°C/min) to 25°C. Then the
analyzed samples were heated to 300°C at a scan
rate of 10°C/min. Glass transition temperatures
were determined from the first derivative of second
scan and the midpoint of the transitions was taken
asTg.

4. RESULTS AND DISCUSSIONS

Poly (ethyl 2-cyanoacrylate) nanofibers were
synthesized via vapor phase polymerization
initiated either by ethanol or mercaptoethanol. ECA
monomer introduced in the vapor phase
polymerizes on a glass substrate coated with the
alcohol initiators of polymerization. The formation
of PECA nanofibers was observed using scanning
electron microscopy. SEM analyses of the surface
morphology of the obtained polymer nanostructures
substantiate the availability of nanofibers deposited
on the glass substrates (Figs. 1-2).

The examination of the micrographs shows that
the glass substrates with deposited PECA
nanofibers initiated with mercaptoethanol are more
densely populated (Fig.2-A,B) as compared to
these, on which nanofibers initiated with ethanol
are deposited (Fig. 1). However there were
observed areas, in which the nanofibers deposited
are not homogenous in diameter as shown in Fig. 2-
A,B. The reason for this higher nanofibers yield
could be the different rate of polymerization. The
diameters of nanofibers initiated with ethanol were
between 125-250 nm (mean diameter of 175.75
nm), while these of nanofibers initiated with
mercaptoethanol were between 100-200 nm (mean
diameter of 141.75 nm).

IR spectra show no differences between the two
vapor phase synthesized polymer nanofibers
regarding their chemical structure (Fig. 3). The
characteristic bands for PECA are well seen in both
spectra: CH; at 2988 and 2880 cm?, CH, at 2943
cmt, CN at 2250 cm, C=0 at 1745/6 cm™, C-O-C
at 1247 and 1013 cm®. The C-CN band was
observed at 1156 cm™.
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Fig. 1. SEM micrograph of PECA nanofibers
prepared by vapor phase polymerization initiated with
ethanol
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Fig. 2A,B. SEM micrographs of PECA nanofibers prepared by vapor phase polymerization initiated with
mercaptoethanol
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Fig. 3. FT-IR spectra of PECA nanofibers prepared by
vapor phase polymerization initiated by ethanol (1) and
mercaptoethanol (2)

Molecular weight estimations of PECA
nanofibers analyzed were made out using universal
polystyrene calibration curve as the standard.
Figure 4 depicts the traces obtained from the
Refractive Index (RI) detector on the GPC as a
function of elution time for both PECA nanofibers
samples.

Although the peak molecular weights (Mp) are
almost the same (Mp=15163 and 15581 for ethanol

and mercaptoethanol initiated sample, respectively)
there are significant differences in the number
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Fig. 4. GPC traces of PECA nanofibers made via vapor
phase polymerization using ethanol (1) and
mercaptoethanol (2) as initiators.

average (Mn) and weight average (Mw) molecular
weight values, as well as in the molecular weight
distribution  (polydispersity, PD) of the two
nanofibers samples (Table 1). PECA nanofibers
made using mercaptoethanol as initiator have
higher Mn and Mw than these made using ethanol
as initiator. Furthermore, the initiated by
mercaptoethanol nanofibers show more than twice
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narrow PD (1.5) in comparison to initiated by
concentration of both initiators as well as the time
of polymerization (about 12 hours) were the same,
the differences are probably due to the differences
in the rates of initiation, propagation or chain
transfer (termination) during the polymerization.
The lower molecular weight for PECA nanofibers
prepared with ethanol as initiator could be due to a
slower rate for initiation in contrast to the PECA
nanofibers  obtain in the presence of
mercaptoethanol as initiator. This finding is in good
accordance with the nucleophilicity of “OH and "SH
species. HO™ is smaller, more solvated, and less
nucleophilic than HS™ [8]. The IR data analysis
indicated that transfer or termination reactions are
identical in the two PECA nanofibers since no
differences were observed in the IR spectra (Fig. 3).
If so the lower molecular weight for PECA
nanofibers obtained with initiator ethanol could be
a result of a slower rate of initiation.

Table 1. Molecular weight characteristics of PECA
nanofibers prepared by vapor phase polymerization
initiated with ethanol and mercaptoethanol.

Initiator Mp Mn Mw PD
g/mol g/mol g/mol (Mw/Mn)

Ethanol 15163 2857 10898 3.81

Mercaptoethanol 15581 8462 12749 1.50

Mn, Mw and Mw/Mn values relative to PS standards.

The thermal stability of the synthesized PECA
nanofibers was studied by TGA. The TGA curves
of PECA nanofibers prepared by two alcohol
initiators differing by the nucleophilicity of their
initiating species, ‘OH and "SH respectively, are
shown in Fig. 5. Both curves appeared in the same
temperature interval showing similar shapes. The
initial (2%) and the maximum mass loss
temperatures for PECA nanofibers studied are set in
Table 2. The PECA nanofibers samples obtained by
vapor phase polymerization initiated by ethanol and
mercaptoethanol are relatively stable until 143 and

ethanol ones (3.8). As the quantity and
146°C, respectively. Nanofibers obtained with
ethanol as initiator start degrading at slightly lower
temperature  than  these  prepared  with
mercaptoethanol. Their maximum degradation rate
is registered significantly earlier (at 247°C) than
that of mercaptoethanol initiated nanofibers (at
297°C). The two nanofibers samples completely
degraded at around 300°C. The results obtained are
in accordance with the suggestion of a previous
study that the stability of the PACA depends on the
nature of initiator and polymerization method [9].
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Fig. 5. TGA curves at a heating rate of 10°C/min of

PECA nanofibers prepared by vapor phase

polymerization with initiators ethanol (1) and

mercaptoethanol (2).

The glass transition temperature of PECA
nanofibers samples synthesized by vapor phase
polymerization process initiated with ethanol and
mercaptoethanol were determined by DSC analysis.
The PECA nanofibers synthesized using initiator
ethanol showed rather unclear glass transitions
during the 1% DSC scan (Fig 6).

During the first DSC scan, two endothermic
processes/peaks can be identified in the nanofibers
sample obtained with initiation by mercaptoethanol.
The first one, weak and relatively wide peak was
registered around 64°C. The second relatively
narrow and sharp endothermic peak superimposed
over the Tg transition is registered at 138°C.

Table 2. Temperatures of initial (2%) and maximal weight loss and transition temperatures of PECA nanofibers,
prepared by vapor phase polymerization depending on the initiator used.

Weight loss temperatures and transition temperatures* of PECA nanofibers

Ethanol Mercaptoethanol
2% loss, °C Max. loss, °C Tg, °C | 2% loss, °C Max. loss, °C Tg, °C
143.05 247.19 104 146.28 297.66 128.5

*Tg values were determined after the second DSC scan.
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Denchev and co-authors [10] described the same
behavior of PECA films synthesized in bulk
assuming that neither of these transitions could be
due to degradation with weight loss. They
attributed the endothermic peak close to Tg rather
to structural relaxation due the intensified chain
mobility often found in other polymer systems [11].
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Fig. 6. DSC thermogramms of PECA nanofibers
prepared by ethanol (1) and mercaptoethanol (2) used as
initiators of vapor phase polymerization, 1%t DSC scan.

To more exact determination of the Tg, the first
derivative of the second DSC scan was calculated,
showing a step instead of a peak. Glass transition
temperatures were determined from the first
derivative of second scan and the midpoint of the
transitions was taken as Tg (figures are not shown).
The individual data for both nanofibers are listed in
Table 2. The glass transition temperatures in the
PECA nanofibers increase with increasing the
nucleophilicity of the initiating species of the
alcohol used and the molecular weight of the
respective nanofibers. Thus PECA nanofibers,
depending on the initiator of vapor phase
polymerization used and the molecular weight
display a Tg between 104 and 128.5°C. As a linear
polymer chain PECA has two chain ends, on
decreasing molecular weight, the concentration of
chain ends increases and the mobility averaged over
all repeat units is enhanced, resulting in decrease
Tg.[12].

5. CONCLUSIONS

Poly(ethylcynoacrylate) ~ nanofibers  were
successfully  synthesized by vapor phase
polymerization initiated by anionic (alcohol)
initiators differing by the nucleophilicity of their
initiating species, "OH and ~SH, as documented by
SEM. Mercaptoethanol was used for the first time
for initiation of vapor phase polymerization of ECA
aiming to synthesize polymer nanofibers.

Characterization of the morphology, termal
behavior, molecular weight and structure of
polymer nanofibers by different techniques clearly
showed strong dependence of the properties of
PECA nanofibers on the nucleophilicity of the
initiator used for the vapor phase polymerization
process.

Investigations dealing with preparation of
PACA nanofibers by vapor phase polymerization
initiated by different initiators are in progress.
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[TOJIYHABAHE HA TTIOJIMETUJIIHNAHAKPUJIIATHN HAHOBJIAKHA YPE3
[TOJIMMEPU3ALINA B ITAPOBA ®A3A C AJIKOXOJIHU MTHULTMATOPU

H. Mapwunos, M. CumeonoBa*
Kameodpa Ionumepro unscenepcmeo, Xumuxomexnonocuuer u memaiypeuder ynugepcumem, Cogus, Bvreapus
Toctenmna Ha 30 romu 2014 r.; Kopurupana Ha 9 ¢pepyapu 2015 r.
(Pestome)

AHHOHHHM MHULIUATOPH, CHABPKAIY XUAPOKCUIHA WIN THOXUIPOKCUIIHA IPyNa KaTo WHUIMUPALIYN TPYIH, ca
M3M0JI3BaHU 3a nojydaBaHe Ha nonuerwinuanakpwiatHu (I1ELJA) nHaHoBiakHa 4pe3 mojauMepu3salys B mapoBa asa.
XuzpokcuiaHaTa (aJIKOX0JIHa) ¥ THOAJIKOXO0JIHA IPYITH KaTo HYKJICO(WIHN EJUHUIIM Ca CIIOCOOHM 1a aTaKkyBaT JIBOWHAaTa
Bpb3Ka Ha MOHOMEpa, B pe3yiITaT Ha KOETO MpOTHYa MOJMMEpU3alys B naposa ¢a3a u GpopMUpaHe Ha HaHOBJAKHA B
aTMoc(epa ¢ BHCOKA OTHOCHTENIHA BIAKHOCT. Pa3NMYHM TEXHWKH KaTO CKAaHHpamla €JEKTPOHHA MHKPOCKOIIHS,
TEpPMOTPaBUMETPHYCH aHAIM3, MU(epeHInalHa CKaHHpalla KaJOpUMETpHs, IeJIOBO-TIPOHMKBAIIA XpoMmarorpagus u
nHppayepBena cnekrpockonus ¢ Dypue TpaHchomamus ca M3MOI3BAHW 3a OXAPAKTEPU3UpPAHE HA MOPQOIIOTHITA,
TEPMHUYHOTO MTOBEJICHUE, MOJIEKYJTHATa Maca M CTPYKTypaTa Ha MOJIMMEPHUTE HAHOCTPYKTYPH (HaHOBJIAKHA).

[omyyennTe pe3ynTaTd TOKazBaT pasiamyus B cBoiictBata Ha [IEIIA HaHOBiakHa, (QopMHpaHH UYpe3
noJMMepH3anus B napoa (asa, Hail-BepOsITHO MOPaAN pa3iiniyHaTa HyKJICO(UIHOCT Ha ABETE HHULIUHPALIH TPYIIH.
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Poly(butylcyanoacrylate) nanoparticles (PBCN) as biodegradable and biocompatible devices have gained
interest as a colloidal drug delivery system. Their main technological advantage is the possibility of preparation by
anionic polymerization in aqueous medium without addition of any initiator that could have undesirable side effects.
Unfortunately, in such conditions arises a problem with the encapsulation of poorly water-soluble drugs.

Aiming to overcome this problem the modifying ability of hydroxypropyl-beta-cyclodextrin (HPBCD) in the
preparation of PBCN loaded with indomethacin was investigated. Surface modified HPBCD-PBCN were prepared by
anionic polymerization of the monomer in the presence of HPBCD. The loading of indomethacin was performed

simultaneously with the formation of nanoparticles.

The physicochemical characterization of indomethacin loaded HPBCD-PBCN was made by Dynamic Light
Scattering, laser Doppler electrophoresis, Infra Red and NMR spectroscopy. All of these verify the presence of the drug

into the polymer matrix of nanoparticles.

Key words: Poly(butylcyanoacrylate) nanoparticles, hydroxypropyl-g-cyclodextrin, indomethacin, drug delivery, NMR.

INTRODUCTION

Indomethacin (Ind) (Fig 1), a non-steroidal
anti-inflammatory drug is widely used in the
treatment of arthritic diseases to reduce
inflammation, pain and fever [1]. However it is
well known to cause side effects including
gastrointestinal disturbances. This can be avoided
by delivering the drug to the targeted site of the
body [2,3]. Indomethacin is poorly water-soluble
drug and shows low bioavailability, but
encapsulation of the drug within biodegradable
polymer  nanoparticles can  increase its
bioavailability.

Different types of polymer nanoparticles [4-7]
were used as carriers for Ind aiming to improve its
bioavailability and undesirable side effects.
Complexes of soluble cyclodextrins and their
derivatives with Ind were also prepared for
improving drug bioavailability [8,9]. Different
types of cyclodextrins are used in the preparation of
poly(alkylcyanoacrylate) (PACA) nanoparticles,
loaded with various poorly water-soluble drugs.
The loading capacity of nanoparticles for poorly
water soluble drugs is significantly increased as
shown on a series of steroids and on saquinavir

To whom correspondence should be sent.
E-mail: msimeonova@uctm.edu

[10]. Hydroxypropyl-beta-
cyclodextrin/Flurbiprofen (HPBCD/FP) inclusion
complex was used for preparation of
HPBCD/FP/PACA nanoparticles for improving the
oral bioavailability of FP [11].

The aim of the present study was the preparation
of  hydroxypropyl-beta-cyclodextrin  modified
poly(butylcyanoacrylate) nanoparticles (PBCN)
loaded with Ind and their physicochemical
characterization.

EXPERIMENTAL
2.1. Materials

n-Butyl-2-cyanoacrylate (n-BCA) monomer was
purchased from Specialty Polymers Ltd, Bulgaria.
Hydroxypropyl-p-cyclodextrin, 97% was from
ACROS ORGANICS (Belgium) and citric acid as
monohydrate was from Auldrich. Indomethacin
(Reagecon, Ireland) was a gift from Sopharma Ltd.
Other chemicals were of laboratory grade purity
and used as obtained.

2.2. Methods

2.2.1. Preparation of unloaded HPBCD
modified poly(butylcyanoacrylate) nanoparticles
(HPBCD-PBCN). HPBCD modified
poly(butylcyanoacrylate) nanoparticles  were
prepared by an in situ anionic dispersion
polymerization. Basically, the monomer, n-BCA
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(20 mg/ml) was instilled into aqueous
polymerization medium, containing citric acid (2
mg/ml) and HPBCD (5 mg/ml) serving as

at room temperature with continuous magnetic
stirring for 6 hours. The formed polymer
suspension of nanoparticles was then adjusted to
pH 7 by 1N sodium hydroxide.

2.2.2. Preparation of Indomethacin-loaded
nanoparticles (HPBCD-PBCN-
Ind).Nanoparticles-loading of Ind was
accomplished during the interfacial polymerization
simultaneously with formation of nanoparticles.
Powdered Ind was dissolved (0.4 mg/ml) in 2 ml of
acetone and the monomer was added to this organic
phase. Then this organic phase was carefully added
to the aqueous solution of HPBCD (5 mg/ml) and
the polymerization was carried out under the same
experimental ~ conditions as the unloaded
nanoparticles.

2.2.3. Photon Correlation Spectroscopy. The
mean (hydrodynamic) diameters of unloaded and
Ind-loaded nanoparticles were determined by
photon correlation spectroscopy (PCS). The
dynamic light scattering measurements were
performed on a Zetasizer Nano ZS (Malvern
Instruments, Malvern UK) using a detection angle
of 173° at a temperature of 25°C. Zeta-potential (&-
potential) was measured by laser Doppler
electrophoresis on the same apparatus using a
detection angle of 17° of the scattered light at above
temperature (25°C). The analyzed samples were
appropriately diluted with deionized water.

2.2.4. Fourier Transform Infrared
Spectroscopy characterization. Fourier Transform
Infrared (FTIR) spectroscopy was used as a
preliminary tool to verify the presence of Ind into
polymer matrix of HPBCD-PBCN. FTIR spectra of
the nanoparticles both unloaded and Ind-loaded as
well as of Ind were recorded in KBr pellets on a
Varian Resolutions Pro  spectrometer  with
resolution of 2 cm™ over the range 4000400 cm™,

Samples of the analyzed polymer suspensions
were filtered over a 0.1 pm pore sized Cellulose
nitrate membrane (Whatman, England) and the
isolated wet nanoparticles were dried and used for
characterization by FTIR and NMR spectroscopy.

2.25. NMR  Spectroscopy. All  NMR
experiments were recorded on a Bruker Avance IlI
400 spectrometer, operating at 400.15 MHz for
protons, equipped with pulse gradient units, capable
of producing magnetic field pulsed gradients in the
z-direction of 56 G/cm. The NMR spectra were
acquired in DMSO-ds as a solvent at a temperature
of 30°C. NMR spectra of Ind, HPBCD, HPCBD-
PBCN, HPBCD-PBCN-Ind and physical mixture of
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acidifying agent and steric colloidal stabilizer,
respectively. Polymerization was carried out

HPBCD-PBCN and Ind were measured. The
solvent resonance peak at 2.49 ppm was used as a
chemical shift reference in 'H NMR spectra. H
NMR experiments were acquired with relaxation
delay 1.5 s, 128 or more transients of a spectral
width of 4000 Hz were collected into 64 K time
domain points.

Two-dimensional *H/*H correlation spectra
(COSY) and gradient-selected *H/**C heteronuclear
single quantum coherence (HSQC) spectra were
recorded using the standard Bruker software. 2D-
COSY spectra were acquired with a multiple
guantum filter, gradient pulses for selection, a
gradient ratio of 16:12:40 and a relaxation delay of
1.5s. A total of 2048 data points in F2 and 256 data
points in F1 over a spectral width of 5000 Hz were
collected. *H/**C HSQC experiments (Bruker pulse
program hsqcedetgpsisp2.2) [12-15] recorded in
phase sensitive mode using echo/antiecho-TPPI
gradient selection, with decoupling during
acquisition time and multiplicity editing during
selection were carried out with a spectral width of
6000 Hz for *H and 20000 Hz for 13C, relaxation
delay 1.5 s, Fourier transform (FT) size 2 K x 1K.

The two dimensional Nuclear Overhauser effect
(NOE)  spectroscopy  (NOESY, ROESY)
experiments were acquired in phase sensitive mode
with gradient pulses in the mixing time, using the
standard pulse sequences with optimized mixing
time in the range between 200 and 800 ms.
Generally, 64 scans and 512 F1 slices were
obtained and the spectral width in both dimensions
was 8000 Hz.

The  Diffusion-ordered NMR  (DOSY)
experiments were acquired employing Bruker 2D
pulse sequence (dstebpgp3s) with double stimulated
echo for convection compensation and LED
(Longitudinal Eddy Delay) using bipolar gradient
pulses for diffusion [16,17] The experimental
conditions (amount of the solute and the solvent,
temperature, air flow, no sample rotation) for all
DOSY experiments were kept constant. Before all
NMR  experiments, the temperature was
equilibrated and maintained at 30°C, as measured
using the spectrometer thermocouple system. All
measurements were carried out in DMSO-ds and
the diffusion coefficient of the residual water in
DMSO-ds (1.2 x 10° m?s?, calculated standard
deviation of 1.4 x 1073 was used as an internal
reference for the diffusion measurements. The
spectra were recorded in 5 mm NMR tubes with an
air flow of 535 I/h. Typically, in each experiment a
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number of 16 spectra of 16K data points were
collected, with values for the duration of the
magnetic field pulse gradients (8) of 3 for Ind and
3.6 ms for the rest of the samples, diffusion times
(A) of 100 or 200 ms and an eddy current delay set
to 5 ms. The pulse gradient (g) was incremented
from 2 to 98% of the maximum gradient strength in
a linear ramp. The spectra were first processed in
the F2 dimension by standard Fourier transform and
after baseline correction; the diffusion dimension
was processed with the Bruker Topspin software
package (version 3.2). The diffusion coefficients
are calculated by exponential fitting of the data
belonging to individual columns of the 2D matrix.
The diffusion coefficients (D) were obtained by
measuring the signal intensity at more than one
place in the spectra and all scaled to the D value
obtained for residual water in DMSO-ds. At least
two different measurements were done for the
determination of each diffusion coefficient.

The amount of Ind included into the HPBCD-
PBCN-Ind was determined by quantitative NMR
analysis, using the relative quantitative method
[18].

2.2.6. Drug Loading Determination. The
amount of Ind included into the HPBCD-PBCN-Ind
was determined by quantitative NMR analysis,
using the relative quantitative method [18].

RESULTS & DISCUSSION

HPBCD-PBCN were prepared by an in situ
anionic polymerization skilled as a dispersion
polymerization process since a polymeric stabilizer
(HPBCD) was used instead of an emulsifier. The
loading of Ind into HPBCD-PBCN was performed
during the interfacial anionic polymerization
because of the insolubility of Ind in water.
Alkylcyanoacrylate  monomers  are  highly
predisposed to anionic polymerization proceedings
by initial addition of an anion to the strongly
activated carbon-carbon double bond. Because of
the presence of two powerful electron-withdrawing
groups (ester, -COOBu and cyano,-CN), n-BCA
monomer holds a remarkable reactivity toward
nucleophiles (OH, NH,, etc.), resulting in an
extremely high polymerization rate. Due to its
insolubility in the continuous aqueous phase the
formed polymer precipitates into a new particulate
phase stabilized by the polymeric stabilizer used.
The aggregation of these precipitated growing
polymer chains after their length exceeds a critical
value resulted in formation of nanoparticles [19].
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Poly(butylcyanoacrylate)

Indometacine (Ind)

Fig.1. Chemical structure of Indomethacin (Ind) and
poly(butylcyanoacrylate).

The obtained HPBCD-PBCN, unloaded and
indomethacin loaded were characterized by size,
size distribution, and {-potential, all considered as
main colloid characteristics. Both nanoparticles
show a narrow size distribution (polydispersity
index, PDI<0.1). The mean hydrodynamic diameter
of unloaded HPBCD-PBCN was 209 nm (PDI =
0.086), while those of indomethacin loaded ones
was 197 nm (PDI = 0.044), (Fig. 2). A possible
reason for the smaller mean diameter of Ind loaded
nanoparticles could be an intermolecular interaction
between the drug molecules and polymer chains
leading to change in the particle compactness. Such
behavior of the size of PBCN loaded with other
drug molecules was described earlier [20]. The
surfaces of both nanoparticles are negatively
charged. The C-potentials of HPBCD-PBCN and
HPBCD-PBCN-Ind in water were -42.3+ 6.32 mV
and -34.5£6.80 mV, respectively. The reduced
surface negativity of Ind-loaded nanoparticles
suggests that some of the drug molecules are
located (adsorbed) on the nanoparticles surface.

FTIR studies were performed attempting to
confirm drug inclusion into the nanoparticles. The
comparative FTIR spectra of Ind, unloaded
HPBCD-PBCN and drug loaded HPBCD-PBCN-
Ind are present in Fig. 3.

In the FTIR spectrum of Ind (Fig. 3a), the
characteristic C=0 doublet at 1691.41 and 1715.14
cm?, and C-Cl band at 749.58 cm™ are clearly
observed (see molecular structure of Ind in Fig. 1).
The FTIR spectrum of HPBCD-PBCN (Fig. 3b)
shows the CHs at 2963.29 and 2875.96 cm™, and
CH, at 2937.23 cm?®. The characteristic CN
stretching mode of the poly(butylcyanoacrylate)
(see Fig. 1 for molecular structure) was observed at
2250.28 cm™. The prominent band at 1751.44 cm™
corresponds to the C=0O stretching mode of the
polymer ester group, while the feature at 1257.75
cm? corresponds to the asymmetric C-O-C stretch.
The C-CN band was observed at 1161.68 cm™. The
wide OH band appears at 3463.23 cm™.
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Fig. 2. Size distribution by intensity of HPBCD-PBCN
(1) and HPBCD-PBCN-Ind (2)
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Fig. 3. FTIR spectra of Indomethacin (a), unloaded
HPBCD-PBCN (b) and HPBCD-PBCN-Ind (c).

In the FTIR spectrum of HPBCD-PBCN-Ind
(Fig. 3c) all characteristic bands of HPBCD-PBCN
assigned to the CN stretching at 2250.20 cm™?, C=0
at 1750.22 cm? C-O-C at 1258.39 cm* and C-CN
at 1159.97 cm™ were observed. The characteristic
OH band shifted significantly from 3463.23 to the
3482.41 cm that evidenced some interactions of
Ind molecules with the polymer matrix of
nanoparticles.

The ability for inclusion of Ind into the polymer
matrix of poly(butylcyanoacrylate) nanoparticles,
prepared by an anionic polymerization of n-BCA in
the presence of HPBCD was studied by proton
NMR spectroscopy. The role of HPBCD in the
polymerization process, the possible mechanisms of
drug inclusion into the polymer matrix of HPBCD-
PBCN and structural characterization of unloaded
(HPBCD-PBCN) and Ind loaded (HPBCD-PBCN-
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Ind) nanoparticles were estimated by studying
structurally important NMR parameters, such as
chemical shifts, line shape and translational
diffusion. For comparison, NMR spectroscopic
investigations of Ind, HPBCD-PBCN and their
physical mixture (HPBCD-PBCN+Ind) were
carried out. The assignment of the resonance
signals in *H NMR spectra of the samples studied
was confirmed by an analysis of their *H/*H COSY
and H/BC HSQC spectra. Typical 400 MHz *H
NMR spectra of HPBCD-PBCN, HPBCD-PBCN-
Ind, Ind with assignment of the resonance signals
are presented in Figure 4. The 'H NMR spectrum of
the physical mixture (HPBCD-PBCN+Ind) is
included for comparison.

34,67 =CMe
1
57 ‘
C l I f l__h_ \
| |
|
| |
nmy ‘t’
B Y luJL\_-"._)‘L” _l_J‘ | a._;l.,.
-OCH2 CH2 |CH3
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A L/Jk (S
[ \ T T T T T T
7 6 5 4 3 2 ppm

Fig. 4. 400 MHz H NMR spectra of: HPBCD-
PBCN (A), HPBCD-PBCN+Ind (B), HPBCD-PBCN-Ind
(C) and Ind (D). The assignment of the resonance signals
is included.

The *H NMR spectra of HPBCD-PBCN and
HPBCD-PBCN-Ind are dominated by the intense
resonance signals of protons belonging to
poly(butylcyanoacrylate) (PBCA), i.e. resonances
at 0.89 (CHz), 1.40 (CH2), 1.64 (CH2), 4.14 (OCH>)
and 2.60 ppm (CHz main polymer chain). Weak
and Dbroad resonance signals characteristic for
HPBCD at 5.1-4.8 ppm (anomeric protons), 3.9-3.4
ppm (-OCH and —OCH,) and 1.04 ppm (CHs) were
additionally registered (Fig. 4). The line broadening
of HPBCD resonance signals in *H NMR spectra of
HPBCD-PBCN and HPBCD-PBCN-Ind reveals an
interaction of HPBCD molecules with polymer
chains of PBCA.

The available HPBCD hydroxyl groups could
behave like an initiator in the anionic
polymerization of n-BCA in aqueous medium
resulting in covalently bonded to the polymer
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Table 1. *H NMR chemical shifts (5, ppm) of Ind in the presence and absence of HPBCD-PBCN

H5 H7

CCHs OCH3 H3’-H7’ H1”

Ind 7.022 6.703

HPBCD-PBCN_Ind  7.024 6.705

HPBCD-PBCN+Ind  7.023 6.704

6.914 2202 3.747 7.648 3.643

6.915 2.207 3.751 7.651 3.647

6.915 2.206 3.750 7.650 3.646

Table 2. Diffusion coefficients (D x 101° (m??)) of Ind, HPBCD and HPBCD-PBCN in the samples studied.

Sample Size, Ind HPBCD HPBCD-PBCN
nm
Ind 2.98
HPBCD 1.38
HPBCD-PBCN 209 1.01 1.22
HPBCD-PBCN-Ind 197 2.81 1.04 1.29
HPBCD-PBCN+Ind 209 2.92 1.02 121

chains HPBCD molecules. In the 'H NMR
spectrum of HPBCD-PBCN-Ind, resonances arising
from Ind included in the polymer nanoparticles
were clearly observed (Fig. 4). Relative to the
sample of pure Ind, down field shifts of the
resonance signals of Ind in *H NMR spectra of
HPBCD-PBCN-Ind, more significant for the
protons in the close proximity to the carboxyl group
were registered (Table 1). These chemical shifts
alterations were attributed to intermolecular
interactions between Ind and HPBCD and/or
polymer chains of PBCA. The NOE studies based
on the analysis of the two-dimensional NOESY and
ROESY spectra have shown no evidence of Ind
inclusion into the cavity of HPBCD. Therefore, a
presence of electrostatic or dipole-dipole
interactions between the oxygen bearing functional
groups of Ind, HPBCD and polymer molecules was
assumed as a main contribution for the chemical
shifts changes observed.

The drug content into the polymer matrix of
HPBCD-PBCN was defined by quantitative NMR
analysis, using the relative quantitative method
according to Malz and Jancke [18]. The drug
loaded HPBCD-PBCN in the scope of this
investigation were considered as a two
componentsystem composed by drug and polymer.
The amount of Ind incorporated into HPBCD-
PBCN was determined from the relative integral
intensity of characteristic signals in H NMR
spectra of HPBCD-PBCN-Ind, considering the
number of the contributing nuclei and molecular

weights of Ind and monomer unit (n-BCA) in
PBCN. The integral intensities of more than one
resonance signal belonging to the individual
compounds were measured. The Ind content
(weight %) in HPBCD-PBCN-Ind was calculated
using the following equation:

_ lind *Eind
Ind (%) (Uina % Eppa)+(Igca* Egca)
where, | is the integral value for selected protons of
Ind and monomer units (n-BCA), respectively; E is
the molecular weight of the corresponding
compound divided by the number of the absorbing
protons. The Ind content (%) in the drug loaded
HPBCD-PBCN (HPBCD-PBCN-Ind), was found to
be 3.4 %.

Diffusion NMR spectroscopy (*H DOSY) was
further applied to confirm the Ind incorporation and
location into HPBCD-PBCN. The diffusion
coefficients (D) of Ind, HPBCD and
poly(butylcyanoacrylate) in HPBCD-PBCN-Ind
and the physical mixure HPBCD-PBCN+Ind were
measured and compared with the corresponding
values obtained for the free Ind, HPBCD and
HPBCD-PBCN. The diffusion coefficients were
obtained by measuring the signal intensity at more
than one place in the spectra and all scaled to the D
value obtained for residual water in DMSO-ds. The
results are presented in Table 2.

The diffusion coefficients measured for
poly(butylcyanoacrylate) in the unloaded HPBCD-
PBCN and the physical mixture of HPBCD-PBCN
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with Ind were found to be similar but slightly lower
than the corresponding value in the drug loaded
HPBCD-PBCN (HPBCD-PBCN-Ind). The results
are relevant to the smaller nanoparticales size
determined for the drug loaded formulation
(HPBCD-PBCN-Ind). The observed decrease of
HPBCD diffusion in HPBCD-PBCN, HPBCD-
PBCN-Ind and HPBCD-PBCN+Ind samples was
attributed to the participation of molecules in the
polymerization process of n-BCA most probably as
an initiator and direct bonding of HPBCD
molecules to the polymer chains of PBCA. The
reduction of Ind diffusion in the polymer matrix of
HPBCD-PBCN was found to be more significant
when the drug was present in the polymerization
medium through the process of polymer
nanoparticles  formation (HPBCD-PBCN-Ind).
These results reveal the existence of association
processes or/fand intermolecular interactions
between drug molecules and polymer matrix of
HPBCD-PBCN. The diffusion behavior of Ind
could be interpreted as a fast exchange between two
sites, i.e. bound to the polymer and free (physically
entrapped) in the polymer matrix of HPBCD-PBCN
drug molecules [21,22]. In this case, the observed
diffusion coefficients (D) are weighted-average
values between the free and bound drug species and
if we consider fast exchange between these two
states, the mole fractions of the free or physically
entrapped and bound drug molecules could be
calculated using the following equation:

D = ffreeDiree + fooundDbound (2)

where f and D denote the molecular fractions and
diffusion coefficients of the free and bound drug
molecule and fiee + foouna = 1. The fractions of the
bound Ind in HPBCD-PBCN-Ind and HPBCD-
PBCN+Ind were estimated using the diffusion
coefficient of the free Ind (Dse) measured
separately and assuming the diffusion coefficient of
the bound drug molecules (Duound) to be equal to
that of the HPBCD-PBCN in the sample. The
fraction of the bound Ind was found to be 10 and
3% from the total found (presenting) drug in the
systems for HPBCD-PBCN-Ind and the physical
mixture HPBCD-PBCN+Ind, respectively. The
results suggest an inclusion of Ind in the polymer
matrix of HPBCD-PBCN-Ind and existence of
strong drug-polymer interactions. The low fraction
of bound Ind in HPBCD-PBCN+Ind indicates weak
drug-polymer interactions and drug molecules
predominantly adsorbed on the surface of these NP
was assumed.
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4. CONCLUSIONS

The results of NMR analyses suggest an
inclusion of Ind in the polymer matrix of HPBCD-
PBCN-Ind and existence of strong drug-polymer
interactions but no inclusion in the hydrophobic
cavity of HPBCD. But the Ind content (%) in the
drug loaded nanoparticles was found to be low (3.4
%). The presence of Ind molecules decreases the
surface negativity ({-potential) of the formed drug-
loaded nanoparticles supporting the contribution of
Ind in the composition of nanoparticles. The FTIR
study also evidenced some interactions of Ind

molecules  with the polymer matrix of
nanoparticles.
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ITOBBPXHOCTHO MOJUOUILTNPAHU ITOJIMBY TUJIILTNAHAKPUJIIATHHA
HAHOYACTULIU, HATOBAPEHU C UHIOMETAILIMH: ITOJIYHABAHE 1
OU3NKOXUMHNYHO OXAPAKTEPU3NPAHE

B. Cranesal, I'. UBanosa?, M. Cumeonoal”

Xumuxomexnonozuuen u memanypauuen ynusepcumem, Kameopa Ilorumepro unoicenepcmeo, 1756 Coqpus, Boreapus;
2Mpedica 3a XuMus U MEXHONO2UA-ACOYUUPAH HAy4en yenmop, Jenapmamenm no xumus u buoxumus, Paxynmem na
naykume, Ynusepcumem na Ilopmo, 4169-007 Ilopmo, [Topmyeanus

Tlocrprmna wa 25 romu 2014 r.; Kopurupana Ha 9 deBpyapu 2015 .

(Pestome)

[Mommbytununanakpunaraure HaHodactuiu (ITBIIH) kato Omopasrpaammu M OMOCHBMECTHMH CPENCTBA
MPUBIMYAT UHTEPEC KaTO KOJOUAHU CUCTEMH 3a JOCTaBsIHE Ha JekapcTBa. OCHOBHOTO UM TEXHOJIOTMYHO MPEIUMCTBO €
BB3MOKHOCTTA 32 TOJy4aBaHE upe3 aHHOHHA MOJMMEpH3ald BbB BOJHA cpeaa 6e3 qobaBHEe Ha WHHUIMATOP, KOMTO Ou
MOTBJI J1a MMa CTapHUYHH HEXEJaHW BIMAHUSA. 3a CBHXKaJCHHWE, NPH TaKWBa YCIOBHUS BB3HHMKBA MpodieM ¢
€HKAICYJINPaHEeTO Ha c1abo Pa3TBOPUMH BB BOJIa JIEKApCTBA.

C uen mpeojonsiBaHe HA TO3W TMpoOieM, Oeme wu3cienBaHa MoauduIMpamara CcrnocoOHOCT Ha
xuapokcunponui-p-uuknonekcrpun  (XIIBL/]) npu mnomyuyaBanero na IIBIIH, HatoBapeHH ¢ WHIOMETalMH.
IobpxHocTHO Momuduuupann XIIBIIJ[-IIBI[H Osxa mosydeHu 4pe3 aHHOHHA IMOJIMMEpU3AIlMs Ha MOHOMEpa B
npuckcrBreto Ha XIIBI/I. HatoBapBaneTo Ha mMHAOMeTannHa Oelle M3BBPUIICHO €IHOBPEMEHHO C ()OPMHpPAHETO Ha
HaHOYACTULINTE.

OU3MKOXUMHYHOTO OXapakTepusupaHe Ha HaToBapeHute ¢ nugomerauud XIIBIJ[-IIBIIH e u3BbpuieHo upes
JTMHAMWYHO pa3ceiiBaHe Ha cBeTIMHaTa (()OTOHHA KOpeNallMOHHA CIEKTPOCKOMHs), jazep Jlomreposa enexrpodopesa,
nadpa yepsena u IMP cnekrpockonus. Becruku moTBbpkaaBaT MPUCHCTBUETO HA JIKAPCTBO B MMOJIMMEpPHATA MAaTPHUIA
Ha HAHOYACTHUILHTE.

99



Bulgarian Chemical Communications, Volume 47, Special issue (pp.100-105) 2015

Investigation on the effect of different tone value sum (TAC) of inks on the color
reproduction accuracy of heatset web offset images

I.T. Spiridonov*, R.K. Boeva, T.Tz. Bozhkova, Y.V. Nedelchev
Department of Pulp, Paper and Printing Arts, University of Chemical Technology and Metallurgy, 1756 Sofia, Bulgaria

Submitted July 30, 2014; accepted January 29, 2014

The goal of the present study is to define the correlation between the tone value sum (total area coverage - TAC) and
reproduction accuracy on heatset web offset images printed on LWC paper. In case of incorrect values usage - at
relatively high or low levels of tone-value sum, press problems such as big amount ink consumption, poor ink trapping,
back transfer and set-off due to insufficient ink drying might be encountered. That’s why it is necessary to find and
determine the optimal values of color separation parameters for each inks/paper/printing press combination.

A test form has been used that contains different control strips for densitometric, imetric measuring and test charts
used for ICC profiles.

The reflection spectra of measured color patches in entire visible spectrum are used for determination the effect of
different values of TAC. For study the effect of TAC values on color gamut and color accuracy, we have calculated
color differences AE*ab, surface area and volumes of 2D cross-sections and 3D shape body in CIE L*a*b* system.

The results achieved are important from scientific and practical point of view. For the first time in an experimental
way a well-grounded proof has been achieved with regard to the limits of the tone value sum and variation from the
optimal values for TAC for heatset offset press, by provision of differences in compliance with the international

standards.

Key words: total area coverage, total ink limit, color separation, spectral measurements, color gamut

INTRODUCTION

The paper presents investigation of the effect of
different values of total area coverage of inks
(TAC) on CIE Lab color characteristics, color
differences and color gamut changes.

Total area coverage is the maximum total dot
percentage of cyan, magenta, yellow and black ink
used in the darkest areas and generally depends on
the printing process and the type of paper. Total
area coverage is a key factor for achieving of
maximal volume of color gamut, especially in dark
areas.

It generally depends on the printing process and
the type of the paper. The most important
parameters that have a significant influence on the
TAC values are the papers, inks and printing
presses specifications. For coated papers higher
total area coverage than for uncoated papers is
used. In addition, for web-fed printing presses, the
TAC values are lower than these for sheet-fed
printing presses. ISO 12647, Part 2, and
organizations such as the German Printing and
Media Industries Federation (bvdm) SWOP and
GRACoL have different TAC recommendations [1-
3].

To whom correspondence should be sent.
E-mail: i_spiridonov@abv.bg

Total area coverage is a key factor for achieving
a maximal volume of color gamut, especially in
dark areas. Theoretically, the maximal amount of
process inksis 400 %, but in practice that will cause
problems with ink trapping, decreasing of adhesion
of inks layers, drying troubles, etc. Determination
of TAC values depends of the exact CMYK
combination, which is achieved with the highest
optical density and with the least amount of ink [4-
6].

The main goal of this study is development of
methodology, which gives objective and analytical
assessment, for determination of the optimal value
of total area coverage (TAC) of inks in offset
printing process. A practical implementation of the
correct and optimal value of TAC should improve
the print quality, printability, better ink layers
adhesion, trapping and reducing the quantity of
process inks [7-10].

The optimization and reduction of TAC leads to
financial and ecological profits. Reduction of inks
amounts used in print-production is a substantial
part of decreasing the total printing cost. The
ecological aspect of TAC optimizing is reduction of
the emissions during manufacturing of the inks and
the facilitation removal of the inks during the
process of paper recycling [11].
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EXPERIMENTAL

A special designed test form has been used for
study of the effect of TAC values on color gamut
and other reproduction parameters.The test form
contains many different components for process
control and spectra analyses: 100% solid patches
for cyan, magenta, yellow and black — for control of
optical density — Dv and characteristics, 80%
patches for estimating print contrast, patches for
estimating of dot gain and grey balance, strip which
contains raster lines in different slope for doubling
and slur control, registration marks, test charts
containing about 1500 patches for ICC color
profiles with different GCR and TAC values and
etc. All measuring components are with screen
value 60 cm* (150 Ipi).

The paper, which has been used, is 56 g/m?
LWC paper. A spectro-photometer/densitometer of
type SpectroEye of X-rite has been used for
measuring of optical density and the characteristics
in the CIE Lab system. All measurements are in
accordance with 1SO 12647-1: D50 illuminant, 2°
observer, 0/45 or 45/0 geometry, black backing and
excluded polarization filter. The test chart ECI
2002 is measured with ilProfiler software and X-
Rite i1i0 spectrophotometer and automatic scanning
device. The offset printing machine, which has
been used, is five heatset web-fed KOMORI. The
value of pH of dampening solution was 5.3 and the
temperature — 11°C. The relative humidity of the air
in the printing house was 60% and the temperature
near by the printing press —26°C.

We have made two printing runs on the heatset
offset printing press. The designation of first one
was to make the test of the printing system, and for
generating of ICC profile for the exact print
conditions. The main goals of second print run, was
to make a prints of test charts and images with
different TAC settings.

RESULTS AND DISCUSSIONS

In order to achieve the goals of the experiment,
series of measurements of Dv and Print Contrast
have been performed. For defining the optimal
inking by the method of maximum print contrast
for Cyan, Magenta, Yellow and Black, the samples
have been made by gradual smooth changes in ink
quantity - from under-inking to over-inking. A
statistical analysis of the results was performed.

Experimentally obtained values of optimal
inking expressed by optical density of solid 100%
tone - Dv and corresponding values print contrast
are shown in Table 1. All of test sheets in this
experiment have been printed using the values of
optimal inking shown in Table 1.

Investigation and comparison of 3D and 2D color
gamuts in dependence total area coverage

The graphically presentation of color gamuts
— 3D and 2D, gives valuable and comprehensive
information for the colors, that can be reproduced
in specific printing and color separation conditions.
In this study for precise determination of influence
of TAC settings we have investigated the changes
in 2D and 3D color gamuts volume and shape.

The color gamut range, especially the volume of
the tree dimensional (3D) color gamut body, is one
of the most important characteristics of an output
device. Research on the color gamut surface size
and shape is useful for many color science-related
tasks such as visualization, gamut volume and
surface calculation, and choosing of a color
rendering intent method. Reducing the TAC values
clips colors of the dark areas of the color gamut.

3D presentation and comparison of color gamuts
for 280% and 300% TAC are presented on figures 1
and 2. Two different software products were used
for more precise presentation of specific 3D body
shape in dependence of TAC values. It is clearly
visible from both figures 1 and 2, that the 3D body
of 300% TAC has biggest volume especialy in
middle and dark tones. The 3D shapes for 320%,
340% and 400% are not graphically presented,
because they are similar and equal to 300% TAC.

Table 1. Experimentally obtained values of optimal inking expressed by Dv and corresponding values print contrast

Process colors

Experimentally obtained values of optimal inking
expressed by Dv

Print Contrast - Cmax,
(highest value)

[Dv] [%]
Black 1.69 41%
Cyan 1.48 33%
Magenta 1.53 36%
Yellow 1.36 32%
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oy )
TAC = 280%

TAC =300%

Fig. 1. 3D presentation of color gamuts in dependence of
TAC value in CIE Lab, (graph is generated by X-Rite
ProfileMaker).

In order to obtain complete assessment of the
effect of TAC values on gamuts, we have compared
the surface areas of 2D color gamuts for different
CIE L* coordinates.

A comparison of 2D color gamuts is performed
to obtain comprehensive characterization of colors
depending on TAC value. The presentation of 2D
color gamuts gives precise and detailed information
of colors that can be reproduced in the specific
conditions for all tonal range — from highlights to
dark tones. These 2D gamuts are cross sections of
3D gamuts at different values of the CIE L*-
coordinate. CIE L* is the coordinate corresponding
to color lightness and has value from 0 (black) to
100 (white) units. The other two coordinates of the

TAC=280%

TAC =300%

Fig. 2. 3D presentation of color gamuts in

dependence of TAC value in CIE Lab, (graph is
generated by Chromix Color ThinkPro).

CIE L*a*b* color system - CIE a* and CIE b*
correspond to red (+a*) — green (-a), and yellow
(+b*) — blue (-b*).

The graphical presentation for the surface areas
of 2D-cross sections in highlights, middle and dark
tones are presented at Figure 3

Fig. 3 shows, that in the dark tones, at CIE L* =
20 (b) the color gamut at 300 % TAC is the largest
one. The smallest color gamut is obtained at 280 %
TAC value.

The color gamuts at others TAC values are
similar to each other. They have surface area like
the color gamut at 300% TAC value and larger than
the gamut at 280 % TAC value, that’s why they are
not presented in the figures.

(a) Light tones
at CIE L*=75
Fig. 3. 2D presentation of color gamuts in dependence of TAC value in CIE Lab.
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(b) Dark tones
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(c) Middle tones
at CIE L*=50
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The conclusion is that TAC values havea
relatively significant effect on color gamuts in dark
and middle tones. The results show, that the 300%
TAC gamut is the optimal value (from 2D and 3D
point of view) with relatively big color gamut and
lower ink consumption compared to 280%, 320%,
340%, 400%.

Investigation of Color Gamut Volumes - 4E*, CIE
Lmin and Average Color Difference - AEab in
dependence of total area coverage

For better quantitative analysis and assessment of
the effect of TAC on color gamuts we have
calculated the color gamut volumes — AE®. Graphical
presentation of the results is given in Figure 4.
According to the results shown in Figure 4, the big-
gest color gamut volume is obtained at maximal
level of TAC at 400% and the smallest — at minimal
level of TAC at 280%. There is a relatively big
difference about 8% in volumes of color gamuts
between 280% and 300% TAC. The difference
between 300%, 320%, 340% and 400% is
insignificant — about 1-2 %. That means, that the
300% value of TAC is leading to one of the biggest
gamut volumes and in the same time is one of the
lowest ink consumption comparing to others
technological situations. One of the most important
factors that affect human perception is the
possibility to reproduce the darkest tones and
colors. That is one of the reasons to generate the
“rich black” from all process colors — C, M, Y, K.
The best way to investigate the darkest colors and
tones is measuring and finding the patch with lower
lightness coordinate - Lmin in CIE L*a*b* color
system.

The graphically presentation of influence of
TAC values on CIE Lmin is shown on Figure 5.

The results shows, that total area coverage
affects the darkest reproducible color. The biggest
difference between different TAC in CIE L*min
value is 4.80 units — 280% TAC has Lmin=15.20
and 400% TAC has Lmin=10.40 value. The
differences in L*min between 400%, 340%, 320%
and 300% TAC are between 0.40-1.70 units. The
results shows that the darkest and better from
human perception point of view colors could be
achieved with 400% TAC value. The worst results
are for 280% TAC. The experimental data swows
that the Lmin value for 300%, 320% and 340% are
almost equal each to other and they are close to the
best results for 400% TAC.

—o— Heatset - LWC paper
500000

450000 4

400000

350000 4

300000 4

Color gammut volume, AE3

250000

T T T T T
260% 300% 20% 0% 400%
TAC, %

Fig. 4. Color gamut volume in dependence of TAC
values.

—o— Heatset - LWC paper

= o
L 1

min
3 28 o
L L L 1

CIE L

o o N ® ©
1 1 L 1 L

T T T T T T T T T
280% 300% 320% 340% 400%
TAC, %

Fig. 5. CIE Lmin in dependence of TAC values.

One of the most important parameters, which de-
fines the effect of TAC on image quality, is the
color reproduction accuracy. Color difference
expressed by AE*ab gives very valuable and
reliable information for color reproduction
correctness. So we have calculated AE*ab from
spectral measurement data. The calculations for
AE*ab were performed to 400 % TAC value as a
reference. The obtained results for average colour
difference depending on TAC value for all 1485
patches are given in Figure 6.
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Fig. 6. Average difference in dependence of TAC

values.

The graph (Fig. 6) shows that the color
difference for printed dark tones for all TAC values
is lower than 4.01 units. The lowest value of
average color difference is obtained for total area
coverage 320 % - about 3.97 units. The difference
between them is only 0.04. It could be assumed that
the TAC value (280-340%) do not influence color
reproduction accuracy.

Except average color difference, we have
calculated maximal and minimal color difference
from the obtained spectral data for all 1485 patches.
The trend and the results for minimal and maximal
values are the same like average color difference.
So by cause of shortness they are not included in
the paper. According to the obtained results for
AE*ab, it could me made a conclusion, that all
TAC values are suitable, but from financial,
ecological and for more fast dryness reasons - the
lowest TAC values are preferable.

CONCLUSIONS

The results achieved are important from
practical point of view. They lead to the conclusion
that it is necessarily taking into strict consideration
the TAC value, because relatively big differences in
color reproduction parameters are occurred.

In an experimental way a well-grounded proof
has been achieved for a substantial difference in
color reproduction for 4 different TAC values with
comparison of different quality parameters.

According to the results of investigation of color
reproduction accuracy, switching the TAC values
leads to changes in color gamut volumes and
shapes (2D and 3D). The changes affect mostly
dark and middle tones. There is about 2-8%
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difference in surface areas and volumes between
different TAC values. The results shows, that total
area coverage affects the darkest reproducible
colour. The difference between different TAC in
CIE L*min value is up to 4.80 units.

The evaluation of all color quality reproduction
parameters from this research leads to conclusion
that the 300% TAC is the best and optimal value of
tone value sum. That is the lower TAC value,
which gives good color reproduction accuracy,
obtained and proofed by experiment performed in
real industrial ~ conditions. A practical
implementation of the correct and optimal value of
300 % TAC should improve the print quality,
printability, better ink layers adhesion, trapping and
reducing the quantity of process inks.

We have introduced a new methodology for
determination the optimal value of total area
coverage by assessing few parameters obtained by
measurement of big number of color patches. The
methodology includes investigation of reflection
spectra, 2D and 3D colour gamuts, color gamut
volumes, surface areas of colour gamuts,
achievement of darkest printed colour and colour
reproduction accuracy. The optimal value of the
TAC determined by this new methodology helps to
achieve a significant reduction of ink cost and a
maximal color gamut volume, i.e. improve the
quality of printed image and reduce financial costs.

Acknowledgements: This paper is based upon work
supported by the Bulgarian Science Fund under
Grant No. DMU 03/69/2011.
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N3CJIEABAHE HA BJIMAHUETO HA CYMAPHOTO KOJIMYECTBO HA MACTUJIATA B
TBbMHUTE TOHOBE (TAC) BbPXY TOYHOCTTA HA TOHO- U
[IBETOBB3ITPOU3BEXIAHETO I1PU U30BPAXEHUA OTIIEUATAHU HA POJIEH
O®CETOB XUHUTCET IIEYAT

WN.T. Cmmpunonos™, P.K. boesa, T.1[B. boxxxosa, 51.B. Henenues

*Kameopa ,, Llenynosa, xapmus u noaucpagus “, Xumuxomexnonozuuen u memanypeuien Yunueepcumem,
oyn. Knumenm Oxpuocku 8., Cogpus 1756, Fvieapus

Tlocrprimna wa 30 romm, 2014 1.; npueta Ha 29 sHyapH, 2015 1.
(Pesrome)

LlenTa Ha HACTOSIIOTO HM3CIeIBaHE € pa3pabOTBaHE Ha METOJMKA 3a NedUHHpaHe Ha ONTUMAaJHU CTOWHOCTH Ha
CyMapHOTO KOJINYEeCTBO Ha MacTwiata B TbMHHTE ToHOBe (TAC) m ompenensHe BIMSHHETO My BBPXY TOUHOCTTa Ha
TOHO- U LIBETOBB3IPOU3BEXKAAHETO NPH pOJHHUA XuiitceT odceroB meuatr BbpXy LWOC xaprtusa. Ilpm unzbop Ha
HeonTUManHu cToiiHOCTH Ha TAC — MO-HUCKH U MO-BUCOKU OT HEOOX0AMMaTa, ce ToJydaBaT peauiia mpobieMu KaTo
BHCOK Pa3Xo]] Ha MacTHJIO, JIOIIA afXxe3usi Ha MacTHUjIaTa, HUCKH CTOMHOCTH Ha TPalMHIa, KOIMHpaHe IpH IedaT, 6aBHO
ChXHCHE Ha MacTHiaTa W JAp. ETo 3amo € W3KIIOYHTENIHO BA)XKHO Ja C€ ONpEeAeTAT ONTHMATHH CTOWHOCTH Ha
mapaMeTpUTe Ha [BETOOTHEITHE 3a BCSIKa pasNudHa KOMOWHAIMsA MACTHJIO/TIeYaTHa MamruHa/popMeHa
TEXHOJIOTHUS/XapTHUSL.

3a mocTuraHe Ha IENWTE HAa EKCICPUMEHTa € MOZETHpaHa CIIEIalHa TecToBa (GopMa, ChIbpKalla MHOKECTBO
Pa3THMYHHE KOHTPOJIHU SIIEMEHTH 32 JICHCUTOMETPHYHH, KOJIOPUMETPHYHH U3MEPBAaHUS M MOJCTHH CKaJIH 32 TeHEpUpPaHe
Ha |CC mpodmnm.

Upes u3cneaBaHe Ha pe3yNTaTUTE TMONYYEeHH OT U3MEPEHUTE CIEKTPAIIHU JaHHU BBB BHIUMAaTa 9acT Ha CIEKTHpa Ha
TECTOBUTE KOHTPOJHU CKaJlM U TI0JIETa € ONpPe/eIeHO BIMIHUETO Ha pa3nuyHuTe cToiHOCTH Ha TAC BBPXY IIBETOBUS
00XBaT M TOYHOCTTA HAa TOHO- M [BETOBB3MPOU3BEKIaHETO. V3uncenn ca 1iseToBute pasiuku AE*ab, momrra na 2D
paspesure u o6emute Ha 3D TPUMEPHOTO TSJIO Ha BETOBUTE 00XBatu B cucremara CIE L*a*b*.

ITocturnature pe3ynTatv U M3BOAM MMAT HAy4YeH M HAYYHO-TIPWJIOXKEH XapaKTep W IMPAaKTHUECKO NMPHIOKEeHHe. 3a
I'BPBH BT MO €KCIIEPUMEHTAJIEH BT Ca OIpEeJIeNIeHN TPAHUIIMTE Ha BapupaHe W onTuMaiHuTe croiHocTi Ha TAC 3a
XHHUTCET pOJIeH O(CeTOB IeYar, CHa3BailKu BCUYKH Je(UHHPAHW LBETOBU TOJEpaHCH Ha MexayHapomgaute 1SO
CTaHJapTH.
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With increasing use of Cu, Ni and Co metals for different applications and fast depletion of natural land based
resources, worldwide efforts are being made to look for alternative resources for the recovery of these metals. One such
alternative resource could be the vast oceans, containing these metals in the form of manganese nodules at a depth of
about 4-5 km. Many research groups in different countries have been working for more than three decades on the
development of copper, nickel, cobalt and manganese recovery processes from manganese nodules by pyro-/or
hydrometallurgical routes.

During processing deep ocean manganese nodules from the Clairon-Clipperton fraction zone of the Pacific Ocean by
combined pyro-hydrometallurgical route the non-ferrous metals were concentrated in two sulfide deposits — copper and
mixed nickel-cobalt. In the present work the experimental results on sulfuric acid autoclave dissolution of the Ni-Co
sulfide deposit, containing in mass. %: 30.37 Ni, 3.13 Co, 8.36 Fe, 0.08 Cu, 0.16 Mn, 36.8 S are presented. The effect
of the main technological parameters on nickel and cobalt extraction and iron hydrolytic precipitation from the solution
were studied. The degree of nickel and cobalt extraction at T= 363K, Po, = 0.35MPa, mol H.SO./g-ion(Ni+Co) = 0.19,
pulp density = 10 % and dissolution time = 180 min were respectively 97.71% and 96.25%, while the degree of iron

hydrolytic precipitation was 99.68%.

Keywords: manganese nodules, Ni-Co sulfide deposit, sulfuric acid, autoclave dissolution

INTRODUCTION

With increasing consumption of copper, nickel,
cobalt and the fast depletion of natural land ores,
worldwide efforts are being made to look for
alternative resources for the recovery of these
metals. One such alternative resource could be the
vast oceans, containing these metals in the form of
polymetallic nodules (PN) at a depth of about 2-5
km. The largest congregations are registered in
Pacific Ocean between Hawaii and California and
around Polynesia. According to Metal Bulletin
Research (2005) the reserves of metals (Mn, Ni,
Co, Cu, Zn etc.) in them are comparable to those of
continental ores. The thorough analysis in this
region, were made by R.Kotlinski [1], Andreew et
all. [2], B.Agraval at all. [3] and others [4-7].

Many research groups in different countries
have been working for more than three decades on
the extraction of copper, nickel, cobalt from
manganese nodules by pyro-/or hydrometallurgical
routes.

Currently, the  combined  pyro-hydro-
metallurgical methods are considered as the most
promising methods of PN processing [8-11]. In the
pyrometallurgical route of these schemes the non-
ferrous metals are concentrated in an intermediate

*To whom correspondence should be sent.
E-mail: pkiliev@uctm.edu

product, a polymetallic alloy (FeCuNiCoMn). One
specific feature of that alloy is the high Fe content
(>65 %) compared to that of Cu and Ni (~12-13 %),
and especially that of Co (~1.5 %). The Mn content
in the alloy is 5-6 %. Further, for extraction of non-
ferrous metals and manganese the alloy is treated
with sulfuric or hydrochloric acid. The alloy can be
also sulfidized with elemental sulfur to matte before
the hydrometallurgical treatment [10].

In our previously investigation aqueous SO,-
H>S04-H>0O medium has been used for dissolution
of the polymetallic alloy with composition in mass
%: 65.90 Fe, 12.07 Cu, 12.81 Ni, 1.33 Co, 5.33 Mn
and 2.56 others. [11]. The alloy was obtained by
pyrometallurgical  processing of PN  with
composition in mass. %: 24.0 Mn, 5.75 Fe, 1.11 Ni,
1.04 Cu and 0.12Co from Clairon Clipperton Zone
of the Pacific Ocean after drying at a temperature of
723K and reduction smelting at 1723-1773K in the
present of coke. It has been established that the
presence of SO, in the solution led to selective
dissolution of the alloy: copper was concentrated
into insoluble residue with composition in mass %:
54.9 Cu, 4.8 Fe, 3.3 Ni, 0.3 Co, 0.4 Mn and 30.9 S,
while Fe, Ni, Co and Mn were extracted in the
leach solution. The chemical composition of the
solution, in g.L* was: 32.44 Fe, 0.05 Cu, 6.02 Ni,
0.62 Co, 2.62 Mn.

106 © 2015 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria



P. lliev et al.: Sulfuric acid autoclave dissolution of Ni-Co sulfide deposit

Poll li u

Preliminari 5

v

Pyrometallurgical process of selective
reduction of non-ferrous metals (Cu, Ni, Co)

Manganese slag

Pyrometallurgical
processing

Slag Mn alloys

Polymetallic alloy

Pressed air

alloy powder

<0425mm g, i5ur dioxide

Sulfuric acid H20
4 v

Dissolution in reduction

conditions

v
Stage Il
Dissolution in oxidizing
conditions

Leach solution
NH4HS (Ni, Co, Fe, Mn) Iphide Residue
solution [ (|54.9 % Cu, 30.9% S)

Sulphide precipitation
(pH-3,6, T= 303K)

solution for Fe, Mn

Ni-Co sulfide deposit
removal

H2S04, . Oxygen
solution > % - i She
7 = ¥ N
’ N
’/ Autoclave dissolution \1
\
\ \4 ,Q\lnvestigated
NS o process

~ -

Fig.1. Combined pyro-hydrometallurgical scheme for
obtaining of mixed Ni-Co concentrate from polymetallic
manganese nodules.

Further Ni and Co were separated from the
solution by sulfide precipitation with NH4HS. In
Figure 1 a schematic flow sheet for
hydrometallurgical treatment of polymetallic alloy
with recovery of copper and mixed Ni-Co
concentrate is shown.

The concentrates can be directly processed into

pyrometallurgical scheme. Conventional smelting
techniques for  processing nickel sulphide
concentrates suffer from high capital and energy
costs and from the emission of sulphur dioxide into
the atmosphere. It is for this reason the
hydrometallurgical processes gradually gain an
advantage over the pyrometallurgical for
production of nickel from sulphide ores. Many of
the processes studied to date involve the leaching of
an aqueous slurry of the sulphides concentrate in an
air or enriched oxygen atmosphere in a pressure
vessel (autoclave) at temperatures ranging from 120
to 230 °C.

In the present work the experimental results on
acid autoclave dissolution of the Ni-Co sulfide
deposit was presented. The effect of the main
technological parameters on nickel and cobalt
extraction and iron hydrolytic precipitation from
the solution were studied.

EXPERIMENTAL

The process of Ni-Co sulfide deposit

precipitation from leach solution was conducted at
following conditions: equilibrium pH = 3.6, excess
of NHsHS - 150% more than the required
stoichiometric  and  temperature =30 °C.
Neutralization of the solution to pH 1.5 was made
with lime. The time for precipitation was 30
minute. The experimental conditions and chemical
composition of Ni-Co concentrate is given in Table
1.
XRD analysis of the residue was carry out with
apparatus TUR M62 with CuK,.s radiation. It
showed that the main phases present in deposit
were nickel and cobalt sulphides (NisS; and
CoNi,S,). Identified were also lines of double salts:
NiSO4.(NH4)2804.6H20and (NH4)2.F€(SO4)2.6H20.
Based on chemical and XRD analyzes the resulting
sulphide residue can be classified as mixed nickel-
cobalt concentrate.

copper or nickel plant working on
Table 1. Chemical composition of the solution and sulfide concentrate obtained after sulfide precipitation of nickel and
cobalt.
PRODUCT CHEMICAL COMPOSITION
Fe Ni Co Cu Mn S
Initial solution, g.L" 3244  6.02 062 005 262 -
Ni-Co concentrate, % 8.36 3037 313 008 016  36.8
Residual solution, g.L" 259 007 001 001l 180
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Fig.2. Scheme of laboratory apparatus with an autoclave TLA 30.

RESULTS AND DISCUSSION

The experimental conditions of the conducted
experiments and chemical composition of the
dissolution products of mixed Ni-Co concentrate
are given in Table 2.

Effect of sulfuric acid consumption

For the assessment of this parameter a series of
experiments (Ne 1, 3 and 5) with duration of 180
min has been carried out. The degree of extraction
of nickel and cobalt in solution during the
experiment are shown in Fig.3a and b.

Analysis of the results shows that the increase in
the sulfuric acid consumption from 0.19 to 1.0 mol
H.SO,/g-ion (Ni+Co) ions leads to a slight increase
in the degree of extraction of nickel in solution. The
degree of cobalt extraction in the solution decreases
with decreasing initial concentration of H,SO,,
which indicates a more difficult dissolution of the
cobalt sulphide (Fig 3b)
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Effect of temperature and oxygen partial pressure

The oxygen partial pressure and temperature are
parameters that influencing on the rate of chemical
dissolution of the sulfides and on degree of iron
oxidation and its hydrolysis. They were estimated
with series of experiments (Nel, 2, and 4) carried
out at Po,=0.2 m 0.35 MPa, T=363K and 393K and
initial ratio of mol H2SO4/g-ion (Ni+Co) = 0.19. In
Figure 4 are shown respectively the degree of
extraction of Ni and Co into solution.

The analysis of the obtained results showed that
at T=363K and Po, = 0.35 MPa the extraction of
nickel (ani= 97.71%) and cobalt (oo = 96.25%) are
carried out with simultaneous purification of the
solution from iron (ore = 99.68%). With the
decrease of Po, up to 0.2 MPa the extraction degree
of Ni and Co is increased about 2%, but the
conditions of hydrolyses purification of solution
from iron significantly are deteriorated (ope ~11-
13%).

100 -

80 -

60 -

® 0.19 H,SO,/(Ni+Co)
@ 0.30 H,SO /(Ni+Co)
A 1.0 H,SO,/(Ni+Co)

20

Extraction degree of Co, %

0 L 1 1 1 1 L L L L

J
0 20 40 60 80 100 120 140 160 180 200

Time, min

Fig.3. Effect of sulfuric acid concentration on (a) nickel and (b) cobalt extraction degree at T=363 K, P0,=0.35 MPa, 500
rpm and pulp density 10%.

108
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concentrate.
Test conditions Chemical composition
H2SO4/(Ni+Co) T, Poz, S:iL Product .
mol/g-ion K MPa (rpm) Ni Co Fe 5
0.19 363 .35 1:10 Solution, g/L 29.67 3.01 0.02 -
(500) Residue, % 34.50 21.05
(m=241g) 287 048 (gg gy
0.19 393 0.35 1:10 Solution, g/L 29.91 2.99 0.14 -
(500) Residue, % 1.92 0.60 34.64 18.95
(m=2.367g) (98.09)*
03 363 0.35 110 Solution, g/L 29.68 3.02 0.24 -
(500) Residue, % 3.36 0.50 27.31 17.34
(m=2.050g) (67.03)*
. Solution, g/L 29.66 3.01 6.42 -
0.19 363 020 110 Residue, % 6.87 1.11 18.77 9.36
(500) (m=1.03g) (23.12)*
) Solution, g/L 30.27 3.07 6.52 -
10 363 035 110 Residue, % 1.10 0.57 10.5 82.56
(500) (m=0.9079) (11.40)*
0.19 363 035 15 Solution, g/L 57.87 5.78 0.10 -
(500) Residue, % 5.58 0.93 32.10 18.30
(m=5.14q) (98.69)*
) Solution, g/L 12.03 0.86 0.01 -
0.19 363 035 1:20 Residue, % 14.14 3.14 18.70 6.22
(300) (m=2.23g) (99.73)*
) Solution, g/L 14.96 1.52 0.06
0.19 363 035 1:20 Residue, % 1.88 0.38 34.50 20.05
(500) (m=1.199) (98.12)*
) Solution, g/L 13.06 0.89 1.34
0.19 363 035 1:20 Residue, % 14.42 4.60 19.32 22.08
(700) (m=1.4690) (67.94)*
98.5%
97.71% =
97.66% £
96.25% Z
95.47% 235% g
ENi © Co = 21
_ g 4
T=363K; 00— . “/\/“’—//\/\/"\,/\f\/\l//
Po=0.35MPa  T=393K; o , , : : i
Po=0.35MPa T=363K; 35 30 25 20 15 10
2 POTO'ZOMPa

Fig. 4. Effect of temperature and Po» on extraction

degree of (a) nickel and (b) cobalt at mol H,SO./g-ions
(Ni+Co) = 0.19 and pulp density 10 %.

At the XRD of the insoluble residue obtained at Po,
= 0.2 MPa elemental sulfur and iron oxide phase -
goethite (FeO.OH) were identified (Fig.5). The
absence of distinct peaks of goethite on the XRD
shows that he is in amorphous form. Therefore, the

Degrees(0), KaCo
Fig.5. XRD of the residue obtained after dissolution of
Ni-Co sulphide deposit at T=363K and Po2=0.2 MPa,
Phases: 1 — S° 2 — FeO.OH.

decrease in the oxygen partial pressure leads to
decrease in the rate of oxidation of Fe?* to Fe** and
deterioration of the conditions for hydrolysis
purification of the solution from iron.
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Effect of pulp density

To assess the influence of this parameter are
carried out experiments (Ne 6, 1 and 7) at 5, 10 and
20 % pulp density at constant others parameter. The
resulting degree of extraction of nickel and cobalt

in the solution are shown in Figure 6.
97.711% 98.02%
95.27% 96.25% 97.05%
92.36%
Co
pulp density W,
20% pulp density
10% pulp density

5%
Fig. 6. Effect of pulp density on Ni and Co degree of
extraction at T=363 K, Po>=0.35 MPa, mol H,SO4/g-ions
(Ni+Co) = 0.19 and 500 rpm.

Obviously, the increase of volume of the liquid
phase leads to a significant decrease of the
concentration of Ni and Co in solution. At all
experiments in the insoluble residue about 98% of
iron and ~19% elementary sulfur were passed.

Effect of intensity agitation
At diffusion-controllable processes the intensity

of stirring has significantly effect on the rate of
dissolution. It should be noted that the results give
100 -

80 |

60 -

Extraction degree of Ni, %

"’ T
/’:‘ pulp density 5%
201 4 ® 300 rpm
E ® 500 rpm
A 700 rpm

1 1 1 1 1 1 |

0 A 1 1 1
0 20 40 60 80 100 120 140 160 180 200

Time, min

only a qualitative assessment, as the intensity of
mixing is determined not only by the speed of the
stirrer, but also from the geometric shape of the
reactor and stirrer.

The influence of this parameter was evaluated
with a series of experiments (Ne 7, 8 and 9) at T =
363K, Poz = 0.35MPa, pulp density 5%, initial
sulfuric acid expense mol H>SO4/g-ion(Ni + Co) =
0.19 and extraction duration = 180 minutes. The
dynamics of the Ni and Co dissolution from the
concentrate is shown in Figure 7. The chemical
compositions of the resulting dissolution products
are shown in Table 3.

The analysis of the obtained results showed that
maximum degree of metals extraction is reached at
500 rpm. At agitation 300 and 700 rpm a significant
decrease in the rate of recovery of nickel and cobalt
in the solution was observed. This effect is related
to the deterioration of wrapping the solid sulphide
particles and dispersion of gas phase in the solution.
The last factor influences especially strong on the
degree of oxidation of the iron ions and its
hydrolysis.

CONCLUSIONS

On the basis of experimental results the optimal
technological parameters on sulphuric acid
autoclave dissolution of Ni-Co sulphide concentrate
obtained during processing of polymetallic nodules
have been established: mol ratio of H,SO4/gram-ion

100 -

N 80 | °
8

_______ A
S 60} =
g P
T 40} Lo
) g :
= pulp density 5%
§ = 300 rpm
E‘ 20+ ® 500 rpm

A 700 rpm

0 1 1 1 1 A 1 L L L J
0 20 40 60 80 100 120 140 160 180 200

Time, min

Fig.7. Effect of intensity agitation on (a) nickel and (b) cobalt extraction degree at T=363 K, Po,=0.35 MPa, and mol

H2S0./g-ions(Ni+Co) = 0.19.

Table 3. The chemical composition of the products of autoclave dissolution of Ni-Co sulfide concentrate

Products Ni Co Fe s ani, % aco, %0 are, %0 as, %
Leach liquor, g.L? 29.67 3.01 0.02 - 97.71 96.25 - -
Residue, mass % 2.87 0.48 34.50 21.05 - - 99.68 13.78
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(Ni and Co) = 0.19; Oxygen partial pressure = 0.35
MPa; Temperature = 363K; Intensity of agitation —
500 rpm; Pulp density = 10% w/v; Dissolution time
= 3h.

Under these conditions the dissolution of
concentrate was carried out with simultaneous
purification of the solution from iron in the form of
goethite. The composition of leach liquor and
insoluble residue are given in Table 3.

Under optimum leaching conditions a leaching
efficiency of 97.71 % Ni and 96.25 % Co were
achieved. Further the leach liquor can be used to
recover Ni and Co, for example by solvent
extraction and electrowinning.

The quantity of goethite residue was 0.241 g/g
sulphide concentrate. Degree extraction of the iron
and sulphur were respectively 99.68 % and 13.78
%. Extraction of sulfur from the residue can be
performed by well-known in the metallurgical
practice methods.
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CSIPHO-KVMCEJIO ABTOKJIABHO PA3TBAPSIHE HA Ni-Co CYJIOUJHA YTAUKA

I1. Unues, Bn. Credanosa, b. JIyuesa

Xumuromexnonozuuen u memanypeuven ynugepcumem,1756 Cogus,bvreapus

[Mocteomia Ha 30 rouu, 2014 r.; npueta Ha 6 anpuir, 2015 1.
(Pesrome)

IMopaxgu HapactBamoro mnotpebnenne Ha Cu, Ni m CO 3a pasnuuHum uend W OBP30TO H3UYEpNBaHE Ha
KOHTHHEHTAJIHUTE MM HaXOJMIla, B CBETOBEH Maiad ce rojiaraT yCHJIMs 3a HAMHUpaHE Ha alTepPHATUBHHM CYpOBHHH 3a
TexHUs 100uB. TakbB anTepHATHBEH M3TOYHHK MOTaT Jia ObJaT CBETOBHUTE OKEAHU CHIbPXKAIIN TE3U METAIH I10J
(opMaTa Ha MaHTaHOBU KOHKPELMH Ha ABIOOYHMHA OKOJO 4-5 KM. MHOTO M3CIIeI0BaTeICKU ITPYIH B Pa3jIMuHU CTPAaHH
paboTAT Bedye B NMPOABIDKEHHE Ha IOBEYE OT TPH JECETHJIETHS 10 pa3paboTBaHETO HA TEXHOJIOTMHU 32 W3BJIMYaHE HA
MeJl, HUKeJl, KOOAJIT ¥ MaHTaH OT MaHIaHOBU KOHKPELHH 110 XHPOMETATYPriuieH Wi ITUPO-XUAPOMETAIypTrUUeH MbT.

[Tpu mpepaboTBaHe Ha IBIOOKOBOJHI MaHTaHOBH KOHKpennu oT obmactra Knaiipon — Kimnnepron Ha Tuxus oxean
10 KOMOWHHMpaHa MHUPO-XUIPOMETATYPrHYHa CXeMa, [BETHUTE METalH ca KOHIIEHTPUPAHU B JBE CYI(PUIHN yTalKu —
Me/lHa ¥ CMEeCeHa HHKeIOBO-KoOanToBa. B HacTosiara crartusi ca MPEACTABEHH EKCIEPUMEHTAIHM PE3yJTaTH MO
CSIPHOKHCEJIO aBTOKJIABHO pastBapsiHe Ha momydenara Ni-Co cynduana yraiika, chabpxamma B mac. %: 30.37 Ni, 3.13
Co, 8.36 Fe, 0.08 Cu, 0.16 Mn, 36.8 S. HM3ciieaBano ¢ BIMAHHETO HAa OCHOBHUTE TEXHOJIOTMYHH HapaMETPH BIIHSCIIN
BBbpXY CTENEHTAa Ha W3BJIMYAHE HAa HUKeNa M KoOanTa, M XHMIPOJIM3HOTO yTasiBaHE HA HKEIA30TO OT Pa3TBOPHTE.
JlocTurHaTHTE CTENCHHM Ha M3BIIMUYaHe Ha HuKena u kobanra npu T= 363K, Po, = 0.35MIla, mosiH,SO4/moaNi+Co =
0.19, urbtHOCT Ha mynna = 10% u npoabipkuTENTHOCT HA pa3TBapsiHeTo = 240 MuH ca cvotBeTHO 97.71 % 1 96.25%,
JIOKAaTO CTEMEHTa Ha XUAPOIU3HO yTasiBaHE Ha KeysA30To € 99.68%.
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The present experimental study investigates the feasibility of thiosulfate recovery of silver from zinc cakes produced
in the process of wet recovery of zinc cakes at the KCM Ltd in Bulgaria. The impact of various factors on the rate of
silver recovery through thiosulfate leaching is studied. It is found that the rate of silver recovery is 70-74 % within the
temperature range of 30-50°C at 20% pulp density and leaching time of 30 min, irrespective of the solution pH. The
behavior of copper, lead, zinc and iron during thiosulfate extraction is also observed. The thiosulfate solution pH is
maintained to 7-8 in order to reduce by hydrolization the concentration of the metals that have been transferred to the
solution except silver. After subsequent precipitation of the silver by means of Na,S, silver concentrate is produced. The
possibility of regeneration of the thiosulfate solution is discussed. The solid residue from thiosulfate leaching contains

10-40 g/t silver and can be processed by a Waelz process.

Keywords: zinc cake, silver, thiosulfate leaching.

1. INTRODUCTION

The wet recovery of zinc by the technology
adopted at KCM Ltd in Bulgaria takes place at
relatively low acidity of the solution without
bringing the impurities contained in the zinc
concentrates into the solution. Thereupon, the
metals are concentrated in the zinc cake which
subsequently is subjected to Waelz-processing.
After Woaelz-processing the precious metals
completely pass into the clinker and, due to the lack
of a proper technology for their recovery they are
irretrievably lost.

To prevent the loss of precious metals, attempts
for their recovery from the zinc cakes are made at
some plants with similar technology.

All known methods for zinc cakes processing in
the world-wide practice can be divided into three
groups [1]:

1. Waelz-process; reductive flash roasting;
smelting in gas-generator, shaft, reverberatory,
cyclone, and electric furnaces.

2. Roasting of the cakes in a mix with zinc or
pyrite concentrates; treatment with SO, or
sulfation with sulfuric acid.

3. Direct dissolution of the cakes in sulfuric acid
at increased acidity and temperature.

Usually the hydrometallurgical methods of zinc
cakes processing based on the reactions of ferrite
decomposition using sulfuric acid at atmospheric or
higher pressure have achieved greater development.

* To whom correspondence should be sent.
E-mail: plasma@dir.bg

The complex composition and a large amount of
very small size classes in the zinc cake make it a
difficult object for leaching and flotation.

In recent years, there has been renewed interest
in the use of thiosulfate as a substitute for cyanide
in gold and silver leaching [2]. Many attempts have
been taken for leaching silver sulfide with
thiosulfate, each utilizing different additional
reagents and conditions [3,4]. The cupric-ammonia
catalyzed system has been the most commonly
studied system because of its ability to leach gold,
silver and silver sulfide.

The developed and patented hydrometallurgical
method of zinc cake processing [5] is of certain
interest. It is based on silver recovery by means of
sodium thiosulfate in the presence of ammonium
sulfate as an activator at a temperature of 30-60°C
and pH=4-6. In this process, the silver passes into
the solution wherefrom it is recovered by
cementation with zinc powder. The solid residue is
re-pulped by the same thiosulfate solution and is
subjected to floatation. The drawbacks of that
method are the low rate of silver recovery in the
cement precipitate, its circulation in turnover with
the flotation concentrate, considerable losses (over
10 %) with the clinker, as well as considerable loss
of zinc in the thiosulfate solutions.

The purpose of this experimental work is to
determine the behavior of silver and other metals
contained in the zinc cakes at thiosulfate leaching
and to investigate the feasibility of solution
regeneration after precipitation of the silver by
NazS.
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2. EXPERIMENTAL
2.1. Materials

The subject of the investigation is a zinc cake —
a waste product from the wet recovery of zinc cakes
at KCM Ltd. The chemical composition of the cake
was determined through atomic absorption analysis
as presented in Table 1.

The phase analysis of zinc cake obtained at
similar plant applying the same technology for zinc
cakes processing [6] shows that:

1. The zinc exists in the form of sulfate, oxide,
silicate, sulfide and ferrite.

2. The lead in the cake exists in the form of
anglesite (PbSQO,), cerusite (PbCOs3), galenite
(PbS), plumbojarosite PbFe(SO4)3(OH)12.

3. The copper is a very thin (up to 3 microns)
edging of sulfide Cu.S on zinc silicate and zinc
oxide grains and as isomorphic admixture in
sphalerite and zinc ferrite.

4. The silver in the zinc cake is mainly contained
in the crystal lattice of the secondary covelline,
while part of it is adsorbed by the iron
hydroxides [7]. According to the authors, in the
process of recovery of the zinc cakes, the
copper and silver pass into the solution, and
after that their ions interact with the zinc sulfide
by the reaction:

(Cu,Ag)SO4+ZnS = (Cu,Ag)S+ZnSOs (1)

Cake, for the most part, consists of particle
aggregates with size 10-15 microns. The latter
contain particles to submicron size. More than 90%
of the silver is concentrated in size classes less than
40 microns [6].

Upon recovery of the zinc cake with water for 1
hour at a temperature of 70°C, 3.97 % of the copper
and 16.19 % of the zinc pass into the solution. The
total content of water-soluble compounds in the
zinc cake is 18.75 %.

For recovery of silver from the cake a sodium
thiosulfate pentahydrate solution was used. Water
solution of sodium sulfide was used as precipitator
of the silver.

2.2. Methods

The leaching experiments for silver recovery
from the cake were carried out in a thermostat in
order to maintain the defined temperature. The
stirring of the pulp was realized by means of a
mechanical stirrer. The defined level of solution pH
was reached and maintained by means of lime milk.

The silver precipitation experiments were
carried out using a magnetic stirrer at room
temperature. Atomic absorption analysis was used

to determine the concentration of Ag, Cu, Fe, Pb,
Zn in the thiosulfate solution, the solid residue, and
the sulfide concentrate.

RESULTS AND DISSCUSION
3.1. Thiosulfate recovery of silver from zinc cake

The factors influencing the rate of silver
recovery by thiosulfate leaching of zinc cake are:
sodium thiosulfate concentration, type and quantity
of the additions which stabilize the solution,
temperature, pulp density, leaching time and pH of
the medium.

Thiosulfate ion is a metastable anion with a
tendency to chemical decomposition in water
solutions. The oxidation of thiosulfate is fast in
neutral and acidic solutions.

For the purpose of reducing thiosulfate
consumption, various researchers propose addition
of sulfites and sulfates that would transform the
free sulfide ion into thiosulfate during the recovery
process or would retard the decomposition process
by increasing the concentration of decomposition
products.

Ammonium sulfate was used in the subsequent
experiments as activator of the process of
thiosulfate recovery of silver from the zinc cake
and as inhibitor of the thiosulfate ion
decomposition, in analogy to [5].

The following conclusions can be drawn from
the experiments performed to determine the factors
influencing the rate of recovery, the results of
which are presented in Figures 1-5:

e With the increase of sodium thiosulfate
concentration up to 25 g/l the rate of silver
leached increases. The increase of thiosulfate
concentration above 25 g/l does not result in a
higher rate of silver recovery (Figure 1).

e The joint action of sodium thiosulfate and
ammonium sulfate increases the rate of silver
recovery. As illustrated by Figure 2, an
increase of the Na>S,03:(NH.).SO, ratio above
1 does not lead to further increase of the rate of
silver recovery. For this reason the
experiments were carried out at a ratio
NazS203:(NH4)2S04=1.

e The decomposition rate of the thiosulfate
leachant is directly proportional to sodium
thiosulfate concentration in the solution. Upon
rising of the temperature to 40 - 80°C, the
thiosulfate decomposition increases four times.
There are two temperature zones of thiosulfate
decomposition, from 40 to 60°C and from 60
to 80°C, which are related to different
decomposition mechanisms. The maximum
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rate of decomposition of the thiosulfate ions is 80’

observed at 80°C and sodium thiosulfate

concentration 80g/l. The experiments carried 75 1

out in the temperature range up to 50°C &

showed that the increase of temperature above % 70 1

30°C does not result in any significant increase 5

of silver recovery from the zinc cake (Figure 8 65 -

3). 5
o The lowest rate of silver recovery is achieved @ 60 A

at solid:liquid ratio = 1:3 (Figure 4). This is

most probably due to the depletion of 55

thiosulfate, because other metals also

simultaneously pass into the solution with the 50 : :

silver. 18 30 50
e The results of the experiments showed (Figure Temperature (°C)

5) that pH of the solution does not influence

the rate of silver recovery. Fig. 3. Effect of temperature on silver leaching

(25 g/I Na28203.5H20, 15 g/I (NH4)2804, t =60 min,

e In all experiments, the highest reached silver
S:L=1:10, %I(—)|:6)
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pH=6).
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As a result of thiosulfate leaching of the zinc
cake at 25 g/l Na2S,03.5H,0, 15 g/l (NH4).SOs, 20
% pulp density, 30 min process duration and pH=6,
a solution with chemical composition as presented
in Table 2 is obtained.

Table 1. Chemical composition of zinc cake, %
Cu Pb Fe Zn Ag, g/t
1.27 4.40 27.69 18.10 158

Table 2. Chemical composition of thiosulfate solutions,
g/l

Cu Pb Fe Zn Ag
0.07 0.64 1.81 4.65 0.026

Table 3. Chemical composition of undissolved residue,
%

Cu Pb Fe Zn Ag, g/t
1.14 4.85 31.95 17.00 30

As can be seen in Table 2, the thiosulfate solution
contains predominantly zinc.
The chemical composition of the solid residue
obtained after thiosulfate leaching of the zinc cake
at these conditions is presented in Table 3.

100 -
SRR
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o
’?D
2 60
=l
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5
B 40
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0 ' : ¢
0 1 2 3

>Me:S ratio
Fig. 6. Effect of XMe:S on precipitation degree.

Silver can be extracted from the thiosulfate
solutions through cementation, electrolysis or
precipitation of low-soluble compounds. The
choice of a proper method will be determined by
the regeneration capability of the solution. Probably
the most suitable method of silver recovery is
precipitation of silver sulfide by means of sodium
sulfide.

3.2. Precipitation of silver from thiosulfate
solutions

Of all reagents proposed for silver precipitation,
sodium sulfide is the most affordable, inexpensive
and reliable in terms of completeness and rate of
the reaction which is described with the following
equation:
2Nas[Ag(S,0;);]+ Na,S — Ag,S+6Na,S,0,

)

Various quantities of 10 % NazS solution are
used for metal precipitation from solution produced
as a result of thiosulfate leaching of zinc cake. The
dependency of the rate of silver and zinc
precipitation on the ratio of the sum of metals
(ZMe) in the solution to the amount of sulphur
introduced with Na,S is presented in Figure 6.

Depending on the quantity of NazS, pH of the
thiosulfate solution varies from 6 to 11, whereupon,
to different degrees, the zinc is precipitated as a
hydroxide. The chemical composition of the
hydroxide-sulfide precipitate obtained at TMe:S =
0,74 is presented in Table 4.

Zinc cake

Vo

Thiosulfate leaching

l l

Leaching solution Solid residue

Lo

Ag precipitation Waelz process

Ag concentrate

l

for Ag recovery
Fig. 7. Conceptual flow sheet for treatment of zinc cake.

— Solution
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Table 4. Chemical composition of sulfide
concentrate, %
Cu Pb Fe Zn Ag S
093 355 027 43.09 0.1616 10.74

Table 5. Metal precipitation degree, %
Cu Pb Fe Zn Ag
97.80 9958 9232 99.93  99.99

Table 6. Chemical composition of leaching solution (pH=7) and obtained concentrate

Cu Pb Fe Zn Ag
Leaching solution, g/l 0.334 0.122 0.016 6.5 0.115
Concentrate, % 1429 5.65 0.19 4473 5.18

In that case, the degree of precipitation of the
examined metals varies between 92 and 100%
(Table 5).The technology of thiosulfate recovery of
silver from zinc cake is attractive only if the
solution is regenerated and reused, in which case
the silver concentration is gradually increased to
higher levels. Experiments for repeated use of
the thiosulfate solution for dissolution of new
batches of zinc cake were carried out and the
precipitator consumption is being determined by
the ratio IMe:S =1. It was found that upon
dissolution of the second batch of cake the degree
of silver recovery decreased from 74 % to 6 %,
which was due to the presence of free S*, because
of the high consumption of precipitator. Therefore,
for successful regeneration of the thiosulfate
solution the leaching process should be performed
while maintaining pH=7-8, so as to secure
hydrolization of the other metals except silver.
Then, the consumption of precipitator will be
considerably lower. For that purpose, experiments
were carried out for quintuple use of the thiosulfate
solution while maintaining pH=7 by means of lime
milk. The consumption of sodium sulfide for silver
precipitation is 1,1 g per 1 g of silver in the
solution. After recovery of the fifth batch the
thiosulfate solution has the chemical composition
presented in Table 6. The chemical composition of
the hydroxide-sulfide concentrate obtained after
precipitation is also presented in the same table.

As a result of the quintuple use of the thiosulfate
solution, the rate of silver recovery in the
concentrate decreases from 74 to 70 %. It means
that the thiosulfate solution should be adjusted at
regular intervals. It can be assumed that if an even
higher pH is maintained during the recovery, for
example pH=8, whereby fuller hydrolization of the
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metals is secured, the silver content in the produced
concentrate will increase significantly.

For treatment of the solid residue after
thiosulfate leaching there are two possible ways —
Waelz-process or floatation and Waelz-process.

The conceptual flow sheet for treatment of the
zinc cake is presented in Fig. 7.

CONCLUSIONS

As demonstrated by the obtained experimental
results, about 74% of the silver contained in the
zinc cake can be recovered by thiosulfate
technology and subsequent precipitation with Na,S
to produce silver concentrate. The proposed process
diagram can be successfully applied in the end of
the cycle of wet recovery of zinc cakes.
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N3BJIMYAHE HA CPEBPO OT IMHKOBU KEKOBE

b. U. JIyuesa *, I1. K. Unues, Ba. [1. Creanosa

Henapmamenm no yeemuu memanu, Xumuxo-mexvonocuyen u memanypeuuern ynusepcumem, Codpus 1718,bvreapus

[Mocrenuna Ha 27 ronu, 2014 r.; npuera Ha 8 anpui, 2014 .
(Pesrome)

B Hacrosimata excriepuMeHTalHa padoTa € U3CieABaHa Bb3MOXKHOCTTA 32 THOCYI(aTHO W3BIMYAaHE HAa CPeOPOTO OT
LMHKOBUTE KEKOBE, IOJYYeHH IPU MOKPOTO H3BIMYaHe Ha ImHKOBa yrapka B KIM-ITnoBmus. Uscnensano e
BIMSHHETO HA Pa3IM4YHM (PAKTOPH BHPXY CTENEHTa Ha THOCYNI(ATHO M3BJIMYAHE Ha cpeOpOTO. YCTaHOBEHO, € ue
CTEIICHTa Ha W3BIM4aHe Ha cpebporo e 70-74 % B TemnepaTypHus nuana3oH 30-50°C mpu mrsTHOCT Ha mynma 20% u
BpeMeTpacHe Ha m3BnudyaHeto 30 min, HesaBucumo oT PH Ha pastBopa. IIpocieneHO € MOBEAEGHHETO Ha MEATa,
OJIOBOTO, IIMHKA ¥ JKEIBI30TO TpH THOCYI(aTHOTO M3BIM4Iane. [Ipu moxnspxane Ha PH Ha THOCYNdaTHUS pa3TBop 7-8 ¢
el XUAPOJIU3UpaHe Ha MeTalHTe, NPEMHUHAIN B pa3TBOPa W CIEIBAILO yTasBaHe Ha cpedpoto ¢ NapS ce momydaBa
cpeOBpeH KOHIEHTpaT. Pasrienana € Bb3MOXKHOCTTA 33 pereHepUpaHe Ha THOCYI(ATHHS Pa3TBOpP. TBBPIAMAT OCTATBHK
oT u3BIMYaHeTO ChaABpPxKa 10-40 g/t u Moke ma Obje npepaboTBa upe3 Bemm-nporec.
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Application of waste glycerol from biodiesel productionfor obtaining of modifiers for
reduced friction of different motor oils
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Glycerol mono oleate (GMO) was made from waste glycerol (WG) from biodiesel productions by condensation
with oleic acid in presence of titanium alcoholate as catalyst. The total acid number was obtained with titration of the
samples of GMO with alcohol solution of potassium hydroxide (ASKON). The neutralization of extra oleic acid was
made by alcohol solution of methyl amine or 25% amonia. The prepared sample from the obtained modifier was
analysed by standard method with four-ball method and the reduced friction was assessed.

Key words: waste glycerol, glycerol monooleate, titanium catalysts, friction modifiers

INTRODUCTION

In a number of publications was described the
obtaining of GMO started from 30th years of the
last century. It was known that this compound can
be obtain from:

e Glycerolize

e Hydrolyses of triglycerides

e Direct esterification of glycerol with oleic

acid

The third method was possible to be made with
or without catalysts. The first possibility was made
usually at high temperature or pressure. The applied
catalysts were acids [1,2] or basis [3,4]. Usually the
application of catalysts decreases the temperature
and the time. The application of solid catalysts
(oxides, zeflites and others)widely investigated and
it will not be described in this paper. The reaction
between oleic acid (OA) and ammonia or ammines
was well known, because -COOH was acidic, but
amines were bases. In [6] was described the
obtaining of amides from fatty acids and
methylamine. The same authors have another
article, published in 2013 year. The application of
enzymes was described in a lot of articles [7]. We
investigated the possibility for making of glycerol
mono oleate from waste glycerol obtained in
biodiesel production. The reaction was made in the
presence of a new titan tetra alcoholic containing
catalysts (TiAl) applied in syntheses of synthetic
oils [8]. Becausethey have some excess of oleic
acid, we decided to combine itwith methyl

o* To whom correspondence should be sent.
eE-mail: ivgl@uctm.edu

amine.The reaction between glycerol —OH groups
and oleic acid in the presence of TiAl was
investigated at two temperatures and the activation
energy (Eact) was determined.

EXPERIMENTAL

The compound WG was investigated by
elemental analysis (EA) with apparatus Euro EA
3000 (Euro Vector Sp A, ltaly). The carbon,
nitrogen and hydrogen content were measured in
the analyzed samples by burning of the material
with weight 0.5 — 1.5 mg at 980°C in oxygen
atmosphere. The obtained gas mixture passed
through chemical/absorption zone. Then COyN;
and HO were separated by gas chromatography. It
was known, that glycerol have no nitrogen in his
molecule, but in WG it was possible to have some
small amount of nitrogen from protein of the raw
oils applied in biodiesel production. The standard
curve was made through analyses of acetonilile
(CgHgNO) with computer product Calligus. From
the obtained results, the content of glycerol (G)was
calculated.The results from EA were compared by
data obtained with UV-VIS analyses, made by
apparatus Cary 100 Scan UV-VIS
spectrophotometer (Varian, Germany) by obtaining
the spectra of WG and pharmacopeiusG,99%
product of Chemapol Ltd, Dimitrovgrad, Bulgaria
and of G, p.a, product ofValerus Ltd, Sofia,
Bulgaria. From the obtained spectra of the second
company,the dependence concentration of G — C, /
absorption A was made and there were calculated
the equations of several maxima in the specter of G
with different values of accuracy of the obtained
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equations and experimental values(correlation
coefficient R?). With the equations at 222 n.m.and
A from spectrum of WG it was calculated the
glycerol content in the WG. The obtained value was
62%.The syntheses of GMO were made in 150°C
for 3 h in the presence of 0.43 ml TiAl, 0.5 mol.
standard OK, p.a., product of Valerus Ltd. and 0.6
mol. WG. The same synthesis was made with
standard OK and G, p.a.The obtained products
wereinvestigated by H NMR(by apparatus
BrukerAvance DRX250),UV-VIS and FTIR
spectroscopies (by apparatus Cary 100 Scan UV-
VIS and Varian FTIR). The investigation with UV-
VISwere made in 10 mm cuvettes. The
investigation with FTIR were made in thin layers of
the obtained materials. Thefriction properties of
GMO obtained from WG and from pure raw
materials were investigated by standard method like
additive of engine oil with four boll machine [9].

RESULTS AND DISSCUSION

The characteristics of WG were investigated with
elemental  analyses, UV-VIS and FTIR
spectroscopes. The spectra of G, product of
Chemapol Ltd, Dimitrovgrad, Bulgaria were made
with UV-VIS spectroscopy but they have not
maxima in the area 200 — 400 nm(fig. 1).

10

08

100%

r T T T \
200 250 300 350 400
Wavelength (nm)

Fig. 1. UV-VIS spectra of G, product of Chemapol
Ltd, Dimitrovgrad

The spectra of glycerol published in the
literature have several maxima in this area. This is
the reason to make the same investigations with G,
p.a., product of Valerus Ltd, Sofia, Bulgaria. The
obtained spectra are presented in fig.2

5

O—D‘E%"‘ ———— =— - 1
200 400 600 800
Wavelength (nm)

Fig. 2. UV-VIS spectra of G, product of Valerus Ltd,
Sofia, Bulgaria

From the obtained spectra were made equations
concentration C, % / absorption A.for maxima at

285, 225, 222 and 218 nm. It was known, that the
equations are true if R2 > 0.99. This is the reason to
make calculations only with equation at 222 nm.
From this equation and from the data for WG given
in fig. 3 the concentration of G in WG was
calculated, namely 62%.
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Fig. 3. UV-VIS spectra of water solutions of WG

[In *H NMR spectrum of WG have maxima for
protons in —-CH- , -CH wu -OH groups.
Thesegroupswerewithbands, shownin FTIR
spectrum of WG. Forexample —OH was with band
at 3354.45 sm™, Because WG was very reactive,
was made spectrum in thin layer on the plate from
CaF, with apparatus ThermoScietificNicolet 6700

GMO, obtained from WG and standard OA ,
like product, made only from standard G and OA
were investigated with'H NMR, UV-VIS and FTIR
spectroscopes. Data for *H NMR of GMO, made
from WG was analogical of data for this compound,
published in[10].In fig. 4 was given UV-VIS
spectrum of GMO from WG and standard OA. The
place oftwo maxima for 1% -en alcoholsolution of
GMO was under of 300 n.m

Abs

5
4
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2
1
o]

I T T )
200 300 400 500 600
Wavelength (nm)

Fig. 4. UV-VIS spectra of alcoholsolutions of GMO,
made from WG with TiA.

FTIR spectrum of GMO, obtained with the same
catalyst from WG and standard OA was shown in
fig. 5. The bands for—-OH group was at 3382.660
cm?, for-CH- and CH:groups were at 2926.058,
2853.929, 1463.020, 1410.009 and 723.009 cm'and
for —-CO was at 1711.729 cm?. The values of some
bands were at the same position, like in row
glycerol, but in some bands were in a new places,
because were for a new compound.In FTIR
spectrum of GMO, obtained at the same catalyst
from stanfard row materials, shown in fig. 7 had the
same bands. The differences in the values of some
bands were so small, that were after decimal point.
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In the spectra of GMO after neutralization of the
remained  acidswith  alcohol  solution  of
methylamine ore with 25% water solution of
ammonia, shown in figures 7 and 8 had analogical
bands.

The activation energyEact. of the esterification of
—OH groups in GMO with OA was obtained in the
investigation of the reactionin two temperatures —

90—
1

80—

%Transmittance

3382.660

3004.835

2026.0587 '2853.929

P T P
3500 3000

P I —
2500

room at 80°C. From the values of the velocities W1
= 0.052 mg KOH/g.h. andW, = 0.7515 mg.

KOH/g.h. was obtained the value of activation
energy Eac=9.15kJ/mol.The values of acid
numbers (AN) were obtained with alcohol solution
of KOH by standard method, described in[11]. The
obtained values were in table 1.
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Fig 5 FTIR spectrum of GMO, obtained from WG and standard OA withTiAl
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Fig. 6. FTIR spectrum of GMO, obtained from standards G and OA withTiAl.
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Fig. 7. FTIR spectrum of GMO, obtained from WG with catalystTiAl and after neutralization of the remained acids

with alcohol solution of methylamine.
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Fig. 8. FTIR spectrum of GMO obtained from WG with catalystTiAl and after neutralization of the remained acids

with water solution of 25% ammonia

Table 1. Data for A.N. of GMO and its mixtures with methilamine (MA)(1 -11.02, 2 — 19.02, 3 — 02.04)in room

AN..3,mg KOH*/ g

temperature
N Probe (ml/ml) AN.1,mg KOH*/ g AN. 2,mg KOH*/ g
1 GMO from WG 101.15 80.53
2 GMO: MA=5:1 71.34 51.78
3 GMO: MA=5:3 61.97 alkaline
4 GMO: MA=5:5 42.28 alkaline

alkaline
alkaline

Table 2. Dependences between average diameter of wearing of the balls (deva) and of anti wearing index

(AWI),from the quantity, % and the kind of investigated modifiersin mineral motor oil M10Dy/E;

Ne  Quantity,% and the kind of modifier , devaOf Wearing,mm AWI, N
1 0 0.60 243

2 2, Znsucsinide 0.36 346

3 0.5, Zn sucsinide 0.39 329

4 0.5, Cuoleate 0.45 -

5 GMO obtained from WG 0.43 302

6 GMO obtained from standard materials 0.42 324

Table3. Dependences between average diameter of wearing of the balls (day), % , Afrom the quantity, % and the

kind of investigated modifiersin motor 0ilSN 500

Quantity,% and the kind of modifier ,

davof wearing, mm., %, A

0, Mineral motor oil SN 500,
1, anilidoleate

0.5, anilidoleate

1, Cu oleate

0.5, Cu oleate

2, Complex polyester

1, Complex polyester

2, GO obtained from WG

© N UTAWNR|Z
[I=]

9 1, GO obtained from WG

10 0,5, GO obtained from WG

11 2, GO obtained from standard materials
12 1, GO obtained from standard materials
13 0,5, GO obtained from standard materials

0.70, 100, 0
0.57,81.43, 18.57
0.62, 88.57, 11,43
0.65, 92.86, 7.14
0.60, 85.71, 14.29
0.63, 90, 10

0.63, 90, 10

0.60, 85,71, 14.29

0,56, 80, 20
0,56, 80, 20
0.60, 85.71, 14.29
0,55, 78.57, 21.13
0,55, 78.57, 21.13
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Table 4. Dependences between average diameter of wearing of the balls (dav), %, Afrom the quantity, % and the
kind of investigated modifiersin synthetic motor 0il5W40 according SAESL/CF mo API

Ne  Quantity,% and the kind of modifier ,

davof wearing, mm., %, A

0, syntetic motor oil 5W40

1, anilidoleate

0.5, anilidoleate

1, Cu oleate

0.5, Cu oleate

2, Complex polyester

1, Complex polyester

0,5, Complex polyester

2, GO obtained from WG

1, GO obtained from WG

10 0,5, GO obtained from WG

11 2, GO obtained from standard materials
12 1, GO obtained from standard materials
13 0,5, GO obtained from standard materials
14 1, Znoleate

15 0,5, Zn oleate

16 1, Titanium oleate

17 0,5, Titanium oleate

O©oooo~NOoOOThWwWN B

0.59, 100, 0

0.53, 89.83, 10.17
0.54,91.53, 8.47
0.50, 84.75, 15.24
0.55,93.22,6.78
0.47,79.66, 20.34
0.50, 84.75, 15.24
0,55,93.22,6.78
0.55,93.22,6.78
0,55, 93.22,6.78
0,54, 91.53, 8.47
0.52, 88.14, 11.86
0,52, 88.14, 11.86
0,54, 91.53, 8.47
0,55, 93.22,6.78
0,55,93.22,6.78
0,52, 88.14, 11.86
0.55,93.22,6.78

Data for AN of GMO, obtained at 80°C were
analogical. .MA was 33% solution of the
gazeCHsNH.in pure ethanol. If the sample was
alkalinewas no possible the determination of AN.
Maybe the esterification of GMO and OA
prolonged, because in the molecule of Ghave3 OH
groups, capable to react with — COOH groups of
OA.In the presence of MA this possibility increased
(probes NN 3 and 4).

The properties of the obtained compounds like
friction modifier of different motor oils were
determined with four ball machine by standard
method. For comparison were made investigations
with standard friction modifiers. The investigations
were made in acridities laboratory for oil products
of” “Prista Oil” Ltd. In120°C for1lh — table 2 and in
laboratories of university of Russe
“AngelKanchev”, given in tables 3, and 4.

From the results, shown in table 2 was evident, that
anti wearing properties of the oil with frictions
modifiers (deea mm and AWI) increased with
friction modifier Zn sucsinidewith 30%. With the
decreasing of the concentration of the modifier
those % was decreased from deva= 0,36mm for 2%
to 0,39 mmfor 0,5%, but was enough for anti
wearing properties of motor oil. With anti wearing
modifier Cu oleate were obtained the bed results,
compared with results of friction modifier GMO,
obtained with catalyst TiAl. From the data in table
2 was evident, that the modifier GMO, made from
WG and OA were similar with the anti wearing
properties of GMO, obtained from standard
materials. The increasing was about 25%. From the
results, shown in tables 3 and 4 were evident, that

122

the obtaining materials were the good frictions
modifiers

CONCLUSION

The results for decreasing of the quantity of
different friction modifiers, given in tables 2, 3 and
4 in mineral and synthetic motor oils were no every
time in connection with theory of friction
modifiers, but the results, obtained with
investigated materials from WG were comparable
or better with data, obtained with known friction
modifiers.
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text must be typed double-spaced, on A4 format
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normal character spacing. The manuscript should
not exceed 15 pages (about 3500 words), including
photographs, tables, drawings, formulae, etc.
Authors are requested to use margins of 3 cm on all
sides. For mail submission hard copies, made by a
clearly legible duplication process, are requested.
Manuscripts should be subdivided into labelled
sections, e.g. Introduction, Experimental,
Results and Discussion, etc.

The title page comprises headline, author’s
names and affiliations, abstract and key words.

Attention is drawn to the following:

a) The title of the manuscript should reflect
concisely the purpose and findings of the work.
Abbreviations, symbols, chemical formulas, refer-
ences and footnotes should be avoided. If indis-
pensable, abbreviations and formulas should be
given in parentheses immediately after the
respective full form.

b) The author’s first and middle name initials,
and family name in full should be given, followed
by the address (or addresses) of the contributing
laboratory (laboratories). The affiliation of the
author(s) should be listed in detail (no
abbreviations!).  The  author to  whom
correspondence and/or inquiries should be sent
should be indicated by asterisk (*).

The abstract should be self-explanatory and
intelligible without any references to the text and
containing not more than 250 words. It should be
followed by key words (not more than six).

References should be numbered sequentially in
the order, in which they are cited in the text. The
numbers in the text should be enclosed in brackets
[2], 5, 6], [9-12], etc., set on the text line. Refer-
ences, typed with double spacing, are to be listed in
numerical order on a separate sheet. All references
are to be given in Latin letters. The names of the
authors are given without inversion. Titles of
journals must be abbreviated according to
Chemical Abstracts and given in italics, the volume
is typed in bold, the initial page is given and the
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year in parentheses. Attention is drawn to the
following conventions:

a) The names of all authors of a certain
publications should be given. The use of “et al.” in
the list of references is not acceptable.

b) Only the initials of the first and middle names
should be given.

In the manuscripts, the reference to author(s) of
cited works should be made without giving initials,
e.g. “Bush and Smith [7] pioneered...”. If the refer-
ence carries the names of three or more authors it
should be quoted as “Bush et al. [7]”, if Bush is the
first author, or as “Bush and co-workers [7]”, if
Bush is the senior author.

Footnotes should be reduced to a minimum.
Each footnote should be typed double-spaced at the
bottom of the page, on which its subject is first
mentioned.

Tables are numbered with Arabic numerals on
the left-hand top. Each table should be referred to
in the text. Column headings should be as short as
possible but they must define units unambiguously.
The units are to be separated from the preceding
symbols by a comma or brackets.

Note: The following format should be used
when figures, equations, etc. are referred to the text
(followed by the respective numbers): Fig., Egns.,
Table, Scheme.

Schemes and figures. Each manuscript (hard
copy) should contain or be accompanied by the
respective illustrative material as well as by the
respective figure captions in a separate file (sheet).
As far as presentation of units is concerned, Sl
units are to be used. However, some non-SI units
are also acceptable, such as °C, ml, |, etc.

The author(s) name(s), the title of the
manuscript, the number of drawings, photographs,
diagrams, etc., should be written in black pencil on
the back of the illustrative material (hard copies) in
accordance with the list enclosed. Avoid using
more than 6 (12 for reviews, respectively) figures
in the manuscript. Since most of the illustrative
materials are to be presented as 8-cm wide pictures,
attention should be paid that all axis titles,
numerals, legend(s) and texts are legible.

The authors are asked to submit the final text
(after the manuscript has been accepted for
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publication) in electronic form either by e-mail or
mail on a 3.5 diskette (CD) using a PC Word-
processor. The main text, list of references, tables
and figure captions should be saved in separate
files (as *.rtf or *.doc) with clearly identifiable file
names. It is essential that the name and version of
the word-processing program and the format of the
text files is clearly indicated. It is recommended
that the pictures are presented in *.tif, *.jpg, *.cdr
or *bmp format, the equations are written using
“Equation Editor” and chemical reaction schemes

are written wusing ISIS Draw or ChemDraw
programme.

The authors are required to submit the final text
with a list of three individuals and their e-mail
addresses that can be considered by the Editors as
potential reviewers. Please, note that the
reviewers should be outside the authors’ own
institution or organization. The Editorial Board of
the journal is not obliged to accept these proposals.
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