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Rhamnolipid biosurfactant from Pseudomonas aeruginosa —
from discovery to application in contemporary technology
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Abstract: The rhamnolipids will most likely be the next generation of biosurf-
actants to reach the market. They should follow closely after alkyl polyglyco-
sides, aready established in the biosurfactants market, and sophorolipids,
which can be found in several cleaning agents. However, the greatest numbers
of recent publications and patents among glycolipid biosurfactants have been
dedicated to rhamnolipids. Produced mainly by Pseudomonas aeruginosa,
rhamnolipids are mixtures of different rhamnolipid congeners, which show
physico-chemical properties that differ from those of single congeners, with the
most abundant structure in the mixture having the largest impact on the overall
characteristics of the total mixture. Characteristics of biodegradability, low
toxicity, production from renewable sources and antimicrobial (particularly
antifungal) activity together make rhamnolipid biosurfactants particularly pro-
mising for broad commercial application. Although to date, bioremediation has
been the mgjor topic filed for patents utilizing rhamnolipids, the increasing
number of patents for applications in cosmetics, agronomy and food industries,
formulation of cleaners and nanotechnology indicates their future implement-
ation in these fields.

Keywords: rhamnolipids, Pseudomonas aeruginosa; methods; production;
application.
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1. INTRODUCTION

Research related to the characterization of microbial surfactants and their
applications has been rapidly growing in recent years. The reasons for the inc-
reased attention in these naturally derived compounds are: diversity, environ-
mentally friendly nature, biodegradability, low toxicity, excellent foaming pro-
perties, high selectivity and activity at extremes of temperature, pH and salinity,
plus the fact that they are able to be produced from industrial wastes and by-
products.! Biosurfactants have shown great potential for applications in environ-
mental protection, crude oil recovery, health care and food-processing indus-
tries. 16
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RHAMNOLIPID BIOSURFACTANT FROM P. aeruginosa 281

Microbial surface active compounds are important for the physiology of the
cells that produce them, as they are involved in cell motility (gliding and swarm-
ing motility as well as de-adhesion from surfaces), cell—ell interactions (biofilm
formation, maintenance and maturation, quorum sensing, amensalism and patho-
genicity), cellular differentiation, substrate accession (via direct interfacial con-
tact and pseudosolubilization of substrates), as well as avoidance of toxic ele-
ments and compounds.®

Biosurfactants are divided into low-molecular-mass molecules, which effi-
ciently lower surface and interfacial tension, and high-molecular-mass polymers,
which are more effective as emulsion stabilizing agents.6 The major classes of
low-mass surfactants include glycolipids, lipopeptides and phospholipids,
whereas high-mass surfactants include polymeric and particulate (vesicles and
whole cells) surfactants.6 Pseudomonas spp. are considered to be the most com-
mon producers of surface active compounds, synthesizing both classes of bio-
surfactants,6:7 with P. aeruginosa being the preeminent rhamnolipid (RL) bio-
surfactant-producing bacteria species.6.8

After alkyl polyglycosides, bio-based surfactants that are already accepted
on the market, and sophorolipids, which are in severa cleaning agents formul-
ations, RLs will probably be the next generation of biosurfactants to reach the
market.9 The properties of RLs, including biodegradability, low toxicity, the
possibility for production from renewable sources, together with their antimic-
robial and antifungal activity, make them particularly interesting for commercial
application.®

Aside from the environmental use of RLs*10.11 an increasing number of
patents® indicate the potential successful application of rhamnolipids in cos-
metics, agronomy, the food industry, cleaner formulations and nanotechnology.
In this review, specia attention is paid to RLs produced by P. aeruginosa, their
properties and the potential for their usein different technological fields.

2. GLYCOLIPID BIOSURFACTANTS

2.1. The most researched glycolipid biosurfactants

The most well known biosurfactants are glycolipids, which are composed of
carbohydrates linked by means of ether or ester bonds with either long-chain
aliphatic acids or hydroxyaliphatic acids. Sophorolipids, trehalose lipids, manno-
gylerythritol lipids (MELs) and RLs are the most widely researched glyco-
lipids.2:12

Sophorolipids are extracellularly produced by severa yeast species, such as
Candida bombicola, C. apicola, Rhodotorula bogoriensis, Wickerhaminella dom-
ercgiae and C. batistae.13 These compounds contain two 4-1,2 linked glucose
units, with acetylated 6- and 6'-hydroxyl groups, connected to the lipid part by a
glycosidic linkage.1# Generally, sophorolipids occur as a mixture of macrolact-
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ones and the free acid form of at least six to nine different sophorolipid con-
geners.12 Applications of sophorolipids were reported in the biomedical field, in
the synthesis of metal-bound nanoparticles in cosmetics and in the formulation of
pharmaco-dermatological products.13:15 Furthermore, these biosurfactants show
potential for some recovery processes.1

Trehalose lipids are glycolipids containing trehalose as the sugar moiety,
which is the basic component of the cell wall glycolipids in Mycobacteria and
Corynebacteria.16 Depending on the producing organism, trehalose lipids show
differences in the size and structure of mycaolic acid, the number of carbon atoms
and the degree of unsaturation. The most reported trehalose lipid is trehalose 6,6'-
-dimycolate,l” but different trehalose-containing glycolipids are known to be
produced by several other microorganisms, such as Arthrobacter, Nocardia,
Rhodococcus and Gordonia. Trehalose lipids have been applied in bioremedi-
ation to enhance the bioavailability of hydrocarbons. Recently, the increasing
interest in trehalose lipids is related to their functions in cell membrane inter-
action and their potential as antitumor therapeutic agents.1”

The mannosylerythritol glycolipids are reported as metabolites of yeasts
strains, which belong to the genera Pseudozyma sp. and Ustilago sp., produced
on soybean oil or n-akane.l’” MELs are a mixture of partially acylated deri-
vatives of 4-O-$-D-mannopyranosyl-D-erythritol, containing Co, C12, C14, C14:1,
C16, C16:1, C1s and Cyg1 fatty acids as the hydrophobic groups.18 Interesting
applications of MEL s have been reported in the biomedical field as antimicrobial,
antitumor and immunomodulating molecules, in the biotechnological field for
gene and drug delivery, and in cosmetic applications as skin moisturizers.1517,18

RLs are glycosides, produced mainly by P. aeruginosa and by the genus
Burkholderia, composed of one (for mono-rhamnolipids) or two (for di-rhamno-
lipids) rhamnose sugar moieties linked to one or two S-hydroxy fatty acid chains.
RLs in which one or two molecules of rhamnose are linked to one or two mole-
cules of g-hydroxydecanoic acid (Fig. 1) are the best-studied biosurfactant com-
pounds. While the OH group of one of the acids is involved in a glycosidic
linkage with the reducing end of the rhamnose disaccharide, the OH group of the
second acid is involved in ester formation. RLs are the principa glycolipid pro-
duced by P. aeruginosa.l2 The major field of application of RLs is in biorem-
ediation processes.1:10.19 Additionally, these molecules, due to their physico-
chemical and biological properties, have great potential for applications in the
biomedicine, pharmacology, cosmetics, food and agricultural indus-
tries.121517,19 RLs have also been used in the preparation of nanoparticles and
microemulsions.1’
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2.2. Rhamnolipids

2.2.1. Discovery

The discovery of RLs dates back to 1946, when Bergstrom et al.20.21
reported an oily glycolipid, which was named piolipic acid, composed of L-rham-
nose and p-hydroxydecanoic acid,2223 produced by P. pyocyaneus (today P.
aeruginosa), when cultivated on glucose. Further characterization of the structure
by Jarvis and Johnson?3 showed that the isolated compound was composed of
two S-hydroxydecanoic acids (connected via an ester bond) linked through a
glycosidic bond to two rhamnose moieties. Additionally, Edwards and Hay-
ashi,?4 using periodate oxidation and methylation, reported that the linkage
between the two rhamnose moietiesis an a-1,2-glycosidic linkage. Based on this,
they chemically described the RL as 2-O-a-L-rhamnopyranosyl-a-L-rhamnopyra-
nosyl-p-hydroxydecanoyl-S-hydroxydecanoate (di-RL structure). This was the
first glycolipid discovered containing a link between a sugar and a hydroxylated
fatty acid residue.2® From 1972 to 2000, various RL structures produced by P.
aeruginosa strains growing on different carbon sources (n-paraffins, glycerol, n-
alkanes, glucose, etc.), were isolated and reported. The isolated RLs included all
types of RL homologues (RL1, RL2, RL3 and RL4), and their number increased
with the progress of analytical methods.8
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Fig. 1. Structure of rhamnolipid biosurfactants: mono-rhamno-di-lipidic structure (RL1),
mono-rhamno-mono-lipidic structure (RL2), di-rhamno-di-lipidic structure (RL3) and
di-rhamno-mono-lipidic structure (RL4).
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Furthermore, some studies reported the complex composition of bacterially
produced RL mixtures, including, for example, an RL mixture composed of 67 %
di-rhamno-di-lipid, 22 % mono-rhamno-di-lipid, 9 % di-rhamno-mono-lipid, and
less than 3 % of mono-rhamno-mono-lipid.26 The development of sensitive, high
throughput analytical techniques has led to the further discovery of awide diver-
sity of RL congeners and homologues (about 60) produced in different concen-
trations by various Pseudomonas species and other bacteria.8

2.2.2. Pseudomonas spp. as producers of rhamnolipids

For more than 60 years, much work has been undertaken to stimulate the
development and establishment of RL production by P. aeruginosa.®> When
comparing the production of RLs by different Pseudomonas species, Onbasli and
Adlim27 found that P. luteola and P. putida gave higher RL yields than P. aeru-
ginosa, P. fluorescens and P. stutzerri, but the composition and distribution of
the RL homologues were not described for these strains, while the production of
RLs by P. chlororaphis had lower yield than P. aeruginosa.28 Furthermore,
reports about RLs obtained from Pseudomonas species other than aeruginosa
lack information about their surface properties, which is the most important indi-
cator of surfactant quality.

3. PROPERTIES OF RHAMNOLIPID MIXTURES FROM P. aeruginosa
3.1. Diversity

Interest in RLs arises from two contrasting facts. On the one hand, RLs show
relatively high surface activities, and are produced in relatively high yields after
fermentation processes, which are relatively well understood. On the other hand,
they are considered as virulence factors involved in the processes of P. aeru-
ginosa pathogenesis, resulting in an investigation of RL biosynthesis in order to
control their production and effects.2°

P. aeruginosa produces various extracellular mono- and di-rhamnolipids.
Two types of RLs (Fig. 1), termed RL1 and RL3, consisting of one or two
L-rhamnose units and two units of -hydroxydecanoic acid, are the principal
RLs. There are also RL2 and RL4 RLs, which consist of one or two L-rhamnose
units and one unit of R-hydroxydecanoic acid.30

3.2. Composition

Naturally produced RLs always appear as mixtures of different RL con-
geners, as was observed when produced by various strains of P. aeruginosa.31-38
The complexity of the composition of RL mixtures was found to depend on
various factors such as: origin of the bacterial strain, type of carbon substrate,3%-41
culture conditions,42 age of the culture,3* the P. aeruginosa strain itself,3438 as
well as the method of RL isolation and purification.43:44
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Some RL congeners are predominant in all RL-producing P. aeruginosa
strains and are classified as the major RL structures, while others, produced only
sometimes or with low abundance, are the minor RL structures. Both the major
and the minor RL congeners contribute to the complete profile of RLs. In all
studies of RL mixtures produced by P. aeruginosa strains, it was shown that,
aside from their varying composition, these mixtures contain mono-RL and di-
-RL structures. In the lipid part, chain lengths from Cg to C12 and Rha—C10—C1g
and Rha-Rha-C10—C1o were the predominant congeners.34384546 The ratio of
total di- to mono-RL fractions for RL produced by P. aeruginosa is reported to
range from 1 to 5.10,38,47

Despite the diversity of the reported RL structures, there are relatively few
studies which both quantitatively and qualitatively analyzed RLs.”:3843,47-49 The
composition of RL mixtures produced is important, since this defines the phys-
icochemical properties of the products, which further impacts on their potential
application.

3.3. Physicochemical properties

RL mixtures show physicochemical properties that are different from single
RL congeners. Hence, the most abundant structure will have the biggest impact
on the characteristics and dictate the behavior of the total RL mixture.

RLs can reduce the surface tension of water from 72 to 30 mN m1 and the
interfacial tension of water/oil to values < 1 mN m—1.33 RLs are weak acids due
to the carboxylic acid moieties and are known to undergo aggregation in solu-
tion.33 At concentrations above the critical micelle concentration (CMC), RLs
form micelles, vesicles or lamella, depending on the solution properties.S0 The
CMC values for RLs depend on the chemical composition of the congeners pre-
sent in each RL mixture (the ratio and composition of the homologues, the pre-
sence of unsaturated bonds, the branching and length of the alkyl chain, or the
size of the hydrophilic head group), and on their chemical environment, and was
reported to range from 5 to 200 mg L—1.38:47,4851 Fyrthermore, in a comparative
study, a statistically significant increase in the CMC values was observed on
lowering the ratio of total mono-/di-rhamnolipid and ratio of Rha—C10—-C1o/Rha
-Rha—C10—C19 (P < 0.05), indicating that mono-rhamnolipids start to form mic-
elles at lower concentrations than di-rhamnolipids.38

RLs were shown to have higher solubilization capacity, which is expressed
as the molar solubility ratio (MSR) for non-agueous phase liquids (NAPL), as
well as for solid-phase organics, such as polycyclic aromatic hydrocarbons
(PAH) and hydrocarbon mixture than some of the commonly used synthetic surf-
actants (Tween, Triton and alkylbenzy! sulfonate).3

RLs are also an example of a readily degraded agent, as determined by the
OECD 301 Ready Biodegradability Test.52 Furthermore, invertebrate toxicity
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tests performed in accordance with OECD 202 showed RL to have very low
toxicity.3 RLs also have high affinity for a variety of metals, including cadmium,
copper, lanthanum, lead and zinc.3

4. METHODS FOR THE CHARACTERIZATION OF RHAMNOLIPID MIXTURES

4.1. |dentification and quantification

The quest for a cost-efficient production of RL biosurfactant and alternat-
ives, plus more efficient, RL-producing strains of bacteriais associated not only
with economic aspects of their production, but also with new demands in the
analysis of RL mixtures.®3 A large variety of analytical methods have been emp-
loyed to identify and quantify the different RL species and RL production. These
methods range from indirect analysis based on the physical properties of RLs
(determination of surface tension and hemolytic test),2%:54 colorimetric measure-
ment (cetyltrimethylammonium bromide agar test, anthrone method and orcinol
test)54-56 to spectroscopic analysis of sample structure by infrared and nuclear
magnetic resonance spectroscopy and a sophisticated analysis of composition by
mass spectrometry (M S).34:43:46,57,58

One current method for RL identification and quantification is high perfor-
mance liquid chromatography (HPLC) analysis coupled with electrospray ion-
ization mass spectrometry (ESI-MS).33,34,435357 Furthermore, fragmentation of
the pseudomolecular ion using tandem MS analysis of the parent ion is often
performed in order to provide additional structural information, such as discrim-
ination of isomeric pairs with subtle structural variations.43 Matrix assisted laser
desorption ionization-time of flight MS (MALDI-TOF MS) approaches were
recently developed for high-throughput screening of naturally occurring mixtures
of RLsfrom Pseudomonas spp.>8

4.2. Tensioactive properties

Methods based on the tensioactive properties of RL biosurfactant are typical
for al surface-active compounds and involve the calculation of the value of the
hydrophilicipophilic balance (HLB), the drop collapsing test, the oil spreading
test, determination of the surface activity and the CMC values,929 as well as the
determination of the interfacial tension and the wetting properties.>®

Determination of the HLB value, which varies between 0 and 20, enables the
prediction of the behavior of surface-active compounds. 0—3 antifoaming agents,
4-6 W/O (water/oil) emulsifiers, 7-9 wetting agents, 8-18 O/W (oil/water) emul-
sifiers, 13-15 typical detergents and 10-18 solubilizers/hydrotropes. The HLB
value can only be used as a preliminary guide, and further analysis by more exact
and precise analytical techniques is required. According to Griffin,80 the HLB
can be calculated as HLB = 20x(MWyp/MWsy ), where MWyp is the molecular
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weight of the hydrophilic part and MWaga is the molecular weight of the whole
surface-active agent.®

The drop-collapsing test and oil-spreading test are methods for rapid screen-
ing of RL-producing bacterial strains.2® Both tests are based on a similar
approach, where the responses depend on the presence of RLs in culture super-
natant. In the case of the drop-collapsing test, a sample of supernatant is applied
to a polystyrene plate containing shallow wells covered with oil 61 and spreads
over the oil only if the sample of culture supernatant contains RLs. In the oil-
-spreading test, a drop of bacterial supernatant is added on top of an oil/water
interface,52 where the presence of RLs causes the oil to be repelled, resulting in
the formation of a clearing zone, the diameter of which can be correlated with the
activity of the tensioactive compounds in the supernatant.29

A more precise method for determining the surfactant properties of RLs in
bacteria culture supernatants or of isolated RL biosurfactants is the direct mea-
surement of surface activity and the determination of the CMC (specific to each
surfactant), which is performed by measurement of the surface tension after
sequential dilution of the solution.2® However, the determination of the CMC
suffers the drawbacks that it is time-consuming and not applicable for high-
-throughput screening.29 Additionally, the results of these methods, as well as of
al the previous indirect tests based on surface tension, could be affected by the
potential presence of other tensioactive compounds.

One method to quantify solid-iquid adsorption is to measure the interfacial
tension, which can be performed by tensiometry or by contact angle gonio-
metry.59.63 Surface tension and contact angle measurements as a function of surf-
actant concentration are directly related to the difference in the adsorption of
surfactants on solid—vapor (S-V) and solidHiquid (S-L) interfaces. Contact angle
measurements also aid the elucidation of the nature of interactions between a
surfactant molecule and a solid surface.4 Ozdemir and Malayoglu®4 investigated
the wetting behavior of a mixture of mono- and di-rhamnolipid and SDS (sodium
dodecy! sulfate) molecules on glass, PET (polyethylene terephthalate) and gold
surfaces by measuring the advancing contact angle, and elucidated the prefer-
ences of surfactant molecules adsorbed onto SL (solidiquid)-SV (solid-vapor)
and L-V (liquid—vapor) interfaces.

5. PRODUCTION OF RHAMNOLIPIDS FROM P. aeruginosa
5.1. Bottlenecks for production

The high cost of production, isolation and purification of RLs, and the low
yield has determined that, despite 60 years of research in the area of RL pro-
duction, the economic feasibility of these glycolipids s still pending.65 Often, the
amount and type of araw material can contribute considerably to the production
cost, as raw materials account for 10-30 % of the total production cost in most
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biotechnological processes.12 Solutions resulting in more economic production
include the use of cheap and renewable resources, optimized and efficient bio-
processes, over-production by mutant or recombinant strains,12:66 as well as the
application of response surface methodology (RSM) as a modern concept for
optimization of biotechnological processes.6”

The mgjor problems for large-scale applications of RLs are safety and yield
issues related to their main producers - strains of P. aeruginosa. Despite the fact
that in the UK, P. aeruginosa spp. are classified as type |l opportunistic patho-
gens that are not highly infective, large-scale fermentation production would
require compliance to special procedures by employees involved in the pro-
duction.®8 However, commercial-scale production is already being undertaken in
the USA, with no reported problems.68

Problems related to the pathogenic status of P. aeruginosa could be solved
by two strategies: heterologous production of RLs in hon-pathogenic bacteria and
identification of potential new non-pathogenic RL producers, for which the RL
yields are acceptable.2968 The heterologous production of RLs would bring
about two major advantages as compared to their production by P. aeruginosa.
The first is the increased safety when handling large amounts of culture broths,
while the second is the possibility of constitutive RL production, in contrast to
the very tightly regulated production in P. aeruginosa.?® Although several
attempts to obtain heterologous production of Pseudomonas RLs have been
reported, none of them produced RLSs at levels comparable with those of the best
P. aeruginosa strains.29 In terms of the commercial production of RLs, there is
gtill vast potential for genetic optimization.2® Other species and genera of bac-
teria were also found to be RL producers.8 Most RL -producing species belong to
the closely related genera Pseudomonas and Burkholderia.4” The most prominent
nonpathogenic RL producers from the genus Pseudomonas are P. chlororaphis,
P. alcaligenes and P. putida, and from the genus Burkholderia, they are B. glu-
mae, B. plantarii, B. pseudomallei and B. thailandensis. These species from the
genus Burkholderia primarily produce Rha—Rha—C14—C14, but a number of other
congeners, including mono-RLs, mostly Rha—C14—C14, Were recently detected in
cultures of B. pseudomallei and B. thailandensis.4’ Additionally, in the men-
tioned study, the RL mixture was further characterized and the results, such as
ratio of di-RL to mono-RL, the mgjor RL congeners and genetic background of
RL biosynthesis, were compared to RL produced by P. aeruginosa. On the other
hand, one non-pathogenic RL producer, P. chlororaphis, synthesizes exclusively
mono-RL congeners, primarily Rha-C10-C12 and Rha—C10—C12:1, under static
conditions of fermentation, with ayield of 1 g L—1.28 RLs were also detected in
cultures of many other genera and species of widely different taxonomical ori-
gins.2® However, for most of these strains, structural determination of the puta-
tive RLs was not accomplished and, sometimes, the actua identification of the
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producing strain was not firmly confirmed.2° Due to this, their biotechnological
potential is currently unknown.

Other major obstacles in the production of RL are related to the yields, the
substrates needed to produce them, and the downstream processing required. At
present, strains of P. aeruginosa produce 1020 g L1 of RL in the laboratory
(although there have been some reports of hyperproducer strains), which is low
in comparison to the yields obtained for other glycolipid biosurfactants, MEL and
sophorolipids (100 g L~1).68 One advantage of RLs, and glycolipid biosurfactants
generdly, is the possibility for production from a range of renewable substrates,
such as industrial waste. Additionally, complex regulation of RL biosynthesisin
P. aeruginosa (environment conditions, nutrition factors and quorum sensing
mechanism), which is not yet fully understood, prevents the development of
hyperproducing strains, either by mutagenesis and selection or by genetic mani-
pulation. Failure to achieve high yields may eventualy preclude rhamnolipids
from use in many possible applications.®8

5.2. Commercial production

Rhamnolipids from P. aeruginosa are officialy produced by only a few
companies in the USA.68 Small quantities of RL from the strain P. aeruginosa
NY3 are produced by AGAE Technologies (www.agaetech.com). This com-
pany produces highly purified rhamnolipid as a mixture, which can be a regular
or liquid product, or separate mono- and di-RL fractions (90 or 95 % purity). The
Jeneil Biotech Company, which is generally a food additive producer, and
Rhamnolipid Companies, Inc. (www.rhamnolipid.com), a specialist producer of
these biosurfactants, both manufacture RL on a larger scale. Jeneil Biotech RL
products range from the crudest preparation comprising fermentation broth with
approximately (2 % RLS) to partially purified products (99 % RLS).68 Rhamno-
lipid Companies, Inc. offers raw 99 % rhamnolipid in 1-25 % aqueous solutions
and 1-25 % solutions with stabilizers, refined RL in 0.1 to 7 % in silicone, min-
erd oil, alcohol or other carriers, and refined powder mono- and di-RL.

5.3. Qubstrates for improved production

RLs are considered to be secondary metabolites and as such, their production
coincides with the onset of the bacterial stationary phase.3 Production of RLS on
the cellular level, as well as under conditions for laboratory or industrial pro-
duction, are not fully mastered, even though the biosynthesis of RLs and their
regulation are partially explained.10.69.70 Traditional engineering by random and
targeted genetic ateration, process design, and recombinant strategies have not
yet proven successful.65 For enhanced process development, there is an urgent
need for in-depth information concerning the regulation of RL production during
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bioreactor cultivation of RL-producing bacteria, in order to design knowledge-
based genetic and process engineering strategies.55

Reported data indicate that the production of RLs is possible from simple
carbon sources, such as glycerol and glucose, or complex carbon sources (olive
oil, sunflower oil) or wastes (crude whey, distillery waste, molasses, corn steep
liquor, sunflower oil mill effluent, olive oil mill effluent (OOME), frying ail,
soap stock) and minerals (NaNOs, NH4CI) or combined nitrogen source (NaNOs3
and yeast extract or NH4Cl and peptone).10.29 This indicates that economically
viable levels of biosurfactant production could be achieved using renewable
resources for the carbon source, with special emphasis on the importance of the
utilization of industrial by-products and agricultural wastes as cost-effective
alternative substrates for microbial growth and biosurfactant produc-
tion.38.41,66,68-75

The study of Dubey and Juwarkar’! is an example of RL production from
renewable sources, in which P. aeruginosa BS2 was cultivated on whey for 48 h,
with an RL yield of 0.92 g L-1. In other studies, Mercade et al.”# cultivated
Pseudomonas sp. JAMM in a medium with OOME (100 g L—1) and NaNO3 (2.5
g L), which resulted in an RL yield of 14 g kg©1 OOME after 150 h of
cultivation. Haba et al.,” using sunflower and olive frying oil as carbon sources
and NaNOs as the nitrogen source, studied the production of biosurfactant by
severa P. aeruginosa strains. Most of the examined P. aeruginosa strains showed
good growth on both sources and one of them produced a yield of 2.7 g L1 of
RL. In another study, Haba et al.34 found P. aeruginosa AT10 produced an RL
yield of 16.5 g L~ on soybean residual fatty acids. Benincasa et al.39 tested P.
aeruginosa LBI for RL production by batch fermentation on soap stock as a
carbon source; the maximal production of biosurfactant was 15.9 g L—1. Rikal-
ovic et al.38 tested the effect of different carbon sources on RL production by
severa P. aeruginosa isolates. The best RL yield of 1.3 g L~ was obtained using
sunflower frying oil as a carbon source and peptone and NH4Cl as nitrogen
sources. In the study of Aparna et al.,*> Pseudomonas sp. 2B produced 4.97 g L1
of RL when cultivated on molasses, peptone and NH4Cl.

6. APPLICATIONS OF RHAMNOLIPIDS

The main properties of biosurfactants, i.e., detergency, foaming, emul-
sifying, demulsifying, solubilizing, wetting, thickening, metal sequestering, ves-
icle forming and phase dispersion properties, among others, can be exhibited by
RLs.>76 All of these properties are associated with the amphiphilic character of
the RL molecules, and confer upon them the ability to accumulate between fluid
phases, thus reducing surface and interfacial tensions.® Environmental uses of
RLs are currently considered as the major field for potential application of
RLs,3:46,77-80 put an increasing number of patents indicates the successful appli-
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cation of RLs in the food industry, agriculture, the cosmetics industry, phar-
macology, and in nanotechnology.® The applications of rhamnolipids, which will
be further discussed, are summarized in Tablel.

TABLE |. Fields for rhamnolipid applications

Field of application Specific processes/ purposes

Bioremediation Organic flushing agents (PAH, NAPL, hydrocarbon mixtures
Metal flushing agents (heavy metals Cu, Zn, Pb, Ni, Cr)
Biodegradation of organics (petroleum and petroleum
derivatives)
Biodegradation of organics in metal—organic co-contaminated
systems

Food industry Multipurpose ingredients (decrease surface and interfacial
tension, formation and stabilization of emulsions, improvement
of stability, texture, volume and conservation of products)
Source of L-rhamnose
Surface conditioning

Cosmetic and pharmacy Health care formulations

industries Drug delivery systems
Skin care products
Biomedicine Antimicrobial and antiviral activity

Cellular immunosuppression

Wound healing, treatment prevention of gum disease and
periodontal regeneration of ulcer

Inhibition of growth of human breast cancer cell lines

Agronomy Control of zoosporic plant pathogens by affecting motility,
causes lysis, inhibition of spore germination and mycelium
growth

Formulation of cleanersand Replacements for the synthetic compounds in liquids and

wetting agents powders cleaning formulations

Superior wetting abilities compared to synthetic surfactants on
different types of surfaces
Bio- and nanotechnologies  Synthesis of nanoparticles (metal nanoparticles)
Drug delivery systems
Formulation of microemulsions

6.1. Bioremediation

RLs have been studied and shown to have potential in bioremediation of
organics, as organic flushing agents, as metal flushing agents, and in the bio-
degradation of organics in metal—organic co-contaminated systems.3.10

6.2. Biodegradation and uptake of hydrocarbons

Numerous studies confirmed that biosurfactants, especially RLs, could affect
the biodegradation of hydrocarbons, both aliphatic and aromatic.81 Furthermore,
it was shown that the addition of RLs to pure cultures of P. aeruginosa enhanced
the biodegradation of hexadecane, octadecane, n-paraffins and phenanthrene,82-84
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aswell as degradation in soil systems in the presence of hexadecane, tetradecane,
pristane, creosote or hydrocarbon mixtures.3 Additionally, besides the role of
RLs in the biodegradation of hydrocarbons, reports showed that RLs facilitate the
uptake of hydrocarbons by P. aeruginosa.46,77,8586

Although some studies reported positive effects on the biodegradation of
petroleum hydrocarbons in presence of RL biosurfactant, a lack of influence or
even a negative effect of biosurfactant supplementation was observed just as
frequently.8” Some reports indicated that the potential reason for inhibition of
degradation is that RLs are favored as the carbon source for bacterial meta
bolism.52 Recently, it was observed that the presence of RLs, or other surfactant
compounds, may induce changes in the microbial community, which in turn cor-
responded to differences in the degradation patterns.8’” Some earlier reports sug-
gested mechanisms of hydrocarbon biodegradation facilitated by RL, and
assumed that RLs, due to their physicochemical properties, increased the hydro-
carbon solubility and bioavailability or that RLs interacted with the bacterial cell,
making the cell surface more hydrophobic and easily accessible to hydrophobic
substrates.52 On the other hand, some recently published studies proposed three
mechanisms of interaction between microorganisms and hydrocarbons: access to
water-solubilized hydrocarbons, direct contact of cells with large oil drops and
contact with pseudo-solubilized or emulsified oil,88 as well as combinations of
these interactions.8” However, regardless of whether the biodegradation process
is enhanced or inhibited, the effects are bacterial strain-specific in the sense of
strain characteristics and response to environmental conditions.83 Although much
work was realized by many groups to explain the role of RLs, and biosurfactants
generally, in the degradation of water-immiscible substrate, their significance and
exact purpose in this process still remain unclear.

6.3. Flushing agents for organic pollution

Biodegradation of NAPL and soil-phase organics, such as PAH, is often a
slow and non-feasible process.3 The addition of surfactants to a flushing solution
could enhance the flushing efficiency, either by mobilization or by an increase in
the solubilization of these compounds.3 Thus, to be effective, a surfactant must
have good solubilization capacity and/or be able to reduce interfacial tension.
RLs were shown to have an MSR for the model NAPL, hexadecane that was 20
times greater than the MSR for hexadecane alkyl benzyl sulfonate.3 In studies
examining the use of RLs for the removal of residual hexadecane from soil, it
was shown that RL (20 % removal) was more effective than either SDS (negli-
gible removal) or Tween 80 (6 % removal). Additionaly, it was shown the
optimal removal of NAPL compounds (60 %) could be achieved by altering the
pH and ionic strength, thereby maximizing the reduction of the surface tension.3
Similar results were obtained for RL solubilization of solid phase materials. For
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example, the MSR of rhamnolipid—octadecane was ten and five times higher than
the MSRs for Triton-X-114—octadecane and for Corexit 0600—octadecane, res-
pectively.3 Moreover, the MSR of rhamnolipid-phenanthrene was 1.7 to 2.8 times
higher than for 13 different synthetic surfactants that were tested.3 Furthermore,
in a comparison of the remova of a hydrocarbon mixture (undecane, penta-
decane, hexadecane, octadecane, pristane, naphthalene, phenanthrene and pyr-
ene) from soil, RLs were more effective than Triton X-100 or Tween 60 for al
hydrocarbon components.3 Finally, RL-enhanced removal of phenanthrene,
pyrene and polychlorinated biphenyls and a variety of PAH from soil were
reported.3

6.4. Bioremediation of heavy metals

Juwarkar et al.”® conducted column experiments to evaluate the potential of
environmentally compatible RL biosurfactants produced by P. aeruginosa BS2,
to remove Cd and Pb from artificially contaminated soil. Results showed that di-
rhamnolipid removed not only the leachable or available fraction of Cd and Phb,
but also the bound metals, whereas tap water removed only the mobile fraction.”®
Washing contaminated soil with tap water revealed that only ~ 2.7 % of Cd and
9.8 % of Pb in contaminated soil were in freely available or weakly bound forms
and were able to be removed, whereas washing with RL had removed 92 % of Cd
and 88 % of Pb after 36 h of leaching.”® Wang and Mulligan8 evaluated the
feasibility of using RL foam to remove Cd and Ni from a sandy soil. Application
of RL foam increased the efficiency and enabled the removal of 73.2 % and 68.1
% of Cd and Ni, respectively, whereas the RL solution aone flushed 61.7 % and
51 % of Cd and Ni, respectively.80 Mulligan et al.89 designed batch washing
experiments to evaluate the feasibility of using biosurfactants to remove heavy
metals from sediments. Thus, surfactant from Bacillus subtilis, RLs from P.
aeruginosa, and sophorolipid from Torulopsis bombicola were evaluated on a
sediment containing 110 mg kg of Cu and 3300 mg kg2 of Zn. A single wash-
ing with 0.5 % RL removed 65 % of the copper and 18 % of the zinc, whereas 4
% sophorolipid removed 25 % of Cu and 60 % of Zn.89 Avramovic et al.%0
studied the chromium(V1) tolerance of P. aeruginosa NCAIM (P) B001380 and
showed that the strain was chromium tolerant and had potential for application in
heavy metal bioremediation.

6.5. Bioremediation of co-contaminated sites

Sandrin et al.91 studied the effectiveness of RL biosurfactants in the reme-
diation of a Cd and naphthalene co-contaminated site. They observed that
reduced cadmium toxicity as a result of the addition of P. aeruginosa RL led to
enhanced naphthalene biodegradation by Burkholderia sp. NCBI U37342.91
These authors suggested that reduction of metal toxicity by RL might involve a
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combination of RL complexation with cadmium and RL interaction with the cell
surface to alter Cd uptake, resulting in enhanced rates of bioremediation. In
another co-contaminant study, it was observed that the inhibition of phenanthrene
mineralization in the presence of Cd was reduced by the pulsed addition of RL .52
Dahrazma and Mulligan’8 reported higher rates of Cu and Ni removal from
sediments by adding 1 % NaOH to a solution of RL. Efficient removal of Zn and
Cu from co-contaminated soil with a 12.6 % oil content using RLs was also
demonstrated.92

6.6. Food industry

Some properties of RLs, such as emulsion formulation and stabilization, as
well as anti-adhesive and antimicrobial activity, make them interesting for the
food industry as multipurpose ingredients.4 Apart from their role as surface
active agents, there are reports that RLs could have several other functions in
f0od.12.93 Some examples are an improvement of dough stability, texture, vol-
ume and conservation of bakery products, obtained by the addition of RL surf-
actants, %4 while some other authors suggested the use of RLs for improvement of
properties of butter cream, croissants and frozen confectionery products.93

Finally, RLs could serve a source of L-rhamnose, a compound used com-
mercialy in the production of high quality flavor compounds. L-Rhamnose is a
methyl pentose natural sugar, classified as one of the rarer sugars, and isfound in
several animal, plant and bacterial polysaccharides, as well in RLs. This com-
pound was already successfully obtained by hydrolyzing RL surfactants pro-
duced by P. aeruginosa.% L-Rhamnose is a sugar that the Food and Drug Admi-
nistration (FDA) has approved as a food additive and hence, it has found use in
the flavor industry as a precursor for the production of 2,5-dimethyl-4-hydroxy-
-3(2H)-furanone, the high-quality flavor aroma furaneol (trademark of Firmenich
SA, Geneva),12 which resembles strawberry and raspberry. It is also the starting
raw material in the reaction flavors developed during the preparation of various
foods, such as bread, grilled meats, etc. Thus, there is a great deal of interest in
obtaining commercia quantities of rhamnolipids to provide a source of L-rham-
nose, which already has the above mentioned applications in the food industry.

6.7. Surface conditioning

Bacterial biofilms present on surfaces in the food industry are potential
sources of contamination, which may lead to food spoilage and disease trans-
mission, and thus, controlling the adherence of microorganisms to food contact
surfaces is an essential step in providing safe and quality products to con-
sumers.% The promising results from studies of the disruption of Bordetella
bronchiseptica biofilm by RL® and reduction of adhesion of Streptococcus
salivarius and C. tropicalis by RL98 suggested a potential application of RLs for
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surface conditioning in the food industry. Moreover, studies by Meylheuc et
al 99,100 showed inhibition of the adhesion of the pathogen Listeria monocyto-
genes to two types of surfaces typically used in the food industry using bio-
surfactant obtained from P. fluorescens, while Dagbert et al.101 showed that the
surfactant produced by P. fluorescens also has good potential as a corrosion inhi-
bitor.

It is important to note that RLS, as products obtained from P. aeruginosa,
which are considered to be opportunistic pathogens, still face some difficulties
(particularly the long process required by regulations for the approval required by
governmental agencies) related to application in food industry as food ingredients
or integration of these biosurfactants in industrial processes on any large scale
level .4 This obstacle could, in the future, be prevented by using RL produced by,
as dready mentioned, nonpathogenic bacterial species, such as P. chlororo-
phasis.

6.8. Cosmetic and pharmacy industries

Cosmetic surfactants perform detergency, wetting, emulsifying, solubilizing,
dispersing and foaming effects.1> Biodegradability, low toxicity and ecological
acceptability, which, at the same time, are the benefits of a naturally derived surf-
actant that promises cosmetic safety are, therefore, in high demand. In particular,
application of RLs in the field of cosmetics and pharmaceuticals as emulsifiers,
penetrating agents and drug delivery systems is an emerging area of research,102,103

RLs are used in health care products in several different formulations,° for
example, in insect repellents, antacids, acne pads, anti-dandruff products, contact
lens solutions, deodorants, nail care products and toothpastes.3104 These for-
mulations require surfactants with high surface activity and, in particular, emul-
sifying activities, 105 which is the essence of the texture consistency of these
products.#8 Furthermore, requirements for the biological activities for cosmetics
should expand the application of RLsS, and a delivery system has been achieved,
not only for emulsions but also for liposomes.106 Patents for cosmetics con-
taining RLs have been granted for anti-wrinkle and anti-aging products,107 which
were launched in several dosage forms as commercial skin care cosmeticslo8
because of their skin compatibility and extremely low skin irritation.48

6.9. Biomedicine

Early on, the wide-ranging antimicrobial properties of RLS were noted.
Interestingly, they were shown to be active against a large variety of bacteria,
including both Gram-negative and Gram-positive species.8 In several studies, the
antimicrobial properties of mixtures of RL congeners produced by three different
strains of P. aeruginosa were investigated.31:33,34 The various RL combinations
displayed antimicrobial activity against nearly all the tested Gram-positive spe-
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cies, including Staphylococcus, Mycobacterium, and Bacillus, and significant
activity against a number of Gram-negative species, with Serratia marcescens,
Enterobacter aerogenes, and Klebsiella pneumoniae being especially sensitive.29
Rhamnolipids were also shown to affect cellular immunosuppressionl and
wound healing, treatment and prevention of gum disease and periodontal regen-
eration,110 and to display differential effects on human keratinocytes and fibro-
blast cultures.111 Moreover, Piljac et al.112 reported the successful treatment of a
decubitus ulcer with an ointment containing 0.1 % of a di-rhamnolipid.
Thanomsub et al.113 tested the cytotoxic activity of acrude RL extract, Rha—
—Rha—C10-C1g and Rha—Rha—C10—C12, produced by P. aeruginosa B189 iso-
lated from a milk factory, against herpes simplex virus, insect and cancer cell
lines. Rha—Rha—C10—C1g exhibited significant inhibition of growth of human
breast cancer cell lines (MCF-7), with minimum inhibitory concentration (MIC)
of 6.25 ng mL—1, Rha-Rha—C10—C12 had an MIC of 50 pg mL-1 against insect
cell line C6/36, while the crude RL extract showed no cytotoxic activity.113 The
potential mechanism of activity, regarding the structure of the biosurfactant, is a
toxicological effect on the cell membrane permeability. Furthermore, Rha—Rha—
—C10-C10 and Rha—Rha—C10—C12 had no inhibition effect on the normal cell line
(Vero cell) at concentrations up to 50 pg mL—1. This confirmed the specific
toxicity of these compounds to the cell lines used. However, the inhibitory mech-
anisms against these cell lines are as yet unknown and are under investigation.113

6.10. Agronomy

RLs aso showed the ability to control certain zoosporic plant pathogens,
including Phytophthora cryptogea and Pythium spp.114-116 pyrified mono- and
di-RL, in concentrations ranging from 5 to 30 mg L1, caused cessation of motil-
ity and lysis of the entire zoosporic population in less than 1 min.3 This obser-
vation led to the development of a RL-containing biofungicide formulation, used
to prevent crop contamination by pathogenic fungi.® This product is considered
to be non-mutagenic and of low acute toxicity to mammals. It was approved by
the FDA for direct use on vegetables, legumes and fruit crops.4 Dorey et al.117
reported the role of RLs in triggering defense responses and protection against
the fungus Botrytis cinerea in grapevines.11” The authors showed that RLs inhi-
bited spore germination and mycelium growth, thus efficiently protecting grape-
vines against the fungus by inducing the plant defense system. A product based
on an aqueous RL solution (0.01 %) was claimed to act as a novel agent for
stimulating the natural defense reactions of plants against pathogenic fungi.>117

6.11. Formulation of cleaners and wetting agents

One of the major commercial domestic applications of biosurfactants is in
the field of cleaning and laundry products. The interfacial chemistry created by
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adsorbed surface-active molecules, of either biological or chemical origin, domi-
nates the end-use properties of materials in many different applications.>® The
properties and efficacy of detergent formulations are critically dependent on the
interfacial activity of various surfactants, which are present in their compo-
sition.64 At present, the liquids and powders generally contain alkyl sulfonates,
such as linear alkylbenzene sulfonates, but the glycolipid biosurfactants and
among them rhamnolipids, produced by P. aeruginosa, are possible candidates to
be used for the, at least, partial replacements of these synthetic compounds.®8
One of the mgjor challenges in the use of RLs is the fact that they are produced
as a mixture of different congeners, which affects physicochemical properties
and behavior, as mentioned previously.

Bafghi and Fazaelipoorl18 investigated RLs in the formulation of a washing
powder. The results showed that the biosurfactant was effective in removal of ail
from the samples. The formulation presented in this study was also compared
with some commercial powders for the removal of edible oil, chocolate and
albumen stains. The results showed that the RL-inclusive formulation was com-
parable to the commercial powders in terms of stain removal. Biodegradability
tests performed on pure RL and the RL-inclusive formulation confirmed the good
biodegradability of this biosurfactant.

Ozdemir and Malayoglu®4 investigated the wetting behavior of a mixture of
mono- and di-rhamnolipid (in 1:1 ratio of mono:di-rhamnolipid) on glass, PET
and gold surfaces by measuring the advancing contact angle, and elucidated the
preferences of the surfactant molecules adsorbed onto SL-SV and L-V inter-
faces, with SDS as the reference surfactant. The study showed that at low con-
centrations of RL and reference surfactant, the contact angle varied in a certain
range depending on the character of the surfactant interactions with the surface.t4
Moreover, on hydrophobic surfaces, the adhesion tension had a specific dynamic,
depending on surfactant concentration, while on hydrophilic surfaces a steady
decrease in adhesion tension was observed with both surfactant solutions.64

Costa et al.>® also studied the wetting behavior of RLs produced by P. aeru-
ginosa LBI grown on a waste oil substrate, and the chemical surfactant SDS, on
glass, PET, poly(vinyl chloride) (PVC), poly(e-caprolactone) (PCL) and a poly-
mer blend (PVC—PCL) by measuring the contact angle of sessile drops. The
comparison of the wetting profiles showed dynamic changes in the contact angle
at low SDS and RL concentrations — the contact angle increased and when the
concentration of the surfactant increased further, the contact angle decreased.>®
The results showed that RLs produced by P. aeruginosa LBI exhibited superior
wetting abilities compared to SDS. This is the first work that evaluated the
wetting properties of RLs on polymer blends.
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6.12. Bio- and nano-technology

Biosurfactants have been increasingly attracting attention in the field of
nanotechnology as a “green” aternative for high-performance nanomaterials.1?
During the last decade, unique properties of biosurfactants, including versatile
self-assembling and biochemical properties, which do not usually occur among
chemically derived surfactants, were studied and analyzed.119-121 RL s, alone or
in combination with other glycolipid biosurfactants, have potential roles as sys-
tems for drug delivery, synthesis of nanoparticles and formulation of microemul-
sions.

6.12.1. Drug delivery systems

In 1988, RL liposomes were patented as drug delivery systems, useful as
microcapsules for drugs, proteins, nucleic acids, dyes and other compounds, as
biomimetic models for biological membranes and as sensors for detecting pH
variations.1” These novel liposomes were described as safe and biologically
decomposable, with suitable affinity for biological organisms, stable and with
long service and shelf life.l” Recently, in a study of Sharma et al.,122 RLs and
sophorolipids were mixed with lecithins to prepare biocompatible microemul-
sions in which the phase behavior was unaffected by changes in temperature and
electrolyte concentration, making them desirable for cosmetic and drug delivery
applications.1’

6.12.2. Synthesis of nanoparticles

Another interesting aspect of the applications of RL isthe synthesis of metal
nanoparticles as an aternative (a more ecological technology) to traditional
methods of production.12! There are several reports with RL applications in this
field. Kumar et al.123 synthesized silver nanoparticles using purified RLs from P.
aeruginosa BS-161R, which showed a broad spectrum of antimicrobial activity.
Xie et al.124 successfully synthesized silver nanoparticlesin RL reverse micelles.
Palanisamy and Raichurl? demonstrated a simple and eco-friendly method for
synthesis of spherical nickel oxide nanoparticles by a microemulsion technique
using RLs as an dternative surfactant.

In two recent studies, RL biosurfactants were used as capping agents for the
synthesis of ZnS nanoparticles.126.127 Narayanan et al.126 demonstrated a novel
method for the synthesis of ZnS nanoparticles in agueous medium and showed
that RL biosurfactant has potential as an effective capping agent for the synthesis
of uniform nanoparticles. Hazra et al.127 reported a facile eco-friendly procedure
for biosynthesis of RL capped ZnS nanoparticles, their structural character-
ization, biocompatibility, cytotoxicity assessment and their applicability as a
nanophotocatalyst for the degradation of a textile azo dye. The results obtained
explained the importance of environmentally friendly RLs as an effective and
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inexpensive capping and stabilizing agent for the development of stable and
biocompatible ZnS nanoparticles as nanophotocatalysts in the textile industry and
for wastewater and effluent treatment.127

6.12.3. Microemulsions

Xie et al.128 showed that RLs have potential for application in the for-
mulation of microemulsions with medium-chain acohols as co-surfactants.
Furthermore, the same authors observed that the phase behavior and micro-
structure of these microemulsions were related to the conformational changes of
the RL molecules at the oil/water interface.128.129 |n another study, RLs were
successfully used as the surfactant to synthesize spherical nickel oxide nano-
particles by amicroemulsion technique.12®

Nguyen and Sabatini130 focused their research on developing alcohol-free
biosurfactant-based microemulsions. RL-based mixtures were found to have
doubled the solubilization parameter as compared to sodium bis(2-ethylhexyl)
sulfosuccinate/sodium dihexy! sulfosuccinate/sodium mono- and di-methylnaph-
thalene sulfonate at the same total molar concentration.130 Additionally, these
authors developed a phase diagram for surfactant mixtures containing methyl
ester ethoxylate, RL and oleyl alcohol with limonene oil, which could be used as
a guideline for selecting a surfactant system and surfactant ratio to formulate
microemulsions with a given oil. The RL biosurfactant used by Nguyen and
Sabatini130 was the least hydrophobic type (fatty acid tails of Cg chain length),
since its tail length was the shortest within the typical range (the tail length
usually varies from Cg to Cy4). Potential application of longer tail RL would
make the surfactant system more hydrophobic and, as a result, either the opti-
mum formulation at lower salinity for the studied oils would be achieved, or it
would be easier to formulate microemulsions with oils that are more hydrophobic
than the studied 0ils.130 In a recent report, Nguyen et al.12! formulated and
evaluated microemulsions of lecithin/RL/sophorolipid biosurfactants with a
range of ails.

7. CONCLUDING REMARKS AND FUTURE PERSPECTIVE

Next to the aready established biosurfactants alkyl polyglycosides and
sophorolipids, RLs shows the highest economic potential among all the currently
investigated microbial biosurfactants.9 The reasons for this are their environ-
mental friendly properties (biodegradability, low aguatic toxicity, production
from renewable resources or industrial wastes), as well as additional benefits of
their physicochemical characteristics and biological origin. In spite of the several
drawbacks discussed above, strains of P. aeruginosa are the most promising
candidates for RL production, because they can metabolize a variety of carbon
sources, including renewable sources, with good yields of RL surfactants and
their RL mixtures contain all types of RL structures. In comparison to other gly-
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colipid biosurfactants, RLs have a broader range of applications, from environ-
mental to industrial spectra. The increasing commercial importance of RL is
suggested by the number of companies that are official manufacturers of RL bio-
surfactant produced by P. aeruginosa, and the great number of related patents.
However, in the near future, it seems that the most likely progress in the appli-
cation of RLs will be in the field of bioremediation, biodegradation of hydro-
carbons and removal of heavy metals. In addition to the research focused on
commercia application of RLs in bioremediation, further investigation and
understanding of the mechanisms of action of these compounds in the environ-
ment appears to be of importance.

Acknowledgment. This work was supported by Project 111 43004, funded by the Ministry
of Education, Science and Technological Development of the Republic of Serbia.

U3BOJ
PAMHOJIMIIUIHU BUOCYPOAKTAHT U3 Pseudomonas aeruginosa — Ol OTKPURA JO
[TPUMEHE Y CABPEMEHOJ TEXHOJIOTHJH

MUJIEHAT. PI/IKAIIOBI/IB1, MHPOCJIAB M. BPBUR' n HBAHKA M. KAPALII/I'B1

1Xemujcxu paxyniteii, Ynusep3utiien y Beoipagy, Ciygeniticku wpi 12—16, Beoipag u ZMeguu,uHcrcu
paxynitienwi, HHciuty 3a xeMmujy y meguyunu, Ynueep3uiieii y beoipagy, Buweipagcka 26, Beoipag
PamHonmunuou cy, HajBepoBaTHHje, cieneha reHepauuja OuocypdaxrtaHata koja he
IOMHUHHUpATH Ha TPXKUIITY cypdakranara. Hamase ce ogMax u3a aJKkWiI-NIOMUIIIMKO3UIA, KOjU
cy Beh mpuxsaheHu Ha TPKULITY, ¥ CODOPOIUINIA, KOjHU CE 3a caja Hajase y HEKOIUKO (op-
mynauuja 3a ynmhemwe. Mnax, Hajpehu 6poj HOBUX MydnuKanMja U MaTeHaTa BE3aHUX 3a IVIU-
KonunugHe duocypdaxkTaHTe ce OJHOCH Ha PAaMHOJIHMNHKAE. [7TaBHHU NPOISYLEHTH PAaMHOJIH-
nunga cy Pseudomonas aeruginosa. OBu OuocypdakTaHTH Cy CMelle PasIHYUTHX PaMHOJIH-
MUIHUX CTPYKTYpa, Koje TMoKa3dyjy (PpuU3nIKo-xeMHjcke 0COOHHE pa3TuuuTe Of MOjefHHAYHUX
CTPYKTypa, IIPH YeMy Haj3acTyIubeHHje PaMHONHUINIHO jeduierme MMa Hajsehu yTuiaj Ha
YKYIIHE KapakTepucTuke cMmerie. OcobrHe paMHONMMIIN/A, Kao IITO Cy OMOpasrpaguBoOCT, HUCKA
TOKCHYHOCT, NMPOAyKUHja U3 ODHOB/BMBHX M3BOpA, aHTUMUKPOOHa (mocedHO aHTHU(YyHranHa)
aKTHBHOCT, 33jeJHO UX YMHE NMOTEHUHjaIHO MOTOAHUM 3a IIHWPOKY KOMepLUjalHy NMPUMEHY.
Jlo capa je rmaBHa MpUMeHa paMHOIHUNKAA dumna y obnactu duopemenujanuje, a pactyhu dpoj
naTeHaTa Be3aHHUX 3a NPUMEHY PaMHOJIMNHKAA Y KO3METHUYKO]j, arpo- U npexpamdeHoj UHIyC-
TpHju, popmynanujama 3a ydirhewme U HAHO-TEXHOJOTHjU YKa3yjy Ia je muxoBa OymyhHocT
UMIUIEMEHTalYja y OBUM 001aCTUMa.

(ITpumsbeHo 27. jyHa, peBunupano 19. cenrembpa, mpuxsaheno 20. centembpa 2014)
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hybrids and their antimicrobial activity

DONGAMANTI ASHOK*, BOMMIDI VIJAYA LAKSHMI, SIDDA RAVI
and ARRAM GANESH

Department of Chemistry, Osmania University, Hyderabad, India
(Received 21 June, revised 15 Octaber, accepted 20 October 2014)

Abstract: A series of pyrazolines were synthesized by Michael addition of chal-
cones with hydrazine hydrate in the presence of sodium acetate under con-
ventional heating and microwave irradiation. The structures of the newly syn-
thesized chalcones and pyrazolines were established based on IR, *H- and 13C-
-NMR and mass spectral data. All the synthesized compounds were screened
for their antimicrobial activity. Some of the compounds showed very good acti-
vity compared to standard drugs against all pathogenic bacteria and fungi.

Keywords: coumarin; chalcones; Michael addition; microwave irradiation; pyr-
azolines.

INTRODUCTION

Coumarins are plant flavonoids widely distributed in nature. Coumarins are
important oxygen-containing fused heterocycles used in drugs and dyes.1 Natural
coumarins are known to have antidiabetic activity,? anabolic, antioxidant and
hepatoprotective activities.3 Substituted coumarin derivatives were reported to
have a variety of biological activities, such as anti-inflammatory,# antimicrobial
antioxidant, anticancer” and antiviral8 activities. The potent antibiotics novo-
biocin and coumaromycin (Fig. 1) are coumarin derivatives. Compounds with a
backbone of chalcones were reported to possess various biological activities,
such as antimicrobial, anti-inflammatory, analgesic, antiplatelet, anti-ulcerative,
antimalarial, anticancer,® antiviral, antileishmanial, antioxidant,10 antituber-
cular,11 antihyperglycemic, immunomodulatory, inhibition of the release of che-
mical mediators,12 inhibition of leukotriene B4,13 inhibition of tyrosinasel4 and
inhibition of aldose reductase,15 and estrogenic activities.16 Licochalcone (Fig.
1) was found to exhibit antimalarial activity.1?” Chalcones are used as starting
materials for the synthesis of various chemicals, including plastics, resins, pesti-

* Corresponding author. E-mail: ashokdou@gmail.com
doi: 10.2298/JSC140021101A
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cides, dyes and pharmaceuticals.18 Hence, the synthesis of chalcones has gener-
ated vast interest among organic aswell as medicinal chemists.

0.0 0__0
o " & N
O H
© © OH

R mww

Novobiocin Coumermycin A

Coumarin core embedded drugs.

o
HO o OH

QO o b

SN N
Cl/®( \N/ o
(0] A
Licochalcone A Pyraclostrobin
A drug based on chal cone motif pyrazoline based antif ungal agrochemical

Fig. 1. Biologically active compounds embedded with coumarin,
chalcone and pyrazoline motifs.

The existing literature is rich with progressive findings concerning the synt-
hesis and pharmacological properties of pyrazolines. Pyrazolines were found to
possess antimicrobial, 19 antibacterial 20 anti-amoebic,21.22 antidepressant,23 anti-
convulsant,24 anti-inflammatory,2>.26 and antitumor activities. Pyraelestrobin
(Fig. 1) isone of the most important fungicides on the active agrochemicals market.

Microwave irradiation has gained popularity in the past decade as a powerful
tool for the rapid and efficient synthesis of a variety of compounds, resulting
from the selective absorption of microwave energy by polar molecules.2” The
application of microwave irradiation provides enhanced reaction rates and
improved product yields in organic synthesis and it is proving quite successful in
the formation of a variety of carbon—heteroatom bonds. Recently, considerable
efforts have been made in the design and realization of innovative synthetic pro-
tocols in organic synthesis, whereby a more eco-sustainable approach was
adopted.28-30 As part of an ongoing research program, the syntheses of new
biologically active pyrazoline derivatives, substituted (E)-8-[3-(1,3-diphenyl-1H-
-pyrazol-4-yl)-1-oxo-2-propen-1-yl]-7-hydroxy-4-methyl-2H-1-benzopyran-2-one
and substituted 8-(4',5-dihydro-1,3-diphenyl[4,5"-bi-1H-pyrazol]-3'-yl)-7-hyd-
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roxy-4-methyl-2H-1-benzopyran-2-one, under conventional and non-convent-
ional (microwave irradiation) methods, are reported herein.

RESULTS AND DISCUSSION

In this article, the syntheses are reported of new biologicaly active pyra-
zoline derivatives, substituted (E)-8-[3-(1,3-diphenyl-1H-pyrazol-4-yl)-1-oxo-2-
-propen-1-yl]-7-hydroxy-4-methyl-2H-1-benzopyran-2-one (3a—g) and substituted
8-(4',5'-dihydro-1,3-diphenyl[4,5'-bi-1H-pyrazol]-3"-yl)-7-hydroxy-4-methyl-2H-
-1-benzopyran-2-one (4a—g), under conventional and non-conventional (micro-
wave irradiation) methods. The synthesis of new derivatives of pyrazoline (4a—Q)
was realized as outlined in Scheme 1. The chalcones were prepared by reacting
8-acetyl-7-hydroxy-4-methylcoumarin (1) with substituted 1,3-diphenyl-1H-pyr-
azole-4-carboxal dehydes 2a—g in presence of piperidine by conventional method
as well as microwave irradiation using the Claisen—Schmidt condensation. The
Michael addition of 3a—g with hydrazine hydrate in DMF was realized by heating
conventionally and irradiating with microwaves in the presence of sodium acetate
affording the new pyrazoline derivatives 4a—g.

R,

¢} Ph~N
1o 0__0 h Ry
N : s
+ NN R Piperidine
= 1
= EtOH 0
CHO MW /A

H,N-NH, H,O
DMF, NaOAc
MW /A

Scheme 1. Synthetic route for the preparation of the coumarin—pyrazoline hybrids 4a—g;
a, Ry =H, Ry=H; b, R; = OCHs, Ry = H; ¢, Ry = OCH3, Ry = OCHg; d, Ry = CH3, Ry = H;
e, Ri=F,R,=H;f,R;=Cl,Ry=H; g, Ry =Br, Ry = H.

It was found that the synthesis of chalcones 3a—g and pyrazolines 4a—g by
conventional method took a longer time and gave lower yields (Table 1), when
compared to the microwave irradiation technigue in which the reaction proceeded
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smoothly with excellent yields, within a few minutes for the pyrazolines 4a—g
and in 10-15 min for the chalcones 3a—g (Table 1).

TABLE |. Comparisons of the yields of the synthesized compounds 3a—g and 4a—g

c d M oc Conventiona method MWI
ompd. P t/h Yield, % t/min Yied, %

3a 202 24 50 10 80
3b 242 20 51 15 80
3c 228 2 52 12 82
3d 206 24 56 14 86
3e 210 24 58 13 87
3 215 20 50 14 86
3g 207 24 52 15 80
4a 233 2 52 1 80
b 259 25 59 15 89
4c 256 3 52 2 80
4d 251 2 56 2 88
4e 253 25 56 1 88
4f 232 2 52 2 80
4g 226 3 54 2 86

Analytical and spectral data for compounds 3a—g and 4a—g are given in
Supplementary material to this paper. The TH-NMR spectrum of chalcone 3a
showed characteristic signals at ¢ 8.04, 8.18 and 8.62 ppm corresponding to H,,
Hz and the pyrazole H, respectively. In the 13C-NMR spectrum of chalcone 3a,
the carbony! carbon appeared at 6 193.0 ppm. The mass spectra of 3a showed the
molecular ion peak at MYz 449 [M+H]*. The IH-NMR spectrum of pyrazoline
derivative 4a displayed three characteristic signals due to the diastereotopic pro-
tons (Ha, Hg and Hx). The Ha proton, which is cis to Hy, resonated upfield at ¢
3.78 ppm as a doublet of a doublet (dd), while the Hg proton, which is trans to
Hyx, resonated downfield at 6 4.09 ppm (dd). The Hx proton, which is vicinal to
two methylene protons (Ha and Hg), was aso observed as a doublet of a doublet
a 0 5.14. The cyclization of chalcones into pyrazolines was further supported by
the 13C-NMR spectrum of 4a, in which the C-Ha and C—Hyx carbons of the
pyrazoline ring resonated at 6 44.2 and 54.3 ppm, respectively. These values are
in close agreement with the previously reported values for the pyrazoline carbons
C—Ha and CHyx.3132, The combination of IH-NMR and 13C-NMR provides
strong evidence in support of structures assigned to pyrazoline derivatives. The
mass spectrum of 4a showed the molecular ion peak at m/z 463 [M+H]*. These
data were considered satisfactory for the structures assigned to compounds 3a—g
and 4a—g.

Available on line at www.shd.org.rs/JSCS/

(CC) 2015 SCs. All rights reserved.



SYNTHESIS AND ANTIMICROBIAL ACTIVITY OF COUMARIN-PYRAZOLINE HYBRIDS 309

Antibacterial activity

All the compounds were screened for their antibacterial activity against Sa-
phylococcus aureus, Bacillus subtilis, Pseudomonas aeruginosa and Escherichia
coli using ampicillin as the standard drug. The activity was determined using cup
plate agar diffusion method by measuring the zone of inhibition in mm. The
compounds were screened at the concentration of 50 pg mL~1 in DMSO. From
the screening studies (Table I1), it is evident that the synthesized compounds 3b,
3c, 4a, 4b, 4c and 4g showed good antibacterial activity against al the tested
organisms. It was further observed that the electron rich chalcone 3c, with both
aryl rings possessing a methoxy substituent, showed the best activity, and closely
followed by 3b, which has only one methoxy substituent. This leads to the con-
clusion that electron rich chalcones showed higher activity. Furthermore, chang-
ing the halogens from F to Cl or Br, did not provide any significant change in the
levels of activity against bacteria. However, in the case of the pyrazoles derived
from the chal cones, the activity does not depend much on the electronic nature of
the compounds. This is evident from the fact that 4a, 4b, 4c and 4g, al have
approximately the same level of activity.

TABLE II. Antibacterial activity (zone of inhibition, mm) of compounds 3a—g and 4a—g

Cormpd Gram-positive bacteria Gram-negative bacteria
ompd. S. aureus B. subtilis P. aeruginosa E. coli
3a 16 4 5 12
3b 28 13 13 35
3c 30 12 9 32
3d 23 5 4 10
3e 22 7 8 25
3f 10 8 2 23
39 22 10 7 22
da 29 11 10 27
4b 27 10 8 28
4c 28 11 8 26
4d 20 7 5 22
de 18 10 6 18
af 15 9 8 21
4g 28 11 9 28
Ampicillin 30 12 10 30

Antifungal activity

All the compounds were screened for their antifungal activity against Asper-
gillus niger, Penicillium italicum and Fusarium oxysporum using griseofulvin as
the standard drug. The activity was determined using the cup plate agar diffusion
method by measuring the zone of inhibition in mm. The compounds were
screened at a concentration of 50 pg mL—1 in DMSO. From the screening studies
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(Table 1), it was evident that the synthesized compounds 3b, 3c, 3e, 4a, 4c and
4g showed good antifungal activity against al the tested organisms. The
fluorinated chalcone 3e showed the highest activity, followed by the electron rich
substrates 3b and 3c. When the fluorine atom was replaced by bromo or chloro
substituents, the activity against fungi decreased. Among the pyrazoles, the
unsubstituted compound 4a showed the highest activity against the fungi. The
highly electron rich pyrazole 4c showed activity which was comparable to that of
4a, but on the lower side, indicating that substituents on the pyrazole are det-
rimental to the observed activity. Among the halogen derivates, the bromo sub-
stituted compound 4g showed significantly higher activity compared to those of
the fluoro- and chloro-substituted compounds, 4e and 4f, respectively.

TABLE II1. Antifungal activity (zone of inhibition, mm) of compounds 3a—g and 4a—g

C d Fungus
ompa. A. niger P. italicum F. oxysporum
3a 8 16 22
3b 12 21 25
3c 11 20 23
3d 9 20 26
3e 12 24 28
3f 9 21 23
39 6 18 23
4a 15 25 28
4b 8 14 19
4c 14 21 24
4d 7 15 18
de 6 12 14
Af 8 10 10
49 14 21 23
Griseofulvin 12 20 25
EXPERIMENTAL
Materials

All used materials were obtained commercialy, mostly from Sigma-Aldrich, and were
used without further purification.
Equipment

The melting points were determined in open capillaries and are uncorrected. The purity
of the compounds was checked by TLC on silicagel 60 F,s4 (Merck). The TH-NMR and 13C-
-NMR spectra were recorded on a Bruker Avance Il 400 spectrometer using TMS as an
internal standard. The IR spectra were recorded in KBr on a Shimadzu FTIR 8400S spec-
trophotometer. The mass spectra were obtained on a Shimadzu GCMS-QP 1000 mass spec-
trometer. The microwave reactions were performed in a Milestone multiSYNTH microwave
system.
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General procedure for the synthesis of (E)-8-[ 3-(1,3-diphenyl-1H-pyrazol-4-yi)-1-oxo-2-
-propen-1-yl] - 7-hydroxy-4-methyl-2H- 1-benzopyran-2-one anal ogues 3a—g

Conventional method. A mixture of 8-acetyl-7-hydroxy-4-methylcoumarin 1 (1 mmol),
substituted 1,3-diphenyl-1H-pyrazole-4-carboxaldehydes 2a—g (1 mmol) in ethanol (20 mL)
and a few drops of piperidine was taken into a round bottomed flask and stirred at room
temperature for 20-24 h. Progress of the reaction was monitored by TLC. After completion of
the reaction, the reaction mixture was diluted with cold water and acidified with dil. HCI. The
precipitate that formed was filtered, dried and recrystallized from ethanol to afford pure
chalcones 3a—g.

Microwave irradiation. A mixture of 8-acetyl-7-hydroxy-4-methylcoumarin 1 (1 mmol),
substituted 1-(1,3-diphenyl-1H-pyrazole-4-carboxaldehydes 2a—g (1 mmol) in ethanol (2 ml)
and few drops of piperidine was taken in a glass via equipped with a cap and then subjected
to microwave irradiation at 100 W for 10 to 15 min. Progress of the reaction was monitored
by TLC. After completion of the reaction, the reaction mixture was diluted with cold water
and acidified with dil. HCI. The precipitate that formed was filtered, dried and recrystallized
from ethanol to afford the pure chalcone.

General procedure for the synthesis of substituted 8-(4',5"-dihydro-1,3-diphenyl[4,5-bi-1H-
-pyrazol] -3-yl)-7-hydroxy-4-methyl-2H-1-benzopyr an-2-one 4a—g

Conventional method. To a solution of chalcone 3a-g (1 mmol) in DMF (5 mL)
containing sodium acetate (1 mmol), hydrazine hydrate (1 mmol) was added and the reaction
mixture was heated at 80-90 °C for 2 to 3 h. The progress of the reaction was monitored by
TLC. After the completion of the reaction, ice water was added. The solid product that
separated was filtered, washed with water, dried and recrystallized from MeOH:CHCl 3 (1:1).

Microwave method. To a solution of chalcones 3a—g (1 mmol) in DMF (1 mL) con-
taining sodium acetate (1 mmol), in a 10 mL glass via equipped with a cap, hydrazine hydrate
(2 mmol) was added and the mixture was then irradiated for 1-2 min at an irradiation power
of 180 W. The progress of the reaction was monitored by TLC. After completion of the
reaction, ice water was added. The solid product that separated was filtered, washed with
water, dried and recrystallized from MeOH:CHCl; (1:1).

Biological assays

Antibacterial activity, The novel synthesized compounds 3a—g and 4a—g were screened
for their antibacterial activity against different types of bacteria strains, i.e., Gram-negative
bacterial strains of Pseudomonas aeruginosa (9027) and Escherichia coli (ATCC-8739),
Gram-positive bacteria strains of Bacillus subtilis (ATCC-11778) and Staphylococcus aureus
(ATCC-9144) at a concentration of 50 pg mL1.

The cultures were diluted with 5 % autoclaved saline and the final volume was adjusted
to a concentration of approximately 10°~10% CFU mL-1. The synthesized compounds were
diluted with acetone for the antibacterial biological assays. For agar disc diffusion method,33
the liquid form of the test compound was soaked on to a disc (5 mm) and then allowed to air
dry, such that the disc became completely saturated with the test compound. The saturated
chemical discs were introduced onto the upper layer of the medium evenly loaded with the
bacteria and incubated at 37 °C for 24 to 48 h for better inhibition of the bacteria. The zones
of inhibition were measured after 24 to 48 h. All the experiments were performed in triplicate
and the results are expressed as zone of inhibition in mm. The zones of inhibition of
synthesized compounds 3a—g and 4a—g were compared with the zone of inhibition of the
standard antibiotic ampicillin (50 ug mL1).
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Antifungal activity. The antifungal activity of synthesized compounds 3a—g and 4a—g
was tested against three pathogenic fungi, namely Fusarium oxysporum (ATCC-7601), Asper-
gillus niger (ATCC-9029) and Penicillium italicum (ATCC-10454), by the poison plate
technique at a concentration of 50 pg mL—2. Three kinds of fungi were incubated in potato
dextrose agar medium (PDA) at 25+1 °C for 5 days to obtain new mycelium for the antifungal
assay and then mycelia as disks of approximately 0.45 cm diameter cut from the culture
medium were picked up with a sterilized inoculation needle and inoculated into the centre of a
PDA plate. The test compounds were dissolved in acetone (10 mL) then added to the PDA
medium (90 mL). The final concentration of compounds in the medium was adjusted to 50 pg
mL-L. The inoculated plates were incubated at 25+1 °C for 5 days. Acetone was diluted with
sterilized distilled water and used as the control, while griseofulvin (50 pg mL—1) was used as
the standard control for each treatment. Three replicates of the experiments were performed.
Theradia growth of the fungal colonies was measured on the sixth day.

CONCLUSIONS

Two new series of compounds 3a—g and 4a—g were synthesized under con-
ventional and microwave irradiation conditions. In microwave irradiation
method, the reactions were completed in shorter times with better yields com-
pared to the conventional method. All the new compounds were screened for
their antimicrobial activities. It was observed that compounds 3b, 3c, 4a, 4b, 4c
and 4g exhibited broad spectrum of antibacterial activity, and compounds 3b, 3c,
3e, 4a, 4c and 4g showed a broad spectrum of antifungal activity against all the
tested strains compared to the standard drugs at their respective concentrations.

SUPPLEMENTARY MATERIAL

Analytical and spectral data for compounds 3a—g and 4a—g are available electronicaly
from http://www.shd.org.rs/JSCS/, or from the corresponding author on request.
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U3BOL
CHHTE3A HOBHUX KYMAPHUH-TITMPA30JIMH XUBPHUIA O3PAYHMBAILEM
MUKPOTAJIACUMA Y UCITUTUBAILE b MXOBE AHTUMHUKPOBHE AKTHBHOCTH

DONGAMANTI ASHOK, BOMMIDI VIJAYA LAKSHMI, SIDDA RAVI 1 ARRAM GANESH
Department of Chemistry, Osmania University, Hyderabad, India

CuHTeTHCaHa je cepuja nepuBaTa UpasosvHa 4a—g MajkioBoM peakiyjoM XalKkoHa 3a—g
ca XUOpa3sUH-XUIPAaTOM Yy IIPUCYCTBY HaTpHjyM-alieTaTa 3arpeBalbeM KIaCHYHHUM IOCTYNIKOM
WX MUKpOTajnacuma. CTpyKType HOBUX Xa/lKkoHa 3a—g W NHpasoiauHa 4a—g yTBpheHe cy Ha
ocHosy IC, 'H- u 13C-NMR cnexTpockonuje u maceHe criekTpomMerpuje. CBUM CHHTETHCAHUM
jenvmemUMa UCIHTAaHA je aHTUMUKpOOHa akTHBHOCT. Hexw on pgepuBara mokasyjy modpe
aKTHUBHOCTH y mopehemy ca cTaHJapJHUM JeKOBUMa IIpeMa CBUM COjeBUMa NaToreHux Oak-
TepHja U IJbUBa.

(ITpumibeHo 21. jyHa, peunupano 15. oktodpa, npuxsaheno 20. oxrodpa 2014)
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Microwave-assisted synthesis of some new coumarin—pyrazoline
hybrids and their antimicrobial activity
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General structures of the synthesized compounds with atomic numbering.

ANALYTICAL AND SPECTRAL DATA FOR COMPOUNDS 3a-g AND 4a-g

(E)-8-[ 3-(1,3-Diphenyl-1H-pyrazol-4-yl)- 1-oxo-2-propen-1-yl] - 7-hydr oxy-4-
-methyl-2H-1-benzopyran-2-one (3a). Anal. Calcd. for CogHogN2O4: C, 74.94;
H, 4.46; N, 6.21 %. Found: C, 74.99; H, 4.50; N, 6.25 %; IR (KBr, cm1): 3440
(OH), 1636 (C=N); 1H-NMR (400 MHz, CDCls3, 6 / ppm): 2.45 (3H, d, J = 1.004
Hz, CH3), 6.20 (1H, d, J = 1.0 Hz, H3), 6.96 (1H, d, J = 9.0 Hz, Hg), 7.33-7.37
(1H, m, Ar-H), 7.46-7.54 (5H, m, Ar-H), 7.68 (1H, d, J = 9.0 Hz, Hs), 7.73-7.75
(2H, m, Ar-H), 7.85-7.87 (2H, m, Ar-H), 8.04 (1H, d, J = 15.5Hz, H,), 8.18 (1H,
d, J=15.5Hz, Hp), 8.62 (1H, s, pyrazole H), 13.94 (1H, s, OH); 13C-NMR (100
MHz, CDCl3, ¢ / ppm): 19.3, 109.7, 110.9, 115.3, 118.6, 119.4, 122.8, 125.6,
126.3, 127.3, 128.7, 128.8, 129.5, 130.8, 134.2, 137.2, 137.5, 153.4, 154.8,
156.3, 153.5, 159.6, 163.6, 193.0; MS (m/2): 449 ([M+H]™*, 100 %).

(E)-7-Hydr oxy-8-{ 3-[ 3-(4-methoxyphenyl)- 1-phenyl-1H-pyrazol -4-yi] -1-oxo-
-2-propen-1-yl}-4-methyl-2H-1-benzopyran-2-one (3b). Anal. Calcd. for
CogH2oN2Os: C, 72.79; H, 4.63; N, 5.85 %. Found: C, 72.81; H, 4.65; N, 5.87 %;

* Corresponding author. E-mail: ashokdou@gmail.com
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IR (KBr, cm1): 3444 (OH), 1635 (C=N); 1H-NMR (400 MHz, CDCl3, J / ppm):
2.45 (3H, d, CH3, J = 1.0 Hz), 3.89 (3H, s, OCH3), 6.20 (1H, d, J = 1.0 Hz, H3y),
6.96 (1H, d, J = 8.7 Hz, Hg), 7.05 (2H, d, J = 9.0 Hz, Ar-H), 7.33-7.37 (1H, m,
Ar-H), 7.48-7.52 (2H, m, Ar-H), 7.67 (1H, d, J = 8.7 Hz, Hs), 7.69 (2H, d, J =
= 9.0 Hz, Ar-H), 7.84-7.86 (2H, m, Ar-H), 8.03 (1H, d, J = 15.3 Hz, H,), 8.16
(1H, d, J = 15.3 Hz, Hp), 8.60 (1H, s, pyrazole H), 13.97 (1H, s, OH); 13C-NMR
(100 MHz, CDCl3, ¢ / ppm): 19.3, 55.4, 110.9, 112.0, 114.3, 115.3, 118.4, 119.4,
120.3, 123.8, 124.1, 124.6, 125.3, 127.2, 129.5, 130.0, 130.8, 136.9, 139.4,
156.3, 156.6, 159.7, 160.1, 167.4, 196.1; MS (nV2): 479 ((M+H]™*, 100 %).

(E)-8-{3-[ 3-(3,4-Dimethoxyphenyl)- 1-phenyl-1H-pyrazol -4-yl] - 1-oxo-2-pr o-
pen-1-yl}-7-hydroxy-4-methyl-2H-1-benzopyran-2-one (3c). Ana. Calcd. for
C3oH24N>0g: C, 70.86; H, 4.76; N, 5.51 %. Found: C, 70.90; H, 4.78; N, 5.49 %;
IR (KBr, cm1): 3447 (OH), 1633 (C=N); 1H-NMR (400 MHz, CDCl3, J / ppm):
2.45 (3H, d, J = 1.0 Hz, CH3), 3.87 (3H, s, OCH3), 3.89 (3H, s, OCH3), 6.20
(1H, d, J = 1.0 Hz, H3), 6.97 (1H, d, J = 9.0 Hz, Hg), 7.33-7.37 (1H, m, Ar-H),
7.46-7.54 (3H, m, Ar-H), 7.68 (1H, d, J = 9.0 Hz, Hs), 7.76-7.78 (2H, m, Ar-H),
7.86-7.88 (2H, m, Ar-H), 8.05 (1H, d, J= 15.5Hz, H,), 8.18 (1H, d, J = 15.5 Hz,
Hp), 8.64 (1H, s, pyrazole H), 13.97 (1H, s, OH); 13C-NMR (100 MHz, CDCl3,
o/ ppm): 19.3, 55.2, 55.4, 110.8, 114.8, 118.6, 119.6, 121.8, 124.3, 125.4, 126.8,
127.1, 127.7, 128.1, 128.5, 129.5, 131.8, 1325, 134.8, 137.2, 137.5, 153.4,
154.8, 156.3, 153.5, 159.6, 163.7, 193.0; MS (mV2): 509 ([M+H]™*, 100 %).

(E)-7-Hydroxy-4-methyl-8-[ 3-(1-phenyl-3-p-tolyl- 1H-pyrazol -4-yl)- 1-oxo-
-2-propen-1-yl]-2H-1-benzopyran-2-one (3d). Anal. Calcd. for CogH2oN2O4: C,
75.31; H, 4.79; N, 6.06 %. Found: C, 75.34; H, 4.82; N, 6.04 %; IR (KBr, cn1):
3436 (OH), 1637 (C=N); 1H-NMR (400 MHz, CDCl3, ¢ / ppm): 2.43 (3H, s,
CH3), 2.45 (3H, d, J = 1.0 Hz, CH3), 6.20 (1H, d, J = 1.0 Hz, H3), 6.95 (1H, d,
J=9.0 Hz, Hg), 7.31-7.36 (3H, m, Ar-H), 7.48-7.52 (2H, m, Ar-H), 7.63 (2H, d,
J=8.0Hz, Ar-H), 7.68 (1H, d, J = 9.0 Hz, Hs), 7.85 (2H, d, J = 8.0 Hz, Ar-H),
8.04 (1H, d, J = 155 Hz, Hy), 8.16 (1H, d, J = 15.5 Hz, Hp), 8.60 (1H, s,
pyrazole H), 13.95 (1H, s, OH); 13C-NMR (100 MHz, CDCl3, 6 / ppm): 19.3,
21.37,109.6, 110.9, 112.0, 115.3, 118.5, 119.4, 125.4, 126.6, 127.2, 129.2, 129.5,
1295, 129.6, 130.8, 138.6, 139.4, 153.4, 154.3, 154.8, 159.6, 167.4, 192.9; MS
(m/2): 463 ([M+H]*, 100 %).

(E)-8-{3-[ 3-(4-Fluorophenyl)-1-phenyl-1H-pyrazol -4-yl] - 1-oxo-2-pr open- 1-
-yl}-7-hydr oxy-4-methyl-2H-1-benzopyran-2-one (3e). Anal. Calcd. for
CogH19FN2Oy4: C, 72.10; H, 4.11; N, 6.01 %. Found: C, 72.12; H, 4.14; N, 6.06
%; IR (KBr, cmr1): 3448 (OH), 1636 (C=N); 1H-NMR (400 MHz, CDCl3, § /
/ ppm): 2.45 (3H, d, J = 1.0 Hz, CH3), 6.20 (1H, d, J = 1.0 Hz, H3), 6.95 (1H, d,
J =9.0 Hz, Hg), 7.05 (2H, d, J = 8.5 Hz, Ar-H), 7.35-7.36 (1H, m, Ar-H), 7.40—
—7.53 (2H, m, Ar-H), 7.69 (2H, d, J = 85 Hz, Ar-H), 7.71 (1H, d, J = 9.0 Hz,
Hs), 7.84-7.86 (2H, m, Ar-H), 8.04 (1H, d, J = 15.3 Hz, H,), 8.15 (1H, d, J =
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= 15.3 Hz, Hg), 8.60 (1H, s, pyrazole H), 13.95 (1H, s, OH); 13C-NMR (100
MHz, CDCl3, ¢ / ppm): 19.3, 110.7, 111.5, 114.4, 115.3, 118.4, 119.4, 120.3,
123.8, 124.1, 124.6, 125.2, 127.2, 129.5, 130.0, 130.8, 131.2, 135.6, 136.9,
139.4, 158.3, 159.6, 160.7, 164.1, 167.4, 196.1;, MS (mV/2): 467 ((M+H]*, 100%).

(E)-8-{3-[ 3-(4-Chlorophenyl)-1-phenyl-1H-pyrazol-4-yl] - 1-oxo-2-propen- 1-
-yl}-7-hydroxy-4-methyl-2H-1-benzopyran-2-one (3f). Anal. Calcd. for
CgH19CIN2O4: C, 69.64; H, 3.97; N, 5.80 %. Found: C, 69.68; H, 4.01; N, 5.84
%; IR (KBr, cmr1): 3445 (OH), 1636 (C=N); 1H-NMR (400 MHz, CDClg, ¢ /
/ ppm): 2.46 (3H, d, J = 1.0 Hz, CH3), 6.20 (1H, d, J = 1.0 Hz, H3), 6.97 (1H, d,
J=8.7Hz, Hg), 7.34-7.37 (3H, m, Ar-H), 7.49-7.51 (2H, m, Ar-H), 7.63 (2H, d,
J=8.5Hz, Ar-H), 7.68 (1H, d, J = 8.7 Hz, Hs), 7.85 (2H, d, J = 8.0 Hz, Ar-H),
8.04 (1H, d, J = 155 Hz, H,), 8.16 (1H, d, J = 155 Hz, Hp), 8.60 (1H, s,
pyrazole H), 13.95 (1H, s, OH); 13C-NMR (100 MHz, CDCl3, 6 / ppm): 19.3,
1109, 1121, 1154, 1187, 119.2, 125.1, 125.7, 126.4, 127.4, 129.2, 129.5,
129.5, 129.6, 130.8, 138.6, 139.4, 142.8, 153.4, 154.3, 154.8, 159.6, 167.4,
192.9; MS (m/2): 483 ([M+H]™*, 100 %).

(E)-8-{3-[ 3-(4-Bromophenyl)-1-phenyl-1H-pyrazol -4-yl] -1-oxo-2-propen-1-
-yl}-7-hydroxy-4-methyl-2H-1-benzopyran-2-one (3g). Anal. Calcd. for
CogH19BrN2Og4: C, 63.77; H, 3.63; N, 5.31 %. Found: C, 63.80; H, 3.67; N, 5.35
%; IR (KBr, cmr1): 3441 (OH), 1654 (C=N); 1H-NMR (400 MHz, CDCl3, ¢ /
/ ppm): 2.45 (3H, d, J = 1.0 Hz, CH3), 6.20 (1H, d, J = 1.0 Hz, H3), 6.96 (1H, d,
J = 9.0 Hz, Hg), 7.36-7.44 (5H, m, Ar-H), 7.68 (1H, d, J = 9.0 Hz, Hs), 7.73—
—7.75 (2H, m, Ar-H), 7.85-7.87 (2H, m, Ar-H), 8.04 (1H, d, J = 15.5 Hz, H,),
8.18 (1H, d, J = 15,5 Hz, Hg), 8.62 (1H, s, pyrazole H), 13.94 (1H, s, OH); 13C-
-NMR (100 MHz, CDCl3, ¢ / ppm): 19.2, 109.62, 114.3, 115.2, 120.8, 123.2,
124.6, 126.8, 127.3, 127.7, 128.9, 129.5, 130.4, 134.3, 137.4, 137.3, 153.2,
154.6, 156.1, 153.5, 157.6, 162.8, 192.4; MS (m/2): 527 ([M+H]*, 100 %).

8-(4',5-Dihydro-1,3-diphenyl[ 4,5"-bi-1H-pyrazol] -3"-yl)-7-hydr oxy-4-methyl-
-2H-1-benzopyran-2-one (4a). Anal. Calcd. for CogHooN4Oy4: C, 72.71; H, 4.79;
N, 12.11 %. Found: C, 72.75; H, 4.82; N, 12.14 %; IR (KBr, cm1): 3333 (OH),
1597 (C=N); 1H-NMR (400 MHz, CDCl3, ¢ / ppm): 2.41 (3H, d, J = 1.0 Hz,
CH3), 3.78 (1H, dd, J = 17.8 Hz, J = 9.0 Hz, Hp), 4.09 (1H, dd, J = 17.8 Hz, J =
=10.5Hz, Hp), 5.14 (1H, dd, J = 9.0 Hz, J = 10.5 Hz, H), 5.97 (1H, brs, N-H,
D20 exchangeable), 6.12 (1H, d, J = 1.0 Hz, Hg), 6.97 (1H, d, J = 9.0 Hz, Hg),
7.29-7.31 (1H, m, Ar-H), 7.39-7.50 (6H, m, Ar-H), 7.69-7.74 (4H, m, Ar-H,
Hs), 8.05 (1H, s, pyrazole H), 12.54 (1H, s, OH); 13C-NMR (100 MHz, CDCl3,
o/ ppm): 19.1, 44.2, 54.3, 105.4, 110.9, 112.3, 113.9, 119.2, 122.0, 125.9, 126.6,
128.2, 128.3, 128.8, 129.4, 132.8, 139.8, 151.5, 153.2, 155.5, 160.3, 161.8; MS
(m/2): 463 ([M+H]*, 100 %).

8-[4',5"-Dihydro-3-(4-methoxyphenyl)- 1-phenyl[ 4,5"-bi- 1H-pyrazol ] -3"-yl] - 7-
-hydroxy-4-methyl-2H-1-benzopyran-2-one (4b). Anal. Calcd. for CogHo4aN4O4:
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C, 70.72; H, 4.91; N, 11.38 %. Found: C, 70.75; H, 4.94; N, 11.42 %; IR (KB,
cm1): 3335 (OH), 1599 (C=N); IH-NMR (400 MHz, CDCl3, 6 / ppm): 2.42 (3H,
d, J = 1.0 Hz, CHg), 3.78 (1H, dd, J = 17.8 Hz, J = 9.0 Hz, Hp), 3.84 (3H, s,
OCHag), 4.10 (1H, dd, J = 17.8 Hz, J = 10.5 Hz, Hg), 5.13 (1H, dd, J = 9.0 Hz,
J =10.5 Hz, Hx), 5.83 (1H, brs, N-H, D,0O exchangeable), 6.13 (1H, d, J = 1.0
Hz, H3), 6.97 (1H, d, J = 9.0 Hz, Hg), 6.99 (2H, d, J = 8.7 Hz, Ar-H), 7.42-7.54
(4H, m, Ar-H, Hs), 7.62 (2H, d, J = 8.7 Hz, Ar-H), 7.69-7.73 (2H, m, Ar-H), 8.04
(1H, s, pyrazole H), 13.92 (1H, s, OH); 13C-NMR (100 MHz, CDCls, 6 / ppm):
19.3, 43.2, 53.7, 55.6, 109.7, 110.9, 115.3, 118.6, 119.4, 122.8, 125.6, 126.3,
127.3, 128.7, 128.8, 129.5, 130.8, 134.2, 137.2, 137.5, 153.4, 154.8, 156.3,
153.5, 159.6, 162.8; MS (nV2): 493 ([M+H]*, 100 %).

8-[ 3-(3,4-Dimethoxyphenyl)-4',5"-dihydro-1-phenyl[ 4,5"-bi-1H-pyrazol] -3"-yl] -
-7-hydroxy-4-methyl-2H-1-benzopyran-2-one (4c). Anal. Calcd. for C3gH2gN40s:
C, 68.95; H, 5.02; N, 10.72 %. Found: C, 70.01; H, 5.06; N, 10.76 %; IR (KBr,
cm1): 3340 (OH), 1596 (C=N); 1H-NMR (400 MHz, CDCl3, ¢ / ppm): 2.41 (3H,
d, J = 1.0 Hz, CHg), 3.77 (1H, dd, J = 17.8 Hz, J = 9.0 Hz, Hp), 3.84 (3H, s,
OCHpa3), 3.87 (3H, s, OCH3), 4.08 (1H, dd, J = 17.8 Hz, J = 10.5 Hz, Hg), 5.14
(1H, dd, J = 9.0 Hz, J = 10.5 Hz, Hx), 5.95 (1H, brs, N-H, D20 exchangeable),
6.12 (1H, d, J = 1.0 Hz, H3), 6.96 (1H, d, J = 9.0 Hz, Hg), 7.27-7.30 (1H, m,
Ar-H), 7.39-7.50 (4H, m, Ar-H), 7.69-7.74 (4H, m, Ar-H, Hs), 8.06 (1H, s,
pyrazole H), 12.55 (1H, s, OH); 13C-NMR (100 MHz, CDCl3, 6 / ppm): 19.0,
44.1, 52.3, 55.1, 55.4, 109.7, 110.9, 114.2, 114.4, 115.2, 116.3, 124.3, 112.3,
127.8, 130.5, 130.6, 131.4, 131.8, 132.7, 153.3, 158.5, 159.3, 160.4. MS (nV2):
523 ((M+H]*, 100 %).

8-[4',5"-Dihydro-1-phenyl-3-p-tolyl-[ 4,5-bi- 1H-pyrazol] -3"-yl] - 7-hydr oxy-4-
-methyl-2H-1-benzopyran-2-one (4d). Anal. Calcd. for CogHo4N4O4: C, 73.09;
H, 5.08; N, 11.76 %. Found: C, 73.11; H, 5.11; N, 11.79 %; IR (KBr, cm1):
3336 (OH), 1599 (C=N); 1H-NMR (400 MHz, CDCl3, 6 / ppm): 2.41 (3H, d, J =
= 1.0 Hz, CH3), 2.43 (3H, s, CH3), 3.77 (1H, dd, J = 17.8 Hz, J = 9.0 Hz, Hp),
4.09 (1H, dd, J = 17.8 Hz, J = 10.5 Hz, Hp), 5.14 (1H, dd, J=9.0 Hz, J = 10.5
Hz, Hx), 5.30 (1H, brs, N-H, D20 exchangeable), 6.12 (1H, d, J = 1.0 Hz, H3),
6.95 (2H, d, J = 8.5 Hz, Ar-H), 6.99 (1H, d, J = 8.7 Hz, Hg), 7.42—7.54 (4H, m,
Ar-H, Hs), 7.62 (2H, d, J = 8.5 Hz, Ar-H), 7.69-7.73 (2H, m, Ar-H), 8.04 (1H, s,
pyrazole H), 13.92 (1H, s, OH); 13C-NMR (100 MHz, CDCl3, 6 / ppm): 19.2,
21.3, 44.8, 54.6, 108.4, 112.4, 113.2, 115.5, 121.2, 122.4, 125.3, 125.8, 126.2,
127.3, 129.71, 130.4, 131.3, 133.2, 151.0, 153.2, 159, 162.5; MS (nV2): 477
([M+H]*, 100 %).

8-[ 3-(4-Fluorophenyl)-4',5"-dihydro-1-phenyl[ 4,5"-bi-1H-pyrazol ] -3"-yl]-7-
-hydroxy-4-methyl-2H-1-benzopyran-2-one (4€). Anal. Calcd. for CogHo1FN4O3
C, 69.99; H, 4.41; F, 3.95; N, 11.66. Found: C, 70.02, H, 4.45, N, 11.69; IR
(KBr, cm1): 3334 (OH), 1597 (C=N); 1H-NMR (400 MHz, CDCl3, § / ppm):
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2.41 (3H, d, J = 1.0 Hz, CH3), 3.77 (1H, dd, J = 17.8 Hz, J = 9.0 Hz, Hp), 4.08
(1H, dd, J = 17.8 Hz, J = 10.5 Hz, HR), 5.13 (1H, dd, J = 9.0 Hz, J = 10.5 Hz,
Hx), 4.97 (1H, brs, N-H, D>0O exchangeable), 6.11 (1H, d, J = 1.0 Hz, H3), 6.95
(1H, d, 3 =9.0 Hz, Hg), 6.97 (2H, d, J = 8.3 Hz, Ar-H), 7.40-7.48 (4H, m, Ar-H,
Hs), 7.64 (2H, d, J=8.3 Hz, Ar-H), 7.69-7.74 (2H, m, Ar-H), 8.03 (1H, s,
pyrazole H), 12.53 (1H, s, OH); 13C-NMR (100 MHz, CDCl3, 6 / ppm): 19.4,
44.2, 54.8, 109.7, 111.9, 115.3, 118.6, 119.4, 122.8, 125.6, 126.3, 127.3, 128.7,
128.8, 129.5, 130.8, 134.2, 137.2, 137.5, 153.4, 154.8, 156.3, 153.5, 159.6,
163.6; MS (m/2): 481 ([M+H]*, 100 %).

8-[ 3-(4-Chlorophenyl)-4',5"-dihydro-1-phenyl[ 4,5"-bi-1H-pyrazol] -3"-yl] - 7-
-hydroxy-4-methyl-2H-1-benzopyran-2-one (4f). Anal. Calcd. for CogHo1CIN4O3:
C, 67.67; H, 4.26; N, 11.27 %. Found: C, 67.70; H, 4.30; N, 11.30 %; IR (KB,
cm1): 3332 (OH), 1595 (C=N); IH-NMR (400 MHz, CDCl3, 6 / ppm): 2.42 (3H,
d, J=1.0Hz, CH3), 3.75(1H, dd, J=17.8 Hz, J = 9.0 Hz, Hp), 4.06 (1H, dd, J =
= 17.8 Hz, J = 10.5 Hz, Hp), 5.14 (1H, dd, J = 9.0 Hz, J = 10.5 Hz, Hx), 5.63
(1H, brs, N-H, D20 exchangeable), 6.12 (1H, d, J = 1.0 Hz, H3), 6.98 (1H, d, J =
=9.0 Hz, Hg), 7.18 (2H, d, J = 8.4 Hz, Ar-H), 7.37-7.42 (4H, m, Ar-H, Hs), 7.48
(2H, d, J = 8.4 Hz, Ar-H), 7.71-7.74 (2H, m, Ar-H), 8.02 (1H, s, pyrazole H),
12.58 (1H, s, OH); 13C-NMR (100 MHz, CDCls, 6 / ppm): 19.2, 43.2, 54.8,
111.6, 116.3, 118.1, 119.8, 121.8, 125.8, 126.3, 127.3, 128.7, 128.9, 129.5,
130.8, 134.2, 137.2, 137.5, 153.4, 154.7, 156.3, 153.5, 157.6, 162.6; MS (m/2):
497 ([M+H]*, 100 %).

8-[ 3-(4-Bromophenyl)-4',5"-dihydro-1-phenyl[ 4,5-bi-1H-pyrazol] -3"-y] - 7-
-hydroxy-4-methyl-2H-1-benzopyran-2-one (4g). And. Calcd. for CogH21BrN4O3:
C, 62.12; H, 3.91; N, 10.35 %. Found: C, 62.15; H, 3.94; N, 10.38 %; IR (KB,
cm1): 3330 (OH), 1596 (C=N); 1H-NMR (400 MHz, CDCl3, 6 / ppm): 2.43 (3H,
d, J=1.0Hz, CH3), 3.80 (1H, dd, J=17.8 Hz, J=9.0 Hz, Hp), 4.08 (1H, dd, J =
= 17.8 Hz, J = 10.5 Hz, Hp), 5.16 (1H, dd, J = 9.0 Hz, J = 10.5 Hz, Hx), 5.42
(1H, brs, N-H, D20 exchangeable), 6.14 (1H, d, J = 1.0 Hz, H3), 6.92 (1H, d, J =
= 9.0 Hz, Hg), 7.18 (2H, d, J=8.3 Hz, Ar-H), 7.37-7.42 (4H, m, Ar-H, Hs), 7.51
(2H, d, J = 8.3 Hz, Ar-H), 7.68-7.72 (2H, m, Ar-H), 8.02 (1H, s, pyrazole H),
12.58 (1H, s, OH); 13C-NMR (100 MHz, CDCl3, § / ppm): 19.3, 43.5, 54.3, 11.7,
110.0, 114.3, 119.0, 1194, 1224, 123.6, 125.3, 127.1, 128.4, 128.8, 129.1,
130.4, 134.1, 137.2, 137.5, 153.4, 154.6, 154.9, 155.5, 157.6, 164.6; MS (m/2):
541 ([M+H]*, 100 %).
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Abstract: Due to the confirmed antimicrobial activity of both natural and syn-
thetic coumarin derivatives, the present study was envisaged to provide further
insight into the antimicrobia potential of coumarins through the screening of a
designed library of nine 4-(alkylamino)-3-nitrocoumarins against a panel of 24
laboratory strains and resistant (isolates) bacterial and fungal pathogens. All
compounds showed some degree of strain-selective activity that in some cases
was very pronounced, reaching the value of 0.04 nmol mL-1 (i.e,, 12 ng mL™1)
for the minimal inhibitory concentration against Candida albicans. The obs-
erved activities were higher against Gram-negative strains, among which the
most susceptible strain, among both ATCC strains and clinical isolates, was
Salmonella enterica subsp. enterica serovar Enteritidis. These results indicate
to a high potential of these coumarins as antimicrobials for the treatment of
gastrointestinal and other infections caused by highly resistant microbial
strains. Finaly, a multivariate statistical analysis of the herein obtained and
previous results on the antimicrobial activity of related selected coumarins was
performed to allow an easier structure—activity discussion.
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multivariate statistical analysis; Salmonella enterica.
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INTRODUCTION

The gastrointestinal (Gl) tract represents an ideal place for the development
of various microorganisms that can affect the (human) organism in both bene-
ficial and adverse aspects, such as protection against infection, physiological
functions, activation of the immune system, carcinogenesis, aging and alteration
of the effect a therapeutic drug should have.l Gl bacterial infections, which can
range from mild (with few symptoms) to severe life-threatening disorders (e.g.,
hemorrhagic colitis, intestine perforation and kidney failure) are one of the most
frequent readons for patients to turn to physicians (one third of the people living
in industrialized countries per year).2 Gl infections are mostly food-borne and
result from inadequate cooking and inadequate storage of food, while some com-
mensal bacteria can cause infections in immunocompromised patients (AIDS,
cancer, etc.).3 Hence, the search for new antimicrobial agents, renewed by the
rapid and alarming devel opment of multiresistant bacterial and fungal pathogens,
has always been one of the most significant tasks of many medicinal chemists.

Coumarins are a widespread group of natural compounds present in the
seeds, roots and leaves of many plant species. Their function in the plant orga
nism is far from clear, although some authors believe that they have growth
regulatory functions, or that they act as fungistatic and bacteriostatic agents.4
Thisis substantiated by the extensive use of coumarin compound-containing her-
bal remedies in the traditional medicine of many nations due to their broad spec-
trum of pharmacological activities, including antibacterial and antifungal effects.>~7

Significant antimicrobial activity of a series of 4-aryl-substituted 3-nitrocou-
marins was recently demonstrated by Debeljak and co-workers.8 In connection
with this, several arylamino- and (heteroarylamino)-3-nitrocoumarin derivatives
were synthesized and their antimicrobial activity determined.%-14 A number of
these compounds showed strong activity in reducing the microbia growth com-
parable or even better than the activity of standard antibiotics.9:13.14 Among them
4-(1-naphthylamino)-3-nitrocoumarin possessed the strongest antimicrobial
potential as demonstrated by its action against Salmonella enterica in alow dose
of 9 ug per disc.1®

Additional fine-tuning of the antimicrobial activity of these coumarin deri-
vatives could be accomplished by the introduction of an alkyl chain instead of the
aromatic substituent on the nitrogen atom in position 4. In this way, the nucleo-
philicity and basicity would be increased that could lead to a stronger binding
with potential biological target molecules. The previous statements and the fact
that hitherto only the disc diffusion method was used to evaluate the activity of
the synthesized coumarin derivatives, it was decided to synthesize a small library
of coumarin derivatives possessing a 4-(alkylamino)-substituent on the 3-nitro-
coumarin parent structure and screen the compounds for their in vitro antimic-
robial activity against twenty four bacterial and fungal strains (both ATCC and
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clinical isolates, including three important Gl pathogens Yersinia enterocolitica,
Salmonella enterica subsp. enterica serovar Enteritidis and Shigella flexneri)
using a microdilution method. Finally, another task of this work was to compare
previously published results concerning the antimicrobial activity of related cou-
marin derivatives and the herein obtained results using multivariate statistical
analysis with the aim of finding possible structure—activity relationships.

EXPERIMENTAL
General

The melting points were determined on a Kofler hot-plate apparatus and are uncorrected.
The HRMS(EI) spectra were recorded on a JEOL Mstation JMS 700 instrument (JEOL,
Germany). The IR measurements (ATR — attenuated total reflectance) were performed using a
Thermo Nicolet model 6700 FTIR instrument. The NMR spectra were recorded on a Varian
Gemini 200 spectrometer (*H-NMR at 200 MHz and 13C-NMR at 50 MHz), using DMSO-dg
as the solvent. The chemical shifts are expressed in 6 (ppm) using TMS (Me,Si) as the
internal standard. Microanalyses of carbon, hydrogen and nitrogen were performed with a
Carlo Erba 1106 microanalyser; the results agreed favorably with the calculated values. For
TLC, silica gel plates (Kieselgel 60 Fos4, Merck, Germany) were used. Visualization was
affected by spraying the plates with 1:1 (V/V) agueous solution of sulfuric acid and then
heating. All the reagents and solvents were obtained from commercial sources (Aldrich, USA;
Merck, Germany; Fluka, Germany) and used as received, except for the solvents that were
purified by distillation.
Mass spectrometry

EI-MS and HRMS analyses were performed using a JEOL MStation JIMS-700 mass
spectrometer with an ionization energy of 70 eV, an ionization trap current of 300 uA and a
source temperature of 230 °C. Perfluorokerosene (Sigma—Aldrich, USA) was used as the
internal mass reference in the HRMS studies. The conversion of the mass reference list to a
calibration was performed by the data system of the mass spectrometer. The corresponding
range of mass measurements was set to include two standard pesks that encompassed the
sample peak of interest. The mass resolution and scan speed used were 30,000 (10 % valley)
and 60 s decade’?, respectively. The accurate mass was calculated as the average of the values
measured in 5-10 scans, determined from the mass centroids of M** and the other peaks. The
error for each elemental composition data is given in units of mmu as calculated using the
program installed in the data system.

Synthesis of 4-chloro-3-nitrocoumarin (3)

4-Hydroxycoumarin (1) was nitrated using 72 % HNOgz in glacial AcOH to afford 4-hyd-
roxy-3-nitrocoumarin (2).16 The starting compound 4-chloro-3-nitrocoumarin (3) was pre-
pared from 2 following the method of Kaljaj et al.1” The preparation was carried out in the
following manner: N,N-dimethylformamide (DMF, 2 mL, 26 mmol) was cooled to 10 °Cin an
ice bath. Under stirring, POCl3 (4.0 g, 26 mmol) was added dropwise, and the obtained
mixture was stirred for an additional 15 min. Then, the ice bath was removed and the reaction
was |eft to proceed at room temperature for a further 15 min. Finally, a solution of 2 (5.4 g; 26
mmol) in DMF (12.5 mL) was added dropwise. After 15 min of stirring, the reaction was
stopped by the addition of cold water (15 mL). The precipitated solid was collected by fil-
tration and washed with saturated sodium bicarbonate solution and water. Recrystallization

Available on line at www.shd.org.rs/JSCS/

(CC) 2015 SCs. All rights reserved.



318 RADULOVIC et al.

from a mixture of benzene-hexane (1:1,V/V) yielded yellow crystals of 3 (5.1 g; 22.6 mmol)
in 87 % yield, m.p. 162-163 °C. The procedure was repeated twice.

General procedure for the synthesis of 4-(alkylamino)-3-nitrocoumarins S5a—i

The solution of 4-chloro-3-nitrocoumarin (3, 1.0 g, 4.4 mmol) and the appropriate amine
nucleophile 4a—i (4.4 mmol) in ethyl acetate (10 ml) was refluxed in the presence of triethyl-
amine (1 ml, 7.2 mmol) for 1-3 h. After cooling, the precipitated solid was filtered off and
washed with ethyl acetate and water. Purity of the synthesized compounds was checked by
TLC.

Antimicrobial activity

The synthesized compounds were tested against a panel of microorganisms including
three Gram-positive (Bacillus cereus (isolate from food), Bacillus subtilis ATCC 6633 and
Saphylococcus aureus ATCC 6538), nineteen Gram-negative (Escherichia coli ATCC 8739,
E. coli (isolate from food), Klebsiella pneumoniae ATCC 10031, Salmonella enterica subsp.
enterica serovar Enteritidis ATCC 13076, S. enterica (5 clinical isolates), Shigella flexneri (5
clinical isolates) and Yersinia enterocolitica (5 clinical isolates), one yeast (Candida albicans
ATCC 10231) and one mold (Aspergillus brasiliensis ATCC 16404) strains.

Clinical isolates of Y. enterocolitica, S. enterica subsp. enterica serovar Enteritidisand S.
flexneri (5 isolates per strain), together with the food isolates (B. cereus and E. coli) were
obtained from the Ingtitute of Public Health, NiS, Serbia and are stored in a private
microbiological collection. The isolation of the mentioned strains was performed from stool
(fecal) samples of patients with a diarrheal syndrome.

Testing of antimicrobial activity

The antimicrobial activity was evaluated using the broth microdilution method.8 Mini-
mum inhibitory concentration (MIC) determinations were performed by a serial dilution
method in 96-well microtitre plates. Bacteria species were cultured at 37 °C in Miller—Hinton
agar (MHA) and Sabouraud dextrose agar (SDA) was the culture medium for the yeast (30
°C). After 18 h of cultivation, bacterial suspensions were made in Mueller Hinton broth and
their turbidity was standardized to 0.5 McFarland scale using a densitometer (DEN-1 McFar-
land densitometer, Biosan). The final density of the bacterial and the yeast inoculums corres-
ponded to 5x10° CFU (colony forming units). A suspension of the mould (A. niger) was made
in Sabouraud dextrose broth (SDB) and its turbidity was confirmed by viable counting in a
Thoma chamber with 1x10* CFU asthe final size of the inoculum. The inoculums were added
to al wells and the plates were cultivated at 37 °C during 24 h (bacteria) or at 30 °C for 48 h
(fungi). Tetracycline, chloramphenicol and nystatin served as positive controls, while the
solvent (ethanol) was used as a negative control. One inoculated well was included, to allow
control of the adequacy of the broth for organism growth. One non-inoculated well, free of
antimicrobial agent, was also included to ensure medium sterility.

The bacterial growth was determined by adding 20 uL of a 0.5 % agueous triphenyl-
tetrazolium chloride (TTC) solution.1® The MIC was defined as the lowest concentration of
the tested compound that inhibited visible growth (red colored pellet on the bottom of the
wells after the addition of TTC). The experiments were performed in triplicate and mean
values are presented.

Satistical analyses

Agglomerative hierarchica clustering (AHC) was performed using the Excel program
plug-in XLSTAT version 2011.3.02.2° The method was applied utilizing the MIC values (in
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umol mL-1) as original variables without any recalculation. AHC was determined using Pear-

son dissimilarity, where the aggregation criterion were simple linkage, unweighted pair-group

average and complete linkage, the Euclidean distance, where the aggregation criterion were

weighted pair-group average, unweighted pair-group average, and the Ward method.
RESULTS AND DISCUSSION

Chemistry

In the first reaction step, 4-hydroxycoumarin (1) was nitrated in glacia
AcOH with HNOg to afford 4-hydroxy-3-nitrocoumarin (2). The starting 4-chlo-
ro-3-nitrocoumarin (3) was prepared from 2 in a reaction with phosphorus
oxychloride and N,N-dimethylformamide.

The target compounds 5a—i (three new — 5e—g, three previously known — 5a,
5c and 5i, and three commercially available but with no mention what so ever in
the literature — 5b, 5d and 5h), were prepared in the reaction of 3 and an akyl-
amine 4a—i, respectively (1:1 mole ratio of starting materials) in ethyl acetate in
the presence of two equivalents of triethylamine. The compounds were obtained
in good yields (72-92 %). The synthesis schemeis presented in Fig. 1.

OH cl
HNO3 POCI,
A - . V02
AcOH DMF
0~ o 0" Yo
3
cl
RNH, da-i
N0 2 4ad
Et3N
0~ o

EtOAc

Fig. 1. Synthesis of 4-(alkylamino)-3-nitrocoumarin derivatives 5a—. (4a: butan-1-amine, 4b:
butan-2-amine, 4c: 2-methylpropan-2-amine, 4d: 3-aminopropan-1-ol, 4e; hexan-1-amine, 4f:
octan-1-amine, 4g: hexadecan-1-amine, 4h: furan-2-ylmethanamine and 4i: phenyl-
methanamine; R = 5a: CH3(CH,),CH>—; 5b: CH3CH,(CH3)CH—; 5¢: (CH3)3C—;
5d: HO(CHz)ZCHz—, 5e: CH3(CH2)4CH2—, 5f: CHS(CH2)6CH2—, 59 CH3(CH2)14CH2—,
5h: C4H30OCH,— (furan-2-ylmethyl); 5i: CgHsCHo—.

The structures of the synthesized compounds were confirmed by analytical
and spectral means (HRMS(EI), IR, 1H- and 13C-NMR). The physical, analytical
and spectral data for compounds 5a— are given in the Supplementary material to
this paper.

IR spectra of the synthesized compounds contained characteristic vibrations
at 3030 to 3393 cm! corresponding to absorptions of the Ar—H and N-H bonds,
and strong bands at 1677-1698 cm~1 corresponding to the C=0 groups. The IR
absorptions due to the presence of the 3-NO» group appeared at 1317-1364 and
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1511-1556 cm1, and the C-H bonds showed characteristic vibrations at 2925
—2960 cmL,

Protons from the coumarin moiety showed very similar chemical shiftsin the
IH-NMR spectra of compounds 5ai. Protons in the position 5 of the coumarin
core were more downfield and showed higher chemical shifts (doublet of doub-
lets at 8.35-8.52 ppm) than the other protons attached to that ring. Significant
differences in the chemical shifts of the mentioned protons existed for com-
pounds 5b, 5c and 5f where the signals for H-5 appear at 7.89-8.00 ppm. All
other protons on the coumarin moiety displayed much less variation in their che-
mical shifts. H-7 protons appeared as a doublet of triplets or only triplets at 7.69—
—7.75 ppm. H-6 and H-8, the signals of which overlapped at 7.28-7.50 ppm,
were more shielded. The aromatic protons of the substituent groups in com-
pounds 5h and 5i showed similar values of chemical shifts and appeared as a
doublet of doublets at 7.64 ppm and a multiplet at 6.34-6.45 ppm, as well as a
multiplet at 7.26—7.34 ppm, respectively. The remaining protons, from the alkyl
groups bonded to the coumarin moiety, were as expected more upfield.

Antimicrobial activity

The created library was first evaluated for in vitro antimicrobial activity
against awide range of bacteria (four Gram-negative and three Gram-positive) as
well as against a yeast and a mold species. The values of their minimal inhibitory
concentrations (MIC, nmol mL-1), determined in a microdilution assay, revealed
the diverse effect of these compounds on the growth of microorganisms (all
strains were susceptible to the presence of these compounds in their nutritive
medium with an exception of E. coli (isolate) and A. brasiliensis (Table 1)). The

TABLE I. Minimal inhibitory concentrations (MIC / nmol mL-1) of the coumarins 5a—i; NT —
not tested, / — not sensitive in the range of the tested concentrations; AB — reference antibiotic
Compound
56 5b 5¢c 5d 5e 5f 5g 5h 5 AB2 ABP
Gram-negative®

Bacteria strain

E. coli ATCCS8739 30 12 - - 11 245 18 - 53 35 NT

K. pneumoniae ATCC10031 60 15 60 - - - 091 - 53 0.88 NT

S enterica ATCC13076 6.0 95 191 189 54 49 36 14 53 044 NT
Gram-positive

B. cereus Isolate fromfood - - - - - - 232 4 - 044 NT

B. subtilis ATCC 6633 - - - - = 49 29 - / 022 NT

S aureus ATCC6538 6.0 6.0 60 18 13 12 36 54 21 022 NT

Fungal strain’
C.albicans ATCC 10231 0.34 0.05 3.0 11.8 0.04 0.08 0.44 14 0.64 NT 6.8
ATetracycline; bnystatin; Cthe food isolate of E. coli was resistant to all compounds in the tested range of con-

centrations; %the mold A. brasiliensis (ATCC 16404) was resistant to all compounds in the tested range of con-
centrations
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active inhibitory concentrations ranged from 0.04 to 232 nmol mL-1, with 5g
being the most non-selective in its action. The best MIC value was observed for
compound 5e against C. albicans. The remaining compounds displayed antimic-
robia activity with no special selectivity towards either Gram-positive or Gram-
negative bacterial strains.

Among the Gram-positive strains, B. cereus was the most resistant strain,
susceptible to only two out of the nine tested compounds, but at relatively high
concentrations (5h and 5g, Table I). S. aureus was the most sensitive bacterial
strain inhibited by all tested compounds in a concentration range 1.2—189 nmol
mL-1. The activity of the compounds against Gram-negative bacteria was
characterized by two extreme cases — E. coli (afood isolate which showed com-
plete resistance to al the tested compounds, as well to the standard antibiotic)
and S enterica (an ATCC reference strain (13076) showing the highest suscep-
tibility to the tested compounds with MIC values in the range (1.4 to 191 nmol
mL-1) similar to the ones for Gram-positive bacteria). This strong resistance of
E. coli could be explained by its origin (food isolate, a probable cause of food-
borne infections) and this was corroborated by the higher registered MIC values
for an ATCC strain of E. coli (Tablel). All compounds were also proven to pos-
sess good anticandidal activity (0.04-12 nmol mL-1) but had no effect at the
highest tested concentration on the growth of the other tested fungal organism
(the mold A. brasiliensis) (see Tablel).

Prompted by the results of this initial screening of antimicrobial activity, a
selection of three compounds (based on their structural diversity, 5b having a
short N-alkyl substituent; 5g having the longest N-alkyl substituent and among
the most potent ones thus far and 5i possessing a N-benzyl group) were further
tested against fifteen bacterial strains representing gastrointestinal pathogenic
bacteria isolated from human clinical samples (Table Il). Table Il aso contains
clinicaly relevant data on the patient diagnosed condition caused by the parti-
cular bacterial isolate.

Human sample isolates (five per strain) of Y. enterocolitica, S enterica and
Sh. flexneri showed themselves to be highly resistant to the influence of the
tested coumarinic derivatives (most of which having MIC values higher than 1.9
nmol mL-1). The differing effect on (clinical/food) isolates and ATCC strains
(Tables | and 11) was evident from the high resistance of the isolates to the con-
trol antibiotic used in this study as well. In the light of these facts, compound 5b
looks highly promising, since it was the only compound among the three tested,
which showed inhibitory action against S enterica with MIC values of 0.48 and
0.95 umol mL-1. Although this does not appear significant at first, this activity is
more than relevant if one considers the fact that this strain was completely res-
istant to the highest tested concentration of the reference antibiotic (0.11 pumol
mL-1).
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TABLE Il. Effect of the selected coumarin derivatives (5b, 5g and 5i) on growth of three
gastrointestinal pathogenic bacterial strains (isolates)

MIC / umol mL-1
Bacteria Isolate No. Diagnosis 5b 59 5i Chlor.am-
phenicol

Acute enterocolitis >19 >12 >17 0.11
>1.9 >1.2 >1.7 0.11
>1.9 058 085 0.027
>19 029 >17 004
>19 >12 >17 0.11
Gastroenterocolitis 095 >12 >1.7 >0.11
0.95 >1.2 >1.7 >011

Yersinia enterocolitica 1
2
3
4
5
1
2
3 0.48 >1.2 >1.7 >011
4
5
1
2
3
4
5

Salmonella enterica

>19 >12 >17 >011
0.95 >1.2 >1.7 >011
Shigellosis >19 087 >17 0.11
095 0.29 1.3 0.11
>19 087 >17 0.11
>19 >12 >17 0.11
095 087 >17 0.11

Shigella flexneri

Hitherto, a substantial amount of data on the antimicrobial potential of a num-
ber of N-substituted 4-amino-3-nitrocoumarins has been accumulated.13-15.21
Using multivariate statistical analyses (MVA), in an attempt to determine their
similarities and selectivity against certain pathogenic strains, the relations
between the MIC values of the herein tested coumarin derivatives and those pre-
viously published were analyzed.13-1521 The compounds taken into consider-
ation (Fig. 2) for the statistical analysis were those that were previously tested

OCH;

11 0,00 O 0, O

\©\ @\ @ Qg/ @\ ‘ //\/
Q fi/ ke A, Qx . f )\/

v \/N\/ HCO” N

H%Mm, 61 <§n r 7, Vo

Fig. 2. Structures of coumarin derivatives (6-33) included in the multivariate
statistical analyses.
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against the same panel of microorganisms as the compounds tested in this work.
Agglomerative hierarchical analysis using MIC values against seven bacterial
and two fungal strains as variables resulted in the dendrogram shown in Fig. 3
with three clearly separated groups/classes of compounds (C1-C3). Group cen-
troids (the average representative of a group) were also plotted against microorg-
anism strains tested (Fig. 4) to give a better picture of the distinctions existing
between the groups.

6E+12 T

S5E+12 +

4E+12 +

Dissimilarity

3E+12 +

ez | c3 c1 c2

1E+12 +

e R

LT-I - ]
-

-
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Fig. 3. Dendrogram (AHC analysis) representing the dissimilarity in the antimicrobial activity
(MIC values of selected coumarin derivatives used as variables against five bacterial and two
fungal strains) relationships of thirty-seven compounds obtained by Euclidean distance
dissimilarity, using the aggregation criterion-the Ward method. Three groups of compounds

were found: C1-C3.
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Fig. 4. Graphical representation of
the scores (the lowest activity, i.e.,

x ' ' n . the highest value of MIC, was
6?% 6‘9 &ég;’ f Q@”) 6?597» @& given the score 100 and the best

e\fyésl &‘é& & & "\6\4‘& & (4\‘9 activity value 0) of the centroids

S & «0&& & 5 o")& & (classes C1-C3) from the per-

kg & PR ‘” formed AHC analysis (for details
. see Fig. 3).
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Group C1 (Figs. 3 and 4) consisted of compounds that had rather non-
selective activity with the lowest MIC values towards E. coli, K. pneumoniae, S.
enterica, B. subtilis, C. albicans and A. brasiliensis. Among these microorg-
anisms, K. pneumoniae and A. brasiliensis were the ones more resistant to the
action of compounds from group C1. Compounds 5f and 5g from the present
paper belong to this group. The second group, designated as C2, contained all
other compounds prepared in this work (5a—e, 5h and 5i). Group C2 compounds
demonstrated a greater degree of selectivity, highly affecting the growth of S
aureus and C. albicans, while remaining relatively active against the other strains
in comparison to group C1. All the other statistically compared compounds were
grouped into C3 according to their overall low impact on bacterial growth (i.e.,
high MIC values) — the only exception being their action against B. subtilis (Fig. 4).

From al of the above mentioned, it could be conclude that group 1 (C1)
substances were the most potent (in terms of both their MIC values and broad
spectrum of bacteria that the compounds affect) and group 2 substances are the
most selective ones (even though they have lower MIC values).

Chemically speaking, compounds 5f and 5g differed from the rest of the
compounds prepared in this work by having the longest alkyl chains attached to
the nitrogen in position 4. This structural feature, a long lipophilic moiety (octyl
and hexadecyl groups in 5f and 5g, respectively), made them less selective in
their antimicrobial action, suggesting that lipophilicity, i.e., an interaction with
the cell membrane, might play a crucial role in their activity. It would be natural
then to expect, as observed, that such compounds have an effect on more differ-
ent strains (be less selective) by acting on/disrupting their membranes. Along
with these N-alkyl derivatives (5f and 5g), other members of C1 were almost
invariantly N-heteroaryl derivatives (20—30). These could be regarded as possible
hybrids of the coumarin core with other pharmacophoric groups (i.e., those hete-
rocycles that are known to possess an antimicrobial action). This hybridization
appears to have resulted in the onset of the strongest observed activity.

Group C2 compounds demonstrated that the presence of shorter alkyl sub-
stituents on N-4 lowers the activity but also that the nucleophilicity/basic nature
of this nitrogen could be relevant for the overall noted activity. The weakly nuc-
leophilic/basic anilino-type nitrogen, present in al compounds from group C3,
might be the reason why these compounds showed much lower potency in inhi-
biting the growth of microorganisms when compared to the activity of the much
more basic/nucleophilic (at N-4) compounds from C2. Not even the presence of a
phenol group in compounds 6 and 8 (known to be the carrier of antimicrobial act-
ivity of many natural compounds, thymol, for example) had a significant impact
on the activity of the N-aryl coumarin derivatives grouped in C3. Moreover, the
size of the N-substituent seems not to be of importance in the appearance of anti-
microbial activity, as exemplified by the low activity of compounds 12 and 18.
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Bearing al of this in mind, it could be concluded that the nature of the
N-substituent at position 4 profoundly affects the antimicrobial potency of 3-nit-
rocoumarins. The respective activity decreases in the following order N-long
akyl chains~ N-heteroaryl > N-short alkyl chains >> N-aryl derivatives.

CONCLUSION

In the present paper, a wide range of activities, ranging from completely
inactive to active against antibiotic-resistant strains, was registered for the stu-
died 4-(alkylamino)-substituted 3-nitrocoumarins. The most important infor-
mation, relevant for any possible future applications of these compounds, is the
fact that the tested coumarins exhibited activity against strains isolated from fecal
samples of the patients with acute diarrheal syndrome. Bacterial infections of the
digestive tract are considered the major cause of morbidity and mortality, espe-
cialy in children, the elderly and immunosuppressed patients, both in industrial-
ized and developing countries.22 These results demonstrate the substantial anti-
microbia potential of these coumarins in the therapy of Gl and other infections
caused by highly resistant strains. Furthermore, the activity observed against S
aureus was quite significant, knowing that this bacteria strain can be multidrug
resistant.23 A multivariate treatment of the results of the antimicrobial assays
obtained in this work and those previoudly attained enabled the tested compounds
to be classified according to their overall activity, selectivity and structura
requirements for the observed activities to be discussed. A general conclusion
could be reached that both a greater lipophilicity of the N-substituent, and nuc-
leophilicity and basicity of this nitrogen have beneficial effects on the antimic-
robial activity of these compounds. Such results and conclusions allow and direct
further studies focused on an even larger enhancement of the here obtained
activity by additional chemical modification of these coumarin antimicrobials.

SUPPLEMENTARY MATERIAL

Physical, analytic and spectral data for the prepared derivatives are available electro-
nically from http://www.shd.org.rs/JSCS/, or from the corresponding author on request.
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U3BOJ
MAJIA CUHTETCKA BUBJIMOTEKA 4-(AJIKUJIAMHWHO)-3-HUTPOKYMAPHHA CA JAKOM
AHTUMHUKPOBHOM AKTHUBHOIIRY I[NTPOTUB TACTPOMHTECTUHAJTHUX TTATOTEHA

HHKO C. PAHYIIOBI/IT#, 30PULIA CTOJAHOBI/ITrPAHI’IEZ, IMMPEOPAT CTOJAHOBH53’4, HHUKOJIA CTOJAHOBI/IBS,
BU/IOCTIAB IEKWE’ n BU/bAHA JJEKHR’
1[[eaapmmau 3a xemujy, IIpupogro—mattemamiuuxy paxynivein, Ynusep3uiteii y Huuy, Buweipagcka 33,
18000 Huw, ZﬂeﬂapWM(m 3a buonoiujy u exonoiujy, Ipupogno—maitiemattiuuxy paxynieid, YHueep3uineid
y Huwy, Buweipagcka 33, 18000 Huw, 3Meguuuuc1cu Qaxyniue, Ynueep3utiewi y Huwy, 3opana bunhuha
81, 18000 Huw, 4Hucmuu7ym 3a jaeno 3gpasse, Llenitiap 3a mukpoduonoiujy, 18000 Huwi, u 5I'1pupoguo—
mattemamiuuxy Gpaxynime, Ynusepsuiiew y ITpuwiniunu, Jlone Pudapa 29, 38220 Kocoscka Muiiposuya

HHpexuuje nsasBaHe MHKPOOpraHM3MHMMa Ca Da3BHjEHOM pe3HUCTeHTHolhy mpema
aHTUOMOTUIIMMA TPEHYTHO IpefCcTaB/bajy IVIaBHH Y3POK 030M/BHMX 3[PABCTBEHUX KOMIUIH-
Kauuja Ko maudjeHata. Crora cy HUCTpakMBama koja 3a LW MMajy OTKpHhe HOBHUX W/WUITH
aKTUBHHjUX aHTUMMKDOOHMX areHaca Beoma BakHa. MiMajyhu y Bumy moTBpheHy aHTHUMHUK-
poOHY aKTHBHOCT IPUPOIHUX U CHHTETHYKUX JepHBaTa KyMapuHa, 0Baj pan Tpeda na mpyxu
TOJAaTHYU YBUA Y aHTHUMHUKPOOHH NOTEHLHjal KYMapUHCKUX jefuHeha HCIUTHBAHEM aKTHB-
HOCTH dudnuoTexe ox neBeT HOBUX 4-(aIKWJIAMUHO)-3-HUTPOKyMapyHa NPOTUB 24 coja MUK-
poopraHv3ama, Koju TpelncTaBbajy J1abopaTtopujcke cojeBe W pe3ucTeHTHe (M301aTh) daxTe-
pujcke U ¢yHranHe natoreHe. CBa jemumerma Cy Iokasala ofipeheHH CTeneH CeleKTHBHE
aKTHUBHOCTH, KOja je y HeKMM Cily4yajeBuma Ouaa HapouUTO U3pakeHa JOCTHXKyhH MUHUMAaIHY
MHXMOUIMOHY KoHIeHTpauujy of 0,04 nmol mL™! (12 ng mL™1) npotus rwusuue Candida
albicans. YTBpheHa akTUBHOCT je Beha npema ['paM-HeraTHBHUM COjeBUMa, a HajOCET/bUBH]a,
u mehy ATCC cojeBMMa U KIMHUYKHM H3071aTUMa, je duna Salmonella enterica subsp. enterica
serovar Enteritidis. OBU pe3ynTaTH yKa3yjy Ha NOTeHLIHjaJl OBUX KyMapHWHa Kao aHTUMUK-
podHux areHaca (BehuHa je akTHBHA y KOHLIEHTpauujama pera nmol/ml) y TpeTmaHy ractpo-
WMHTECTHHA/IHUX U APYTUX UH(EKUWja H3a3BaHUX BUCOKO DPE3UCTEHTHHUM COjEBMMa MHMKDPOOD-
raHuzama. KoHauHoO, pagu Jlakller oBe3uBama CTPYKType U akTUBHOCTH ypaheHa je MynTH-
BapHjaHTHA CTAaTHUCTUYKA aHaIu3a NojaTaka AOOWjeHHX y OBOM paly M OHUX U3 NPETXOJHUX
CTyAUja aHTUMHUKPOOHE aKTUBHOCTHU CTPYKTYPHO CJIMUHHMX KyMapHHa.

(ITpumrseno 19. jyna, pesupupano 22. asrycra, npuxsaheno 29. asrycra 2014)
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NH

Atomic numbering of the coumarin derivatives using 5a as an example.

PHYSICAL, ANALYTIC AND SPECTRAL DATA FOR THE PREPARED DERIVATIVES

4-(Butylamino)-3-nitro-2H-chromen-2-one (5a). Yield: 86 %; color: yellow;
m.p.: 165-167 °C (lit. 168-169 °C1); Anal. calcd. for C13H14N204: C, 59.54; H,
5.38; N, 10.68 %. Found C, 59.41; H, 5.28; N, 10.51 %; IR (neat, cm™1): 3346
—3180 (N-H and Ar—H), 2960 (C-H), 1683 (C=0), 1608 (C=C), 1520 and 1354
(NOy), 1218, 1062, 744, 623; IH-NMR (200 MHz, DMSO-dg, § / ppm): 0.86
(3H, t, J= 7.0 Hz, H-4'), 1.22-1.38 (2H, m, H-3'), 1.56-1.70 (2H, m, H-2'), 3.10—
-3.16 (2H, m, H-1"), 7.38-7.49 (2H, m, H-6, H-8), 7.73 (1H, dt, J = 8.5, 1.5 Hz,
H-7), 8.37 (1H, dd, J = 8.2, 1.5 Hz, H-5), 8.54 (1H, brs, N-H); 13C-NMR (50

* Corresponding author. E-mail: nikoradul ovic@yahoo.com
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MHz, DMSO-dg, ¢ / ppm): 13.6, 19.6, 30.6, 44.3, 114.3, 115.7, 117.5, 124.3,
124.7, 134.0, 147.0, 151.0, 155.5; HRMS(EI): M* (C13H14N204), 262.0972;
requires 262.0954 (4 = +1.8 mmu); EI-MS (nm/z, (relative abundance, %)): 262
(M*, 23), 216, 205, 159 (BP, 100), 131.

4-(sec-Butylamino)-3-nitro-2H-chromen-2-one (5b). Yield: 72 %,; color:
orange; m.p.: 208-210 °C; Anal. Calcd. for C13H14N2>04: C, 59.54; H, 5.38; N,
10.68 %. Found C, 59.48; H, 5.32; N, 10.60 %; IR (neat, cm~1): 3338-3062
(N-H and Ar-H), 2933 (C-H), 1677 (C=0), 1606 (C=C), 1556 and 1317 (NOy),
1061, 916, 743; 1H-NMR (200 MHz, DMSO-dg, § / ppm): 1.02 (3H, t, J = 6.4
Hz, H-3), 1.52 (3H, d, J = 6.5 Hz, H-1"), 1.73-1.87 (2H, m, H-2'), 4.15-4.36
(AH, m, H-1"), 7.33-7.40 (2H, m, H-6, H-8), 7.69 (1H, dt, J = 7.5, 1.5 Hz, H-7),
7.89 (1H, dd, J = 8.5, 1.5 Hz, H-5), 9.99 (1H, brs, N-H); 13C-NMR (50 MHz,
DMSO-dg, ¢ / ppm): 10.1, 21.3, 31.3, 55.3, 110.6, 113.1, 118.6, 124.2, 126.2,
134.9, 152.8, 153.2, 154.5; HRMS(El): M* (C13H14N204), 262.0942; requires
262.0954 (4 = -1.2 mmu); EI-MS (m/z, (relative abundance, %)): 262 (M*, 16),
247, 216, 205, 159 (BP, 100).

4-(tert-Butylamino)-3-nitro-2H-chromen-2-one (5¢). Yield: 75 %; color:
yellow; m.p.: 134-136 °C (lit. 136-138 °C1l); Anal. Calcd. for C13H14N204: C,
59.54; H, 5.38; N, 10.68 %. Found C, 59.60; H, 5.37; N, 10.77 %; IR (neat,
cm1): 3325-3036 (N-H and Ar-H), 2975 (C-H), 1698 (C=0), 1600 (C=C),
1543 and 1360 (NOy), 1176, 1030, 762; 1H-NMR (200 MHz, DMSO-dg,
o / ppm): 1.59 (9H, s, CH3), 7.28-7.40 (2H, m, H-6, H-8), 7.69 (1H, dt, J = 8.0,
1.0 Hz, H-7), 7.98 (1H, dd, J = 8.2, 1.0 Hz, H-5), 9.56 (1H, brs, N-H); 13C-NMR
(50 MHz, DMSO-dg, ¢ / ppm): 31.7 (three C), 59.3, 114.4, 114.5, 117.9, 123.4,
128.8, 135.0, 152.6, 154.4, 155.2; HRMS(EIl): M* (C13H14N20y), 262.0947;
requires 262.0954 (4 = —0.7 mmu); EI-MS (m/z, (relative abundance %)): 262
(M*, 10), 247, 216, 205, 159 (BP, 100).

4-[ (3-Hydroxypropyl)amino] -3-nitro-2H-chromen-2-one (5d). Yield: 83 %;
color: yellow; m.p.: 158-160 °C; Ana. Calcd. for C1oH15N2Os: C, 54.55; H,
4.58; N, 10.60 %. Found C, 54.63; H, 4.60; N, 10.53 %; IR (neat, cm™1): 3393—
—3216 (N-H and Ar—H), 2941 (C-H), 1695 (C=0), 1609 (C=C), 1551 and 1347
(NOy), 1223, 1051, 879, 757, 637; H-NMR (200 MHz, DMSO-dg, 6 / ppm):
1.76-1.89 (2H, m, H-2'), 3.25 (2H, t, J = 6.6 Hz, H-1'), 3.48 (2H, t, J = 5.8 Hz,
H-3), 4.77 (1H, brs, OH), 7.38-7.48 (2H, m, H-6, H-8), 7.73 (1H, dt, J=8.4, 1.2
Hz, H-7), 8.31 (1H, dd, J = 8.2, 1.2 Hz, H-5), 8.57 (1H, brs, N-H); 13C-NMR
(50 MHz, DMSO-dg, 6 / ppm): 31.4, 42.7, 585, 114.3, 115.6, 117.6, 124.3,
124.7, 134.1, 147.4, 151.0, 155.5; HRMS(EI): M* (C12H1o2N20s), 264.0757;
requires 264.0746 (4 = +1.1 mmu); EI-MS (m/z, (relative abundance %)): 264
(M*,7), 246, 200, 159 (BP, 100), 115.

4-(Hexylamino)-3-nitro-2H-chromen-2-one (5€). Yield: 92 %; color: yellow;
m.p.: 116-118 °C; Anal. Cacd. for C15H18N204: C, 62.06; H, 6.25; N, 9.65 %.
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Found C, 61.97; H, 6.15; N, 9.54 %; IR (neat, cm1): 3345-3216 (N-H and
Ar—H), 2925 (C-H), 1683 (C=0), 1605 (C=C), 1542 and 1364 (NOy), 1219,
1059, 753, 625; IH-NMR (200 MHz, DMSO-dg, 6 / ppm): 0.79-0.88 (3H, m,
H-6"), 1.17-1.31 (6H, m, H-3', H-4, H-5'), 1.55-1.72 (2H, m, H-2), 3.14 (2H, t,
J = 7.6 Hz, H-1), 7.39-7.49 (2H, m, H-6, H-8), 7.73 (1H, dt, J = 8.2, 1.0 Hz,
H-7), 8.35 (1H, dd, J = 8.0, 1.0 Hz, H-5), 8.47 (1H, brs, N-H); 13C-NMR (50
MHz, DMSO-dg, o / ppm): 13.9, 22.0, 26.0, 28.6, 30.8, 44.6, 114.3, 115.7, 117.6,
124.3, 124.7, 134.0, 147.0, 151.0, 155.4; HRMS(EI): M* (C15H18N20y),
290.1276; requires 290.1267 (4 = +0.9 mmu); EI-MS (nm/z, (relative abundance
%)): 290 (M, 10), 244, 219, 205, 159 (BP, 100).

3-Nitro-4-(octylamino)-2H-chromen-2-one (5f). Yield: 78 %,; color: yellow;
m.p.: 128-130 °C; Anal. Cacd. for C17H2oN>O4: C, 64.13; H, 6.97; N, 8.80 %.
Found C, 64.08; H, 7.04; N, 8.78 %; IR (neat, cm™1): 3337-3048 (N-H and
Ar—H), 2957 (C-H), 1685 (C=0), 1603 (C=C), 1539 and 1359 (NOy), 1215,
1055, 916, 750; 1H-NMR (200 MHz, DMSO-dg, 6 / ppm): 0.89 (3H, t, J = 6.6
Hz, H-8), 1.29-1.52 (10H, m, H-3', H-4', H-5, H-6', H-7"), 1.79-1.93 (2H, m,
H-2), 3.82-3.91 (2H, m, H-1"), 7.32—7.40 (2H, m, H-6, H-8), 7.69 (1H, dt, J =
= 8.2, 1.4 Hz, H-7), 8.00 (1H, dd, J =8.4, 1.4 Hz, H-5), 10.16 (1H, brs, N-H);
13C-NMR (50 MHz, DMSO-dg, 6 / ppm): 13.9, 22.5, 26.5, 28.9 (two C), 30.3,
31.6, 485, 113.2, 1185, 124.1, 126.6, 126.7, 135.0, 152.9, 154.5, 158.5;
HRMS(EI): M* (C17H2oN204), 318.1574; requires 318.1580 (4 = —0.6 mmu);
EI-MS (n/z, (relative abundance %)): 318 (M*, 7), 272, 205, 159 (BP, 100).

4-(Hexadecylamino)-3-nitro-2H-chromen-2-one (5g). Yield: 81 %,; color:
yellow; m.p.: 120-122 °C; Anal. Calcd. for CosHggN2Og4: C, 69.74; H, 8.90; N,
6.51 %. Found C, 69.82; H, 8.88; N, 6.49 %; IR (neat, cm~1): 3336-3180 (N-H
and Ar—H), 2955 (C-H), 1690 (C=0), 1609 (C=C), 1517 and 1327 (NOy), 1066,
787, 747, TH-NMR (200 MHz, DMSO-dg, J / ppm): 0.85 (3H, t, H-16'), 1.22
(26H, brs, H-3'-15"), 1.51-1.64 (2H, m, H-2"), 7.39-7.48 (2H, m, H-6, H-8), 3.10
(2H, t, H-1"), 7.74 (1H, dt, J = 8.0, 1.0 Hz, H-7), 8.36 (1H, dd, J = 8.4, 1.0 HZ),
H-5; 13C-NMR (50 MHz, DMSO-dg, 6 / ppm): 14.1, 22.2, 26.2, 28.5, 28.8, 28.9,
29.0, 29.1 (five C), 31.4 (two C), 44.6, 96.8, 114.3, 117.6, 124.3, 124.7, 134.0,
147.0, 151.0, 155.5; HRMS(El): M™* (CysH3gN20y4), 430.2823; requires
430.2832 (4 = —0.9 mmu); EI-MS (nm/z, (relative abundance %)): 430 (M, 4),
384, 205, 159 (BP, 100).

4-[ (Furan-2-ylmethyl)amino] -3-nitro-2H-chromen-2-one (5h). Yield: 74 %;
color: yellow; m.p.: 234-236 °C; Ana. Calcd. for C14H1gN2Os: C, 58.74; H,
3.52; N, 9.79 %. Found C, 58.78; H, 3.61; N, 9.80 %; IR (neat, cm™1): 3336
—3130 (N-H and Ar-H), 1686 (C=0), 1605 (C=C), 1551 and 1326 (NOy), 1015,
884, 750; 1H-NMR (200 MHz, DMSO-dg, ¢ / ppm): 3.42 (2H, s, CH>), 6.34—
—6.45 (2H, m, H-4', H-5'), 7.40-7.50 (2H, m, H-6, H-8), 7.64 (1H, dd, J = 2.6, 0.8
Hz, H-3'), 7.75 (1H, dt, J = 8.4, 1.4 Hz, H-7), 8.35 (1H, dd, J = 8.4, 1.4 Hz, H-5),
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9.09 (1H, brs, N-H); 13C-NMR (50 MHz, DMSO-dg, § / ppm): 40.0, 109.4,
111.0 (two C), 114.4, 117.7, 1245, 124.9, 134.4, 1435, 147.3, 149.0, 151.2,
155.3; HRMS(EI): M* (C14H10N205), 286.0577; requires 286.0590 (4 = —-1.3
mmu); EI-MS (m/z, (relative abundance %)): 286 (M™*, 37), 240, 205, 159 (BP,
100), 81.

4-(Benzylamino)-3-nitro-2H-chromen-2-one (5i). Yield: 86 %; color: yellow;
m.p.: 182184 °C (lit. 180-181 °C1); Anal. Calcd. for C1gH12N204: C, 64.86; H,
4.08; N, 9.46 %. Found C, 64.79; H, 3.97; N, 9.36 %; IR (neat, cm1): 3336
—3030 (N-H and Ar-H), 1682 (C=0), 1606 (C=C), 1511 and 1323 (NOy), 1217,
1062, 738, 692; 1H-NMR (200 MHz, DMSO-dg, § / ppm): 3.36 (2H, s, CH>),
7.26-7.34 (5H, m, H-2', H-3', H-4', H-5', H-6'), 7.41-7.50 (2H, m, H-6, H-8),
7.75 (1H, t, J = 8.0 Hz, H-7), 8.42 (1H, dd, J = 8.2, 1.0 Hz, H-5), 9.21 (1H, brs,
N-H); 13C-NMR (50 MHz, DMSO-dg, J / ppm): 47.9, 114.4, 116.3, 117.6,
1245, 124.8, 127.3 (two C), 127.8, 128.7 (two C), 134.2, 136.7, 147.3, 151.1,
155.3; HRMS(EI): M* (C16H12N204), 296.0813; requires 296.0797 (4 = +1.6
mmu); EI-MS (m/z, (relative abundance %)): 296 (M™*, 44), 250, 205, 159 (BP,
100), 91.
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Abstract: An approach to model the trans-influence using partial atomic
charges derived from the molecular electrostatic potential by means of the
restrained electrostatic potential (RESP) fitting method is exemplified on a
series of halogenido—ammine octahedral chromium(ll1) complexes. RESP
charges incorporated in the present vibrationally optimized consistent force
field account for second-order phenomena, improve the modeling and assign-
ment of skeletal vibrations, and reproduce the trends in frequency shifts along
the F, Cl, Br, | series. In addition, a supplementary statistical analysisis given
for the Cr—halogen bonds in the crystal structures from the CSD.

Keywords. partial atomic charges; chromium(l11) complexes; trans-influence;
consistent force field; skeletal vibrations.

INTRODUCTION

Elucidating structures and properties of chemical species by computational
methods has been a growing, fruitful and helpful research practice ever since the
emergence of computational chemistry. Essentially two complementary para
digms were developed in previous decades: one stemming from the study of elec-
tronic structure based on the first principles of quantum mechanics (QM) and its
methods, and the other based on modeling the molecular potential energy surface
with empirically derived analytic functions together with a set of adjustable para-
meters — known collectively as aforce field (FF).

An example of synergy between the two paradigms was actualized in the
development of an improved and physically more redlistic treatment of atomic
charges in a force field based on the monopole approximation, by fitting the

* Corresponding author. E-mail: grubisic@chem.bg.ac.rs
doi: 10.2298/J5C030914105D

329

Available on line at www.shd.org.rs/JSCS/

(CC) 2015 SCs. All rights reserved.



330 DJORDJEVIC et al.

charges to the QM-derived molecular electrostatic potential. In this context, it
was recently shown? that atomic charges derived using the restrained electrostatic
potential (RESP) program?—4 constitute a convenient choice for the optimization
of a new generation force field for chromium(l11) complexes, which attempts to
overcome the limitations of the predefined (i.e., atom-type pre-assigned) atom-
centered charges by taking into account the molecular environment of the atoms.
(In what follows, the label RESP denotes the computer program of the same
name irrespective of whether or not the restraint function is used). For example,
the RESP scheme allows each nitrogen ligator atom in [Cr(NH3)sX]2* to attain a
charge that depends on the arrangement of al other ligator atoms, thus taking
care of the mutual influences of the ligands (commonly referred to as trans- or
cis-influences®6) in the octahedral coordination sphere. The latter phenomena are
seldom touched upon in present-day molecular modeling, with the notable
exceptions of the comprehensive studies from the Deeth group on Werner-type
complexes,” and from Meuwly et al. on organometallics.8 The atomic point-
charge assignment procedure presented in this work (or its potential extensions)
could provide another possible way to address the trans-influence in a straight-
forward and simple manner.

Whereas previously basis sets of various complexity were investigated in
QM computation of the molecular electrostatic potential (MEP) for
[Cr(NH3)6-n(CHn] @M+ complexes (n = 0,1,2,3),1 as well as the effect of
restraint weighted RESP charges, 49 in this work, QM derived atomic charges
were applied in consistent force field (CFF) calculations on [Cr(NH3)sX]2*
species (X = F, Cl, Br, 1) in order to validate the applicability of the RESP
approach for different halogenido ligands, to gauge the anticipated trans-inf-
luence of X along the halogen series, and to ascertain whether the RESP-derived
charges for halogens can reproduce the experimental vibrational frequencies
within the vibrationally optimized force field (VOFF) for coordination com-
pounds.10

METHODOLOGY

All QM computations of MEP were realized using the GAMESS electronic structure
program.1! Following former! guidelines to avoid the influence of the basis set on the
computed MEP values and the RESP-derived partial atomic charges, the restricted open
Hartree-Fock (ROHF) method with three out of 12 previously explored basis sets, i.e., the
triple-¢ valence basis (TZV),12 the effective core potential valence basis (SBKJC),1314 and the
Dunning-type correlation consistent basis set with polarization function (cc-pvVTZ),1> was
used for the metal ion. The three basis sets produced practically the same final results for the
optimized geometries and vibrational frequencies. For al other atoms, the following were
employed: the 6-31G(d) polarized basis set16 for N, F, and Cl atoms, the 6-311G(d) basis!’-18
for Br and | atoms, and the unpolarized Pople 6-31G basis set1® for the ammine H atoms. This
choice of the computational level offered the best compromise between feasibility of the
procedures, the consistency of the results, and computational economy.
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The RESP program? to derive partial atomic charges from MEP was used as set out
previously.l Atomic charges were fitted iteratively® and a satisfactory convergence was
achieved in all cases (the residual sum of squares, 2, below 0.007 and the standard error of
estimate, x2/n, below 0.003). Departure from the HF/6-31G*, traditionally employed in RESP
procedures, was both possible and necessary in order to obtain physically realistic and
consistent results, and was paralleled in other similar improvements of RESP strategies (e.g.,
within AMBER2021 or CHARMM?22 schemes) in the |ast decade.

Force field calculations and the analysis of normal vibrations were performed with the
consistent force field (CFF) program for transition metal complexes and VOFF.1% Additional
force field parameters related to halogeno atoms were introduced as required and the values
are given in Table S-1 of the Supplementary materia to this paper. The parameters were
systematically derived to archive the closest possible match of calculated and experimental
stretching vibrations. The details and the components of the force field (potential functions for
bond stretching, angle bending, torsional, non-bonded and electrostatic contributions) were
particul arized earlier.10

All geometry optimizations (energy minimizations) were performed using the Newton—
—Raphson analytical second derivatives method. The root mean squared deviation of the
gradient at convergence was always <107 kcal mol™t A-1, and the experimental crystal struc-
tures were reproduced with an average deviation of 0.005 A in the bond lengths and 0.5° in
the bond angles.

Supporting density functional theory (DFT) computations (cf. Subsection: Modeling the
trans-influence of X) were performed using Gaussian09,23 with either the hybrid B3LYP
functional 242> the standard LANL2DZ-ECP basis?®® for Cr and | atoms, and 6-31G(d,p)
basis'® for H, N, C, F, Br and Cl atoms, or the S-VWN functional2’-2° with 6-31+G(d) basis!®
for all atoms. Geometries of [Cr(NH3)sX]2* were optimized without any symmetry restrict-
ions in the gas phase and the minima were confirmed by frequency calculations.

RESULTS AND DISCUSSION
Crystal structures

A search for structural data on [Cr(NH3)g-n(X)n]G M+ (X = F, Cl, Br, I)
revealed only a modest number of published reports on their crystal structures,
which prevented any value for the equilibrium metal-ligand (M—L) bond lengths
to be inferred from, e.g., a statistical distribution of the observed M—L distances.
Angular deformations of octahedra were sufficiently small and/or induced exter-
nally, enabling the adoption of the values n/2 and = for the reference valence
angle parametersin the force field for metal centers throughout this study.

Furthermore, since the only one complete series of experimentally charac-
terized structures, namely the one with n = 1, is available, the present discussion
will be restricted to the [Cr(NH3)sX]2* (X = F, Cl, Br, I) series. CFF modeling of
the other series (with two or more coordinated halogenido ligands) did not reveal
any new features, but corroborated all the findings presented herein.

Standard bond lengths were sought in the 1989 compilation3C of the data
from the Cambridge structural database (CSD) as apparently no updates were
published in the meantime. The values relevant for this work (Table I; part A)
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show that the number of Cr—X bonds characterized experimentally are mainly
insufficient. However, taking into consideration al the crystal structures
published after the issuing of the 1989 tables,30 it was possible to generate more
reliable statistic (see Table I; part B). For 124 Cr—F bonds, there were 12 outliers
from two structures (occurring at > 40), and another two were eliminated on che-
mical criteria. For 120 Cr—Cl bonds, only five distances were eliminated on che-
mical criteria. In both cases, the remaining values represented acceptably uni-
modal distributions. For 30 Cr—Br bonds, the distribution of values appeared to
be bimodal, but an €imination of 6 values from a total of two structures did
decrease the standard deviation appreciably, so a further reduction was not con-
sidered necessary for the present purpose. The number of Cr—l bonds was still too
low, but the values were grouped in two narrow intervals, one of which (with the
longer bond lengths) was eliminated on chemical grounds. Distribution of all
Cr—X bonds is presented as bar diagrams in Fig. S-1 of the Supplementary
material.

TABLE | Metaligand bond lengths (A) from X-ray diffraction data for octahedral chro-
mium(l11) complexes given as. unweighted mean (d), median (m), standard deviation (o),
lower quartile (q, ), upper quartile (qy), and the number of observations (n)

Bond d m o oL du n Excl.2
A. Datafrom CSD (1989)°
Cr—F 1.870 1.872 0.027 1.847 1.892 5 -
Cr—ClI 2.335 2.318 0.055 2.303 2.370 9 -
2.309 2.316 0.018 2.229 2.319 7 -
Cr—Br 2.577 - - - - 1 -
Cr- 2.669 - - - 1 -
2.781 - - - - 1 -
B. Datafrom CSD (2013)¢
Cr—F 1.881 1.882 0.024 1.812 1.960 112 12,(2)
1.882 1.883 0.023 1.841 1.960 110 2,(2
Cr—ClI 2.325 2.322 0.022 2.287 2.389 120 -
2.323 2.322 0.018 2.287 2.372 115 5, (3)
Cr—Br 2.481 2.479 0.025 2.436 2521 28 2,1
2471 2.470 0.018 2.436 2.502 24 4, (Y
Cr- 2.687 2.662 0.044 2.648 2.750 7 -
2.662 2.662 0.010 2.648 2.677 5 2, (1)

/alues shown: excluded Cr—X bonds, (excluded structures); bquoted from Orpen et al.; ¥ CCambridge
structural database 5.35 (Nov. 2013. + updates)

In keeping with the common practice of CFF,31.32 the reference bond-length
parameters in the bond stretching potential functions were assigned values which
reproduce, after geometry optimization, the mean values of experimental bond
lengths — in this case from X-ray diffraction studies, corresponding to r, values
in the Kuchitsu notation.33 Taking into consideration previous bond stretching
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parameters from VOFF,10 and the mean values of r, as given in Table | (part B),
the following values for reference bond-length parameters were assigned: Cr—F
1.883 A, Cr—CI 2.300 A, Cr-Br 2.400 A, Cr-1 2.620 A, Cr—N 2.052 A, and N-H
0.950 A. In furtherance of the discussion on the trans-influence (see Subsection:
Modeling the trans-influence of X), it should be emphasized that the reference
bond-length parameters, as well as bond-stiffness constants, were identical for all
Cr—N bonds.

The coordination polyhedra of all structures were assumed to possess the
highest possible symmetry (O, for CrNg, and Cg4y for CrN5X), due to the absence
of any experimental data that might indicate otherwise.

Atomic charges

The choice of the RESP program and details about its application in the
derivation of partial atomic charges from the QM molecular electrostatic poten-
tial for octahedral complexes of chromium(l11) was already justified.l In parti-
cular, the selection of the restraint weight,® needed for the treatment of atoms
buried inside larger structures, was explored and it was found that the central
metal atom does not quite behave as buried, enabling the use of the single-stage
derivation mode (viz. the “ESP” option) of the RESP program.

The results for [Cr(NH3)s5X]2+ complexes (X = F, Cl, Br, |) are summarized
in Table I1. General trends reported previously? for [Cr(NH3)g-n(CDn] M+ (n =
=0,1,2,3) complexes are perceived here as expected: for example, a decrease of
g(X) is followed by a small decrease of q(M) and a marked decrease of q(N&).
Furthermore, a comparison of the partial atomic charges with other previously
published data (Table S-11 of the Supplementary material) shows that trends (e.g.,
decrease of q(M) upon substitution by X, or decrease of g(X) in the halogen
series from F to 1) are in full agreement, notwithstanding the differences in the
reported values, even in cases when they originate from the same laboratory
(Table S-11 of the Supplementary material).

TABLE Il. RESP atomic charges (esu) for complexes [Cr(NH3)sX]2* (X = F, Cl, Br, 1),
calculated with three different basis sets for the metal atom; g = RESP atomic charges, eq =
equatorial or cis(X,NH3), ax = axia or trans(X,NH3), TZV = triple-{ valence basis,
SBKJC = effective core potential valence basis, cc-pVTZ = Dunning-type correlation
consistent basis set with polarization function

Basisfor Cr(l11) a(Cr) a(x) d(N) q(H)
[Cr(NH3)5(X)]** (X =F)
TZV 1.6409 -0.5867 —1.0317%4 0.4083
—1.0000 0.3898*
SBKJC 1.6668 -0.5896 —1.0366% 0.4083%
—1.0530 0.4032
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TABLE Il. Continued

Basisfor Cr(l11) a(Cr) a(x) d(N) a(H)
[Cr(NH3)5(X)]** (X =F)
cc-pvVTZ 1.6340 -0.5941 —1.0128% 0.4046%
—1.0718% 0.4091
[Cr(NHg)s(X)]%* (X = Cl)
TZV 1.1800 —0.4400 —0.9087%1 0.3819%
-0.5672 0.2929%
SBKJC 1.1804 -0.4386 -0.9134% 0.3834%
-0.5701& 0.2936*
cc-pvVTZ 1.1333 -0.4364 -0.8826% 0.3770%
—0.5899 0.2999
[Cr(NHg)s(X)]%* (X = Br)
TZV 0.8217 -0.3420 —0.7925% 0.3558%
—0.1928* 0.2044%
SBKJC 0.8032 -0.3350 —0.7917% 0.3561¢
-0.1791 0.2013
cc-pvVTZ 0.7739 -0.3394 -0.7682% 0.351%
—0.2037 0.2086*
[Cr(NH3)s(X)]?* (X =1)
TZV 0.5399 -0.2243 -0.6171%1 0.3084%1
-0.1677 0.2066*
SBKJC 0.5315 -0.2202 —0.6154% 0.3082¢1
—0.1809 0.2106
cc-pvVTZ 0.4843 -0.2193 —0.5904¢ 0.3034%
-0.1827 0.2127

By default in the CFF program, the atom-centered effective point charges
used to evaluate the Coulomb potential are chosen from the table of force field
values based on the atom type. However, in this as well asin the previous study,!
the RESP charges (as given in Table I1) were directly assigned to individual
atoms together with their atomic coordinates.

Vibrational spectra

For the 22-atom [Cr(NH3)s(X)]2* species there are 60 vibrational normal
modes, which are classified into 12A; + 4A, + 7B1 + 5B + 16E in the point
group Cyy, defined by the non-hydrogen (skeletal) atoms of [Cr(NHz)s5X]2*.
Symmetry coordinates can be described in terms of the following redundant set
of 68 internal coordinates: AR; (v(Cr-L), i =1,6; L = N,X), ArK; (v(N-H),i=15;
k=1,3), Aajj (3(L—Cr-L), i = 1,5;j =i+1,6; L = N,X), ABK (3(Cr-N—-H), i = 1,5;
k=1,3), AyK (8(H-N-H), i = 1,5; k = 1,3), and five torsional angles At; (i = 1,5)
defining internal rotation of the ammine ligands about the Cr—N bonds. Eighteen
internal coordinates (R,a) define 11 skeletal modes (4A1 + 2B1 + By + 4E; total
degeneracy = 15) of the CrNgX moiety. The remaining 45 internal coordinates (r,
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B, 7) describe the ammine v(N-H), 6(H-N-H), and 6(Cr—N-H) vibrations. One of
the possible ways to label the latter modes in the Cg4y point group is based on two
assumptions; the first, to impose the invariance of the hydrogens on the axial
ammine ligand to all symmetry operations in Cyy,, and the second, to apply the
projection operator method onto the basis consisting of orthogonal linear com-
binations of internals derived from the treatment of ammonia molecule in the C3y
point group34 instead of the internals (N-H, H-N-H, and Cr-N-H) themselves.
In thisway, it was possible to obtain the following five sets of symmetry coordi-
nates for [Cr(NH3)sX]2* in Ca (with the total degeneracies shown in
parentheses). symmetrical N-H stretching and symmetricadl H-N-H bending
(“umbrelld’) modes (each spanning 2A; + By + E; (5)), antisymmetrical N-H
stretching, antisymmetricall H-N-H bending, and NH3 rocking (sometimes
referred to as libration) modes (each spanning A1 + Ay + By + By + 3E; (10))
totaling to 40 optical modes. The inventory is completed with five torsional
modes (transforming as A1 + Ay + By + E; (5)) derived in the same way. The
skeletal modes of CrNsX and a possible distribution of al norma modes for
[Cr(NH3)5X]2* in the point group Cgay are given in Figure S-2 and Table S-111 of
the Supplementary material, respectively.

Since the assignments over the entire spectral range are in genera accord
with the published analyses of vibrational spectra of [Cr(NH3)s5X]2* species (as
shown in Table I11), the focus here will be on the shifts of low frequency intra-
molecular modes in the series F, Cl, Br, |, which was the key question addressed
in this paper. The most prominent tendency was an expected decrease in the
Cr—X stretching frequency with increasing mass of X (see Table IV), whichisin
full correspondence with the experimental data. Although a further refinement of
the VOFF was possible, it was not considered opportune in this case for at least
two reasons. First, in line with the consistent force field (CFF) para-
digm,31,32,37,38 the force field parameters are not equatable to the derived vib-
rational force constants; hence, their optimization is meaningful only with respect
to awider range of observables for afamily of related chemical species. In addi-
tion, crystal lattice effects (hydrogen bonds, counter-ion interactions, etc.), which
are observed in solid-state IR spectra, were not explicitly treated in the present
modeling study. Therefore, they are included in the force field parameters in an
indirect way, thus obviating the need for additional parameter optimization as
long as the differences among experimental values (of vibrational frequencies)
are of the same order of magnitude as the differences between experimental and
calculated values. Supporting DFT calculations (Subsection: Modeling the trans-
-influence of X) yielded vibrational frequencies (Table S-1V of the Supplement-
ary material) that are in general agreement with those shown in Tables |l and 1V,
except for the vy(NH3), which were placed dlightly above the experimental
values.

Available on line at www.shd.org.rs/JSCS/

(CC) 2015 SCs. All rights reserved.



336 DJORDJEVIC et al.

TABLE I1l. Comparison of experimental vibrational frequencies (cmrl) for [Cr(NH3)sX]2*
(X = F, Cl, Br, ) to the corresponding values calculated using RESP charges! and VOFF
parameterslY; key: v = stretching, 5 = bending (deformation), p = rocking, s = symmetric, a=
antisymmetric

Principal sym X=F X=Cl X =Br X =l
assignment " Exp® Cac. Exp2@ Cac. Exp2 Cdc. Exp?2 Cdc.
v(NH3) B, - 3277 327" 3275 - 3277 - 3277
- 3270 - 3271 - 3270 - 3271
ve(NH3) E - 3162 - 3160 - 3161 - 3161
- 3160 - - - -
S(HN-H) B, - 1627 - 1618 - 1613 - 1611
— 1589 1600 1583 - 1587 - 1586
S(H-N-H) E - 1337 - 1303 - 1323 - 1318
— 1323 1289 1293 - 1314 - 1309
pa(NHz) B, - 748 774b 758 - 765 - 759
- 710 - 702 - 711 - 700
v(Cr—X) A; 540° 534 3029306° 305 20492060 187 18491959 177
v(Cr-N) E 470° 474 47298 469 4749470F 470 46394679 469

A, 462¢ 439 46094626 448 4639453F 449 45794549 450
A, 428° 387 4339434 407 438f 403 44094429 402
B, 399¢ 380 406 371 4259427F 372 41594179 370
3(N-Cr—N) B, — 313 - 296 - 293 - 288
275¢ 274 2854 281 2879274F 271 26092619 269

E
E 260c 257 255d.e 266 2659259f 263 25092489 257
E 238 235 - 241 2509248F 244 24092389 244
B, - 19 2009 200 - 196 - 196
3(N—-Cr—X) E 214 217 - - - - - -
E 184c 181 170de 167 1729171F 171 17291689 163
E - - 12491268 127 1220 128 11691129 111
S3(N-Cr—N) E 114° 120  114%¢ 103 110114° 117 — —

3From Schmidtke and Rosner,3® unless otherwise noted; Pfrom: Tanaka et al.,38 counter-ions: ¢ = perchlorate,
d = nitrate, e = chloride, f = bromide, g = iodide

TABLE IV. Principal assignment of the skeletal vibrations (cm™) for [Cr(NH3)sX]2* (X = F,
Cl, Br, 1)

[Cr(NH3)s(F)]** [Cr(NH3)5(C]?*  [Cr(NH3)s(Br)]** [Cr(NHg)s(1)]%*
SYym PED v Sym PED v Sym PED v Sym PED v
41 A, S#S 534 A, S#S 305 A, Si+S 187 Ay S#S 177
42 E 25, 4714 E 25, 469 E 25, 4710 E 25, 471
43 E 25, 473 E 2S, 469 E 2S, 470 E  2S; 470
44 A, S+SHS 439 A; SiS-Sg M8 A, SS-Sg 449 A, SS-Sg 450
45 A, S-SiSs 387 A, Si-S;+Ss 407 A; S-S+Ss 403 A, S-S;+S; 402
4 B, S, 38 B S, 371 B S, 3B S 30
47 B, S 313 B, S 2% B, S 293 A, S5 298
48 E S#Sy 289 E S#Sy 281 A, S¢tS+S 293 B, S5 288
49 E S#S,; 274 E S#S; 266 E S#Sy; 271 E  S#S;, 269
50 E S#S,; 257 E S#+S;, 241 E  S4+S;, 263 E  S4S; 257

No.
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TABLE IV. Continued

[Cr(NHg)s(F)] % [Cr(NH3)s(C)]?*  [Cr(NH3)s(Br)]** [Cr(NHg)s(1)]%*
Sym PED v Sym PED v Sym PED v Sym PED v
51 A Sy 248 A S5 226 E S;ptS;1 244 E  SiptSyy 244

52 E S#S; 235 E  S#S; 221 E  S*Sy 225 E  S;p*Sy 222
53 E Sy+S, 223 B, S 200 B, S 19 B, Sy 19

No.

54 E SpotSyy 217 E SpotSyy 192 E SpotSy; 189 E S5, 184
55 B, S 190 E S,+S; 167 E StSy 171 E  Spu*Sy 163
56 E S+Sy 181 E  SptS; 152 B, S5 153 E  S;tSy 149
57 B, S 158 E S#Sy; 143 B, S 137 B, S 135
58 E S+Sy 136 E  SptS; 127 E  SotSy 128 E S tSy 123
50 E Sp+S; 120 E S#Sy 103 E  StSy 117 E Sty 111
60 E SiotSy 51 E SiotSyy 43 E  SiotSy; 21 E SpotSy; 29

Variations in other skeletal modes (Cr—N stretching and angle bending on
the central metal atom) were observed but the shifts were not distinctly regular
aong the series X = F, Cl, Br, and | (Table 1V). A plausible explanation might lie
in the fact that skeletal vibrations in [Cr(NH3)sX]2* are affected not only by the
mass of the atom X, but also through at least two additional phenomena: a) by the
capacity of X to produce a redistribution of electron density on ammine ligands
through d-orbitals in a mechanism commonly referred to as trans-influence
(Subsection: Modeling the trans-influence of X), and b) through intramolecul ar
steric interactions that depend on the size of X.

Concerning the results listed in Table 1V, it should be emphasized that Cyy,
symmetry labels, as well as the symmetry coordinates derived in the Cg4y point
group, were used to describe the low-frequency skeletal vibrations. As the pre-
sent CFF calculations were performed on the complete 22-atom structure with
full relaxation of al internal coordinates (i.e., without any symmetry constraint),
the present vibrational analysis pertains, in a strict sense, to [Cr(NH3)5X]2* struc-
tures of lower (or at most Cg) symmetry. Consequently, a significant coupling in
potential energy distribution (PED) was to be expected, and for this reason, only
afew principal PED39 contributions were shown in Table IV for each calculated
vibrational frequency. The most noteworthy is the strong coupling of ammine
torsions with N—Cr—N bending modes of the CrNsX skeleton (not shown in
Table IV, but clearly evident in computer animations of molecular vibra-
tions, 4041 available from the authors upon request).

Modeling the trans-influence of X

It is noteworthy that the RESP program? used in this work offers a straight-
forward and very convenient way to control the averaging of atomic charges over
stereochemically equivalent atoms. This feature helped in the demarcation of
axia from equatorial ammine nitrogens, where the difference in q(N) resulted
from the trans-influence of the X atom in [Cr(NH3)sX]2"*.

Available on line at www.shd.org.rs/JSCS/

(CC) 2015 SCs. All rights reserved.



338 DJORDJEVIC et al.

The trans-influence of X in [Cr(NH3)5X]2* is expected to manifest itself
through elongation of the axial Cr—-NH3 bond, and concomitant lowering of its
Cr—N stretching frequency. Both phenomena were noted in crystallographic and
spectroscopic studies on octahedral complexes. The present CFF modeling of
[Cr(NH3)5X]2* with VOFF established a lengthening of Cr—N bond trans to the
halogenido ligand (cf. Fig. 1) for X = Cl, Br, and | on average by 0.011(5) A in
geometry optimization with RESP charges (obtained from ROHF computations
using the cc-pVTZ basis set for Cr) while keeping al FF parameters and func-
tions involving al N ligator the same. The trans-influence turned out to be
unexpectedly weak in the case of [Cr(NH3)sF]2*. These results are in qualitative
agreement with the fact that the Cr—NH3 bond trans to X is lengthened on ave-
rage by 0.03 A with respect to other Cr-NH3 bonds in 57 crystal structures con-
taining 161 Cr—NH3 bonds retrieved from the most recent CSD,42 as well as with
the recent findings of Shibahara, Akashi et al. on pentaaminenitrosylchro-
mium(l11) complexes exhibiting a particularly strong trans-influence of the NO

a)
B CreN(ax)

_ OCeN(eq)
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211, BCeN(eq)
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Fig. 1 Bond lengths (A) for Cr—=N (transto X) and Cr—N& in [Cr(NH5)sX]2* calculated with
(a) CFF modeling and (b) DFT. DFT results were obtained with S-VWN/6-31+G(d). The
values shown above the bars represent Ar,, the difference between r '@ and the mean value
of the four r S distances, which could be taken as a measure of the extent of trans-influence.
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ligand.43-46 Furthermore, in a broader sense, the present results are in certain
conformity with the current views on ligand ordering based on their trans-inf-
luence in square-planar metal complexes.4”

Differences in Cr—N bond lengths, as well as differences in their vibrations,
are expected due to the presence of halogenido ligands and their trans-influence.
Namely, as the axia Cr—N bonds in all molecules are shorter compared to
equatorial ones, according to the genera rule (shorter the bond - the larger the
force constant — the greater the value of the wavenumber or vibration), the vib-
rations of Cr—N®€J bonds should have higher values compared to those of Cr—Na
vibrations. If the individual contributions to the Cr—N vibrations are considered,
the mentioned regularity is evident. The first calculated Cr—N vibrations (at the
highest values of wavenumbers) originate exclusively from the equatorial Cr—-N
bonds, while the vibrations of the axial Cr—N bonds occur at lower values. For
molecule [Cr(NH3)sF]2*, the frequency at 474 cm1 has a dominant PED contri-
bution of Cr—N&d bonds, while the frequency at 387 cm! has dominant PED
contribution of the Cr—Na pond (Table I11). The frequency at 469 cm~1 origin-
ates only from vibrations of the equatorial Cr—N bonds of [Cr(NH3)5Cl]2*, but
the vibrations of axial Cr—N occur at 448 cmL. The first calculated Cr—N vib-
ration of the complex [Cr(NH3)sBr]2+ at 470 cm1 belongs to Cr—Ned bonds,
while Cr—Na bonds contribute to the second frequency at 449 cm2. Finally, for
the molecule [Cr(NH3)s51]2*, the calculated frequency at 469 cm! includes only
vibrations of Cr—N€d bonds, while frequency at 450 cm2 has the highest con-
tribution of vibrations of the Cr—N& bond.

Owing to the fact that structural data on [Cr(NH3)sF]2* are not available,
and that most of the published crystal structures of [Cr(NH3)sX]2* with other
halogenido ligands do not offer sufficiently conclusive evidence on the trans-inf-
luence of X, additional DFT calculations were performed for the whole series.
First, it was observed that the recommended B3LYP functional4® produces
expected trends but yields excessively large metal-ligand distances. However,
acceptable bond lengths were obtained with the SVWN functional with basis
sets as cited in the Section Methodology. The latter DFT results indeed revealed
trans-influence for all four halogenido ligands, with reasonable Are values (rglfans—
—09) for the Cr—N bonds, substantiating the trends resulting from the CFF
modeling to the greatest extent possible in any comparison of QM and MM
approaches.

The expected lowering of Cr—N&) is more difficult to distinguish due to
admixture of v(Cr—X) and v(Cr—N&) in both $4 and Ss symmetry coordinates
(Table IV and Fig. S-2 of the Supplementary material) and additional coupling
with vg(Cr—N®&d) (Sy), which was apparent in CFF modeling. It should be noted
that this approach to model the trans-influence falls entirely within the force field
(molecular mechanics) paradigm, i.e., parametric representation of the potential
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energy surface alowing for second-order stereochemical phenomena, and there-
fore does not propose an explanation for the origin of the trans-influence. As
such, or with possible refinements or extensions (of which there are severa), it
may have some conceptual resemblance to the modeling of the trans-influence
with VALBOND-TRANS force field.8:48

CONCLUSIONS

By extending the recently proposed schemel for the derivation of partial
atomic charges for chromium(l11) complexes from QM computed MEP using the
RESP procedure,? onto the mixed hal ogenido—ammine complexes with F, Cl, Br,
and | ligands, and using such charges together with the vibrationally optimized
force field (VOFF) for coordination compounds,10 a reliable and physically
realistic model was built, which was capable of reproducing experimental struc-
tures and vibrational frequencies in a consistent way throughout the series of
[Cr(NH3)6-n(X)n] @+ species (n = 1; X = F, Cl, Br, |). The results for the other
series (n > 1), not shown here due to the lack of experimental data, appear to be
consistent with the ones presented.

In the course of this study it was necessary to define reference Cr—X bond
distances, which were derived from a statistical analysis of the data from the
CSD base that contained a 10-fold increase in measured Cr—X distances (a total
of 254 relevant values) with respect to the 24 values used in the previous such
compilation.30

The calculated vibrational frequencies with the present VOFF were in
accordance with available experimental data over the whole frequency range
(3500-100 cm1). In particular, the low-frequency skeletal vibrations were
reassigned in the Cyy point group of the CrNsX core, their shifts across the series
(X =F, Cl, Br, I) were elucidated, and the presence of a strong coupling between
some skeletal bending modes and torsional motion of ammine ligands was
observed in the present zero torsional barrier approximation.

Finaly, differences in the RESP derived partial atomic charges between the
axial and equatorial ammine ligands in [Cr(NH3)sX]2*, presumably due to sec-
ond-order electronic effects, seem to offer a simple and straightforward way to
incorporate trans-influence in force field modeling of coordination compounds,
which manifested itself in the elongation of metal-ligand bonds in an expected
way and to a plausible extent.

SUPPLEMENTARY MATERIAL

Additional VOFF parameters for [Cr(NH3)sX]2*, the distribution of the Cr—X bond
distances, a review of published atomic charges, the symmetry coordinates of [Cr(NHz)sX]?,
the distribution of the symmetry vibrations and DFT calculated vibrational frequencies are
available electronically from http://www.shd.org.rs/’JSCS/, or from the corresponding author
on request.
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U3BOJ
PA3BUJAILE HOBOT CKYIIA [TAPAMETAPA TI0JbA CHUJIA 3A XAJIOTEHHU]IO-
-AMMUHCKE KOMITJIEKCE XPOMA(III): MOIOE/IUPAIBE trans-YTULIAJA
XAJIOTEHU OO JIMTAHATA

WBAHA BOPBEBUR', COFbA TPYBUIIUE', MHIOLI MATYWR’ u CBETO3AP HUKETHUER'

IHCHWap 3a xemujy, HXTM, Ynueepsutiein y beoipagy, Fbeiowesa 12, 11001 Beoipag u ZXCMMjCKu
Qaxyniuew, Ynueep3uiieii y Beoipagy, Cuygeniticku wipi 16, 11001 Beoipag

Ha cepuju oxTaenapCkux XaloreHUJo-aMMHUHCKUX kommiekca xpoma(Ill) mpukasaH je
HOB IIPUCTYII 338 MOJeNUpame frans-yTuuaja, kopucrehy napuyjaaiHa aToMcka HaeleKTpucama
u3BefjeHe (PUTOBAMEM M3 MOJIEKYJICKOT €JIeKTPOCTaTUUKOI NOoTeHnHjasa npumeHom RESP
metope. RESP HaenekTpucama 3aje[HO C IPUKa3aHUM BHOPALIMOHO ONTHMM30BAaHHUM IOJBEM
cuna objaimasajy eHoMeHe Ipyror pena, MoCHeNlyjy MoJenupame U aCUrHalHjy CKeIeTHUX
Bubpanyja, U pemnponyKyjy MPaBWJIHOCTH y BUOPALIMOHMM IMOMAalUMa y HHU3Y XaJIOTEHUZIO
nmuranana F, Cl, Br u 1. Ilopep Tora, 1ara je CTaTUCTHYKA aHATH3a 3a gykuHe Cr-XanoreH Be3a
Y KpPUCTATHUM CTpyKTypama u3 Cambridge Hanke kpucranorpadckux nmogaraka (CSD).

(ITpumsbeHo 3. cenTemdpa, peBUAUpaHo 26. okTodpa, mpuxBaheHo 27. okrodpa 2014)
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TABLE S-I. Additional VOFF parameters for [Cr(NH3)sX]2* (X = F, Cl, Br, 1) series; ry and

6o are the equilibrium bond length and bond angle, respectively; k. and k, are the force
constants for the bonds and bond angles, respectively (1 kcal = 4.184 J)

Bond stretching k. / kcal mol-l A-2 ro /A
M-F 310 1.883
M—CI 160 2.300
M-Br 170 2.400
M- 200 2.620
T ag?

Angle bending ke./ kcal molt rad . G/ rad

cis trans cis trans
N-M-N 30.00 30.00 1.570 3.142
N-M-F 15.00 15.00 1.570 3.142
N-M—CI 20.00 20.00 1.570 3.142
N-M-Br 30.00 30.00 1.570 3.142
N-M- 35.00 35.00 1.570 3.142
van der Waals e/ kecal molt r* | A
F---H 0.095 3.40
F---N 0.100 3.70
Cl---H 0.106 3.53
Cl---N 0.115 3.85
Br---H 0.122 3.68
Br---N 0.133 4.00
|---H 0.136 3.83
|---N 0.150 4.10

* Corresponding author. E-mail: grubisic@chem.bg.ac.rs
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TABLE S-l. Comparison of the calculated partial atomic charges (esu); key: q = partial
atomic charges, eq = equatorial or cis(X,NH;), ax = axia or trans(X,NHs), X=F, Cl, Br, I;
Methods (as cited in the origina publications): NPA = natural population analysis, MKS =
Merz—Kollman—-Singh scheme, NLDA = nonlocal density approximation, MEP = molecular
electrostatic potential

Complex qM) qN) qH) qg(F) q(C) qBr) q(l) Meth. Ref.
Published data

Co(NHy) 3+ 1.67 -1.19 0.47 NPA 1
[ 3)6

Co(NH5)g]3* 155 -105 043 MKS 1
[ 26

[CO(N H3)6]3+ 2.0 2
[Co(N H3)6]3+ 2.71 3
[CO(N H3)5F]2+ 1.6 2
[Co(NH3)sF] 2 1.76 3

Cr(H,0)¢]3* 1.403 NLDA 4
[ 20)s

Cr(H,0)g]3* 0.722 MEP 4
[ 2

[Cr(HZO)e]?’Jr 2.12 5
[Cr(HZO)e]?’Jr 2.2 2
[CrFg] 3 1.62 NPA 6
[ZrFg] 2 2.634 -0.77 MEP 7
[ZrClg] 2 1.509 -0.58 MEP 7
[ZrBrgl% 0.938 -0.49 MEP 7
[Zrlg]? 0.440 -041 MEP 7

Thiswork

[Cr(NHg)sFI2*  1.63 -1.01% 0.416 —0.60
[Cr(NH3)sCl]2* 1.13 -0.88%d (.38« -0.44
[Cr(NH)sBr]2* 0.77 -0.77%9 0.35 -0.34
[Cr(NH3)sl12 0.48 -0.59%9 (.30 -0.22

CSD REFCODES

For structures with Cr—F bonds

ADOSOC, BAPPOX, BAVGOU, BAVGUA10, BIVVUX, BORWOU,
BORWUA, BORWUAO1, BUTDAV, DAFHOH, DEDCAQ, DIYFEW,
DORZEP, DUCQIC, DULQAD, FEZXUD, FOJBAH, GAWBUC, IZOVEZ,
KOMREJ], LEYDQOJ, LEYDUP, LEYSEN, MPZFCR, OCOLIB, POFGEX,
PUXPUT, QEXSES, SIXWOL, SUKHAH, TAZFCR, TETVUK, VAFDEN,
VAFDIR, VIWMEU, VOLREU, YASHAB, YASHOP.

For structures with Cr—Cl bonds

ABILUT, AMZCCR, BIJZOK, BIWPIH, CEDCRC, COKJAN, CUKPON,
CUSBUN, DOHBEH, EGULOI, EKOCEM, EMIWIG, EMUNIJ, FAMVUK10,
FUHCIU, GADTOU, JAQPEW, JATTED, JATVAB, JOFYIM, JOFYOQOS,
JOMNAA, JOMNAAO1, JOMNEE, KUGMAA, KUGMEE, LIJRAX, MATHIZ,
MATHOF, MATHUL, MOLPUZ, PADSIW, PAZDUQ, PUWFAO, PYMECR,
QISXIA, QOWZOS, QOWzZUY, QOXBAH, RAKGIT, RUNRIB, RUNRIBO01,
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TEBDIO, TEZSIA, TEZSOG, TEZSUM, TEZTAT, TEZTEX, ULAYUC,
UWEKEN, WATREO, WOGRUG, YISLIV, YISLOB, ZALZER, ULAYUCO01,
WEBCAJ, ACUCAE.

For structures with Cr—Br bonds

BIWBEO, BOGDIL, CAGCIW, ESIMUO, IHEJOU, KUGMEE,
MAMLER, PUDNUY, PUDPAG, PURCIO, UKEDEU, UKEDIY, VAGBIQ,
VAQFAU, VAVNOV, VEFVEH, YIBWOQV, TEDYIM.

For structures with Cr—| bonds

BOGDOR, CPMINC, DAGNUW, JEKKEP, NATZIS, NMCPNC,
ODAXIA, OFAKAI, PPNCCO, RAJXUV, SESYAQ, UGUBAZ, UKEDOE,
UKEDUK, UKEFAS, UKEFOG, UKEFUM, VAZWAU, YEKLUW.

Fig. S-1. Distribution of chromium(l11)—hal ogen distancesin the crystal structures retrieved
from CSD (2013.): &) for Cr—F bond lengths (A); b) for Cr—Cl bond lengths (A); c) for
Cr—Br bond lengths (A) and d) for Cr—l bond length (A). The data used in the derivation of the
statistics are shown in black; data eliminated for any reason (see text) are shown in white.
Note the difference in the scale for the x-axis between the upper and lower pair of charts.
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Fig. S-2. Symmetry coordinates for the normal vibrations of the C,-[ CrN5X] skeleton.
Definition of internal coordinates for skeletal vibrations: Metal-Higand bonds: R; (i = 1,6).
Octahedral angles: g;; (i, j = ligand atoms). &) Sy(A1) ¢1(A1) = (V2)A(Ry + Rt R3 + Ry),

b) S(By) ¢:(By) = (UV2)A(Ry — Rot+ R — Ry), ©) S3(E) ¢5(E?) = (U2)V2A(R, — Ry) ¢5(EP) =
= (U2)Y2A( Ry —Ry), d) Sy(A1) ¢u(A1) = AR5 €) S5(A1) ¢5(A1) = AR, f) Se(B2) d6(B2) =
= (U2)A( a1z — 03 + s — 041), 9) SHE) ¢7(E?) = (U2)V2A(c12 — a3a) ¢1(EP) = (U2)V?A( a3~
— ag1), ) Sa(A1) (Aq) = (1/8)Y2A( a5 — e + 015 — s + 135 — a3 + s — dag), 1) So(By)
#o(B) = (U8)V2A( 015 — a1 — 015 + 01z + g5 — 36 + s + augg), ) Sio(E) B10(ED) =
= (U2)A(oq5 — a1 — 05 + ig6) P10(EP) = (U2)A(oz5 — 016 — s + aag), K) S1a(E) ¢a(E?) =
= (U2)A(ogs + oq6 — azs + aze) ¢12(EP) = (V2)A(ags + 006 — as + asg); 1) atom numbering.
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TABLE S-l1I. Distribution of symmetry vibrations of [M(NH3)sX]%* among the irreducible
representations of the point group Cy, (I'V'B = 12A; + 4A, + 7B, + 5B, + 16E); v = stretching,
& = bending (deformation), p = rocking, s = symmetric, a = antisymmetric

Motion A]_ A2 Bl Bz E
Skeletal@ stretch  Sy: v(MN)®d Sy: Va(MN)&a Sz vo(MN)™
S4: V(MN)aX
Ss: v(MX)
Sg: 6(MN5X) So: 3(NMN)® Sg: 3(NMN)® S;: 3(NMN)™
Skeletalabend S10: 3(MNsX)
Siz: (MN5X)
Sym. stretch vg(NH)® vg(NH)® vs(NH)&d
ve(NH)=
As. stretch Va(NH)E v (NH)® v (NH)®E  ve(NH)®E v (NH)
Vas(NH)™
Vas(NH)
Bend Sas(HNH)® 5, (HNH)®  §,(HNH)&d Sas(HNH)™ da(HNH)=
das(HNH)®
Sas(HNH)
Rock Pas(NH)™  pas(NH3)™  pag(NH3)™M  pag(NH3)™  pag(NHZ)™
Poc(NHy)e
pac(NH3)
UMB® 54(NHy) 54(NHy) 54(NHy)
8(NHy)
Torsion TEQ(NHs)a‘ TE§(NH3)3X T§(NH3)eq Tai(NHg,)m

35 = Skeletal symmetry modes depicted in Fig. S-2; bumB = Symmetrical NH3 bending = umbrella mode

TABLE S-1V. Calculated® vibrational frequencies (cm™1) for [Cr(NH3)sX]2*; v = stretching,
& = bending (deformation), p = rocking, s = symmetric, a= antisymmetric

No, Principd X=F X =Cl X =Br X =1

O assignment Exp. CFF DFT Exp. CFF DFT Exp. CFF DFT Exp. CFF DFT
1 va(NH3) 3277 3388 3277 3275 3383 3277 3382 3277 3395
2 va(NH3) 3273 3387 3272 3381 3272 3381 3272 3395
3 va(NH3) 3271 3387 3272 3380 3271 3380 3271 33%4
4 va(NH3) 3271 3385 3271 3380 3271 3379 3271 3391
5 va(NHy) 3270 3380 3270 3379 3270 3374 3270 3387
6 va(NH3) 3270 3379 3270 3378 3270 3374 3270 3385
7 va(NH3) 3269 3367 3270 3367 3270 3365 3270 3373
8 va(NH3) 3269 3365 3270 3362 3270 3364 3270 3363
9 va(NH3) 3268 3364 3268 3359 3269 3357 3269 3361
10 v4(NHy) 3267 3363 3268 3357 3268 3355 3269 3358
11 v{NHy) 3166 3286 3164 3282 3165 3284 3165 3300
12 v{NHy) 3162 3269 3161 3276 3162 3271 3162 3284
13 v{NHy) 3160 3266 3160 3271 3161 3270 3161 3277
14 v{NHy) 3160 3265 3160 3263 3161 3262 3161 3267
15 vgNHy) 3160 3264 3160 3261 3160 3259 3160 3259
16 5,(H-N-H) 1634 1641 1631 1635 1624 1632 1620 1599
17 §,(H-N-H) 1627 1627 1618 1625 1613 1629 1611 1593
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TABLE S1V. Continued

No.  Principd X=F X =Cl X = Br X =1

O asdignment Exp. CFF DFT Exp. CFF DFT Exp. CFF DFT Exp. CFF DFT
18 5, (H-N-H) 1616 1618 1612 1620 1607 1623 1604 1586
19 §,(H-N-H) 1616 1616 1612 1617 1606 1618 1604 1581
20 ,(H-N-H) 1500 1614 1589 1608 1587 1607 1586 1574
21 3,(H-N-H) 1589 1610 1588 1604 1586 1606 1585 1569
22 §,(H-N-H) 1586 1599 1600 1583 1598 1581 1600 1581 1561
23 §,(H-N-H) 1583 1599 1580 1589 1580 1585 1579 1555
24 §,(H-N-H) 1580 1596 1579 1579 1578 1584 1578 1545
25 §,(H-N-H) 1573 1576 1575 1573 1574 1580 1574 1538
26 5y(H-N-H) 1366 1354 1336 1356 1372 1356 1338 1341
27 5y(H-N-H) 1337 1327 1313 1332 1323 1335 1318 1314
28 8H-N-H) 1323 1317 1303 1323 1314 1321 1309 1298
29 8(H-N-H) 1312 1315 1289 1293 1314 1300 1306 1297 1292
30 8(H-N-H) 1305 1300 1287 1318 1290 1303 1289 1284
31 p(NHg) 804 768 774 758 732 765 727 759 714
32 p(NHy) 775 703 742 702 739 698 726 700
33 p(NHy) 748 699 712 691 711 696 700 697
34 p(NH3) 744 692 702 687 703 692 692 688
35 p(NHy) 731 657 694 659 696 663 690 654
36 p(NHs) 710 649 686 655 686 651 675 640
37 p(NHy) 697 638 679 644 667 637 661 617
38 p(NHa) 685 598 662 583 665 573 658 566
39 p(NHy) 641 594 628 570 622 569 619 556
40  p(NHa) 622 587 613 560 617 558 615 545
41 v, (Cr—X) 540 534 554 306 305 344 206 187 179 195 177 176
42 v, (Cr-N) 470 474 435 469 433 470 430 471 438

43 vo(Cr-N) 462 473 434 472 469 427 470 470 427 467 469 436
44 vo(Cr-N) 428 439 411 460 448 425 453 449 413 454 450 415
45 vs(Cr-N) 339 387 402 433 407 414 438 403 403 442 402 393

46 v, (Cr-N) 380 380 406 371 385 427 372 385 417 370 388
47 §(CrNsX) 313 249 206 224 203 276 208 220
48 §(CrNsX) 280 236 285 281 218 203 236 288 213
49  §(CrNsX) 275 274 224 255 266 215 274 271 216 261 269 179
50  §(CrNsX) 260 257 211 241 203 259 263 213 250 257 194
51 §(CrNsX) 248 196 226 201 248 244 209 240 244 185
52 3(CrNsX) 238 235 188 221 188 225 196 222 183
53 3(CrNsX) 223 158 200 200 164 196 188 196 162
54 §(CrNsX) 214 217 150 192 153 189 185 184 138
55  3(CrNsX) 190 146 170 167 144 171 171 175 168 163 124
56 §(CrNsX) 184 181 137 152 136 153 158 149 122
57 §(CrNsX) 158 131 143 130 137 137 135 114
58 5(CrNsX) 136 118 126 127 81 122 128 128 123 94
59  5(CrNsX) 114 120 86 114 103 73 114 117 119 112 111 80
60  5(CrN:X) 51 57 43 31 21 56 29 a4

3Scaling factor for DFT (0.9833)8
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Abstract: The quantitative structure—activity relationship (QSAR) approach is
used for finding the relationships between molecular structures and the activity
of peptide drugs. In this work, the stepwise multiple regression method was
employed to select the optimal subset of descriptors that have significant
contributions to the drug activity of 21 oxytocin analogues, 48 bitter tasting
threshold activities and 58 angiotensin-converting enzyme inhibitors. A new
set of descriptor, SYWGM, was used for the prediction of the activity of the
peptide drugs and then were used to build a model by the partial least squares
method, The stability and generalization ability of the model was strictly anal-
yzed by both internal and external validations, by cross-validation and external
validation correlations.

Keywords. amino acids; peptide; quantitative structure—activity relationships;
partia least square; SVWGM.

INTRODUCTION

As one of the hottest topic, peptide drugs, which perform important rolesin
al living systems, have been widely debated.1:2 Most of experimental methods
on peptide drugs were inefficient and expensive and hence, computational
methods, such as quantitative structure—activity relationships (QSAR), which
involve not only the key idea of pharmacology, but also the foundation of drug
design, were brought into the spotlight. In a QSAR study of peptides, the major
information on structure and function for peptides is contained in their amino
acid sequence and hence it is crucia to characterize the sequence structure. The
pioneering work on amino acid descriptors was undertaken by Sneath et al.3 who
used semi-quantitative physicochemical data to derive descriptors for the 20
naturally occurring amino acids. Kidera et al.#=5 collected 188 properties of the
20 natural amino acids and employed factor analysis to obtain 10 orthogonal fac-
tors that were the most important for determining the three-dimensional structure

* Corresponding author. E-mail: jianbotong@aliyun.com
doi: 10.2298/JSC140604069T
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of proteins. Soon afterwards, Hellberg et al.>7~12 extracted three principal com-
ponents (PCs), or z-scales, from 29 physicochemical properties of coded amino
acids by PC analysis (PCA). In recent years, a new series of amino acid indices
based on quantum topological molecular similarity (QTMS) descriptors213 were
proposed for peptide QSAR studies and good results were obtained. The study of
the structure-based approaches for peptides by Hou et al.14-17 achieved satis-
factory results. Since then, many quantitative descriptors for amino acid were
proposed and successfully used in practice.1819 They were then applied to pep-
tide QSAR analyses and showed good structural characterization ability.

PRINCIPLE AND METHODS
Molecular structural characterization

Molecular structural characterization (MSC) focuses on transforming molecular struc-
tural characteristicsinto a group of numerical codes, dedicated to minimizing information loss
during this process. In this study, 99 weighted holistic invariant molecular (WHIM) des-
criptors (obtained as statistical indices of the atoms projected onto the 3 principal components
obtained from weighted covariance matrices of the atomic coordinates, the meanings of which
arelisted in Table S-1 of the Supplementary material to this paper), 74 geometrical descriptors
(obtained from molecular geometry, the meanings are listed in Supplementary Table S-I1 of
the Supplementary material) and 160 3D-molecule representations of structures based on
electron diffraction (3D-MORSE) descriptors (calculated by summing atom weights viewed
by a different angular scattering function, the meanings of which are listed in Supplementary
Table S-111 of the Supplementary material) for each single amino acid were generated via
Dragon 5.4 software.

The original variable matrices Xygxg9 (Table S-1V of the Supplementary materia), Xoox7a4
(Table SV of the Supplementary material) and Xopx1e0 (Table S-VI of the Supplementary
material were submitted to PCA, autoscaling was always applied. The PCA scores (Table S-
-VII of the Supplementary material) were extracted for al those components that were
identified to be necessary to explain a minimum of 85 % of the total variance, also, the
corresponding eigenvalue > 1. A total of 18 PCs (Table S-V1I1 of the Supplementary material)
were selected from the PCA for each amino acid, which were treated as a new vector des-
criptor — SYWGM (principal component scores vector of WHIM descriptors, Geometrical
descriptors and 3D-MORSE descriptors) to characterize a peptide. PCA was implemented by
MATLAB R2010a software.

Variable selection and modeling

The selection of molecular descriptors most relevant for acute drug activity is a key
problem involved in QSAR, as is the choice of a proper technique for the construction of
models. At present, the stepwise multiple regression (SMR) method is an interesting and
widely used variable selection method.?® SMR was implemented by SPSS software for
Windows 16.0.

The partial least squares (PLS) method was employed for developing a reliable and
predictive QSAR model and for an estimation of its stability, which was strictly analyzed by
the cross-validation correlation coefficient (Q%o ) and correlation coefficient (R, ). The
PL S analyses were implemented using SIMCA-P 12.0 software.
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RESULTS AND DISCUSSION
QSAR model for oxytocin

Oxytocin (OT), a neurohypophyseal hormone, stimulates contraction of the
uterine myometrium at parturition and contracts myoepithelia cells during
lactation. Twenty-one oxytocin analogues?! varying at positions 2, 3 and 8 are
often utilized to test the effectiveness of diverse kinds of amino acid descriptors
for its oxytocin-activity denoted by OA (Table I). For each peptide, its structure
was first quantified by 3x18 SVWGM scales. In order to prove the validity and
stability of the model, the whole data set was systematicaly divided into two
subsets. The dataset (n = 21) was divided into a training set of 18 samples and a
test set (highlighted with “*” in Table 1) of 3 samples. The training sets were then
used for developing QSAR models employing the PLS technique, while the cor-
responding test set was utilized to evaluate the predictive ability of the obtained
model.12 In the PLS regression analysis, the Qo values (Table S-IX of the
Supplementary material) changed with the SMR-introduced variables, achieving
the maximum (0.864) at the fifth step, meanwhile, the value of the correlation
coefficient (R4,m) reached up to 0.944. The optimum PLS model with 5 vari-
ables (Vo4, V17, V36, V51 and vo3) was then obtained, wherein only two PLS com-
ponents were sufficient to account for 97.2 % of the variances of the Y variables.
A plot of the observed values for OT vs. the predicted ones (listed in Tablel) is
presented in Fig. 1, from which it could be seen that the points were minutely
scattered about the through the origin-passing diagonal and the model possessed
a strong fitting capability. The results obtained from the PLS models using the
SVWGM descriptors are given in Table 11, which were superior to those from the
literature (Table I1). A scoring distribution scatter of the 21 samples in the first
and second PLS principal component spaces is shown in Fig. 2, from which it
could be seen that most samples fell within the Hotelling T2 confidence
ellipse?2.23 with a 95 % confidence interval, with the exception of 7%,

The distance to the PLS model in the X space is described in Fig. 3. It can be
seen that the normalized distance to X for none of sample was beyond the critical
value of 2.148 (significance level = 5 %).

TABLE I. Amino acid sequences of 21 OT and their observed and predicted activities; Obs —
observed values, Pred — predicted values, * —test set

No. Peptide Obs Pred | No. Peptide Obs Pred | No. Peptide Obs Pred
YYL 200 254 |8 SIK 100 1.03 | 15 YFL 430 422
FFL 352 360 |9 YWK 100 082 | 16 YIl 546 512
YWL 160 190 | 10 FIK 300 352 |17 YFK 370 313
YLL 465 527 | 11 YIR 488 511 |18 YYK* 100 145
YVL 477 495 |12 YFH* 318 3.09 | 19 FFK 248 251
YIV* 530 426 | 13 YIL 565 524 |20 YIK 489 415
FYK 100 083 | 14 FIL 450 462 | 21 YFR 430 4.10

~NOoO O~ WNPRE
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Fig. 1. Plot of predicted vs. observed values

for 21 OT by the PLS model.
TABLE II. Comparison between the different QSAR models of OT; — not determined
No. Descriptors Model A3 R&m ° Qoo © RMSEEC
1 SVRDF PLS 2 0.941 0.811 0.417
2 DISMAT 250 SMR 3 0.931 0.907 -
3 SVWGM PLS 2 0.944 0.864 0.459
4 SVRG PLS 2 0.955 0.908 0.368
5 SVRG PLS 3 0.968 0.931 0.317

aprincipal components, Pcumulative multiple correlation coefficient, Scumulative cross-validated, oot mean
square error

Fig. 2. Score scatter of the top two principle components for 21 OT, 48 BTT and 58 ACE.

A good statistical result often indicates a good robustness and high internal
predictive power of a QSAR model. The cross-validation coefficient between the
predicted and the observed values of the test set, Q2 , was used to verify the
external predictive ability of the PLS model. Recently, severa novel methods for
model validation were developed, such as the |leave-several-out (LSO),24
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Fig. 3. Distance to the PLS
model in X space of 21 OT, 48
BTT and 58 ACE.

Y-scrambling,2® self-organizing mapping of molecular objects,26 and external
validation using division of a dataset into training and test sets.25-27 In this work,

the external predictive ability of the PLS model was calculated according to Eqg.
(1):1225

Z (Yobs — Ypred)2
2 (Yobs — Y training )2

where Yops and Ypreq indicate, respectively, the values of observed and predicted
activities (the predicted values are listed in Table I), while Yirgning indicates the
mean activity value of the training set. The constructed model was then utilized
to predict the test set, which gave QZ,; value of 0.863. All the results showed that
the presented PLS model had an excellent prediction capability for drug design.

QSAR model for bitter tasting thresholds

As a classical sample set in QSAR studies, the 48 bitter tasting thresholds
(BTT) reported by Collantes,28 with their activities denoted by —og ICsg values
(Table I11), are often utilized to validate the efficiency of amino acid descriptors.
Accordingly, each BTT could be characterized with 2x18 SVWGM scales, and
using the same method, the 48 BTT were divided into 40 training samples and 8
test samples (highlighted with “*” in Table I11). The optimum QSAR models of
—og (ICsp) were created by the SMR—PL S method with 7 independent variables
(V32, V1, V34, V3, Vo5, Vg and vyo). The results showed that the established model
had a good predictive ability and strong robustness, with an Rg,m value of 0.911,
a Qoo Of 0.818 (Table S-X of the Supplementary material), and Q3,; of 0.825.
The plot of predicted value (predicted values are listed in Table 111) against the
observed data for BTT is presented in Fig. 4, from which it could be seen that

Qa =1- @)
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most samples were shown to be uniformly dispersed around the through the
origin-passing diagonal. The results obtained from the PLS models using
SVWGM descriptors are given in Table 1V, showing that the herein obtained
results were superior to those reported in the literature (Table 1V). The scoring
distribution scatter of the 48 samples in the spaces of the first and second PLS
principal component is presented in Fig. 2. It could be seen that all samples fell
within the Hotelling T2 95 % confidence ellipse. The distance to the PLS model
in the X space is shown in Fig. 3, from which it could be seen that the normalized
distance to X for most sample was smaller than the critical value of 1.742 (signi-
ficance level =5 %), except for sample 387,

TABLE Ill. Amino acid sequences of 48 BTT and their observed and predicted activities,
Obs — observed values, Pred — predicted values, * —test set

No. Peptide Obs Pred |No. Peptide Obs Pred |[No. Peptide Obs  Pred
1 GV 1.13 096 |17 LL 2.35 255 [ 33 IS 1.49 1.59
2 GL 1.68 154 |18 LF 275 288 [34 IT 1.49 1.87
3 Gl 1.70 1.60 19 LW 3.40 3.12 35 PA 1.32 1.39
4 GP 135 142 |20 LY 2.46 267 |36 PL* 222 2.09
5 GF 1.80 1.87 21 1G 1.68 1.40 37 Pl 2.33 2.15
6 GW* 189 210 (22 1A 1.68 173 |38 PY 1.80 221
7 GY 1.77 166 |23 IV 2.05 185 |39 PF 2.80 242
8 AV 1.16 107 |24 IL* 2.26 242 |40 FG 1.77 1.75
9 AL 1.70 1.64 25 ] 2.26 2.48 41 FL 2.87 2.78
10 AF 1.72 1.97 26 IP 2.40 2.31 42  FP* 2.70 2.67
11 VG 1.19 1.24 27 W 3.05 2.99 43 FF 3.10 311
12 VA* 1.16 1.57 28 IN 1.49 1.69 44 FY 3.13 291
13 \YAY 1.71 169 |29 ID 1.37 146 |45 WE 156 1.50
14 VL 2.00 226 |30 I1Q* 1.49 117 |46 WW 3.60 3.36
15 LG 1.72 1.53 31 IE 1.37 1.13 47 YL 2.40 2.54
16 LA 1.72 1.86 32 IK 1.65 1.84 48 SL* 1.49 1.68
35 Riumzo,gll O training set

5 > A testing set ¢

2 R ,,=0.818 o

g 3.09 RMSEE=0.197 o

3 o 474

5 2.5 o® o

§ o Oa OQ

=207 o0 B0 A

" 8

% 1.54 A & 2

"ol T ot BTT

10 15 20 25 30 35
-lg(IC ") (observed value)
Fig. 4. Plot of predicted vs. observed valuesfor 48 BTT by the PLS model.
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TABLE IV. Comparison between QSAR models of BTT; — not determined

No. Descriptor Model A2 R&m ° R?00 ¢ RMSEEY
1 MEEV MLR 3 0.649 0.57 0.37
2 MS-WHIM PLS 3 0.704 0.633 -

3 MEEV MLR 10 0.711 0.475 0.34
4 MEEV MLR 3 0.735 0.677 0.32
5 MS-WHIM PLS 3 0.754 0.71 0.32
6 SVRDF PLS 1 0.766 0.86 0.209
7 MEEV MLR 10 0.773 0.588 0.33
8 z scale PLS 2 0.824 - 0.26
9 SSIA-HF PLS 2 0.844 0.798 0.25
10 T-scales PLS 2 0.845 0.786 0.39
1 c-scales PLS 3 0.847 0.863 0.195
12 ISA—ECI PLS 2 0.847 - -
13 SSIA-AM1 PLS 1 0.85 0.837 0.25
14 SSIA-DFT PLS 2 0.856 0.741 0.24
15 VSw PLS 2 0.868 0.696 0.24
16 VSw PLSd 2 0.873 0.751 0.23
17 VHSE PLS 3 0.881 0.843 0.22
18 SVGETAWAY PLS 2 0.887 0.753 0.216
19 SSIA-PM3 PLS 4 0.888 0.829 0.22
20 SZOTT PLS 2 0.908 0.736 0.2
21 SVRG PLS 3 0.91 0.863 0.195
22 SVWGM PLS 2 0.911 0.818 0.197
23 SVHEHS MLR 6 0.949 0.886 0.136
24 GRID PLS 1 - 0.78 -

3principal components, Pcumulative multiple correlation coefficient, ‘cumulative cross-validated, Yoot mean
square error

QSAR model for angiotensin-converting enzyme inhibitors

The angiotensin-converting enzyme (ACE) plays a critical physiological role
in raising blood pressure, the inhibition of ACE activity could lead to an overall
antihypertensive effect.29-31 Dipeptide sequences of 58 ACE inhibitors, a clas-
sical sample set for QSAR studies, with their activities expressed as log (1/1Cs)
values,10.32 was employed. The structure of each peptide was first quantified by
2x18 SVWMG scales. As shown in Table V, the dataset (n = 58) was divided
into atraining set of 49 samples and test set (highlighted with “*” in Table V) of
9 samples. The training set was then used for the development of QSAR models
using the PL'S technique, while the corresponding test set was utilized to validate
the external prediction power of the developed model. In PLS regression anal-
ysis, QEoo (Table S-XI of the Supplementary material) changed with the SMR-
-introduced variables, achieving a maximum (0.799) at the seventh step, mean-
while, the correlative coefficient (Q&,m) was up to 0.865. The optimum PLS
model with 7 variables (vo3, Va4, V6, Vog, V30, Vg and vp1) was then obtained,
wherein only two significant principal components were necessary to explain
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TABLE V. Amino acid sequences of 58 ACE and their observed and predicted activities;
Obs — observed values, Pred — predicted values, * —test set

No. Peptide Obs Pred | No. Peptide Obs Pred | No. Peptide Obs Pred
1 VW 580 519 21 IG 292 293 | 41 GG 214 213
2 IW 570 558 22 Gl 292 272 | 42 QG* 213 227
3 Y 543 448 23 GM 28 262 | 43 SG 207 230
4 AW 500 5.09 24 GA* 270 254 | 4 LG 206 257
5 RW 480 528 25 YG 270 239 | 45 GD 204 241
6 VY* 466 4.08 26 GL 260 310 | 46 TG 200 231
7 GW 452 479 27 AG 260 236 | 47 EG 200 200
8 VF 428 372 28 GH 251 240 | 48 DG* 185 1.99
9 AY 406 391 29 GR 249 241 | 49 PG 177 178
10 IP 389 4.02 30 KG* 249 227 | 50 LA 351 298
11 RP 374 371 31 FG 243 245 | 51 KA 342 268
12 AF* 372 355 32 GS 242 292 | 52 RA 334 303
13 GY 368 367 33 GV 234 246 | 53 YA 334 280
14 AP 364 346 34 MG 232 293 | 54 AA* 321 278
15 RF 364 381 35 GK 227 183 | 5 FR 304 274
16 VP 338 363 36 GE* 227 200 | 5 HL 249 313
17 GP 335 322 37 GT 224 239 | 57 DA 242 241
18 GF* 320 332 38 WG 223 214 | 58 EA 200 241
19 IF 3.03 412 39 HG 220 217

20 VG 29 253 40 GQ 215 263

93.0 % of the variance of Y. The model exhibited good prediction ability and
stability, which was better than the models established by other methods (Table
V1). The plot predicted by the optimum QSAR models and observed values are
shown in Fig. 5 (the predicted values are listed in Table V1), where most samples
were shown to be uniformly dispersed around the through the origin-passing dia-
gonal and the model possessed a strong capability for fitting. The scoring distri-
bution scatter of the 58 samplesin the first and second PLS principal component
spaces is presented in Fig. 2. It could be seen that all samples fell within the
Hotelling T2 95 % confidence level ellipse, with the exception of 2# and 3. The
errors may be caused by the characterization method, experiment, or other
reasons. No matter what kinds of reasons, there are only two samples with large
errors, and the excellent results of this study should be recognized. The distance
to the PLS model in the X space was described in Fig. 3. It could be seen that the
normalized distance to X for most samples was smaller than the critical value of
1.713 (significance level = 5 %), except for sample 347,

In the optimum model, the external prediction power was evaluated using
Eqg. (1) and the ngt value reached 0.883. All the results showed that the pre-
sented PLS model could be effectively used to predict the acute activity of ACE.
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TABLE VI. Comparison between QSAR models of ACE; —: not determined

No. Descriptor Model  A®  R3," Reoo - RMSEE®
1 MEEV MLR 10 0.711 0.475 0.34
2 MEEV MLR 3 0.649 0.57 0.37
3 MS-WHIM PLS 3 0.657 0.541 -
4 MS-WHIM PLS 3 0.708 0.637 0.54
5 SSIA-DFT PLS 2 0.734 0.678 0.52
6 MEEV MLR 3 0.735 0.677 0.32
7 SSIA-AM1 PLS 1 0.769 0.699 0.49
8 z-scale PLS 2 0.77 0.723 —
9 VHSE PLS 1 0.77 0.745 0.48
10 MEEV MLR 10 0.773 0.588 0.33
11 SVTV PLS 1 0.789 0.767 0.45
12 VSTV PLS 1 0.789 0.767 0.46
13 SSIA-PM3 PLS 4 0.789 0.773 0.47
14 SSIA-HF PLS 2 0.797 0.76 0.46
15 T-scale PLS 2 0.845 0.786 0.39
16 HSEHPCSV PLS 1 0.846 0.835 0.396
17 \% PLS 2 0.849 0.783 04
18 VSW PLX 1 0.861 0.835 0.38
19 SVWGM PLS 2 0.865 0.799 0.386
20 VSW PLS 2 0.868 0.784 0.37
21 MHDV PCR 19 0.878 0.753 0.35
22 SVWG PLS 3 0.893 0.83 0.34
23 SZOTT PLS 2 0.894 0.828 0.331
24 SVEEVA PLS 2 0.894 0.839 0.332
25 SVHEHS MLR 8 0.936 0.854 0.259
3principal components, Pcumulative multiple correlation coefficient, ‘cumulative cross-validated, %oot mean
square error
61 .
Rcum:(). 865 © tralr}lng set /
15 A testing set o
5. Rlpo=0.799 / o
| RMSEE=0.386 ©

log(1/IC, ) (predicted value)

o ACE

2 3 4 5 6
log(1/1C ) (observed value)

Fig. 5. Plot of predicted vs. observed values for 58 ACE by the PLS model.
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CONCLUSIONS

In this study, a new set of descriptorsSVWGM was derived from principal
component analyses of 99 WHIM descriptors, 74 geometrical descriptors and 160
3D-MORSE descriptors of 20 natural amino acids. On applying the SYWGM
scales in the peptide QSAR studies for three kinds of classical peptide analogues,
the results were similar to, or better than those found in the literature. The satis-
factory results showed that the models had good prediction capability and favor-
able stability and the SYWGM descriptors could be well used to characterize
molecular structure information and express the QSAR of peptide drugs.

SUPPLEMENTARY MATERIAL

The meanings and values of descriptors are available electronically from http://
/lwww.shd.org.rs/JSCS/, or from the corresponding author on request.
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U3BOJ
QSAR CTYIWJA TIEITUIHUX JEOJUILEHA 3ACHOBAHA HA HOBOM JECKPHUIITOPY
AMHUHOKHCEITHMHA

JIAN-BO TONG, JIA CHANG, SHU-LING LIU u MIN BAI
Shaanxi University of Science & Technology, Xi'an, China

Mertona kBaHTHUTAaTHBHUX penaudja uamehy crpyxrype u axtuBHuctéd (QSAR) mpume-
IEHA je 3a HalaXemwe Be3e U3Mehy MOJIEKYJICKE CTPYKType M aKTUBHOCTH NENTHIHUX jenu-
Bewa. Y 0BOM paZly kopuirheHa je BUIllecTelleHa BHILECTpyKa perpecuja na du ce msadpao
ONTHUMAJTHU MOJCKYT NEeCKPUITOPA, KOjH UMajy 3HauajaH JOMPUHOC aKTUBHOCTH 3a 21 OKcHTO-
UUHCKU aHasor, 48 jemumerma ropKor ykyca u 58 MHXuOUTOpa aHTMOTeH3WH-KOHBepTyjyher
eHsuMa. IIpumemeH je HOBHU ceT neckpunrtopa SVWGM. ITomohy wux je nobuBeH mognen 3a
npezBuhame akKTUBHOCTH UCIIMTHUBAHUX CYTCTaHIM. Mozen je KOHCTpyHCcaH NMPUMEHOM MEeTofie
napuyjaJHUX HajMamUX KBajfipaTa, a 3aTUM je aHaJU3UpaH O[roapajyhum CTaTUCTHYKUM
TECTOBUMa.

(ITpumsbeHo 4. jyna, mpuxsaheHno 7. jyna 2014)
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TABLE S-I. The meanings of 99 WHIM descriptors

ID Symbol Meaning

1 L1u 1st component size directional WHIM index/unweighted

2 L2u  2nd component size directional WHIM index/unweighted

3 L3u  3rd component size directiona WHIM index/unweighted

4 Plu 1st component shape directional WHIM index/unweighted

5 P2u 2nd component shape directional WHIM index/unweighted

6 Glu 1st component symmetry directional WHIM index/unweighted

7 G2u  2nd component symmetry directional WHIM index/unweighted

8 G3u  3rd component symmetry directional WHIM index/unweighted

9 Elu 1st component accessibility directional WHIM index/unweighted

10 E2u  2nd component accessibility directional WHIM index/unweighted

11 E3u  3rd component accessibility directional WHIM index/unweighted

12 L1im  1st component size directional WHIM index/weighted by atomic masses

13 L2m  2nd component size directional WHIM index/weighted by atomic masses

14 L3m  3rd component size directional WHIM index/weighted by atomic masses

15 P1lm  1st component shape directional WHIM index/weighted by atomic masses

16 P2m  2nd component shape directional WHIM index/weighted by atomic masses

17 G1lm  1st component symmetry directional WHIM index/weighted by atomic
masses

18 G2m  2nd component symmetry directional WHIM index/weighted by atomic
masses

19 G3m  3rd component symmetry directional WHIM index/weighted by atomic
masses

20 Elm  1st component accessibility directional WHIM index/weighted by atomic
masses

21 E2m  2nd component accessibility directional WHIM index/weighted by atomic
masses

22 E3m  3rd component accessibility directional WHIM index/weighted by atomic

masses

* Corresponding author. E-mail: jianbotong@aliyun.com
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TABLE S-. Continued

ID Symbol Meaning

23 Llv 1st component size directional WHIM index/weighted by atomic van der
Waals volumes

24 L2v  2nd component size directional WHIM index/weighted by atomic van der
Waals volumes

25 L3v  3rd component size directional WHIM index/weighted by atomic van der
Weaals volumes

26 Plv 1st component shape directional WHIM index/weighted by atomic van der
Waals volumes

27 P2v 2nd component shape directional WHIM index/weighted by atomic van der
Weaals volumes

28 Glv  1st component symmetry directional WHIM index/weighted by atomic van
der Waals volumes

29 G2v  2nd component symmetry directional WHIM index/weighted by atomic van
der Waals volumes

30 G3v  3rd component symmetry directional WHIM index/weighted by atomic van
der Waals volumes

31 Elv 1st component accessibility directional WHIM index/weighted by atomic van
der Waals volumes

32 E2v  2nd component accessibility directional WHIM index/weighted by atomic
van der Waals volumes

33 E3v  3rd component accessibility directional WHIM index/weighted by atomic
van der Waals volumes

34 Lle  1st component size directiona WHIM index/weighted by atomic Sanderson
electronegativities

35 L2e  2nd component size directional WHIM index/weighted by atomic Sanderson
electronegativities

36 L3e  3rd component size directional WHIM index/weighted by atomic Sanderson
electronegativities

37 Ple  1st component shape directional WHIM index/weighted by atomic Sanderson
electronegativities

38 P2e  2nd component shape directional WHIM index/weighted by atomic
Sanderson electronegativities

39 Gle  1st component symmetry directional WHIM index/weighted by atomic
Sanderson el ectronegativities

40 G2e  2nd component symmetry directional WHIM index/weighted by atomic
Sanderson electronegativities

41 G3e  3rd component symmetry directional WHIM index/weighted by atomic
Sanderson electronegativities

42 Ele  1st component accessibility directional WHIM index/weighted by atomic
Sanderson electronegativities

43 E2e  2nd component accessibility directional WHIM index/weighted by atomic
Sanderson electronegativities

44 E3e  3rd component accessibility directional WHIM index/weighted by atomic

Sanderson electronegativities
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TABLE S-. Continued

ID Symbol Meaning

45 Llp  1st component size directional WHIM index/weighted by atomic
polarizabilities

46 L2p  2nd component size directional WHIM index/weighted by atomic
polarizabilities

47 L3p  3rd component size directional WHIM index/weighted by atomic
polarizabilities

48 Plp 1st component shape directional WHIM index/weighted by atomic
polarizabilities

49 P2p  2nd component shape directional WHIM index/weighted by atomic
polarizabilities

50 Glp  1st component symmetry directional WHIM index/weighted by atomic
polarizabilities

51 G2p  2nd component symmetry directional WHIM index/weighted by atomic
polarizabilities

52 G3p  3rd component symmetry directional WHIM index/weighted by atomic
polarizabilities

53 Elp  1st component accessibility directional WHIM index/weighted by atomic
polarizabilities

54 E2p  2nd component accessibility directional WHIM index/weighted by atomic
polarizabilities

55 E3p  3rd component accessibility directional WHIM index/weighted by atomic
polarizabilities

56 L1ls  1st component size directional WHIM index/weighted by atomic
electrotopological states

57 L2s 2nd component size directional WHIM index/weighted by atomic
electrotopological states

58 L3s  3rd component size directional WHIM index/weighted by atomic
electrotopological states

59 Pls 1st component shape directional WHIM index/weighted by atomic
electrotopological states

60 P2s  2nd component shape directional WHIM index/weighted by atomic
electrotopological states

61 Gls  1st component symmetry directional WHIM index/weighted by atomic
electrotopological states

62 G2s  2nd component symmetry directional WHIM index/weighted by atomic
electrotopological states

63 G3s  3rd component symmetry directional WHIM index/weighted by atomic
electrotopological states

64 Els  1st component accessibility directional WHIM index/weighted by atomic
electrotopological states

65 E2s  2nd component accessibility directional WHIM index/weighted by atomic
electrotopological states

66 E3s  3rd component accessibility directional WHIM index/weighted by atomic
electrotopological states

67 Tu T total size index/unweighted
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TABLE S-. Continued

ID Symbol Meaning

68 Tm T total size index/weighted by atomic masses

69 Tv T total size index/weighted by atomic van der Waals volumes

70 Te T total size index/weighted by atomic Sanderson electronegativities

71 Tp T total size index/weighted by atomic polarizabilities

72 Ts T total size index/weighted by atomic electrotopological states

73 Au A total size index/unweighted

74 Am A total sizeindex/weighted by atomic masses

75 Av A total sizeindex/weighted by atomic van der Waals volumes

76 Ae A total size index/weighted by atomic Sanderson electronegativities

77 Ap A total size index/weighted by atomic polarizabilities

78 As A total size index/weighted by atomic electrotopological states

79 Gu G total symmetry index/unweighted

80 Gm G total symmetry index/weighted by atomic masses

8l Gs G total symmetry index/weighted by atomic Sanderson electronegativities
82 Ku K global shape index/unweighted

83 Km K global shape index/weighted by atomic masses

84 Kv K global shape index/weighted by atomic van der Waals volumes

85 Ke K global shape index/weighted by atomic Sanderson electronegativities
86 Kp K global shape index/weighted by atomic polarizabilities

87 Ks K global shape index/weighted by atomic electrotopological states

88 Du D total accessibility index/unweighted

89 Dm D total accessibility index/weighted by atomic masses

90 Dv D total accessibility index/weighted by atomic van der Waals volumes
91 De D total accessibility index/weighted by atomic Sanderson electronegativities
92 Dp D total accessibility index/weighted by atomic polarizabilities

93 Ds D total accessibility index/weighted by atomic electrotopological states
94 Vu V total size index/unweighted

95 Vm V total size index/weighted by atomic masses

96 Vv V total size index/weighted by atomic van der Waals volumes

97 Ve V total size index/weighted by atomic Sanderson electronegativities

98 Vp V total sizeindex/weighted by atomic polarizabilities

99 Vs V total size index/weighted by atomic electrotopological states

TABLE S-I1. The meanings of 74 geometrical descriptors

ID Symbol Meaning
1 W3D 3D-Wener index

RGyr Radius of gyration (mass weighted)
0 SPAN Span R

2 J3D 3D-Balaban index

3 H3D 3D-Harary index

4 AGDD Average geometric distance degree

5 DDI D/D index

6 ADDD Average distance/ distance degree

7 Gl Gravitational index G1

8 G2 Gravitational index G2(bond-restricted)
9

1
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TABLE S-I. Continued

ID Symbol Meaning

11 SPAM Average span R

12 MEcc Average eccentricity
13 SPH Spherosity

14 ASP Asphericity

15 FDI Folding degree index

16 PJ3 3D petitjean shape index

17 L/Bw Length-to-breadth ratio by WHIM

18 SEig Absolute eigenvalue sum on geometry matrix

19 HOMA Harmonic Oscillator Model of Aromaticity index
20 RCI Jug RG index

21 AROM Aromaticity index

22 HOMT HOMA total

23 DISPm d COMMAZ2 value /weighted by atomic masses

24 QXXm Qxx COMMA 2 value /weighted by atomic masses

25 QYYm Qyy COMMA 2 value /weighted by atomic masses

26 QZZm Qzz COMMA 2 vaue /weighted by atomic masses

27 DISPv d COMMA2 value /weighted by atomic van der waals volumes

28 QXXv Qxx COMMA 2 value /weighted by atomic van der Waals volumes

29 QYYv Qyy COMMA 2 value /weighted by atomic van der Waals volumes

30 QzZzv Qzz COMMA 2 vaue /weighted by atomic van der Waals volumes

31 DISPe d COMMA2 value /weighted by atomic Sanderson electronegativities

32 QXXe Qxx COMMA 2 value /weighted by atomic Sanderson electronegativities
33 QYYe Qyy COMMA 2 value /weighted by atomic Sanderson electronegativities
34 Qzze Qzz COMMA 2 vaue /weighted by atomic Sanderson electronegativities
35 DISPp d COMMAZ2 value /weighted by atomic polarizabilities

36 QXXp Qxx COMMA 2 value /weighted by atomic polarizabilities

37 QYYp Qyy COMMA 2 value /weighted by atomic polarizabilities

38 QzzZp Qzz COMMA 2 vaue /weighted by atomic polarizabilities

39 G(N..N) Sum of geometrical distance between N..
40 G(N..O) Sum of geometrical distance between N..
41 G(N..S) Sum of geometrical distance between N..
42 G(N..P) Sum of geometrical distance between N..
43 G(N..F) Sum of geometrical distance between N..
44 G(N..Cl)  Sum of geometrical distance between N..
45 G(N..Br)  Sum of geometrical distance between N..
46 G(N..I) Sum of geometrical distance between N..
47 G(0..0) Sum of geometrical distance between O..0
48 G(0..9) Sum of geometrical distance between O..S
49 G(O..P) Sum of geometrical distance between O..P
50 G(O..F) Sum of geometrical distance between O..F
51 G(O..Cl)  Sum of geometrical distance between O..Cl
52 G(O..Br)  Sum of geometrical distance between O..Br
53 G(0..1) Sum of geometrical distance between O..|
54 G(S..9) Sum of geometrical distance between S..S
55 G(S..P) Sum of geometrical distance between S..P

r
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TABLE S-I. Continued

ID Symbol Meaning

56 G(S..F) Sum of geometrical distance between S..F
57 G(S..CD) Sum of geometrical distance between S..Cl
58 G(S..Br) Sum of geometrical distance between S..Br
59 G(S..l) Sum of geometrical distance between S..|
60 G(P..P) Sum of geometrical distance between P..P
61 G(P..F) Sum of geometrical distance between P..F
62 G(P..CI) Sum of geometrical distance between P..Cl
63 G(P..Br) Sum of geometrical distance between P..Br
64 G(P..l) Sum of geometrical distance between P..|
65 G(F..F) Sum of geometrical distance between F..F
66 G(F..Cl) Sum of geometrical distance between F..Cl
67 G(F..Br) Sum of geometrical distance between F..Br
68 G(F..I) Sum of geometrical distance between F..I
69 G(Cl..Cl)  Sum of geometrical distance between CI..Cl
70  G(Cl..Br)  Sum of geometrical distance between Cl..Br
71 G(Cl..I) Sum of geometrical distance between Cl..|
72  G(Br.Br)  Sum of geometrical distance between Br..Br
73 G(Br..l) Sum of geometrical distance between Br..|
74 G(I..I) Sum of geometrical distance between 1..1

TABLE S-11. The meanings of 160 3D-MORSE descriptors

ID Symbol Meaning
1 MorOlu  3D-MOoRSE -signal 01/unweighted
MorO2u  3D-MOoRSE -signal 02/unweighted
3 MorO3u  3D-MORSE -signal 03/unweighted
4 MorO4u  3D-MORSE -signal 04/unweighted
5 MorO5u  3D-MOoRSE -signal 05/unweighted
6
7
8

MorO6u  3D-MORSE -signal 06/unweighted
MorO7u  3D-MOoRSE -signal 07/unweighted
MorO8u  3D-MORSE -signal 08/unweighted

9 MorQ9u  3D-MORSE -signal 09/unweighted
10 Morl0u  3D-MORSE -signal 10/unweighted
11 Morllu  3D-MOoRSE -signal 11/unweighted
12 Morl2u  3D-MORSE -signal 12/unweighted
13 Morl3u  3D-MOoRSE -signal 13/unweighted
14 Morl4u  3D-MORSE -signal 14/unweighted
15 Morl5u  3D-MORSE -signal 15/unweighted
16 Morléu  3D-MORSE -signal 16/unweighted
17 Morl7u  3D-MOoRSE -signal 17/unweighted
18 Morl8u  3D-MORSE -signal 18/unweighted
19 Morl9u  3D-MOoRSE -signal 19/unweighted
20 Mor20u  3D-MOoRSE -signal 20/unweighted
21 Mor2lu  3D-MORSE -signal 21/unweighted
22 Mor22u  3D-MORSE -signal 22/unweighted
23 Mor23u  3D-MOoRSE -signal 23/unweighted
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TABLE S-lI1. Continued

ID Symbol Meaning

24 Mor24u  3D-MORSE -signal 24/unweighted
25 Mor25u  3D-MORSE -signal 25/unweighted
26 Mor26u  3D-MOoRSE -signal 26/unweighted
27 Mor27u  3D-MOoRSE -signal 27/unweighted
28 Mor28u  3D-MORSE -signal 28/unweighted
29 Mor29u  3D-MOoRSE -signal 29/unweighted
30 Mor30u  3D-MORSE -signal 30/unweighted
31 Mor3lu  3D-MORSE -signal 31/unweighted
32 Mor32u  3D-MOoRSE -signal 32/unweighted

33 Mor0lm  3D-MORSE -signal 01/weighted by atomic masses
34 Mor02m  3D-MORSE -signal 02/weighted by atomic masses
35 Mor0O3m  3D-MORSE -signal 03/weighted by atomic masses
36 Mor04m  3D-MORSE -signal 04/weighted by atomic masses
37 Mor0O5m  3D-MOoRSE -signal 05/weighted by atomic masses
38 Mor06m  3D-MORSE -signal 06/weighted by atomic masses
39 Mor07m  3D-MORSE -signal 07/weighted by atomic masses
40 Mor08m  3D-MORSE -signal 08/weighted by atomic masses
41 Mor09m  3D-MORSE -signal 09/weighted by atomic masses

42 MorlOm  3D-MoRSE -signal 10/weighted by atomic masses
43 Morllm  3D-MOoRSE -signa 11/weighted by atomic masses
44 Morl2m  3D-MORSE -signal 12/weighted by atomic masses
45 Morl3m  3D-MORSE -signa 13/weighted by atomic masses
46 Morldm  3D-MORSE -signa 14/weighted by atomic masses
47 Morl5m  3D-MOoRSE -signa 15/weighted by atomic masses
48 Morlém  3D-MOoRSE -signal 16/weighted by atomic masses
49 Morl7m  3D-MORSE -signal 17/weighted by atomic masses
50 Morl8m  3D-MORSE -signal 18/weighted by atomic masses

51 Morl9m  3D-MORSE -signa 19/weighted by atomic masses
52 Mor20m  3D-MORSE -signal 20/weighted by atomic masses
53 Mor2lm  3D-MORSE -signa 21/weighted by atomic masses
54 Mor22m  3D-MOoRSE -signal 22/weighted by atomic masses
55 Mor23m  3D-MOoRSE -signal 23/weighted by atomic masses
56 Mor2dm  3D-MORSE -signal 24/weighted by atomic masses
57 Mor25m  3D-MORSE -signal 25/weighted by atomic masses
58 Mor26m  3D-MORSE -signa 26/weighted by atomic masses
59 Mor27m  3D-MORSE -signa 27/weighted by atomic masses
60 Mor28m  3D-MORSE -signal 28/weighted by atomic masses
61 Mor29m  3D-MOoRSE -signal 29/weighted by atomic masses
62 Mor30m  3D-MORSE -signal 30/weighted by atomic masses
63 Mor3lm  3D-MORSE -signa 31/weighted by atomic masses
64 Mor32m  3D-MORSE -signa 32/weighted by atomic masses

65 MorOlv ~ 3D-MOoRSE -signal O1l/weighted by atomic van der Waals volumes
66 MorO2v  3D-MORSE -signal 02/weighted by atomic van der Waals volumes
67 MorO3v  3D-MORSE -signal 03/weighted by atomic van der Waals volumes
68 MorO4v  3D-MOoRSE -signal 04/weighted by atomic van der Waals volumes
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TABLE S-lI1. Continued

ID Symbol Meaning

69 MorO5v  3D-MORSE -signal 05/weighted by atomic van der Waals volumes

70 MorO6v ~ 3D-MORSE -signal 06/weighted by atomic van der Waals volumes

71 MorO7v  3D-MOoRSE -signal 07/weighted by atomic van der Waals volumes

72 Mor08v  3D-MOoRSE -signal 08/weighted by atomic van der Waals volumes

73 MorO9v  3D-MOoRSE -signal 09/weighted by atomic van der Waals volumes

74 MorlOv  3D-MORSE -signal 10/weighted by atomic van der Waals volumes

75 Morllv ~ 3D-MORSE -signal 11/weighted by atomic van der Waals volumes

76 Morl2v  3D-MORSE -signal 12/weighted by atomic van der Waals volumes

77 Morl3v  3D-MOoRSE -signal 13/weighted by atomic van der Waals volumes

78 Morldv  3D-MORSE -signal 14/weighted by atomic van der Waals volumes

79 Morl5v  3D-MOoRSE -signal 15/weighted by atomic van der Waals volumes

80 Morlév  3D-MORSE -signal 16/weighted by atomic van der Waals volumes

8l Morl7v ~ 3D-MORSE -signal 17/weighted by atomic van der Waals volumes

82 Morl8v  3D-MORSE -signal 18/weighted by atomic van der Waals volumes

83 Morl9v  3D-MOoRSE -signal 19/weighted by atomic van der Waals volumes

84 Mor20v  3D-MOoRSE -signal 20/weighted by atomic van der Waals volumes

85 Mor2lv ~ 3D-MOoRSE -signal 21/weighted by atomic van der Waals volumes

86 Mor22v  3D-MORSE -signal 22/weighted by atomic van der Waals volumes

87 Mor23v  3D-MORSE -signal 23/weighted by atomic van der Waals volumes

88 Mor24v  3D-MORSE -signal 24/weighted by atomic van der Waals volumes

89 Mor25v  3D-MOoRSE -signal 25/weighted by atomic van der Waals volumes

90 Mor26v  3D-MORSE -signal 26/weighted by atomic van der Waals volumes

91 Mor27v ~ 3D-MOoRSE -signal 27/weighted by atomic van der Waals volumes

92 Mor28v  3D-MORSE -signal 28/weighted by atomic van der Waals volumes

93 Mor29v ~ 3D-MORSE -signal 29/weighted by atomic van der Waals volumes

94 Mor30v  3D-MORSE -signal 30/weighted by atomic van der Waals volumes

95 Mor3lv  3D-MOoRSE -signal 31/weighted by atomic van der Waals volumes

96 Mor32v  3D-MOoRSE -signal 32/weighted by atomic van der Waals volumes

97 MorOle  3D-MORSE -signal 01/weighted by atomic Sanderson electronegativities
98 Mor02e  3D-MORSE -signal 02/weighted by atomic Sanderson electronegativities
99 Mor03e  3D-MORSE -signal 03/weighted by atomic Sanderson electronegativities
100 MorO4e  3D-MORSE -signal 04/weighted by atomic Sanderson electronegativities
101 Mor05e  3D-MORSE -signal 05/weighted by atomic Sanderson electronegativities
102 MorO6e  3D-MORSE -signal 06/weighted by atomic Sanderson electronegativities
103 MorO7e  3D-MORSE -signal 07/weighted by atomic Sanderson electronegativities
104 Mor08e  3D-MORSE -signal 08/weighted by atomic Sanderson electronegativities
105 Mor09e  3D-MORSE -signal 09/weighted by atomic Sanderson electronegativities
106 Morl0e  3D-MORSE -signal 10/weighted by atomic Sanderson electronegativities
107 Morlle 3D-MORSE -signal 11/weighted by atomic Sanderson electronegativities
108 Morl2e  3D-MORSE -signa 12/weighted by atomic Sanderson electronegativities
109 Morl3e  3D-MORSE -signa 13/weighted by atomic Sanderson electronegativities
110 Morlde  3D-MORSE -signal 14/weighted by atomic Sanderson electronegativities
111 Morl5e  3D-MORSE -signal 15/weighted by atomic Sanderson electronegativities
112 Morlée  3D-MORSE -signal 16/weighted by atomic Sanderson electronegativities
113 Morl7e  3D-MORSE -signal 17/weighted by atomic Sanderson electronegativities
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ID Symbol Meaning

114 Morl8e  3D-MORSE -signal 18/weighted by atomic Sanderson electronegativities
115 Morl9e  3D-MORSE -signa 19/weighted by atomic Sanderson electronegativities
116 Mor20e  3D-MORSE -signal 20/weighted by atomic Sanderson electronegativities
117 Mor2le  3D-MORSE -signal 21/weighted by atomic Sanderson electronegativities
118 Mor22e  3D-MORSE -signal 22/weighted by atomic Sanderson electronegativities
119 Mor23e  3D-MORSE -signal 23/weighted by atomic Sanderson electronegativities
120 Mor24e  3D-MORSE -signal 24/weighted by atomic Sanderson electronegativities
121 Mor25e  3D-MORSE -signal 25/weighted by atomic Sanderson electronegativities
122 Mor26e  3D-MORSE -signal 26/weighted by atomic Sanderson electronegativities
123 Mor27e  3D-MORSE -signal 27/weighted by atomic Sanderson electronegativities
124 Mor28e  3D-MORSE -signal 28/weighted by atomic Sanderson electronegativities
125 Mor29e  3D-MORSE -signal 29/weighted by atomic Sanderson electronegativities
126 Mor30e  3D-MORSE -signal 30/weighted by atomic Sanderson electronegativities
127 Mor3le  3D-MORSE -signal 31/weighted by atomic Sanderson electronegativities
128 Mor32e  3D-MORSE -signal 32/weighted by atomic Sanderson electronegativities
129 MorOlp  3D-MOoRSE -signal O1l/weighted by atomic polarizabilities

130 MorO2p  3D-MORSE -signal 02/weighted by atomic polarizabilities

131 MorO3p  3D-MORSE -signal 03/weighted by atomic polarizabilities

132 MorO4p  3D-MORSE -signal 04/weighted by atomic polarizabilities

133 MorO5p  3D-MORSE -signal 05/weighted by atomic polarizabilities

134 Mor06p  3D-MOoRSE -signal 06/weighted by atomic polarizabilities

135 MorO7p  3D-MORSE -signal 07/weighted by atomic polarizabilities

136 Mor0O8p  3D-MORSE -signal 08/weighted by atomic polarizabilities

137 MorO9p  3D-MORSE -signal 09/weighted by atomic polarizabilities

138 MorlOp  3D-MoRSE -signal 10/weighted by atomic polarizabilities

139 Morllp  3D-MOoRSE -signal 11/weighted by atomic polarizabilities

140 Morl2p  3D-MOoRSE -signal 12/weighted by atomic polarizabilities

141 Morl3p  3D-MoRSE -signal 13/weighted by atomic polarizabilities

142 Morldp  3D-MORSE -signal 14/weighted by atomic polarizabilities

143 Morl5p  3D-MoRSE -signal 15/weighted by atomic polarizabilities

144 Morlép  3D-MOoRSE -signal 16/weighted by atomic polarizabilities

145 Morl7p  3D-MORSE -signal 17/weighted by atomic polarizabilities

146 Morl8p  3D-MoRSE -signal 18/weighted by atomic polarizabilities

147 Morl9p  3D-MORSE -signal 19/weighted by atomic polarizabilities

148 Mor20p  3D-MoRSE -signal 20/weighted by atomic polarizabilities

149 Mor2lp  3D-MOoRSE -signal 21/weighted by atomic polarizabilities

150 Mor22p  3D-MoRSE -signal 22/weighted by atomic polarizabilities

151 Mor23p  3D-MORSE -signal 23/weighted by atomic polarizabilities

152 Mor24p  3D-MORSE -signal 24/weighted by atomic polarizabilities

153 Mor25p  3D-MORSE -signal 25/weighted by atomic polarizabilities

154 Mor26p  3D-MOoRSE -signal 26/weighted by atomic polarizabilities

155 Mor27p  3D-MORSE -signal 27/weighted by atomic polarizabilities

156 Mor28p  3D-MOoRSE -signal 28/weighted by atomic polarizabilities

157 Mor29p  3D-MORSE -signal 29/weighted by atomic polarizabilities

158 Mor30p  3D-MORSE -signal 30/weighted by atomic polarizabilities

159 Mor3lp  3D-MOoRSE -signal 31/weighted by atomic polarizabilities

160 Mor32p  3D-MORSE -signal 32/weighted by atomic polarizabilities
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SUPPLEMENTARY MATERIAL

TABLE S-1V. The values of 99 WHIM descriptors of 20 amino acid

S83

Aminoacid 1 2 3 4 5 6 7 8 9 10
AlaA 2076 1214 0482 055 0322 0213 0213 0213 0427 051
ArgR 7806 154 0675 0.779 0154 0175 0175 0.175 0543 0.387
AsnN 2115 1541 0908 0463 0.338 0.197 0.236 0.197 0.579 0.503
AspD 2579 1498 0863 0522 0303 0.2 0.2 0.2 0447 0.395
CysC 2627 1089 0638 0603 025 0208 0.208 0.208 043 0424
GInQ 474 1209 0.66 0717 0183 0.188 0.219 0.188 0.509 0.448
GluE 4059 1324 08 065 0212 0191 0191 0191 0465 0.37
Gly G 236 0.727 0168 0.725 0.223 0.231 0.231 0231 0482 0.446
HisH 4126 1475 0.964 0.628 0.225 0.188 0.188 0.188 0.502 0.35
lel 3163 1692 1022 0538 0288 0.183 0.183 0.183 049 0461
LeulL 325 1692 0959 0551 0287 0.183 0.183 0.211 0.594 0.548
LysK 6.389 1219 0862 0.754 0.144 0.179 0179 0179 055 0.35
Met M 5175 1355 0866 0.7 0.183 0.188 0.188 0.188 0.491 0.367
PheF 6581 1404 0.702 0.758 0.162 0.181 0.207 0.181 0.497 0.464
ProP 217 1347 0.775 0506 0.314 0197 0.197 0.197 0497 0.553
Ser S 2076 1272 0.741 0508 0.311 0.208 0.208 0.208 0.452 0.456
Thr T 2.884 1397 0624 0588 0285 0.197 0.197 0.197 0471 0.36
TrpW 7.091 2364 0711 0698 0.232 0.174 0.174 0195 0.569 0.487
TyrY 6.392 1859 0.716 0.713 0.207 0.179 0.179 0.179 0.523 0.448
va Vv 3033 1424 0.784 0579 0.272 0191 0.191 0.191 0.433 0.527
11 12 13 14 15 16 17 18 19 20
AlaA 0.306 1.835 0.891 0.292 0.608 0.295 0.213 0.213 0.213 0.352
ArgR 0423 7543 1347 0419 081 0.145 0175 0.175 0.175 0.518
AsnN 0455 238 1404 0428 0565 0.333 0.197 0197 0197 0.791
AspD 0489 2684 095 0664 0624 0221 0.2 0.2 02 0492
CysC 0428 3449 0708 0323 0.77 0.158 0.208 0.208 0.208 0.767
GInQ 0408 4594 112 0304 0.777 0176 0.188 0.188 0.188 0.637
GluE 0515 4685 0899 0643 0.752 0.144 0191 0191 0191 0.639
Gly G 0202 1814 0661 0045 0.72 0262 0231 0231 0231 029
HisH 0418 3985 1.136 0541 0.704 0.201 0.188 0.188 0.188 0.516
lel 0549 3146 1111 0.712 0633 0.224 0.183 0.211 0.183 0.502
LeulL 0544 2924 1278 06 0609 0266 0.183 0183 0.183 0.524
LysK 0508 6.63 0917 055 0.818 0113 0179 0.179 0.179 0.598
Met M 0428 4902 0.849 0646 0.766 0.133 0.188 0.188 0.188 0.489
PheF 0465 6.635 0.825 0409 0.843 0.105 0.181 0.181 0.181 0.504
ProP 0451 2747 0862 0.325 0.698 0.219 0.197 0197 0197 0.774
Ser S 0467 1854 094 0466 0569 0.288 0.208 0.208 0.208 041
Thr T 0428 2703 1067 0418 0.646 0.255 0.197 0197 0197 0421
TrpW 0273 6.05 1497 0667 0.737 0182 0.174 0174 0.174 0.424
TyrY 0349 6.215 1161 0577 0.782 0.146 0.179 0.179 0.204 0.53
va Vv 0526 2932 0983 0402 0679 0228 0191 0191 0.191 0.405
21 22 23 24 25 26 27 28 29 30
AlaA 0.272 0102 1.672 0982 0.347 0557 0327 0213 0.213 0.213
ArgR 0342 0172 7174 1273 0472 0804 0.143 0.175 0175 0.175
AsnN 0357 0.08 198 1204 068 0513 0311 0197 0197 0.217
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TABLE S1V. Continued

TONG et al.

Aminoacid 21 22 23 24 25 26 27 28 29 30
Asp D 0.166 0296 2274 1.094 0.656 0565 0.272 0.2 0.2 0.2
CysC 0.188 0.103 2586 0.843 0434 0.669 0.218 0.208 0.208 0.208
GInQ 0.243 0088 4.28 1008 0464 0.744 0.175 0.188 0.188 0.188
GluE 0224 027 3762 0967 0639 0701 018 0191 0191 0.224
Gly G 0376 0014 1852 0573 0.106 0.732 0.226 0.231 0.231 0.313
HisH 0221 0135 3912 1084 0691 0.688 0.191 0.188 0.188 0.188
lel 0206 0236 2862 1306 0.784 0578 0.264 0.183 0.183 0.183
LeuL 0284 0211 286 1362 0.703 0581 0.277 0.183 0.183 0.183
LysK 0.207 0.208 5952 0.909 0.635 0.794 0.121 0179 0179 0.179
Met M 015 0194 482 0971 0701 0743 015 0.188 0.188 0.188
PheF 0.178 0.143 5965 1.035 0486 0.797 0.138 0.181 0.181 0.181
ProP 0224 0.063 2055 1.018 0525 0571 0283 0197 0197 0.197
Ser S 0266 0181 1726 1.014 0539 0526 0309 0.208 0.208 0.208
Thr T 0205 0.166 2574 1.059 0449 0631 0259 0.197 0.197 0.197
TrpW 0.198 0262 6.203 1.762 0.562 0.727 0.207 0.174 0174 0.174
TyrY 0216 0221 5536 1.341 0561 0.744 018 0179 0179 0.179
va Vv 0236 0079 2601 11 059 0.605 0256 0191 0191 0.191
31 32 33 34 35 36 37 38 39 40
AlaA 0289 0326 0.159 2111 1.192 0476 0559 0315 0.213 0.213
ArgR 0459 0267 0.213 7.869 1562 0669 0.779 0.155 0.175 0.175
AsnN 0519 0279 0242 2183 1582 0868 0471 0.341 0.197 0.197
AspD 0.348 0208 0286 2673 1445 0861 0537 029 02 0.2
CysC 0426 0246 0.197 2705 106 063 0.616 0.241 0.208 0.208
GInQ 0423 0303 0204 4822 1291 0.626 0.715 0.192 0.188 0.188
GluE 0.402 0209 0294 4264 1297 0867 0.663 0.202 0.191 0.191
Gly G 0299 0282 0.081 234 0.746 0153 0722 0.23 0.231 0.231
HisH 0467 0193 0.223 412 1501 0932 0629 0229 0.188 0.188
el 041 0285 0315 3217 1666 1024 0545 0282 0.183 0.183
LeulL 0.465 0367 0291 3255 1.701 0.949 0.551 0.288 0.183 0.183
LysK 0478 0201 0275 651 1232 0858 0.757 0.143 0.179 0.179
Met M 0431 02 0292 5147 1365 0876 0.697 0.185 0.188 0.188
PheF 0408 025 0221 6.751 136 0695 0.767 0154 0.181 0.181
ProP 044 0315 0205 2314 1318 0.745 0529 0.301 0.197 0.197
Ser S 0319 0291 0249 2089 1251 0.73 0.513 0.307 0.208 0.208
Thr T 0381 0.207 0.218 2908 1392 0.626 059 0.283 0.197 0.197
TrpW 0436 027 0172 7.065 2311 0.749 0.698 0.228 0.174 0.174
TyrY 04 0247 0225 6537 1826 0.737 0.718 0201 0.179 0.179
va Vv 0317 031 0303 3103 1397 077 0589 0265 0.191 0.191
41 42 43 44 45 46 47 48 49 50
AlaA 0213 0442 0489 0294 1716 1025 0371 0551 033 0.213
ArgR 0.175 0554 0411 0419 7.174 1305 0.507 0.798 0.145 0.175
AsnN 0.197 0625 0512 0408 1.952 1.226 0.744 0.498 0.313 0.197
AspD 02 0482 0371 0488 2265 1.164 0.686 0.551 0.283 0.2
CysC 0.208 0.457 0406 0415 2865 0.841 0438 0.691 0.203 0.208
GInQ 0.188 0531 0511 037 426 1003 0512 0.738 0.174 0.188
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Aminoacid 41 42 43 44 45 46 47 48 49 50
GluE 0.191 0515 0367 0535 369 102 0668 068 019 0.191
Gly G 0231 0474 0469 0.167 1929 0587 0123 0.731 0.222 0.231
HisH 0.188 0505 0.364 0.389 3907 1.131 0.751 0.675 0.195 0.188
el 0.183 0.505 0.447 0555 2885 1.376 0.818 0.568 0.271 0.183
LeulL 0.183 0.604 0563 0531 291 1408 0.752 0574 0.278 0.183
LysK 0.179 0571 0364 0505 5917 0.948 0.676 0.785 0.126 0.179
Met M 0.188 0487 0.384 0445 4922 0967 0.74 0.742 0.146 0.188
PheF 0.181 0523 044 0468 5979 1107 0518 0.786 0.146 0.181
ProP 0.197 0557 0528 0.397 2005 1.081 0.577 0547 0.295 0.197
Ser S 0.208 0.462 0445 0457 1775 105 0578 0.522 0.308 0.208
Thr T 0.197 0478 0353 0431 2614 11 0477 0.624 0.263 0.197
TrpW 0.174 0566 0467 0314 6.333 1859 0566 0.723 0.212 0.174
TyrY 0.179 0551 0446 0.385 5555 1433 0573 0.735 0.189 0.179
va Vv 0191 045 0499 049 2638 1167 0.63 059 0.263 0.191
51 52 53 54 55 56 57 58 59 60
AlaA 0.213 0.213 0.302 0.358 0.182 2032 0.955 0.268 0.624 0.293
ArgR 0.175 0.175 0459 0.277 0243 7.922 151 0456 0.801 0.153
AsnN 0.197 0.197 049% 029 03 273 1628 0.336 0.582 0.347
AspD 0.2 02 0344 0235 0311 2993 0.967 0.763 0.634 0.205
CysC 0208 0208 0.531 0.241 0.201 3.181 0818 0361 0.73 0.188
GInQ 0.188 0.188 0.415 0.309 0.247 5576 122 0243 0.792 0.173
GluE 0191 0191 0385 0.226 0.317 5339 0.946 0.708 0.763 0.135
Gly G 0231 0231 0324 029 011 1891 0.779 0.027 0.701 0.289
HisH 0.188 0.188 0461 0.208 0.262 4.151 1.242 0523 0.702 0.21
lel 0.183 0.183 0415 0313 0339 3509 1.111 0.688 0.661 0.209
LeulL 0.183 0.183 0478 0.389 0.332 3183 1267 0605 063 0.251
LysK 0179 0179 0472 0216 031 7233 0975 0565 0.824 0.111
Met M 0.188 0.188 0451 0.198 0.325 4.939 0.995 068 0.747 0.15
PheF 0.181 0.181 041 0284 0245 7.237 0.828 0.365 0.858 0.098
ProP 0.197 0.197 0423 0356 0254 3391 0.846 0.222 0.761 0.19
Ser S 0.208 0.208 0.334 0.309 0.286 2.074 0985 0465 0589 0.28
Thr T 0197 0197 0392 0225 025 2992 1177 0438 0.649 0.255
TrpW 0174 0174 0454 03 0171 6.281 1403 0.769 0.743 0.166
TyrY 0179 0179 04 0277 0229 6.809 1199 0593 0.792 0.139
va Vv 0191 0191 0327 0353 034 329 1063 0.286 0.709 0.229
61 62 63 64 65 66 67 68 69 70
AlaA 0279 0279 0279 0445 0323 0.081 3.773 3.017 3.001 3.778
ArgR 0.218 0.218 0.218 0576 0457 0.204 10.02 9309 8918 10.1
AsnN 024 024 024 1063 0483 0.046 4564 4.212 3869 4.633
Asp D 024 024 024 0619 0185 0.388 494 429 4.024 4979
CysC 0.263 0.263 0.263 0.639 0.299 0.122 4354 448 3863 4.3%5
GInQ 0231 0231 0231 0872 023 0054 6.61 6378 5751 6.739
GluE 0231 0231 0231 085 028 0277 6.242 6.226 5.369 6.428
Gly G 0301 0301 0218 0.6 0196 0.082 8.686 7.868 7.487 8.806
HisH 0224 0224 0224 0585 0.268 0.128 6.565 5.662 5.687 6.553
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Aminoacid 61 62 63 64 65 66 67 68 69 70
el 024 024 024 0646 0207 0.183 5.877 4.969 4.952 5907
LeulL 024 024 024 0638 0239 0215 5901 4.802 4.925 5904
LysK 0231 0231 0231 0723 0225 0.197 847 8103 7.496 8.599
Met M 024 024 024 0508 019 0214 7.39% 6.398 6.492 7.389
PheF 0218 0251 0218 0.6 0.196 0.082 8.686 7.868 7.487 8.806
ProP 025 025 025 118 0215 0026 4.292 3935 3598 4.377
Ser S 0263 0.263 0.263 0559 0.298 0.173 4.088 3.261 3.279 4.07
ThrT 025 025 025 0552 0251 0169 4.904 4.188 4.082 4.925
TrpW 0.204 0204 0204 0469 0.177 0.334 1017 8214 8527 10.13
TyrY 0.213 0213 0213 0.654 0.264 0.169 8.968 7.953 7.438 9.101
va Vv 025 025 025 0522 0273 0033 5241 4316 4.296 5.269
71 72 73 74 75 76 77 78 79 80
AlaA 3112 3255 4108 2429 2563 4.085 2776 2741 0.213 0.213
ArgR 8986 9.888 1834 13.89 1312 1861 1366 16.27 0.175 0.175
AsnN 3922 4694 6578 4961 45 6.721 4757 5909 0.209 0.197
AspD 4115 4723 7381 4966 4.697 7.409 4.988 5917 0.2 0.2
CysC 4144 436 5231 3.784 3.668 5.238 4.032 4.047 0.208 0.208
GInQ 5774 7.039 9662 7.393 6.764 10.05 6.965 8455 0.198 0.188
GluE 5378 6993 10 7.798 6.664 1035 6.912 9504 0.191 0.191
Gly G 7604 8431 1484 1309 1318 2218 1443 1545 0.231 0.231
HisH 5788 5917 1148 7.296 7.693 1142 8199 7.979 0.188 0.188
lel 5079 5309 1031 6528 7.005 10.36 7.454 7.079 0.183 0.192
LeulL 5069 5054 1024 6.258 6.864 10.24 7.342 6.723 0.192 0.183
LysK 7541 8774 1435 1027 977 1466 1025 117 0.179 0.179
Met M 6.63 6.615 1267 788 8736 1273 912 8952 0.188 0.188
PheF 7604 8431 1484 8522 9581 14.82 1029 894 0.189 0.181
ProP 3.664 4459 5647 3544 3706 5756 3.949 3.808 0.197 0.197
Ser S 3403 3524 512 3046 3227 5052 3497 3465 0.208 0.208
Thr T 4191 4.607 6.698 4.459 4.356 6.737 4.648 5348 0.197 0.197
TrpW 8.758 8453 2348 14.09 1541 2336 1641 14.72 0181 0.174
TyrY 751 86 178 1147 1128 181 1197 1291 0.179 0.187
va Vv 4434 4639 7.813 4453 5.066 7.796 5473 4742 0.191 0.191
81 82 83 84 85 86 87 88 89 90
AlaA 0279 0326 0412 0.336 0.338 0327 0436 0414 0.242 0.258
ArgR 0.218 0668 0.715 0.707 0.669 0.698 0.702 0.451 0.344 0.313
AsnN 024 0201 0348 0.269 0.219 0247 0393 0512 041 0.347
AspD 024 0283 0437 0348 0305 0326 045 0444 0318 0.28
CysC 0.263 0.405 0.655 0.504 0423 0.537 0594 0427 0353 029
GInQ 0231 0576 0665 0616 0573 0.607 0.688 0455 0322 031
GluE 0231 0475 0629 0551 0495 0529 0.645 045 0378 0.301
Gly G 0301 0588 058 0598 0584 0596 0552 0377 0.227 0.221
HisH 0224 0443 0.556 0.532 0443 0512 0552 0423 0.291 0.294
lel 024 0307 045 0367 0317 0352 0492 05 0315 0.337
LeulL 024 0326 0413 0371 0327 0361 0445 0562 034 0375
LysK 0231 0631 0.727 0.691 0.636 0.677 0.737 0.469 0.337 0.318
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Aminoacid 81 82 83 84 85 86 87 88 89 90

Met M 024 055 0649 0614 0545 0614 0.62 0429 0277 0.308

Phe F 0228 0636 0.765 0695 065 0.679 0.788 0475 0.275 0.293

ProP 025 0259 0547 0357 0293 0321 0641 05 035 032

Ser S 0.263 0.262 0353 0.29 027 0.283 0.383 0459 0.286 0.286

Thr T 025 0382 0468 0446 0386 0435 0474 042 0264 0.269

TrpW 0.204 0546 0.605 0591 0.547 0585 0.615 0443 0.295 0.292

TyrY 0.213 0569 0.672 0616 0577 0.602 0.688 044 0.322 0.291

va Vv 025 0368 0519 0408 0383 0392 0564 0495 024 031
91 92 93 94 95 96 97 98 99

AlaA 0.408 0.281 0.283 9.096 5923 6.134 9.058 6541 6.516

ArgR 0.461 0.326 0412 36.48 2745 2635 3693 274 3161

AsnN 0515 0.364 0531 141 106 10.06 1435 1046 121

AspD 0.447 0.297 0.397 1566 1096 10.35 1571 1091 12.85

CysC 0426 0325 0353 1141 9.053 8477 1144 923 9.347

GInQ 047 0323 0385 2006 1546 1451 2069 1493 17.15

GluE 0.472 0.309 0469 2086 16.73 14.36 2157 14.81 20.08

Gly G 037 0243 0.284 5777 3882 3961 5725 4222 4.281

HisH 0419 031 0327 2392 1541 1631 2374 173 16.59

lel 0503 0.356 0.345 2166 1399 14.89 21.76 1578 15.07

LeulL 0566 04 0364 2141 133 1453 21.39 1549 14.22

LysK 048 0333 0382 2954 2175 207 3014 2159 24.46

Met M 0.438 0.325 0.306 26.14 16.97 1851 26.28 19.27 18.91

PheF 0.477 0.313 0.293 30.01 1863 20.07 30.01 21.32 19.56

ProP 0494 0344 0474 122 825 8402 1241 8.864 8.903

Ser S 0455 031 0344 1116 712 7.448 11.03 7.977 7.938

Thr T 0421 0289 0314 1412 9851 9661 142 1021 115

TrpW 0.449 0308 0.327 4557 2835 30.08 45.72 31.83 29.95

TyrY 0.461 0.302 0.363 3528 2358 2288 36.01 2409 26.35

va Vv 048 034 0276 1644 9926 1107 164 11.85 10.38

TABLE S-V. The values of 74 geometrical descriptors of 20 amino acid

Aminoacid 1 2 3 4 5 6 7 8 9 10

AlaA 209.85 4.831 34.08 32.285 77.895 11.984 6.024 362 1.808 2.969

ArgR 1340.1 6.439 103.07 103.08 313.6 24.123 14.186 7.503 4.49 5.056

AsnN 400.83 5.79 54.002 47.156 129.08 15.186 10.862 5.677 2.442 2.965

AspD 365.24 5.311 47.078 45.655 118.97 14.871 10.904 5.738 2.393 3.453

CysC 261.67 4.892 37.263 38.381 93.191 13.313 8.069 4.449 2285 3.051

GInQ 651.02 5.934 68.797 65.102 185.19 18519 11.626 6.239 3.259 4.285

GluE 573 5.786 62.691 60.316 168.64 17.751 11.777 1.297 3.139 4.257

Gly G 11257 3.913 21.436 22.514 45.863 9.173 4.721 3.077 1448 2741

HisH 656.44 3.238 67.416 65.644 189.66 18.966 13.618 7.28 3.07 4.027

lel 760.03 6.831 83.806 69.094 222.15 20.196 10.101 5.299 3.018 3.586

Leul 762.04 6.797 83.553 69.278 220.61 20.055 10.026 528 2.967 3.356

LysK 1054.4 6.418 42.492 87.866 269.59 22.466 10.965 5.971 4.025 4.804

Met M 686.07 5.621 66.375 68.607 191.27 19.127 10.824 591 3.264 4.536
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Aminoacid 1 2 3 4 5 6 7 8 9 10
Phe F 981.29 3314 83241 853 256.27 22.284 13931 7.395 3.883 4.898
Pro P 388.62 3.401 55.181 45.72 136.69 16.081 9.051 5.088 2361 2981
Ser S 25455 5.031 38.337 36.357 90.225 12.889 7.715 4.33 1949 3.066
Thr T 41116 5.71 53.554 48.372 133.74 15734 9.08 4865 2434 3.35
TrpW 1476.1 2.543 107.02 109.34 356.38 26.399 19.432 9.707 4.299 4.982
TyrY 10925 3.374 88.813 91.041 276.38 23.031 15917 8.158 3.987 4.85
va Vv 532.76 6.231 65.34 56.08 167.45 17.627 8.74 4.725 2612 3.685
11 12 13 14 15 16 17 18 19 20
AlaA 0478 0987 0.617 0199 093 0598 21 24192 O 0
ArgR 0.441 0998 0.798 0519 0937 0967 56 5044 0 0
AsnN 0.418 0984 0403 0.161 0905 0349 17 32509 O 0
AspD 0.465 0969 0476 0.194 0938 0499 28 30.58 0 0
CysC 0467 099 056 0434 0963 077 49 2692 O 0
GInQ 0463 0998 0.7 0455 0936 0824 44 3808 O 0
GluE 0473 0991 0587 039 0943 0818 52 36537 O 0
Gly G 0.524 1 0.845 0381 0925 0601 27 1849 O 0
HisH 0449 0991 056 0317 0956 073 35 3969 O 0
lel 0.404 0974 0478 0.207 0.927 0.656 2.8 42.26 0 0
LeulL 0391 0979 0512 0186 0921 0488 23 42613 O 0
LysK 0447 099 0.695 0531 0945 0807 72 16121 O 0
Met M 0476 0991 0.649 0422 0968 0924 58 39621 O 0
PheF 0.461 0998 0.758 0.587 0977 0.766 8 46298 0969 14
Pro P 0419 0.993 0458 0.313 0.957 0566 32 33063 O 0
Ser S 0463 0968 0456 0.14 0.929 0.591 2 26024 O 0
Thr T 0.444 0988 0618 0237 0935 0681 25 3184 O 0
TrpW 043 0994 079 0373 0984 0.689 4 55378 0.908 142
TyrY 045 099% 076 0456 0967 0933 54 48317 0969 14
va Vv 044 0991 0551 0.283 0.936 0.863 3 36127 O 0
21 22 23 24 25 26 27 28 29 30
AlaA 0 0 952 894 15818 20.016 3.203 9.126 13.683 18.066
ArgR 0 0 5.07 25892 11541 128.82 0.889 24.416 106.95 118.11
AsnN 0 0 6.65 25521 30.948 40.219 3.075 17.774 24.768 29.55
Asp D 0 0 5398 17.96 37.146 40.194 1.729 15.481 25.878 29.735
CysC 0 0 495 11.063 37.658 41.691 6.063 10.297 23.655 27.065
GInQ 0 0 3.755 21.315 60.137 73.784 2.057 16.368 51.478 57.674
GluE 0 0 3.762 19.35 65.428 67.79 0.806 16.788 45.949 49.278
Gly G 0 0 7.527 4.455 11594 15499 2694 355 10.198 12.634
HisH 0 0 5286 2259 57.811 65.904 6.272 21.096 54.274 58.816
lel 0 0 11.813 20.65 42.088 45.836 3.066 24.279 42.299 48.339
LeulL 0 0 8.735 21.601 37.431 45.877 1.356 23.985 41.33 48.979
LysK 0 0 10.49 18.551 87.172 91.572 4.062 19.465 82.997 86.389
Met M 0 0 4673 21.268 68.445 69.282 3.065 18.711 61.299 64.021
PheF 0.992 5813 5748 17.032 97.253 102.19 5.382 21.317 90.361 98.039
Pro P 0 0 9.057 11.857 29.494 34.106 3.304 14.529 24.259 28.91
Ser S 0 0 6.939 12.891 20.124 24.059 4.034 11.395 16.587 20.034
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Aminoacid 21 22 23 24 25 26 27 28 29 30
Thr T 0 0 10.611 15.099 31.106 36.883 4.392 13.513 26.964 32.336
TrpW 0.977 5447 3784 37.626 114.21 12755 6.332 39537 115 135.38
TyrY 0.992 5813 454 27.607 102.19 110.19 3.83 27.763 88.396 99.797
va Vv 0 0 8.755 13.959 33.239 37.012 3.116 16.986 31.98 37.008
31 32 33 34 35 36 37 38 39 40
AlaA 0.37 22.353 34.687 44.253 0.069 10.115 1497 19721 O 6.33
ArgR 0.245 59.118 226.07 249.74 0.061 26.72 11322 12496 21.46 43.73
AsnN 0.322 43.754 54.465 67.051 0.192 19.139 25.986 30.633 3.03 19.05
AspD 0.302 39.354 60.293 70.259 0.085 16.859 26.877 31.219 O 13.84
CysC 0.35 24471 48.318 54515 0.957 11.792 28.741 32.782 O 6.22
GInQ 0.148 39.923 112.7 126.65 0.131 17.421 54.397 60.074 5.64 22.29
GluE 0.206 43.192 102.33 110.89 0.087 18.362 47.383 51.172 O 16.7
Gly G 0.336 9.463 26.238 32.496 0.087 3.87 11.154 13.68 0 6.37
HisH 0.243 50.194 104.09 115.84 0.385 23.064 56.819 61.426 10.69 24.35
el 0.414 59.397 93552 107.65 0.034 27.41 46.235 53.148 O 6.31
LeulL 0.357 58.499 92.662 109.3 0.106 26.961 45.72 53.881 O 6.39
LysK 0.363 50.531 177.96 187.03 0.162 21.915 88.958 92.572 6.86 20.57
Met M 0.405 45.462 121.93 131.86 0.634 21.372 70.101 72539 O 6.33
PheF 0.439 47.633 172.58 187.93 0.479 23.922 95.659 104.3 0 6.22
Pro P 0385 35.72 529 62.738 0.144 16.524 25.718 30.738 O 6.22
Ser S 0.329 29.217 41531 49.199 0.243 12462 18.014 21.615 O 9.15
Thr T 0.411 35.555 62.266 75.733 0.152 14.887 29.099 34.93 0 9.91
TrpW 0.365 83.527 213.16 255.71 0.479 42999 12231 14521 595 15.99
TyrY 0.27 6287 178.21 204.88 0.344 30.514 92.946 106.03 O 14.09
va Vv 0.311 41.562 74.292 86.206 0.149 19.263 35.049 40.779 O 6.24
41 42 43 44 45 46 47 48 49 50
AlaA 0 0 0 0 0 0 0 0 0 0
ArgR 0 0 0 0 0 0 0 0 0 0
AsnN 0 0 0 0 0 0 7.32 0 0 0
AspD 0 0 0 0 0 0 16.5 0 0 0
CysC 3.33 0 0 0 0 0 0 9.71 0 0
GInQ 0 0 0 0 0 0 11.79 0 0 0
GluE 0 0 0 0 0 0 22.57 0 0 0
Gly G 0 0 0 0 0 0 0 0 0 0
HisH 0 0 0 0 0 0 0 0 0 0
lel 0 0 0 0 0 0 0 0 0 0
LeulL 0 0 0 0 0 0 0 0 0 0
LysK 0 0 0 0 0 0 0 0 0 0
Met M 4.8 0 0 0 0 0 0 10.42 0 0
PheF 0 0 0 0 0 0 0 0 0 0
ProP 0 0 0 0 0 0 0 0 0 0
Ser S 0 0 0 0 0 0 6.91 0 0 0
Thr T 0 0 0 0 0 0 6.66 0 0 0
TrpW 0 0 0 0 0 0 0 0 0 0
TyrY 0 0 0 0 0 0 0 0 0 0
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Amino acid

va Vv
AlaA
ArgR
Asn N
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Phe F
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TrpW
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SUPPLEMENTARY MATERIAL

TABLE S-V. Continued

So1

Aminoacid 61 62 63 64 65 66 67 68 69 70

AsnN 0 0 0 0

AspD 0 0 0 0

CysC 0 0 0 0

GInQ 0 0 0 0

GluE 0 0 0 0

Gly G 0 0 0 0

HisH 0 0 0 0

lel 0 0 0 0

Leul 0 0 0 0

LysK 0 0 0 0

Met M 0 0 0 0

Phe F 0 0 0 0

Pro P 0 0 0 0

Ser S 0 0 0 0

Thr T 0 0 0 0

TrpW 0 0 0 0

TyrY 0 0 0 0

va Vv 0 0 0 0

TABLE S-VI. The values of 160 3D-MORSE descriptors of 20 amino acid

Aminoacid 1 2 3 4 5 6 7 8 9 10

Ala A 78 16.945 -0.943 -0.031 —1.478 —-1.004 0.556 0.387 0.569 0.135

Arg R 325 27.716 -3.756 3.192 4551 -1.631 1132 0.944 0.563 -0.323

Asn N 136 18.987 -0.236 0.051 -1.883 -1.672 1.042 0.623 0.238 0.419

Asp D 120 16.214 -0.831 0.233 -1.719 -1436 127 0206 0.373 0.133

Cys C 91 15743 -1.442 0.12 -155 -1.034 0.743 0.473 0.406 0.064

Gln Q 190 21.665 -2.455 0.811 -3.009 -1.294 0.416 1492 0.12 0.456

Glu E 171 19.606 —2.639 0.744 -2.419 -1.696 1.199 0.408 0.266 0.343

Gly G 45 13.001 -0.719 -0.047 -0.908 -1.159 0.752 0.228 0.255 0.179

His H 190 15.678 -0.496 0.655 -2.74 -1.134 1222 182 -0.219 0.035

le | 231 20.727 -2519 1631 -319 -1295 0.711 0579 1.166 0.12

Leu L 231 20.07 -1.863 0.765 —-2.925 -1.92 0.88 0.972 1.144 -0.069

Lys K 276 27.074 -5.673 2.853 -3.553 -1.577 1.072 0.899 0.675 0.229

Met M 190 19.917 -3.055 0.82 -2.259 -1.028 0.705 1.109 0.908 0.099

Phe F 253 20.049 -2.17 0.998 -3.235 —2.403 2.762 0.172 0.235 -0.258

Pro P 136 22565 -2.379 0.157 -1.578 -1.901 1.621 0.287 0.318 0.311

Ser S 91 16.798 -0.475 -0.093 -1.333 -14 0.777 0.337 0527 -0.029

Thr T 136 19421 -1.768 0.69 -2.436 -1.11 0444 0.762 0.742 -0.145

Trp W 351 20.721 -1.789 0.169 -2.74 -2.385 3.609 0.628 -0.417 0.027

Tyr Y 276 19.38 -1.418 1528 -2.606 —2.614 2.676 0.186 0.532 -0.611

va Vv 171 20.914 -1.088 0.131 -2.712 —0.97 0.228 0.852 0.964 0.136
11 12 13 14 15 16 17 18 19 20

Ala A -0.648 -0.414 0.161 0.308 0.316 -0.181 -0.036 -0.513 0.338 0.172

Arg R -0.338 -0.857 -0.429 1.284 0.218 0.002 -0.243 -0.905 0.301 0.585

Asn N —0.685 —0.413 —0.266 0.663 0.321 -0.112 -0.189 -0.246 —0.073 0.198
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Aminoacid 11 12 13 14 15 16 17 18 19 20
Asp D -0.281 -0.573 -0.163 0.666 -0.062 0.143 -0.081 -0.321 0.114 0.056
Cys C —0.449 -0.228 -0.089 0.265 0.349 -0.136 -0.051 -0.345 0.042 0.33
Gln Q -0.26 -1.281 0.312 0.931 0.097 -0.186 —-0.165 —0.633 0.478 0.131
Glu E -0.334 0934 0.147 0.661 -0.068 -0.022 -0.143 0529 04 0.189
Gly G —0.353 -0.299 -0.044 0.255 0.207 -0.037 -0.008 -0.323 —-0.035 0.187
His H 0.155 -1.109 0.309 0.076 0.535 0.279 -0.107 -0.922 0.345 0.433
le | -0.986 -1.047 0.756 0.847 0.054 0.044 -0.391 -0.958 0.985 0.213
Leu L -0.849 -1.531 0.89 1.038 -0.148 0.216 -0.842 -0.704 0.98 0.428
Lys K -0.816 -1.444 0291 1.297 -0.252 0.237 -0.395 -0.937 0.621 0.501
Met M -1.089 0576 0.399 0.661 0.275 -0.153 -0.302 -0.616 0.649 0.571
Phe F 0.165 -1.165 0.249 0.817 0.097 0.327 -0.619 -0.826 0.325 1.094
Pro P -0.685 -0.959 0.731 0.359 0.219 0.034 -0.756 -0.146 0.466 0.443
Ser S -0.107 -0.572 -0.255 0.553 0.228 -0.008 -0.084 -0.348 -0.02 0.287
Thr T -0.221 -0.849 011 0541 0.253 0.079 -0.364 -0.391 0.295 0.227
Trp W 0455 -1.198 -0.248 0.726 0.263 0.634 -0.698 —1.053 0.82 0.645
Tyr Y 0.275 -1.007 -0.058 0.564 0.375 0.093 -0.364 -0.77 0.221 0.617
Va VvV —0.802 0.934 047 0.768 0.108 —0.057 -0.47 -0.562 0.601 0.445
21 22 23 24 25 26 27 28 29 30
Ala A -0.106 0.158 -0.18 -0.056 -0.032 0.087 0.17 -0.14 -0.056 0.019
Arg R -0.041 0191 -03 -0.006 -0.018 0.106 0.441 -0.078 —0.061 -0.251
Asn N 0.167 0122 -0.16 -0.126 -0.171 0.158 0.157 0.07 -0.14 -0.052
Asp D 0.169 0.051 0.037 -0.212 -0.024 0.079 0.009 0.089 -0.032 -0.015
Cys C -0.105 0.208 -0.199 -0.128 O 0.104 0.045 -0.028 —0.026 0.055
Gln Q -0.079 0.153 -0.053 -0.28 -0.091 0.215 0.137 0.012 0.133 -0.006
Glu E -0.278 0.309 -0.242 -0.152 -0.04 0.06 0.097 0.017 -0.143 -0.069
Gly G 0.01 0.009 0.052 -0.177 0.01 0.017 0.058 0.019 0.063 -0.131
His H -0.101 024 -0.316 -0.171 0.202 0.229 -0.086 -0.003 -0.11 -0.053
lle | -0.065 -0.177 -0.132 -0.312 0.281 0.191 0.193 -0.225 -0.357 0.188
Leu L -0.29 -0.072 -0.041 -0.204 0.231 0.245 -0.002 —0.118 —-0.465 0.313
Lys K —0.476 0488 -0.665 0.136 —-0.034 041 0.127 -0.031 -0.326 —0.205
Met M -0.282 0.198 -0.225 -0.215 0.21 0.065 0.186 -0.281 -0.165 0.098
Phe F -0.803 0.468 -0.769 -0.053 0.631 -0.108 -0.057 -0.214 0.052 -0.062
Pro P -0579 0403 -0.356 -0.14 0.193 0.138 0.152 -0.155 -0.381 0.185
Ser S -0.036 0.019 0.151 -0.32 0.058 0.012 0.107 -0.071 0.093 -0.042
Thr T -0.159 0.085 -0.151 0.008 -0.082 -0.203 —0.005 0.008 -0.101 —0.033
Trp W 0.069 -0.088 —0.639 —0.148 0.437 -0.003 —0.029 —0.097 —0.004 —0.151
Tyr Y 025 0369 0529 -0.211 0.462 0.109 -0.302 -0.086 0.136 -0.131
va Vv -0.374 0.098 —0.191 —0.066 -0.131 0.379 0.067 -0.153 -0.277 0.107
31 32 33 34 35 36 37 38 39 40
Ala A 0.017 0.042 23545 7.14 -0.808 -0.249 —0.826 —0.015 0.883 -0.365
Arg R 0.378 -0.057 97.692 11.139 -1.326 -0.784 -1.636 0.389 1.813 -0.635
Asn N —0.015 -0.061 54.475 9.434 -0.585 -0.181 -1.776 0.293 1.137 -0.209
Asp D -0.085 0.05 55.173 9.337 —0.665 —0.398 —-1.395 -0.026 1.495 -0.465
Cys C —0.115 0.003 43.358 6.797 -1.352 -0.042 -0.568 0.035 0.507 -0.348
Gln Q -0.085 0.107 67.503 8.786 —1.697 -0.176 —-1.57 0.264 1427 -0.42
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Aminoacid 31 32 33 34 35 36 37 38 39 40
Glu E 0.163 -0.035 68.296 8.636 —2.156 —0.486 —1.398 0.147 1.438 -0.559
Gly G 0.003 -0.013 16.067 5.861 0.466 -0.285 -0.684 -0.102 0.764 -0.14
His H 0.106 —-0.075 76.626 9.474 -0.185 -1.376 —-1.243 -0.281 1.841 -0.292
lle | 0.284 -0.01 54.168 8141 -0.794 -0.413 -1.316 0.473 0.979 0.708
Leu L 0.397 -0.193 54.168 7.653 -0.22 -0.778 -0.991 0.194 1.066 -0.736
Lys K 0.445 -0.107 67.928 9.252 -1.038 -0.535 —1.109 0.488 1.015 -0.681
Met M 0.244 -0.068 68.647 7.665 —2.776 —0.355 -0.545 0.599 0.292 -0.245
Phe F 0.267 -0.054 87.62 11.38 -1573 -0.056 —2.002 054 1.834 0.974
Pro P 0.268 —0.099 40.976 9.56 -1.014 -0.807 -0.729 —0.057 1.377 -0.833
Ser S -0.08 0.036 3343 8436 —0.884 —0.406 —0.965 0.056 1.061 -0.484
Thr T 0.158 -0.117 43.829 8.793 -1.035 -0.315 -1.103 0.12 1157 -0.674
Trp W -0.02 -0.015 135.935 11.872 -1.073 —-1.115 -1.896 -0.197 2.571 -1.007
Tyr Y 0.159 -0.173 105.945 11.075 -1.371 -0.531 —2.208 0.448 2.385 -0.976
va Vv 0.276 —0.051 42.596 8.325 -1.061 0.131 -1.324 047 0.776 -0.548
41 42 43 44 45 46 47 48 49 50
Ala A -0.137 0.103 -0.051 0.077 -0.093 0.013 0.144 -0.151 0.028 -0.98
Arg R -0.445 0.177 0171 0.117 -0.517 0261 0.377 -0.089 -0.097 -0.179
Asn N -0.479 0185 -0.14 0323 -0.284 0.102 0.108 -0.198 0.037 0.135
Asp D -0.533 0.318 -0.098 0.168 -0.104 -0.026 0.065 -0.068 0.026 0.029
Cys C 0283 -0.145 -0.16 0.198 -0.014 -0.17 0.249 -0.124 -0.053 0.01
Gln Q -0.231 0.132 -0.031 0.072 -0.202 0.283 0.057 -0.293 0.113 0.046
Glu E -0.412 0.303 0.047 0.046 -0.055 0.056 0.043 -0.206 -0.025 0.117
Gly G -0.28 0115 -0.065 0.13 -0.047 -0.109 0.167 -0.099 0.027 -0.022
His H -1.083 0.179 0445 -0.01 -0.056 -0.984 0.247 0.296 -0.083 -0.254
le | -1.083 0.179 0.445 -0.01 -0.056 -0.984 0.247 0.296 -0.083 -0.254
Leu L 0.063 0134 0.07 -0.179 -0.218 0.434 -0.055 -0.083 -0.176 0.039
Lys K -0.163 019 0.177 -0.365 -0.299 0425 0.181 -0.056 -0.203 0.075
Met M 0.296 -0.141 -0.161 0.355 0.025 -0.366 0.188 0.017 -0.166 0.102
Phe F —0.471 0.148 0463 0.143 -0.505 -0.096 0.398 -0.021 —0.063 —0.284
Pro P -0.18 0389 -0.167 0112 -0.31 0.234 0.232 -0.333 -0.035 0.108
Ser S -0.22 0164 -0.034 0214 -0.356 0.155 0.071 -0.017 -0.048 —0.053
Thr T -0.076 0.097 0.128 -0.089 -0.109 0.012 0.239 -0.171 -0.021 -0.018
Trp W -1.183 0.272 0479 0438 -0.867 -0.327 0577 0315 -0.36 -0.337
Tyr Y —0.587 0.157 0.348 0.347 -0.563 -0.316 0.636 —0.251 0.087 -0.378
Va VvV —0.04 0.206 —0.046 —0.031 0.236 0.34 0.005 -0.137 —0.076 0.015
51 52 53 54 55 56 57 58 59 60
Ala A 0.082 -0.017 -0.111 0.097 -0.009 0.029 -0.059 -0.011 0.039 0.018
Arg R 0.172 -0.052 -0.059 0.033 0.083 0.063 -0.054 -0.1 0.162 -0.08
Asn N -0.054 -0.014 -0.179 0.257 -0.062 0.022 -0.11 -0.008 0.104 0
Asp D 0.052 -0.098 -0.051 0.072 0.057 0.024 -0.124 0.024 -0.01 0.067
Cys C 0.125 -0.038 -0.152 0.151 -0.041 0.038 -0.064 0.027 -0.038 0.045
Gln Q 0303 -0.28 -0.047 0.11 0.094 -0.064 -0.098 0.041 0.097 0.003
Glu E 011 -0.036 -0.172 0.117 -0.052 0.077 -0.167 0.038 0.014 0.088
Gly G 0.018 0.048 -0.098 0.04 0016 0.03 -0.024 -0.059 0.029 0.038
His H 0.043 0.119 -0.021 0.05 -0.096 0.084 0.002 0.04 -0.053 0.023
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Aminoacid 51 52 53 54 55 56 57 58 59 60
le | 0.043 0.119 -0.021 0.05 -0.096 0.084 0.002 0.04 -0.053 0.023
Leu L 0.324 -0.227 -0.092 0.092 0.093 -0.051 -0.099 0.032 0.119 -0.061
Lys K 0.193 -0.123 -0.222 0.206 0.016 0.085 -0.163 0.087 0.074 0.013
Met M 0.182 0.013 -0.214 0.314 -0.116 -0.048 -0.082 0.174 -0.057 -0.048
Phe F 0152 04 -0.315 0.057 -0.142 0.141 0.139 -0.084 —-0.099 0.009
Pro P 0117 -0.02 -0.268 0.192 0.114 -0.15 -0.024 0.02 0.073 0.04
Ser S 0.103 -0.012 -0.045 -0.04 0114 -0.06 006 -0.139 0.094 -0.014
Thr T 0.079 0069 -02 0108 -0.01 0.072 -0.098 0.012 -0.002 0.053
Trp W 0.19 0.248 0.032 -0.185 -0.286 0.254 0.048 -0.147 -0.157 -0.006
Tyr Y 0.003 0.325 -0.077 0.068 -0.207 0.069 0.161 -0.023 -0.169 0.047
Va Vv 0.222 -0.119 -0.151 0.144 0.009 0.045 -0.164 0.065 0.089 -0.047
61 62 63 64 65 66 67 68 69 70
Ala A -0.048 0.047 -0.021 —0.024 20.873 6.303 -0.446 -0.239 -0.614 0.113
Arg R 0.101 -0.041 0.057 0.045 92.957 10.834 —1.227 —0.069 —1.718 0.034
Asn N -0.07 0.073 -0.048 —0.048 40.157 8.201 -0.456 -0.39 -0.877 -0.074
Asp D -0.022 0.041 -0.049 -0.077 35.939 7.424 -0.517 -0.335 —-0.855 0.009
Cys C -0.02 0127 -0.208 0.065 28.284 641 -0.77 -0.203 -0.615 0.028
Gln Q -003 011 -0.09 -0.036 55727 87 -1.05 -0.22 -1.179 0.042
Glu E -0.082 0.113 -0.03 -0.071 50.739 8.289 -1.044 -0.217 -1.097 0.015
Gly G -0.002 -0.007 -0.014 —0.043 11.858 4.46 -0.148 -0.289 —0.368 —0.183
His H -0.057 0.151 -0.048 -0.11 65.203 8.596 -0.204 -0.779 -1.067 —0.237
le | -0.107 0.06 0.097 -0.123 63.23 9.217 -0.779 -0.034 -1.449 0.154
Leu L -0.109 0.091 0.061 -0.062 63.23 9.026 -0.547 -0.291 —1.189 —0.099
Lys K -0.088 -0.004 0.114 -0.069 74.967 10.245 -1.451 -0.049 -1.314 0.196
Met M 0.049 0.075 -0.004 -0.09 57.446 8.017 —1.531 -0.099 -1.017 0.161
Phe F 0.058 0.103 -0.107 -0.137 92.58 11.443 —1.185 -0.197 -1.824 -0.087
Pro P -0.202 0.13 0.042 -0.058 40.847 9.749 -1.02 -0.566 —0.554 -0.387
Ser S 0.015 0.037 -0.08 0.012 24.358 6.569 -0.448 -0.322 -0.604 —0.072
Thr T -0.061 0.077 -0.052 -0.039 36.743 7.754 -0.713 0.176 -0.94 0.069
Trp W 0.134 0.065 —0.333 -0.075137.702 12.289 —1.027 —1.072 —1.798 —0.389
Tyr Y 0.059 0.153 -0.116 0.21 99.748 10.75 —1.066 —0.356 —1.706 —0.061
Va Vv 0.073 0.088 —0.038 0.037 46.559 8.842 —0.718 —0.168 -1.212 0.141
71 72 73 74 75 76 77 78 79 80
Ala A 0.432 -0.093 0.056 0.061 -0.063 -0.148 -0.043 0.176 0.119 0.119
Arg R 0.864 -0.079 -0.087 0.019 0.247 -0.327 -0.32 0.499 0.192 -0.106
Asn N 0.607 -0.091 -0.097 0.158 -0.07 -0.076 -0.228 0.315 0.073 -0.113
Asp D 0.61 -0.168 -0.072 0.112 0.007 -0.141 -0.146 0.27 0.025 -0.068
Cys C 0316 -0.081 0.106 0.021 -0.079 -0.052 -0.087 -0.087 0.179 -0.129
Gln Q 0.562 0.009 -0.078 0.158 0.096 -0.382 -0.133 0.451 0.041 -0.209
Glu E 0.695 -0.203 -0.111 0.181 0.075 -0.328 -0.102 0.363 -0.001 -0.134
Gly G 0.369 -0.008 -0.048 0.044 -0.021 -0.054 -0.068 0.073 0.114 0.077
His H 1.045 0.019 -0.562 0.094 0.338 —-0.305 -0.057 0.005 0.186 0.153
lle | 0546 -0.18 0175 0.06 0.039 -0.522 0.014 0574 -0.026 —0.138
Leu L 0.679 -0.239 0.283 0.027 0.035 -0.615 0.065 0.555 0.008 -0.147
Lys K 0.652 -0.108 -0.016 0.152 0.128 -0.688 -0.087 0.597 0.062 -0.079
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Aminoacid 71 72 73 74 75 76 77 78 79 80
Met M 0315 0.154 0.238 0.036 —0.293 -0.119 0.009 0.204 0.142 -0.126
Phe F 165 -0.562 -0.294 -0.073 0.527 -0.279 -0.322 0.158 0.296 0.094
Pro P 1.006 —0.456 0.022 0.309 -0.163 -0.306 0.003 0.298 0.188 -0.248
Ser S 0.447 -0.131 0.031 0.038 0.041 -0.128 -0.173 0.225 0.108 —0.099
Thr T 0425 -0.107 0.063 0.048 0.069 -0.31 -0.058 0.263 0.124 -0.125
Trp W 2291 0523 -0.856 0.148 0.572 -0.092 -0.563 -0.001 0.47 0.293
Tyr Y 1737 -0592 -0.298 -0.138 0.48 -0.123 -0.379 0.034 0.459 -0.042
Va Vv 0403 01 016 0.09 -0.042 -0.368 -0.072 0.501 -0.008 —0.127
81 82 83 84 85 86 87 88 89 90
Ala A -0.042 -0.078 0.141 0.02 -0.089 0.068 -0.027 -0.025 —0.007 0.022
Arg R -0.177 -0.248 0.269 0.041 -0.085 0.109 -0.051 0.005 -0.05 0.04
Asn N -0.074 0.018 0.018 0.038 -0.083 0.119 -0.011 -0.065 —0.065 0.062
Asp D -0.065 -0.03 0.125 -0.05 -0.051 0.044 0.059 -0.057 -0.065 0.072
Cys C -0.042 -0.06 0.103 0.037 -0.107 0.113 -0.044 -0.047 -0.01 0.051
Gln Q -0.058 -0.084 0.279 -0.108 0.101 0.107 0.022 -0.109 0.066 0.122
Glu E -01 -0.049 0211 -0.081 -0.162 0.13 -0.029 -0.031 -0.059 0.058
Gly G 0.016 -0.065 0.047 0.065 -0.066 0.007 0.034 0032 0 -0.014
His H -0.118 -0.303 0.177 0.134 -0.067 0.068 -0.124 O 0.051 0.085
le | -0.208 -0.121 0.42 -0.133 -0.026 0.004 0.003 -0.132 0.045 0.085
Leu L 0273 -01 0462 -0.102 -0.109 0.048 0.026 -0.129 0.035 0.12
Lys K -0.236 -0.103 0.342 -0.019 -0.239 0.201 -0.093 0.007 -0.049 0.134
Met M -0.206 -0.054 0.263 0.105 -0.148 0.149 -0.088 -0.09 0.028 0.104
Phe F -0.228 -0.394 0.196 0.514 -0.351 0.107 -0.274 0.068 0.214 -0.011
Pro P -0.178 0.017 0231 0.039 -0.251 0.174 -0.002 -0.149 0.053 0.075
Ser S -0.045 -0.068 0.087 0.045 -0.071 0.028 0.044 -0.069 0.016 -0.022
Thr T -0.114 -0.065 0.186 0.011 -0.116 0.069 -0.024 -0.006 —0.045 0.071
Trp W —0.413 0434 0.34 0.347 -0.002 -0.145 -0.297 0.102 0.174 -0.054
Tyr Y -0.086 -0.434 0.152 0.356 -0.126 0.025 -0.203 -0.018 0.205 0.044
va Vv —0.188 0.082 -0.313 0.008 -0.168 0.125 -0.073 0.008 —0.101 0.154
91 92 93 94 95 96 97 98 99 100
Ala A 0.055 -0.035 -0.056 0.027 0.031 0.005 82.837 17.763 —0.833 0.048
Arg R 0.162 -0.071 -0.036 -0.046 0.164 0.001 336.929 28.849 -3.378 3.075
Asn N 0.072 -0.003 -0.103 0.05 0.017 -0.029 149.531 20.016 -0.021 0.35
Asp D -0.002 0.022 -0.048 0.002 0.043 -0.027 136.252 17.582 -0.698 0.462
Cys C 0.02 -0.022 -0.041 0.058 —0.039 0.027 97.269 16.618 —1.469 0.24
Gln Q 0.048 -0.036 -0.071 0.031 0.032 -0.006 203.734 22.159 -2.48 1.033
Glu E 0.033 0.013 -0.102 0.011 0.102 -0.031188.222 20.43 -3.045 0.878
Gly G 0.023 0.019 -0.012 -0.023 0.008 0.006 49.721 14.26 -0.768 0.091
His H -0.035 -0.012 -0.059 0.023 0.086 -0.073 201.631 16.419 -0.163 0.525
lle | -0.035 -0.012 -0.059 0.023 0.086 -0.073201.631 16.419 -0.163 0.525
Leu L 0.054 -0.096 -0.181 0.1 0.192 -0.067 232.078 19.713 -1.482 0.796
Lys K 0.058 -0.029 -0.157 -0.019 0.223 -0.061 279.532 27.373 -5.107 2.638
Met M 0.022 -0.078 -0.066 0.05 0.106 —0.056 194.655 20.285 —2.995 0.836
Phe F -0.117 -0.044 0.05 0.019 0.077 -0.155256.714 20.944 —2.253 1.086
Pro P 0.052 -0.018 -0.222 0.118 0.127 -0.068 140.56 22.745 —2.214 0.1
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Aminoacid 91 92 93 94 95 96 97 98 99 100
Ser S 0.075 -0.047 -0.003 0.005 0.004 0.012 100.633 18.38 —-0.323 -0.044
Thr T 0.026 -0.024 -0.066 0.009 0.089 -0.04 145.892 20.31 -1.579 0.816
Trp W -0.158 -0.022 0.077 0.028 -0.127 —0.088 358.067 21.217 —1.518 0.218
Tyr Y -0.186 0.011 0.066 0.009 0.034 -0.174 287.473 20.412 -1.225 1.738
va VvV 0.054 -0.095 -0.102 0.036 0.131 -0.002 174.016 20.95 -1.043 0.334

101 102 103 104 105 106 107 108 109 110
Ala A -1.678 -1.164 0.777 0.366 0.499 0.219 -0.694 -0.39 -0.147 0.238
Arg R —4.895 -1.662 1434 0.889 0524 -0.24 -0.379 -0.823 -0.556 1.245
Asn N —2445 -1.747 1241 069 0.161 0472 -0.774 -0.331 -0.316 0.616
Asp D —-2.176 -1.617 161 0164 0272 025 -0.318 -0.584 -0.171 0.598
Cys C -1.698 -1.21 0932 0444 0413 0.089 -0.506 -0.26 —0.096 0.221
Gln Q 3454 -1.366 0.638 1.512 0.142 0.448 -0.299 -1.227 024 0.95
Glu E —-2.76 -1.855 1496 1376 0.178 0.487 -0.395 -0.888 0.159 0.526
Gly G -1.143 131 093 0258 0.179 0.264 -0.408 -0.296 —0.027 0.18
His H —2.887 -1.356 1.528 0.809 -0.377 0.118 0.174 -1.086 0.328 -0.086
le | —-3.356 -1.364 0.948 0469 1.061 0.136 -0.918 -1.047 0.747 0.743
Leu L -3.018 —2.089 1.126 0.908 1.093 -0.033 -0.79 -1.522 0.815 0.996
Lys K -3.641 -1.706 128 0.888 0.607 033 -0.788 -1.476 0.26 1.194
Met M 2399 117 0944 1046 0.825 0.178 -1.115 0547 0.363 0.541
Phe F -3.407 —2.351 2.833 0.187 0.151 -0.157 0.144 -1.125 0.214 0.72
Pro P -1.656 -1.952 1.755 0.274 0.229 0.338 -0.653 -0.915 0.659 0.352
Ser S -162 -1571 1.001 1301 0518 0.016 -0.09 -0.597 -0.335 0.575
Thr T —2.693 -1.249 0.666 0.651 0.821 -0.177 -0.119 -0.965 0.12 0.449
Trp W —2.897 254 3768 0541 -0.505 0.036 0459 -1.17 -0.333 0.605
Tyr Y -3.045 —2.627 2.863 0.174 0.493 -0529 0.283 -1.017 -0.14 0471
va Vv —2.905 -1.019 0.354 0.805 0.886 0.212 -0.764 -0.937 0.424 0.717

111 112 113 114 115 116 117 118 119 120
Ala A 0.397 -0.195 -0.011 052 03 016 -0.086 0.179 -0.173 -0.058
Arg R 0.408 -0.018 -0.213 —0.94 0.235 0.546 0.043 0.173 -0.233 -0.035
Asn N 0.399 -0.122 -0.18 -0.237 -0.118 0.178 0.166 0.225 -0.22 -0.111
Asp D -0.026 0.233 -0.108 -0.317 0.056 -0.116 0.24 0.081 0.036 -0.187
Cys C 0.389 -0.103 -0.055 -0.358 0.015 0.317 -0.089 0.235 -0.203 -0.113
Gln Q 0.165 -0.213 -0.123 -0.631 0.475 0.054 -0.01 0.178 -0.042 -0.297
Glu E 0.014 -0.028 -0.132 -0.514 0.334 0.187 -0.256 0.325 -0.237 -0.15
Gly G 0.279 -0.032 -0.004 -0.332 0.001 0.191 0.015 0.041 0.047 -0.173
His H 0631 0.34 -0.082 0947 0262 0.46 -0.067 0.261 -0.296 —0.188
lle | 0.178 -0.01 -0.346 -0.921 0.909 0.178 -0.013 -0.155 -0.115 -0.328
Leu L -0.085 0.211 -0.833 -0.665 0.925 0.37 -0.254 -0.032 -0.024 -0.208
Lys K -0.103 0.237 -0.39 -0.898 0541 0.465 -0.452 0503 -0.611 0.111
Met M 0.338 -0.158 -0.273 —-0.58 0.582 0.568 -0.249 0.242 -0.226 -0.216
Phe F 0.148 0.352 -0.605 -0.801 0.285 1.062 -0.763 0.453 -0.716 -0.05
Pro P 0.242 0.027 -0.73 -0.138 0.443 0.411 -0.575 0439 -0.339 -0.16
Ser S 0.221 0.087 —0.095 -0.396 -0.036 0.264 0.013 0.005 0.197 -0.334
Thr T 0.356 0.096 —0.355 -0.388 0.223 0.246 -0.167 0.129 -0.142 0.021
Trp W 0343 0.698 -0.717 -1.059 0.747 0.61 0.102 -0.095 —0.637 -0.11
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111 112 113 114 115 116 117 118 119 120
Tyr Y 0469 0.06 -0.341 -0.793 0.159 0.583 -0.191 0.412 -0.541 -0.198
va Vv 0.168 —0.049 —0.0453 -0.556 0.561 0.388 —0.339 0.143 -0.185 -0.056

121 122 123 124 125 126 127 128 129 130
Ala A -0.059 0.073 0.168 -0.097 -0.055 0.02 -0.015 0.026 23.503 6.852
Arg R -0.024 0.118 0.499 -0.064 0.007 -0.264 0.297 -0.034 103.614 11.716
Asn N -0.197 0111 021 0.089 -0.129 -0.058 -0.07 -0.06 43.369 8.672
Asp D -0.098 0.071 0.005 0.138 -0.012 -0.008 -0.145 0.024 38.361 7.734
Cys C -0.031 0.082 0.06 0016 0.002 0.062 -0.182 0.135 35.365 7.289
Gln Q -0.134 018 0.178 0.047 -0.098 -0.005 -0.166 0.113 61.289 9.482
Glu E -0.103 0.042 0.112 0.06 -0.125 -0.043 0.098 -0.069 55.31 8.968
Gly G -0.012 -0.009 0.085 0.024 0.085 -0.142 -0.014 -0.036 13.019 4.754

His H 0.182 0.197 -0.078 0.035 -0.111 -0.011 0.028 -0.091 70.101 8.839
le | 0262 0.152 0.198 -0.188 -0.328 0.182 0.228 -0.032 73.57 10.225
Leu L 0.197 0.183 0.043 -0.106 -0.435 0.31 0.321 -0.167 73.57 10.049

Lys K -0.069 0.376 0.165 0.006 -0.303 -0.221 0.392 -0.109 86.362 11.419
Met M 0.165 0.066 0.176 -0.226 -0.149 0.095 0.213 -0.078 71.445 9.327

Phe F 0.595 -0.132 -0.041 -0.189 0.062 —0.053 0.21 -0.072102.665 12.055
Pro P 0.181 0.111 0.164 -0.124 0371 0176 0.235 -0.101 46.05 10.611
Ser S 0.031 -0.026 0.123 -0.047 0.133 -0.052 -0.131 0.035 26.775 6.929
Thr T -0.127 0.177 -0.013 0.065 -0.094 -0.007 0.08 0.124 41.162 8.368
Trp W 0.37 -0.028 -0.01 -0.068 0.021 -0.175 -0.099 -0.021 150.163 12.814
Tyr Y 0.429 0.082 -0.297 -0.054 0.157 -0.094 0.097 -0.213 109.356 11.268

Va VvV —0.168 0.344 0.092 -0.105 -0.277 0.113 0.2 -0.044 53.778 9.748

131 132 133 134 135 136 137 138 139 140
Ala A —0.479 0.227 -0.623 -0.184 0.395 -0.022 0.095 0.049 -0.091 -0.191
Arg R -1459 0.197 -1.882 -0.126 0.767 0.079 -0.031 -0.028 0.227 -0.421
Asn N -0.516 -0.387 -0.795 -0.211 0.576 -0.022 -0.062 0.16 -0.084 -0.142
Asp D -0.573 -0.323 -0.791 -0.092 0.567 -0.105 -0.021 0.089 0.004 -0.195
Cys C -0.97 -0.198 -0.676 0.023 0.26 0.013 0.134 0.617 -0.146 —0.015
Gln Q -1.15 -0.166 —1.187 —0.083 0.476 0.157 -0.075 0.175 0.086 -0.486
Glu E -111 -0.16 -1.112 -0.116 0.657 -0.105 -0.079 0.17 0.058 -0.407
Gly G -0.175 -0.287 -0.34 -0.246 0.347 0.026 -0.013 0.033 -0.03 -0.082
His H -0.262 -0.635 -1.108 -0.29 0.955 0.109 -0.479 0.07 0.306 -0.386

lle | -0.901 0.103 -1.564 0.001 0.517 -0.033 0.226 0.072 -0.054 -0.589
Leu L -0.687 -0.183 -1.3 -0.265 0.655 -0.081 0.333 0.011 -0.033 -0.718
Lys K -1.791 0.177 -1.455 0.036 0.638 0.048 0.013 0.139 0.071 -0.756
Met M —2.146 0.189 -1.096 0.08 0.205 0.289 0.377 -0.015 -0.426 —0.053
Phe F -1.22 -0.157 -1.856 -0.332 1.713 -0.446 -0.252 -0.128 0.526 -0.399
Pro P -1.108 -0.498 -0.585 -0.554 1.022 -0.353 0.054 0.298 -0.203 -0.397
Ser S -0.451 -0.319 057 -0.166 0.409 -0.062 0.073 0.013 0.038 -0.181
Thr T -0.78 -0.133 -0.974 -0.024 0.367 0.015 0.095 0.026 0.045 -0.364
Trp W -1.103 -1.028 -1.804 -0.554 2.353 -0.372 -0.805 0.115 0.574 -0.222
Tyr Y -1.077 0.276 -1.654 -0.292 1.739 -0.484 -0.237 -0.207 0.486 -0.23

va Vv —0.731 -0.154 -1.284 0.01 0.372 0.032 0.215 0.072 -0.086 —0.447
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Aminoacid 141 142 143 144 145 146 147 148 149 150
Ala A -0.012 0.203 0.118 -0.141 -0.055 -0.102 0.164 0.032 -0.09 0.067
Arg R -0.265 0.565 0.157 -0.107 -0.195 -0.278 0.299 0.076 -0.101 0.122
Asn N -0.208 0.358 0.072 -0.114 -0.086 —0.006 0.031 0.048 -0.062 0.097
Asp D -0.133 0.315 0.013 -0.068 —-0.073 -0.048 0.14 -0.045 -0.043 0.038
Cys C -0.089 0.051 0.226 -0.138 -0.044 -0.087 0.116 0.059 -0.112 0.127
Gln Q -0.072 0494 0029 -0.2 -0.087 -0.121 0.297 -0.073 -0.112 0.103
Glu E -0.069 0411 -0.021 -0.124 -0.117 -0.088 0.247 -0.004 -0.172 0.135
Gly G -0.061 0.103 0.107 -0.078 -0.019 -0.079 0.055 0.071 -0.059 0.001
His H -0.021 0.063 0.188 0.129 -0.123 -0.332 0.208 0.152 -0.081 0.076
lle | 0.087 0.632 —0.043 -0.125 -0.244 -0.186 0.487 -0.104 -0.032 -0.016
Leu L 0.161 0.607 -0.007 -0.133 -0.329 -0.146 0.522 -0.059 -0.124 0.032
Lys K -0.01 0.656 0.02 -0.072 -0.254 -0.165 0.39 0.024 -0.263 0.215
Met M 0047 02 0187 014 0231 -0.121 0325 0.145 -0.2 0.183
Phe F -024 0228 0.259 0.123 -0.283 -0426 0.217 0.568 -0.387 0.132
Pro P 0.099 031 0.177 -0.223 -0.232 -0.005 0.267 0.065 -0.262 0.18
Ser S -0.145 0.246 0.114 -0.109 -0.053 -0.073 0.082 0.066 —0.081 0.03
Thr T -0.02 0.298 0.118 -0.121 -0.138 -0.087 0.214 0.021 -0.114 0.063
Trp W -0.486 0.085 0.429 0.302 -0.445 0471 0397 038 -0.01 -0.138
Tyr Y -0.318 0.105 0425 -0.012 -0.127 -0.452 0.181 0.382 -0.149 0.038
Va Vv -0.001 0537 -0.01 -0.128 -0.222 -0.118 0.352 0.032 -0.183 0.113

151 152 153 154 155 156 157 158 159 160
Ala A —0.043 -0.029 0.004 0.03 0.062 -0.054 -0.058 0.029 0.039 0.011
Arg R -0.088 0.002 -0.036 0.064 0.167 -0.076 -0.062 -0.049 0.202 -0.01
Asn N -0.013 -0.072 -0.064 0.079 0.066 -0.004 -0.11 0.046 0.029 -0.03
Asp D 0.054 -0.073 -0.049 0.079 -0.002 0.014 -0.052 0.002 0.049 -0.013
Cys C -0.072 -0.065 0.004 0.081 0.002 -0.029 -0.045 0.074 -0.043 0.025
Gln Q 0.011 -0.121 -0.056 0.142 0.041 -0.04 -0.084 -0.049 0.046 0.003
Glu E —0.046 -0.046 -0.035 0.062 0.036 —0.002 -0.108 0.002 0.125 -0.024
Gly G 0.033 -0.042 0.005 -0.004 0.021 0.011 -0.01 -0.026 0.011 0.011
His H -0.139 -0.016 0.07 0.102 -0.038 -0.02 -0.066 0.006 0.109 -0.065
le | -0.018 -0.15 0.088 0.154 0.025 -0.082 -0.2 0082 0.21 -0.068
Leu L 0.002 -0.141 0.077 0.142 0.037 -0.107 -0.211 0.116 0.23 -0.076
Lys K -0.149 0.012 -0.022 0.156 0.052 -0.043 -0.178 -0.024 0.261 -0.068
Met M -0.104 -0.139 0.099 0.105 0.03 -0.125 -0.068 0.067 0.102 -0.057
Phe F -0.325 0.051 0.251 -0.005 -0.119 -0.067 0.046 0.005 0.119 -0.151
Pro P —0.044 0.143 0.075 0.089 0.052 -0.039 -0.236 0.127 0.149 -0.072
Ser S 0.039 -0.083 0.025 -0.01 0.075 -0.059 -0.004 0.005 0.013 0.013
Thr T -0.042 -0.009 -0.033 0.089 0.022 -0.036 -0.074 0.004 0.114 -0.044
Trp W -0.322 0.068 0.216 -0.04 -0.154 -0.03 0.061 0.016 -0.086 —0.085
Tyr Y -0.228 -0.037 0.236 0.059 -0.197 -0.007 0.065 -0.014 0.068 -0.167
Va VvV —0.094 0 0083 018 0.045 -0.111 -0.119 0.04 0.165 -0.007
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TABLE S-VII. The prominent principal component score and the corresponding eigenval ue of
99 WHIM, 74 geometrical and 160 3D-MORSE descriptors

No. WHIM descriptors Geometrical descriptors 3D-MORSE descriptors
Eigenvalue % No. Eigenvaue % No. Eigenvalue %

1 50.53231 51.04274 1 24.0685 559734 1 51.4977 32.186

2 21.8993 221205 2 5.3808 125134 2 33.1044 20.6902
3 7.79161 7.87031 3 4.2917 9.9808 3 13.9686 8.7304
4 6.45442 6.51961 4 2.6995 6.2779 4 12.3945 7.7466

5 3.857 3.89596 5 2.1097 49062 5 9.3042 5.8151

6 2.10476 212602 6 1.4465 3364 6 6.4255 4.0159
7 1.90928 192857 7 0.7745 18012 7 6.1609 3.8505
8 1.28317 129613 8 0.5868 13648 8 5.1864 3.2415
9 1.00451 101465 9 0.4141 09629 9 4.2146 2.6341
10 0.49921 0.50425 10 0.3348 0.7786 10 3.7662 2.3539
11 0.40984 041398 11 0.3145 07313 11 3.2758 2.0474
12 0.31501 0.31819 12 0.201 04675 12 2.7476 1.7173
13 0.29745 0.30046 13 0.144 03349 13 2.0126 1.2579
14 0.20545 0.20753 14 0.1035 0.2406 14 1.673 1.0456
15 0.18188 0.18372 15 0.0674 0.1567 15 1.2115 0.7572
16 0.12194 0.12317 16 0.0304 0.0706 16 1.0376 0.6485
17 0.08147 0.0823 17 0.015 0.0349 17 0.7839 0.4899
18 0.03159 0.03191 18 0.0101 0.0234 18 0.696 0.435

19 0.0198 0.02 19 0.0073 0.017 19 0.5391 0.337

TABLE S-VIII. SVWGM descriptors for amino acid

Amino 4 PCs of 99 WHIM descriptors 5 PCs of 74 GEOMETRICAL descriptors
acid 1 2 3 4 5 6 7 8 9
Ala A -11.6344-1.89677 1.97792 —2.60584 —4.8673 4.8567 0.2935 -1.1984 -1.7882
Arg R 11.87107-2.87032 2.74823 1.25733 2.8074 -5.7328 —10.0304 0.1795 -1.8715
Asn N -5.34951 7.68317 4.11656 4.1737 -4.2352 4.4868 -1.581 -0.5684 2.9533
Asp D -4.02676 2.99296 —3.35851 —3.77013 —3.675 5.6066 -1.3744 2375 2.2126
Cys C -5.65032-2.87927-2.99048 2.3435 —4.8303 6.3381 0.7404 -3.6652 —1.4237
GIn Q 2.17649 —2.40014 0.84542 3.57161 —4.7011 —0.8588 —3.5331 2.8551 0.7795
Glu E 236689 0.15236 —4.04847 0.80392 -2.5167 —0.6925 —1.4272 -0.5017 3.8605
Gly G —11.7823-13.6975 3.47023 0.20083 —4.6947 9.543 -0.1147 -0.1988 —0.4047
His H 2.33867 0.36099 —1.56522 —1.07602 4.3481 3.6123 1.8679 3.8021 0.8011
e | 0.41167 6.40422 —1.24429 -1.62207 —2.213 52 3.6825 5.6186 -5.5525
Leu L 0.26884 8.11636 2.89694 0.98231 —3.1883 —9.1722 5.8668 4.8209 -0.3621
Lys K 9.00644 —2.09657-3.35485 2.39215 —0.5855 —11.934 —4.8895 —1.5481 3.8189
Met M 4.36305 —1.66543-3.97675 —1.02332 —3.9573 —4.0717 2.3255 —-4.3088 -5.9397
Phe F 7.26373 —4.36604—1.09058 1.62148 13.8796 —2.8069 2.0969 —6.5485 -0.7813
Pro P -5.3069 3.18399 0.59462 4.27735 —2.7762 —3.1282 7.5571 -2.5701 7.0349
Ser S -9.15545 2.32007 —0.49944 —2.26929 —3.3416 6.8606 —0.9756 0.8169 -1.6716
Thr T —4.22009-0.27234-1.39095 —-2.53752 —2.7966 0.8798 -1.07 -1.2773 -0.1541
Trp W 11.70248 0.16164 5.62047 —4.91875 19.2063 3.7382 —0.0853 6.6477 1.0446
Tyr Y 854042 -1.52583 1.74131 —1.28473 13.2974 2.2367 0.8869 -4.4618 —1.3706
Va VvV -3.18401 2.29446 —0.49218 —0.51649 —5.1598 —4.5618 —0.2362 —0.2687 —1.1856
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Amino 9 PCs of 160 3D—-MORSE descriptors

acid 10 11 12 13 14 15 16 17 18
Ala A 01084 —-0.9456 2594 -0.4204 -5.9082 0.7197 -0.4996 1.1106 1.2405
Arg R -22739 19078 11935 -2.4422 7.4386 -3.1167 4.6443 -0.2724 0.8752
Asn N -1.0546 0.4217 -0.9058 —0.1832 —3.2495 -2.6099 —1.4085 —-0.0991 -1.3005
Asp D 1.3277 21233 -0.3749 23417 -3.4151 -1.5233 —0.4735 0.8486 —2.1593
Cys C -15163 -2.8869 -1.281 -0.17 -3.4528 4.8887 0.7554 -2.7832 —1.1356
Gin Q -1.1897 0.1375 -5.7141 1.1501 0.7412 -0.9023 3.0675 1.2869 -1.4086
Glu E 1.0923 -0405 -1.4034 3.1204 -0.6074 -0.935 276 1.4287 -2.2504
Gly G 15034 0.8204 34931 0.5227 -6.8679 28835 1.4014 2.882 1.5407
His H 51879 -5.1697 -0.707 -3.4635 1.2963 -0.2267 0.2235 0.0099 -1.0526
lle | 28169 1.2975 -0.3499 3.6691 -0.6107 —3.1206 —2.2368 —1.9152 1.3986
Leu L -0.8706 3.2602 1.0827 -2.473 -0.7406 —-3.4737 —1.9935 -1.5138 0.4502
Lys K 25185 -2.3203 1.6602 1.1263 3.019 -0.349 24237 -0.6669 3.2261
Met M —-3.4378 —-3.8467 —2.0643 0.6833 1.3496 3.1447 14995 -4.1297 -0.9596
Phe F 07353 0795 26529 29515 6.3729 3.7134 -1.7188 15139 1.1937
Pro P -3.0942 0809 -0.1377 -0.9751 -3.2208 0.2478 -1.5559 -0.0085 0.8157
Ser S 24715 34412 12993 -0.512 5334 -0.3277 -1.1852 0.4623 -0.9085
Thr T 22859 0.1757 1.2979 -0.8649 —3.2382 -0.3181 -0.8146 —0.0062 1.1008
Trp W —4.6764 —2.6452 0.9322 0.8924 11.0178 0.4087 —-3.3601 0.4752 -0.9542
Tyr Y 31242 42243 -4.419 -24006 7.4664 15601 -1.4356 1.7758 -0.5768
Va VvV -0.1157 -1.1943 1.1514 -25526 —2.0567 —0.6638 —0.0932 -0.399 0.8648
TABLE S-IX. Statistics of PLS on variables selected by SMR (OT anal ogues)

No. Variable 12 Reum Qoo
1 Vo 1 0.516 0.501
2 Vog Vi7 2 0.855 0.596

3 V4, V17, V3 2 0.909 0.777

4 V4, V17, Vg, Vs 2 0.950 0.843

5 Vs, V17, V3g, V51, Vg 2 0.944 0.864

6 V24, V17, V36, V51, Vo3 Via 3 0.955 0.647

7 Vo4, V17, V36, V51, V23, V14, Vg 3 0.948 0.657

8 Vo4, V17, Vg, V51, oz, Vi1, Vg, Va0 2 0.954 0.668

9 V24, V17, Vg, Vi1, Vo3, Vs, Viag, Vao, Vo7 2 0.953 0.601

10 V24, Va7, Vg, Visa, Vo, V14, Viag, Vao, Va7, Vig 2 0.952 0.747
®Principal components

TABLE S-X. Statistics of PLS on variables selected by SMR (BTT)

No. Variable 12 Ram Qoo
1 Vi 1 0.462 0.421
2 Vg Vi 1 0.692 0.646
3 V3o, ViV 2 0.709 0.644
4 Va3 V1, Vay Vs 2 0.882 0.825
5 V3 Vi Vag Vg Vos 2 0.887 0.799
6 V3o V1 Vg Vs Vs Ve 2 0.891 0.812
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No. Variable 2 Ram Qoo
7 V3o V1 Vg Vg Vos Ve Vio 2 0.911 0.818
8 V32 V1 Vi Vi Vos Vg V1o Voo 2 0.913 0.812
9 Vi, V1 Vag Vs Vs Ve Viz Vg Vo7 3 0.926 0.795
10 V32, V1 Vg Vg Vs Ve Vo, Voo Vo7, Voo 3 0.927 0.812
11 V32 V1 Vg Vg Vs Ve Vio Vag Vo7 Voo Vo 3 0.92 0.814
12 V32, V1, Vas, Vg Vos Ve Vo, Vog Vo7, Voo Vo3 V7 3 0.926 0.772
13 V3o V1 Vg Vag Vos Ve Vio Vog Vo7 Voo Vo3 V7, Vig 3 0.921 0.659
14 V3o V1 Vg Vs Vos Ve Viz Vog Vo7 Voo Voz V7, Vig Vog 3 0.920 0.672
15 V32, V1,V Vg Vo5 Ve Vg Voo Vo7, Voo Vo3 V7, Vig Vg V2 3 0.921 0.641
16 V3o, V1 Vag Vag Vs Ve Via Vg Vo7, Voo Vo3 V7 Vg Vog Voo 3 0.926 0.606
Vo1
17 V32, V1, Vag Vg Vos Vg Vio Vog Vo7, Voo Vo3 V7,Vig Vog Voo, 3 0.919 0.623
V21, Ve
18 V3 Vi Vi Vag Va5 Ve Vo Vg Vo7 Voo Vg V7, Vig Vag Vg, 3 0.930 0.589
V21, V24 Vs
19 Vg3 Vi Vg Vas Vs Ve Viz Vg Vo7 Voo Vg V7, Vig Vog Vop, 3 0.917 0.553
V21, V24, V35 V3o
20 V32, V1, Vag Vg Vos Vg Vio Vog Vo7, Voo Vo3 V7,Vig Vog Voo 3 0.927 0.607
V21, V24, V35 V30, Vs
21 V3 V1 V34 Vg Vs Ve Viz Voo Va7, Voo, Va3 V7, Vig Vg Voo, 3 0.931 0.564
V21, V24 V35 V3o Vs Vo
®Principal components
TABLE S-XI. Statistics of PLS on variables selected by SMR (ace)
No. Variable 1? Rem Qoo
1 v23 1 0.637 0.633
2 v23, v34 1 0.703 0.691
3 v23, v34, v6 1 0.756 0.734
4 v23, v34, v6, v30 1 0.786 0.768
5 v23, v34, v6, v30, v28 2 0.835 0.795
6 V23, v34, v6, v30, v28, v9 2 0.852 0.786
7 v23, v34, v6, v30, v28, V9, v21 2 0.865 0.799
8 v23, v34, v6, v30, v28, v9, v21, v29 2 0.852 0.777
9 v23, v34, v6, v30, v28, v9, v21, v29, v36 3 0.862 0.748
10 v23, v34, v6, v30, v28, v9, v21, v29, v36, v17 3 0.858 0.757
11 v23, v34, v6, v30, v28, v9, v21, v29, v36, v17, v4 3 0.874 0.708
12 v23, v34, v6, v30, v28, v9, v21, v29, v36, v17, v4, v18 3 0.873 0.694
13 v23, v34, v6, v30, v28, v9, v21, v29, v36, v17, v4, v18, v12 3 0.882 0.719
14 v23, v34, v6, v30, v28, V9, v21, v29, v36, v17, v4, v18, v12, v31 3 0.883 0.710
15 v23, v34, v6, v30, v28, v9, v21, v29, v36, v17, v4, v18,v12,v31l,vll 3 0.884 0.711
16 v23, v34, v6, v30, v28, v9, v21, v29, v36, v17, v4, v18,v12,v31,vll, 3 0.883 0.709
v25
17 v23, v34, v6, v30, v28, V9, v21, v29, v36, v17, v4, v18, v12,v31,v1l, 3 0.883 0.702
v25, v26
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TABLE S-XI. Continued

No. Variable 1? Raum Qoo
18 v23, v34, v6, v30, v28, v9, v21, v29, v36, v17, v4, v18, v12,v31,vll, 3 0.876 0.686
v25, v26, v13
19 v23, v34, v6, v30, v28, V9, v21, v29, v36, v17, v4, v18, v12,v31,vll, 3 0.875 0.696
v25, v26, v13, v20,
20 v23, v34, v6, v30, v28, v9, v21, v29, v36, v17, v4, v18,v12,v31,vll, 3 0.876 0.692
v25, v26, v13, v20, v19
21 v23, v34, v6, v30, v28, V9, v21, v29, v36, v17, v4, v18, v12,v31, vll, 3 0.873 0.692
v25, v26, v13, v20, v19, v2
22 v23, v34, v6, v30, v28, V9, v21, v29, v36, v17, v4, v18, v12,v31,v1l, 3 0.787 0.629
v25, v26, v13, v20, v19, v2, v3
23 v23, v34, v6, v30, v28, v9, v21, v29, v36, v17, v4, v18,v12,v31,vll, 3 0.87 0.685
v25, v26, v13, v20, v19, v2, v3, v10
24 V23, v34, v6, v30, v28, v9, v21, v29, v36, v17, v4, v18, v12,v31, v1ll, 3 0.873 0.664
v25, v26, v13, v20, v19, v2, v3, v10, v8
25 v23, v34, v6, v30, v28, v9, v21, v29, v36, v17, v4, v18, v12,v31,v1l, 3 0.871 0.655
v25, v26, v13, v20, v19, v2, v3, v10, v8, v5
26 v23, v34, v6, v30, v28, V9, v21, v29, v36, v17, v4, v18, v12,v3l,vll, 3 0.871 0.642
v25, v26, v13, v20, v19, v2, v3, v10, v8, V5, v7
27 V23, v34, v6, v30, v28, v9, v21, v29, v36, v17, v4, v18, v12,v31, v1ll, 3 0.878 0.625
v25, v26, v13, v20, v19, v2, v3, v10, V8, V5, v7, v14
28 V23, v34, v6, v30, v28, V9, v21, v29, v36, v17, v4, v18, v12,v31,v1l, 3 0.879 0.62
v25, v26, v13, v20, v19, v2, v3, v10, v8, V5, v7, v14, v16
29 v23, v34, v6, v30, v28, v9, v21, v29, v36, v17, v4, v18, v12,v31,vll, 3 0.883 0.619
v25, v26, v13, v20, v19, v2, v3, v10, v8, Vb, v7, v14, v16, v15
30 V23, v34, v6, v30, v28, v9, v21, v29, v36, v17, v4, v18, v12,v31, v1ll, 3 0.879 0.614
v25, v26, v13, v20, v19, v2, v3, v10, v8, V5, v7, v14, v16, v15, v33
31 V23, v34, v6, v30, v28, V9, v21, v29, v36, v17, v4, v18, v12,v31,vll, 3 0.88 0.613
v25, v26, v13, v20, v19, v2, v3, v10, v8, Vb, v7, v14, v16, v15, v33, v27
32 v23, v34, v6, v30, v28, v9, v21, v29, v36, v17, v4, v18,v12,v31,vll, 3 0.88 0.629

v25, v26, v13, v20, v19, v2, v3, v10, v8, V5, v7, v14, v16, v15, v33, v27,

v32

®Principal components
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Abstract: Supported vanadia catalysts were successfully synthesized using wet
impregnation of »aluminato study propane oxidative dehydrogenation (POD).
The prepared catalysts were characterized by X-ray diffraction analysis, spe-
cific surface area determination, and temperature programmed reduction tests.
Over a broad temperature range (340 to 630 °C), the effects of vanadia loading
(2.7, 5.4, and 9 wt. %) and propane to oxygen ratio (3:1 to 1:3) were thoroughly
investigated on propane conversion as well as propene yield at atmospheric
pressure. The results indicated that on increasing the vanadia content, the
activity of catalyst increased while the selectivity to propene decreased mono-
tonically. With increasing temperature from 340 to 630°C, the yield to propene
showed an ascending behavior for all catalyst samples. The yield to propene
exhibited a maximum on changing the propane to oxygen ratio from 3:1to 1:3.
The yield increased with increasing oxygen partial pressure in the feed until an
equimolar ratio of propane and oxygen and then it declined with further inc-
rease in the oxygen partial pressure. A maximum propene yield of 17 % was
experienced on the catalyst with 2.7 wt. % vanadia at a temperature of 550 °C.

Keyword: propane oxidative dehydrogenation; vanadia loading; propane to
oxygen ratio; feed composition.

INTRODUCTION

Propene as a commodity product is an important feedstock in the chemical
and petrochemical industries. Propene is used in the production of 2-propanol,
acrylonitrile, propylene oxide and epichlorohydrin but its main use is in the
production of polypropylene.1 Conventional processes including thermal and cat-
alytic cracking of naphtha and dehydrogenation of propane suffer from technical
and economical drawbacks.2# Furthermore, a consumption increase of about 5
% per year due to expansion of the polypropylene market>6 makes it crucial to
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develop new routes and processes for propene production. Due to the inherent
beneficial characteristics of non-equilibrium exothermic reactions, propane oxi-
dative dehydrogenation (POD) seems to be a promising route to fill the gap
between the increasing demand and the capacity of existing plants. However,
despite these tempting benefits, the low yield of propene prevents the commercial
development of POD.’.8

Vanadia was shown to be selective in the oxidative dehydrogenation of
alkanes.®-13 Thus, the impact of vanadia catalysts supported on metal oxides was
studied for POD.14-24 Focused on the dispersion and morphology of vanadia
over different supports, Khodakov et al.l4 reported that among the different
forms of vanadia, a polyvanadate monolayer is more selective in POD reactions.
The diversity in the structure of vanadia depends on its dispersion, which mainly
arises from loading as well as support characteristics, such as surface area and
acid/base properties.2:24.27-30 Martra et al.2 studied the acid/base properties of
vanadia impregnated on Al,O3, H-Na'Y zeolite, MgO, SiO,, TiO and ZrOo. In
asimilar work but with more emphasis on the effect of the support, Dinse et al.31
examined CeO», TiOy, Al>0O3, ZrO, and SiO» with low loadings of vanadia.
Although the catalysts with acidic supports showed higher conversions in com-
parison with more basic ones, they had lower selectivity.8 In attempts to enhance
the reducibility of the active sites and increase the selectivity to propene, some
researchers modified the acid/base properties of the surface by adding different
akali and alkaline earth metals (Li,32 Na,32 K8,18,32,33 gnd Mg34).

Besides the aforementioned factors, the operating conditions and feed com-
position are decisive parameters in product distribution/catalytic performance of
POD reactions.34-36 POD is a set of consecutive reactions of oxydehydrogen-
ation of propane and further oxidation of propene to CO and CO» according to
the Mars van Kerevelen (MvK) mechanism.37-40 Whether the reaction proceeds
under propane rich (propane to oxygen ratio greater than stoichiometry) or pro-
pane deficient (propane to oxygen ratio less than stoichiometry) atmosphere, the
controlling step changes and so does the product distribution. To the best of our
knowledge, not so many studies thoroughly explore the effect of the propane to
oxygen ratio (C3/O5) and reaction conditions on overall propene yield. Most of
the studies were under stoichiometric or propane rich atmosphe-
res?3,14,16,19,20,24,41-44 and in relatively fewer studies were the results obtained
under oxygen-rich condition.15.17.21,4546 Gjven the very different conditions and
even inconsistent results in various studies, it is not possible to reach a concrete
understanding of the roles of the operating conditions and feed composition from
the published works. According to Creaser et al.#1 at low propane concentrations
or low propane conversions, a propane-rich atmosphere is beneficial for higher
propene yield but no data at higher propane concentrations or conversions were

Available on line at www.shd.org.rs/JSCS/

(CC) 2015 SCs. All rights reserved.



OPERATING CONDITIONS EFFECT ON PROPANE DEHYDROGENATION YIELD 357

reported. On the contrary, the results of Jibril et al.#> showed that higher yields of
propene could be achieved at moderately propane deficient feeds.

The aim of present study was to examine the effect of the operating con-
ditions and feed composition over V20s/alumina catalysts to achieve high pro-
pene yields. A comprehensive study was performed to explore the effects of
vanadia loading over »aumina, temperature and feed composition on the overall
propene yield, propane conversion and propene selectivity.

EXPERIMENTAL

Catalyst preparation

All catalysts were prepared by wet impregnation of y-alumina (Merck) support (average
particle diameter of 131 um and density of 2250 kg m3) with aqueous solution of ammonium
monovanadate (Merck). The impregnation was performed in a rotary evaporator (Biby Strilin
Ltd., RE200) at reduced pressure and low temperature. The impregnated samples were dried
overnight at 110 °C, further treated by heating up to 600 °C during 3 h, and then calcined at
this temperature for 6 h. Three catalysts, VAI-01, VAI-02 and VAI-03, with different vanadia
loadings of 2.7, 5.4 and 9 wt. %, respectively, approximately 8 to 10 g of each, were prepared
following this procedure.

Characterization

The surface areas of the catalysts and support were determined by nitrogen adsorption—
—desorption at liquid nitrogen temperature (77 K), using a ChemBET-3000 (Quanta Chrome
instrument). To ensure a clean and dry surface, the samples were first degassed for 1 h at 300
°C and 0.15 mbar. The surface areas were calculated using the Brunauer, Emmett and Teller
(BET) method.

The X-ray diffraction (XRD) patterns were recorded on an X-Pert Philips diffractometer
on powdered samples. The scans were collected within the 26 range 10-110° in 0.01° steps
with al sstep time using CuK , radiation.

The reducibility of the catalysts was studied by temperature-programmed reduction
(TPR) with a ChemiSorb 2750 (Micromeritics) apparatus. 50 mg of the catalysts were oxi-
dized in an O,—He mixture (20 vol. % O,) with a flow rate of 30 cm3 min® at 550 °C for 30
min and then cooled to 50 °C. Successively, the samples were degassed with nitrogen (20 cm?
min1) for 2 h at 250 °C to remove the non-bound oxygen. After cooling to 25 °C, TPR tests
were performed under a 20 mL min® flow of a5 vol. % H,/Ar mixture through a micro-reac-
tor heating at a constant rate of 10 °C min' up to 950 °C.

Activity test

A one meter long quartz tube with an internal diameter of 6 mm, installed in a furnace,
was used as a reactor. For every test, 100 mg of catalyst diluted with SiC was loaded in the
reactor and feed mixture was introduced to catalytic bed at a total flow rate of 100 cm3 min?
at standard temperature and pressure (STP). The feed ratio was varied from N,:O,:C3 = 6:3:1
(lean in propane) to 6:1:3 (rich in propane) to investigate the effect of feed composition. A
thermometer was installed under the catalytic bed to monitor precisely the temperature of the
reaction bed. After quenching and removal of water, the flow exiting the reactor was analyzed
with an online Thermofinigan GC (model No. KAV00109) equipped with HayeSep Q,
MolSieve 13X columns and in line thermal conductivity detector (TCD) for the detection of
permanent gasses, i.e., oxygen, nitrogen, and carbon oxides and Q-Plot column in line with a

Available on line at www.shd.org.rs/JSCS/

(CC) 2015 SCs. All rights reserved.



358 ZAYNALI and ALAVI

flame ionization detector (FID) to detect the hydrocarbons, i.e., propane and propene. The
conversion, selectivity, and yield were cal culated according to the following equations:

(Fpropane,i -F propane,e)

Propane conversion: Xprgpane = %100, @

Fpropane,i

F
Propene selectivity: Spropene = propene %100, 2
(Fpropane,i - l:propane,e)
( Spropene X X propane)
©)
100
where Fpyopaneis Fpropanee @ Fpropenee Stand for the molar flow rate of propane at the inlet,

the molar flow rate of propane at the outlet and the molar flow rate of propene at the outlet,
respectively.

Propene yield: Yyopene =

RESULTS AND DISCUSSION

The surface areas of the catalysts and the calculated VO surface coverage,
s (fraction of atheoretical monolayer), are given in Table | as a function of the
V,0s5 content. The coverage was calculated using 4.98x1014 V,05 molecules
cm2 required for full coverage of the surface and the initial BET area of the used
»Al»03.32 Theoretically, a V05 loading of 18.1 wt. % is sufficient to form a
monolayer of vanadia over the »Al>0O3 support. As can be seen from Tablel, in
al cases, the vanadia loading was well below that theoretically required for
monolayer coverage; thereby, no drastic changes were observed in the BET
results. This could be attributed to the good dispersion of vanadia on the j-alu-
mina surface. A vanadia loading of 2.7 wt. % dlightly increased the surface area
but a further increase in the vanadia loading led to an approximately 10 % dec-
rease in the surface area. It could be stated that at first, on introduction of vanadia
species to the surface of the alumina support, new pores were formed that led to a
dlight increase in the surface area. With further increase in the surface density of
vanadia, although new pores and surfaces were formed, due to blockage of pore
opening at the surface and exclusion of the interior surface area, the total surface
area decreased.

TABLE I. Vanadium content, surface area (Sger), calculated VO, surface density (65), and
T+pr for the studied supported vanadium oxide catalysts

Sample Loading, wt. % Sger/ m2 gl 6.1 % Trer/ °C
y-Alumina - 120.15 - -
VAI-01 2.7 122.24 15 537
VAI-02 54 104.39 30 528
VAI-03 9 104.20 50 522

According to the XRD patterns presented in Fig. 1, only peaks related to the
support were detectable and no VoOs-related peaks could be observed. Small
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V205 crystallites may be formed on the surface but they are not detectable by the
X-ray diffraction method due to their poor crystallinity, small unit cell size and
low concentration.14:31 |n accordance with the BET results, it was confirmed that
amonotonous dispersion of V20g species was obtained.

20 40 60 80 100 Fig. 1. XRD patterns of the catayst
28/° samples (& : yaluming).

The TPR results are presented in Fig. 2. All catalysts start to be reduced at
about 350 °C. On increasing the vanadia content, the maximum reduction
temperature peak shifted dightly to the left, from 537 °C for VAI-01 to 528 °C
and 522 °C for VAI-02, and VAI-03, respectively, indicating better reducibility
and higher activity.

200 400 600 800 Fig. 2. TPR patterns of the catalyst
T/°C samples.

The conversion profiles for the three different catalysts at the stoichiometric
feed ratio (N2:02:Cg = 7:1:/2) are shown in Fig. 3a. As the vanadia content of the
catalyst increased, the reaction temperature decreased. This could be interpreted
as increasing activity with increasing vanadia loading. This result is consistent
with the result of the TPR test. On the other hand, as the vanadia content inc-
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reased, the selectivity to propene decreased (Fig. 3b). The large surface area of
»alumina improves the dispersion of active sites over the surface with sufficient
distance between them to depress the extent of deep oxidation of species to COx.
As the loading of vanadia increased so did the probability of the formation of
adjacent Bransted-containing active sites.219 This may be due to the formation
of micro-crystallites of vanadia on the surface of »aumina on increasing the
loading.14.20.31 Consequently, deep oxidation to COy leads to a decreased select-
ivity towards propene.

(a)

—
<

Conversion, %
o oo

()

Fig. 3. @ Propane conversion and b)

propene selectivity over the studied

catalysts. Reaction conditions. gas

70 1 hourly space velocity = 1.67x102 m3

kgl s1, feed composition: N,:0,:C5 =

300 350 400 450 500 =811 =) VAI-01, #) VAI-02 and 4)
T/°C VAI-03.

Selectivity, %o
2 z

A thorough investigation of the conversion profile vs. temperature showed
that as the temperature increases a shift from low conversions to high conver-
sions occurs. The same transient behavior was observed for selectivity to propene
but with the transition from high selectivities to low selectivities (Fig. 4). All
three catalysts showed same behavior at different feed compositions from pro-
pane rich, stoichiometric, to propane deficient conditions. The temperature at
which the transition occurred, Tirgn, for each catalyst was almost constant under
different feed conditions but on increasing the vanadia loading, Tiygn decreased.
This could be related to the higher activity at higher catalyst loadings. Irrespect-
ive of whether the feed was reducing (propane rich, high C3/Oo ratio) or oxi-
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dizing (propane deficient, low C3:O2 ratio), the conversion and selectivity
showed different trends above Tygn. The performances of al three catalysts were

100 4 100

90 90
80 80
70 70
s
°\£ 60 - 60 °\:
; 50 - - 50 g
£ 40| -0 é
e 30 30
20 - 20
10 - 10
0 0
4 650
100 4 r 100
90 4 ko0
80 b g0
70 70
i.so 1 60 9\:
% 50 b 50 ;
g, 0 2
[} w2

F 30

400 420 440 460 480 500 520 540 560 580
r/eC
100 4 r 100
F 90

80

P Fig. 4. The effect of the feed
composition (N;:0,:C3) on pro-
pane conversion (solid line) and
propene selectivity (dashed line)
over the catadyst samples. a)
VAI-01, b) VAI-02 and c) VAI-

Conversion, %
u
<
u
<
Selectivity, %o

» » -03). Reaction condition: GHSV
] T = 167x102 mB kgl s1; NpO:Cy
0 ; : Lo — m) 7:21, ¢) 811 and A)
300 550
T/°C 7:1:2.

similar at low C3:0, ratios and they show same conversion and selectivity.
Whilst with increasing C3:0> ratio, the different catalysts show distinguishable
performances. As the feed composition approached the high C3:0o ratio, the step
change caused by increasing temperature was hindered.
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Theyield profile vs. temperature is shown in Fig. 5. The yield increased with
temperature, underwent a sudden increase at Tigy and then remained amost
constant. Although VAI-O1 exhibited the lowest activity amongst catalyst
samples, it showed the highest yield as the temperature increased above Tiran.
Investigation of Yyay (Yield above Tygy) at different feed compositions indicated
the existence of a maximum value for yield on increasing C3/O» (Fig. 6a). The
reaction feed compositions varied from N2:02:C3 = 6:1:3 to 6:3:1, but except for
VAI-02, all tests were performed in the range N2:02:C3 = 7:1:2 to 7:2:1. In
comparison with the UEL (upper explosion limit) of propane (9.5 %), all propane
mole fractions in reaction mixtures were above the UEL except for N2:02:C3 =
=6:3:1. Thelow yield of propene above Tiran at a C3:05 ratio of 1:3 could be due
to operating at temperatures above the AIT (auto ignition temperature) of pro-
pane (470 °C), which resulted in homogeneous combustion. As C3:0» reaches
1:2, a sharp increase in yield was observed. The highest yield was attained at a
C3:02 of 1.1 and the yield decreased with further increasing of C3:05. The
highest yield occurred under propane deficient conditions in the range of 1.2 <
< C3:07 < 21 (Fig. 6b). VAI-01 showed the highest yield amongst the three
catalysts so that a maximum yield of 17 % could be achieved at a C3:0» ratio of
1:1 above 550 °C.

Fig. 5. Propene yield variation with
temperature.  Reaction  conditions:
GHSV = 1.67x102 m3 kg s and feed
300 350 400 40 500 530 600 composition: N:0p:C3 = 811 ¢)
T/oC VAI-01, ®) VAI-02 and 4) VAI-03).

Theyield to propene is the result of propane conversion and propene select-
ivity. Thus, to investigate yield variations, the separate effects of temperature and
partial pressure of species on the reaction rates of the POD network must be
taken into consideration. As stated, it is believed that the POD reactions occur via
the MvK mechanism in which abstraction of a hydrogen from propane is the rate
determining step; in other words, the activation energy of the selective oxidation
of propane to propene is greater than the activation energy of deep oxidation of
propene. 1547 Therefore, the selective oxidation of propane is more sensitive to

Available on line at www.shd.org.rs/JSCS/

(CC) 2015 SCs. All rights reserved.



OPERATING CONDITIONS EFFECT ON PROPANE DEHYDROGENATION YIELD 363

temperature so that higher temperatures elevate the selectivity to propene at cons-
tant conversion. On the other hand, a higher partial pressure of the reacting spe-
16 4

()

12 4
10 |
X
= 8
2
=
6l
4_
2_
04 ‘ ‘ ‘ .
631

7201 811 7:1:2 6:1:3
Feed molar ratio, N,:0,:C;

oa

Fig. 6. a) Variation of the max-
imum propene yield with feed
ratio in the case of the VAI-02
catalyst and b) comparison of the
maximum propene yield amongst
the catalyst samples at different
feed ratios. Reaction condition:
gas hourly space velocity =
VAI-01 VAL02 VAI-03 =1.67x102m3 kgt st

Yield, %

cies accelerates the reaction rate and conversion. Since oxygen is consumed in
both selective and deep oxidation, operation at higher oxygen partial pressure
(C3:07 < 1:2) eases the re-oxidation of the reduced surface and consequently
encourages the undesired deep oxidation of the produced propene, which means
reduced selectivity. Although under stoichiometric/propane rich conditions
(C3:02 > 2:1), selectivity to propene is relatively higher, the catalyst surfaceisin
areduced state which limits conversion. It seemsthat at C3:0, = 1.1, surface red-
uction and re-oxidation are balanced in such a way that the propane oxydehyd-
rogenation reaction, which determines conversion, and further deep oxidation of
the produced propene, which controls selectivity, are leveled. Hence, the overall
yield at C3:0- = 1:1 was superior to those obtained under other conditions.
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CONCLUSION

The support, active metal, and promoter have determining roles in the per-
formance of catalysts in terms of the achievement of higher conversions and sel-
ectivity towards the desired product. However, these are not all that can affect the
performance of catalysts. Tuning the operating temperature and feed composition
could also help to increase the overall yields.

Increasing the vanadia content leads to higher activity of catalyst as con-
cluded from the higher conversion at lower temperatures. However, as the acti-
vity increases with vanadia content, the selectivity to propene declines. By
adjusting the feed composition at propane deficient conditions and operation at
higher temperatures, the overall yield increases. The highest propene yield of
about 17 % was achieved using VAI-01 with 2.7 wt. % content of vanadia and
operating at a C3:0> ratio of 1:1 at temperatures above 550 °C.

U3BOJ
IOOBUJAE BERET IIPUHOCA ITPOITEHA [TOJEIIABALEM PATHUX YCJIOBA
OKCHUIATHWBHE OEXUIPOTEHU3AIIUIE ITPOITAHA HA V,05/9~Al;03

YOUSEF ZAYNALI u SEYED MEHDI ALAVI

Chemical Engineering Department, Iran University of Science and Technology,
P. 0. Box 16765-163, Tehran, Iran

YBpCTH KaTaJU3aTOP BAHAIHjyM-TIEHTOKCHI je YCIEIIHO CUHTETHCAH HWMITPerHaldjoM
y-IJIMHULIE Pafii UCIHUTHUBama OKCUIATHBHE AEXUIPOreHH3anuje nmpomnaHa. JodujeHu karta-
nu3aTop je okapaktepucaH cnenehum meromama: XRD, BET u TPR. ¥V mupokom omncery tem-
nepatypa (340 mo 630 °C), UCIUTHUBAH je YTHIQ] PA3IMYUTUX KOJIMYHWHA BaHAIHjyM-TIEHTO-
kcupa (2,7, 5,4, 1 9 mac. %) 1 ogHoca kuceoHUK:ponaH (3:1 no 1:3) Ha KOHBEP3HUjy MpoMaHa,
Kao ¥ Ha MPUHOC NpONeHa Ha aTMOCEpCKOM NMPUTUCKY. [JodujeHHn pesynTaTd ykasyjy Ha To
Ia ca mopacToM CafprKaja BaHaOWjyM-IEHTOKCHAA PacTe aKTBHOCT KaTaau3aTopa AOK CeleK-
THBHOCT 3a IIPOIEH MOHOTOHO omnaja. [IpHHOC mpomneHa pacTe ca MopacToM TEMIEPAType Of
340 mo 630 °Cy ciy4ajy CBUX UCTIMTHBAHUX KaTaiausatopa. [I[ppHOC mpomneHa JOCTHKe MaKCH-
MYM IIpY IPOMEHHU OFHOCA NMponaH:KuceoHUk of 3:1 go 1:3. [IpuHOC pacre ca mopacTom mnap-
UMja/IHOT TIPUTHUCKA KUCEOHMKA [0 €KBUMOJIADHOT OfHOCA NPOMNAaH:KUCEOHHMK, a 3aTUM OMNaja
ca Ja/bM TOPACTOM MapLHjaIHOT MPUTHUCKA KUCEOHHWKA. MaKCHMMaiaHU MPHHOC MpOIeHa of
17 % je modujeH y ciydajy KaTaausatopa Koju canpxu 2,7 Mac. % BaHagHUjyM-TIEHTOKCHZA Ha
temneparypu og 550 °C.

(ITpumibeHo 5. Maja, peBupupaHo 25. jyHa, npuxsaheno 27. jyna 2014)
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Abstract: Various uses of ferrofluids for technical applications continuously
raise interest in the improvement and optimization of the preparation methods.
This paper deals with the preparation of finely granulated magnetite particles
coated with oleic acid in hydrocarbon suspensions following either chemical
co-precipitation from iron salt precursors or wet milling of micron size mag-
netite powder with the goal to compare the benefits and disadvantages of each
method. Microstructural measurements showed that both methods gave similar-
sized magnetite particles of 10-15 nm. The wet-milled magnetite suspension
had a higher saturation magnetization than that obtained in the relatively rapid
co-precipitation synthesis. The different efficacies of ferrophase incorporation
into kerosene could be related to the different mechanisms of oleic acid bond-
ing to the surface of the nanoparticles. Comparative data showed that wet
milling represents a viable alternative to the traditional co-precipitation method
since despite of longer processing time, the impact of chemicals on the envi-
ronment and remnant water in the final product could be avoided.

Keywords. magnetite nanoparticles; kerosene suspensions; X-ray diffraction;
TEM; magnetometry; IR spectra.

INTRODUCTION

Magnetic iron oxide nanoparticles and their fluid dispersions have been of
scientific and technological interest since the 1960s. One of the most widely used
and explored technigue for the synthesis of submicron magnetic particles is the
co-precipitation method.18 Based on this simple and efficient procedure, con-
densing divalent and trivalent iron salts in reactions with hydroxide bases, mag-
netite crystalline nanoparticles form with arelatively broad size distribution. Due
to their magnetic moments, these particles tend to aggregate. Agglomeration

* Corresponding author. E-mail: dorina.creanga@gmail.com
doi: 10.2298/JSC140313053A
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could be prevented by using electrostatic or steric stabilization. Oleic acid was
proven to be the best surfactant that forms a stabilizing shell around the mag-
netite particles due to its highest affinity to the surface of superfine magnetite
compared to other surfactants.>8 The particle size and morphology can be
changed by varying the parameters of synthesis, such as temperature, pH, con-
centration of components?=3 or by using different surfactants for the stabilization
in organic solvents# A hydrophilic surface coating is used when agueous
dispersions are required for biomedical applications.49:10

Although small particles can be easily achieved by chemical precipitation, it
has been shown that, in practice, the mechano—chemical method of wet milling is
also a simple, efficient and environment-protective method for obtaining finely
granulated magnetic ferrite particles.11-14 In spite of the possible drawback of
long grinding times, the mechano—chemical technique offers certain advantages
which may place it as a useful method for obtaining nanometric particles in
colloid suspensions, in particular, ferrofluids.

In this study, soft magnetic colloids were prepared by the two methods, and
their microstructural and magnetic properties are comparatively discussed herein.

EXPERIMENTAL
Synthesis by co-precipitation

Ferrous sulphate heptahydrate (99 %), ferric chloride hexahydrate (99 %), 25 % ammo-
nium hydroxide, oleic acid (90 %), hexane (95 %) and kerosene reagent grade were purchased
from Sigma-Aldrich and used without further purification. Distilled water was deionised prior
to use.

The first colloidal sample, S1, was obtained by chemical precipitation of magnetite in a
multistep process (Fig. S-1 of the Supplementary material to this paper), starting from
stoi chiometric amounts of aqueous solutions of ferric and ferrous salts that were condensed by
reaction with excess base (i.e., anmonium hydroxide NH,OH) to form magnetite nanopar-
ticles.

Following the Massart procedure,1®> 300 mL of 1 mol L1 FeSO,-7H,0 solution and 300
mL of 2.8 mol L1 FeCl3-6H,0 solution were heated at a temperature of 80-85 °C (under
atmospheric conditions) and then 200 mL of 25 % NH,OH solution — as a precipitation agent
—was added drop-wise under continuous stirring. A 20 % excess amount of NH,OH was used
to ensure the formation of magnetite nanoparticles and no other iron oxides. About 30 min
after the co-precipitation reaction, phase separation was observed. Following magnetic dec-
antation and repeated washing with deionised water, to remove salt residues, the ferrophase
was further washed with ethanol to remove water traces, and subsequently filtered on a paper
filter. The main chemical reactions could be given as:

2FeCl3 + 6H,0O — 6 Cl- + 6H* + 2Fe(OH)3;
FeSO, + 2H,0 — SO,% + 2H* + Fe(OH);
8NH4* + 6Cl- + SO2 — 6NH,Cl + (NH,),S0y;
2Fe(OH)3 + Fe(OH), + 8OH" + 6H* + 2H* — Fes0, + 12H,0
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Thus, the mixed iron oxide Fe;0,4 resulted from intermediate iron hydroxides in the agqueous
reaction medium. Next, the magnetite particles were coated with oleic acid 1.6 (V/V)
dispersed in hexane, the mixture being heated up to 80 °C under continuous stirring. After
hexane evaporation, kerosene was added as the dispersion fluid, with continuous stirring for
60 min.

Wet milling preparation procedure

The second sample, S2, was obtained by mechano—chemical processing of micrometric
magnetite particles (Fig. S-2 of the Supplementary material) in avibrating ball mill.

The raw material was industrial magnetite powder (residual product from charcoal
processing), with an average particle diameter of 1 um, prepared by hydrotherma method,
that was milled within a laboratory device with four sealed hardened steel cups, of about 700
mL each containing 4.5 and 13.5 mm diameter steel balls; mixing was realized by using a
380V/50Hz engine with a power supply of 1.1 kW at rotation speed about 900 rev minl.
About 400 mL kerosene/oleic acid in the ratio of 6:1 (V/V) were put in every cup over an
excessive amount of magnetite and wet milled for about three thousand hours (daily cycles of
12 h milling / 12 h resting). The ol eate-coated ferrophase suspended in kerosene was collected
from the top of the steel cups after 24 h decantation, while excess ferrophase remained as
sludge at the bottom. Further centrifugation was realized at 3500 rev min'1 for 10 min.

Physical characterization

Microstructure and magnetic properties of the magnetic colloid samples were charac-
terized by transmission electron microscopy (TEM), powder X-ray diffraction (XRD), mag-
netometry, and infrared spectrophotometry (FT-IR).

The TEM measurements were performed on a Philips CM 100 Biotwin instrument, with
80 kV voltage and 180,000 magnification. The original colloid samples were diluted with
toluene, a few droplets were deposited on a carbon-coated copper grid and left to dry over
night protected from environmental particle contamination.

The X-Ray powder diffraction patterns were recorded on a Bruker D8 Advance ins-
trument using CuK , radiation in Bragg—Brentano geometry, with a scanning interval of 0.02°.
The fluid samples were deposited on glass plates and dried. After drying, the remaining
surfactant gave rise to strong background scattering, thus long measuring times of 14 h were
required.

Magnetization investigation was carried out by a Gouy magnetometerl® at room tem-
perature using an air-tight nonmagnetic cylindrical sample holder of 3 mm in diameter and 25
mm in height, placed perpendicularly to the magnetic field.

The volume fraction of the ferrophase was calculated from the density values of the
ferrofluid, kerosene and magnetite. Densities were measured at room temperature by pycno-
metric method.

The infrared absorption spectra were recorded in KBr discs using Bruker Vertex 70 FT-
-IR spectrometer.

RESULTS AND DISCUSSION
Electron microscopy

TEM images are shown in Fig. 1a and b. Mainly, quasi-spherical particles
were seen in all recorded TEM images for both samples. The surfactant coating
gave negligible contrast compared to iron oxide, hence the size of the observed
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particles corresponded to the size of the magnetite cores. Better uniformity of the
nanoparticles spreading on the support grid was obtained for the wet-milled
sample, while groups of closely disposed particles were observed for the co-pre-
cipitated sample.

Fig. 1. TEM images of samples: a) S1 and b) S2.

Using several images for every sample, histograms of the particle size dis-
tribution were constructed by the manual counting of over a thousand particles
(Fig. 2a and b). Both graphs have asymmetric shapes, the distribution tails
extending up to 25 nm, while most of the particles were between 5 and 15 nmin
diameter. The largest frequency corresponds to 10 nm diameter in sample S1 and
to 7 nmin sample S2.

Fig. 2. Size distributions of magnetic nanoparticles obtained by a) the co-precipitation route
S1 and b) the mechano-chemical route S2. The solid lines are the fits to the
log—normal size distribution.

Log—normal size distribution curves were found to fit fairly well each data
set. The mean vaues of the physical diameter Dtgy as well as the standard
deviation orgp of thefitted log—normal distributions are givenin Tablel.
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TABLE |. Physical and magnetic parameters of the ferrophase in the two prepared ferrofluids

Sample ¢/ % DXRD / nm OXRD / nm DTEM / nm
S1 2.3 9.1 0.30 11.7
S2 5.6 8.7 0.30 7.6
orem / NM Mg/ kA ml Dy / nm op / nm
S1 0.28 3.6 7.7 0.39
S2 0.38 13.9 54 0.44

X-ray diffraction

The X-ray diffraction data (Fig. 3) for both samples revealed the typica
spinel structure of magnetite with a lattice parameter 0.835 nm, as obtained by
Rietveld refinement. No traces of impurities were registered. The line shape was
modelled as originating from isotropic particle size broadening using the Fullprof
program suite. The effective crystallite sizes of 9.1 and 8.7 nm were estimated for
S1 and S2 and they were in agreement with the average size of the particle
populations measured by TEM.

Fig. 3. X-ray diffraction patterns of the dried samples S1 and S2.

Pycnometry

The ferrophase volume fraction, ¢, was calculated from the densities of the
constituent materials according to formula:

— (pe=pL)

(ps=pL)
where pg, pL and pg are the densities of the ferrofluid, the carrier liquid (kero-
sene) and of the solid phase (magnetite), respectively. The results revealed that

the wet milling procedure resulted in a higher efficiency of magnetite incorpor-
ation in kerosene; the volume percentage of magnetite in the wet milling ferro-
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fluid S2 being higher than in the co-precipitation fluid S1, i.e., 5.6 compared to
2.3 %.

Magnetometry

Superparamagnetic behaviour without hysteresis loop in the magnetization
curves was observed by recording the sample magnetization, M, as a function of
the applied magnetic field H up to 500 kA m1, as shown in Fig. 4. A higher
saturation magnetization was obtained for the ferrofluid prepared by wet milling,
in accordance with the higher ferrophase volume fraction determined by the
pycnometric method. Analyzing the magnetization data, the magnetic moments
of the individual particles could be obtained.
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POl Fig. 4. Magnetization data for the
./.,.f’ fluid samples S1 and S2 at room
e -15 temperature.

The magnetization data were modelled using the Langevin function:
M / Mg = L(x) =coth x—1
X

where x = uH/kgT, in which H is the applied field, kg is the Boltzmann constant
and u is the magnetic moment of an individual particle, given by u = mgrDy3/6,
where Dy is the particle magnetic size and ms is the saturation magnetization of
bulk magnetite (0.48x10% A m1). The magnetic response of the population of
particles obeying alog—normal size distribution was fitted to the measured data;
integration was performed over the whole range of particle sizes 3411 This
approach allowed the size distribution to be described by two parameters. the
mean value of the particle magnetic size Dy and the width oy of the distribution
curve. It can be seen (Table I) that the Dy values were smaller than the Dtgym
ones. The non-magnetic surface layer of the nanoparticles usually results in a
smaller magnetic size than the physical size by 1-2 nm.46 The dimensional
parameters of the nanoparticles, the saturation magnetizations of the fluids and
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the ferrophase volume fractions are presented in Table |. The three character-
ization techniques show that the two samples contained magnetic nanoparticles
with rather similar shape and size distributions, the width of the latter being about
0.4, which istypical for magnetite particles prepared by co-precipitation.34

Vibrational spectroscopy

The infrared spectra of S1 and S2 together with the spectra of magnetite
powder and oleate are shown in Fig. 5a and b. The magnetite skeleton vibrations
are seen at the lowest wave numbers, i.e., toward 500 cm—1 but also at around
3500 cm! (Fig. 5a). In the spectrum of the S1 sample prepared by the co-pre-
cipitation method, the vibration band at about 3500 cm1 could also arise from
OH stretching mode of water molecules (Fig. 5b), this being a consequence of
possible traces of water from the technological step of ferrophase synthesis in
agqueous medium. The relative diminution of the magnetite band at 3500 cm1
when passing from magnetite powder (Fig. 5a) to S1 and S2 magnetite suspen-
sions (Fig. 5b) could be due to oleate ion bonding to the iron ions of the ferro-
phase. Moreover, if the intensity of the 3500 cm1 vibrational mode remained
relatively higher in the S1 co-precipitation sample compared to the S2 wet mil-
ling sample (Fig. 5b), this could be the consequence of the possible lower
efficiency of oleate ion bonding in co-precipitation method as well as of the
higher content of traces of water arising from the technological step of ferrophase
preparation in agueous medium (missing in the case of the mechano—chemical
procedure).

Fig. 5. Vibration spectra of ) the ferrofluid components: magnetite and oleate and
b) the samples S1 and S2.
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It could be assumed that the stretching vibrations of the C-H bonds of the
oleate ion, both symmetric and asymmetric ones, at about 2950 cm—1 (Fig. 5a) as
well as those from 1500-1700 cm1 range (carboxy! stretching and bending
vibrations) were dlightly shifted toward smaller wavenumbers for the colloidal
suspensions (Fig. 5b) as a consequence of the magnetite core — organic shell
interactions. In addition, the relatively higher intensity of these vibration bands in
S2 compared to S1 suggests the higher efficiency of ferrophase coating in the
mechano—chemical procedure when water traces are theoretically missing.

The band with the highest wavenumber from this group could be assigned to
the deformation vibration of hydroxyl from the carboxyl group, the correspond-
ing interaction being formed during oleate attachment. The remarkably higher
relative intensity of this band in the spectrum of the S2 sample compared to that
in the spectrum of S1 suggests that possibly non-bound oleic acid remained in the
fina sample. The amount of the excess surfactant could be decreased by imp-
roving the preparation protocol of the wet milling procedure to include an
additional diaysis step —which will beincluded in future investigations.

Mechanisms of co-precipitation and the mechano—chemical synthesis

In the case of conventional chemical route, the intimate contact of surfactant
molecules with nanoparticles depends in principal on two factors: heat supply
and stirring efficacy in the sample volume. However, neither of these is easy to
control: during intensive heating, the hydrocarbon dispersion liquid evaporates
and needs to be carefully added in new small aliquots, while the stirrer makes
inhomogeneous contacts with the parts of the suspension volume during stirring.
An inert gas atmosphere is required to avoid oxygen reaction with iron during the
long stirring times.

Regarding the mechanochemical method, it should be mentioned first that
the high kinetic energy of the milling balls favours the occurrence of reactions at
temperatures lower than those required for conventional syntheses.17.18 During
the milling procedure, the innumerable ball—particle collisions favour chemical
adsorption of surfactant each time at a different small site (close to 10-° m3)19 of
a given particle. Inelastic collisions between the particles and the balls fractures
the particles leading to the formation of fresh interfaces between the reaction
phases by means of dynamic deformation, fracturing, and cold welding, while
energies of aimost 1 J could develop during intervals of 104-10-5,1819

According to Guler and Evin,20 the milling intensity is an important para-
meter in the occurring reactions. Maurice and Courtney?! developed a comput-
ational modelling stating that the deformation size in a powder particle that is
trapped between balls could be expressed as a function of the distance from the
particle centre to the contact area, the relative impact speed, the ball density and
the hardness of the particle. The frictional heat dissipated over collision areas is
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transferred from balls to particles that empowered the exposed iron ions to react
with local surfactant molecules. The ball surface could also be affected but the
steel balls release only iron ions; in this respect, it could be hypothesized that
such iron ions would also attach to oleate ions so that free oleate vibrational
modes are overlapped with those of oleate-iron and oleate-magnetite particles,
affecting the intensities in the infrared absorption spectrum.

CONCLUSIONS

Taking into account al above results, it may be concluded that the two
preparation methods yield magnetic colloid particles having rather similar quasi-
spherical shape and sizes of around 10 nm. The volume fraction of the ferrophase
and the saturation magnetization of the colloidal fluids were different: the two
times higher volume fraction and the dlightly different size distribution of the
particles resulted in more than three times higher saturation magnetization in the
sample prepared by wet milling. These results show that the mechano—chemical
method may be preferred in certain practical situations. With this method, no
synthesis of magnetite is required, unlike in synthesis methods involving milling,
in which mechanical milling is used for the formation of the ferrite phase from
precursors. From this point of view, the process is simpler, as no chemical trans-
formations occur except the bonding of the surfactant molecules to the magnetite
surface. In certain cases, the long milling times could be an acceptable disadv-
antage, outbalanced by the higher efficiency of ferrophase incorporation by coat-
ing with oleate ions, and easy control of the particle size by varying the milling
time.

SUPPLEMENTARY MATERIAL

Schematic presentations of the synthesis of magnetite are available electronically from
http://www.shd.org.rs/JSCS/, or from the corresponding author on request.
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U3BOJ
MOKPO MJIEBEILE HACITPAM KOITPELITUITUTALIUJE —
CHUHTE3A MATHETUT-®EPODJIYUIA
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CH-5232 Villigen, Switzerland

Pasnuuute TexHUuke npuMeHe depodiyrna ZOBOLe IO MOopacTa UHTepecoBama 3a yHa-
npeheme U onTUMHU3ALKjy MeTOLla CHHTe3e. Y 0BOM paJiy UCIIUTHBAHA je mpurpema GUHO rpa-
HYJINCAaHHUX YeCTHULla MarHeTHTa PeByYEHHUX OJIEMHCKOM KHCETHHOM Y CyCIieH3Hjama yTI/bOBO-
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IHUKA HAaKOH XeMHjCKe KOMpelUNnuTalyje u3 coiau reokha kao mpexkypcopa ¥ HAKOH MOKpOT
MJIeBera Ipaxa MarHeTHTa MUKPOHCKUX OUMEH3Hja Ca LWbHEM Ia ce yIopene MPemHOCTH U
OorpaHHMYeHa OBe JBe MeToje. MHUKDOCTPYKTypHa Mepema Cy Iokasana Aa ode MeTone Hajy
MareHTHUT CJIMYHE BeauuMHe yectuua, 10—-15 nm. Buiry BpegHOCT MarHeTrsanuje npH caTy-
pauyju nokxasyje CycneHsHja MarHeTuTa JoOHjeHa MOKpDUM MIEeBewmeM y nopehewy ca pena-
THBHO OP30M CHHTE30M KOMPEIHUNUTANUjoM. PaznuunTta epUKacHOCT HHKOpHopanuje depo-
¢dase y Kepo3uH MOXKe TIOTULIATH Of Pa3IHUUTOT MeXaHH3Ma Be3UBama OJIEHHCKe KUCEeTHHe Ha
MOBPIIMHY HAaHOUECTHIA. YIIOpeIHA aHaJIK3a MoKa3yje Ia MOKPO MJileBere ITpeCTaBsba MpaK-
TUYHY aJTePHAaTUBHY TPaAULIMOHAIHO] KOMpELUNUTALUj! jep ce, U Mopen IOyXer BpemMeHa
npolecupama, MoxXe ce u3dehy XeMHUjCKU yTULAj Ha KUBOTHY CPEJUHY Kao U TParoBH BOJE Y
(pUHATHOM IIPOU3BOJY.

(ITpumsbeHo 13. mapra, npuxsaheHo 21. Maja 2014)
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Fig. S-1. Co-precipitation synthesis of magnetite colloid by stabilization in kerosene with
oleate surfactant.
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Fig. S-2. Simultaneous size reduction and coating in a one step mechano-chemical procedure.
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Abstract: This paper deals with the numerical simulation of liquid fuel com-
bustion in a fluidized reactor using two-fluid Eulerian—Eulerian fluidized bed
modeling incorporating the kinetic theory of granular flow (KTGF) to gas and
solid phase flow prediction. The comprehensive model of the complex pro-
cesses in a fluidized combustion chamber incorporates, besides the prediction
of gas and particular phase velocity fields, the energy equations for the gas and
solid phase and the transport equations of conservation of chemical species
with the source terms due to the conversion of chemical components. Numer-
ical experiments showed that the coefficients in the model of inter-phase inter-
action drag force have a significant effect, and they have to be adjusted for
each regime of fluidization. A series of numerical experiments was performed
with combustion of liquid fuels in a fluidized bed (FB), with and without sig-
nificant water content. The given estimations were related to the unsteady state,
and the modeled period corresponds to the passing time of the flow through the
reactor column. The numerical experiments were conducted to examine the
impact of the water content in a liquid fuel on the global FB combustion kin-
etics.

Keywords: computational fluid dynamics model; combustion; fluidized bed;
two-fluid model; non-conventional fuel.

INTRODUCTION

Bubbling fluidized bed reactors with gas—solid particles is usualy employed
in industrial operations, such as energy production and petrochemical processes.
Lately these reactors were repeatedly used for the thermal disintegration (incin-
eration) of industrial waste and by-products. There are many benefits of fluidized
bed combustion of unconventional fuels (with high amounts of water and other
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ballast matter). The high thermal capacity of the fluidized bed, the thermal con-
ductivity, and the intensity of heat transfer between the inert bed material and the
fuel facilitates a stable combustion process of a wide variety of unconventional
fuels, accompanied by a low sensitivity to fuel quality. The zone of intensive
combustion occupies ardatively small volume, because most of the fuel burnsin
the bed itself, and burning-off in the “splash” zone and above the bed. In addi-
tion, FB furnaces operate at lower temperatures (=~ 850 °C) that are optimal from
the aspect of decreased NOy emission in the flue gases. Moreover, these furnaces
are favorable from the viewpoint of the efficiency of in-bed desulfurization,®
when it is necessary. For these reasons, this technology is recommended by the
EU for waste matter combustion.

Experimental methods and numerical simulations are equally employed in
research and development in the fields of energy and process engineering. The
numerical models provide great opportunities for saving resources and time in
the development of facilities and technologies in these fields. However, it should
be noted that the numerical tools for ssmulation of complex processes, such as
fluidized bed (FB) combustion, are not completely developed due to difficulties
in describing complex two-phase flow and the specificity of heat and mass
transfer in bubbling fluidized bed (BFB). In addition, many of existing numerical
methods are not compliant to engineering needs, because they are complex and
require expensive computer equipment, and are therefore not suitable for deve-
lopment and engineering applications.

There are two main approaches for computational fluid dynamics (CFD)
modeling of gas—solid hydrodynamics. The first one is the Lagrangian—Eulerian
modeling approach, also called discrete particle modeling (DPM), which solves
the equations of motion individually for each particle, whereby the continuous
phase is modeled using an Eulerian framework and the trgectories of the
particles are simulated within a Lagrangian framework.1=3 In large systems of
particles, the Lagrangian—Eulerian model requires powerful computational res-
ources because of the number of the equations that are to be solved. The second
approach for modeling gas-solid flows is Eulerian—Eulerian modeling,4~’ also
called granular flow modeling (GFM), which assumes that both phases can be
considered as fluids and takes the interpenetrating effect of each phase into
consideration by using drag models. Consequently, the application of a proper
drag model in Eulerian—Eulerian modeling is very important. The Eulerian two-
fluid approach is an extension of the fluid dynamics formulation of single phase
to multiphase flow. Particles in gas—solid flow may be treated as magnified
molecules, and the analogy of their behavior to gas molecules is the reason for
the wide use of the kinetic theory of granular flow (KTGF) for modeling the
motion of particles. The KTGF approach is based on the concept of granular
temperature. The granular temperature measures these random oscillations of the
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particles and it is defined as the average of the three variances of the velocities of
a particle. A full mathematical description of the kinetic theory is provided
elsewhere.8 In spite of detailed mathematical modeling of the complex processes
in FB, the drag laws used in two-fluid models are semi-empirical in nature.
Therefore, it is essential to use a drag law that correctly predicts the minimum
fluidization conditions where the particles are in a state of suspension because of
the balance between interfacial drag and body forces. The inter-phase interaction
drag force model by Syamlal-O'Brien® is often used; the coefficient between
fluid and solid (granular) phase in that model depends only on the phase void
fraction, but not on the fluidization conditions.

In the present study, the GFM approach was chosen for the simulation because
it requires less computational time and capacities. Here, the presented numerical
experiments are related to engineering issues, for which detailed computations
are not necessary. The different coefficients of the Syamla—O'Brien inter-phase
interaction drag force model were applied for the numerical simulation of afluid-
ized reactor, depending on the conditions of the fluidization.10 The fluidization
conditions were varied by applying different bubble fluidization intensities, bed
particle sizes, gas composition, and temperature conditions. The investigation
also includes numerical experiments of different regimes of liquid fuels com-
bustion in a FB furnace for combustion of non-conventional liquid fuels. In this
part, specia attention was paid to the influence of the water content in the fuel on
the position of the intense combustion zone and the global reaction rate.

Euler—Euler granular model of the fluidized bed

The Euler—Euler fluidized bed modeling approach considers the gas and FB
dense phase (gas—particle system under conditions of the minimum fluidization)
as two fluids with different characteristics. In the transport equations for transfer
of momentum of the effective fluid (the FB dense phase), fluid—particle inter-
actions under conditions of the minimum fluidization velocity were modeled, as
well as the interaction between the particles themselves. In the Eulerian—Eulerian
approach, all phases have the same pressure and that is the pressure of the con-
tinuous-primary phase. This model solves the continuity and momentum equa-
tions for each phase, and tracks the volume fraction. Furthermore, an additional
transport equation for the granular temperature (which represents the fluctuating
energy of the solids) is solved, and the bulk and shear viscosity of the solids are
determined using the kinetic theory of gases on granular flow.

Moreover, it is necessary to define the coefficients for calculating the inter-
phase interaction term. For modeling the interactions between gas and particle
phases, within the suggested Euler—Euler granular approach to fluidized bed
modeling, the routines incorporated in the modules of the commercial CFD soft-
ware package Fluent 6.3.26 were used. This code alows for the presence of
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severa phases within one control volume of the numerical grid, by introducing
the volume fraction of each phase. The solid phase represents a granular layer
made of spherical particles of uniform diameter. The mass and momentum con-
servation equations are solved for each phase separately.

The basic and constitutive equations of the two-fluid granular model of a
fluidized bed are given in Supplementary material to this paper.

NUMERICAL TESTS OF THE EULER-EULER GRANULAR MODEL FOR DIFFERENT
FLUIDIZATION CONDITIONS

Despite rigorous mathematical modeling of the associated physics, the drag laws used in
the model continue to be semi-empirical in nature. The semi-empirical procedure is proposed
primarily for the prediction of drag law coefficients that correspond to real minimum fluid-
ization conditions. The constants 0.8 and 2.65 in the coefficient B of the Syamlal—-O'Brien
inter-phase interaction drag force model (Egs. (12) and (13) of the Supplementary material)
are not universal, particularly when it comes to the fluidization regimes with a multi-com-
ponent fluid and under non-isothermal conditions. For this reason, the presented numerical
experiments were performed with 2D simulations of the fluidization columns with different
particle diameters and for various temperatures and gas composition for fluidization, in order
to analyze the influence of the various fluidization conditions on the choice of most suitable
values of the coefficient B constants.

For the basic multiphase calculations, a professiona package (Fluent 6.3.26) was used,
but the inter-phase interaction drag force model (Egs. (12) and (13) of the Supplementary
material) were included in the calculation with their own code using the UDF options of
Fluent.

The numerical solving of the governing equations of the Fluent Euler—Euler granular
model (Egs. (1)—(6) of the Supplementary material) was performed by the control volume
method, whereby the coupling and correction of the velocity and pressure for multiphase
flows are realized with the Phase Coupled SIMPLE (PCSIMPLE) agorithm. The discretis-
ation of the convective terms was performed with the second-order upwind scheme.

The calculations were non-stationary, with a time step of 1 ms, which allowed a rel-
atively quick convergence with a maximum of 100 iterations per time step, whereby the con-
vergence criterion between two iterations was set to 10-3. The number of time steps, i.e., the
total simulation time, was determined by the time required for the fluid to pass through the
entire reactor space. The computational domain consisted of the two zones: layer of particles
in the fluidized bed and the free flow above the fluidized bed. The entire numerical grid con-
sisted of more than 13000 nodes.

The inter-phase interaction drag force, Egs. (12) and (13) of the Supplementary material,
were included in the numerical simulation process by the specialized subroutines in the “C”
programming language (“user defined functions”), with which the user is able to upgrade
individual parts of the core Fluent code.

The proposed Euler—Euler granular model of the fluidized bed was applied on the three
fluidization regimes, the basic characteristics of which are presented in Table I. In all cases,
the theoretical value of the fluidization number was approximately three. The default cons-
tants of 0.8 and 2.65 in the coefficient B (Eq. (13) of the Supplementary material) had to be
changed for &l three regimes. Accordingly, the appropriate constants used for the simulation
of regime 1 were 0.282 and 9.077, respectively. The same constants, used for simulation of
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regimes 2 and 3 had the values of 3.2 and 0.6625, respectively. The results of numerical
simulations of treated fluidization regimes are presented in Fig. 1, which presents the dis-
tribution of the solid volume fraction during the development period of the bubbled fluid-
ization.

TABLE I. Numerica simulation cases
Reactor Particle Inlet fluidization

Regime dimensions FB height sz Particle material Fluidization as velocit
> m density, kg m3 gas 9 1 y K
m mm ms
1 1x0.15 0.15 0.3 2600 Air 0.25 300
2 0.23x0.4 0.3 0.8 2400 Air 1 300
3 0.23x0.4 0.3 0.8 2400 Air multi- 1 1200

component

@

(b)

(©
Fig. 1. Development of the solid volume fraction distribution for fluidization conditionsin
regimes: @) 1, b) 2and c) 3.
2D simulation of combustion of liquid fuelsin a fluidized combustion chamber

A comprehensive model of the complex processes in fluidized combustion chamber may
be formed by upgrading of the proposed isothermal and single component Euler—Euler
granular model of the fluidized bed, including the energy equation and the transport equations
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of chemica species conservation with the source terms due to the conversion of chemical
components. The additional equations for energy and conservation of chemical components
are presented in Egs. (1), (1b) and (2):

Energy equation of the gas phase:

0 _
8_ (agpgcp,ng) + V(agpgugcp’ng) =V [i VTQJ +
t Cpg

(13)
+V [ZagpgDi mCp,i TgVYi ] ~h(Ts-Ty)
i
Energy equation of the solid phase:
J o Ks
e (aspscp,sTs) + V(aspsuscp,s-rs) =V _VTS + h(Ts _Tg) (lb)
ot Cps
Conservation equations for chemical components:
d o
2t (agpgYi) +V(agpglgY ) =V (agpg DimVY ) +R @)

The energy balance equations for the two phases are connected through the interphase
volumetric heat transfer coefficient (h), which was given by Gunn.1! The granular conduct-
ivity coefficient has been determined using Syamlal and Gidaspow formulation.’2 Special
attention was paid to the determination of the effective thermal conductivity of the gas and
solid phase mixture.

The source term R in Eq. (2) corresponds to the chemical conversion rate of component
i. The source term of the reaction rate for component i was defined using the Arrhenius
expression:

Ea,i
RTQ

J[Yi]al v ]* 3

As the presented work is an integral part of extensive research of unconventional fuel
combustion and industrial wastes incineration, diesel fuel (CioHy,) with various water con-
tents was used as the fuel in the processed numerical experiments. Accordingly, the list of
chemical reactions that figure in treated test cases of the liquid fuels combustion in the FB,
and the corresponding coefficients in the Arrhenius equation, Eq. (3), are given in Table II.
The list includes two reactions that are not strictly chemical: the reactions of fuel devolatil-
ization and the water evaporation. The basic coefficients for the kinetics reactions for the
numerical experiments (Table I1) were taken from the literature.1314

R =Ko, eXp(—

TABLE Il. Chemical reactions list

No. Reaction o E,/Jkmaoll g ap
1 CroH22giquicy = CroH22(vapon 11.2 1.7E6 1 -
2 CygH», + 10.5 O, = 10CO + 11H,0 2.857E10 1.25E8 0.25 15
3 CO + 0.50,=C0O, 1.0E12 1.0E8 1 1
4 HZO(quuid) - Hzo(vapor) 22.39 1.7E6 1 —
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It should be noted that an actual quasi-three-phase system was treated here, that includes
the liquid phase (water and fuel in liquid state at the inlet), the gas phase (air with flue gases:
volatiles and steam) and the solid phase (inert bed particles). The numerical system was not
really a three-phase one, since equations for only two phases were used: the fluid phase,
consisting of the liquid fuel and water with gases (steam, volatiles, flue gasses and air) and the
particle phase, which consisted of agranular layer (bed) of particles.

The presented numerical experiments were applied primarily for verification of the
assumptions concerning the impact of the water content of aliquid fuel on the FB combustion
intensity. In the experiments with a pilot furnace with liquid fuel feeding into the FB,
withdrawal of the intense combustion zone was observed towards the areas below the bed
surface during the combustion of liquid fuels with a significant water content, compared to
those without water or with a low water content.1516 The emulsion of fuel (various oils) and
water were prepared in special homogenizers (heated vessel with a stirrer and heated lines to
the nozzle feeder). The detailed procedure is described elsewhere. 1516 Based on these experi-
mental results, it was concluded that the water in the fuel increased the global reaction rate of
combustion in the fluidized bed furnace. This phenomenon is associated with a sudden trans-
ition of water in the fuel to steam while entering the heated FB (= 900 °C), which causes an
expansion of the input jet and improved mixing of the fuel with oxidizer (air), as well as
breakage of the liquid (still not vaporized) fuel into small droplets thereby increasing of the
contact surface area of the fuel with the environment. The first attempts at numerical
simulation of this phenomenon were reported earlier.1’

The test case of numerical simulation of the processesin afluidized combustion chamber
was performed on the fluidization reactor of height 2.3 m and width of 0.4 m, asis shown in
the schematic view of the reactor (Fig. 2). The modeled granular bed consisted of particles of
diameter 0.8 mm and density of 2600 kg m3, where the height of the bed in the bulk condition
was 0.3 m.

Fig. 2. Schematic view of the geometry of the numerically simulated
fluidization reactor.

The fuel entered through a vertical nozzle placed axialy on the bottom of the reactor.
The nozzle for the introduction of the fuel was placed a a height of 0.05 m. Air for
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fluidization was introduced annularly as is shown in Fig. 2. The inlet temperature of the air
and fuel was ambient (300 K).

Aswas aready mentioned, diesdl (C,0H2,) with various contents of water was selected to
be the test fuel. The presented numerical experiments were performed with 0.0, 0.1, 0.2, 0.3
and 0.4 mass fractions of water in the fuel. The inlet mass flow rate of air and the pure diesel
fuel were 0.11627 and 0.002586 kg s1, respectively, in all calculations, which corresponded
to an excess air ratio of 4 = 3. In the cases when the fuel contained from 0.1 to 0.4 mass
fraction of water, the inlet total fuel mass flows were 0.00287, 0.00323, 0.00370 and 0.00431
kgssl

THE RESULTS OF THE NUMERICAL SIMULATION OF LIQUID FUEL COMBUSTION
IN THE FLUIDIZATION FURNACE

For the numerical experiments of the fluidized bed (FB) combustion, the
calculation procedure and the numerical method were the same as for the cases
treated in the numerical tests. The numerical grid shown in Fig. 2, consisting of
13130 nodes of which 3430 nodes were used for the granular bed zone, was
employed.

The computational procedure consisted of two steps. In the first step of the
calculation, the fluidization parameters were formed, according to the calcul-
ations presented in the numerical tests (Fig. 1c). The calculations were multi-
component and non-isothermal (the gas phase was heated up to 1200 K). The
matrix values of the variables calculated in the first computing step were emp-
loyed as the initial conditions for the second step of the calculation process.
Moreover, in the second step, the boundary conditions were changed introducing
the inlet fuel flow and the equations of chemical species with the source terms
due to activation of the chemical reactions. Each of the steps comprised two
simulation periods of approximately 2.5 s. After this period, it could be con-
sidered that the analyzed processes had entered a quasi-stationary state, because
further changes were minor. Accordingly, in the second computing step, the pro-
cesses were simulated from the beginning of the fuel introduction into the heated
FB, under the developed fluidization conditions, up to the end of the period of
2.5-3s.

The gas temperature distributions calculated by numerical simulation of
diesel fuel combustion in fluidized bed under the specified conditions without
moisture are shown in Fig. 3. for the period starting from 600 ms after fuel
introduction into the heated fluidized bed. The temperature field in the zone of
intense reaction in fluidized combustion chamber harmonically changed in time;
hence, quasi-stationary processes could be assumed in thistype of furnace.

The calculated temperature profiles along the fluidized reactor height for al
five mass fractions of water from 0.0 to 0.4) are shown in Fig. 4. The temperature
profiles were averaged over time for the period ranging from 2 to 3 s from the
beginning of fuel feeding into the heated FB. The changes in the radial tempe-
rature profiles versus time were not symmetric, but stochastic; hence, the vertical
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profiles in Fig. 4 represent the mass-weighted average temperature for the cross
sections along the reactor height. The ordinate in Fig. 4 is the normalized
temperature, defined as the ratio of the temperature and the maximal temperature
(Tmax) N corresponding conditions, while the abscissa represents the dimension-
less height of the furnace, which is defined as ratio between the height of the
reactor and the height of the fixed bed (Hs,). The temperature peaks and more
rapid attaining of the maximum temperature in the given diagrams were shifted
more towards the middle of the bed in the regimes with the fuel that contained
water. It could be concluded that the water content in the fuel affects, to some
degree, a withdrawal of the intense combustion zone in fluidized bed furnace
towards the lower zones. This also pointed to the fact that with fuel that con-
tained water, the location of combustion was lower, i.e., that more efficient com-
bustion was achieved. The registered effect of more a more rapid reaching of
higher temperatures during combustion was more pronounced when the mass
fractions of water in the fuel had values of 0.1 and 0.2, whereas for the higher
moisture content in the fuel, this effect was less pronounced. This indicated the
presence of a dual effect of the fuel moisture content, i.e., on the one hand, the
sudden expansion of water vapor improved the mixing of fuel and oxidizer, while
the local heat balance was reduced on the other.

Fig. 3. The change in time of the tem-
perature field in the fluidized combustion
chamber.

L Fig. 4. Cdculated temperature profiles
0.5 1 L5 2 along the fluidized reactor height for dif-
H/H,, ferent mass fraction of water in the fuel.
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The effect of the changing of combustion reaction rate due to the presence of
water in the fuel could also be analyzed by using the diagram in Fig. 5, which
shows the averaged values (in the combustion zone ared) of the summary reac-
tion kinetic rate depending on the water fraction in the fuel. These calculation
results correspond to the conditions after a period of 2 s from the beginning of
fuel feeding. Figure 5 shows that the mean reaction kinetic rate of diesel-fuel
oxidation had higher values in the cases when the fuel contained water, whereby
the dependency of the reaction rate on the moisture content in the fuel increased
suddenly when the fraction of moisture was 0.1. The noted effect of the influence
of fuel water content on the averaged fuel oxidation kinetic rate could be exp-
lained by the expansion of steam in the simulated FB, which in a number of
nodes contributed to favorable (stoichiometric and over-stoichiometric) mixtures
of fuel and oxidizer being obtained. On the other hand, higher values of the mois-
ture content in the fuel led to a decrease in the local temperature of the FB, and
then the reaction rates (according to the Arrhenius expression) were dightly lower.

Twn 7.0E-041-
' |
= odk
g 65E04
e}
od 6.0E-04]
5 SE.04 . , , . Fig. 5. Averaged kinetic rate of the summary
e 0.1 02 0.3 04 reaction of diesel-fuel oxidation depending on
Yoo the water content in the fuel.
CONCLUSIONS

A comprehensive 2D numerical model of the bubbled fluidized bed with
combustion of liquid fuels has been proposed. The developed numerical model is
based on Eulerian—Eulerian granular flow modeling with the kinetic theory of
granular flow. It includes the following basic governing equations. the continuity
equations of the solid and gas phase, the momentum conservation equations of
the gas and solid phase, the energy equations of the gas and the solid phase and
conservation equations for the chemical components.

For amore realistic simulation of eventsin the fluidized system of gas—solid
particles that include combustion processes, it is necessary to adjust the constants
of coefficient B (Egs. (12) and (13) of the Supplementary material) depending on
fluidization conditions and fluid and solid parameters. For this purpose, the
proposed Euler—Euler granular model of the fluidized bed was applied on three
different fluidization regimes.
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The presented numerical experiments were primarily applied to an inves-
tigation of the impact of the water content in aliquid fuel on the intensity of FB
combustion. The presented numerical experiments were performed with water
mass fractions of 0.0, 0.1, 0.2, 0.3 and 0.4 in diesel fuel. Within the analysis of
the results of the numerical simulation of FB combustion of the fuel with differ-
ent water contents, the temperature profiles and the mean kinetic ratio of diesel
fuel oxidation were considered.

The calculated vertical temperature profiles along the fluidized reactor
height showed that the water content in the fuel affects, to some degree, the with-
drawal of the intense combustion zone in the fluidized furnace towards the lower
zones. Moreover, the averaged kinetic rate of diesel-fuel oxidation was higher
when the fuel contained water. These two effects could be explained by an inc-
rease in the mixing intensity of the reactants and oxidizer due to steam expansion
in the FB. Furthermore, the effect of the fuel moisture content had a dual nature:
the sudden expansion of steam enhanced the mixing of fuel and oxidant, but also
reduced the local thermal equilibrium; thus, the observed effect was less pro-
nounced when the values of the water mass fraction in the fuel were higher than
0.1. Based on the analyzed results of the numerical experiments, it is could be
concluded that liquid fuels burn efficiently in afluidized bed, even if they contain
arelatively large portion of water. When it comes to diesel fuel, with water mass
fraction of 10 % had the most favorable kinetic characteristics, i.e., fuel with 10
% of water by mass required less volume for the process of combustion in the FB.

SUPPLEMENTARY MATERIAL

The basic and congtitutive equations of the two-fluid granular model of a fluidized bed
are available electronically from http://www.shd.org.rs/JSCS/, or from the corresponding
author on request.

NOMENCLATURE

a;, a»  rate exponent for the first and second reactant
Co drag coefficient

Cpg Cps 9asand solid specific heats

mass diffusion coefficient for speciesi

,m
dp, ds  particle mean diameter
E, activation energy
e restitution coefficient
g gravity acceleration
Jos radia distribution function
h heat transfer coefficient with specific surface
H height
H¢p height of the fixed bed
I unity matrix
lop second invariant of deviator of the strain rate tensor
Kgs gas/solid momentum exchange
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thermal conductivity
pre-exponential coefficient
diffusion coefficient for granular energy
pressure

universal gas constant

summary reaction rate

strain rate tensor

absolute temperature

maximal temperature in the regime
instantaneous velocity vector
species mass fraction

YiuH,0 Water mass fraction in the fuel

Greek symbols

o phase void fraction
P density

A bulk viscosity

T phase stress—strain tensor
O granular temperature
Uskin Kinetic viscosity

Uscoll  collisional viscosity

g&x

c [

8

<o fd—/nDDT

Usir frictional viscosity

1] angle of internal friction for the particle
bgs transfer rate of kinetic energy

Yos collisional dissipation energy

Indexes

b fluidized bed

g gas

S solid

i educts

j products
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n3BO[J

OBO®JIYUIHU OJIIEP-OJJIEPOBCKHU MOJEJI TPAHYJIAPHOT TOKA CATOPEBAHA
TEUHOI TOPHUBA Y PEAKTOPY C ®JIYUIU30BAHUM CJIIOJEM

CTEBAH HEMO,HA1, MUJIMLA MﬂAﬂEHOBHT}i, MMUJIMJAHA HAHPI/IKA1, IOPAI'OJbYB I[AKI/I’BZ,
AJIEKCAHJIAP EPWR' 1 MHPKO KOMATHHA®

IHHClTlmlelTl 3d HyKeapHe Hayxe ,Bunua”, Ynusepsuinew y beoipagy, beoipag, ZI/Inoeauuonu uenmap
Mawunckol paxyniueimia, Ynueep3uiteii y beoipagy, Beoipag u 3Mawuncku daxynieta,
Ynusepsuwiewi y beoipagy, beoipag

Y papmy je mpemioXKeH MOIEN HyMEpHUKe CHUMyJalldje caropeBama TEYHHX TODHBA Y
¢nynnuzoBanom cinojy (FB), koju ce 3acHuBa Ha zBo-(iyunHom Ojnep—OjnepoBckom mpH-
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CTyIy MoJenupama QIyHIU30BaHOT CI0ja y3 ogpehrBame moska dp3uHa raca ¥ 4ecTHIa y OBO-
(pasHMM rpaHyIapHAM TOKOBMMA 3aCHOBAHOT Ha aHAJIOTHMjH Ca KHHETHYKOM TEOPHjOM racosa
(RTGF). CBeobyxBaTaH Mozen KOMIUIEKCHUX ITpolieca Y GQIyuIu3alluOHOM JIOKHUIITY MOJpa-
3ymeBa, nopep ogpehupama nomka dp3uHe racHe U 4yecTHuHe (ase, UHKOPIOPUPaKke eHepreT-
CKHUX jeflHauMHA racHe W yecTHyHe ¢as3e, KA0 U TPAHCIOPTHUX jeHAYMHA XEMHjCKUX KOMIIO-
HEHTH Ca U3BOPHUM YIAaHOBHMA KOjU IOTHYY Off KOHBEp3Hje KOMIIOHeHaTa. Hymepuuku exc-
MepUMEHTH T0Ka3yjy a u3dop koedunujeHara y uspasuma 3a Cuiie Tpema MPUINKOM HHTEp-
akuvje ¢a3a MMa H3y3eTaH 3Havaj U Jja Ce OH MOpa CIIPOBECTH MOCEDHO 3a CBAKU 3HAUYAjHO
Pa3IuuuT pexxum dyususanyje. YpaheHne cy cepuje HyMEpUUKHUX €KCIIepUMEeHaTa ca CUMY-
nauujom mpoueca caropesama y FB, ca u de3 3HauajHOr cagp:xaja Boge y ropusy. IIpopauyHu
Cy HecTallMOHapHH, a MOJeIMpaHy BPEMEHCKH NEPHO OfiroBapa BPEMEHY 3a Koje rac mnpohe
LesTy BUCHHY peakTopa. M3/moxeHH HyMepHYKH eKCIIePUMEHTH Cy TPBEHCTBEHO HaMEEeHH 3a
WCTIUTHBake yTHUIAja Ccaipikaja Biare y TOPUBY HAa KHHETHUKY peakudja y (ryHIu30BaHOM
JIOKULITY.

(TTpumssero 30. janyapa, peBunupaHo 1 npuxsaheno 27. mapra 2014)
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TWO-FLUID GRANULAR MODEL OF A FLUIDIZED BED**

The basic and constitutive equations of the two-fluid granular model of a
fluidized bed are given in Supplementary material to this paper. could be
described by the following set of expressions:1
Continuity equation of the gas phase:

2 (agpo) +V(egpylg) =0 ®
Continuity equation of the solid phase:
2 (a5pe) + V(spets) =0 @
Momentum conservation eguation of the gas phase:
%(agpgﬁg) +V(agpyliglg) =—agVp+V - Ty + g pgd + Kgs (g —Us)  (3)
Momentum conservation equation of the solid phase:
2 (aspse)+ V (aspts) =

(4)

= —OJSVp + V 2:-5 + aspsg + Kgs (l_jg - Us)

* Corresponding author. E-mail: snemoda@vincars
** Nomenclature is given in the basic paper.
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where: Ugand Usare the instantaneous velocity vectors for the gas and solid
phase, respectively; ag and o5 are the void fraction of the gas and solid phase,
respectively.

The stress tensor of the gas and the granular phases are given by Egs. (5) and
(6), respectively:

= = 2 _ =
— = —_— 2 . =
Ts=—psl +20(sﬂsss+0(s(ﬂs—§ﬂs)vus| (6)
The strain rate tensor is defined as:
— 1 _ _
Sc=5 (Vi +(Va)T ) k=gs (7)
The pressure of the granular phase is:2
Ps = 20505 (1+ €5) 8 os (8)
The radial distribution function, g, for the Syamlal model is equal to:
3
Jo(as) = > 9)

+
1-os 2(1-as)?

where g is the restitution coefficient and ©sis the granular temperature.

The viscosity of the granular phase consists of the solids shear viscosity us
and the bulk viscosity Js. The solids bulk viscosity As is a measure of resistance of
solid particles to expansion/compression and, according to the Lun et al. model,
itisdefined as:

4 o5 \/?
As= gaspsdsgos(l"' &) (fj (10)

The shear viscosity is the result of trandlator motion (kinetic viscosity, sskin),
mutual particle collisions (collision viscosity, uscoi) and frictional viscosity (usg):

HUskin = Uskin T Uscoll + Usfr-
According to the Syamlal model,2 the kinetic viscosity is:

“sdsps(@sn)ﬂz{ 8 3 }
12(2_77) 1+577(377 2)055903

Hskin = (11)

(1+es)
2
and for the collision viscosity, the following expression is applied:
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8 o5 \?
Us,coll == 0lsPsUsQoslt| —
5 b

According to the Schaeffer model ,3 the frictional viscosity is defined as:

where ps is the granular phase (solids) pressure, ¢ is the angle of internal friction
for the particle and 1,5 is the second invariant of the deviator of the strain rate
tensor.

The last term in Egs. (3) and (4) is a consequence of the inter-phase inter-
action drag force, where the coefficient between the fluid and solid (granular)
phase, according to the Syamlal—-O'Brien model 4 is:

2
3o
9%sP9 ~ |5 _ 4.8
=——Cpl|ls—Ug|, Cp =| 0.63+ ——
S D |Ys
g 4Ur2,sds ‘ g‘ P ( JRes/ur s J
ds|Us —0
Reg =975 7Tl 5|~y (12)
Mg

The terminal velocity coefficient for the solid phase, u, s, was determined as:

Ups = O.S(A— 0.06Res+ \/(O.OGReS)z +0.12Reg(2B— A) + A2j

=0.80§%®  y<0.85

_ ~4.14 _
A=ag 18_{: g% ay>085 (13

The granular temperature, starting from the equations of conservation of
fluctuating granular energy, is:

3 a _, = = _,
E[g(psas@s) + V(Psasus@s)} = (_ps| + T)S Vs +
+V(kosV 0s) - vos +dgs

The diffusion coefficient or conductivity of the granular temperature,
according to Syamlal 2 is:

(14)

150t pcder/ Ot 12
, = —osPsBeV O \'s{1+—“sgos772(477—3)} (15)
4(41—3377) 5

The granular energy dissipation due to the inelastic collisions was defined by
Lun et al.,1 asfollows:
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12(1-es)Jos 3
Yo, = ds—\/EpSaS@S 2 (16)
The exchange of kinetic energy between the phases was determined as:
¢gs = _BKQSQS (17)
REFERENCES
1. C.K.K.Lun, S B. Savage, D. J. Jeffrey, N. Chepurniy, J. Fluid Mech. 140 (1984) 223
2. M. Syamla, W. Rogers, T. J. O'Brien, MFIX Documentation Theory Guide, U.S.

Department of Energy Office of Fossil Energy Morgantown Energy Technology Center,
Morgantown, WV, 1993, p. 7

3. 0. G. Penyazkov, K. L. Sevrouk, V. Tangirala, N. Joshi, in Proceedings of the Fourth
European Combustion Meeting, Vienna, Austria, 2009

4. M. Syamla, T. J. O'Brien, Int. J. Multiphase Flow 14 (1988) 473.

Available on line at www.shd.org.rs/JSCS/

(CC) 2015 SCs. All rights reserved.



Journal of
the Serbian
Chemical Society

JSCS-info@shd.org.rs « www.shd.org.rs/JSCS

J. Serb. Chem. Soc. 80 (3) 391-405 (2015) UDC 622-034.3+54.05+66.061:
JSCS-4724 621.928.17+622' 17(497.11)

Original scientific paper

Bioleaching of copper from samples of old flotation tailings
(Copper MineBor, Serbia)

SRPAN STANKOVICY, IVANA MORIC2, ALEKSANDAR PAVIC?,
SANDRA VOJINOVIC?2, BRANKA VASILJEVIC? and VLADICA CVETKOVIC?

IFaculty of Mining and Geology, University of Belgrade, Pusina 7, Belgrade, Serbia and
?Ingtitute for Molecular Genetics and Genetic Engineering, University of Belgrade, Vojvode
Sepe 444a, Belgrade, Serbia

(Received 11 April, revised 4 July, accepted 23 September 2014)

Abstract: Bioleaching of samples taken from depths of 10, 15, and 20 m from
old flotation tailings of the Copper Mine Bor was conducted in shaken flasks
using the extremely acidic water of Lake Robule as lixiviant. The yields of
copper after five weeks of the bioleaching experiments were 68.34+1.21 % for
the 15-m sample, 72.57+0.57 % for the 20-m sample and 97.78+5.50 % for the
10-m sample. The obtained results were compared to the results of acid leach-
ing of the same samples and it was concluded that bioleaching was generally
more efficient for the treatment of samples taken from depths of 10 and 20 m.
The content of pyrite in the 20-m sample, which contained the highest amount
of this mineral, was reduced after bioleaching. The benefits of this approach
are recovery of substantial amounts of copper, reducing the environmental
impact of flotation tailings and the application of abundant and free water from
the acidic Robule Lake as lixiviant. The obtained results showed that bioleach-
ing could be more efficient than acid leaching for copper extraction from flo-
tation tailings with higher sulfide contents.

Keywords:. bioleaching; flotation tailings, Lake Robule; Bor.

INTRODUCTION

The Bor Mining and Smelting Company, one of the largest industria facil-
ities in the Republic of Serbia, is the only producer of copper, gold and silver in
the country. The Copper Mine Bor has been operating since 1903 and since then,
approximately 650 million tons of waste, including both overburden and flotation
tailings, were generated.

In the early years of exploitation, the ore from the Copper Mine Bor was
generally richer in copper.l The abundance of copper in combination with the
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relatively inefficient technology used for flotation resulted in the production of
flotation tailings containing significant amounts of copper. It is estimated that the
old flotation tailings of the Copper Mine Bor, used from 1933 to 1987, contains
about 27x106 tons of tailings with an average copper content in the range 0.2-0.3
wt. %, a gold content of 0.3-0.6 g t-1 and a silver content of 2.5-3 g t1.2-6
Hence, the best estimate of the total copper content in the old flotation tailings of
the Copper Mine Bor ranges between 54000 and 81000 t.

Previous detailed analyses of the mineral and chemical composition of
samples of the old flotation tailings®>® showed that the copper content in the
dump could reach 0.5 %. The analysis also revealed that the old flotation tailings
consists mainly of quartz, silicates, carbonates (77 %), pyrite (21.57 %) and other
metal sulfides (1.43 %). The most abundant copper sulfides are covellite (0.21
%), chalcopyrite (0.16 %), enargite (0.14 %) and chalcocite (0.04 %). The flo-
tation tailings is finely ground, with 55.3 % of the particles being smaller than
0.074 mm.6 The average liberation of pyrite is around 91 % that, in the presence
of water and atmospheric oxygen, represents an important reactive potentia for
the mobilization of heavy metal ions and the generation of acid mine drainage for
many years to come.®

Currently, the Bor Mining and Smelting Company is processing low-grade
ores, since the average content of copper in the ores from the open pit mines is
around 0.3 %.” Therefore, the old flotation tailings in Bor are, potentially, a
valuable source of copper for the Company.

As copper sulfides are acid soluble, copper from flotation tailings can be
leached by sulfuric acid solutions.4% Another approach for the recovery of
copper from tailings would include the use of acidophilic iron oxidizing micro-
organisms. This process is referred to as “bioleaching”.8 It is generally known
that many acidophilic microorganisms provide metabolic energy by oxidizing
ferrous iron, generating ferric iron:

2FeSO,(aq) + H,SO,(aq) + 0.50,(9) — Fex(SO,)s(aa) + Hx0(1) D

Ferric iron is a powerful oxidizing agent that is able to oxidize metal sul-
fides, such as pyrite and copper sulfides.4

2FeS,(s) + 7Fey(SO4)5(an) + 8H,O(I) — 15FeSO,(aq) + 8H,SO4(a0)  (2)

Acidophilic microorganisms very efficiently oxidize the ferrous iron rel-
eased from pyrite and regenerate ferric iron, accelerating the process of metal
sulfide oxidation.® Oxidation of the most important copper sulfides (covellite,
enargite, chalcocite and chalcopyrite, respectively) is presented in Egs. (3)—(6):4

CuS(s) + Fey(SOu)s(a0) — CuSO,(aq) + (s) + 2FeSO,(aq) (©)
2CU3ASS,(s) + 11Fey(SO,)s(aq) + 8HO(1) —
— 6CuSO,(aq) + 2H,ASO,(ad) + SH,SO4(aq) + 83(s) + 22FeSO,(ad) (4)
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Cu,S () + Fey(S0,); (ag) — 2CuSO,(aq) + S (s) + 4FeSO4(an) 5
CuFeS,(s) + Fey(SO,)s(ad) — CuSO,(aq) + 25(s) + SFeSO,(aq) (6)

Some species of acidophilic microorganisms are able to oxidize sulfur, pro-
ducing sulfuric acid and lowering the pH of the environment. Oxidation of cop-
per sulfides produces soluble copper that can be recovered from the solution by
application of solvent extraction/el ectrowinning technology.8

Open pit acidic lakes are widespread in mining areas and they present the
potential source of acidophilic microorganisms that could be used for bioleaching
of copper. The Robule Lake is an extremely acidic water body that is located
near the town of Bor, at the foot of the overburden of the open pit. The input of
acid mine drainage from the overburden had caused the lake water to become
highly acidic and deep red in color due to the high concentrations of ferric iron.
The redox potential of the lake water measured in July 2012 was +850 mV.11
Kora¢ and Kamberovi¢® reported that the concentration of suspended solids in a
water sample collected in February 2005 was 199.6 mg L—1. Previous studies
confirmed the presence of acidophilic bacteriain the Lake water.10.11 The latter
study?! showed that the most abundant bacteriaidentified in a sample of the Lake
water were the heterotrophic bacteria Acidiphilium cryptum and the autotrophic
iron-oxidizers Leptospirillum ferrooxidans, with a relatively small number of
autotrophic iron- and sulfur-oxidizers Acidithiobacillus ferrooxidans.

Besides Lake Robule, there are also other sources of acidic wastewaters in
the Bor Mine area, which could be used for leaching copper from waste material.
For instance, the wastewater streams originating from the open pit Bor, copper
refinery and smelting plants are also characterized by low pH values and high
concentrations of iron.9

The aim of this work was to investigate the possible applications of the
acidic water of Lake Robule in the process of bioleaching of copper from the flo-
tation tailings.

EXPERIMENTAL
Samples

The flotation tailings samples were collected from 20 m-deep drill holes drilled in 2007.
Chemical and mineral compositions of the selected samples were previously determined.>®
The samples used in this work were taken from depths of 10, 15 and 20 m, and contained
5100 mg kg1, 3300 mg kgt and 4300 mg kg1 of copper, respectively.

The sample of the water from the Lake Robule was collected on June 12", 2013. The

water temperature and pH of the sample were measured on site using a Hanna Instruments Hl
98312 device.

Copper analysis
The total copper concentration in the water sample was measured using a modified

method described by Anwar et al.12 Copper (I1) was reduced to Cu(l) by the addition of 200
pL of 10 % hydroxylamine solution to 100 pL of water sample. The solution was mixed well
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and incubated for 5 min at room temperature. Tartrate buffer (1 mL of 0.5 M HCI added to
100 mL of 0.5 M sodium tartrate and pH adjusted to 5.5) was added to the sample and the
solution was mixed. Then, 500 uL of phosphate buffer (87.7 mL of 0.2 M NaH,PO,-2H,0O
with 13.3 mL of 0.2 M Na,HPO,-12H,0) and 100 pL of 0.1 % bicinchoninic acid (Sigma
Chemicals, USA) diluted in tartrate buffer were added and the sample well mixed. Finally, 0.8
mL of distilled water was added, mixed and after 10 min at room temperature, the absorbance
at 562 nm was measured.

Iron analysis

Amounts of soluble ferrous and ferric iron were determined spectrophotometrically by
the phenanthroline assay!3 and thiocyanate assay,}* respectively. Briefly, the supernatants
were collected after centrifuging 1 mL of bioleaching cultures for 10 min at 13000 rpm. For
the determination of Fe(ll) ions, the samples were prepared by mixing 50 puL of supernatant
with 20 pL 1 M Na-acetate and 150 pL 5 mM 1,10-phenantroline-monchydrate and, finaly,
filled to 1 mL with deionized water. After 15 min incubation at room temperature, the absor-
bance was read at 510 nm. The Fe(ll) concentration was determined based on the standard
curve prepared using FeSO,-7H,0. For the Fe(lll) determination, 500 pL of appropriate
dilution of supernatant was mixed with 500 pL of 1 M NaSCN and incubated for 15 min at
room temperature. The concentration of ferric ions was determined by comparing the absor-
bance readings at 490 nm to standard curve prepared with FeCl;-6H,0.

Bioleaching experiments

Water from the Lake Robule (100 mL was poured into each of three 250-mL conical
flasks and 5 g of different samples of flotation tailings were added to each flask. The flasks
were labeled S-10, S-15 and S-20, referring to the depth from which the samples were col-
lected. Abiotic controls were prepared in a similar manner, except the samples of flotation
tailings were incubated with 100 mL of sulfuric acid solution. Sulfuric acid was dissolved in
distilled water, final pH of the solution was 2.5 in order to match the pH value of the Lake
water. The control samples were labeled as CS-10, CS-15 and CS-20.

An additional control contained solely 100 mL of water from the Lake and was labeled
LW. All samples and controls were incubated for five weeks at 30 °C under constant rotation
of 150 rpm. One mL of sample from each flask was taken once a week for determination of
the concentrations of copper, ferric and ferrous ions and pH, as described. Distilled water was
added in order to compensate the evaporated water. All measurements were performed in
triplicate.

X-Ray powder diffraction analysis

The samples were analyzed in the Laboratory for Crystallography at the Faculty of
Mining and Geology, University of Belgrade, on a Philips PW 1710 X-ray powder diffracto-
meter. Experimental conditions were as follows: U =40 kV, | = 30 mA, CuK, = 1.54178 A,
26 range of examination 4-90°, step 0.02° and time constant 1 s (per step). The source of
X-rays was a copper anticathode with a graphite monochromator. The minerals were iden-
tified by comparing the obtained relative intensities /1,5 and d values with data from the
JCPDS database. Semi-quantitative analysis of the diffraction data was preformed using
computer software Powder Cell (Federal Institute for Materials Research and Testing, BAM,
Berlin, Germany).
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Satistical analysis

Values of copper concentrations released over time from the same flotation tailings
sample by acid leaching and bioleaching were compared using the t-test. The effects of the
solutions used for bioleaching on copper recovery were determined by one-factor ANOVA at
a threshold level of P = 0.05 and by the Bonferonni test. All statistics analyses were per-
formed using SPSS 20 (SPSS Inc., Chicago, IL) software.

RESULTS
Physical and chemical properties of the water from Lake Robule

The color of the lake water is deep red due to the presence of a high concen-
tration of ferric iron in the water. The temperature and pH of the water measured
on site were 21 °C and 2.53, respectively. The concentrations of copper and iron
were determined in the laboratory the day after sampling. The concentration of
iron in the water sample was 250+1.54 mg L—1 and that of copper was 47.24+
+0.610 mg L1,

Bioleaching experiment

Changes in the concentrations of copper, and ferrous and ferric irons during
the bioleaching experiment are presented in Fig. 1. Since the lake water itself
contained copper, the concentration of extracted copper was calculated by sub-
tracting the copper concentration measured in flask with the lake water only
(flask LW) from the total copper concentration measured in the leaching solution

(flasks S-10, S-15 and S-20). The yields of copper after five weeks of bioleach-
ing are presented in Table.

TABLE |. Copper contents and the yield of copper after five weeks of bioleaching

Parameter Sample

S10 S-15 S-20 Mean
Cu content, mg kgt 5100 3300 4300 4233
Cu bioleached, mg L1 249+14 113+2.1 156+1.2 173+14
Yield of Cu, % 98+5.5 68+1.2 73+0.6 82+8.2

According to one-way ANOVA (leaching solution) and the Bonferonni test
(P < 0.001), the extraction of copper from flotation tailing samples collected at
depths of 10 and 20 m was significantly more efficient during bioleaching in
comparison to acid leaching (Fig. 1). The differences in concentrations of copper
recovered from the 15-m samples by bioleaching and acid leaching were not sta-
tistically significant (P > 0.05, Fig. 1). Notably, there was no significant increase
of the released copper concentration during acid leaching over the period from
the second to fifth week (P > 0.05, t-test). On the other hand, statistical analysis
(Bonferroni test) showed that the concentrations of copper obtained after five
weeks of bioleaching of the 10-m and 20-m samples were significantly higher
than the concentrations measured in the previous four weeks.
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The changes in pH values during bioleaching with lake water, and leaching
with sulfuric acid solution pH 2.5 are presented in Table .

TABLE Il. Changesin pH during the bioleaching experiment

Sample Week
1 2 3 4 5

S-10 254 2.58 243 224 2.22
S15 253 250 2.33 2.26 2.20
S-20 2.55 2.88 2.36 2.33 231
Cs10 2.50 3.44 3.27 3.02 3.34
Cs15 2.50 2.80 2.65 2.67 2.68
CS-20 2.50 2.88 2.63 2.70 2.77

X-Ray powder diffraction analysis

Results of the X-ray powder diffraction analysis of the flotation tailing
samples before and after treatment are shown in Figs. 2 and 3, respectively. The
results of the quantitative analysis of the diffraction data are presented in Table
I11. The most abundant mineral in all samples was quartz (SiO,). Pyrite (FeS,)
and secondary copper-containing mineral langite (Cu,[(SO,)(OH)g]-2H,0) were
also detected in all samples.

DISCUSSION

The aim of the study was to test the potential of acid water from Lake Robule
for bioleaching of copper from the old flotation tailings of the Copper Mine Bor.
In order to evaluate this, changes in concentrations of copper, and ferrous and ferric
iron were monitored for five weeks in the bio- and acid- leaching experiments.

The obtained results showed that changes in the concentrations followed a
similar pattern regardless of which sample of flotation tailings was used (Fig. 1).
Within the first two weeks of bioleaching, the copper concentration in al three
samples rose rapidly, and continued to rise during the third week but more
slowly. Although decreases in the copper concentrations were observed during
the fourth week, in the last week of the bioleaching experiment, the concentration
of copper increased and reached the maximal level (Fig. 1A). The increase in
concentrations of ferrous iron during bioleaching (Fig. 1B), which coincided with
the initial rise in the copper concentrations, indicates that leaching of copper
during the first three weeks was, at least partly, mediated by the presence of fer-
ric iron that originated from the lake water. On the other hand, the increase in
concentrations of ferric iron were slower until the fourth week, when a steep inc-
rease in its concentrations (Fig. 1C) and a decrease in ferrous iron concentrations
(Fig. 1B) were detected. Although changes in the concentrations of copper, fer-
rous and ferric iron in the acid leaching experiments showed a certain similarity
with those during bioleaching, differences were clearly visible in the fourth
week, especialy in the ferric iron concentrations (Fig. 1C). These results suggest
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Fig. 2. X-Ray powder diffraction analysis of the tailings samples before treatment with lake

water. Changes in peak heights that appear to be significant are marked with arrows. The
samples of flotation tailings taken from depths of: &) 10, b) 15 and c) 20 m.

that bacterial influence on the oxidation of sulfide minerals in the first three
weeks was lower than in the last two weeks, when the bacteria exhibited their
maximal activity.

During the process of bioleaching, acidophilic iron oxidizers, such as Acidi-
thiobacillus ferrooxidans or Leptospirillum ferrooxidans, attach to the mineral
surface and produce a biofilm of exopolysaccharides, which facilitates the oxi-
dation of pyrite and other sulfide minerals. After attachment, the bacteria in the
biofilm multiply rapidlyl>-18, Zeng et al. tracked a number of attached and plank-
tonic moderately thermophilic acidophiles during bioleaching of chal copyrite.18

Available on line at www.shd.org.rs/JSCS/

(CC) 2015 SCs. All rights reserved.



BIOLEACHING OF COPPER FROM THE FLOTATION TAILINGS 399

7 s

® e ¢ o
-.~_-JJI n—J—d‘—A__M._.A__J . [ M, . PR
@
e
¢
. |
| $ Tonm uj o o
.—km..,aﬂh..u-J‘u— _._...,, L t A li‘ N

e el e

] [ “ “ “ " 3 & [

[ ]
K
L 4 o o
....;]..._._..._.. LJLUJ_.J.‘_J?_,_.L..L J .3.__! PP 1
(©
Fig. 3. X-Ray powder diffraction analysis of the tailings samples after treatment with lake
water. Changes in peak heights that appear to be significant are marked with arrows. The
samples of flotation tailings taken from depths of: &) 10, b) 15 and c) 20 m.

TABLE Ill. Results of the semi-quantitative analysis of the X-ray powder diffraction data of
the samples of flotation tailings before and after bioleaching. Content of the minera in the
sample, %. Abbreviations: BT — before treatment, AT — after treatment

Component

Sample Quartz Pyrite Langite
S10BT 76 3 22
S10AT 86 2 12
S15BT 74 10 16
SI15AT 76 11 13
S20BT 72 20 8
S20 AT 80 11 9
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The authors reported that during bioleaching, the number of attached cells
reached its maximum on the 20t day and remained stable until the 36t" day,
when it began to decline. On the other hand, the number of free cells was lower
in comparison to attached cells during the first three weeks of the experiment.
Subsequently, the number of free cells began to increase rapidly and significantly
outnumbered the attached cells. The attached cells oxidized chalcopyrite causing
the release of ferrous iron that was rapidly oxidized to ferric iron by the free bac-
terial cells, stimulating the growth of planktonic iron oxidizing bacteria and caus-
ing an increase in the concentration of ferric iron in the solution. After approx-
imately 30 days of the experiment, the number of free cells started to decrease.
Similarly, Zao et al. reported that the number of free cells during bioleaching of
chalcopyrite with a pure culture of Acidithiobacillus ferrooxidans was the highest
on the 50t day of experiment, as well as concentration of ferric iron and positive
redox potential.17 The concentration of ferrous iron increased until the 50t" day,
when a drop in its concentration was detected. After 50 days of bioleaching, the
number of free cells in the solution began to decline, causing, on one hand, a dec-
line in the concentrations of ferric iron and the redox potential, and, on the other
hand, an increase in the concentrations of ferrousiron.18

These studies and the present results indicate that after three weeks of the
bioleaching experiment presented in this paper, the number of attached cells pro-
bably reached its maximum, causing a rapid dissolution of pyrite and other sul-
fide minerals. Simultaneously, the ferrous iron that was released into solution
was quickly oxidized to ferric iron by the fast growing free bacterial cells, stimul-
ating further oxidation of pyrite and other metal sulfides. The number of free
cells probably reached its maximum during the fourth week of the experiment,
and after this period, their number started to decline.

The efficiency of bioleaching depends strongly upon the minerals that make
up the treated material. Bioleaching of copper oxide minerals, such as tenorite
(Cu0), cuprite (Cu,0O), maachite (Cu,(CO5)(OH),) and chrysocolla (CuSiOs:2H,0)
are the most efficient.8 Generally, bioleaching of copper sulfides is more difficult
and requires more time than the bioleaching of copper oxides.8 Copper sulfides,
such as covellite (CuS), bornite (CusFeS,) and chalcocite (Cu,S), can be success-
fully oxidized during bioleaching and the yield of copper is usualy substantial.20
On the other hand, the formation of a passivation layer of jarosites during the
bioleaching of chalcopyrite(CuFeS,) prevents its oxidation in the early stage of
the bioleaching process and hence, the yield of copper after bioleaching of chal-
copyrite at ambient temperature is significantly lower in comparison to the bio-
leaching of covellite, chalcocite and bornite.1720 Dew et al. studied the bioleach-
ing of various types of sulfide minerals and reported leaching rates of minerals
from high to low: chalcocite, bornite, cubanite, covellite, enargite, carrolitte and
chalcopyrite.21 The most abundant copper sulfide mineral in the old flotation tail-
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ings of the Copper Mine Bor is covellite, followed by chalcopyrite, enargite and
chalcocite. 45

The yield of copper after five weeks of bioleaching was 68.34+1.21 % for
the S-15 sample, 73+£0.6 % for the S-20 sample and 98+5.5 % for the S-10 sample
(Table1). The unusudly high content of copper in the S-10 sample (5100 mg kg=1)
is the consequence of precipitation of copper sulfate in the upper layers of the
flotation tailings, which have been in contact with air and water for decades. Ste-
vanovi¢ reported that the surface layers of the flotation tailings dump at depths of
0 and 1 m contain only 260 and 320 mg kg1 of copper, respectively.> Content of
copper in the dump is the highest at depths of 10 m and 20 m.4-6 The exposure of
the surface layers of the dump to air and water for years have initiated chemical
and biological processes that led to almost complete oxidation of pyrite and other
sulfide minerals (Table 111, Fig. 2). X-Ray powder diffraction analysis reveaed
the presence of the secondary copper-containing mineral langite Cu,[(SO,)-
(OH)¢]-2H,0 in all samples (Fig. 2). Langite usually occurs in mine dumps in
which copper sulfate forms because of oxidation of the copper sulfides.22 The
content of this mineral was highest in the S-10 sample, and was significantly
reduced after bioleaching (Table I, Fig. 1). Dissolution of the copper sulfate and
langite in acidic solution was, presumably, the reason for a very high yield of
copper, which was detected during both bioleaching and acid leaching of the S-
10 sample (Fig. 1; Table I). Certain amounts of copper were also released from
copper oxides that were formed during the oxidation of copper sulfides.4% The
content of copper in the 15-m sample was lower in comparison to the 20-m
sample (3300 and 4100 mg kg1, respectively). This finding was expected assum-
ing that the content of copper in the mined ore had been gradually decreasing
over the years, and that the flotation technology improved and become more effi-
cient with time. According to the data presented in this paper and data published
by other authors,4-5 the old flotation tailings can be divided into three zones:
oxidized zone with the lowest content of copper (0-5 m) where sulfide minerals
are aimost completely oxidized, zone of precipitation (5-15 m) where precipi-
tation of copper sulfate occurred, and unoxidized zone (15-30 m) where the oxi-
dation rate of sulfide minerals was the lowest (Fig. 4).

The amount of pyrite in the 15-m sample was higher in comparison to that in
the 10-m sample, and the content of langite was lower (Table I11), which implies
alower oxidation rate of sulfide minerals in this layer. The content of pyrite and
langite in the 15-m sample remained unchanged after bioleaching (Fig. 3, Table
I11). The highest amount of pyrite and lowest amount of langite were detected in
the 20-m sample. Deeper sections of the old flotation tailings were in contact
with air and water for a shorter period than the tailings in the upper sections of
the dump. Due to a lower oxidation rate of sulfide minerals, the content of pyrite
in the deeper sections is higher than its content in the upper sections of the
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tailings and, consequently, the content of langite in the 20-m sample was much
lower in comparison to that in the 10-m sample (Table I11). After the bioleaching
experiment, the content of pyrite in the 20-m sample was reduced (Fig. 3, Table
I11), as the process of hioleaching generates ferric iron that is able to oxidize
pyrite, and thus reduce the amount of this mineral in the tailings.

oxidized zone

zone of precipitation

unoxidized zone

Fig. 4. Stratification of the old flotation tailings dump based on the content of copper. Shades
of grey indicate copper concentrationsin different zones.

Stevanovi¢ et al. performed an acid leaching experiment on the old flotation
tailings samples in columns with or without the addition of oxidizing agents, with
a1:1 sample to acid solution ratio.> The highest yield of copper during this acid
leaching experiment was demonstrated for the 10-m sample and it was 89.87 %.
Maximal yields of copper detected after acid leaching with the addition of oxi-
dizing agents were 73.97 and 48.12 % for the 15-m and the 20-m samples, res-
pectively.® The degree of copper leaching from the 20-m sample was lower than
those from the 10-m and 15-m samples,® which was not surprising, since the
results of X-ray powder diffraction (Fig. 2) showed that the content of sulfide
minerals was the highest in the 20-m sample.

The yield of copper detected after bioleaching of the 20-m sample reported
in this paper was 73+0.6 % (Table 1). By comparing the results obtained after
acid leaching of the flotation tailings*% and the results obtained by bioleaching
of these samples presented in this paper, it could be concluded that bioleaching
was more efficient than acid leaching for the treatment of the flotation tailings
with higher sulfide mineral contents, which is located in the deep layers of the
dump. In order to confirm further this conclusion, the next stage of the research
will focus on the bioleaching of flotation tailings samples in columns. These
column bioleaching tests will also provide an estimation of amounts of copper
that could be recovered from the flotation tailings during large-scale heap bio-
leaching.

Lake Robule is marked as an environmental “hot spot” in the Bor mining
area. In order to stop further pollution, treatment of the acidic water that cons-
tantly flows from the Lake is urgently required. The most efficient approach for
such treatment of highly polluted acidic waters is the application of technology
based on H,S produced by sulfur-reducing bacteria in sulfidogenic bioreactors.
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Hydrogen sulfide reacts with metal cations in wastewater thereby forming metal
sulfides. Due to their low solubility, the metal sulfides precipitate and their sel-
ective precipitation is accomplished by controlling the pH of the solution.23.25
The precipitated metal sulfides could be used for the production of pure metas,
such as copper and zinc. This technology successfully removes As, Sb, Cu, Fe,
Ni, Zn, Co, Cd, Mn and Pb from acidic waste waters.23 After neutralization of
the acidity, the treated water is pure enough to be released into the environ-
ment.23 Heap bioleaching using acidic lake water as lixiviant, coupled with the
above described technology, could turn the expensive process of wastewater
purification into a profitable operation. The main disadvantage of this technology
is the substantial initial capital investment.23

CONCLUSIONS

Basic bioleaching experiments in shaken flasks showed that significant
amounts of copper could be recovered from samples taken from the old flotation
tailings of the Copper Mine Bor (around 80 % on average), by application of
water from the extremely acidic metal-rich water body of Lake Robule as lixi-
viant. It was aso shown that after bioleaching of the 20-m sample, the content of
pyrite in the sample was reduced. This last finding is especially important if one
considers the fact that reducing the amount of pyrite could decrease the negative
environmental impact of the tailings. It is an obvious advantage of bioleaching
over acid leaching, since protons alone are not able to break the chemica bonds
in the pyrite molecule; hence, this mineral is unaffected by acid leaching.

In general, there are at least three benefits of the presented approach: the rec-
overy of substantial amounts of copper, a reduction of the environmental impact
of the Lake of the tailings, and the use of abundant and free water from an ext-
remely acidic lake.
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U3BOL
BUOJIYKEIBLE Y30PAKA ®JIOTALIMOHE JAIOBUHE W3 CTAPOT ®JIOTAIMOHOT
JAJIOBUIIITA PYOHUKA BAKPA BOP

CPBAH CTAHI{OBHT}i, HWBAHA MOPI/I’BZ, AJIEKCAHIAP HABI/IEZ, CAHIIPA BOJHOBI/I'BZ, BPAHKA BACU/bEBUR’
v BIAJULIA LIBETI(OBI/I'E1

IVHMGCPSMLTICITA y Beoipagy, Pygapcko—ieonowxu paxynitedi, Bywuna 7, beoipag u 2 Ynusepsuiiei y
Beoipagy, Huctuuitilyiti 3a MOJIeKyNaApHy TeHeliuky u ieHeliuuxu unicerepuni, Bojeoge Ciuetie 444a, Beoipag

Y pazy je onucaH eKkcliepUMEHT OHONyXema y3opaka (ioTallioOHe jaloBHHE Y3eTHX ca
nybuna og 10, 15 1 20 m u3 crapor ¢rotauroHor janosuiuTa Pynauka daxpa bop. Kao myxHu
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pacTBop je ymnoTpedrbeHa Boma M3 ekcTpeMHO Kucesnor jesepa Podyne (Bop). [Tpunoc Sakpa
HaKOH IeT Hejesba JyKewa je duo: 68%1,2 %, HakoH TpeTMaHa y3opka ca Jybuse oj 15 m,
7310,6 %, 3a y3opax ca gydune on 20 m u 98£5,5 %, 3a ysopaxk ca nydune on 10 m. Hajmamu
cafip:kaj CyndUIHUX MUHEpaa je AeTeKTOBaH y y30pky ca nyouHe o 10 m, a Hajsehu y y3op-
Ky y3eToMm ca oyduHe of 20 m. Pe3ynraTu SHoyxema cy ynopeheHu ca pesyaTaTima IyxKema
HCTHX y30paKa PacTBOPOM CYMIIODHE KHCenuHe. [IpuMeHOM MeTone Duommyxema HJoOHjeH je
3HauajHo Behu mpuHOC Hakpa U3 y3opaka ca nydusHe on 10 u 20 m y 0gHOCY Ha JTyKemhe UCTUX
y30paka pacTBOPOM CyMIIOpHe KucennHe. Takohe, camp:kaj mupuTa y y30pky ca nyduse oxg 20
m je CMambeH HaKkoH duoyxemwa. [IpeqHOCTH pYMeHe TexXHOIorYje duomyxemwa 3a Jodujame
Oakpa u3 GoTalMoOHe jalOBHHE Cy: eKCTpPaKLHja 3HavyajHe KOJMUYMHEe Dakpa M3 TPeTHPaHUX
y30paKa, CMamewhe yTHllaja TPeTUPaHe jaJloBUHE Ha KMBOTHY CpeluHy M ynorpeda Boje U3
€KCTPEMHO KHcesor jesepa Podysne, koje uma y u3oduspy. Pesynrtatu ykasyjy Ha To fa ou duo-
JIyXKeme MOrIo OUTHu edUKaCHUje Y ONHOCY Ha KHCeIMHCKO JIyXKeme 3a eKCTpakiujy dakpa u3
IyOr/pUX Cr0jeBa cTapor (UIOTAIMOHOT jaJIOBHUILTA, KOje KapaKTepHlle BUCOK Cafpxaj cyadun-
HUX MHMHepana.

(ITpumsbeHo 11. anpuna, peBugupaHo 4. jyna, npuxsaheno 23. centemdpa 2014)

REFERENCES

. V. Simi¢, Rudarski glasnik 1 (1965) 27 (in Serbian)
M. Bugarin, Z. Stevanovi¢, V. Gardi¢, V. Marinkovi¢, Mining Eng. 4 (2011) 11 (in
Serbian)
3. G. Bogdanovi¢, M. Trumi¢, M. Trumi¢, D. V. Anti¢, ReciklaZa i odrzivi razvoj 4 (2011)
37 (in Serbian)
4. M. M. Antonijevi¢, M. D. Dimitrijevi¢, Z. O. Stevanovi¢, S. M. Serbula, G. D. Bogda-
novi¢, J. Hazard. Mater. 158 (2008) 23
5. Z. Stevanovi¢, M. Antonijevi¢, G. Bogdanovi¢, M. Bugarin, V. Truji¢, R. Markovi¢, D.
Nedeljkovi¢, Carpath. J. Earth Env. 8 (2013) 29
6. Z. Stevanovi¢, PhD Thesis, University of Belgrade, Technical Faculty in Bor, 2012 (in
Serbian)
7. Bor Mining and Smelting Company official website, Geology and Resources, , http://
[Irth.rs/rtb-bor-doo/geol ogija-i-resursi/ (in Serbian, accessed Apr, 2014)
8. H. R. Watling, Hydrometallurgy 84 (2006) 81
9. M. Koraé, Z. Kamberovi¢, Metall. Mater. Eng. 13 (2007) 41
10. V. P. Beskoski, P. Papi¢, V. Dragisi¢, V. Mati¢, M. M. Vrvi¢, Adv. Mater. Res. 71-73
(2009) 105
11. S Stankovi¢, 1. Mori¢, A. Pavi¢, B. Vasljevi¢, D. B. Johnson, V. Cvetkovi¢, J. Serb.
Chem. Soc. 79 (2014) 729
12. M. A. Anwar, M. Igbal, M. A. Qamar, M. Rehman, A. M. Khalid, World J. Microb. Biot.
16 (2000) 135
13. P. Komadel, J. Stucki, Clays Clay. Miner. 36 (1998) 379
14. C.L. Luke, Anal. Chim. Acta 36 (1966) 122
15. T. Rohwerder, T. Gehrke, K. Kinzler, W. Sand, Appl. Microbiol. Biotechnol. 63 (2003)
239
16. H. Tribusch, J. Rojas-Chapana, in Biomining, D.E. Rawlings, D.B. Johnson, Eds., Sprin-
ger-Verlag, Berlin, 2007, p. 263
17. Y.Dong, H. Lin, X. Xu, S. Zhou, Hydrometallurgy 140 (2013) 42
18. W. Zeng, S. Tan, M. Chen, G. Qiu, Hydrometallurgy 106 (2010) 46
19. X. Zao, R. Wang, X. Lu, J. Lu, C. Li, J. Li, Miner. Eng. 53 (2013) 184

[N

Available on line at www.shd.org.rs/JSCS/

(CC) 2015 SCs. All rights reserved.



20.

21.

22.
23.

24.
25.

BIOLEACHING OF COPPER FROM THE FLOTATION TAILINGS 405

M. Pradhan, K. C. Nathsarma, K. Srinavasa Rao, L. B. Sukla, B. K. Mishra, Miner. Eng.
21 (2008) 355

D. W. Dew, C. Van Burren, K. McEwan, C. Bowker, J. South. Afr. Inst. Min. Metall. 11
(2000) 409

A. Livingstone, H. G. Macpherson, B. Jackson, Mineral. Mag. 40 (1976) 893

Pagues official website: THIOTEC™ metal recovery technology, http://en.pagues.nl/
/products/other/thiotegmetal (accessed Apr, 2014)

A. E. Lewis, Hydrometallurgy 104 (2010) 222

E. Jameson, O. F. Rowe, K. B. Halberg, D. B. Johnson, Hydrometallurgy 104 (2010)
488.

Available on line at www.shd.org.rs/JSCS/

(CC) 2015 SCs. All rights reserved.






Journal of
the Serbian
Chemical Society

JSCS-info@shd.org.rs « www.shd.org.rs/JSCS

J. Serb. Chem. Soc. 80 (3) 407-419 (2015) UDC 582.26+66.081.000.57:669.24/.26+
JSCS-4725 669.3/.5+661.183.2:544.4

Original scientific paper

Biosor ption characteristics of Spirulina and Chlorella cellsfor
the accumulation of heavy metals

ANIKO KONIG-PETER?, FERENC KILARY23, ATTILA FELINGER23
and TIMEA PERNY ESZ|23*

1University of Pécs, Faculty of Medicine, Institute of Bioanalysis, Szigeti Gt 12, H-7624 Pécs,
Hungary, 2University of Pécs, Faculty of Science, Department of Analytical and
Environmental Chemistry Ifjsag Utja 6, H-7624 Pécs, Hungary and 3University of Pécs,
Analytical Chemistry and Geoanalytical Research Group, Szentédgothai Research Center,
Ifjusag Utja 20, H-7624 Pécs, Hungary

(Received 21 March, revised 28 May 2014, accepted 2 June 2014)

Abstract: The biosorption of heavy metals by dried Chlorella vulgaris and Spi-
rulina platensis-Spirulina maxima cells was studied under various experi-
mental conditions. The effects of biosorbent dosage, pH, adsorption time,
temperature, initial metal concentration on the biosorption were examined. A
biosorption process can be divided into two parts: the first part follows zero-
order and the second part pseudo second-order kinetics. Characterization of
biosorption equilibrium was evaluated employing the Langmuir and Dubinin—
—Radushkevich models using non-linear regression. The optimum pH range
was found to be 5.0-6.0 for Pb(I1) and 4.0-6.0 for Cu(ll) and Cd(Il) adsorp-
tion. Based on the experimental data, the maximum adsorption capacities for
Pb(11), Cd(I1) and Cu(ll) were 144, 161 and 138 mg g by Chlorella cells and
370, 201 and 165 mg g! by Spirulina cells. The corresponding values for
activated carbon were 86, 134 and 43 mg g1, respectively.

Keywords. algae; kinetics; isotherm; Langmuir; Dubinin—-Radushkevich; acti-
vated carbon.

INTRODUCTION

Heavy metal pollution is one of the most important environmental problems
today.l Cadmium, copper and lead are heavy metals that pose serious health
hazards through entry into the food chain by anthropogenic pathways.2 Most
industrial technologies for their remova are not cost effective if the concen-
tration of the heavy metal pollution is under 100 mg L—1.3 The disadvantages of
the conventional methods are long operation time or the use of other chemicals,
which could introduce toxic or carcinogenic intermediates into waterbodies.

* Corresponding author. E-mail: ptimea@gamma.ttk.pte.hu
doi: 10.2298/JSC140321060P
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Certain natural materials of biological origin, such as bacteria, fungi, yeast
and algae possess metal-sequestering properties and therefore could be used to
rapidly decrease the concentration of heavy metal ions with high efficiency.
These biosorbents are ideal candidates for the treatment of high-volume and low-
concentration complex wastewaters contaminated with heavy metal ions.4>

Living and dead biomass of algae cells can be used to decrease environ-
mental heavy metal pollution. Several agae were tested for their ability to adsorb
heavy metals.6-11 The use of dead biomassis favourable because it tolerates high
concentrations of toxic ions, a nutrient supply unnecessary and the culture con-
ditions are not limiting.6 Algae are widely used for several purposes, such as
food for human consumption, a source of phycocolloids, s-carotane, atraxanthine
and chlorophyll.” The most important criteria for developing algal biosorbents to
decrease harmful metal contents in soil and water are the followings: ability for
rapid adsorption of huge amounts of meta ions, availability in large quantities
because of worldwide cultivation and relatively cheap production.12.13

Spirulina and Chlorella cells were used by many researchers to test their
ability to remove heavy metal ions from polluted water.”.12.14.15 The use of var-
ious conditions for the adsorption resulted in different adsorption properties.
Mehta and Gaur compared the different adsorption features of living and dead
biomass of Chlorella vulgaris cells.6 Chojnacka and co-workers examined differ-
ent morphological types of Spirulina species to compare the binding character-
istics of these algae in case of chromium, cadmium and copper.16 Fang et al.
described the functional groups that could play arolein the surface adsorption of
copper and cadmium by Spirulina cells with the help of FTIR and X-ray ana-
yses. Al-Rub studied the effect of competitive cations on copper adsorption by
Chlorella cells.13 However, there is alack of comparisons with often used adsor-
bents, such as activated carbon, in the literature.

The present study considers the adsorption properties of two different alga
strains: green microalgae C. vulgaris and blue—green alga (cyanobacteria) S. pla-
tensis-S. maxima mixture. Their properties were compared with respect to the
effect of pH, temperature and biosorbent dosage on Pb(ll), Cd(I1) and Cu(ll)
biosorption, with an evaluation of the kinetics and equilibrium capacities of the
biomasses. The biosorption experiments were also performed using activated car-
bon. The obtained results showed that these biosorption systems using algal cells
represent promising alternatives for the removal of heavy metal ions from pol-
luted agueous environments.

EXPERIMENTAL

Materials and adsorbent

C. wlgaris and S platensis-S. maxima cells were purchased (Czech Academy of Sci-
ences) in the dried form. Activated carbon was purchased from VWR Prolabo Ltd. (USA).
The heavy-metal test solutions containing Pb(11), Cd(I1) and Cu(ll) ions were prepared from
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reagent-grade metal of hydrated Pb(NOs),, Cd(NO3), and CuCl, (Fluka, Germany) in the
concentration range of 25-500 mg L1,
Determination of surface charge

Dried C. vulgaris or S. platensis-S. maxima biomass (1 g L'1) was suspended in 25 mL
distilled water in the pH range 2-11. The required pH was regulated with 0.1 M NaOH and
0.1 M HCI solutions. The specific surface charge was determined with a Zeta Sizer (Zetasizer
Nano-Z, Mavern Instruments Ltd., Malvern, UK). The values were determined after the
evaluation of 25 to 50 measurements.
Effect of pH on biosorption

The pH effect was tested using single-metal solutions containing 50 mg L™ Pb(I1), Cd(I1)
and Cu(ll) ion. After 24 h of incubation, samples were taken from the suspensions, and the
biomass was separated from the heavy metal solutions at 10 000 rpm for 5 min. The con-
centration of heavy-metals in supernatants was evaluated by atomic absorption spectrometry
(AAS) (Perkin—Elmer 2380) at 217 nm for Pb(l1), at 228 nm for Cd(l1) and at 324.8 nm for
Cu(ll).
Effect of adsorbent dose on biosorption

Different dosages of algal biosorbents (0.25, 0.5, 1.0 and 2.0 g L™1) were used at constant
pH to find the optimal concentration. Solutions with 50 mg L1 initial Pb(l1) ion concentration
were used under batch conditions. The heavy metal content in the supernatant was measured
by AAS. The efficiency of the removal was calculated using the following equation:

100(C0 _ Ce) (1)
Co

co and ¢, are the metal concentrations initially and in the equilibrium (mg L™), respectively.

Adsorption dynamics

Batch sorption studies were investigated with 50 mg L1 initial heavy metal concen-
tration. Samples were taken at desired time periods and the residual Pb(I1), Cd(I1) or Cu(ll)
concentrations were determined.

Equilibrium evaluation based on biosor ption isotherms

The biomass C. wulgaris and S platensis-S maxima cells (1 g L™1) were suspended in
heavy metal solutions, which were gently agitated at room temperature. For determination of
adsorption isotherms, Pb(l1), Cd(l1) and Cu(ll) solutions were used in the concentration range
of 25-500 mg L1 at a biosorbent dosage of 1.0 g L™1. After incubation for 24 h, samples were
taken from the suspensions and the heavy metal content in the supernatant was measured by
AAS. The metal uptake per gram of adsorbent, g (mg g1), was cal culated using the equation:

m

Removal efficiency =

q

where V is the volume of the solution (L) and mis the mass of biosorbent (g). All experiments
were performed in triplicate.
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RESULTS AND DISCUSSION
Effect of biosorbent dose

Biosorbent concentration is one of the most important factors affecting bio-
sorption. In this study, it was varied between 0.25 and 2.0 g L~1. The effect of the
biomass loading of the adsorption of Pb(ll) by Spirulina and Chlorella cells is
shown in Fig. 1, from which it could be seen that the value of biomass concen-
tration influenced the uptake capacity. The uptake capacity increased!’ with dec-
reasing dosage of the biosorbent, which may be due to interference between the
binding sites on the biosorbent. A similar relationship was reported in the lite-
rature.”1213 Sych an adsorption behaviour could be described by the Kroeker
relation. With increasing weight of biosorbent in the solution of defined volume
and concentration, the specified amount adsorbed by the adsorbent decreased. By
both organisms, a dosage of 1.0 g L1 resulted in an efficiency of more than 80
%. On increasing the biosorbent concentration further (2.0 mg L-1), the adsorbed
amount increased by only 10 %. In the further experiments, an alga concentration
of 1.0 g L~1 was used as the optimum for biosorption.
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Effect of pH on biosorption

The pH is an important factor in biosorption processes. Based on FTIR
spectra analysis, the most dominant role in the binding play the carboxyl groups
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from proteins and carboxylated polysaccharides.18 These groups have the highest
affinity for metal ions because they are deprotonated in the pH range of the
highest adsorption. Other groups, such as phosphate, hydroxyl and amino groups,
present in the surface area of alga cells can play only a minor role; their pKg
values allow deprotonation only at higher pH values.16 The zeta potential deter-
mination of alga cell surfaces shows that they are negatively charged above pH 3
by both species (Fig. 2). Parallel to these findings, the adsorption profile by Spi-
rulina and Chlorella cells are shown in Fig. 3 for different pH values. In the
cases of Pb(11), Cd(I1) and Cu(ll) biosorption on Chlorella cells and for Pb(l1)
and Cu(ll) adsorption on Spirulina cells, the uptake capacities were the lowest at
pH 3 and remained nearby constant between pH 4—6. The adsorption of Cd(l1) on
Soirulina cells was not affected by the pH value. Above pH 6, Cu(ll) begins to
precipitate, which made the adsorption more difficult.

20 4
X S. platensis-maxima

© C. vulgaris

-20 4 X

7/ mv

-40

-60

-80

[} 1 2 3 4 S 6 7 8 9 10 11 12
pH

Fig. 2. Zetapotential values of S. platensis—S. maxima and C. vulgaris cellsin the pH range of
2—11 for abiomass concentration of 1 g L1 at 295 K.

The experimental results indicated that the biosorption process was effective
in the pH range 5-6 for Pb(Il) and pH 4-6 for Cd(Il) and Cu(ll) adsorption and
thus no pH adjustment was necessary, because the initial pH values of al the
metal solutions were within these ranges.
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Effect of time on the biosorption

The adsorption of the heavy metal ions on the active sites of several types of

biomass is generally considered very rapid.2 This process may be independent of
the initial metal concentration and the first period of the adsorption could be
described with zero order adsorption kinetics. The practical aspect of the rapid kin-
eticsis that a small reactor can ensure the cost-effective use.14 Based on the mor-
phology of the examined organisms, the heavy metal ions adsorb to the sheath

q/mggt

q/mgg?

50 A

a 2 $
40 A 8 & i A
F 3
30 A -
20 « Pb(ll)
. ocd(l)
Acu{ll)
0 T T T T
2 3 4 5 6
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b
40 1 . * s
30 | hd = "
=]
20 1 * *Pell pg. 3. Effect of pH on lead, cad-
o ] OCdil mium and copper ions biosorption
aCull)  py: @) Spirulina and b) Chlorella, at
0 . . . . 50 mg L1 of heavy metal concen-
2 3 4 5 6 tration and 1.0 g L1 of algal cell
pH concentration.

of the cells, very likely mainly by electrostatic attraction and complex-
ation.12 For the second phase of the adsorption, the chemisorption
mechanism seems to be the most important force. The rate limiting step is
the biosorption of positively charged heavy metal ions onto the cell
surface.19 Based on this finding, pseudo-second order kinetics were used to
evaluate the kinetic parameters, because it takes into account the interaction
between adsorbent and adsorbate.26:15 The correlation coefficients for the
second-order kinetic model were close to 1.0 for all cases. Other
mechanisms examined in the kinetic evaluation were not so significant and
hence the roles of physical adsorption and intraparticle diffusion were
limited.13.16 The zero order kinetic constants (k) and the pseudo-second
order kinetic constants (k,.q), together with the calculated (geqca) and experi-
mentally determined (geqexp) @dsorbed amounts of lead, cadmium and copper
ions are presented in Tablell.
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After the first period of 8-10 min of adsorption (zero order kinetics), the
equilibrium was established in 20-25 min (pseudo-second order kinetics) for
each observed heavy metal ion, and no more heavy metal ions were adsorbed
after this time. The data presented in Fig. 4 show that 70-90 % of the soluble
ions were removed from the system. This adsorption profile may be characteristic
for monolayer coverage. Similar findings were reported by Areco et al. for the
adsorption of different heavy metals by Avena fatua.29 Aksu reported the kinetic
and thermodynamic parameters of Ni(ll) adsorption by C. vulgaris.14

TABLE |. Constants for zero-order and pseudo second-order adsorption kinetic for the
adsorption of lead, cadmium and copper ions by Spirulina and Chlorella cells

Zero-order kinetics Pseudo-second order kinetics
. Heavy >
Biosorbent k K2 2010 Oegcal > Oegex
metal 1 iyt A minl maal R ]
mg L1 min gmgtmin mg g mg g
S plat.— S max. Pb(11) 8.55 29 413 099 412
Cd(in 8.84 2.2 475 098 478
Cu(Il) 7.00 39 37.7 099 374
C. wulgaris Pb(I1) 7.57 5 40.3 0.99 40.6
Cd(in 6.48 52 32.7 099 324
Cu(ll) 5.9 8 313 099 312
o a
50 1 =] o] =] =]
40 g @ §¢ : g 3 3 = = .
- ixk x x & 2 a 3 i A
w30
£
S 20 « Pb(ll)
0 acd(n
A Cu(ll)
0 #& T T
0 20 40 60 80
t/ min
b s .
40 R LR I 3 3
] g g g 2
L P71l & % g g i
oo
E a Pb{ll
= *PU Eg 4 A plot of the adsorbed
101 oCd amount vs. time for: &) Spirulina
o & . . . _Acul)  and b) Chlorella cells, at 50 mg L1
0 20 40 60 80 initial lead, cadmium and copper

t/ min ions concentrations.

Equilibrium studies of biosorption

The adsorption equilibrium relationship at a given temperature is referred to
as an adsorption isotherm. Equations widely used to describe adsorption iso-

Available on line at www.shd.org.rs/JSCS/

(CC) 2015 SCs. All rights reserved.



414 KONIG-PETER et al.

therms are the Langmuir, Freundlich, Dubinin-Radushkevich two-parameter
models and Redlich—Peterson and Sips three-parameter models.2:1519.21,22 They
describe the relationship between solute concentration remaining in the solution
and the amount of solute adsorbed per unit mass of adsorbent. In this study, the
Langmuir isotherm model was used because it is based on monolayer coverage
over the cell wall, which could be inferred from the adsorption rate observations.
It assumes identical surface sites that can accommodate one adsorbed particle. A
number of studies demonstrated that despite these simplifications of the adsorp-
tion process, the Langmuir isotherm?215.16.20 could be used to interpret the bio-
sorption data.2 The mode! is given by Eq. (3):

_ Omax bce 3)

Ge 1+bce

where b is the adsorption equilibrium constant including the affinity of the bind-
ing sites (L mg1), ce and e are unadsorbed metal ions in solution and adsorbed
metal ions on the biosorbent at equilibrium, respectively, gmax IS the maximum
amount of metal ion per unit weight of adsorbent necessary to form a complex
monolayer on the surface of the adsorbent (mg g1). The experimental values
compared with the calculated data are presented in Table Il. The highest b values
(0.089 and 0.17) are obtained for Pb(l1) adsorption for Spirulina and Chlorella
cells, these values indicate steep initial slope and high affinity. Lower b values
were calculated for Cd(Il) and Cu(ll) adsorption. According to this, the fitted
curves have less steep initial slope.

TABLE II. The Langmuir and Dubinin-Radushkevich isotherm constants for lead, cadmium
and copper ions adsorption by Spirulina and Chlorella cellsat 295 K

H Langmuir isotherm Dubinin-Radushkevich isotherm
Biosbent | SV Q. B, Qa0 E Qerp
mgg! L mg? mol g kJmolt mg g (mmol)
Splat—Smax. Pb(ll) 413 0089 097 49 134 086  370(1.8)
Cd(il) 298 0019 099 9.2 95 097 201(L8)
Cu(ll) 262 00039 099 96 8 099  165(2.6)
C.wlgaris  Pp(ll) 151 017 097 15 151 085 144(0.7)
Cd(l) 280 00085 099 87 85 095 161(1.4)
cu(ll) 233 00044 098 85 8 095 138(2.2)

The parameters of this model were compared with the values calculated from
the Dubinin-Radushkevich model,21.22 which can describe the porous structure
of asorbent. It is more universal than the Langmuir isotherm model as it assumes
a heterogeneous surface and not identical binding sites. The advantage of this
model is that the mean energy of sorption can be determined and the magnitude
of this value could be used to estimate the type of the sorption reaction. E values
between 8.0-16 kJ mol-1 are in the range of an ion-exchange mechanism.21.22
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Thisisotherm is quite often used to describe adsorption equilibrium.21.22 The iso-
therm is given by Egs. (4)—(6):

Qo =Qp exp(Bped ) 4
1

=RTIn|1+— 5

&p n( +Ce] 5)

where Qp characterizes the monolayer saturation capacity (mol g1), Bp is the
Dubinin-Radushkevich model constant (mol? kJ-2) and ¢p is the Polanyi poten-
tial. The mean adsorption energy can be calculated as follows:

E-— ©)
J2Bp

The calculated E values are given in Table I, which shows that the values of
E were 13.4 and 15.1 kJ mol—1 for Po(ll), 9.5 and 8.5 kJ mol~2 for Cd(I1) and 8.0
kJmol—1 for Cu(l1) adsorption by Spirulina and Chlorella cells, respectively. The
obtained E values were within the range of those denoting an ion-exchange
mechanism was operative. The gmax values calculated from both models were
much higher than the experimental values, which could indicate that the highest
adsorbed amount was not reached. The fitted curves for the Langmuir and Dub-
inin-Radushkevich isotherms are shown in Figs. 5 and 6, respectively, for

adsorption by Spirulina and Chlorella cells.
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Fig. 6. Adsorption isotherms and Dubinin—Radushkevich fitting of the adsorption of
lead, cadmium and copper ions by: &) Spirulina and b) Chlorella cells, at 295 K.

Effect of temperature

In most cases, the effect of temperature in the range of 295-313 K was
negligible. The adsorptions did not change or showed only a slight increase with
decreasing temperature. This finding was in good agreement with previously
reported data.2324 A biosorption process may be slightly exothermic due to phys-
ical adsorption, however the contribution of physical adsorption in the overall
process was maximum 4 %.16 |t could be assumed based on the obtained results
that the heavy metal binding was mainly chemisorption based on ion-exchange.
As an example, the isotherm for the adsorption of lead ions by Chlorella cells
can beseeninFig. 7.
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c./mglLt ellacelsat 295, 303 and 313 K.
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Comparison with activated carbon

The experimental values for Pb(11), Cd(11) and Cu(ll) adsorption on activated
carbon were 86, 134 and 43 mg g3, respectively. The green aga Chlorella
removed about 70 % more Pb(Il) and 20 % more Cd(I1) than activated carbon,
and 4 times more Cu(ll). The Spirulina strains were excellent biosorbents; they
adsorb about 50 % more Cd(I1) and 4 times more Pb(I1) and Cu(ll) than activated
carbon. The adsorbed amounts of heavy metals by Chlorella cells, Spirulina cells
and activated carbon are summarized in Table l1l. Thereis only little information
about the comparison of biosorbents for heavy metal ions and activated car-
bon.1.23

TABLE I1l. Amounts of heavy metals adsorbed by Chlorella, Spirulina cells and activated
carbon

Heavy metal
Sorbent Pb(11) Cd(n Cu(Il) Zn(I1)
mg mmol mg mmol mg mmol mg mmol
S plat.—S max. 370 18 201 18 165 2.6 128 2.0
C. wlgaris 144 0.7 161 14 138 22 127 19

Activated carbon 86 0.4 134 1.2 43 0.7 27 0.4

CONCLUSIONS

The biosorption of lead, cadmium and copper ions by dried C. vulgaris and
S platensis-S. maxima cells were studied using the batch technique. The
adsorption was effective over a wide range of algal concentrations. The biosorp-
tion system containing 1.0 g L—1 adsorbent was optimal, and at this composition
about 80 % of the heavy metal ions could be removed. An optimum pH range
(pH 4-6) was determined for the biosorption process, which confirms the appli-
cability of this system for wastewater treatment both at low and high heavy metal
concentrations. In case of each metal by both organisms, the uptake capacity was
the lowest at pH 3, and remained nearly constant between pH 4-6. Equilibrium
was reached in 2025 min for each heavy metal ion, and after this time, no more
heavy metal ions were adsorbed. 70-90 % of the soluble ions was removed from
the system. The biosorption process could be divided into two steps: the first part
follows zero-order, the second part pseudo second-order kinetics. The equilib-
rium evaluation was described with adsorption models given by Langmuir and
Dubinin—-Radushkevich, and both models exhibited good fitting to the experi-
mental values. The adsorption order was Pb < Cd < Cu for Chlorella, and
Pb ~ Cd < Cu for Spirulina. Chlorella and Spirulina algae biomass should be
considered for use to decontaminate water from heavy metals.

Acknowledgement. T. P. and F. K. gratefully acknowledge the support for this research
from TAMOP-4.2.2.A11/1/KONV-2012-0065 and OTKA 10067 (Hungarian research grants).
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U3BOJ
BUOCOPIIIUOHE KAPAKTEPUCTUKE REJWUJA Spirulina U Chlorella TIPU
AKYMYJINPARY TEIIKUX METAJIA

ANIKO KONIG-PETER', FERENC KILAR"*?, ATTILA FELINGER?® u TIMEA PERNYESZI**

IUniversity of Pécs, Faculty of Medicine, Institute of Bioanalysis, Szigeti ut 12, H-7624 Pécs, Hungary,
2University of Pécs, Faculty of Science, Department of Analytical and Environmental Chemistry, Ifjisdg itja
6, H-7624 Pécs, Hungary u 3University of Pécs Analytical Chemistry and Geoanalytical Research Group,
Szentdgothai Research Center, Ifjusdg titja 20, H-7624 Pécs, Hungary

Bbuocopnuuja temkux Mertana ocymeHuM henujama Chlorella vulgaris w Spirulina platen-
sis—Spirulina maxima W3y4aBaHa je y pa3HUM €KCIIEPUMEHTAIHUM YCIOBHUMA. VCHHUTAHH Cy
yTHLaju nose duocopbenta, pH, BpeMeHa afgcopnuuje, TemnepaType U MOYETHE KOHLEHTpa-
uyje MeTtana Ha duocopnuujy. IIpouec duocopnuyje ce MOXe MOAEIUTH Ha [iBa Hena: MPBU
Jieo ce OfiBUja 10 KMHETHYKOM 3aKOHY 33 PeaKLHjy HYJITOr pPefia, a OPYTH LEeo 110 KUHETHYKOM
3aKOHy 3a peakuMjy Iceyno-mpyror pepa. Kapakrepuctuke OHOCOPNLMOHE pPaBHOTEXE CY
ompehene momenuma Jlenrmupa u JyduwmuH-PanyurkeBnya, kopuinhewemM HelMHeapHe per-
pecuje. HaheHo je na je ontumainuu oncer pH 5,0 no 6,0 3a ancopnuujy Pb(I1) u 4,0 no 6,0 3a
Cu(II) u Cd(II). MakcuManHu KanauurteTd agcopnuuje 3a Pb(II), Cd(II) u Cu(Il) cy dunu
144, 161 u 138 mg ¢! na henujama Chlorella, a 370, 201 u 165 Ha henmjama Spirulina, npema
EKCTIEPMMEHTATHUM Pe3y/TaTiMa. Te BPEIHOCTH 3a aKTHBHH yTasb Cy oune 86, 134 u 43 mg g,
penom.

(TTpumiseno 21. MapTa, peBuarpaHo 28. maja, npuxsaheHo 2. jyna 2014)
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Abstract: The aim of this study was to develop a model for forecasting CH,4
emissions at the national level, using artificia neural networks (ANN) with
broadly available sustainability, economical and industria indicators as their
inputs. ANN modeling was performed using two different types of architecture;
a backpropagation neural network (BPNN) and a genera regression neural net-
work (GRNN). A conventional multiple linear regression (MLR) model was
also developed in order to compare the model performance and assess which
model provides the best results. ANN and MLR models were developed and
tested using the same annual data for 20 European countries. The ANN model
demonstrated very good performance, significantly better than the MLR model.
It was shown that a forecast of CH, emissions at the national level using the
ANN model could be made successfully and accurately for a future period of
up to two years, thereby opening the possibility to apply such a modeling tech-
nique, which could be used to support the implementation of sustainable deve-
lopment strategies and environmental management policies.

Keywords. national emission; genera regression neural network; backpropa-
gation neural network; multiple linear regression.

INTRODUCTION

Due to higher economic and industrial development, air pollution has
become a serious problem in many countries and regions in recent years; there-
fore, it has become essential to track the emission of pollutants that have a det-
rimental effect on the environment and human health. As a part of a global effort
to reduce emission of air pollutants, the Convention on Long Range Trans-
boundary Air Pollution (LRTAP),! the United Nation Framework Convention on
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421

Available on line at www.shd.org.rs/JSCS/

(CC) 2015 SCs. All rights reserved.



422 STAMENKOVIC et al.

Climate Change (UNFCCC)2 and their associated protocols, imply an obligation
for al countries to submit reports on estimated current and future emissions of air
pollutants. To achieve this commitment, it is necessary to implement the appli-
cation of suitable methods and models for estimating and simulating a range of
emission scenarios.

Methane is one of greenhouse gases that contribute to climate changes and it
is emitted into the atmosphere from various sources: transport and natural gas
exploitation, landfills, coalmines, wastewater treatment, rice fields, the petroche-
mical industry, composting, metallurgical industry, farms, etc.3

The main sources of emission data for air pollutants, including CHa, are
emission inventories, which currently makes them a key foundation for air qual-
ity modeling and analysis. The values of emissions in emission inventories are a
compilation of a large number of input parameters (more than 300 emissions
sources), in which the method of calculating the total emissions is dependent on
the employed emission model. According to the methodology proposed in the
EMEP/CORINAIR Emission Inventory Guidebook provided by the European
Environmental Agency (EEA),%° emissions are calculated by multiplying the
emission factors (EF) with the activity rate (A), a statistical parameter for the
respective source. In an emission inventory, the values of the parameters are
determined as best estimates and therefore the input data to the inventories could
be classified as uncertain, which in turn, means that the reported data could also
be assumed uncertain.6:” Numerous studies have discussed uncertainties in emis-
sion inventories.6-11

There are different approaches to modeling emission estimates and esti-
mating CH4 emissions has also been the subject of many studies in which differ-
ent modeling approaches were used.>12-17 |n order to predict emission at the
national level, al the aforementioned approaches require the availability of a
large amount of country-specific information for calculating emission factors and
activity data. Thus, an important limitation for the applicability of existing
models could be alack of specific input information necessary for the calculation
of emission factors for a specific country. This lack of input information is espe-
cially typical when considering developing countries, which often have the most
severe problem with pollution and emission control, and it could therefore result
in particularly high uncertainties in the estimated emissions.

Artificial neura networks (ANNSs) are adaptable systems that can determine
relationships between different sets of data.1® ANNs can be described as multi-
variate non-linear statistical methods where selected input variables are presented
to the network and output variables (one or more) are derived. ANNSs learn from
examples and this particular modeling approach has proved to be a useful tool for
many problems related to air quality and forecasting of emissions.19-24 |n recent
years, due to their flexibility, considerable progress has been made in the appli-
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cation of ANNSs for predicting CH4 for the chosen area. Some examples of stu-
dies include modeling and prediction of ventilation methane emissions of U.S.
longwall mines,18 prediction of methane productions in anaerobic treatment of
mol asses wastewater,2°> and prediction of methane emissions from wetland eco-
systems.26

This paper presents the development and evaluation of an ANN model for
the prediction of CH4 emissions at national levels, using sustainability, economic
and industrial indicators as inputs. Two different ANN architectures, back-
propagation neural network (BPNN) and general regression neural network
(GRNN), were evaluated and their results compared with each other, as well as
with the results of a multiple linear regression (MLR) model.

The main difference between conventional inventory based models and the
proposed ANN model is that the ANN model requires a substantially smaller
number of input parameters, which have significantly broader availability. Due to
this factor, the ANN model could be applied to the forecasting of CH4 emissions
when counties and regions do not have a complete set of input parameters avail-
able, which is usually essential for other models based on activity levels and
emission factors.

MODEL DESCRIPTION AND TESTING
Input and output data

An important step in developing ANN models is the selection of the input variables that
have the most significant impact on the output.2” Economic activities largely contribute to the
total emission of methane, most contributing sectors being industrial processes, agriculture,
and production and energy consumption.3

Several studies have aready shown that ANN models, based on economic and sus-
tainability indicators, can achieve good accuracy in forecasting pollutant emissions at the
national level, e.g., for greenhouse gases and PM10 emissions.2830 The Gross Domestic
Product (GDP) is a broadly available country-specific parameter that was chosen for an input
parameter as a general indicator of the size of the economy. The GDP has already demon-
strated very good applicability as an input parameter for ANN models.2%:30

Municipal waste generation and its disposal onto or into land were also chosen as a
model input, since methane is produced from landfills by the anaerobic biodegradation of wet
waste.3! Since rice paddies are characterized by a high moisture content and relatively high
organic carbon levels, as well as prolonged anaerobic conditions during rice growth, they are
one of the major anthropogenic sources of methane;1732 therefore, the land used for rice
cultivation was also selected as an input.

Livestock is another important source of methane emissions, which originate mainly
from enteric fermentation and manure management of ruminant production systems.33 The
contribution of livestock to methane emissions was factored by selecting the number of cattle
as the input parameter. In addition, since methane is a component of natura gas, primary
natural gas production is directly connected with the emissions of methane and was con-
sequently included as an input parameter. Data for all of these input variables at the national
level, for every country included in this study, were published on Eurostat.3*
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Annual methane emissions at the national level were taken as the output variable, and the
data for every country included in this study was published on EDGAR (the Emissions
Database for Global Atmospheric Research).3> EDGAR is a joint project of the European
Commission JRC (Joint Research Centre) and the Netherlands Environmental Assessment
Agency (PBL) and it provides global, past and present day anthropogenic emissions of green-
house gases and air pollutants by country and on a spatial grid.

The variables chosen for inputs and the related output of the models, along with their
units after normalization and data sources, are presented in Table |. The selected input
variables were normalized per capita and/or per average GDP value of the EU27, in order to
enable comparison of countries of different sizes.

TABLE I. List of input and output variables

Input variable Unit@ Source of data
Gross domestic product (GDP) b Eurostat34
Woaste deposit onto or into land (WDL) kg pc©

Municipal waste generation (MWG) kg pc

Land use—rice (LR) hapc

Number of cattle (NC) cattle pc

Primary production of gas (PPG) toe pcd

Output variable

CH, (emission) kg pc Edgar3®

aAfter normalization; Punit less because of normalization per GDP value of EU27; Sper capita; %ons of oil equi-
valents

The ANN CH,4 emission models were trained, validated and tested with available data for
20 European countries for the period ranging from the years 2000 to 2008, since data after
2008 was not available. Three types of datasets were used:

A training set. The group of data with which the ANN was trained. Data from the years
2000 to 2006 was used for training; an example of the training data set for the year 2006 is
presented in Table S-1 of the Supplementary material to this paper.

A validation dataset. The group of data provided to the ANN in the learning phase for
the evaluation of modeling error, for effectively updating the best thresholds and weights,36
and for preventing overtraining of the ANN. Approximately 15 % of data randomly selected
from the training data set was used as the validation dataset.

A test dataset. A set of data newly presented to the ANN, thus used to evaluate the
ANN’s generalization capability. In this case, the data from years 2007 and 2008 was used as
the test dataset.

ANN architecture

Two different ANN architectures were compared: the backpropagation neural network
(BPNN), as the most frequently and widely applied ANN architecture, and the general
regression neural network (GRNN), sinceit has already demonstrated good results in the mod-
eling of emissions.29:30

Details of the two ANN architectures are described in Supplementary material to this
paper.
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Performance indicators

In order to compare the performance of the different models, in this study the following
statistical parameters were used:

The root mean squared error (RMSE):
S— T
RME:{(CP—CO)Z} )
The mean absolute error (MAE):

1
MAE=EZ|CP—CO| @)
The correlation coefficient (R):

r_ Co=Co)(Ce~Cy)
O'COO'CP

©)
Theindex of agreement (1A):

2
(Cp-Co)

Jor-caleo-a]

The percentage of predictions within the factor of 1.25 from the observed values (FA; 55):

IA=1— 4)

0.8<&<1.25 (5)
Co

where Cp and Cy are the predicted and observed vaues, respectively; oo and op are the
standard deviation of observations and predictions, respectively; the over bars refer to the
average of all values.

These statistical parameters were previously used for the evaluation of emission models
and other modeling techniques.182° MAE and RMSE measure the residua errors, thus pro-
viding a genera understanding about the difference between the observed and modeled
values. R provides a variability measure of the data reproduced in the model.37 1A provides a
correlation between the modeled and measured values and incorporates the error between
those values. FA o5 represents the proportion of data for which the model results are in “prox-
imity” with the measured values. The significance of these statistical metrics is not equal and
in this study, IA and FA; ,5 were used as the key statistical parameters for evaluating the
models.

RESULTS

In this study, two types of ANN architectures, BPNN and GRNN, were used
to create models for the prediction of CH4 emissions at the national level. Along
with the development of the ANN models, for comparison purposes, a multiple
linear regression (MLR) model was developed employing the same data as was
used in the ANN models. The MLR model was created using SPSS 19 software38
and the obtained MLR coefficients are presented in the following equation:

CH, emission = 0.0480 + 0.000]WDL — 0.000IMWG +

6
+0.0922NC - 6465.1928L R+ 0.0008PPG + 0.0131GDP ©
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where WDL is waste deposit onto or into land, MWG is municipal waste gener-
ation, NC is the number of cattle, LR is land use — rice, PPG is primary pro-
duction of gas and GDP is the gross domestic product.

The values of the performance indicators of the developed models for the
training and testing phase are given in Table II. A comparison of the actual and
predicted values of CH4 emission for the training data (years 2000—2006) is
shownin Fig. 1.

TABLE Il. Performance indicators values for the GRNN, BPNN and MLR models; pc — per
capita

Performance indicators for test set

Model A FAra/%  MAE/kgpc RMSE/Kgpc R
Training data
BPNN 1.00 o4 34 50 0.97
GRNN 0.97 92 36 7.0 0.94
MLR 0.83 64 113 14.0 0.75
Test data
BPNN 1.00 %0 56 77 0.95
GRNN 0.98 03 48 7.3 0.96
MLR 0.90 58 11.9 2525 0.83

The dataset for the years 2007—2008 is the test dataset, which is a set of
“new” data, previously not presented to the models within the training phase. The
test dataset, which is presented in Table S-11 of the Supplementary material, was
used to evaluate the capability of the models to make good predictions. The
results of the BPNN, GRNN and MLR models applied on the test dataset are pre-
sented in Fig. 2 and the values of statistical performance indicators are presented
in Table Il. The actual CH4 emissions, the GRNN predictions and the relative
errors for the years 2007 and 2008 are presented in Table I11.

DISCUSSION

Based on the results given in Table Il and shown in Fig. 1 that were gener-
ated by the models in the training phase, the BPNN and GRNN led to much
better results than the MLR. As can be seen, the results given by the ANN
models could be regarded as very good.

The testing results showed that the use of the GRNN architecture led to slightly
better results than the BPNN and considerably better results than the MLR (Fig.
2). The most important statistical performance indicators FA; 25 and 1A showed
much better values for the test dataset in the case of the ANN models, i.e., for the
GRNN model, FA1 25 was 93 % and for the BPNN, it was 90 %, while for the
MLR, it was only 58 %. Moreover, for the GRNN model, |A was 0.98, for the
BPNN, it was 1.00, while for the MLR, 1A was 0.90. It could be concluded that
the GRNN model was optimally trained since it demonstrated very good results
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with similar values of FA1 25 and the error performance indicators derived for the
training and test dataset. In contrast, the BPNN model had similar but slightly
worse results for the test dataset compared to the training data (Table Il), which
means that the BPNN model may benefit from an adjustment in the design in
order to optimize the prediction results.

LA

0.18 = BPNN

0.16

0.14 o

0124

0.10 4

0.06 4

Predicted methane emission, t pc

0.04

0.02 4

T T M T T T T v T T T
0.02 0.04 006 008 010 012 014 0.16
Actual methane emission, t pc

Fig. 1. Comparisons of actual and predicted
values of the CH, emission for the training
data set (years 2000-2006). a) BPNN, b)
GRNN and ¢) MLR.

The GRNN model made 75 % of its predictions successfully, with the rel-
ative error of less than 10 %, another 10 % of its predictions had a relative error
within the range of 10-20 %, while only 15 % of its predictions had a relative
error higher than 20 %. In the case of Hungary, Bulgaria and The Netherlands,
the predictions of the GRNN model had arelative error within the range of 10-20
%, while in the case of Slovakia, Poland and Greece, the relative error was higher
than 20 % for both test years (Table I11).

Uncertainties related to the input parameters used in the emission inventory
approach (the activity statistics and emission factors) are considerable, ranging
from 20-30 to up to 50 % in the case of Austria, which leads to the uncertainties
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Predicted methane emission, t pc
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0.02 0.04 0.06 0.08 010 012 014 0.16
Actual methane emission, t pc

Fig. 2. Comparisons of actual and predicted
values of CH, emission for the test data set
(years 2007-2008). a) BPNN, b) GRNN and
¢) MLR.

TABLE I1l. Actua and CH, emission predicted by the GRNN model with relative errors (RE)
for the years 2007 and 2008; pc — per capita

Y ear 2007 Y ear 2008
Country Actual emisson GRNN RE Actual emission GRNN RE
kg pc kg pc % kg pc kg pc %
Bulgaria 77.28 80.17 374 76.54 65.12 -14.92
Czech Republic 55.80 5594 028 54.45 5573 237
Denmark 68.33 69.30 142 68.39 69.32 136
Estonia 79.95 7412 -7.29 79.97 7422 -7.19
Greece 35.44 4254  20.02 34.87 4249 2185
Spain 38.87 3953 171 38.37 3996 415
France 62.16 63.34 190 61.67 63.32 267
Latvia 66.19 7149 801 66.93 68.16 184
Lithuania 71.69 7122 -0.65 72.98 7192 146
Luxembourg 111.64 10851 -2.81 112.85 10851 -3.84
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TABLE IIl. Continued

Y ear 2007 Y ear 2008
Country Actual emisson GRNN  RE  Actua emission GRNN RE
kg pc kg pc % kg pc kg pc %
Hungary 35.73 3935 10.13 35.12 4018 14.39
Netherlands 59.80 65.75 9.95 59.77 65.87 10.21
Austria 48.20 4597 464 4754 46.72 =172
Poland 83.57 67.05 -19.77 8171 62.03 —24.09
Portugal 58.45 5648 —3.39 58.44 5712 225
Romania 58.91 55.93 -5.06 59.35 5534 -6.75
Slovenia 70.33 70.88 0.78 69.00 7043 207
Slovakia 35.86 57.23 59.60 35.40 59.08 66.90
Finland 87.25 90.57 3.80 85.49 90.24 555
UK 48.39 50.26  3.86 47.61 50.12 527

in the estimated methane emissions of about 2040 %.° Since the GRNN model
uses significantly fewer input variables and provides predictions with the relative
error lower than 20 % in case of most countries, the ANN approach could be con-
sidered as a viable alternative for the prediction of annual methane emissions on
the national level, especially in cases when the emission inventory approach
cannot be applied because of lack of data.

The obtained deviation between the actual data and predicted values for al
countries for which the obtained relative error was higher than 10 % could be
related to the quality of the input and output data used for the creation and eval-
uation of the model.

In the case of Slovakia, the data for waste deposit onto or into land (WDL)
for the year 2001 was estimated. In addition, the data for municipa waste
generation (MWG) was collected from the National Waste Catalogue until 2001
but from 2002 onwards from The European List of Waste.34 The usage of esti-
mated and non-standard training data could result in the large relative error in the
year 2007 and 2008 (Table I1I). The relative error for The Netherlands for the
year 2008 was 10.21 %, and this model error could be related to the ban of the
direct disposal of mixed municipal waste in 2003, which led to a decrease in
WDL from 50 kg pc in 2002 to only 11 kg pc in 2004.39

In the case of Greece, the training data of the input parameter GDP for the
year 2005 was uncertain because of the inaccurate reporting of the country’s eco-
nomic performance by the government. The influence of this parameter was pro-
bably the reason for higher attained values of the relative error for both test years.

The MWG data for Poland and Hungary were estimated, for the year 2003 in
the case of Hungary and from 2005 to 2008 in the case of Poland, which could
explain the higher relative error values obtained (14.39 % for Hungary and
—24.09 % for Poland).
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In the case of Bulgaria, the GRNN model showed a relative error of —14.92 %
for 2008. In fact, the landfill site in Sofia was closed between October 2005 and
December 2007, which led to atemporary storage of 2.5 % of the collected muni-
cipal waste in 2005 and 10 % in 2006 and 2007. These amounts were not inc-
luded in the figures for municipal waste generated and also caused a drop in the
municipal waste landfilled in 2006 and 2007.34 Considering al these factors,
changes in MWG for the training years 2005 and 2006 could be a reasonable
explanation for the higher relative error for the year 2008.

CONCLUSIONS

This study shows the development of a model for predicting emissions of
CH4 at the national level, using artificial neural networks (ANNSs) and widely
available sustainability, economic and industrial indicators as their inputs. Sus-
tainability and the economic parameters considered to contribute the most to CHy4
emissions were used as input parameters for the models: gross domestic product
(GDP) as a measure of industrial activity, waste generation and disposal, surface
of land under fields of rice, number of cattle and the primary production of gas.
Two ANN architectures were used, a back propagation neural network (BPNN)
and a genera regression neural network (GRNN), and both models were deve-
loped and tested using annual data for European countries for the period from the
year 2000 to 2008, and subsequently compared with a corresponding multiple
linear regression (MLR) model.

The performance evaluation of the models was realized using multiple stetis-
tical performance indicators. Based on the results of the evaluation, it could be
concluded that the ANN models provide good and reliable predictions of CHg4
emissions, which were significantly better than the conventional MLR model. It
was shown that the GRNN model demonstrates similar, but somewhat better
predictions in comparison to the BPNN model.

The key advantage of the ANN approach in comparison with conventiona
emission inventory-based models is that the ANN models use a drastically smaller
number of input parameters. In addition, emission inventory-based models use
strictly defined input parameters the determination of which requires substantial
field studies, while the proposed ANN approach uses widely available sustain-
ability, economic and industrial parameters as its inputs. Furthermore, the ANN
models allow simulation of different CH4 emission scenarios by changing the
values of input variables, for example to gain foresight because of proposed
regulatory emission reduction actions. A developed ANN maodel could be applied
for the prediction of emissions of CH4, which could be very helpful in the imple-
mentation of sustainable development strategies and environmental management
policies.
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Further research is planned to expand the model to include other environ-
mental quality indicators, such as emission of ammonia, ozone precursors, and in
the application of new techniques for the optimization of the inputs, such as
principal component analysis, correlation analysis and genetic algorithms.

SUPPLEMENTARY MATERIAL

Details of the two ANN architectures, s well as training and test datasets, Tables S-1 and
SHI, are available electronically from http://www.shd.org.r5/JSCS/, or from the corresponding
author on request.
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U3BOJ
MOJEJIOBALE EMUCHUJE METAHA ITPUMEHOM BEIITAYKHMX HEYPOHCKHX MPEXA

LIDIJAJ. STAMENKOVIC'i, DAVOR Z. ANTANASIJEVICZ, MIRJANAD. RISTICi, ALEKSANDRA A. PERIC-GRUJIC
1 VIKTOR V. POCAJT

1YHu6€p3uu76u7 y Beoipagy, Texnonowxo—metianypwxu paxyniieii, Kapueiujesa 4, 11120 Beoipag u

ZYHueepsumem y Beoipagy, Hnogauuonu uenitiap TexHonowko—memanypwxol paxynieiia,
Kapnetujesa 4, 11120 Beoipag

Y oBOM papmy npHKasaH je pa3Boj MOAesa, 3aCHOBAaHOT Ha BELITAYKUM HEYPOHCKUM Mpe-
wama (Artificial Neural Network — ANN), 3a mpensuhame BpeSHOCTH €MHCHje MeTaHa Ha
HallMOHAJTHOM HMBOY, NIPU YeMy Cy Kao yjasHe MPOMEH/bMBe KOpUITheHH eKOHOMCKH MU
UHIYCTPUjCKH MHIUKATOPU W MHIUKATOPHU OLPXKUBOT pas3Boja. TecTupaHe Cy IBe pasiv4yuTe
ANN apxuTeKkType: HeypoHCKa Mpexa ca Ipolaranujom rpeuke yHasan (Backpropagation
Neural Network — BPNN) 1 HeypoHCKa Mpexxa ca ommuToM perpecujom (General Regression
Neural Network — GRNN). Pa3BujeH je U TMHeapHU MOJeEJ 3aCHOBAaH Ha BULIECTPYKOj JIMHE-
apHoj perpecuju (Multiple Linear Regression — MLR) ca kojum cy ynopehene nepdopmance
HaBenennx ANN mopmenma. ANN u MLR monenu cy pasBHjeHH U TeCTHPAHHM KOpHIIhemem
nmojaTtaka 3a 20 3emarsa EBporncke yHuje 3a mepuon oxn 2000. mo 2008. rogune. ITopeheme
npensuhama ANN Mopena ca akTyenHUM BpegHoctuma CH,4 eMucHje je mokasano a ce 0BOM
METOMI0JIOTHjOM €MHCHje MeTaHa Ha HallMOHAaTHOM HHBOY MOTY YCIEIIHO W IPELX3HO ofpe-
IUTH 10 OBE TOAVHE yHampen, npu 4yeMy je ANN mogpen 3HaTHO IMpenusHUju y nopehewy ca
MLR mopenom. HaBegenu ANN Mopen ce MOXKe KOPHUCTHTH Kao IOZApIIKA MPU JOHOLIEHY
HAIIMOHAJTHUX CTpPaTeruja OLp;KHUBOT Pa3Boja.

(ITpuMIbeHO 2. anpuiia, peBUAMPaHO 26. aBrycra, npuxsaheHo 7. HoBemdpa 2014)

REFERENCES

1. United Nations Economic Commission for Europe (UNECE), Protocol to Abate Acidi-
fication, Eutrophication and Ground-level Ozone, UNECE, Gothenburg, 1999

2. United Nations, United Nations Framework Convention on Climate Change, in Proceed-
ings of the Convention on Climate Change on the Work of the Second Part of its Fifth
Session, UN, New Y ork, 1992

3. U.S. Environmental protection agency Website. http://www.epa.gov/methane/
/sources.html. (Accessed 15 April 2013)

Available on line at www.shd.org.rs/JSCS/

(CC) 2015 SCs. All rights reserved.



432

4.

5.
6
7.
8

9.
10.
11.
12.

13.
14.

15.
16.
17.
18.
19.
20.
21.

22.
23.
24,
25.

26.
27.
28.
29.
30.
3L
32.
33.
35.

36.
37.

STAMENKOVIC et al.

European Environment Agency (EEA), Joint EMEP/CORINAIR Atmospheric Emission
Inventory Guidebook, 3? ed., European Environment Agency, Copenhagen, 2007

J. Barrancos, S. Briz, D. Nolasco, G. Melidn, G. Padilla, E. Padrdn, |. Fernandez, N.
Pérez, P. A. Herndndez, Atmos. Environ. 74 (2013) 10

. W. Winiwarter, K. Rypdal, Atmos. Environ. 35 (2001) 5425

K. Rypdal, Environ. Sci. Paolicy 5 (2002) 233

. S. J. Lindley, D. E. Conlan, D. W. Raper, A. F. R. Watson, Atmos. Environ. 34 (2000)

375

K. Rypdal, W. Winiwarter, Environ. ci. Pol. 4 (2001) 107

W. Schopp, Z. Klimont, R. Suutari, J. Cofala, Environ. Sci. Policy 8 (2005) 601

M. El-Fadel, M. Zeinati, N. Ghaddar, T. Mezher, Energy Policy 29 (2001) 1031

S. Kumar, S. A. Gaikwad, A. V. Shekdar, P. S. Kshirsagar, R. N. Singh, Atmos. Environ.
38 (2004) 3481

T. Li, Y. Huang, W. Zhang, C. Song, Ecol. Modell. 221 (2010) 666

M. Amann, |. Bertok, J. Borken-Kleefeld, J. Cofala, C. Heyes, L. Hoglund-Isaksson, Z.
Klimont, B. Nguyen, M. Posch, P. Rafaj, R. Sandler, W. Schopp, F. Wagner, W.
Winiwarter, Environ. Modell. Software 26 (2011) 1489

L. Hoglund-1saksson, Atmos. Chem. Phys. 12 (2012) 9079

B. Khoshnevisan, S. Rafiee, M. Omid, M. Y ousefi, M. Movahedi, Energy 52 (2013) 333
K. Chenga, S. M. Ogleb, W. J. Partonb, G. Pana, Ecol. Modell. 261262 (2013) 19

C. O. Karacan, Int. J. Coal. Geol. 73 (2008) 371

S. A. Abdul-Wahab, S. M. Al-Alawi, Environ. Modell. Software 17 (2002) 219

G. Corani, Ecol. Modell. 185 (2005) 513

U. Brundli, V. Piazza, L. Pignato, F. Sorbello, S. Vitabile, Atmos. Environ. 41 (2007)
2967

U. Brunelli, V. Piazza, L. Pignato, F. Sorbello, S. Vitabile, Build. Environ. 43 (2008) 304
K. P. Singh, S. Gupta, A. Kumar, S. P. Shukla, ci. Total Environ. 426 (2012) 244

A. Russo, F. Raischel, P. G. Lind, Atmos. Environ. 79 (2013) 822

K. Yetilmezsoy, F. I. Turkdogan, I. Temizel, A. Gunay, Int. J. Green Energy 10 (2013)
885

X. Zhu, Z. Q. Zhuang, M. Glagolev, L. Song, Global. Biogeochem. Cycl. 27 (2013) 592
M. Arhami, N. Kamali, M. M. Rgjabi, Environ. Sci. Pollut. Res. 20 (2013) 4777

D. M. Radogjevi¢, V. V. Pocajt, |. G. Popovi¢, A. A. Peri¢-Gruji¢, M. Dj. Risti¢, Energ.
Source, A 35 (2013) 733

D. Z. Antanasijevi¢, V. V. Pocgjt, D. S. Povrenovi¢, M. Dj. Rigti¢, A. A. Peri¢-Gruji¢,
Sci. Total. Environ. 443 (2013) 511

D. Antanasijevi¢, M. Rigti¢, A. Peri¢-Gruji¢, V. Pocajt, Int. J. Greenh. Gas. Con. 20
(2014) 244

R. Couth, C. Trois, S. Vaughan-Jones, Int. J. Greenh. Gas. Con. 5 (2011) 1443

J. Schimel, Nature 403 (2000) 375

A. A.Aljaloud, T. Yan, A. M. Abdukader, Anim. Feed Sci. Technol. 166-167 (2011) 619
Eurostat Website. http://epp.eurostat.ec.europa.eu/portal/page/portal /stati stics/
/search_database (Accessed 15 April 2013)

Edgar Website, http://edgar.jrc.ec.europa.eu/overview.phpv=42. (Accessed 15 April
2013)

P. Viotti, G. Liuti, P. Di Genova, Ecol. Modell. 148 (2002) 27

S. 1. V. Sousa, F. G. Martins, M. C. M. Alvim-Ferraz, M. C. Pereira, Environ. Modell.
Software 22 (2007) 97

Available on line at www.shd.org.rs/JSCS/

(CC) 2015 SCs. All rights reserved.



ANN MODELING OF METHANE EMISSIONS 433

38. IBM SPSS Statistics for Windows, Version 19, IBM Corp., Armonk, NY, 2010
39. Municipal waste dtatistics, Eurostat Website, http://epp.eurostat.ec.europa.eu/sta
tistics_explained/index.php/Municipal_waste_statistics (Accessed 20 January 2014).

Available on line at www.shd.org.rs/JSCS/

(CC) 2015 SCs. All rights reserved.



J. Serb. Chem. Soc. 80 (3) S109-S112 (2015) Supplementary material

SUPPLEMENTARY MATERIAL TO
Modeling of methane emissions using the artificial
neural network approach

LIDIJA J. STAMENKOVICY¥, DAVOR Z. ANTANASIJEVICZ# MIRJANA D. RISTICY,
ALEKSANDRA A. PERIC-GRUJICY and VIKTOR V. POCAJT%#

IUniversity of Belgrade, Faculty of Technology and Metallurgy, Karnegijeva 4, 11120
Belgrade, Serbia and 2University of Belgrade, Innovation Center of the Faculty of Technology
and Metallurgy, Karnegijeva 4, 11120 Belgrade, Serbia

J. Serb. Chem. Soc. 80 (3) (2015) 421433

DETAILS OF ANN ARCHITECTURES

BPNN is a three-layer feed-forward network trained from input data using an error
backpropagation algorithm. This is a supervised network, i.e., trained with both inputs and
outputs. A three-layer BPNN network with standard connections is suitable for almost al
problems of this nature.> The learning process of a BP network consists of two iterative steps:
forward computing of the data stream and backward propagation of error signals. During the
forward computing, the origina data are transmitted from the input layer to the output layer
through the hidden processing layer and the neurons of each layer can only affect the neurons
of the next layer. In this process, the synaptic weights are all adjusted in accordance with the
error signals. With these two steps being performed iteratively, the error, i.e., the difference
between the network output and desired output, can be minimized using the deltarule.?

The number of neurons in the input and output layer is equal to the number of input and
output parameters that are used in the BPNN model, while the number of neurons in the
hidden layer is often computed as the sum of half of the inputs plus the output neurons and the
square root of the number of training patterns. The number of neurons in the hidden layer in
the employed BPNN model was 15, the logistic activation function was used, and the learning
rate and momentum parameters were set to a value of 0.1. The training time was 30 min
during which 73952 learning epochs were performed. The schematic representation of the
BPNN model is presented in Fig. 1a.

A GRNN is aso a feed forward neural network with supervised training based on the non-
linear regression theory. It consists of an input layer, a hidden layer that can be divided into a
pattern layer and a summation layer and an output layer. GRNNs work by measuring how far
agiven sample pattern is from the patterns in the training set in N-dimensional space, where N
is the number of inputs in the problem. The training of the GRNN is quite different from the
training used in BP neura networks, being completed after presentation of each input—output
vector pair from the training data set to the GRNN input layer only once. The resulting
parameter of the GRNN training is a smoothing factor, which determines how tightly the

* Corresponding author. E-mail: dantanasijevic@tmf.bg.ac.rs
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network matches its predictions to the data in the training patterns.: The number of neuronsin
the input and output layer is equal to the number of input and output parameters that were
used in the ANN model. The number of neurons in the pattern sub-layer is equal to the
number of training cases used for model training, i.e., 160 neurons. The input data was scaled
using a linear function in range of 0 to 1, and the smoothing factor was determined using a
genetic algorithm.3 The schematic representation of the GRNN is shown in Fig. 1b.
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Fig. S-1. Schemas of the used ANN
architecturess @ BPNN and b)
GRNN.

For neural network design and training, the software tool NeuroShell 2 was used.?
TRAINING AND TEST DATA SETS

TABLE S. Training dataset for the year 2006

WDL MWG NC LRx107 PPG CH, emission

Country GDP K

gpc kgpc catlepc hapc toepc kg pc
Bulgaria 014 357 461 0.082 5.83 0.048 78.05
CzechRepublic 049 199 296 0.136 0 0.014 55.77
Denmark 1.70 37 740 0.291 0 1.718 68.83
Estonia 042 278 399 0.182 0 0.000 78.68
Greece 079 385 442 0.061 20.8 0.002 35.41
Spain 095 355 594 0.141 24.3 0.001 39.25
France 120 19% 536 0.299 274 0.017 62.68
Latvia 030 293 412 0.164 0 0.000 65.68
Lithuania 030 357 391 0.246 0 0.000 71.30
Luxembourg 303 130 683 0.397 0 0.000 108.65
Hungary 038 376 468 0.070 2.38 0.236 36.81
Netherlands 1.40 15 622 0.225 0 3.391 60.85
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Country cpp WPL MWG NC LRx107 PPG CH, emission

kgpc kgpc catlepc hapc toepc kg pc
Austria 132 25 653 0.243 0 0.189 48.64
Poland 030 236 321 0.138 0 0.102 87.27
Portugal 064 297 463 0.133 24.0 0.000 58.38
Romania 019 292 389 0.136 2.59 0.442 58.41
Slovenia 065 361 431 0.227 0 0.001 70.65
Slovakia 035 234 301 0.094 0 0.033 36.12
Finland 133 286 494 0.177 0 0.000 88.82
UK 136 352 586 0.171 0 1.192 49.67
TABLE SHI. Test data set

WDL MWG NC LRx107 PPG

Country GDP kg pc kg pc cattle pc hapc toe pc
Bulgaria 0.16 389 433 0.080 8.59 0.031
Czech Republic 0.51 205 293 0.133 0 0.016
Denmark 1.67 37 790 0.284 0 1518
Estonia 0.48 291 449 0.179 0 0.000
Greece 0.80 357 447 0.061 23 0.002
Spain 0.94 347 583 0.148 21.6 0.000
France 1.18 194 543 0.300 259 0.014
Latvia 0.37 323 378 0.175 0 0.000
Lithuania 0.34 369 401 0.233 0 0.000
Luxembourg 312 126 695 0.406 0 0.000
Hungary 0.40 341 457 0.070 2.58 0.199
Netherlands 1.40 13 629 0.234 0 3.328
Austria 132 20 596 0.241 0 0.192
Poland 0.33 239 322 0.142 0 0.102
Portugal 0.64 299 468 0.136 254 0.000
Romania 0.23 284 379 0.131 39 0.428
Slovenia 0.68 341 439 0.239 0 0.001
Slovakia 041 240 309 0.093 0 0.020
Finland 1.36 267 506 0.171 0 0.000
UK 135 323 570 0.166 0 1.068
Bulgaria 0.18 441 474 0.075 10.2 0.020
Czech Rep. 0.59 197 305 0.131 0 0.016
Denmark 171 32 830 0.292 0 1.646
Estonia 0.49 248 391 0.177 0 0.000
Greece 0.83 372 452 0.061 24.1 0.001
Spain 0.96 287 556 0.133 211 0.000
France 1.20 171 541 0.303 2.56 0.013
Latvia 0.40 311 332 0.167 0 0.000
Lithuania 0.39 368 408 0.229 0 0.000
Luxembourg 323 123 697 0.406 0 0.000
Hungary 0.42 333 454 0.070 2.49 0.200
Netherlands 145 8 624 0.244 0 3.651
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TABLE S-I. Continued

Country GDP WDL MWG NC LRx10”/ PPG
kg pc kg pc cattle pc hapc toe pc

Austria 1.36 19 599 0.240 0 0.158

Poland 0.38 228 320 0.146 0 0.097

Portugal 0.65 332 515 0.136 24.8 0.000

Romania 0.26 301 392 0.125 4.6 0.418

Slovenia 0.74 339 457 0.234 0 0.001

Slovakia 0.48 250 328 0.090 0 0.016

Finland 1.40 265 521 0.171 0 0.000

UK 1.17 287 544 0.162 0 1.025
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Abstract: In the course of this research, the extent of chemistry teachers' pro-
fessional knowledge related to the structure, contents and application of
chemistry curricula and their components was investigated. The research com-
prised 119 teachers from 69 secondary schools (25 grammar schools and 44
vocational secondary schools). The questions in the questionnaire referred to
general curriculum knowledge, knowledge of chemistry curriculum and the
views/assessments of the teachers concerning the necessary changes in the
curricula currently in effect. The teachers' answers showed that the most
important components of the curriculum for their work are the goals and
operative tasks/outcomes. The results indicated that information in the curri-
culum components exits that remains unused although it is relevant for a cer-
tain level of planning. Among the teachers in the sample, higher percentages of
those with an appropriate teachers training programme applied information
from the curriculum within the teaching process through demonstration
methods and problem solving. The research that was conducted provides a
basis for defining the indicators for monitoring the level of teachers’ capability
to apply curricular knowledge in their practice. Such indicators are important
for creating teaching situations and teachers’ activities within the framework of
initial education and continuing professional development of teachers.

Keywords: curricular knowledge; curricular components; annual work plan;
monthly work plan; lesson plan; chemistry teaching.

INTRODUCTION

The needs of contemporary society require a constant redefining of the
education of the young. In keeping with this, what also undergoes changes are
reguirements concerning teachers' competences (knowledge and understanding,
skills, dispositions), which would enable an efficient realisation of the expected
outcomes of the education of the young.l The said competences should be
formed through initial teacher education (ITE) and further developed through
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continuing professional development (CPD). They represent a complex combi-
nation of knowledge, skills and value judgements.2 Competences comprise
teachers' knowledge about learning, the goals of education, outcomes, resources
and the broader social context of teaching and education.13

Pedagogical knowledge of chemistry is part of chemistry teachers' compe-
tences that could be defined as a combination of pedagogy and the content of
chemistry.4% Today, the professional development of teachers also requires a
technological content to pedagogical knowledge, which is necessary for the
application of contemporary technologies in the teaching process.’”:8 Knowledge
of science curricula, together with knowledge of students understanding of sci-
ence, knowledge of assessment of scientific literacy, knowledge of instructiona
strategies, shapes a teacher’ s orientation to science teaching.® This encompasses
knowledge of two categories. the mandated objectives and tasks, and specific
curriculum-related programmes and materials. The first category encompasses
knowledge of the objectives and tasks that pupils are to accomplish within the
framework of a subject, as well as knowledge of the manner of accomplishing
them within the framework of the given topics during the course of the school
year. This knowledge also includes a teacher’s knowledge about vertical curri-
cula (the curricula of the previous and the following school year). Awareness of
horizontal connections among different subjects is also required, as is knowledge
of the curricula and attendant materials of specific additional programmes in spe-
cia areas and scientific topics relevant to teaching. This expresses the need for
teachers to continually become informed about development projects, the results
of which would improve the teaching practice, and about reforms that are period-
icaly enacted. The extent to which teachers will successfully and appropriately
introduce the most important results into their teaching practice depends on this.

Knowledge of the curricula and being trained to interpret them are consi-
dered to be important components of a teacher’s knowledge. There are different
models of the structure of a teacher’s knowledge and they all emphasise the
necessity of educating teachers in the sphere of the curriculum.10-13

In their mode!, Barnett and Hodson14 included the following components of
the knowledge of science teachers. academic and research knowledge, peda-
gogica content knowledge, professional knowledge and classroom knowledge.
Knowledge of curricular documents and curriculum planning were viewed as
components of professional knowledge. Professional knowledge comprises
knowledge of curriculum documents, the duties of teachers, union matters, infor-
mation about school administration and procedures for communicating with parents.

The curricular knowledge refers to the obligation of a teacher to be
acquainted with the existence and functions of this document. Curricular know-
ledge serves to organise, present and adjust the contents of the curriculum, teach-
ing topics, problems and issues related to the varying interests and abilities of the
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pupils. Curricula are continually being changed, and a teacher cannot get all the
necessary instructions for his’her future work through education. Teachers' edu-
cation does not represent the acquisition of a certain number of ready-made sol-
utions, but constitutes the development of a complex body of knowledge that is
to be applied in resolving specific practical problems in accordance with the cur-
ricula currently in effect.15 Researchers agree that subject matter plays the key
role in ameaningful linking of the components of ateacher’s knowledge.16.17

The results of research of the formation of curricular knowledge in pre-ser-
vice and in-service teachers do not shed light on the ability of teachers to trans-
late specific curricular material into practice. Research for the most part encom-
passes the most frequent teaching topics in the curricula and the necessary corpus
of knowledge, explaining the most frequently encountered teachers and stu-
dents fallacies (misconceptions) that make certain contents difficult to under-
stand and clarify. Still, each teacher who possesses a more or less formed know-
ledge of the curriculum teaches according to the curriculum which he/she should
adjust, transform and realise in the classroom in accordance with a great number
of contextual factors. The forming of curricular knowledge may depend on a
great number of factors, the initial education of teachers, the type of school
where they work and the length of their professional experience.18

A survey that should show how teachers use the chemistry curricula for the
planning and realisation of their teaching practice was conducted. Components of
the Carlsen model of teacher knowledge, general curriculum knowledge and
knowledge of chemistry curriculum (specific knowledge of science curriculum)
were monitored.13 General curriculum knowledge presupposed knowledge of the
role of certain components and the curriculum as a whole. Knowledge of the che-
mistry curriculum presupposed monitoring how teachers translate the chemistry
curriculum into classroom activities.

General curricular knowledge? and the knowledge of chemistry curricula®
presuppose a teacher’s knowledge of the objectives and tasks that students are
supposed to accomplish within the framework of a subject. Using the curriculum,
a teacher should know and interpret this document, both from the viewpoint of
general pedagogical knowledge and from the viewpoint of knowledge of che-
mistry contents.

The purpose of the conducted survey was to investigate the curricular know-
ledge of chemistry teachers in grammar schools and secondary vocational
schools. Monitored were indicators referring to:

1. genera curriculum knowledge (knowledge of the purpose of the cur-
riculum),

2. knowledge of chemistry curriculum (knowledge and application of infor-
mation from the chemistry curriculum) and

3. views about the necessary changes in the current curricula.
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The analysis of the data obtained from the questionnaire was supposed to
establish:

— how teachers asses the usefulness of the curriculum and some of its com-
ponents for various phases of planning (Q6, Q7, Q8, Q9),

— how they assess the usefulness of the curriculum for the realisation of the
most important and most frequent teaching situations, and which components of
the curriculum they single out as the most important ones (Q10, Q11, Q12) and

—which curriculum components, as they seeit, require changes (Q13).

Moreover, whether their replies were influenced by their initial education of
teachers, the type of school where they work and the length of their professional
experience influence were investigated.

DATA COLLECTION
Theresearch sample

The questionnaire constructed for the purpose of this survey was completed by 119
teachers working in grammar schools and secondary vocational schools. The survey was
conducted in 2013. Of the participating teachers, 41 work in grammar schools, while 78 work
in secondary vocationa schools. These schools were located in 41 cities and towns in Serbia.
Since no reliable data concerning the total number of chemistry teachers in Serbia could be
obtained, the response rate was calculated based on the number of schools in the sample.19
According to official data,20 there are 494 secondary schools in Serbia. The teachers in the
sample came from 25 grammar schools and 44 secondary vocationa schools (14.0 % of the
total number of secondary schoolsin Serbia).

The instrument and the procedures

The questionnaire, given in the Supplementary material to this paper, completed by the
teachers consisted of 13 questions (quoted along with the survey results). The first five
questions referred to persona information about the respondents.

The questionnaire comprised closed-type questions and one open-type question. The
closed-type questions were of the two-option response variety, multiple-choice questions and
those with a Likert scale. Three closed-type questions were to be answered by ticking a box in
the table.

The questions were formulated based on an analysis conducted beforehand concerning
the structural components contained in the current curricula. The questionnaire required the
teachers assessment concerning the applicability of the current curricula, the importance and
usefulness of the information mediated by the curriculain their entirety, and also through their
individual components. Researched were the way teachers trandate information from the
curriculum into corresponding classroom activities and how they select the appropriate con-
tents and methods.

The first version of the questionnaire was given to four expert chemistry teachers. Based
on their comments and suggestions, a new version was prepared. This questionnaire was
presented in a seminar in which twenty chemistry teachers participated. Based on their res-
ponses, the clarity of the formulations of the items was improved, as well as the order of the
items in the questionnaire. Subsequently, the final version of the present questionnaire was
constructed.
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Data analysis

The response frequency, arithmetical mean and standard deviation were determined. The
statistical significance of the differences between the answers given by the teachers from
different schools, with different initial education and working experience, were determined by
means of the y2-test of independence as a measure. When dealing with two variable categories
(e.g., grammar schools and vocational schools), the value of the Y ates Correction for Conti-
nuity was monitored. In the cases where more than 20 % of the frequencies were lower than 5,
the values were determined through the Exact Statistics and Monte Carlo methods. For the
interpretation of the y2-test results, the 95 % confidence level was selected. We used I1BM
SPSS Statistics (Version 20.0) was used for the for the y2-tests. When no statistically sig-
nificant differences between the answers given by teachers from various categories were
established, the results in this study were presented for the entire sample.

RESULTS AND DISCUSSION
Respondents

The structure of the sample of the teachers surveyed is presented in Table I.
Of the overall number of the teachers surveyed, 41 (34.5 %) work in grammar
schools (GS), while 78 (65.5 %) work in secondary vocational schools (SVS).
The magjority of the teachers (42.9 %) had between 10 and 20 years of working
experience. Only 9.2 % of the teachers were prepared for working in a school
through initial education, whereas the others completed one of the non-teaching
courses of studies at the Faculty of Chemistry or some related faculty, e.g., the
Faculty of Technology and Metallurgy. Nine of the teachers (7.6 %) had obtained
some form of post-graduate education (speciaisation, Master's Degree). The
sample comprised 84.0 % of women. A little less than half of the teachers inc-
luded in the sample belonged to the age group between 40 and 50 (44.5 %). The
second largest group in the sample were teachers between 50 and 60 years of age
(27.7 %).

TABLE |. Genera characteristics of the respondents (N = 119)

Type of school N (96) ¥ 208 O WOk y (o) Initial education N (%)
Grammar School 41 Lessthan5 11 Faculty of Chemistry, Teacher- 11
(GS) (34.5) (9.3)  training programme (FC-TTP)  (9.2)
Secondary Vocational 78 5-10 13  Faculty of Chemistry, Non-teacher- 84
School (SVS) (65.5) (210.9) -training programme (FC-NTTP) (70.6)
1020 51 Other non-teacher-training faculties 24
(42.9) (ONTTP) (20.2)
20-30 28
(23.5)
Morethan30 16
(13.4)
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General curriculum knowledge and knowledge of the chemistry curriculum

Curricular knowledge presupposes knowledge of the purpose and the manner
of implementing this document as a basis for the overall planning and realisation
of teaching.9 When asked for what level of planning they use the curricula, the
majority of the teachers replied that they use them for annual planning (65.5 %),
and for monthly planning (43.5 %). Viewing the sample as a whole, only a few
teachers use the curricula when planning individual lessons. However, a statis-
tically significant difference was established when the answers of teachers with
different initial education were compared (y2(2.119) = 15.84, p = 0.00). Only
18.2 % of the teachers who were prepared for teaching through their initial edu-
cation (FC-TTP) actually use the curriculum for preparing a lesson plan. A
greater percentage (34.2 %) of the teachers who completed non-teaching courses
of studies at the Faculty of Chemistry (FC-NTTP) use the curriculum for pre-
paring individual lessons. Of the teachers who completed non-teaching courses
of studies at other faculties (ONTTP), 77.3 % use the curricula for preparing
individual lessons.

The teachers who attended the teaching and non-teaching programmes of
studies at the Faculty of Chemistry mostly work in grammar school (87.2 %).
There were no statistically significant differences concerning their answers to
questions about their use of the curricula for various levels of planning. As
regards the answers of the teachers working in SVS, depending on their initial
education (teaching and non-teaching programmes), there were statisticaly sig-
nificant differences in their use of the curricula for preparing annua plans
(x4(2.73) = 6.64, p = 0.04) and planning individual lessons (¥2(2.73) = 0.45,
p = 0.00). When making annual plans, the curricula are mostly used by those
teachers who were trained for teaching (100 %), followed by those who attended
a non-teaching course of studies at the Faculty of Chemistry (68.9 %) and the
other teachers (50 %). As regards the planning of individual lessons, the curri-
culum is used the least by those teachers who attended a teacher training pro-
gramme at the Faculty of Chemistry (12.5 %), followed by those who completed
a non-teaching course of study at the same faculty (35.6 %), and 80.0 % of the
teachers who graduated from other faculties.

The results obtained indicate that the curriculum, as a document prescribing
the obligatory contents (teaching topics) and the number of lessons for their real-
isation, is used the most for macro planning.

When asked which components, i.e., which data are useful to teachers in
their work, more than half singled out the operative tasks/outcomes (Fig. 1). This
was followed, in terms of the frequency of the answers, by the goals and tasks of
chemistry (46.2 %). One-third of the teachers encompassed by the sample found
the contents of topics a useful component of the curriculum. The curriculum
component designated as instructions for the realisation of a topic was singled

Available on line at www.shd.org.rs/JSCS/

(CC) 2015 SCs. All rights reserved.



CHEMISTRY CURRICULAR KNOWLEDGE 441

out as informative by a small number of the teachers, who found the component
the manner of realising the curriculum more useful. The low frequency of sel-
ecting these two components was probably connected with the fact that, within
the current curricula, neither of them provides specific but generalised instruct-
ions. The fewest teachers (6.7 %) singled out the curriculum component pertain-
ing to additional work with students as useful. In other words, apart from the
obligatory segments of teaching, teachers find very little information in the curri-
cula of use for additional work with those students who, in keeping with their
interests and knowledge, should be offered additional contents.

Fig. 1. The importance of information mediated through curriculum components (N = 119).

Most of the teachers surveyed (58.0 %) have used the curriculum in an equal
measure during the course of their teaching career even though it remains
unchanged. Compared to the initial years of their work, 11.8 % of the teachers
feel a greater need to use the curriculum, whereas 26.1 % of the teachers tend to
use it increasingly less over time. This also refers to the curricula that have
remained unchanged for years.

The ninth question in the curriculum linked the levels of planning (annual,
monthly, individual lessons) and curriculum components. Among the curriculum
components used by the teachers for particular levels of planning, most of them
(64.7 %) singled out the goas and tasks of chemistry for annua planning,
whereas 58.8 % of them singled out the component designated as operative tasks/
/outcomes for the monthly planning of teaching and for planning individual les-
sons (Fig. 2). The component instructions for the realisation of atopic is used by
the least for annual planning, and is useful to a greater number of the teachers
(46.2 %) for planning a lesson. Similarly, the component list of demonstration
experiments is of greater importance to a larger number of the teachers for plan-
ning a lesson than for monthly and annual planning. In addition, the component
the manner of realising the curriculum, according to the answers supplied by the
teachers, is the more useful for planning alesson (38.7 %) and for monthly plan-
ning (35.3 %) than for yearly planning (25.2 %). The reason why these com-
ponents are not used by the majority of the teachers has more to do with the fact
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that the currently available information is not relevant for the monthly level of
planning, and less with the functional applicability of the teachers’ genera curri-
culum knowledge.

Fig. 2. The applicability of curriculum components for planning teaching.

The teachers' answers indicate that their curriculum knowledge does not
enable them to recognise which components from the curriculum may be of
importance for annual planning, especialy when it comes to planning the overall
funds required for the realisation of chemistry teaching in the course of a school
year. Thus, for example, more than 60 % of the teachers do not use the infor-
mation about demonstration experiments and laboratory exercises from the cur-
riculum in their annual planning in order to assess the overall needs for labor-
atory equipment and substances required for the realisation of the experimental
part of chemistry teaching during the course of the school year. In this respect,
there was no statistically significant difference between the answers of those
teachers who were initially educated for teaching and those who were not.

The current curricula neither develop some teaching units in detail, nor do
they do so when it comes to the manner of work to be applied in some lessons.
Lesson planning encompasses devising students' activities and planning the
means that enable the outcomes envisaged by the curriculum for each segment of
alesson to be achieved. No statistically significant differences in connection with
the use of the curriculum for the purpose of planning a lesson were found among
the teachers with different initial education working in grammar schools. How-
ever, there is a datigtically significant difference between the answers of the
teachers with different initial education working in secondary vocational schools
concerning the use of the curriculum for annual planning and lesson planning.
Actually, al the teachers who were initially educated for working in a school use
the curriculum for annual planning, and in this respect they differ from the other
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teachersin a statistically significant manner. As opposed to this, the least number
of them use the curriculum for lesson planning. The greater degree of confidence
of these teachers and their greater autonomy when it comes to deciding what a
lesson should be like are probably partly aresult of their initial education and the
previousy reviewed approaches to the realisation of curricular contents. On the
other hand, the teachers who did not have that form of initial education, when
faced with new curricula (and the greatest changes over the past 15 years have
occurred in the domain of vocational school curriculd) and new requirements,
feel a greater need for guidance provided by the curriculum. Apart from the cur-
riculum, the teachers who were not prepared for teaching through initial edu-
cation rely on the textbook when preparing a lesson and the textbook is often
considered to constitute additional material.21.22

As dready indicated, in their annual planning, the teachers do not use the
components demonstration experiments and laboratory exercises for planning the
overal equipment required for the reaisation of chemistry teaching during a
school year, whereas a number of them use the component |aboratory exercises
in their monthly planning, when they establish how much time is required for
realising the laboratory exercises. The component demonstration experiments
become important for alarge number of teachers at the level of lesson planning.

The curriculum component that pertains to additional work with students is
used in different ways by the teachers working in GS and SVS at the level of
preparing the annual work plan (¥2(1.119) = 9.33, p = 0.00) and the monthly
work plan (x2(1,119) = 8.15, p = 0.00). In grammar schools, this component is
used by 39.0 % of the teachers for preparing their plans at both levels of plan-
ning. In secondary vocational schools, this component is of importance for pre-
paring the annual work plan for 12.8 % of the teachers and 14.1 % find it
important for preparing the monthly work plan. There is a significant difference
between the number of the teachers working in grammar schools and secondary
vocational schools who use this component in their annual and monthly planning.
The instructions for additional work are more important to the teachers working
in grammar schools, which is explained by the fact that there are a greater num-
ber of students there who are high achievers, interested in further education in the
domain of natural sciences and in various kinds of additional activities (com-
petitions, projects, etc.). On the other hand, the programme does not provide any
recommendations for additional support for such students who are faced with a
lack of successin their learning.

Curricular knowledge, generally speaking, and knowledge of the chemistry
curriculum are contained within the competence of chemistry teachers required to
transform the curricula specific to chemistry into real teaching situations in the
classroom. The aim of Q10 was to investigate which information from the curri-
culum guides this process. When answering this question, the teachers assessed
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the usefulness of information from the curriculum in terms of selecting the teach-
ing/learning method, devising activities and teaching situations. The teachers
assessed the degree of usefulnesson ascaleof 1to5 (1 —not at al, 2 —negligibly
small, 3 —small, 4 — mostly and 5 — completely). The calculated mean values and
standard deviations are given in Table II. The teaching situations in Table Il are
classified based on the decreasing mean values pertaining to Q10. The calculated
mean values ranged from 4.08 to 2.88. The results show that the teachers are best
guided by the curriculum in the case of activities aimed at explaining and defin-
ing new concepts, whereas it provides the least support in organising the prepar-
ation of projects.

Answering Q11, the teachers specified for every activity which components
from the curriculum they use for planning and realising the given activity. The
percentages relating to the answers to this question are presented in Table 1.

The answers given by teachers with different initial education differed sta-
tistically to a significant degree with regards to the translation of certain infor-
mation from the curriculum into some of the classroom activities under consi-
deration (the values for the Cramer V indicated that the initial teacher education
had some influence, Table I11). The information offered in the curriculum per-
taining to these activitiesis mostly used by the teachers who were educated at the
Faculty of Chemistry to be chemistry teachers. It can be seen from the results that
the teachers who attended a teacher training programme translate information
from the curriculum into teaching situations aimed at systematising the curri-
culum contents, acquisition of curriculum contents through problem solving,
demonstration of experiments and other teaching aids to a greater degree than
those who did not.

When it comes to demonstrating experiments and organising laboratory
work, most of the teachers use the curriculum components that explicitly refer to
these activities. Among the teachers in the sample, higher percentages of those
who had partaken in an appropriate teachers training programme applied infor-
mation from the curriculum within the teaching process through the demons-
tration method and problem solving. This is indicated by the answers of the
teachers with different initial education concerning translation of curriculum
information into these classroom activities (Table I11). A necessary segment of
chemistry teachers pedagogical chemical knowledge is the knowhow and skills
required for laboratory work.23 Preparing and designing an experiment, a hands-
on practical or experiment plan, implementing and evaluating a systematic and
effective experiment are singled out as the most important competences of che-
mistry teachers.24 For this reason, it is necessary to assess the extent to which
teachers are capable of realising such curriculum requirements in practice.

The teachers consider traditional activities such as presenting curriculum
contents and monitoring and checking students' achievementsin accordance with
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TABLE 1Il. Answers of teachers with different initial education concerning trandation of
curriculum information into classroom activities

Activity/component FC-TTP FC-NTTP ONTTP e D Cramer
% % % \Y

Systematisation of curriculum contents  54.5 16.7 83 1332 0.00 0.30

/the manner of realisation of the

curriculum

Acquisition of curriculum through 54.7 26.2 83 869 0.01 0.27

problem solving/the manner of realising
the curriculum

Demonstration of experiments/goals 27.3 7.1 208 6.18 005 0.23
and tasks of chemistry

Demonstration of teaching 36.4 131 0.0 912 0.01 0.28
aids/operative tasks - outcomes

Demonstration of teaching 36.4 274 4.2 6.70 0.04 0.04

aids/demonstration of experiments

the established goals and outcomes of learning to be more applicable in practice
than these activities that serve to fulfil contemporary requirements in teaching.
This pertains to the application of contemporary work methods, the inclusion and
presentation of new scientific achievements, adjustment to the context that refers
to local and global levels, and also to the recognition of students’ individual abil-
ities. In such situations, more experienced teachers adjust their teaching more
successfully, taking into consideration their students’ abilities. However, experi-
ence is not a decisive factor when it comes to how much the competences of
teachers are developed.2> Thus younger teachers find more support in the curri-
culum for presenting the role of chemistry in various professions, which may be
connected with the fact that they are better informed about the contemporary
trends in science.

Apart from this, it was investigated how the teachers transform information
from the curriculum to other activities that characterise good teaching practices,
which are important both for chemistry and for al the other subjects being
taught. The results of the teachers answers are given in Table 1V. The activities
and results are classified based on the decreasing mean value for answers to
guestion Q12.

The teachers who work in different kinds of schools and have different ini-
tial education did not manifest significant statistical differences in their assess-
ments of the influence of the curriculum on the characteristics of their teaching
practice. However, there are dtatistically significant differences between the
assessments of the teachers with different working experience concerning the
recognition of individual abilities, predilections and the needs of students
(x%(1.104) = 20.02, p = 0.49) and seeing the role of chemistry in certain pro-
fessions (y2(1.107) = 29.15, p = 0.02). According to the values for the Cramer V
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(0.50 and 0.52), this is considered to constitute a great influence.26 The teachers
with 20 years of working experience and more are of the opinion that the
curricula mostly or completely provides a framework suitable for recognising the
individual abilities of students through the teaching process. All the teachers with
5 to 10 years of working experience are of the opinion that the curricula mostly
or completely enable the role of chemistry through certain professions to be seen.

Teachers' views on the necessary changesin the curricula

The teachers' views on the changes necessary in the curricula were also
investigated. The teachers competences, which include curriculum knowledge,
should enable a critical view of the key documents for the realisation of teaching.
For this reason, teachers are engaged during the course of reforms in order to
give proposas for new curricula2’ Within the framework of this survey, a
detailed analysis of the curriculum was not expected, but an assessment of
whether the information provided in the curriculum components is sufficient and
specific enough for the planning and realisation of classroom work (Table V).

TABLE V. Teachers answers (in %) to questions concerning changes in the contents of
curriculum components (N = 119)

Concretisation/reformulation/  Adding new Excluding the
developing the existing contentselements  existing contents

Curriculum components

Goals and tasks of chemistry  71.4a 10.9a 34
Operative tasks/outcomes 58.0 26.1 34
Contents 37.8 27.7 17.6
Demonstration of experiments 41.2 38.7 25
Laboratory exercises 42.0 37.8 17
Instructions for the readlisation 48.7 294 25
of atopic

The manner of realisingthe  52.9 26.9 17
curriculum

Additional work 37.8 39.5 5.0

“Statistically significant differences between answers of teachers with different working experience

There was a statistically significant difference between the views of the
teachers with different working experience to the effect that, in the current cur-
ricula, it is necessary to concretise/reformulate/develop the existing goals and
tasks of chemistry (y2(4.119) = 10.78, p = 0.03) and to add new goals and tasks
(¥%(4.119) = 10.56 p = 0.03). The teachers with less than 5 years working expe-
rience were the most in favour of the concretisation of the goals and tasks of
chemistry (90.9 %). The percentage of such answers decreased the longer was the
teachers’ working experience, reaching up to 50.0 % among the oldest teachers.
The teachers with more than 10 years of working experience differed from their
younger colleagues in their request for adding new goals and tasks of chemistry.
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The percentage of such answers increased with increasing working experience of
the teachers (from 7.8 % to 31.2 %). These results indicate that the curricular
knowledge depends on the length of the teachers' professional experience.

Curricular knowledge and an active attitude towards the curriculum on the
part of teachers encompass their critical view of the structure and contents of the
curriculum. Critical and analytical reviewing of the curriculum contributes to a
greater ability of teachers to make the necessary decisionsin their teaching on the
basis of information from the curricular.28 Moreover, in this way one obtains
important feedback from teachers with practical experience about the quality of
the curriculum, which is of importance for their future advancement. Teachers
should understand the curriculum material as their professional means of work,
and should learn, through education and professional development, about cur-
riculaand from them.2°

CONCLUSIONS

The competences of chemistry teachers, a set of knowledge and skills
needed to perform an activity, comprise, among other things, curricular know-
ledge. Trandlation of information from the curriculum into corresponding teach-
ing situations, tasks for students, i.e., activities in the classroom, requires know-
ledge of the nature of the contents being taught to students and the nature of the
problem of forming certain concepts, then knowledge of the characteristics of
certain methods of teaching and learning, the characteristics of the age group of
the students that a teacher is working with, their interests and possible adjust-
ments. The tranglation is also connected with planning the resources required for
the realisation of teaching according to the curriculum (the materials for experi-
ments, special teaching aids, printed and electronic materials, etc.). The entire
teaching process depends on how teachers translate curriculum requirements into
aform that students can understand and acquire.

The results of this survey show that the teachers are not aware of al the roles
and the importance of certain curriculum components. Furthermore, it was per-
ceived that information from certain components remains unused even though it
isrelevant to a certain level of planning (for example, about demonstration expe-
riments and laboratory exercises, for the purpose of the annual planning of the
overall funds required for teaching during one school year).

Teachers professionalism encompasses autonomy and responsibility. The
important question here is what autonomy means in relation to the curriculum,
how a teacher uses information from the curriculum as a framework for various
adjustments that teaching requires in a particular context (according to previous
knowledge, interests and other needs of students, the available means at schooal,
the requirements of the profession that students are preparing for, the needs of the
local environment and society in general). Autonomy comprises deciding which
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methods to use in order to realise teaching in keeping with the envisioned con-
tents, the goals and outcomes in the curriculum. It also comprises deciding on
how to set up a demonstration experiment, how to organise laboratory practice
(individual or group work), and the like. A teacher’s responsibility is reflected in
his’her acknowledgement of information from the curriculum, professional
assessment of the relevance of the information from some components for the
planning and realisation of teaching.39 Within the sample of teachers encom-
passed by this survey, it turned out that the goals and operative tasks/outcomes
are the most important curriculum component for the teachers’ work.

A well prepared chemistry teacher should apply and evaluate the curriculum.
He/she attains the ability to do so by acquiring general curriculum knowledge,
knowledge of the chemistry curriculum, and by forming a professiona attitude
towards the curriculum. The acquisition of such knowledge and the devel opment
of an active and professional attitude towards the curriculum should be included
in teachers' initial education and further developed through programmes of con-
tinual professional development. The indicators of teachers curricular know-
ledge are their understanding of the purpose and role of this document in the
planning of teaching, the manner of applying the information contained in the
curriculum and the evaluation of the quality of the curriculum. An important
issue for the interpretation of the curriculum are a teacher’s beliefs: beliefs about
the goals or purposes of science teaching, beliefs about the nature of science and
beliefs about science teaching and learning.3!

Research has shown that there is not enough literature that could help
teachers to understand the documents, instructions and materials according to
which they should work,32 and that there are few papers aimed at the manner of
realising a great number of the prescribed standards.33-35

The survey realised provides a basis for defining indicators for monitoring
the ability of teachers to apply curricular knowledge in their practice. Such indi-
cators are important for creating tasksin the initial education of teachers, through
which curricular knowledge is developed, tasks for teachers professiona
development and for monitoring teachers’ progress and planning activities which
could improve curriculum knowledge.

A limitation of this survey is that monitoring was based on a teacher’s per-
sonal assessment that could lead to attempts to give an answer that is considered
desirable. Future surveys will include research methods of direct assessment of
the degree and application of a chemistry teacher’ s knowledge of curricula

SUPPLEMENTARY MATERIAL

The Questionnaire is available electronically from http://www.shd.org.rs/JSCS/, or from
the corresponding author on request.
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U3BOJ
3HAE CPEABOIMKOJICKUX HACTABHHUKA O HACTABHUM IMTPOT'PAMHUMA XEMHJE

BUJbAHA TOMALIEBWR u JPATMIIA TPUBUR
Xemujcxu paxynimeni Ynueep3uiteiia y beoipagy, ii.uip. 158, 11001 Beoipag

Y 0BOM HCTpakuBawy HCIHMTHBAHO je MPO(MECHOHATHO 3HAWe HACTaBHUKA XEeMHje O
CTPYKTYpH, CafipXajy W IPUMEHH HACTaBHUX IpOrpamMa XeMHje U HHUXOBUX KOMIIOHEHTH.
HctpaxuBaweM je odyxsaheno 119 HacraBHHKA M3 69 cpenmux mrkosna (25 ruMHa3Hja u 44
cpenmwe CTpy4He 1kose). [Iutama YIUTHHKA OZHOCHIA Cy CE Ha OMLITE 3Halme O HaCTaBHUM
nporpamMuma, 3Hame O HaCTaBHUM IIPOrpamMHMMa XEMHje U Ha CTaBOBE O HEONXOOHHUM H3Me-
HaMa y aKkTyeJlHHUM mporpamuma. ONroBopy HacTaBHHMKA MOKa3yjy Oa Cy 3a HHUXOB paj Haj-
3HaYajHUje KOMIIOHEHTe MporpaMa LWbLEBH W ONEPATUBHH 3afalli/HCXOnu. YOueHo je na
uHbopMauyrje 13 onpeheHUX KOMIIOHEHTH OCTajy HeMcKopuinheHe HaKo Cy peleBaHTHE 3a
ompeheHn HUBO TIaHWpawa. Mehy HacTaBHHIMMA y Y30pKYy, OHM KOjU MMAjy WHHUIHjAIHO
odpa3oBame 3a HaCTaBHUUKY Npodecrjy y BeheM MpoLeHTy cy MpUMenUBanud uHdopmaluije
W3 HACTaBHOI [Iporpama y peaausaldju HacTaBe AEMOHCTPAaLlMOHOM METOJOM U METOLOM
yuewa NMyTeM pelllaBama Npodiema. HM3BeneHO UCTpaKUBamwe NpyKa OCHOB 3a AedUHUCAHE
WHIUKATOpa 3a mpaherme 0Crnocod/beHOCTH HACTaBHHUKA 1A MPUMEIYjy 3Hame O HaCTaBHUM
IporpaMHMmMa y CB0jOj IMpakcH. TakBM HMHAMKATOPH Cy 3HAYajHH y KpPEWpamy HWHULHUjaTHOT
odpa3oBama HACTaBHUKA U MPOTPaMa 3a BUXOB MpodecroHaIHN Pa3Boj.

(ITpumsbeHo 2. okTOOpa, peBuaMpaHo 7. neuembpa, mpuxsahero 8. nenemdpa 2014)
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SUPPLEMENTARY MATERIAL TO
Chemistry curricular knowledge of secondary school teachers

BILJANA TOMASEVIC*# and DRAGICA TRIVIC#
Faculty of Chemistry, University of Belgrade, P. O. Box 158, 11001 Belgrade, Serbia
J. Serb. Chem. Soc. 80 (3) (2015) 435452

THE QUESTIONNAIRE

L 3
In which type of school do you Sex:
teach? a) Mae
a) Grammar School b) Femae
b) Secondary Vocational Schaool
4
2 How old areyou?
How many year s have you taught? a) 25-30
a) Lessthan 5 b) 31-40
b) 5-10 c) 41-50
c) 10-20 d) 51-60
d) 20-30 e) Above 60

€) More than 30

5

What are your academic qualifications?

* Corresponding author. E-mail: bsteljic@chem.bg.ac.rs
S113
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6

In which levels of planning do you use the chemistry curriculum?
a) When preparing the annual work plan

b) When preparing a monthly work plan

¢) When preparing a class scenario in writing

7

What kind of information contained in the curriculum is the most
important to you for therealisation of your teaching plan?

a) The goals and tasks of chemistry

b) Operative tasks/outcomes

) The contents of topics

d) Demonstration experiments

€) Laboratory exercises

f) Instructions for the realisation of atopic

g) The manner of realising the curriculum

h) Additional work

8

Has your need to use the curriculum (during periods when there were
no changesto it) changed as your working experience increased?

a) | have used the curriculum to an equal degree all the time

b) | use the curriculum less now than when | started working

c) | use the curriculum more now than when | started working

9

Mark the curriculum components which you usefor the different
levels of planning.

Components of curriculum

Instruc-

Opera- . The man-
The goals t’i)ve The Demon- Labor- tionsfor ner of Addit
Levels of planning and tasks stration  atory thereal- i
P tasks/ contents ; y L reaising  iona
. experi- exer- isation )
) outcome of topics . thecurri-  work
chemistry ments cises ofa
. culum
topic

The annual work plan
The monthly work plan
The lesson plan
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10
Towhat extent are you guided by information contained in the
curriculum in realising the following teaching situations?
1-Notatal 2—Negligibly small 3—Small 4—Mostly 5— Completely
1) Introducing a topic to student
2) Explaining and defining new concepts
3) Demonstration of experiments
4) Organising laboratory exercises
5) Demonstrating teaching aids
6) Verifying the degree to which the subject matter taught in class has been
learned
7)Systematisation of the course contents
8) Organising group work
9) Organising individual work
10) Acquisition of curriculum contents through problem solving
11) Project work
12) Adjusting work to students with specia needs
13) Monitoring and ng students’ work
14) Assigning homework
15) Using additional sources of knowledge (literature, the Internet...)

11
Mark the curriculum components through which you obtain the most
information in realising the following teaching situations?

Componentsof curriculum

The Opera- Demon- Instruct- The
goals and tFi)ve The con- sration Labora- ions for the manner of | Addi-

Teaching tasks of tents of ! tory - realising | tional
i i chemis- tasks/ topics expen- exercises realisation thecurri- | work
situations outcomes P ments of atopic

try culum
1) Introducing
atopicto
students
2) Explaining
and defining
new concepts
3)

Demonstration
of experiments
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4) Organising
laboratory
exercises

5)
Demonstrating
teaching aids

6) Verifying
the degree to
which the
subject matter
taught in class
has been
learned

7) Systematis-
ation of the
course contents

8) Organising
group work

9) Organising
individual
work

10) Acquisition
of curriculum
contents
through
problem
solving

11) Project
work

12) Adjusting
work to

students with
specia needs

13) Monitoring
and assessing
students’ work

14) Assigning
homework

15) Using
additional
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sources of
knowledge
(literature, the
Internet...)

12
“Towhat extent does the curriculum offer you possibilitiesto realise the following.
1-Notat all 2—Negligibly small 3—Small 4—Mostly 5— Completely

1) Planning activities according to clearly defined teaching goals

2) Application of contemporary work methods

3) Teaching process featuring students in an active role

4) Acquisition of knowledge in keeping with students age and previous
knowledge

5) Acquisition of all necessary competences, knowledge, skills, views, values

6) Linking curriculum contents with other natural sciences subjects

7) Recognising the individual abilities, predilections and needs of students

8) Inclusion of children with special needs

9) Students to continue education and for higher levels of education

10) Students' continual self-education

11) Adjusting the curriculum contents to the needs of the local environment

12) Inclusion and presentation of new knowledge and achievements

13) Adjusting the contents to subjects and grades

14) Seeing therole of chemistry in certain professions

15) Adjusting the contents to the technical, cultural and general level of social
development

16) Monitoring and evaluation of students achievements

17) Application of clearly defined evaluation criteria

18) Checking students knowledge according to clearly defined learning
outcomes
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13
What changes in the curriculum of chemistry would you be most
important for teaching chemistry?

Concretisation/
reformqlation/ Adding new Exclu_di ng the
devel oping the dements existing
Curriculum components existing contents
contents
Goals and tasks of chemistry
Operative tasks / outcomes
Contents

Demonstration of experiments
Laboratory exercises

Instructions for the realisation of atopic
The manner of realising the curriculum
Additional work
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