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Synthesis, structural characterization and antimicrobial
evaluation of some novel piperidin-4-one oxime esters
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Tamil Nadu, India
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Abstract: Fifteen novel biologically active piperidin-4-one oxime esters 822
were synthesized in good yields. These compounds were prepared in reactions
of carboxylic acids, in situ activated using POCl; and pyridine, with piperidin-
-4-one oximes. The structures of the title compounds were elucidated based on
FTIR, NMR (1D and 2D) and mass spectral analyses. Single crystal XRD
studies of compounds 12 and 20 provided further unambiguous evidence for
the proposed structure. All the synthesized compounds were tested for their in
Vvitro antibacterial and antifungal activities. Many of these derivatives exhibited
good activity against Bacillus subtilis, Pseudomonas aeruginosa, Escherichia
coli, Trichoderma viride and Aspergillus flavus.

Keywords: piperidin-4-one oxime; aromatic acid; mixed anhydride; gauche
interaction; conformation; single crystal XRD.

INTRODUCTION

Substituted piperidines and their analogues are basic structural units in num-
erous naturally occurring alkaloids and drug candidates. A search of piperidines
and their derivatives revealed thousands of references to this simple ring system
in medicinal and clinical research.! In particular, chiral centers at C2 and/or C6
of the piperidine ring were found to be essential for a defined activity, such as
CNS,2 anti-HIV,3 anti-proliferative,* anti-cancer,’ anti-inflammatory® and anti-
oxidant’ activities. Furthermore, the piperidine ring serves as a building block in
synthetic and medicinal chemistry as more complex alkaloids include acridone
and morphine, which themselves exhibit biological activities.3

Oximes? and their derivatives represent an important class of organic mole-
cules that attract the interest of both synthetic and medicinal chemists. Oxime
esters have showed great potential in biologically active molecules, such as
RBPPY inhibitors,10 anti-proliferative!! and anti-convulsant!?2 agents, and in
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agrochemical!? industries. In addition, oxime esters, such as OXE-1 and OXE-2,
were employed as photoinitiators,!4 as they meet the specific requirements
desired for color filter displays in LCDs. Recently, oxime esters were reported to
exhibit DNA-cleaving!3 ability in a process triggered by UV light.

The formation of the ester is a simple dehydration process, which can be
easily catalyzed by strong acids. Previously, numerous methods were docum-
ented for the synthesis of esters via direct coupling of a carboxylic acid with an
alcohol, often involving the use of stoichiometric activators and coupling
reagents.1® In addition, several reports describe the synthesis of esters in good
yields using coupling reagents such as dicyclohexylcarbodiimide/4-(N,N-dimethyl-
amino)pyridine (DCC/DMAP),!7 diethyl azodicarboxylate/triphenylphosphine
(DEAD/Ph3P),!8 N,N-dimethyl phosphoramidic dichloride!® and diethyl chloro-
phosphate.20 However, some drawbacks still remain due to the formation of
byproducts, difficulties in handling and long reaction times. Consequently, a
practical and efficient synthesis of oxime esters in good yields under mild con-
ditions is still needed. In this context, an attempt was made with phosphorus oxy-
chloride (POCl3),2! which is a commercially available and relatively inexpensive
superior reagent, and affects carboxylic group activation under mild conditions
with excellent yields of the products.

Herein, the synthesis and structural characterization are reported of some
novel 3-alkyl-2,6-diphenylpiperidin-4-one oxime esters 822 through carboxylic
acids 7a—e, in Situ-activated using POCl3 and pyridine as base as well as solvent,
with 3-alkyl-2,6-diphenylpiperidin-4-one oximes 4—6 in good yields (Scheme 1).
The key compounds, 3-alkyl-2,6-diphenylpiperidin-4-ones?2 1-3 and their oxi-
mes?23 4-6 were prepared using literature methods.

Scheme 1. General synthetic route for the synthesis of piperidin-4-one oxime esters 8-22.
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EXPERIMENTAL

All the purchased reagents and solvents were of reagent grade and used without further
purification. Completion of reactions was monitored by TLC on silica gel-coated aluminum
sheets (Type 60 GF254). The melting points were measured in open capillaries and are uncor-
rected. The FTIR spectra were recorded on Avatar-300 FTIR spectrometer in KBr disks. The
NMR (1D and 2D) spectra were recorded on a Bruker 400 MHz spectrometer. The chemical
shift values are reported in ppm from TMS.

The analytical and spectral data of the synthesized compounds are given in the Sup-
plementary material to this paper.

General procedure for the synthesis of piperidin-4-one oxime esters (8-22)

A mixture of 3-methyl-2,6-diphenylpiperidin-4-one oxime (0.700 g, 2.5 mmol) and ben-
zoic acid (0.335 g, 2.75 mmol) in dry pyridine (5 mL) was stirred at room temperature (29
°C), POCI; (0.25 mL, 2.75 mmol) was added dropwise to the mixture and stirring was con-
tinued for 15 min. The progress of the reaction was monitored by TLC. After completion of
the reaction, the crude product was neutralized with dilute nitric acid and the desired product
was regenerated with sodium bicarbonate solution. The crude product was then recrystallized
from ethanol to obtain the pure piperidin-4-one oxime ester 8 in good yield (0.6 g, 86 %). The
above general method was adopted for the synthesis of compounds 9-22 of this series.

RESULTS AND DISCUSSION
Chemistry

In the present investigation, first the reaction of 3-methyl-2,6-diphenyl pipe-
ridin-4-one oxime (4, 1 equiv.) and benzoic acid (7a, 1.1 equiv.) in pyridine as
base as well as solvent was studied using various reagents (1.1 equiv.) to exam-
ine the feasibility of the reaction. As shown in Table I, a trace amount of product
was formed with PCls, while moderate yields were obtained with SOCl, and
DCC. Finally, POCl3 gave the corresponding 3-methyl-2,6-diphenyl piperidin-4-
-one oxime ester 8 in good yield.

TABLE I. Formation of oxime ester from oxime with benzoic acid utilizing various reagents

Entry Substrate (equiv.) Reagent (equiv.) Time, min Yield®, %
1 PhCOOH (1.1) PCls (1.1) 120 Trace
2 PhCOOH (1.1) SOCI, (1.1) 80 60

3 PhCOOH (1.1) DCC (1.1) 90 45

4 PhCOOH (1.1) POCI; (1.1) 15 86
?Isolated yield

Next, POCl3 was utilized as the reagent in varying amounts, from 0.5 to 2.0
equiv, for the synthesis of 3-methyl-2,6-diphenylpiperidin-4-one oxime ester 8.
Using equimolar quantities of benzoic acid 7a and POCIl3, the desired product
was obtained in 86 % yield (Entry 2, Table II). However, 0.5 equiv. of POCIl3
resulted in a poor yield of the product (Entry 1, Table II) compared to when 1.1
equiv. of POCl3 was taken, while using 1.5 and 2.0 equiv. of POCIlj3 resulted in
moderate yields (Entries 3 and 4, Table II).
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TABLE II. Optimization of reaction conditions with varying amounts of POCl;

Entry Substrate (equiv.) POCI; (equiv.) Time, min Yield®, %
1 PhCOOH (1.1) 0.5 30 trace

2 PhCOOH (1.1) 1.1 15 86

3 PhCOOH (1.1) 1.5 25 80

4 PhCOOH (1.1) 2.0 20 69
Isolated yield

To study the scope and limitation of this protocol, POCl3 and pyridine were
used with wide ranges of aromatic/heteroaromatic acids and piperidin-4-one oxi-
mes. These methodologies resulted in good yield of products with short reaction
times for all the substrates (Table III). The purity of products was high after a
single recrystallization; extraction steps and chromatographic separation are thus
avoided. The final products were well characterized using FTIR, NMR (1D and
2D) and mass spectrometry. The structures of compounds 12 and 20 were fully
established by single crystal XRD analysis.

TABLE III. Substrate scope for piperidin-4-one oxime esters using POCls/pyridine

Time, Yield® Time, Yield?,

Cmpd. R Ar min o Cmpd. R Ar min o,
8 Me C()HS 15 86 16 Et p-NOz-C6H4 20 95
9 Me  3-CsHyN 20 90 17 Et mMe-C¢Hy 25 75
10 Me p-Cl-C¢Hy 20 79 18 i-Pr CgHjs 20 81
11 Me p-NO,-C¢Hy 15 92 19 i-Pr 3-CsHyN 25 89
12 Me mMe-CgHy 25 77 20 i-Pr  p-Cl-C4Hy 25 73
13 Et CeHs 20 85 21 i-Pr  p-NO,-C¢H; 20 86
14 Et 3-CsHyN 20 86 22 i-Pr  mMe-CgHy; 35 80
15 Et p-Cl-C4H, 25 80

Isolated yield

FTIR spectral analysis

In general, compounds containing carbonyl group show absorption in the
region of 1600—1750 cm™L. In all the compounds 8-22, a strong band appeared in
the double bond region of the spectra at 1739-1752 cm™!, which confirmed the
formation of oxime ester (C=0). The imino group (C=N) in the piperidine ring
gave a band at 1641-1607 cm~!. A collection of bands observed in the region of
3272-3446 cm! and 2797-3087 cm! are due to the presence of a secondary
amine (N—H) and aromatic and aliphatic C—H stretching.

NMR spectral analysis

For convenience, compound 8 was selected for the NMR spectral discussion.
The two sets of signals appearing in the region 7.29-8.05 ppm for 15 protons
revealed the presence of two Ph groups at the piperidine ring and one benzene
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ring of the O-benzoyl group. Of these two sets of signals, one doublet that
appeared in the downfield region at 8.03 ppm corresponded to the deshielded
ortho H-atoms belonging to the O-benzoyl group. The remaining protons of Ph
groups and the O-benzoyl group collectively gave a multiplet at 7.29-7.57 ppm.
A doublet appeared in the upfield region of 1.07 ppm (J = 6.4 Hz) with a strong
correlation in HSQC with the 11.84 ppm peak and a weak correlation with the
44.86 ppm; the signal at 1.07 ppm is due to Me(C3). A broad singlet appeared at
2.00 ppm, that showed no correlation in HSQC, was unambiguously assigned as
the NH proton. In the downfield region, there are three doublets at 3.95, 3.66 and
3.56 ppm. Of these three signals, the two doublets at 3.95 (J=11.6 Hz) and 3.66
ppm (J = 10 Hz) show strong correlation with 60.94 and 69.02 ppm signals and
weak correlation with the 44.36 ppm signal. Obviously, these two signals are due
to H2,x and H6,4 (benzylic) protons. The latter doublet at 3.56 ppm (J = 13.6 Hz)
shows strong correlation with 36.48 ppm signal, which is cross peak with the
triplet center at 2.30 ppm, which confirmed that 3.56 and 2.30 ppm are due to
HSeq and HSax protons attached at the C5 carbon. A multiplet appearing at 2.67
ppm showed a strong correlation with the 44.36 ppm signal and a weak correl-
ation with the 69.02 ppm signal, which confirmed the signal be assigned to the
H3,x proton.

Akin to compound 8, the chemical shift and coupling constant of C3 methyl,
ethyl, isopropyl substituted analogous compounds 9-22 were assigned accord-
ingly. Unlike compound 8, in compounds 13-22, the H2,x proton is deshielded
by 0.14 ppm for the ethyl- and 0.38 ppm for the isopropyl-substituted com-
pounds. Thee deviations indicate that the piperidine ring is flattened or distorted
about the C2—C3 bond to decrease the gauche interaction. This interaction oper-
ates through space irrespective of the equatorial ethyl/isopropyl group at the C3
carbon and the phenyl group at the C2 carbon with an H2,4 proton.

In the 13C-NMR spectrum of compound 8, the aromatic C-atoms appeared in
the region of 126.9—-129.6 ppm. The signals due to three ipso C-atoms were obs-
erved at 133.2, 142.0 and 143.0 ppm, respectively. Of these three signals, the one
appearing at 133.25 ppm is due to an ipso carbon of the O-benzoyl group and the
rest are due to ipso carbons attached to C2 and C6 carbons of piperidine ring. The
imino carbon (C4) and O-benzoyl carbonyl carbon appear in the downfield
region at 164.22 and 169.51 ppm, respectively. In the upfield region, the methyl
group attached to the C3 carbon was observed at 11.84 ppm and piperidine ring
carbons C2, C3, C5 and C6 appeared at 69.02, 44.36, 36.48, and 60.94 ppm,
respectively.

Conformational analysis

The conformation of the piperidine ring and the orientation of the oxime
ester group were studied from the values of the NMR coupling constant. Com-

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

(CC) 2015 SCs. All rights reserved.




1 1 06 GOKULA KRISHNAN, SIVAKUMAR and THANIKACHALA.

pound 8 exhibited a large coupling constant Jgax 5ax (11.6 Hz) about the C5-C6
bond and about the C2—C3 bond (10 Hz) revealing the equatorial dispositions of
the aryl rings at C2 and C6, and the alkyl group at C3. Thus, the synthesized
compound 8 existed in a normal chair conformation with equatorial orientation of
the Ph ring and Me(C3) substituents. The coupling constant about C2—C3 bond
(J2ax,3ax) Were considerably lower than that about the C5-C6 bond (Jgax,5ax), due
to the gauche interaction between the Ph group and the alkyl group of C2 and C3.
Hence, the piperidine ring is flattened/distorted about the C2—C3 bond and hence
the lower magnitude of Jy,x 3ax relative to Jgax sax- The chemical shift difference
between the C5 carbon (33.88 ppm) and C3 carbon (49.51 ppm) arises due to
Al3 interactions between the N-O and C5-H bonds. Thus, the C5 carbon signal
was more shielded compared to C3 carbon. It was concluded that O-benzoyl
group was Syn to the C5 carbon.

Sngle crystal XRD analysis of compounds 12 and 20

The crystal data and refinement parameters for compounds 1224 and 20 are
summarized in Table S-1 of the Supplementary material. The ORTEP view of
compounds 12 and 20 are shown in Figs. 1 and 2, respectively. In compound 12,
the piperidine ring (N1/C7—C11) adopts a chair conformation (the N1 and C9
atoms deviate from the best plane of C7/C8 and C10/C11 by 54.9(2)° and
—47.7(2)°, respectively) with an equatorial orientation of the Ph rings and Me
group substituted on the heterocyclic. The C—C=N bond angles are different
(C8—C9=N2 = 126.54(19)° and C10-C9=N2 = 117.50(18)°) and the dihedral
angle between the atoms C10—C9=N2-0O1 is —177.16(19)°, showing that the
molecule exists as the E-isomer.

Fig. 1. The ORTEP view of compound 12 showing 30 % probability displacement ellipsoids.
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Fig. 2. The ORTEP view of compound 20 showing 50 % probability displacement ellipsoids.

In compound 20, the piperidine ring (N1/C1-C5) also exists in a chair con-
formation with the ring atoms N1 and C3 deviating from the best plane of C1/C2
and C4/CS5 by 66.77 and —62.22°, respectively. The Ph rings and the isopropyl
group substituted on the heterocyclic ring are equatorially orientated. The bond
angles of the C—C=N are different (C2-C3=N2 is 126.45° and C4—C3=N2 is
118.97°) and the molecule is found to exist in E-isomeric form as evidenced by
the C2—C3=N2-01 dihedral angle of 179.08°.

Antimicrobial screening

All the synthesized compounds 822 were screened for their in vitro anti-
microbial activity in nutrient broth (NB) for bacteria and Sabouraud dextrose
broth (SDB) for fungi by the twofold serial dilution method. A standard
procedure was adopted for the preparation of all test samples.25 The minimum
inhibitory concentration (MIC) values of the synthesized compounds 8-22
against bacterial strains viz. Bacillus subtilis, Staphylococcus aureus, Pseudo-
monas aeruginosa and Escherichia coli are compared with the those of ampi-
cillin in Table IV and against fungal strains viz. Penicillim chrysogenum, Tricho-
derma viride, Aspergillus niger and A. flavus are compared with those of ampho-
tericin-B in Table V.

Antibacterial activity

All the synthesized piperidin-4-one oxime esters exhibited a wide range of in
vitro antibacterial activity from the highest concentration (200 pg mL-1!) to the
lowest concentration (6.25 pg mL-!) against all the tested organisms, except 8 that
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TABLE 1V. Antibacterial activity (MIC / pg mL™) of compounds 8-22; —: no inhibition at
200 pg mL™

Crmnd Bacteria
ope. B. subtilis S aureus P. aeruginosa E. coli

8 100 - 200 200
9 25 50 25 50
10 25 100 50 50
11 50 100 50 50
12 100 200 100 100
13 50 200 100 200
14 12.5 25 12.5 12.5
15 25 50 50 25
16 25 50 25 25
17 50 100 50 50
18 50 100 50 50
19 6.25 12.5 6.25 6.25
20 12.5 25 6.25 12.5
21 6.25 25 25 12.5
22 25 50 25 25
Ampicillin 12.5 50 25 25

TABLE V. Antifungal activity (MIC / pg mL™") of compounds 8-22; — no inhibition at 200
B
ng mL

Cmpd Fungi
mpe. P. chrysogenum T. viride A. niger A. flavus

8 - 200 - -
9 200 100 100 200
10 200 200 200 200
11 - - 200 200
12 - 200 - 200
13 200 100 100 100
14 50 50 50 25
15 100 50 50 50
16 100 100 50 25
17 100 100 100 50
18 50 25 50 50
19 25 12.5 12.5 12.5
20 25 12.5 25 25
21 50 25 25 25
22 50 25 25 25
Amphotericin B 25 25 50 50

failed to inhibit the growth of S aureus at the highest concentration (200 ug mL-1).
Compounds 9-11 recorded moderate activity against S. aureus (100 pg mL-1)
and improved activity against B. subtilis, P. aeruginosa and E. coli. However,
compounds 8 and 12 showed weaker activity against S. aureus, P. aeruginosa
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and E. coli at 200 pg mL~!. On introducing an ethyl and/or isopropyl group at the
3td position of the piperidine ring instead of a methyl group and replacing of
O-benzoyl group in the oxime part of all the compounds registered better activity
against all the strains. Several authors also documented that the 3-ethyl and/or
3-isopropyl substituted piperidin-4-one oxime derivatives exhibited outstanding
antibacterial and antifungal activities.2%27 The 3-ethyl substituted oxime esters
13-17 showed better activity against all the tested organisms compared to com-
pounds 8-12. Among these compounds, 14 registered greater activity (12.5-25
ug mL-1) against all the tested organisms and compounds 15 and 16 recorded
good activity against B. subtilis and E. coli at 25 ug mL-!. Compound 17 showed
moderate activity against B. subtilis, P. aeruginosa and E. coli at 50 pg mL-! and
compound 13 did not show any significant activity against S. aureus and E. coli
even at the highest concentration (200 pg mL-!). The presence of an isopropyl
group at the 3™ position in compounds 18-22 showed better activity with MIC
values of 6.25-12.5 ug mL-! when compared with the other substituents (methyl
or ethyl). Especially compound 19 registered greater activity against all the tested
strains at lower concentrations (6.25-12.5 ug mL-!) and compounds 20 and 21
also registered better activity (12.5-50.0 pg mL-!) against all the tested organ-
isms compared with 18 and 22 (25-100 pg mL-!). From the above observations,
it is obvious that the nicotinoyl-substituted oxime esters 14 and 19 recorded
excellent activity among the substituted oxime esters. The chloro- and nitro-sub-
stituted oximes esters 15, 16, 20 and 21 also registered good activity.

Antifungal activity

The synthesized compounds 8-22 were also screened for their in vitro anti-
fungal activity against the tested organisms. Compounds 8 and 12 showed no
significant inhibition of P. chrysogenum, A. niger and A. flavus even at the high-
est concentration of 200 pg mL-!, nor did compound 11 against P. chrysogenum
and T. viride. Compounds 9, 10 and 13 showed weak activity against A. flavus
and P. chrysogenum at 200 pg mL-L. Replacement of the methyl group by ethyl
and/or isopropyl led to significant activity against all the tested organisms. Com-
pound 14 registered better activity against T. viride, P. chrysogenum and A. niger
at 50 pg mL-! and compound 15 also showed better activity against T. viride, A.
flavus and A. niger. Compounds 16 and 17 exhibited moderate activity against P.
chrysogenum, T. viride with MIC value of 100 pg mL-!. Compound 18 showed
good activity against P. chrysogenum, A. flavus and A. niger and improved acti-
vity against T. viride at 25 pg mL-L. Introduction of nicotinoyl and/or an elec-
tron-withdrawing group (chloro or nitro) at the oxime part increased the activity
of compounds 19 and 20 against T. viride, A. niger and A. flavus at 12.5-25 pg
mL-!, of compounds 21 and 22 against P. chrysogenum, T. viride and A. niger at
25-50 pg mL-!. An isopropyl group at the 3 position of the piperidine ring
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resulted in greater activity against all the tested organisms (12.5-50 pg mL-1),
when compared with the other compounds.

CONCLUSIONS

In summary, the POCI; and pyridine system was described as an in situ
activating agent for direct piperidin-4-one oxime ester formation in the reaction
between aromatic acids and piperidin-4-one oximes. The present method is prac-
tically efficient, involves shorter reaction times, simple purification procedures
and is economic for the synthesis of piperidin-4-one oxime esters. From XRD
crystallographic results, it was shown that the piperidine rings of compounds 12
and 20 adopt chair confirmations with equatorial orientation of the aryl groups.
Based on the antimicrobial studies, it was proved that piperidin-4-one oxime
esters show better activities against standard strains than ampicillin and ampho-
tericin-B. In particular, nicotinoyl oximes 14 and 19 showed excellent antibac-
terial as well as antifungal activities in comparison with the other oxime esters.

SUPPLEMENTARY MATERIAL

Analytical and spectral data of the synthesized compounds and the crystal data and
structural refinement of compounds 12 and 20 are available electronically from http:/
/Iwww.shd.org.rs/JSCS/, or from the corresponding author on request.

U3BOJ
CUHTE3A, CTPYKTYPHA KAPAKTEPU3ALIMJA U UCIITUTUBAE AHTUMHUKPOBHE
AKTHUBHOCTHU HOBUX ECTAPA ITUIIEPUINH-4-OH-OKCUMA

K. GOKULA KRISHNAN, R. SIVAKUMAR u V. THANIKACHALAM
Department of Chemistry, Annamalai University, Annamalainagar 608 002, Tamil Nadu, India

CHHTETHCaHO je MeTHaeCT HOBUX, OMOJIOLIKY aKTUBHUX, €cTapa NUIepUInuH-4-0H-0KCUMa
ectapa 8-22 y nobpom npuHOCy. Jegumema Cy JOOHjeHa peaKkLHjoM HEMOCPESHO MPUIPEM-
JheHUX aJIKaHOWI-XJI0pHUIa, KodujeHnx u3 oprosapajyhux kapboxcunuux kucenuHa u POCl;,
ca munepuanH-4-oH-okcumuMa. CTpykTypa fodujenux neprsata yrephena je FTIR, NMR (1D
U 2D) W MaceHOM CHeKTpaJHOM aHanu3oMm. CTpyKTypa [epuBaTa HEIBOCMHUCIIEHO je
notephena XRD aHanmu3oM MoOHOKpucTana jemuwmewa 12 u 20. Hcnurana je in vitro
aHTudaKkTepHjcka U aHTU(YHTaJIHa aKTUBHOCT CBUX CUHTETHCAHUX JepHuBaTa. 3HauajaH Opoj
OBUX jefumerma NoKasyje nodpy akTUBHOCT Ipema Bacillus subtilis, Pseudomonas aeruginosa,
Escherichia coli, Trichoderma viride u Aspergillus flavus.

(ITpumsbeHo 13. HoBemOpa 2014, peBunupano 25. janyapa, npuxsaheno 16. anpuna 2015)
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ANALYTICAL AND SPECTRAL DATA OF THE SYNTHESIZED COMPOUNDS

(E)-3-Methyl-2,6-diphenylpiperidin-4-one O-benzoyloxime (8). Colorless
solid; m.p.: 116-118 °C; FTIR (KBr, cm!): 3446 (N-H stretching), 2786-3064
(C-H stretching), 1745 (C=0O stretching), 1629 (C=N stretching), 1456 (C=C
stretching), 735 (N-O stretching); H-NMR (400 MHz, CDCl3, 6 / ppm): 8.03
(2H, d, J = 7.2 Hz, Ar), 7.29-7.57 (13H, m, Ar), 3.95 (2H, d, J=11.6 Hz, 1H,
H6), 3.66 (2H, d, J =10 Hz, 1H, H2), 3.56 (2H, d, J = 13.6, Hz, 1H, H5¢), 2.67
(2H, m, 1H, H3), 2.30 (2H, t, J=12.6 Hz, 1H, H5,), 2.00 (1H, br s, N-H), 1.07
(3H, d, J = 6.4 Hz, CH3 at C3); 13C-NMR (100 MHz, CDCl3, 6 / ppm): 69.02
(C2),44.36 (C3), 164.22 (C4), 36.48 (C5), 60.94 (C6), 11.84 (CHj3 at C3), 169.51
(-0-C=0), 143.03, 141.98, 133.25, 129.63, 129.41, 128.77, 128.62, 128.15,
128.06, 127.98, 126.89 (aryl carbons); ESI-HRMS (nmV2): Calcd. for Cy5H4N7O5:
384.1838. Found: 385.1916 (M+1).

(E)-3-Methyl-2,6-diphenylpiperidin-4-one O-nicotinoyloxime (9). Colorless
solid; m.p.: 130-132 °C; FTIR (KBr, cm™!): 3318 (N-H stretching), 2832-3036
(C-H stretching), 1746 (C=O stretching), 1631 (C=N stretching), 1453 (C=C,
stretching), 755 (N-O stretching); !H-NMR (400 MHz, CDCls, § / ppm): 9.22
(1H 9), 8.77 (1H, d, J = 2.8 Hz), 8.30 (1H, d, J = 8.0 Hz), 7.25-7.48 (11H, m,
Ar), 3.97 (1H, d, J=11.2 Hz, H6), 3.67 (1H, d, J= 10 Hz, H2), 3.54 (1H, d, J=
= 13.6 Hz, H5¢q), 2.71 (1H, m, H3), 2.32 (1H, t, J = 12.6 Hz, H5,y), 2.08 (1H, s,
N-H), 1.07 (3H, d, J = 6.4 Hz, CH3 at C3); I3C-NMR (100 MHz, CDCls, ¢ /
/ ppm): 68.99 (C2), 44.37 (C3), 162.89 (C4), 36.59 (C5), 60.90 (C6), 11.75 (CH3
at C3), 170.16 (-O-C=0), 153.67, 150.64, 142.78, 141.81, 137.17, 128.79,
128.61, 128.41, 128.17, 128.11, 127.94, 127.05, 126.78, 125.51, 123.57 (aryl car-
bons); GC-MS (m/2): Calcd. for Co4H)3N305: 385.18. Found: 386.13 (M+1).

* Corresponding author: E-mail: profvt.chemau@gmail.com
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(E)-3-Methyl-2,6-diphenylpiperidin-4-one O-(4-chlorobenzoyl)oxime (10).
Colorless solid; m.p.: 126-130 °C; FTIR (KBr, cm™!): 3312 (N-H stretching),
2831-3084 (C-H stretching), 1746 (C=0 stretching), 1641 (C=N stretching),
1447 (C=C stretching), 753 (N-O stretching); H-NMR (400 MHz, CDCls, J /
/ ppm): 7.95 (2H, d, J = 7.6 Hz, Ar), 7.29-7.47 (12H, m, Ar), 3.94 (1H, d, J =
= 11.6 Hz, H6 ), 3.64 (1H, d, J = 10 Hz, H2), 3.52 (1H, d, J = 13.6 Hz, H5¢),
2.67 (1H, m, H3), 2.30 (1H, t, J=12.6 Hz, H5,y), 2.03 (1H, s, N-H), 1.06 (3H, d,
J = 6.4 Hz, CH3 at C3); 13C-NMR (100 MHz, CDCl3, 6 / ppm): 68.99 (C2),
44.37 (C3), 163.36 (C4), 36.51 (C5), 60.93 (C6), 11.82 (CH3 at C3), 169.73
(-0-C=0), 142.96, 141.91, 139.70, 131.01, 130.73, 128.99, 128.80, 128.62,
128.17, 128.11, 127.97, 127.83, 127.15, 126.88 (aryl carbons); GC-MS (m/z):
Calcd. for Co5Hp3CIN,O5: 418.14. Found: 419.07 (M+1).

(E)-3-Methyl-2,6-diphenylpiperidin-4-one  O-(4-nitrobenzoyl)oxime (11).
Pale yellow solid; m.p.: 138—142 °C; FTIR (KBr, cm!): 3309 (N-H stretching),
2830-3106 (C-H stretching), 1745 (C=0 stretching), 1607 (C=N stretching),
1453 (C=C stretching), 755 (N-O stretching); H-NMR (400 MHz, CDCls, J /
/ ppm): 8.28 (2H, d, J = 7.2 Hz), 8.19 (2H, d, J = 7.2 Hz), 7.31-7.48 (10H, m,
Ar),3.98 (1H, d, J=11.2 Hz, H6 ), 3.67 (1H, d, J=9.6 Hz, H2), 3.52 (1H, d, J=
= 13.6 Hz, HS5¢q), 2.74 (1H, m, H3), 2.35 (1H, t, J = 12.6 Hz, HS5,y), 1.97 (1H, S,
N-H), 1.07 (3H, d, J = 5.6 Hz, CH3 at C3); 13C-NMR (100 MHz, CDCls, J /
/ ppm): 68.97 (C2), 44.40 (C3), 162.38 (C4), 36.57 (C5), 60.92 (C6), 11.73 (CH3
at C3), 170.47 (-O-C=0), 150.64, 149.74, 142.75, 141.71, 134.84, 130.72,
128.82, 128.63, 128.23, 128.20, 127.92, 126.83, 123.78 (aryl carbons); GC-MS
(MV2): Calcd. for Cy5Hp3N304: 429.16. Found: 430.13 (M+1).

(E)-3-Methyl-2,6-diphenylpiperidin-4-one O-(3-methylbenzoyl)oxime (12).
Colorless solid; m.p.: 122-124 °C; FTIR (KBr, cm™!): 3320 (N-H stretching),
2790-3064 (C—H stretching), 1746 (C=O0 stretching), 1628 (C=N stretching), 1454
(C=C stretching), 758 (N-O stretching); !H-NMR (400 MHz, CDCl3, J / ppm):
7.86 (1H, s, Ar), 7.82 (1H, d, J= 7.6 Hz, Ar), 7.24-7.47 (12H, m, Ar), 3.97 (1H,
d, J=11.2 Hz, H6 ), 3.67 (1H, d, J = 10 Hz, H2), 3.57 (1H, d, J = 13.6 Hz,
HSeq), 2.70 (1H, m, H3), 2.39 (3H, s, m-CH3), 2.30 (1H, t, J = 12.8 Hz, H5,x),
2.05 (1H, br s, N-H), 1.07 (3H, d, J= 6.4 Hz, CHj3 at C3); 13C-NMR (100 MHz,
CDCl3, ¢ / ppm): 69.01 (C2), 44.36 (C3), 164.43 (C4), 36.50 (C5), 60.93 (C6),
21.38 (mCH3), 11.82 (CHj at C3), 169.51 (-O-C=0), 143.07, 141.99, 138.43,
134.02, 130.18, 129.32, 128.74, 128.59, 128.45, 128.12, 128.02, 127.96, 126.86,
126.68 (aryl carbons); GC-MS (nmVz): Calcd. for CogHogN2O5: 398.19. Found:
399.13 (M+1).

(E)-3-Ethyl-2,6-diphenylpiperidin-4-one O-benzoyloxime (13). Colorless
solid; m.p.: 130-134 °C; FTIR (KBr, cm!): 3311 (N-H stretching), 2866-3068
(C—H stretching), 1739 (C=0O stretching), 1631 (C=N stretching), 1450 (C=C
stretching), 750 (N-O stretching); 'H-NMR (400 MHz, CDCl3, 6 / ppm): 8.03
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(2H, d, J="7.6 Hz), 7.26-7.57 (13H, m), 3.96 (1H, d, J= 11.2 Hz, H6), 3.79 (1H,
d, J=10 Hz, H2), 3.54 (1H, d, J = 13.6 Hz, H5¢q), 2.59 (1H, m, H3), 2.29 (1H, t,
J = 12.6 Hz, H5,), 1.95 (1H, br s, N-H), 1.74 (1H, m, CH,CH3 at C3), 1.39
(1H, g, CH,CH3 at C3), 0.95 3H, t, J= 7.2 Hz, CH,CHj3 at C3); !13C-NMR (100
MHz, CDCls, J / ppm): 67.40 (C2), 51.16 (C3), 164.22 (C4), 36.81 (C5), 61.00
(C6), 19.14 (CH,CHj3 at C3), 12.06 (CH,CH3 at C3), 168.15 (-O-C=0), 143.08,
142.04, 133.22, 129.62, 129.45, 128.76, 128.64, 128.61, 128.12, 128.09, 128.03,
126.87 (aryl carbons); ESI-HRMS (m/2): Calcd. for CygHpgN2O5: 398.1994.
Found: 399.2076 (M+1).

(E)-3-Ethyl-2,6-diphenylpiperidin-4-one O-nicotinoyloxime (14). Colorless
solid; m.p.: 126-128 °C; FTIR (KBr, cm!): 3275 (N-H stretching), 2813-3034
(C—H stretching), 1751 (C=0O stretching), 1629 (C=N stretching), 1456 (C=C
stretching), 761 (N-O stretching); !H-NMR (400 MHz, CDCl3, 6 / ppm): 9.22
(1H, s), 8.77 (1H, d, J = 4 Hz), 8.30 (1H, d, J= 8 Hz), 7.29-7.48 (11H, m, Ar),
3.97 (1H, d, J=11.2 Hz, H6), 3.80 (1H, d, J= 10 Hz, H2), 3.52 (1H, d, J=13.2
Hz, HS¢q), 2.60 (1H, m, H3), 2.31 (1H, t, J = 12.6 Hz, H5,x), 2.02 (1H, s, N-H),
1.74 (1H, m, CH,CH3z at C3), 1.39 (1H, g, CH,CH3 at C3), 0.95 3H, t,J="7.2
Hz, CH,CH3 at C3); 13C-NMR (100 MHz, CDCl3, 6 / ppm): 67.38 (C2), 51.19
(C3), 162.88 (C4), 36.90 (C5), 60.95 (C6), 19.08 (CHCH3 at C3), 11.97
(CH,CH3 at C3), 168.81 (-O—C=0), 153.63, 150.64, 142.83, 141.88, 137.15,
128.77, 128.63, 128.14, 128.08, 128.04, 126.75, 125.55, 123.56 (aryl carbons);
GC-MS (mVz): Calcd. for Cy5Hp5N305: 399.1. Found: 399.6 (M+).

(E)-3-Ethyl-2,6-diphenylpiperidin-4-one  O-(4-chlorobenzoyl)oxime (15).
Colorless solid; m.p.: 130-132 °C; FTIR (KBr, cm!): 3294 (N-H stretching),
2874-3064 (C—H stretching), 1741 (C=0 stretching), 1638 (C=N stretching), 1454
(C=C stretching), 747 (N-O stretching); 'H-NMR (400 MHz, CDCl3, § / ppm):
7.96 (2H, d, J = 8 Hz, Ar), 7.28-7.47 (12H, m, Ar), 3.95 (1H, d, J = 11.2 Hz,
H6), 3.79 (1H, d, J = 10 Hz, H2), 3.49 (1H, d, J = 13.6 Hz, H5¢), 2.59 (1H, m,
H3), 2.29 (1H, t, J=12.2 Hz, H5,4), 1.96 (1H, br s, N-H), 1.74 (1H, m, CH,CH3
at C3), 1.38 (1H, t, CH,CH3 at C3), 0.94 (3H, t, J = 7.2 Hz, CH,CHj3 at C3);
I3C-NMR (100 MHz, CDCl3, 6 / ppm): 67.36 (C2), 51.15 (C3), 163.36 (C4),
36.80 (C5), 60.97 (C6), 19.11 (CH,CH3 at C3), 12.00 (CH,CH3 at C3), 168.38
(-0-C=0), 142.98, 141.94, 139.66, 130.98, 128.97, 128.77, 128.64, 128.14,
128.06, 127.87, 126.83 (aryl carbons); GC-MS (m/z): Calcd. for CogH»5CIN,O»:
432.16. Found: 433.07 (M+1).

(E)-3-Ethyl-2,6-diphenylpiperidin-4-one O-(4-nitrobenzoyl)oxime (16). Pale
yellow solid; m.p.: 124-128 °C; FTIR (KBr, cm!): 3295 (N-H stretching),
2816-3065 (C-H stretching), 1743 (C=0 stretching), 1640 (C=N stretching),
1454 (C=C stretching), 755 (N-O stretching); H-NMR (400 MHz, CDCls, J /
/ ppm): 8.26 (2H, d, J = 8.4 Hz), 8.18 (2H, d, J = 8.4 Hz), 7.28-7.47 (10H, m,
Ar), 3.97 (1H, d, J=10.8 Hz, H6 ), 3.80 (1H, d, J= 10 Hz, H2), 3.50 (1H, d, J=
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= 13.2 Hz, H5¢q), 2.61 (1H, m, H3), 2.34 (1H, t, J = 12.6 Hz, H5,x), 1.99 (1H, s,
N-H), 1.73 (1H, m, CH,CH3 at C3), 1.38 (1H, g, CH,CHj3 at C3), 0.95 (3H, t,
J=17.2 Hz, CH,CH3 at C3); 13C-NMR (100 MHz, CDCl3, 6 / ppm): 67.32 (C2),
51.19 (C3), 162.36 (C4), 36.86 (C5), 60.96 (C6), 19.11 (CH,CH3 at C3), 11.98
(CH,CH3 at C3), 169.11 (-O-C=0), 150.62, 142.85, 141.83, 134.92, 130.72,
128.82, 128.68, 128.20, 128.16, 128.06, 126.83, 123.78 (aryl carbons); GC-MS
(MV2): Calcd. for CygHpsN3Oy4: 443.1. Found: 444.6 (M+1).

(E)-3-Ethyl-2,6-diphenylpiperidin-4-one  O-(3-methylbenzoyl)oxime (17).
Colorless solid; m.p.: 114116 °C; FTIR (KBr, cm!): 3323 (N-H stretching),
2802-3029 (C-H stretching), 1748 (C=0 stretching), 1625 (C=N stretching),
1454 (C=C stretching), 741 (N-O stretching); 'H-NMR (400 MHz, CDClj,
o/ ppm): 7.86 (1H, s, Ar), 7.82 (1H, d, J = 7.2 Hz, Ar), 7.26-7.45 (12H, m, Ar),
3.95(1H,d,J=11.2 Hz, H6 ), 3.79 (1H, d, J= 10 Hz, H2), 3.53 (1H, d, J=13.2
Hz, H5¢q), 2.58 (1H, m, H3), 2.37 (3H, s, mCH3), 2.28 (1H, t, J = 12.6 Hz,
H54x), 1.98 (1H, br s, N-H), 1.76 (1H, m, CH,CHj3 at C3), 1.39 (1H, CH,CHj3 at
C3), 0.95 (3H, t, J = 7 Hz, CH,CH3 at C3); 13C-NMR (100 MHz, CDCl3,
0 / ppm): 67.42 (C2), 51.18 (C3), 164.42 (C4), 36.83 (C5), 61.00 (Co), 21.42
(m-CHj3), 19.15 (CH,CH3 at C3), 12.08 (CHCH3 at C3), 168.17 (-O-C=0),
143.12, 142.07, 138.43, 134.02, 130.19, 129.40, 128.76, 128.64, 128.50, 128.11,
128.02, 126.87, 126.72 (aryl carbons); ESI-HRMS (nV2): Calcd. for Cy7HogN»O»:
412.2151. Found: 413.2225 (M+1).

(E)-3-1sopropyl-2,6-diphenyl pi peridin-4-one O-benzoyloxime (18). Colorless
solid; m.p.: 124-126 °C; FTIR (KBr, cm!): 3321 (N-H stretching), 2822—
—3087 (C—H stretching), 1747 (C=0 stretching), 1635 (C=N stretching), 1456
(C=C stretching), 759 (N-O stretching); !H-NMR (400 MHz, CDCl3, J / ppm):
8.00 (2H, d, J = 7.6 Hz, Ar), 7.26-7.54 (13H, m, Ar), 4.03 (2H, t, J= 7.2 Hz),
3.33 (1H, d, J= 14.8 Hz, H5¢(), 2.76 (1H, t, J= 3.4 Hz, H3), 2.55 (1H, t, J=12.6
Hz, H5,%), 1.90 (1H, t, J = 6.4, Hz, CH(CHj3), at C3),1.86 (1H, br s, N-H), 1.17
(3H, d, J = 6.8 Hz, CH-(Me)CHj3), 1.02 (3H, d, J = 6.4 Hz, CH-(Me)CH3);
I3C-NMR (100 MHz, CDCl3, 6 / ppm): 64.95 (C2), 54.16 (C3), 164.05 (C4),
36.16 (C5), 59.64 (C6), 28.48 (CH(CH3), at C3), 21.08, 18.75 (CH(CH3), at C3
carbon), 167.51 (-O—C=0), 143.45, 143.03, 133.16, 129.63, 129.45, 128.76,
128.64, 128.57, 128.01, 127.96, 126.82 (aryl carbons); ESI-HRMS (m/z): Calcd.
for Cr7HgN»O5: 412.1151. Found: 413.1329 (M+1).

(E)-3-1sopropyl-2,6-diphenyl pi peridin-4-one O-nicotinoyloxime (19). Color-
less solid; m.p.: 128-132 °C; FTIR (KBr, cm™1): 3272 (N-H stretching), 2819—
—3035 (C-H stretching), 1752 (C=0 stretching), 1628 (C=N stretching), 1456
(C=C stretching), 761 (N-O stretching); !H-NMR (400 MHz, CDCls, 6 / ppm):
9.18 (1H, ), 8.72 (1H, d, J=2 Hz), 8.25 (1H, d, J=7.6 Hz), 7.26-7.50 (11H, m,
Ar), 4.05 (2H, d, J= 8.8 Hz), 3.31 (1H, d, J = 14.4 Hz, H5¢q), 2.77 (1H, m, H3),
2.56 (1H, t, J =12.6 Hz, H5,4), 1.91 (2H, br s, CH(CH3), at C3 merged with
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N-H), 1.16 (3H, d, J = 6.4 Hz, CH-(Me)CH3), 1.02 (3H, d, J = 6.4 Hz,
CH-Me)CH3); 13C-NMR (100 MHz, CDCl3, J / ppm): 64.89 (C2), 54.25 (C3),
162.69 (C4), 36.25 (C5), 59.54 (C6), 28.42 (CH(CHj3), at C3), 21.11, 18.69
(CH(CH3); at C3 carbon), 168.20 (-O-C=0), 153.59, 150.66, 143.26, 142.90,
137.12, 128.79, 128.64, 128.02, 127.97, 126.72, 125.53, 123.54 (aryl carbons);
ESI-HRMS (m/2): Calcd. for Co6Hp7N30,: 413.2103. Found: 414.2180 (M+1).

(E)-3-1sopropyl-2,6-diphenyl piperidin-4-one O-(4-chlorabenzoyl)oxime
(20). Colorless solid; m.p.: 134-136 °C; FTIR (KBr, cml): 3315 (N-H
stretching), 2803-3073 (C-H stretching), 1745 (C=0 stretching), 1631 (C=N
stretching), 1454 (C=C stretching), 753 (N-O stretching); 'H-NMR (400 MHz,
CDCls, 6 / ppm): 7.91 (d, J= 8 Hz), 7.25-7.48 (12H, m, Ar), 4.03 2H, d, J=17.6
Hz), 3.29 (1H, d, J = 14.8 Hz, H5¢q), 2.75 (1H, m, H3), 2.54 (1H, t, J=12.6 Hz,
H5.x), 1.89 (1H, t, J = 6, Hz, CH(CH3); at C3),1.85 (1H, br s, N-H), 1.16 (3H,
d, J= 6.4 Hz, CH-(Me)CH3), 1.02 (3H, d, J = 6.8 Hz, CH-(Me)CHj3); 13C-NMR
(100 MHz, CDCl3, 6 / ppm): 64.96 (C2), 54.29 (C3), 163.17 (C4), 36.20 (C5),
59.64 (C6), 28.46 (CH(CHj3), at C3), 21.16, 18.78 (CH(CH3), at C3 carbon),
167.79 (-O-C=0), 143.46, 143.00, 139.57, 131.03, 128.96, 128.82, 128.69,
128.04, 127.97, 127.83 (aryl carbons); GC-MS (m/2): Calcd. for C7H7CIN,O5:
446.1. Found: 446.0 (M+).

(E)-3-1sopropyl-2,6-diphenyl piperidin-4-one O-(4-nitrobenzoyl)oxime (21).
Pale yellow solid; m.p.: 140-142 °C; FTIR (KBr, cm!): 3318 (N-H stretching),
2816-3087 (C-H stretching), 1752 (C=0 stretching), 1635 (C=N stretching),
1456 (C=C stretching), 777 (N-O stretching); 'H-NMR (400 MHz, CDClj,
o/ ppm): 8.23 (2H, d, J= 8 Hz), 8.14 (2H, d, J = 8 Hz), 7.27-7.50 (10H, m, Ar),
4.07 (2H, d, J = 8 Hz), 3.31 (1H, d, J = 14.4 Hz, H5¢q), 2.79 (1H, m, H3), 2.59
(1H, t, J=12.4 Hz, HS5,4), 1.92 (2H, br s, CH(CH3); at C3 merged with N-H),
1.16 (3H, d, J = 6 Hz, CH-(Me)CHj3), 1.02 (3H, d, J = 6 Hz, CH-(Me)CH3);
I3C-NMR (100 MHz, CDCl3, 6 / ppm): 64.89 (C2), 54.32 (C3), 162.20 (C4),
36.21 (C5), 59.55 (C6), 28.44 (CH(CH3), at C3), 21.11, 18.67 (CH(CH3), at C3
carbon), 168.55 (-O-C=0), 150.57, 143.28, 142.81, 134.93, 130.72, 128.82,
128.68, 128.08, 127.96, 126.76, 123.73 (aryl carbons); GC-MS (nVz): Calcd. for
Cy7H27N304: 457.2. Found: 458.9 (M+1).

(E)-3-1sopropyl-2,6-diphenyl pi peridin-4-one O-(3-methylbenzoyl)oxime
(22). Colorless solid; m.p.: 136-138 °C; FTIR (KBr, cm!): 3313 (N-H
stretching), 2797-3030 (C-H stretching), 1749 (C=O stretching), 1632 (C=N
stretching), 1455 (C=C stretching), 757 (N-O stretching); 'H-NMR (400 MHz,
CDCl3, 0 / ppm): 7.83 (1H, s, Ar), 7.79 (1H, d, J= 7.6 Hz, Ar), 7.26-7.50 (12H,
m, Ar), 4.05 (2H, d, J = 8 Hz), 3.32 (1H, dd, J = 14.4 Hz, H5¢q), 2.77 (1H, m,
H3), 2.56 (1H, g, J =11.2 Hz, H5,), 2.37 (3H, s, mCH3), 1.91 (1H, t, J=5.8
Hz, CH(CHj3), at C3),1.83 (1H, br s, N-H), 1.16 (3H, d, J = 6.8 Hz,
CH—-(Me)CH3), 1.01 (3H, d, J = 6.8 Hz, CH-(Me)CH3); 13C-NMR (100 MHz,
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CDCl3, 6 / ppm): 64.94 (C2), 54.18 (C3), 164.27 (C4), 36.10 (C5), 59.63 (C6),
28.49 (CH(CHj3), at C3), 21.39 (m-CH3), 21.05, 18.78 (CH(CH3), at C3 carbon),
167.54 (-O-C=0), 143.49, 143.05, 138.35, 133.93, 130.18, 129.38, 128.74,
128.62, 128.42, 128.01, 127.97, 127.93, 126.81, 126.72 (aryl carbons); GC-MS
(M/2): Calcd. for CogH30N205: 426.2. Found: 426.9 (M+).

TABLE S-I. Crystal data and structural refinement for compounds 12 and 20

Compound

Parameter (E)-3-Methyl-2,6-diphenyl- (E)-3-Isopropyl-2,6-diphenyl-

piperidin-4-one O-(3-methyl- piperidin-4-one O-(4-chloro-

benzoyl)oxime (12) benzoyl)oxime (20)

CCDC No. CCDC 1005453 CCDC 951598
Empirical formula C26H26N202 C27H27N202C1
Formula weight 398.49 446.96
Color/Shape Colorless Colorless
Crystal dimensions, 0.20%0.25%0.30 0.20x0.25x0.30
mm
Temperature, K 293(2) 293(2)
Wavelength, A 0.71073 0.71073

Crystal system, space
group

Unit cell dimensions

Z, volume, A3
Calculated density,
gcm!

Absorption coefficient
F(000)

Reflections Collected
6 range

Index ranges

Final R, Ry (obs., data)

Final R, R, (all data)
Goodness of fit

Monoclinic; P 2;/n

a=10.6265(6) A a=90.00°
b=12.7146(71)A B =99.52(2)°
c=16.4031(8) A y=90.00°
4,2185.7(2)
1.21

0.077
848
5367 (3097 unique reflections)
2.04-28.26
h=-14 - 14;k=-16 — 16;
=-21-19
R2 =0.057; wR2 =0.151
R2=0.112; wR2 =0.195
1.045

Monoclinic; P 24/n

a=11.20103) A a=90.00°

b=133924(4) A B=100.87(2)°

c=16.3108(5) A y=90.00°
4,2402.8(12)

1.24
0.185
944
22941 (5982 unique reflections)
1.98 — 28.40
h=-14-14; k=-15-17,
=-21-20

R2=0.052; wR2 =0.137
R2 =0.087; wR2 =0.159
1.022
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Abstract: The impact of the surface charge of alumina supports on the ads-
orption of Candida rugosa lipase was investigated in terms of the zeta poten-
tials of the adsorption partners. The lipase adhered onto alumina with similar
efficiency under both repulsive and attractive electrostatic conditions, shifting
the zeta potential of the support towards that of the enzyme. The behavior was
explained by a heterogeneous distribution of the surface charge of the lipase
molecule. Special emphasis in this study was placed on the effect of immo-
bilization on the enzyme kinetics and principal reasons for enzyme immobiliz-
ation: improvement in stability and potential for reuse. The enzyme affinity
was not altered by its adsorption onto alumina, while the V., value of the
lipase decreased. The thermostability of the adsorbed lipase was improved. A
significant potential for reuse was found.

Keywords: alumina; lipase; adsorption; immobilization; Candida rugosa.

INTRODUCTION

Increasing environmental concerns have led to the replacement of conven-
tional chemical methods with enzyme-based strategies. The utilization of enzymes
as biocatalysts has become an integral part of different processes in the oil, phar-
maceutical, detergent, and food industries. During the last decade, the potential
of different techniques for immobilization has been studied in order to overcome
instability, enhance enzyme reuse, as well as easier separation.! Among them, the
most commonly used methods for enzyme immobilization are cross-linking or
covalent binding, entrapment and adsorption. One of the simplest methods, with
high commercial potential and wide applicability, is adsorption.2 Adsorption

* Corresponding author. E-mail: lidija.izrael-zivkovic@mfub.bg.ac.rs
# These authors contributed equally to this article.
doi: 10.2298/JSC1502220351
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causes little or no conformational changes of the enzyme but the linkages estab-
lished between the enzyme and support are weak, so the enzyme could be easily
desorbed (leaking of the enzyme from the support). The frequently used supports
are inert polymers and inorganic materials.3 Alumina exhibits high mechanical
strength, excellent corrosion and wear resistance and good biocompatibility* and
it is among the mostly used ceramics.’

Lipases are an important group of biocatalysts as they improve a variety of
reactions with high specificity and selectivity.®7 Candida rugosa lipase has been
widely used in stereoselective synthesis of pharmaceuticals, production of carbo-
hydrate esters of fatty acids, biodiesel, biosensors, food and flavor making.8.°
Considering the fact that C. rugosa is one of the most important enzymes in
biotransformations, different protocols for its immobilization have been deve-
loped but novel and efficient methods are still required. Even though common
and simple for performing, adsorption is a very complex phenomenon. 10

Research teams have identified numerous factors that strongly influence
enzyme loading and biocatalyst activity, such as support surface area, pore size
distribution, pore volume, particle size, ionic strength as well as surface charge of
both support and enzyme.!! In a few studies, electrokinetic measurements were
conducted, yielding different results. Although there is no doubt that electrostatic
interactions influence the adsorption process, some authors claim that the maxi-
mal affinity of a protein towards a support surface occurs when the adsorption
partners exhibit opposite surface charges,!!12 while others suggest the highest
adsorption efficiency under repulsive electrostatic conditions (same surface
charge),!3:14 or at pHs close to the isoelectric point of the protein,!5 thus creating
contradictory approaches.

In this regard, a previous study dealt with effect of the surface charge on the
adsorption of C. rugosa lipase. Two inorganic supports, mesoporous silica SBA-
-15 and macroporous zirconia were used.!® The electrostatic nature of the pro-
cess was estimated based on the electrokinetic (zeta) potentials of the interacting
partners. However, no direct correlation between adsorption efficiency and
immobilization pH was hitherto established; the enzyme adhered similarly under
both attractive and repulsive electrostatic conditions. Aimed at obtaining better
insight into the impact of electrostatics on the adsorption of enzymes onto sup-
ports, the idea of the current study was to minimize the influence of the support
morphology. For this purpose, nonporous submicron-sized alumina was selected
as the model support. The same methodology was used, i.e., changes in zeta ({)
potential of the adsorption partners were monitored at different pH values and
correlated with the amount of adsorbed lipase. The second part of the study
focused on the effect of immobilization on the enzyme kinetics and the principal
reasons for enzyme immobilization: improvement in stability and potential for
reuse.
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EXPERIMENTAL
Materials

Lipase from C. rugosa (lyophilized powder, Type VII, nominal activity 746 U mg'!) and
p-nitrophenyl palmitate (p-NPP) were purchased from Sigma Chemical Co. (St. Louis, MO,
USA). The support material, alumina (Al,03;, AKP-30 Sumitomo, Japan), was a high purity
(>99.99 %) o-phase, with an average particle size of 0.32 pm (size distribution: dgg, dsy and
d;o of 0.61, 0.35 and 0.2 pm, respectively, Sedigraph 5100, Micrometrics)!? and a specific
surface area, S0 = 7 m? g'l. All other chemicals were of analytical grade.

Enzyme assay

The activity of free lipase was measured spectrophotometrically using an assay based on
the hydrolysis of p-NPP. The p-NPP solution was prepared as follows: 30 mg of p-NPP in 10
mL of 2-propanol was added to 90 mL of 0.05 M phosphate buffer (pH 8.0) supplemented
with 200 mg of Na deoxycholate and 100 mg of gum arabic, (the final p-NPP concentration
was 0.8 mM). The absorbance was measured at 410 nm for the first 3 min of the reaction at 25
°C. One unit (1 U) was defined as the quantity of enzyme that under the test conditions liber-
ated 1 umol of p-nitrophenol per min (¢ = 18.5 mM™! cm!). The reaction mixture was com-
posed of 900 UL of p-NPP solution and 100 pl of lipase solution (lipase concentration 0.05 mg
mL1).18

Activity of immobilized lipase was determined using 10 mg of immobilized preparation
supplemented with 2 mL of p-NPP solution (the p-NPP of concentration was 0.8 mM, in
phosphate buffer of pH 8.0) The reaction was performed at 25 °C for 3 min when it was
stopped by the addition of 0.5 M sodium carbonate solution. The precipitate was removed by
centrifugation at 10,000 rpm for 10 min. The supernatant was diluted 10-fold with deionized
water and the absorbance was measured at 410 nm. One unit of enzyme activity (1 U) was
defined as explained in the previous paragraph. The activity of the immobilized enzyme was
calculated as U per g of support material.

Lipase immobilization

The effect of pH on the adsorption of lipase was investigated in the pH range 5 to 9,
using the following 10 mM buffer solutions: acetate buffer (pH 5.0), phosphate buffer (pH
6.0, 7.0 and 8.0) and Tris-buffer (pH 7.6 and 9.0).

Alumina was prepared for immobilization as follows: 8 mg support mL! in the selected
buffer was de-agglomerated for 10 min by sonication. Then, a lipase solution (2 mg mL"! in
the selected buffer) was added, the resulting suspension sonicated for 10 min and immo-
bilization realized at room temperature under mild stirring (90 rpm). After 60 min, the immo-
bilized lipase was precipitated by centrifugation at 10,000 rpm for 10 min using a microcen-
trifuge (Denver Instruments, USA). The immobilized enzyme was washed twice to remove
the excess of unbound enzyme, dried for 1 h at room temperature and used for the assay.

The efficiency of immobilization was evaluated as the percent of the lipase adsorbed,
which was calculated as:

100P,

0

Lipase adsorbed (%) = (1

where P, is the initial concentration of lipase and P; is the concentration of immobilized
lipase. The concentration of immobilized lipase was calculated as a difference between initial
lipase concentration and lipase concentration in the supernatant after immobilization.!®
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The concentration of lipase was determined by the Bradford method using bovine serum
albumin as the standard.2°

Zeta potential measurements

Electrokinetic (zeta) potential measurements were performed by means of a Zetasizer
Nano ZS instrument (Malvern, UK). The instrument uses the electrophoretic light scattering
and laser Doppler velocimetry methods for determination of particle velocity, and from it, the
zeta ({) potential. The integrated software calculates the {-potential from mobility values by
the Henry equation, using the Smoluchowski approximation.2’?2 The measurements were
performed at least in triplicate and the average values are presented. Each measurement com-
prised of minimum 10 runs. Only the results that met quality criteria were taken into account.

Aimed at determining of the isoelectric point (IEP) of support, the {-potential of the
alumina particles was measured over a wide range of pH values (4-10), using aqueous
solution of NaCl (0.01 M) as the inert background electrolyte.23 Prior to titration, powder
dispersion (1 mg mL"!) was equilibrated for 24 h under mild shaking at room temperature.
The {-potential measurements of lipase and that of the support particles (before and after
enzyme adsorption) were then performed in the selected buffers adjusted to different pH
values (5-9).

Field emission scanning electron microscopy (FESEM)

Field emission scanning electron microscopy (FESEM), using a Tescan Mira3 XMU
(Czech Republic) at 20 kV, was employed to study the morphology of the support before and
after the adsorption of lipase. Prior to analysis, the samples were coated with Au—Pd alloy
using a sputter coater.

Determination of the kinetic parameters

Michaelis—Menten kinetics were used to describe the dependence of enzyme activity on
substrate concentration for free and immobilized lipase. The kinetic parameters, V., and K,
were determined for free and adsorbed lipase using solutions of p-NPP of the following
concentrations: 0.1, 0.2, 0.4, 0.8, 1.2, 1.6 and 2.0 mM, according to the above-described
methods for the determination of lipase activity.

V,ax — Units of activity per milligram of protein (U mg™!) and K,, — substrate concen-
tration that gives a reaction rate of V,,,,/2 (mM) were estimated from the experimental data
using the Lineweaver—Burk equation:

1 1 K 1
= +—0 2
v Vmax Vmax I:S:|
The y-axis intercept is 1/V,, and the slope is K,/Vpax-
Thermal stability
Reaction mixtures containing free or immobilized enzyme were incubated at 50 and 60
°C for various periods (20-120 min) and quickly cooled. Enzyme activity was measured

according to the standard protocol for free and immobilized enzyme with p-NPP as the sub-
strate. The half-life (t;,,) of the enzyme with k4 as the decay constant was calculated as:

tip = (In 2)/ky ©)

Reuse stability

The potential for reuse was determined using 25 mg of immobilized enzyme packed in a
small filter paper bag soaked into 3 mL of p-NPP solution for 30 min at room temperature,
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under mild stirring. After each batch reaction, the immobilized lipase was washed three times
with deionized water and then reused. Into 2 mL of removed supernatant solution, 2 mL of 0.5
M sodium carbonate was added to stop the reaction. The absorbance was measured at 410 nm
after centrifugation at 10,000 rpm for 10 min and 10-fold dilutions.

RESULTS AND DISCUSSION
Zeta (C) potential and immobilization pH study

There are close analogies between protein adsorption and particle depo-
sition24:25 both being governed by short-range interactions between charged sur-
faces at the solid—liquid interface. The DLVO (Derjuangin—Landau—Verbey—
—Overbeek) theory26 plays an essential role in the quantification of the processes.
Although based on simple additivity of electrostatic and van der Waals forces, it
is successful in predicting the basic features of colloidal stability and adsorption
or deposition processes. Since the electrostatic forces are dominant for attach-
ment, the relative charges of the surfaces dictate whether the interaction is repul-
sive or attractive. The isoelectric points (IEP) of the partners indicate the pH
where the { potential equals zero and the range over which the interactions are
favored. Thus, a prediction of the process requires knowledge of the IEP values
for both materials.

The reactions occurring at the solid—liquid interface were the subject of num-
erous experimental and theoretical investigations. To better understand the ads-
orption of proteins onto the surface of a support (e.g., the mechanism of binding,
the build-up of layers, etc.), the electrokinetic { potential changes vS. pH were
often collected.?2:27-29 However, the aim of this study was not to elucidate the
mechanism of C. rugosa lipase adsorption onto alumina surface by means of
electrokinetic measurements, but to test the zeta potential of the adsorption part-
ners as a diagnostic tool for the efficiency of binding of the protein to the sup-
port.

The variation in zeta potential of alumina, used as support, as a function of
pH is presented in Fig. 1. As is evident, the isoelectric point was located at pH
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4 s 6 7 8 9 1o Fig 1. Titration curve: zeta potential vs. pH
pH for alumina powder in NaCl (0.01 M).
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8.8, in good accordance with the literature.!” Thus, the alumina develops positive
and negative surface charges below and above this pH by protonation—depro-
tonation of the hydroxide groups present on the surface.30

Lipase from C. rugosa is a globular glycoprotein with molecular mass of 57
kDa. Its basic structural characteristics are summarized in Table I. With 31 acidic
and 18 basic amino acids exposed on the surface, !0 its IEP is located at pH 4.65.
Above this pH, the lipase acquires a negative charge and hence the enzyme
should always be negative in this study.

TABLE I. Protein parameters of C. rugosa lipase, P20261 (UniprotKB)

Parameter Value

Molecular mass, kDa 57

Dimensions, mm 5x4.2x3.3

Isoelectric point (IEP) 4.65

Total number of amino acids 534

Number of acidic amino acids 52

Number of basic amino acids 39

Non-polar surface, % 63

Surface acidic amino acids 31

Surface basic amino acids 18

a-Helical structure, % 38

p-Sheet structure, % 18

Post-translational modifications, PTM Disulfide bonds: 75-112, 283-292

Glycosilation

(N-acetyl-D-glucosamine): 329, 366

E.C. (Brenda) 3.1.1.3.1139.

3D structure in PDB 1CRL

To evaluate the effect of the surface charge of the adsorption partners on the
adsorption efficiency, experiments were performed below and around the IEP of
alumina (pH 8.8), where 2 different electrostatic scenarios were expected. The
first one (pH < |EP,1ymina) includes favorable adsorption conditions, i.€., negat-
ively charged lipase in the presence of positively charged alumina particles. The
second adsorption scenario (pH = IEP,ymina) 1s related to the interaction of neg-
atively charged lipase with uncharged alumina, thus being much less favorable.

Different buffers were used over the investigated pH range 5-9. The {-poten-
tials of enzyme and support, before and after adsorption, were monitored in
parallel, and the percent of adsorbed lipase (#¢nz) related to the values of the
{-potential are summarized in Table II.

Indeed, in agreement with theoretical calculations, the lipase was negatively
charged in the investigated pH range, reaching the highest absolute magnitude of
(-potential at pH values 7-9. On the other hand, the alumina particles were
positive in the acetic buffer adjusted to pH 5, as expected (Fig. 1). Surprisingly,
in the presence of phosphate buffer, a charge reversal occurred: the alumina
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turned highly negative even at pH 6. This result was confirmed for pH values 7-8,
indicating specific adsorption of phosphates onto alumina surface occurred. A
significant shift in the |IEP towards acidic pH upon addition of PO43~ was also
reported by Zheng.3! To avoid preferential adsorption of phosphates, tris buffer
was introduced, in which alumina behaved analogously as in NaCl. Likewise, at
pH 7.6, the particles developed a positive charge, whilst at pH 9, a negative
{-value was recorded.

TABLE II. {-potentials of free lipase and alumina, before and after adsorption of lipase, and
the amount of lipase adsorbed at pH values 5-9

{-potential, mV

0
Buffer Lipase Alumina Alumina-lipase ens | %o
pH 5 (acetic) —4.3+0.5 +40.2+1.6 —9.4+1.1 30
pH 6 (phosphate) -9.8+1.2 -35.9+2.1 -13.7+1.4 32
pH 7 (phosphate) -12.4+0.4 -36.7+0.4 -25.0+£2.3 33
pH 8 (phosphate) -14.3+1.3 -30.7+1.3 -17.3£1.4 30
pH 7.6 (tris) -14.3£0.6 +22.1+0.9 —25.4+2.2 38
pH 9 (tris) -16.7£0.8 —12+0.5 —-16.4+0.8 5

Albeit two electrostatic scenarios were expected, the phosphate buffer actu-
ally created the third repulsive electrostatic conditions, in which both alumina
and lipase carried a negative surface charge.

As presented in Table II, the percent of adsorbed lipase was comparable
under both attractive and repulsive electrostatic conditions. Whatever the charges
of the immobilization partners were (like or dislike, as a function of the buffer
used), the amount of adsorbed enzyme was moderate (around 30 %). Contrarily,
at pH 9 (i.e, when the pH ~ IEP of alumina), only a small percentage (5 %) of
adsorbed lipase was registered. This result is logical, since a pH value in the
close vicinity of the IEP of alumina, when the particles carry only a negligible
surface charge, strongly promoted their aggregation and sedimentation. Such ads-
orption condition was inconvenient for the lipase to reach the surfaces of the
particles and adhere. On the contrary, the alumina particles were quite well dis-
persed at the other investigated pH values. A {-potential of ca. 30 mV (positive
or negative) is normally required to achieve a reasonably stable dispersion.30

An anomalous adsorption of lipase molecules onto alumina bearing the
same surface charge contradicts the classical DLVO theory. However, adsorp-
tion—deposition of protein—particles under repulsive electrostatic conditions is not
an unusual phenomenon.!3:32.33 Although the overall charge of the lipase was
negative in the selected pH range, the enzyme surface consists of positively (Lys,
Arg, His) or negatively (Glu, Asp) charged, and non-polar residues dispensed
into a patchwork which leads to localized interactions (Table I). The hetero-
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geneous surface charge of an enzyme always establishes attractive electrostatic
conditions, whatever is the charge on the support particles.

Therefore, the adsorption efficiency of enzyme depends on the dispersion
state of support particles, i.e., on the magnitude of the {-potential, not its sign,
increasing enzyme availability to approach and adhere onto the surfaces of the
particle. The presented results suggest that the zeta potential is a useful indicator
of an adsorption process. An obvious change in the (-potential of the support was
always registered after enzyme immobilization, indicating that the surfaces of the
alumina particle were altered. Negatively charged lipase shifted the {-potential of
support towards negative values, sometimes even more negative than its own.

The highest adsorption was achieved in the tris buffer of pH 7.6, there-
fore this buffer was chosen as suitable for lipase immobilization. Lipolytic acti-
vity of immobilized enzyme in chosen system was determined to be 58 U g1 of
alumina.

Field emission scanning electron microscopy (FESEM)

Adsorption of lipase onto support was also characterized by FESEM (Fig. 2).
The powder was composed of differently sized sub-micrometer particles of irre-
gular shapes. Their surfaces appeared smooth and nonporous, corroborating well
the small value of specific surface area (7 m2 g1). At high magnification (inset),
a certain number of small, differently sized piles (20-80 nm), can be randomly
spotted on the particle surfaces. They could be associated with lipase aggregates,
composed of several lipase molecules (5 nm*4.2 nmx3.3 nm).

Fig. 2. FESEM micrographs of alumina before and
after (inset) lipase adsorption.

200 nm
—

The rather moderate adsorption of enzyme achieved (ca. 30 %) could be
related to the poorly developed surface geometry of the alumina particles, not
favorable for lipase adhesion. A much higher percent adsorption of C. rugosa lip-
ase was reported in a previous work (ca. 80 % onto silica), which was due to
mesoporous and fibrous morphology of SBA-15.16
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Therefore, besides electrostatics, the morphology of the support seems to
plays an important role in the adsorption and should also be considered. It could
be a determining factor of the efficiency of enzyme adsorption, once the opti-
mum dispersion conditions were provided.

Effect of immobilization on the catalytic properties of the enzyme

Catalytic properties of an enzyme can be modified by immobilization. These
changes may be due to conformational alterations within the enzyme. The kinetic
behavior of an immobilized enzyme could differ significantly from that of the
same enzyme in free solution. Immobilization can also greatly affect the stability
of an enzyme. This is primarily due to the physical prevention of large conform-
ational changes within the protein structure.

The catalytic action of the lipase depends on the interfacial activation that
occurs when the lipase binds to a lipid interface via the opening of the a-helical
lid that covers the active site. There are several kinetic models for lipase activity,
ranging from Michaelis—Menten kinetics and the first order Ping Pong Bi Bi
mechanism34 to more complicated ones taking into consideration the differences
between the interfacial and bulk concentration3> and also the time of solution
penetration into support with immobilized lipase.3¢ Although Michaelis—Menten
mechanism assumes enzyme reaction in the medium where enzyme and substrate
must be part of the same phase and does not take into account the activation of
the lipase, it is still commonly used as a simplified model for explanations and
the determination of the kinetic parameters.

Free lipase and lipase immobilized onto alumina obeyed Michaelis—Menten
kinetics. Two parameters, Viax and Ky, for the free and immobilized C. rugosa
lipase were determined and compared. The Viax, defined as the highest possible
rate of enzyme activity, occurs when the enzyme is saturated with the substrate,
and reflects the intrinsic catalytic character of the enzyme. Ky, is defined as the
substrate concentration that gives a reaction rate of 0.5V,y, implying an affinity
between enzyme and substrate. Values of kinetic parameters could not be directly
compared with those previously reported for free and immobilized enzyme if the
assay conditions (temperature, reaction system used) were not the same, but the
trend of the modification of the catalytic property is comparable.

Vmax and Ky, were calculated from the experimental data using the Line-
weaver—Burk equation. In this study, the Ky, value of the immobilized lipase was
similar to that of free lipase, 0.264 vs. 0.241 mM, suggesting that enzyme affinity
towards the substrate was not altered by its adsorption onto alumina. Similar
results were reported for C. rugosa lipase immobilized on zirconia, magnetized
dacron and niobium oxide,!6:37-38 since adsorption causes little or no conform-
ational change of the enzyme or destruction of its active site.39 The Viay value
for the free lipase was 172.0 U mg~! that decreased after immobilization onto
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alumina to 28.8 U mg!, which might be a consequence of increased rigidity of
the enzyme. A reduced maximal velocity of immobilized enzymes was reported
for C. rugosa lipase adsorbed onto silica, zirconia and niobium oxide.16-38

Thermal stability

One of the advantages of enzyme immobilization is its improved stability.
Thermal stability of the immobilized lipase was evaluated, as shown in Fig. 3.
Immobilized lipase was incubated for 2 h at 50 and 60 °C and the lipase activities
were measured at 20 min intervals.
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Fig. 3. Thermal stability of free (M) and immobilized lipase (®) at: a) 50 and b) 60 °C.

After 2 h of incubation at 50 °C, the remaining activity of free lipase was 31 %,
but the remaining activity of immobilized lipase was 73 % (Fig. 3a). In terms of
the half-life at 50 °C, the tj/, of lipase increased after immobilization onto alu-
mina 5.6 times (from 32 min to 180 min).

After 1 h of incubation at 60 °C, the free lipase was not active at all while 60 %
of its activity remained when immobilized (Fig. 3b). Even after 2 h, the activity
of the lipase immobilized onto alumina was significantly preserved (nearly 40
%). In terms of half-life at 60 °C, the tj/; of the lipase increased after adsorption
5.8 times (from 14 to 81 min).

Thermal stability of lipase on support was significantly improved. Improve-
ment in thermal stability seems to be a result of restricted movement of the
protein after adsorption, which prevents conformation changes and unfolding.

Reuse stability

One of the most useful advantages of immobilization of an enzyme is its
reusability. Adsorption on a matrix as an immobilization method is usually con-
sidered a method with poor reuse potential. However, the remaining activity of
the enzyme on alumina was higher than 80 % after seven reuses and almost 50 %
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after 11 cycles of use (Fig. 4). As the strength of protein—support interactions can
be rated from the ability of the enzyme to resist removal — leaching, this result
suggests a significant potential of lipase immobilized on alumina to be reused in
biotechnological processes.
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Recycle number lipase.
CONCLUSIONS

In this study, C. rugosa lipase was successfully adsorbed onto alumina as a
support. The lipase adhered under both repulsive and attractive electrostatic
conditions with comparable efficiency. Patchwork surface with mixed positive and
negative charges was supposed to be responsible for this behavior. The zeta
potential was proven an indicator of protein binding, i.e., a shift in the zeta
potential of the support towards that of enzyme was always registered. The
morphology of the support also seems to play an important role in the adsorption
process. Kinetic constants provided clear evidence that the enzyme affinity was
not altered by its adsorption onto alumina, while V.5 of the lipase decreased
6-fold after immobilization. The thermostability of the adsorbed lipase was imp-
roved more than 5 times at 50 and 60 °C. The results suggest a significant pot-
ential for reuse of the lipase immobilized onto alumina.
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Technological Development of the Republic of Serbia (Projects Nos. IIT 43004 and 111 45012).

U3BOJ
AJICOPITIIMUJA JIUITA3E U3 Candida rugosa HA TTIMHULIU: YTUIIAJ [TOBPIIMHCKOT
HAEJIEKTPUCAHA

JIUOWJA T U3PAEJT )KUBKOBHR', JBUJbAHA C XXKMBKOBHR?, FOJAH M. JOKHUR’, AHIPUJA b. CABUR’
1 UBAHKA M. KAPALIWE'
1YHueep3uu76w y Beoipagy, Meguuyuncku Qaxynitei, HHCWUTly i 3a XeMujy y meguyunu, Buweipagcka 26,
11000 Beoipag, ZYHusep3uu76u7 y beoipagy, Uncumuiiywi 3a Hyxaeapre Hayxe Bunua, 11000 Beoipag u
3YHueep3uw.€w y Beoipagy, Texnonowxo—meiianypwxu paxyniteni, Kapueiujesa 4, 11000 Beoipag

Y oBOM pany MCIIUTHBAH je yTHIlaj MOBPIIMHCKOI HaeJeKTpHCcama ITIHHULE Ha afcopIi-
uujy Candida rugosa mumase Ha OCHOBY 3eTa MOTeHLHjana oda yyecHHKa Ipoueca. JIumasa ce
ancopdyje y yCJIOBUMA U eJIeKTPOCTAaTUUKOT NMPUBIaueha U 00Hjama, IPH YeMy Ce BPeIHOCT
3eTa [OTeHIMjala Hocaya IomMepa Ka BPeHOCTH UCTOT eH3umMa. OBaKkBo IOHAIIAHke je objam-
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HEHO XeTEPOTeHOM PACIHOZEeIOM ITOBPLIMHCKOT HaesleKTpHCcama MoneKysa junase. ITocedna
na)kika je mocseheHa mpoy4yaBamwy yTHLIAja UMOOUITH3aLHje Ha KHHeTHUKe ITapaMeTpe JIUMase.
AdUHUTET eH3UMa HHje TPOMeneH HakoH aficopIilyje, aly je MakCHMalHa Op3WHa CMameHa.
TepmoctadunHocT agcopdoBaHe nunase je nobospuiana. IToTepheHa je u moryhHoct BUIec-
TpyKe ynorpede MMoOUIM30BaHeE JTHIIA3E.

PNAN WD -

11.
12.

13.
14.
15.
16.

17.
18.
19.

20.
21.

22.
23.

24.
25.

26.
27.
28.
29.

30.

(ITpumbeHo 22. edpyapa, pesupupaHo 16. anpuna, mpuxsaheno 30. anpuna 2015)

REFERENCES

S. Roger, S. Van Pelt, Chem. Soc. Rev. 42 (2013) 6223

H. Ghamgui, N. Miled, M. Karra-Chaabouni, Y. Gargouri, Biochem. Eng. J. 37 (2007) 34
S. Datta, L. R. Christena, Y. R. S. Rajaram, Biotech 3 (2013) 1

L. L. Hench, J. Am. Ceram. Soc. 74 (1991) 1487

A. Marti, Injury 31 (2000) 33

B. Andualem, A. Gessesse, Biotechnology 11 (2012) 100

H. Fariha, A. S. Aamer, H. Abdul, Enzyme Microb. Techol. 39 (2006) 235

A. Pandey, S. Benjamin, C. R. Soccol, P. Nigam, N. Krieger, V. Soccol, Biotechnol.
Appl. Biochem. 29 (1999) 119

A. Rajendran, A. Palanisamy, V. Thangavelu, Braz. Arch. Biol. Technol. 52 (2009) 207
M. Rabe, D. Verdes, S. Seeger, Adv. Colloid Interface Sci. 162 (2011) 87

S. Hudson, E. Magner, J. Cooney, B. K. Hodnett, J. Phys. Chem., B 109 (2005) 19496

N. Schultz, G. Metreveli, M. Franzreb, F. H. Frimmel, C. Syldatk, Colloids Surfaces, B
66 (2008) 39

P. Zeliszewska, A. Bratek-Skicki, Z. Adamczyk, M. Ciesla, Langmuir 30 (2014) 11165
K. Rezwan, A. R. Studart, J. Voros, L. J. Gauckler, J. Phys. Chem., B 109 (2005) 14469
M. E. Aubin-Tam, K. Hamad-Schifferli, Langmuir 21 (2005) 12080

L. Izrael Zivkovié, Lj. Zivkovi¢, B. Babi¢, M KokuneSoski, B. Joki¢, 1. Karadzié,
Biochem. Eng. J. 93 (2015) 73

R. Laucournet, C. Pagnoux, T. Chartier, J. F. Baumard, J. Am. Ceram. Soc. 83 (2000) 2661
I. Karadzi¢, A. Masui, L. Izrael Zivkovié, N. Fujiwara, J. Biosci. Bioeng. 102 (2006) 309
Z. Knezevié, N. Milosavi¢, D. Bezbradica, Z. Jakovljevi¢, R. Prodanovi¢, Biochem. Eng.
J. 30 (2006) 269

M. M. Bradford, Anal. Biochem. 72 (1976) 248

S. Fazio, J. Guzman, M. T. Colomer, A. Salomoni, R. Moreno, J. Eur. Ceram. Soc. 28
(2008) 2171

B. Jachimska, M. Wasilewska, Z. Adamczyk, Langmuir 24 (2008) 6866

M. Kosmulski, Chemical Properties of Materials Surfaces, Marcel Dekker Inc., New
York, 2001, pp. 223-265

Z. Adamczyk, Adv. Colloid Interface Sci. 100-102 (2003) 263

7. Adamczyk, M. Nattich, M. Wasilewska, M. Zaucha, Adv. Colloid Interface Sci. 168
(2011) 3

J. N. Israelachvili, Intermolecular and Surface Forces, Academic Press, London, 1992

D. Kovacevic, D. Mazur, T. Preocanin, N. Kallay, Adsorption 16 (2010) 405

L. Papi¢, D. Kovadevi¢, Croat. Chem. Acta 84 (2011) 185

J. Lutzenkirchen, T. Preo¢anin, D. Kovacevi¢, V. Tomisi¢, L. Lovgren, N. Kallay, Croat.
Chem. Acta 85 (2012) 391

R. J. Pugh, Dispersion and Stability of Ceramic Powders in Liquids, in Surface and Col-
loid Chemistry in Advanced Ceramics Processing, R. J. Pugh, L. Bergstrom, Eds., Marcel
Dekker Inc., New York, 1994, pp. 127-192

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

(CC) 2015 SCs. All rights reserved.



31.
32.

33.
34.
35.
36.
37.
38.

39.

LIPASE ADSORPTION ONTO ALUMINA 1 1 25

T. Zheng, M.Sc. Thesis, Luled University of Technology, Luled, 2008

Lj. Cerovi¢, G. Lefévre, A. Jaubertie, M. Fédoroff, S. Milonji¢, J. Colloid Interface Sci.
330 (2009) 284

B. D. Bowen, N. Epstein, J. Colloid Interface Sci. 206 (1998) 314

S. Al-Zuhair, K. B. Ramachandran, M. Hasan, Biochem. Eng. J. 19 (2004) 81

S. Al-Zuhair, K. B. Ramachandran, M. Hasan, Process Biochem. (Oxford, U.K.) 38
(2003) 1155

A. E. Wiacek, Powder Technol. 212 (2011) 332

M. C. Pimentel, A. B. Leao, E. H. Melo, W. M. Ledingham, J. L. Lima Filho, M.
Sivewright, J. F. Kennedy, Artif. Cells, Blood Substituents Immobilization Biotechnol. 35
(2007) 221

M. Michele, D. Urioste, L. T. Andrade Souya, A. A. Mendes, H. F. De Castro, Enzyme
Res. (2011) 216435

S. C. Wu, Y. K. Li, J. Mol. Catal., B 54 (2008) 103.

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

(CC) 2015 SCs. All rights reserved.






 ffiecsidy,
-
o pysmmts

1807
11111\
Fooort.iv™

J. Serb. Chem. Soc. 80 (9) 11271137 (2015)
JSCS-4785

5

Journal of
the Serbian
Chemical Society

JSCS-info@shd.org.rs « www.shd.org.rs/JSCS
UDC 504.53.054:577.15-188:577.153+
66.094.258:544.032.4

Original scientific paper

Temperature dependent effect of difenoconazole on enzymatic
activity from soil

MARIOARA NICOLETA FILIMON'2, SORIN OCTAVIAN VOIA3*, DIANA LARISA
VLADOIU'2, ADRIANA ISVORAN'-2 and VASILE OSTAFE!2

IWest University of Timisoara, Faculty of Chemistry—Biol ogy—Geography, Department of
Biology—Chemistry, Pestalozz, 16, Timisoara, 300115, Romania, 2West University of
Timisoara, Laboratory of Advanced Research in Environmental Protection, Oituz 4,

Timisoara 300086, Romania, 3Banat’s University of Agricultural Sciences and Veterinary

Medicine, Faculty of Animal Science and Biotechnologies, Calea Aradului, 119,
Timisoara, 300645, Romania

(Received 18 December 2014, revised 24 March, accepted 25 March 2015)

Abstract: The purpose of this study was to quantify the effect of difenocona-
zole (DFC) on the activity of a few enzymes commonly found in soil: dehydro-
genase, urease, phosphatase and protease. Three experimental variants were
established: under field conditions with variable temperature (10-21 °C, vari-
ants A1-A3), under laboratory conditions with constant temperature (30 °C,
variants B1-B3) and untreated soil (C variant). The commercial product “Score
250EC” with 250 g DFC L! was used at the following concentrations: 0.037
mg DFC g'! soil (variants Al and B1), 0.075 mg DFC g'! soil (variants A2 and
B2) and 0.150 mg DFC g soil (variants A3 and B3). The dehydrogenase,
phosphatase and urease activities decreased significantly (p < 0.05) under both
field (variants A1-A3) and laboratory (variants B1-B3) conditions compared
to untreated soil (variant C). The protease activity was reduced in variants Al1—

—A3 compared to variant C and increased at the dose of 0.150 mg DFC g'! soil
in the variant B3.

Keywords: fungicide; soil; dehydrogenase; phosphatase; urease; protease.

INTRODUCTION

Widespread and intense application of a large number of fungicides for con-
trolling fungal pathogens of crops promotes high productivity in the modern agri-
culture. The fungicides used to inhibit the growth and developments of patho-
genic fungi of crops have a negative effect on soil quality through quantitative
and qualitative changes in the communities of microorganisms.!-3
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Soil microorganisms produce a variety of exo-enzymes: ureases, invertases,
dehydrogenases, cellulases, amylases, phosphatases, proteases, etc. Enzyme acti-
vity can be used as a biomarker of soil fertility and an indicator of many bio-
logical processes manifested in the soil.* Fungicides applied directly to plants
were also found in the soil.5:0 Literature data concerning the effects of fungicides
on soil reveal stimulation or inhibition of enzyme activities depending on the
fungicide dose, incubation temperature and time of application,’-8 and the inorg-
anic and organic matter content of soil, the soil type, soil tillage, content of heavy
metals and other environmental factors.9-11

The fungicides captan and trifloxystrobin applied for a short-term did not
affect the phosphorous cycle in soil, but their application in large doses caused
inhibition of enzymes involved in the nitrogen cycle.!? Chen and Edwards!3
emphasized the toxic effect of benomyl, captan and chlorothalonil upon the mic-
roorganisms from soil and on the nitrogen cycle: reduction of fungi and nitrifying
bacteria populations and inhibition of several enzyme found in soil (nitrogenase,
dehydrogenase, cellulase, phosphatase urease and protease). Other fungicides,
such as propiconazole and chlorothalonil, applied in the recommended doses to
crops did not show inhibitory effects on urease and protease activities from soil.14

Published data concerning the effect of difenoconazole on communities of
microorganisms in soil and on enzyme activities showed different aspects. Thus,
depending on the soil type, short term application of difenoconazole had an
inhibitory effect on microbial activity in unfertilized soils, but not in fertilized
soils.!5 Another study concerning the effects of difenoconazole on the activity of
microorganism community in soil based on enzymatic activities (urease, arylsul-
fatase, f-glucosidase, alkaline phosphatase and dehydrogenase) was conducted
under laboratory conditions using different concentrations of fungicide. It ref-
lected dose dependent effects of difenoconazole on the microbial population of
the soil.16

The purpose of this study was to determine the effects of different doses of
difenoconazole on soil quality during 21 days of contact with the fungicide,
based on enzymatic activities (dehydrogenase, urease, phosphatase, protease),
under variable (10-30 °C, in experimental fields) and constant (30 °C, in labor-
atory conditions) temperatures. To the best of our knowledge, this is the first
study comparing the effects of difenoconazole upon some enzymes from soil at
variable temperatures and a constant temperature, i.e., under field and laboratory
conditions.

EXPERIMENTAL

Materials

Difenoconazole (DFC, 1-[[2-[2-chloro-4-(4-chlorophenoxy)phenyl]-4-methyl-1,3-doxo-
lan-2-yl|methyl]-1H-1,2,4-triazole) is a fungicide that inhibits sterol demethylation and is
widely used against Ascomycetes, Basidiomycetes and Deuteromycetes. The experiments
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were performed using a product sold on a local market under the trade name “Score 250 EC”,
that contains 250 g L'! DFC.
Soil sampling

The soil samples were collected from an experimental field located nearby Timisoara
city, in an area where insecticides, fungicides, herbicides or chemical fertilizers were never
used. Chernozem soil samples were collected from the top layer of soil (020 cm) from five
different spots in quantities varying between 1 and 2 kg. The material was ground, sieved (2
mm) and spooned by random sampling, giving sub-samples of 20 g per polyethylene bag. The
samples were preserved in a refrigerator and processed as soon as possible during the fol-
lowing 30 days.

Treatment of soil samples with fungicide

Three doses of DFC were prepared using distilled water: half dose HD — 0.037 mg DFC
¢! soil, normal dose ND — 0.075 mg DFC g'! soil and double dose DD — 0.150 mg DFC g'!
soil. The three DFC doses were prepared in distilled water and then applied to the soil samples
to obtain 40 % humidity. The plastic bags containing the samples were homogenized on a
rotary homogenizer for 2 h in order to achieve a uniform distribution in the sample.!’

The following variants were obtained: Variant A with three sub-variants depending on
the DFC concentration (A1 — HD, A2 — ND and A3 — DD), with soil pH 6.20, storage for 21
days under field conditions, at 10-21 °C (mean temperature 17.19 °C); Variant B (B1 — HD,
B2 — ND and B3 — DD), with soil pH 6.44, incubated for 21 days at 30 °C (laboratory
conditions); Variant C was untreated soil, with a soil pH of 6.14.

Biochemical analyses

The following enzymatic activities were assayed: dehydrogenase, urease, acid phos-
phatase and protease. The enzymatic activities were determined using a T90 UV/Vis spectro-
photometer (PG Instruments, UK).

The dehydrogenase activity (DA) was measured using 2,3,5-triphenyltetrazolium
chloride (TTC) as substrate, monitoring the reaction product (triphenylformazane, TPF) at 485
nm. The reaction mixture containing 3 g soil sample, 0.5 mL of 3% solution of TTC, 1.2 mL
Tris buffer (0.1 M, pH 7.6) was kept at 37 °C for 48 h. TPF was extracted with 20 mL acetone
and the absorbance of the supernatant was measured at 485 nm. The DA is expressed as mg
TPF g soil during 48 h.18

The urease activity (UA) was determined in accordance with the method described by
Alef and Nannipieri.!® The reaction mixture consisted of 3 g soil, 5 mL phosphate buffer (0.6
M, pH 6.8) and 2 mL toluene. After homogenization (2 min on vortex), 5 mL 3 % urea was
added and the mixture was vortexed for a further 2 min. Finally, the reaction mixture was
incubated at 37 °C for 24 h. In the collected supernatant, the quantity of produced NH," was
determined using Nessler’s reagent. The absorbance was measured at 445 nm and the UA is
expressed as mg NH,* g™ soil during 24 h.

The phosphatase activity (PhA) was estimated measuring the phenol resulting from the
hydrolytic separation of phenyl phosphate into disodium phosphate and phenol catalyzed by
phosphomonoesterases. For each sample, about 3 g of soil were mixed into a test tube with 10
mL of 0.5 % phenyl phosphate and incubated for 48 h at 37 °C. Next, 50 mL of 0.3 %
ammonium aluminum sulfate were added to each test tube and the mixture was then filtered
through ash-free filter paper. From each test tube, 1 mL filtrate was transferred to an empty
test tube together with 5 mL borax solution (0.1 M, pH 9.4). The mixture was brought to a
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volume of 25 mL with distilled water and the absorbance was measured at 597 nm. PhA was
defined? as mg phenol g™ soil during 48 h.

The protease activity (PA) was estimated by reaction of ninhydrin with the amino acids
resulting from the hydrolysis of gelatin used as substrate. For each sample, about 3 g soil was
mixed with 7 mL of 2 % gelatin and 0.5 mL toluene. The mixture was homogenized (2 min on
vortex) and incubated at 37 °C for 24 h. Next, 25 mL of distilled water was added and the
mixture was filtered through ash-free filter paper. From each test tube, 2 mL of filtrate was
transferred to an empty test tube together with 5 mL of 0.2 % ninhydrin solution and the
absorbance was measured at 578 nm. The PA was defined?® as mg amino-N g'1 soil during 24
h.

Satistical data interpretation

Statistical analysis of the recorded data was performed using variance analysis and the
software MINITAB 17.2! All data are presented as average values with standard deviation
(X£SD). In order to establish the correlation coefficient, the Spearman test was used. Sig-
nificant differences in variables were tested using Mann—Whitney at the 0.05 level of pro-
bability.

RESULTS AND DISCUSSIONS

The enzymatic activities DA, UA, PhA and PA were assayed in 6 experi-
mental variants during 21 days. The results revealed increases of enzymatic acti-
vities for some enzymes and decreases for other during the monitoring period, in
relation with the incubation temperature and DFC concentration.

The average values and standard deviations for DA during the 21 days of
experiment were determined (Fig. 1). The recorded values ranged between
0.462+0.375 mg TPF g! soil in 48 h (variant B3) and 1.734+0.601 mg TPF g1
soil in48 h (variant Al). As the values of DA obtained in the soil samples con-
taining DFC were lower than that registered for the control soil sample
(5.847£0.501 mg TPF g1 soil in 48 h), it could be concluded that DFC had a
toxic effect on the respiration process of microorganisms from soil. The higher
was the DFC concentration, the higher was the percent of reduction of DA in the
soil samples. For example, in variant B3, the DA activity was decreased with
90.16 % in comparison with the control sample (variant C).

B B 2 7. z 5 . 5
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e 44
g.:‘
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Em Experimental variants ——Control variant

Fig. 1. Average values of the dehydrogenase activity in the soil samples.
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The decrease of DA for the experimental variants A and B during the 21
days of the monitoring was roughly linear with the increase of the concentration
of DFC. There are significant differences between variant A and B, during the 21
days of experiment (p < 0.05).

Among all the enzymatic activities assayed, DA was the most sensitive to the
variation of the DFC concentration in the soil samples. DA is considered as an
ecotoxicological test for an estimation of the toxicant effects on soil microorg-
anisms as DA reflects the intensity of the respiration processes of these germs.22

The results of the present study were in good agreement with other published
data. The studies conducted by Mufioz-Leoz et al.23 revealed that small concen-
trations of DFC cannot show a clear effect on DA, but high concentrations of
DFC applied on soil lead to significant decreases in the DA. Srinivasulu and
Rangaswamy?24 reported inhibition of DA of soil microorganisms due to the treat-
ment of soil with high doses of metalaxyl and mancozeb during a period of 35
days. There are reports mentioning that at low doses some fungicides increase
DA when applied to soil,”-25 but when large doses were applied, the DA of the
soil microorganisms was reduced.26:27

Beside the concentration of DFC, other factors may also affect the enzymatic
activities of soil microorganisms. There are reports mentioning that the water
content from soil and the temperature influence the DA indirectly by interfering
with the redox status of the soil.28 In the present study under field conditions
(variant A), DA presented a negative correlation with temperature (r = —0.243).

The values of urease activity (UA) registered during the 21 days of the moni-
toring ranged between 318.127+16.124 mg NHy* g1 soil in 24 h (variant A2)!
and 169.502+27.980 mg NH4* g~! soil in 24 h™! (variant A3). The average values
of UA are presented in Fig. 2.
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E= Experimental variants —— Control variant

Fig. 2 Average values of the urease activity in the soil samples.

The highest values of UA were obtained in variants A1 and A2, an indication
of the possible utilization of DFC as a carbon and nitrogen source by some mic-
roorganisms from the soil, at temperatures varying between 10 and 21 °C. Using
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DFC as a substrate determines urease activity growth. Thus, the values of UA
obtained in variants Al and A2 were higher with 23.23 and 61.92 mg NH4" g1
soil than the value of UA in the control soil (256.204+11.971 mg NH4" g1 soil
in 24 h).

Nevertheless, at high concentrations of DFC in the soil, the UA decreased
significantly (p < 0.05): by 33.84 % in variant A3 and by 29.63 % in variant B3,
in comparison to the value of UA in the untreated soil. Based on the differences
of the values of UA in variant A and variant B during the 21-day period of moni-
toring, it could be concluded that temperature has a significant impact on the
influence of DFC on the UA of microorganisms from the treated soil.

Other chemicals, such as profenofos, deltamethrin and thiram, seemed to
increase UA in soil at low concentrations and to reduce it when applied at high
doses.29 At high concentrations, pyrimorph reduces significantly the UA.7 Qian
et al.39 hypothesized that validamycin may be toxic for some species as several
enzymatic activities were reduced, but the obtained higher values of UA and PhA
may indicate the possible use of validamycin as a carbon source by some species
of microorganisms. The biomass of the microbes that can use validamycin as a
carbon source increased until this source was exhausted, subsequently, the num-
ber of microorganisms from the soil would return to the normal level. As the
reduction of the UA by captan and trifloxystrobin can be as high as 70 % of that
of control untreated soil, it was assumed that these chemicals could modify the nit-
rogen cycle in the soil. This kind of modification has to be considered as repeated
applications of fungicides could lead to their accumulation in the treated soil.

As the negative effects on the populations of microorganism are stronger at
high concentrations of DFC in soil, the importance of the optimal dose of fungi-
cide that should be applied on soil becomes more obvious. The potential non-
target side effects of pesticides against microbial communities from soil and the
reduced rates of degradation of these chemicals should be considered principally
when repeated treatment of soil is performed.23

As for the DA, the UA of organisms from soil treated with DFC was inf-
luenced by factors other than the DFC concentration. The correlation between
UA and temperature (range 10-21 °C, variant A) was positive, although with a
moderately low value for the correlation coefficient (r = +0.439). Similar studies
confirmed a small increase in UA at moderate temperatures.2> The time a pesti-
cide acted on the microorganisms also affected the UA of germs from treated
soils.29

The values of phosphatase activity (PhA) registered during the 21 days of the
experiments ranged between 2.427+0.753 (variant A3) and 4.004+1.516 mg phe-
nol g1 soil in 48 h (variant B3). DFC applied on soil caused a reduction of the
PhA of microorganisms, as all the values of the PhA from the experimental
variants were lower than the PhA found in the control untreated soil (4.828+
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+0.751 mg phenol g~! soil in 48 h). For variant A, the decrease in PhA correlated
almost linearly with the increase in the DFC concentration (p < 0.05). The aver-

age values of PhA are presented in Fig. 3.
B B
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Fig. 3. Average values of the phosphatase activity in the soil samples.

In comparison to the control sample, the lowest value of PhA (49.73 %) was
obtained for variant A3, when the highest DFC dose was used and the tempe-
rature ranged between 10-21 °C. The lower temperature (average = 17.19 °C)
and higher dose of DFC provided the conditions for a significant decrease in the
PhA of the microorganisms from the treated soil.

Under laboratory conditions at high and constant incubation temperature (30
°C), the PhA from variant B1 (the lowest applied concentration of DFC) dec-
reased by 42.56 % compared with the control sample. In variant B3 (the highest
concentration of DFC), although the PhA decreased, the extent of diminution was
smaller.

Phosphatases are the enzymes responsible for releasing of orthophosphoric
acid from organic combinations with metaphosphates and pyrophosphate. In soil
ecosystems, phosphatases play a critical role in the phosphate cycle, being good
indicators of soil fertility.3! When phosphate is deficient in the soil, the amount
of acidic phosphatase released by plant roots is increased to augment the solubil-
ization and remobilization of phosphate, influencing the resistance of plants to
stress conditions.32:33

In the short term, the phosphate cycle was not influenced by moderate doses
of captan and trifloxystrobin applied on the soil.!2 In small concentrations, vali-
damycin did not influence significantly PhA during the incubation period, but at
high doses, an increase (29.8 %) of acidic PhA was observed.30 For variant A
(field conditions), a weak positive correlation (r = +0.147) between the variation
of temperature and PhA was detected.

The values for the protease activity (PA) recorded during the 21 days of the
experiments ranged between 5.948+3.843 (variant A3) and 19.824+7.354 mg
amino-N g-! soil in 24 h (variant B3). In comparison with the control, untreated
soil (13.289+1.751 mg amino-N g~! soil in 24 h), almost all other samples pre-
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sented lower values for PA. The only exception was observed in variant B3,
when the PA increased by 40.24 % comparing with the control sample. The most
important decrease was observed in variant A3, when the PA was reduced by
56.98 %. The average values of PA are shown in Fig. 4.

20 1
15 T . X, x
- - -
10 +
0 —. + I + . + + l +
Al A2 A3 Bl B2 B3

EExperimental variants ——Control variant

Protease activity
mg amino-N g! 24 h!

»

Fig. 4. Average values of the protease activity in the soil samples.

The values of PA obtained for variants A have similar values for all concen-
trations of DFC applied to the soil, but when the soil was incubated at a high
temperature (variant B), there was a significant increase of PA at the highest dose
of DFC. The fact that between variant A and B there was a difference of 5.38 mg
amino-N g1 soil during the 21 days of the experiments, this could be considered
as evidence for the influence of temperature on the PA. A constant incubation
temperature of 30 °C seems to stimulate an increase of PA, perhaps by stimul-
ating the overall metabolism. Under field conditions, the variation of temperature
had a negative influence on PA (r =-0.170).

Proteases play an important role in the nitrogen cycle in soil, performing the
hydrolysis of large peptides with production of amino acids and small peptides.34
Fungicides, such as chlorothalonil and propiconazol, have a positive influence on
urease and protease activities of soil microorganisms at low and moderate doses.
Application of these chemicals in the recommended doses does not influence the
metabolism of soil germs.!4 At high doses, chlorothalonil produces a reduction of
PA, in comparison with untreated soil.3> Similar results were obtained in case of
mancozeb!? and carbendazim.3¢

The increase in temperature has had a significant influence on the metabolic
reactions of organisms from soil by promoting the development of communities
of microorganisms resistant to DFC and supporting the use of the fungicide as a
source of carbon and nitrogen. At high doses of DFC, these positive effects are
overcome by the inhibition of the metabolism of organisms present in soil. As
similar results were obtained in the case of other fungicides, it may be concluded
that most of these types of chemicals at high and repeated doses may produce an
inhibition of the metabolism of communities of microorganisms present in soil.”
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The present study confirms that soil enzymes behave differently when
exposed to DFC that can stimulate or inhibit some enzymatic activities depend-
ing on the dose and temperature. Several factors may influence the enzyme acti-
vity besides the concentration of DFC, such as temperature and time of exposure
to the toxicant. The degree of absorbency of fungicide in soil could reduce the
contact time between some pesticides and microorganisms. Biodegradation
seems to be the most important mechanism for reduction the concentration of
DFC in soil. At least at low doses, the microorganisms from soil can degrade
chemicals from soil, including pesticides, progressively reducing their toxicity.
Some degradation products may act as growth factors for certain microorganisms
in the soil. Although the assay of the activities of enzymes from soil could be
considered a good indication of soil quality and health, the levels of enzymes
activities cannot be correlated with the quantities of pesticides in soil.

CONCLUSIONS

The results indicated that DFC inhibited the enzymatic activities of dehyd-
rogenase, urease, phosphatase and protease in the treated soil samples. Depend-
ing on the dose of DFC and incubation temperature, with rare exceptions, the
recorded values of enzymatic activities were significantly lower (p < 0.05) than
those in untreated soil. Above average increases were recorded for soil with
urease at HD and ND of DFC applied to the soil sample and variable temperature
(variants Al and A2) and for protease at DD of DFC at constant temperature
(variant B3). It could be concluded that the metabolism of the communities of
microorganisms from DFC treated soil was affected by the DFC dose and incub-
ation temperature.
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U3BOJ
YTHIAJ IUPEHOKOHA3OJIA HA AKTHBHOCT EH3UMA M3 3EM/bHUIITA
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Llum oBor paza je oo ma ce kBaHTHUUKYje edekar ¢pyHrununa gudernokonasomna (DFC)
Ha aKTMBHOCTH €H3UMa (JexupporeHase, ypease, ¢ocdarase U nporease), Koju ce Haaase y
3EMJBUILTY. YCNOCTaB/bEHE Cy TPH €KCIIEPUMEHTAJIHE BapHjaHTe: y TEPEHCKUM YC/IOBHMa Ca
npomeHpuBOM TemnepaTypom (10-21 °C, Bapujante A1-A3), y 1adopaTOpHjCKUM yCIOBUMA
ca xoHCTaHTHOM TemrieparypoMm (30 °C, Bapujante b1-53) u xoHTpONMHA BapujaHTa (HeTpe-
THpaHo semsumTe, 11). Komepuujanuu mpomsson ,Score 250 EC“ ca. 250 g L1 DFC je
xopumheH y cienehum konnenTpanujama: 0,037 mg ¢! DFC/maca 3embrinTa (MPOMEH/BUBE
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A1l u B1), 0,075 mg ¢! (mpomensuse A2 u B2) u 0,150 mg ¢! (mpomenmuse A3 u B3).
AXTHBHOCTHU IexupporeHase, ocdarase u ypease cy duse 3Ha4ajHO CMameHe Y TEPEHCKUM U
naboparopujckum ycinoBuma npumenom DFC (p < 0,05) y ogHOCy Ha HeTpeTHpaHe y30pKe.
IIpoTeasHa akTUBHOCT je OWIa cMameHa y BapujanTama A1-A3 y omHocy Ha BapujaHTy LI, a
noseharna ce y Bapujantu B3, kaza je npumemena go3a DFC 0,150 mg ¢! semspumira.

N —

AN

(ITpumspeno 18. nenemdpa 2014, peunupaHo 24. MapTa, npuxsaheHo 25. maprta 2015)
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Theoretical study on the Diels—Alder reaction of
bromo-substituted 2H-pyran-2-ones and
some substituent vinyls
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Abstract: A DFT study of the reactivity, regio- and stereoselectivity of Diels—
—Alder reactions between 3-bromo, 5-bromo, and 3,5-dibromo-2H-pyran-2-
-ones and some weakly activated and unactivated alkenes was performed using
the density functional theory (DFT). Four possible reaction channels, which are
related to the formation of meta- and para- and endo- and exo-cycloadducts,
were explored and characterized. The energy and natural bond orbital analysis
showed that the meta-regioselectivity on the exo pathway was preferred and
followed an asynchronous concerted mechanism with a polar nature in all
Diels—Alder cycloadditions. Moreover, the activation free energies of the Diels—
Alder cycloadditions of 3,5-dibromo-2H-pyran-2-one were lower than those for
3-bromo-2H-pyran-2-one and 5-bromo-2H-pyran-2-one, which is in line with
experimental observations. DFT-based reactivity indices clearly predicted the
regiochemistry of the isolated cycloadducts.

Keywords: bromo-2H-pyran-2-ones; DFT study; reaction mechanism; reac-
tivity indices; regio- and stereoselectivity.

INTRODUCTION

During investigations on the role of substituents on the cycloaddition reac-
tion of 2H-pyran-2-ones, it was found that 3-bromo and 5-bromo-2H-pyran-2-
-ones are the most interesting and unique, and have useful features.!=> These two
2H-pyran-2-ones are ambident dienes? and react with electron-rich, electron-poor
and electron-neutral dienophiles with good regio- and stereoselectivity.#:7 The
cycloadditions of 2H-pyran-2-one itself are not selective.> Moreover, in contrast
to the bromo-pyrones, 4-chloro-2H-pyran-2-one, in line with 2H-pyran-2-one
itself, is neither ambident diene nor undergoes regioselective cycloadditions.8 It
undergoes cycloadditions only with electron-deficient dienophiles that were
stereoselective, but not regioselective.3@ During the course of a study of 2H-
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-pyran-2-ones, Cho and co-workers investigated 3,5-dibromo-2H-pyran-2-one in
Diels—Alder (DA) reactions with a series of electronically and sterically distinct
dienophiles.3b Their results showed that it is a highly potent ambident diene,
being more reactive and stereoselective than monobromo-2H-pyran-2-ones, and
thus capable of generating a variety of bicycloadducts in much higher chemical
yields and endo/exo rations than monobromo-2H-pyran-2-ones.>

Afarinkia and co-workers studied the Diels—Alder reactions of 3- and 5-halo-
-substituted 2H-pyran-2-ones with poor electron-rich, electron-rich and deficient
dienophiles.”? Their experimental results showed that these cycloadditions
proceed with excellent regioselectivity and very good stereoselectivity. In con-
trast, the 4-halo-substituted-2H-pyran-2-ones reactions proceed with only moder-
ate regio- and stereoselectivity.? Furthermore, their results showed that the nature
of halogen substituent had only a small, sometimes negligible, influence on the
cycloaddition of 2H-pyran-2-ones, and also, in both the 3- and 5-substituted
series, the distribution of the products did not appear to be significantly dif-
ferent.8 Therefore, changing the halogen substituent did not significantly change
the electronic demand of the 3- and 5-halo-substituted 2H-pyran-2-one, although
it may influence their reactivity. Furthermore, they performed a range of calcul-
ations on substituted 2H-pyran-2-one cyclo-additions, at the B3LYP/6-31G level
of theory, to demonstrate the advantage of 3- and 5-halo-substituted 2H-pyran-2-
-ones over 4-halo-substituted 2H-pyran-2-ones.$.

Although there are many reports about the alternative synthetic routs,3-9
there are no theoretical investigations about the detailed molecular mechanism
and electronic parameters. As a part of a program directed toward the inves-
tigation of related DA cycloadditions, herein the results of a theoretical study on
the mechanism of cycloaddition reactions between 3-bromo, 5-bromo and 3,5-
dibromo-2H-pyran-2-ones 1a—c, with a range of vinyl derivatives: vinyl acetate
(2a), vinyl benzoate (2b), 2-ethenyl-1H-isoindole-1,3(2H)-dione (N-vinylphthal-
imide) (2¢) and 2-propenenitrile (2d), to give the bridged bicyclic lactones 3—13
are presented (Scheme 1). The purpose of the present study was to provide a
better understanding the mechanistic features of these processes, especially by
localization and characterization of all stationary points involved in these
formally [2+4]cycloadditions. A density functional theory (DFT) analysis was
performed to explain both the exo/endo stereocontrol and regioselectivity of these
processes in order to find a possible mechanism that may explain the different
reactivity observed in each case.

Although DA cycloadditions of 5-bromo and 3,5-dibromo-2H-pyran-2-ones
with poor electron-rich dienophiles 2a—¢ were not prepared as part of expe-
rimental studies, the calculations based on them provided a better understanding
of the trends, differences, and similarities between halogen substituted 2H-pyran-
-2-ones.
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Scheme 1. The calculated possible reaction channels for the DA reaction of bromo-substituted
2H-pyran-2-ones 1a—c with the vinyl derivatives 2a—d at the B3LYP/cc-pVDZ level.

COMPUTATIONAL DETAILS

The density functional theory calculations were realized using the Gaussian 09 pack-
age.!0 The relative energies and free energies were computed at 298 K for the various sta-
tionary points at the B3LYP/cc-pVDZ level. The electronic structures of the stationary points
were analyzed by the natural bond orbital (NBO) method.!! The global reactivity indexes
were estimated according to the equations recommended by Parr.!2 The global electrophilicity
index, w, is given by the following expression:!3

w="— 1
2 (1
in terms of the electronic chemical potential, u, and the chemical hardness, . Both quantities

may be approached in terms of the one-electron energies of the frontier molecular orbitals
HOMO and LUMO, e and ¢[,!4 as:

U=(ey+éL)/2 2
NN=¢&L—&n (3)

Recently, Domingo introduced an empirical (relative) nucleophilicity index, N,!° based
on the HOMO energies obtained within the Kohn Sham scheme,!? and defined as:

Enomo (Nu) — egomo (TCE) “4)

Nucleophilicity is referred to tetracyanoethylene (TCE), because it presents the lowest
HOMO energy in a large series of molecules already investigated within the context of polar
cycloadditions. This choice allows the convenient handling of a nucleophilicity scale of posi-
tive values. Recently, Domingo proposed two new electrophilic, P, and nucleophilic, P,
Parr functions based on the atomic spin density distribution at the radical anion and cation of a
neutral molecule.'® The electrophilic, Bf, and nucleophilic, P;, Parr functions, were
obtained through the analysis of the Mulliken atomic spin density of the radical anion and
cation by single-point energy calculations over the optimized neutral geometries using the
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unrestricted UB3LYP formalism for radical species. The local electrophilicity indices, wy,!’
the local nucleophilicity indices, Ni,!°® were calculated using the following expressions:

o = R, (5)
Ny = NRZ (6)
where P and P are the electrophilic and nucleophilic Parr functions,'6 respectively.
RESULTS AND DISCUSSIONS

In the present study, the regio- and stereoselectivity of the cycloaddition
reaction between bromo-substituted 2H-pyran-2-ones 1a—c¢ and vinyl substituents
2a—d were studied, and then an analysis based on the reactivity indices of
stationary points was performed.

Study of the DA reactions of bromo-substituted 2H-pyran-2-ones 1a—c with some
vinyl derivatives (2a—d)

Due to the asymmetry of bromo-substituted 2H-pyran-2-ones la—c, four
regio-isomeric channels are feasible for each of the DA reactions, meta and para,
which are related to the endo and exo approach modes of the diene systems 1a—¢
relative to the R group of the vinyl compounds 2a—d (Scheme 1).

Analysis of the stationary points associated with these DA reactions indi-
cated that they could occur via a one-step mechanism and consequently, four ste-
reoisomeric TSs, named TS1, TS2, TS3, and TS4, and the corresponding pro-
ducts 3—-13 were located and characterized. The activation and relative energies
associated with these stationary points are given in Table I. Analysis of the geo-
metries at the TS structures shows that the TSs of meta pathways correspond to
asynchronous bond formation processes. The extent of bond formation along a
reaction pathway is provided by the concept of bond order (BO).!® These values
are within the range of 0.180 to 0.636. These results show that for all DA reac-
tions, TS1 and TS2 (meta pathways) are more asynchronous than TS3 and TS4
(para pathways), and that the TSca, TScb and TScc (for the N-phthalimide sub-
stituent) are the most asynchronous ones. The asynchronicity shown by the geo-
metrical data is accounted for by the BO values.

Furthermore, the asynchronicity in bond formation at the TSs measured by
Ar = (ro—r1) ranges from 0.72 to 1.10 at TS1 and TS2, indicating that the TSs of
meta process correspond to highly asynchronous bond-formation processes. Nat-
ural population analysis (NPA)!! allowed the evaluation of the charge transfer
(CT) along these DA reactions, at the TSs. Charge transfer (CT) plays a relevant
role in most of organic reactions. In fact, in Diels—Alder reactions, the CT value
is one of the most relevant characteristics of their transition states (TSs) and, in
most cases, it is responsible of the height of their energy barrier. The calculated CT
values for these DA reactions are given in Fig. 1. In general, the CT values in the
TSs associated with the para pathways were lower than 0.090 e, in clear agree-
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TABLE I. Activation energies, AE", activation free energies, AG¥, and reaction energies, AE,,
(all in kJ mol"), with the formation of DA cycloadducts between bromo-substituted 2H-
-pyran-2-ones la—c and vinyl derivatives 2a—d in the meta pathways

Entry Species TS AE# AG* AE,

1 1a+2a—3a-exo TS1aa 108.48 166.33 -48.53
2 1a+2a—4a-endo TS2aa 112.94 169.31 —46.22
3 1a+2b—3b-ex0 TS1ab 112.12 168.26 —49.94
4 1a+2b—4b-endo TS2ab 116.66 170.56 -45.98
5 la+2c—3c-exo TSlac 106.75 163.59 -28.80
6 la+2c—4c-endo TS2ac 112.64 168.23 -27.73
7 la+2d—3d-exo TS1ad 117.59 171.64 -29.45
8 la+2d—4d-endo TS2ad 107.65 161.71 -33.67
9 1b+2a—5a-exo TS1ba 92.82 150.75 -69.94
10 1b+2a—6a-endo TS2ba 102.04 157.18 —65.45
11 1b+2b—5b-exo TS1bb 98.36 154.17 -68.60
12 1b+2b—6b-endo TS2bb 100.47 155.97 —66.38
13 1b+2¢—5c-exo TS1bc 64.58 120.92 -75.89
14 1b+2¢—6¢-endo TS2bc 76.74 131.41 —71.40
15 1b+2d—5d-exo TS1bd 108.51 162.17 -51.16
16 1b+2d—6d-endo TS2bd 100.17 153.82 -54.83
17 1c+2a—7a-exo TSlca 94.23 151.39 -62.01
18 1c+2a—8a-endo TS2ca 100.63 156.30 -59.89
19 1c¢+2b—7b-exo TS1cb 98.40 153.68 —63.50
20 1c+2b—8b-endo TS2¢b 100.22 155.34 -59.66
21 1c+2¢c—7c-ex0 TS1ce 91.26 148.47 —43.06
22 1¢+2¢—8c-endo TS2cc 101.83 157.25 —41.22
23 1c+2d—7d-exo TSlcd 106.23 160.32 -41.75
24 1c+2d—8d-endo TS2cd 98.22 152.36 —45.00

ment with the non-polar character of these pathways. On the other hand, the CT
values at the TSs of the DA reactions of 1a—c and 2a—c in the most favorable
regioisomeric pathways (meta—exo), were between 0.205 and 0.157 e, which
indicate the polar nature of the meta channels in these DA reactions. Only the
most unfavorable DA reactions of 1a—c and 2d presented low CT values (lower
than 0.050 e). These results with the proposal that for the DA reactions of 1la—c¢
with 2a—d, an increase in the polar character as the reaction proceeds is
accompanied by an acceleration of the reaction.”9

The energy barrier (AE") and activation Gibbs free energy values (AG"), related
to the occurrence of transition states for the DA reactions of 1a—c with 2a—d are
lower for the meta approaches than those for the para ones (Table I). The mea-
sured stereoselectivity indicated that the meta—exo cyclization modes are more
favorable than the meta—endo ones, leading to the formation of meta—exo adducts
for the DA reactions of 1a—¢ with 2a—c, while the lowest barrier energies for the
DA reactions of 1a—c with 2d occur on the meta—endo pathway, which yields the
meta—endo cycloadducts 4d, 6d and 8d. Therefore, the presence of a cyano group
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Fig. 1. Optimized geometries (B3LYP/cc-pVDZ) of the transition structures involved in the
meta pathways of the DA reactions between the bromo-substituted 2H-pyran-2-ones 1a—c and
the vinyl derivatives 2a—d. The bond distances are given in A, the Wiberg bond indices are
given in parenthesis and the natural charges (CT) of the TSs are also given.
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on the dienophile, neither changes the stereoselectivity (exo to endo), nor inc-
rease the energy barriers relative to the other dienophiles.

On the other hand, the results of energy values in Table I showed that the
DA reactions of 1a—c with 2a and 2b are less stereoselective than the cycloaddi-
tions to dienophiles 2¢ and 2d. These differences in stereoselectivity could be
explained as follows.

The lack of stereoselectivity in the cycloadditions of vinyl acetate 2a pre-
sumably arises from a lack of strong secondary orbital interactions, suggesting
that the cycloaddition to the weakly activated dienophile may be much more sus-
ceptible to steric interaction.” This was confirmed from the results of the cyclo-
additions of 2-ethenyl-1H-isoindole-1,3(2H)-dione (2c¢), where the reactions are
highly exo selective. Here, the steric congestion arises directly from an unfavor-
able steric interaction between the second nitrogen substituent and the bromine
atom in the TS, leading to the endo cycloadduct. Therefore, TS1ac, TS1bc and
TS1ce leading to the exo cycloadduct are favored. This does not arise in the TS
of endo cycloadduct of vinyl benzoate 2b since the benzoate group can swing
away from the bromine in the transition state. Moreover, the endo predomination
in the cycloaddition of 2-propenenitrile (2d) is attributed to secondary orbital
interactions and therefore it was not expected that cycloaddition to the bromo-
2H-pyran-2-ones 1a—¢ would give an endo to exo ratio of nearly one.

As can be seen in Table I and Scheme 1, it is possible to correlate the cal-
culated energy of the transition state to the final yield of the cycloadducts 3—13.
The calculated values of all transition states confirmed that the ones likely to be
the most abundant are the 3, 5 and 7 isomers in all cases, which occurred in the
DA reactions of 1a—c¢ with 2¢. The cycloadditions of 1a—c with 2d in all of reac-
tions had the highest relative energy and it was expected to be the most disfav-
ored cycloadduct.

The results of calculated free activation energies (AG") for DA reactions of
3,5-dibromo-2H-pyran-2-one (1¢) with 2a, 2b and 2d demonstrate the lowest
activation free energy, while an increasing barrier energy has been seen for 1c
and 2¢.With considering FMO approach (Table II), broadly speaking, 3-bromo,
5-bromo and 3,5-dibromo-2H-pyran-2-one should undergo normal and inverse
electron demand cycloadditions with dienophiles bearing weakly electron-donat-
ing (1a—c) and electron-withdrawing (2d) substituents, respectively.

DFT-based reactivity indices

The molecular DFT-based parameters, electronic chemical potential (u),
chemical hardness (7), global electrophilicity (w) and global nucleophilicity (N)
of the reactants 2a—d and 1a—c are displayed in Table II.

As can be seen in Table II, the bromo-2H-pyran-2-one derivatives 1a—c¢ are
more electrophilic than the dienophiles 2a—d and 3,5-dibromo-2H-pyran-2-one
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(1¢) with the highest electrophilicity (w = 2.43 e¢V) being classified as a strong
electrophile on the electrophilicity scale.20 On the other hand, 1a has a high nuc-
leophilicity index, N = 2.52 eV, and thus is classified as a strong nucleophile on
the nucleophilicity scale.2! This ambiphilic behavior is the consequence of the
presence of the enone and oxygen atom inside 1a—c. The electronic chemical pot-
ential (1) of the bromo-2H-pyran-2-one derivatives 1a—c are lower than those of
the dienophiles, 2a (—0.134), 2b (-0.156) and 2c¢ (-0.130), indicating that charge
transfer along the corresponding reactions will occur from the dienophiles 2a—c
to the electron deficient dienes 1a—c. While as expected, a CN group (2d) dec-
reases the chemical potential and increases the electrophilicity toward the dieno-
philes 2a—d, and hence, these results are in agreement with the increase in the
activation energy.

TABLE II. HOMO and LUMO energies, electronic chemical potential, 1, chemical hardness,
n, (all in a.u.), global electrophilicity, w, and nucleophilicity, N (both in eV), for the reactants
obtained at the B3LYP/cc-pVDZ level of theory

Species Exomo ELumo H n w N

la 024366 0.07747 0.160  0.166 209 252
1b —0.24586 —0.07990 —0.162 0.166 2.15 2.40
1c —0.24777 —0.08881 —0.168 0.158 2.43 2.41
2a —0.25309 -0.01470 -0.134 0.238 1.02 2.27
2b —-0.25205 —0.06044 -0.156 0.192 1.71 2.29
2¢ -0.24195 —0.01862 -0.130 0.223 1.03 2.57
2d —0.26633 —0.08384 —0.178 0.182 2.28 1.90

The polar character of a cycloaddition process can be predicted using the
electrophilicity difference of the reaction pair, Aw.22 In this sense, the electro-
philicity differences between the diene 1¢ and the dienophiles 2a and 2¢ are
about 1.40, indicating a large polar character for these cycloadditions, while the
small Aw between 1a and 2b (0.38 eV) and between 1b and 2d (0.21 eV) show a
low polar character for these cycloaddition reactions. The Parr indices, local
electrophilicity indices and local nucleophilicity indices for the atoms C6 and C3
of the pyrones 1la—c, and C7 and C8 of the dienophiles 2a—d are given in Table
IIT (see Scheme 1 for atom numbering). The Parr functions (the electrophilic,
B, and nucleophilic, P~ ) were computed based on Mulliken atomic spin density
analysis.

According the Domingo model,!5:17 along a polar cycloaddition involving
asymmetric reagents, the most favorable reactive channel is that involving the
initial two-center interaction between the most electrophilic center (wk) at the
electrophile and the most nucleophilic center (Nk) at the nucleophile. According
to this model, in the cycloaddition reactions of 1a—c with dienophiles 2a—d, the
most favorable two-center interaction occurs between C6 of the dienes and C8 of
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dienophiles 2a—d, leading to the formation of the 3—13 regioisomers, which is in
agreement with the experimental results.”—?

TABLE III. The Parr functions ( P, , P / au), local electrophilicity indices (wy / €V) and local
nucleophilicity (N, / eV) indices for the C6 and C3 atoms of the pyrones 1a—c and for atoms
C7 and C8 of the dienophiles at the reactive sites for the reactants obtained at the B3LYP/cc-
-pVDZ level of theory

Species k R RS Ny Wy
la Co6 0.188 0.381 0.474 0.795
C3 0.253 0.204 0.639 0.426
1b C6 0.394 0.205 0.945 0.492
C3 0.232 0.264 0.558 0.634
1c Co6 0.240 0.384 0.580 0.932
C3 0.188 0.222 0.453 0.540
2a C7 0.181 0.171 0.410 0.174
C8 0.291 0.548 0.660 0.559
2b C7 0.018 0.074 0.040 0.127
C8 0.092 0.357 0.212 0.610
2c C7 0.009 0.037 0.024 0.038
C8 0.019 0.476 0.050 0.490
2d C7 0.219 0.260 0.146 0.594
C8 0.606 0.426 1.152 0.972
CONCLUSIONS

DFT computations using the B3LYP functional in conjunction with the
cc-pVDZ basis set were used to analyze the outcome of the DA reactions of the
bromo-2H-pyran-2-ones 1a—c with some weakly activated and unactivated vinyls.
The following conclusions could be inferred from the results of the energies:

I. The activation energies associated with the DA reaction of cyclic dienes
la—c with dienophile 2¢ is more favorable than those for the reactions with 2a, b
and 2d. The low reactivities of the dienophiles in these DA reactions correspond
with their nucleophilic character.

II. While the DA reactions with 2a—c are exo selective, the reaction with 2d
is endo selective.

1. 3,5-Dibromo-2H-pyran-2-one is more active than 3- and 5-bromo-2H-
-pyran-2-ones, having a lower energy barrier.

IV. These DA reactions proceed via a polar, regioselective and highly asyn-
chronous process.
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TEOPUJCKA CTYIUJA OTUJIC-AJIJEPOBE PEAKIIMJE BPOMO-CYIICTUTYUCAHUX
2H-TIMPAH-2-OHA U HEKUX CYIICTUTYHUCAHUX BUHUJIA
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Hspueno je DFT ucnuTHBame peakTUBHOCTH, PErHo- U CTepPeoCeneKTUBHOCTH umc—

—Anpepose peakuuje usmehy 3-dpomo, 5-dpomo u 3,5-mubpomo-2ZH-nivpaH-2-0Ha U HEKUX
c1ado aKTUBUPAHUX M HEAKTUBHPAHHUX ajkeHa. McTpakeHa cy yeTwpd moryha peaxuuoHa
nyTa, Koju 00yxBaTajy opMuUpame Meilid-, iapa-, eHgo- U €130-LIMKI0afyKTa. AHanM3a 3acHO-
BaHa Ha €HePryju U MPUPOJHUM opdUTalaMa oKasyje 1a je npedeprpaHa Meiid-Peruocenex-
THBHOCT U €130-peaKklHOHA MEXaHHU3aM.
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Sorption recovery of platinum(ILIV) in presence of copper(II)
and zinc(Il) from chloride solutions
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Abstract: The sorption pre-concentration of platinum(ILIV) ions was inves-
tigated in presence of accompanying copper(Il) and zinc(II) ions from chloride
solutions on new previously unexplored ion exchangers (Cybber, Russia). The
initial concentrations of platinum and the accompanying ions were 0.25 and 2.0
mmol L-!, respectively, and the acidity of medium was 0.001-4.0 mol L' HCL.
It was shown that the investigated resins — strong and weak basic anion
exchangers as well as chelate ion exchangers — possessed good sorption and
kinetic properties. The simultaneous sorption of the investigated ions results in
the complete recovery of platinum, while the non-ferrous metal ions were
sorbed at less than 20 %. Followed by the selective elution of platinum by a
thiourea (80 g L!) solution in 0.3 M H,SO,, the quantitative isolation of
platinum was achieved (more than 90 %). Therefore, the studied ion exchangers
could be recommended for the recovery and separation of Pt(IL,LIV), Cu(Il) and
Zn(II) ions.

Keywords: ion exchange; platinum; copper; zinc; chloride solutions.

INTRODUCTION

With growing global demand for the platinum group metals (PGM), these
metals are being recovered not only from natural deposits, but also from non-
-traditional sources (e.g., metal-bearing high-carbon complexes) and secondary
sources,! including spent automobile and chemical catalysts, electronic scrap and
the so-called tailings (wastes of ore-dressing plants at platinum-containing
deposits).1 4

The distinctive feature of both primary and secondary PGM sources is their
multicomponent composition. This means that the noble metals are contained in
raw materials together with other metals, such as Ni, Zn, Cu, Co, Pb, etc. More-
over, the noble metals are micro components, whereas the accompanying metals

* Corresponding author. E-mail: cm2@bk.ru
doi: 10.2298/JSC141217018K
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are macro components. [:3-5 Therefore, after the breakdown of such raw materials
by acids (“aqua regia”), chlorination, fusion, €fc., the obtained industrial sol-
utions have low concentrations of noble metals.2:4¢ These solutions contain
PGM complexes, varying in their stability and chemical inertness.2:%7-9 More-
over, it is known247-10 that PGM complexes are affected by aquation and
hydrolysis. The sophisticated composition of the solutions makes it essential to
use selective methods for the isolation of the noble metals.

As a rule, the PGM are isolated from such solutions by precipitation or
electrowinning. However, these methods basically do not provide a high degree
of recovery, and the solid products formed in such cases make further processing
significantly harder.#6:11.12 These problems could be solved by means of sorp-
tion methods, known not only for their selectivity and efficiency, but also for
environmental safety and compatibility with a variety of post-determination
methods.6:11-16

Among a variety of sorbents, ion exchangers with different functional groups
are of special interest because of their high exchange capacity, osmotic and
mechanical stability and good kinetic properties.2:12:13.15.17 These characteristics
allow the recovery of even trace amounts of PGM through their pre-concentra-
tion, and also the removal of interfering components. As a result, the obtained
noble metals can be of high purification grades.2-11,12,17.18

The selectivity of the ion exchangers is a matter of great importance, given
that the ionic state of noble metals in solutions is distinguished by a variety of
complex forms with different stabilities and kinetic inertness, and the solutions
themselves are multicomponent systems. The selectivity could be improved
through the complex-forming properties of ion exchangers.!”

Previously, the recovery of platinum (II,IV) from chloride solutions on Puro-
lite ion exchangers was investigated.! Since the recovery of platinum in the
presence of accompanying components is a matter of practical interest, the
present work is focused on the simultaneous recovery of Pt(ILIV), Cu(Il) and
Zn(Il) because these ions are often contained in real solutions obtained after
breakdown of platinum-containing raw materials.2¢ It should also be noted that
these non-ferrous metals are valuable materials and are the subject of industrial
recycling.

The sorption recovery of copper(ll) and zinc on Purolite ion exchangers
were also studied.20 For the present investigation, new, previously unexplored
cybber ion exchangers made in Russia were used.

EXPERIMENTAL

The Cybber ion exchangers, produced by SYNTEZyyx Company, St. Petersburg,
Russia, were taken for investigation. Their physicochemical characteristics are summarized in
Table I. It could be seen from the data that anion exchangers, chelate resins and strong acidic
cation exchangers were used to study copper and zinc sorption. Before use, the resins were
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prepared according to standard methods and loaded by 2 M HCI, to convert them into the Cl-
form (anion exchangers) or H* form (cation exchanger and chelate sorbents).

TABLE 1. Physicochemical characteristics of the investigated macroporous ion exchangers
Cybber. Resin matrix: styrene (St) — divinylbenzene (DVB); Functionalization: QAB —
quaternary ammonia base, TAG — tertiary amino-groups; AMPA — aminomethyl-phosphonic
acid; IDAA — iminodiacetic acid; SG — sulfo-groups

Exchange capacity,  Swelling

Trade Exchanger  Functional e . Moisture Working
name type aroup mmol g, in the form:  grade, % pH range
Cl- H* %
AX 400 Strong base QAB 1.20 - 19 44 0-14
anion
exchanger
ALX Weak base TAG 1.45 — 21 50 0-8
220 anion
exchanger
CRX Chelating AMPA - 1.80 23 40 1-14
300 resin
CRX Chelating IDAA - 1.10 21 55 1-6
210 resin
EV 023  Strong acid SG - 1.80 17 45 0-14
cation
exchanger

The initial platinum stock solution of concentration 9.669 mmol-L-! was prepared by
dissolution of an accurately weighed quantity H,PtCl, in concentrated hydrochloric acid, with
the subsequent dilution of the solution to 500 mL with distilled water. The working platinum
solutions with concentration 0.25 mmol L-! and acidity 0.001—4.0 M HCI were prepared from
this initial solution. In the present work, only freshly prepared platinum solutions were used.

The solutions of copper(Il) and zinc(Il) of concentration 2.0 mmol L' were prepared
from accurately weighed quantities of CuCl,-2H,O and ZnCl,, respectively, which were
dissolved in hydrochloric acid solutions of different concentrations (0.001-4.0 mol L1). All
the reagents were of analytical purification grade.

The initial concentrations of the studied ions were selected with the aim of making the
experiments similar to the real industrial conditions, i.e. to the technical solutions obtained
after the processing of secondary materials.>>!8 The acidity range of initial solutions was
intentionally wide, to study the sorption properties of the investigated resins.

The concentrations of platinum and non-ferrous metal ions were determined by spectro-
photometrical methods, i.e., platinum with SnCl,-2H,0,7 and copper(Il) and zinc(II) with
PAR (4-(2-pyridylazo)resorcinol)21-22 using a Specol 1300 spectrophotometer (Carl Zeiss,
Germany).

The sorption of the investigated ions was realized under batch experimental conditions.
The equilibrium time determined by special tests was 24 h.

The efficiency of sorption recovery of the ions investigated was estimated by means of
the recovery degree, R/ %, and the distribution coefficient, D.

Moreover, the separation coefficients S of the recovered metal ions were calculated as
follows:
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K
s=_Ma (1)
KM62

where Ky, is the distribution coefficient of platinum (or copper) and Kyye, is the distribution
coefficient of copper (or zinc).

The sorption isotherms were plotted by varying the molar ratio of resins to the amount of
metal ions in the contacting solution.23-2* The apparent constants of the ion exchange
equilibrium were calculated based on these isotherms according to the law of mass action for
the investigated equilibria.?3->4

The kinetic behavior of ion exchangers investigated during sorption of the metal ions
was studied by the “limited bath” method.2325 After a certain time, the resins and solutions
were quickly separated by filtration through a porous glass filter. Then the concentrations of
platinum, copper and zinc were determined in the solutions by the spectrophotometrical
methods. Using the obtained results, the degree of saturation F was calculated as follows:

-y
Q.

where Q and Q. , mmol, are the amounts of the metal ion sorbed at time t and at
equilibrium, respectively.

Then the kinetic curves were plotted as dependences F = f(t) and the half-exchange
times, 1,5/ s, were determined from these curves at F = 0.5. Subsequently, the diffusion coef-
ficients of metal ions in a resin grain, Dg/ cm? s, were calculated from the following
equation:

2

_ r2
Dg=—+— 3
s 47I2t1 /2 ( )
where I / cm is the radius of the resin grain.
Moreover, the process rate, v/ mmol g'! s71, was calculated using the formula:
p=2 )
i

where g; / mmol g'! is the quantity of metal ion sorbed by the resin at time t; / s.

All the results were subjected to statistical processing according to conventional
procedures.2®27 The average experimental error for 3—4 parallel runs was less than 6 %.

The details regarding the batch and kinetic experiments, as well as the sorption pre-
concentration and recovery data, are given in the Supplementary material to this paper.

RESULTS AND DISCUSSION

The ionic state of platinum in chloride solutions was investigated in
detail.247-10 The electron absorption spectrum of a freshly prepared platinum
(ILIV) solution in 2 M HCI, which had two absorption maxims at 218 and 251
nm, was recorded This spectrum is in full compliance with literary data and
corresponds to the presence of complexes [PtCls]2~ (218 nm) and [PtClg]?~ (251
nm).2.9:10

The ionic states of copper(Il) and zinc(Il) in chloride solutions were pre-
viously investigated in detail2!22 and are described in a previous work.29 There-
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fore, the initial investigated solution contained different chloride complexes of
the studied ions, and their subsequent sorption on the ion exchangers depended
on the form of their complex compounds.

Since the Cybber ion exchangers were investigated for the first time, the
sorption recovery of platinum (ILLIV), copper(Il) and zinc ions were initially stu-
died from their individual solutions of different acidities.

These studies revealed that the studied anion exchangers and chelate sorb-
ents exhibited high affinity for platinum (IL,IV) ions, with no dependence on the
acidity of medium. As for copper (II) and zinc (II) recovery under the same con-
ditions, the results correlated with their ionic state in the solutions. Thus, the
anion exchangers and chelate resins recovered copper(Il) ions only from the
strong acidic solutions, indicating the sorption of copper anionic chloride com-
plexes. Copper was only recovered from the 0.001-0.1 mol L-! HCI solutions by
the strong acidic cation exchanger EV 023, meaning that cationic copper com-
plexes are present in these solutions. It should be noted that the ion exchangers in
a strong acidic medium exhibited high affinities for copper(Il) ions.

Moreover, only the chelate ion exchanger Cybber CRX 300 recovered zinc
ions over the whole range of investigated HCI concentrations. The other resins
did not sorb Zn(II) from strong acidic solutions, although it is known from the
literary data that negatively charged complexes [ZnCly]?~ are present in such
solutions. This was also supported by the fact that the cation exchanger EV 023
did not recover zinc ions from 2—4 M HCI solutions. This phenomenon is of
academic interest and will be the subject of further investigations. However, the
fact that copper(Il) and zinc(Il) ions could be recovered in different ways and
from different media provides the opportunity to separate these ions by varying
the HCI concentration in the contacting solution.

Based on this, the simultaneous recovery of copper and zinc from strong and
weak acidic media was further investigated. The results are presented in Table II.
It can be seen from these data that the presence of zinc did not affect copper(Il)
sorption, which means that copper is not recovered from weakly acidic solutions
by the investigated resins. As for the sorption of zinc in presence of Cu(Il), in
this case they were recovered from strong acidic solutions, and at a quite satis-
factory level (86—89 %). No doubt, it could be considered the effect of synergy,
i.e, the increase in sorption ability of ion exchanger to an ion that was not sorbed
(or poorly sorbed) from individual solutions in the presence of another ion.28-30
Therefore, the simultaneous action of both components has an effect on the sorp-
tion ability of the ion exchangers. The data in Table II also show that the studied
sorbents were more selective towards copper(Il) ions than to zinc ions.

The separation coefficients of non-ferrous metal ions during their recovery
from 2 M HCI solution are shown in Table III. It can be seen that all the values
exceed 1 and, therefore, copper and zinc could be completely separated.
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TABLE II. Simultaneous recovery of copper(Il) and zinc(II) from chloride solutions of
different acidity on the investigated ion exchangers (Co(Cu) = Cy(Zn) = 2.0 mmol L-1)

Recovery of:
Cu(II) in presence of Zn(II) Zn(II) in presence of Cu(II)

Trade name Parameter

at ¢y(HCl) / mol L at Cy(HCI) / mol L-!
2.0 0.01 2.0 0.01
AX 400 R/ % =100 - 86+4 89+5
log D 5.08+0.31 - 3.78+0.23 3.89+0.23
ALX 220 R/ % =100 — 86+4 8945
log D 4.79+0.29 - 3.79+0.23 3.91+£0.23
CRX 300 R/ % =100 — 88+4 88+5
log D 5.11+0.31 - 3.85+0.23 3.86+0.23
CRX 210 R/ % =100 - 87+4 87+4
log D 4.99+0.29 — 3.82+0.23 3.81+0.22

TABLE III. Separation coefficients of Cu and Zn during their sorption from strong acidic
chloride solutions (Co(HCI) = 2.0 mol L*!; ¢y(Cu) = ¢o(Zn) = 2.0 mmol L)

Trade name Separation coefficient | Trade name Separation coefficient
AX 400 20 CRX 300 18
ALX 220 10 CRX 210 13

Furthermore, the sorption pre-concentration of platinum (ILIV) in the pre-
sence of copper(Il) and zinc(Il) was studied from strong acidic chloride solutions,
given that under industrial conditions, the noble metals are mostly present in
strong acidic media after the breakdown. The results are summarized in Table IV,
from which it could be seen that the presence of copper and zinc ions in the
system had no effect on the sorption pre-concentration of platinum, and hence, it
could be completely recovered from the solution by the investigated sorbents.
Simultaneously, the copper ions and, especially, the zinc ions were sorbed at low
levels (not more than 20 % for Cu and 16 % for Zn). These data clearly illustrate
the distinct selectivity of ion exchangers towards noble metal complexes. On the
one hand, this could be explained by the fact that complexes with greater stability
are “preferable” for the resins during sorption from multicomponent solutions.3!
As the stability of platinum chloride complexes is much higher than those of cop-
per and zinc,? the sorption centers of the resin are preoccupied by platinum com-
plexes.

However, on the other hand, it is known!7-32.33 that complex-forming sorb-
ents that contain nitrogen or sulfur atoms in their functional groups show espe-
cially high selectivity towards noble metal ions. From the investigated range of
sorbents, the weak basic anion exchanger ALX 220 and chelate resin CRX 210
belong to this group. It is important that CRX 210 contains iminodiacetic acid as
functional groups, i.e. two carboxylic groups. The Lewis theory of acids and
bases states that platinum ions are “soft” acids, and possess lower affinity to oxy-
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gen donor atoms,3:34 which explains the lower degree of recovery of platinum on
the chelate resin CRX 210 in comparison with that on ALX 220. The strong basic
anion exchanger AX 400 with quaternary ammonia bases as functional groups
has a high selectivity to platinum ions, due to the strong electrostatic interaction
between these large-sized and practically not hydrated groups and the aquatic
complex ions of the noble metal.3!

TABLE IV. Sorption pre-concentration of platinum(ILIV) from strong acidic chloride
solutions in the presence of copper(Il) and zinc(Il) on the investigated ion exchangers
(Co(HCI) = 2.0 mol L-1; ¢y(Pt) = 0.25 mmol L-!; ¢y(Cu) = ¢y(Zn) = 2.0 mmol L-1)

Recovery of:
Trade name Parameter PY(ILIV) in the Cu(II) in the presence Zn(Il) in presence of
presence of Cu(Il) of Pt(ILIV) PYILIV)
and Zn(I) and Zn(I) and Cu(Il)
AX 400 R/ % 9545 1441 10+1
log D 4.43+0.27 2.30+0.14 2.01£0.12
ALX 220 R/ % 95+5 20+2 162
log D 4.45+0.27 2.48+0.15 2.32+0.14
CRX 210 R/ % 77+4 12+1 7+1
log D 3.53+0.21 2.04+0.12 1.97+0.12

The separation coefficients of platinum and the accompanying metals were
calculated and the results are given in Table V. The values were much greater
than 1, indicating the possibility of isolation of platinum from the non-ferrous
metal ions.

TABLE V. Separation coefficients of Pt and non-ferrous metal ions during their sorption from
strong acidic chloride solutions (Cy(HCI) = 2.0 mol L; ¢y(Pt) = 0.25 mmol L!; ¢y(Cu) =
Cy(Zn) = 2.0 mmol L)

Separation coefficients of Pt(IL,IV) towards:

Trade name Cu (D) Zn (1)
AX 400 137 273
ALX 220 91 137
CRX 210 34 34

Thus, the obtained data led to the conclusion that the sorption pre-concen-
tration of platinum(IL,IV) proceeded on the strong basic anion exchanger accord-
ing to the anion exchange mechanism:

2RCl+[PtCl, ]2~ <> R, [PtClp]+2C1- (5)

The weak basic anion exchanger sorbed platinum ions not only through
anion exchange, but also through additional complexation between the metal ions
and the nitrogen atoms of the functional groups:
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RN +[PtCl, 2~ < [RNPtCln_1 ] +CI- (6)

where n=4 or 6.
The chelate ion exchanger CRX 210 recovered platinum(IL,IV) ions accord-
ing to the complex-formation mechanism:

[PtClp]2~ + MRL -+ S ¢ (PtCly_mRLy)2~("-M-2M 4 mL + mS (7)

where N = 4 or 6; mis the number of functional groups o the resin RL with the
charge z; Sis the dissolvent.

The sorption isotherms of platinum in presence of accompanying copper and
zinc ions are shown in Fig. 1 for the strong and weak basic anion exchangers. It
can be seen that the curves are convex, i.e., the anion exchangers are selective
towards Pt(I,IV) ions.23:24 Based on the isotherms, the apparent constants of the
ion exchange equilibrium were 3.0 and 2.4 for ALX 220 and AX 400, respect-
ively. These values correlate with the selectivity of the sorbents.

0.05 - a)
004
003 .

0.0z

WECHhmol gl

001 A +

0 0.03 0.06 0.09 012 0.15 0.18 021

Ceg/mmol L!
0.04 - b)
0.03 4
_lC.D
E 002 -
%
001
0 T T T T T T T
0 0.03 0.06 0.09 012 0.15 0.13 0.21
Cep'mmol L1

Fig. 1. Isotherms of platinum sorption in presence of copper(Il) and zinc(IT) from strong acidic
solutions onto: a) ALX 220 and b) AX 400; co(HCI) = 2.0 mol L1

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

(CC) 2015 SCs. All rights reserved.



SORPTION RECOVERY OF Pt, Cu AND Zn 1157

Furthermore, the kinetic properties of ion exchangers during the recovery of
platinum(IL,IV) ions in presence of copper(Il) and zinc(II) were investigated. The
dependences of the process rate on time are presented in Fig. 2. It could be seen
that the process rate increased sharply at the beginning of ion exchange and then
decreased gradually before reaching equilibrium.

Fig. 2. Dependences of process rate on time during sorption pre-concentration of
platinum(ILIV) in presence of copper(Il) and zinc(II) on the investigated ion exchangers;
Co(HCI) = 2.0 mol L!; ¢y(Pt) = 0.25 mmol L!; ¢y(Cu) = ¢o(Zn) = 2.0 mmol L-1;
€ (1) - ALX 220; H (2) - AX 400; A (3) - CRX 210.

The calculated main kinetic parameters for sorption pre-concentration of
Pt(ILIV) in the presence of the accompanying ions are summarized in Table VI.
According to the data, it proceeds coherently, with high process rate. The other
kinetic parameters — half-exchange time and diffusion coefficients — correlate
with the previously discussed data on selectivity.

TABLE VI. Kinetic parameters during sorption pre-concentration of platinum(ILIV) in the
presence of copper(Il) and zinc(II) from strong acidic chloride solutions on the investigated
ion exchangers (Cy(HCI) = 2.0 mol L1; ¢y(Pt) = 0.25 mmol L!; ¢o(Cu) = ¢o(Zn) = 2.0 mmol L-1);
Vv is the average process rate

Kinetic parameter

Trade name

tin/s Dgx107 / cm? 57! V' %105/ mmol g'! 57!
AX 400 7200 1.1 1.8
ALX 220 1800 4.6 1.9
CRX 210 2700 2.3 0.7

Finally, the desorption of platinum from the ion exchangers was inves-
tigated. As the amount of accompanying non-ferrous metal ions was no higher
than 20 % (Table IV), after the sorption pre-concentration of platinum, it was
enough to wash the ion exchangers with 0.5 M HNOs3 once for their complete
removal. Then, the elution of platinum by thiourea solution (80 g L~1) in 0.3 M
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H,SO4 was performed, given that acidic thiourea solutions are conventional
desorption agents for noble metals.2-? As a result, 93 % of the platinum was eluted
from the resin AX 400, and 90 % of the platinum — from ALX 220. Therefore,
the anion exchangers CYBBER AX 400 and ALX 220 could be recommended
for the recovery of platinum(ILLIV) ions and their quantitative separation from
accompanying copper(Il) and zinc ions.

CONCLUSIONS

Sorption recovery of platinum(ILLIV) in the presence of copper(Il) and
zinc(II) ions from chloride solutions on new CYBBER ion exchangers produced
in Russia was investigated. Since these resins were studied for the first time, their
sorption properties were investigated during recovery of each component from its
individual solutions over a wide range of HCI concentrations (0.001—4.0 mol L-1).
High affinities of the ion exchangers for platinum(II,IV) complexes were revealed.
However, copper(Il) ions were sorbed only from strong acidic solutions, while
zinc ions, only from weak acidic media.

An investigation of the simultaneous recovery of Cu(ll) and Zn(Il) from
weak and strong acidic chloride solutions showed that zinc ions were sorbed at a
high level in the presence of copper(Il) from both weak and strong acidic media.
This phenomenon was the result of synergy.

A study of sorption pre-concentration of platinum(IL,IV) in the presence of
copper(ll) and zinc(Il) has revealed the high selectivity of the investigated ion
exchangers towards the noble metal ions, whereas the non-ferrous metal ions
were recovered to no more than 20 %.

The investigation of kinetic properties of the resins revealed high rate of ion
exchange process during Pt(IL,IV) recovery in the presence of the accompanying
ions. The main kinetic parameters, i.e., half-exchange time and diffusion coef-
ficients in the resin grain, correlated with the previously found selectivity of the
sorbents.

The elution of the investigated components from the resins after sorption
was realized using 0.5 M HNO3 (for copper and zinc) and thiourea solution (80 g
L-1) in 0.3 M H,SO4 (for platinum). As a result, the quantitative isolation and
separation of the ions was achieved.

The obtained results allowed the recommendation of the anion exchangers
CYBBER AX 400 and ALX 220 for sorption pre-concentration of plati-
num(IL,IV) in presence of accompanying Cu(Il) and Zn(II) ions from strong
acidic chloride solutions and for the subsequent isolation of the noble metal by
selective elution.

SUPPLEMENTARY MATERIAL

Details of the batch and kinetic experiments, considerations about the ionic states of the
metal in chloride solutions and sorption pre-concentration and recovery data, Tables S-I-S-III,
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are available electronically from http://www.shd.org.rs/JSCS/, or from the corresponding
author on request.

Acknowledgements. The authors express deep gratitude to the SYNTEZyyx Company
(St. Petersburg, Russia) for the resin samples kindly provided for investigation.

U3BOL
COPIIIMOHO U3OBAJAE ITJIATUHE(IL,IV) ¥ ITPUCYCTBY BAKPA (I1) U HHUHKA (II)
N3 XJIOPUOHHUX PACTBOPA

OLGA N. KONONOVA, NATALIYA S. KARPLYAKOVA u EVGENIYA V. DUBA

Institute of Non-Ferrous Metals and Material Science, Siberian Federal University, 660041 Krasnoyarsk,
Svobodny Pr., 79 Russian Federation

KonuenTtpoBame joHa miatute (11,IV) copnuujom je ucnutuBaHO y pUcycTBy mparehux
joHa dakpa (II) u uunka (II) U3 XJIOPUOHUX PAcTBOPA Ha HOBUM jOHO-M3MmHBauuMa Cybber
(Pycuja), xoju Jo caga HACY UCIIUTHBaHU. [loyeTHa KOHLEHTpaLHja IJIaTUHE U mpatehux joHa
je duma 0,25 u 2,0 mmol L1, penom, a xucenoct cpenusre je ouwra 0,001-4,0 mol L1 HCl.
IToxasaHo je Ja UCIIUTHBAaHE CMOJIE — jaKH U 1adu Da3HM aHjOHCKH U3MEHBHBAUYM Kao U U3Me-
BUBAUM XEJIaTHUX joHa — HUMajy nodpe COpPHIMOHE W KUHeTHYKe ocoduHe. HMcToBpemMeHOM
COpIUHjOM UCIUTHBAHUX jOHA IUIAaTHHA je MOTIYHO W3IBOjeHa, NOK Cy jOHH Dakpa M LHMHKa
copboBann mame on 20 %. HakoH Tora, CeleKTMBHMM H3[BajaleM IUIAaTUHE DPacTBOPOM
troypee (80 g L'1) y 0,3 M H,S04, NOCTHTHYTA je KBaHTHTATHBHA M30J1aLiMja IUIATHHE (BUIIE
on 90 %). Ha ocHOBYy nobujeHUX pe3yJsiTaTa MOXe Ce 3aK/byYWTH Jla Cé MCHUTHBAHH jOHO-
H3MEBHBAa4YM MOTY KODUCTUTH 3a ofBajame joHa Pt(I1,IV), Cu(Il) u Zn(II).

(ITpumsseno 17. neuemdpa 2014, peBunupano 22. janyapa, mpuxsahero 19. dpedpyapa 2015)
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BATCH EXPERIMENTS

The sorption of the investigated ions was performed under batch experiment
conditions: resin mass, 0.1-0.2 g; volume of contacting solution, 10.0-20.0 mL;
stirring in a thermostat at 20+1 °C. The equilibrium time determined by special
tests was 24 h.

The efficiency of sorption recovery of the ions investigated was estimated by
means of the recovery degree R/ % and the distribution coefficient K, which
were calculated as follows:

R=100-2_ "4 (1S)
(o
K = WEC 2S)
Ceq

where Cpand G, are the initial and equilibrium molar concentrations of the
metal ions, respectively; WEC / mmol g! is the working exchange capacity of the
ion exchanger towards the recovered metal ions. The latter was calculated from
the equation:

(Go = CeqV

m

WEC = (3S)

where V / L is the volume of the contacting solution and m/ g is the resin
mass.

* Corresponding author. E-mail: cm2@bk.ru
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KINETIC EXPERIMENTS

The resin quantities (0.1 g) were stirred with 10.0 mL of solution at 20+1 °C
over a period from 1 min to 24 h. The saturation times were 1, 2, 3, 5, 15, 20, 30
and 45 min and 1, 2, 3, 6 and 24h. The suspensions were intensively stirred
(more than 800 rev-min''). After a certain time, the resins and solutions were
quickly separated by filtration through a porous glass filter. Then the concen-
trations of platinum, copper and zinc were determined in the solutions.

PLATINUM IONIC STATE IN CHLORIDE SOLUTIONS

It is known that the ionic state of platinum depends on the acidity of the
medium, the concentration of chloride ions and the temperature. It was shown
that the hexachloro-platinate (IV) complex [PtClg]>~ predominates in strong
acidic solutions (¢(HCI) > 3 mol L-1). With dilution and increase in the pH value
of these solutions, complexes of platinum(II) appear in the system, and co-exist
in different proportions with the chloride complexes of platinum(IV). Moreover,
the dilution leads to hydration and hydrolysis. This causes the formation of dif-
ferent aqua chloro- and aqua hydroxo-complexes of platinum(Il) and plati-
num(V):  [Pt(H20)riCly ™2, [Pt(H2ON(OH)mClam €2, [POH)RCly nl?-,
[Pt(H20)nClen]™2, [PUH20)OH)mClem k12, [Pt(OH)nCls-n]>~ (where n =
=1,2; k= 1,2 and m= 1-6).

COPPER AND ZINC IONIC STATE IN CHLORIDE SOLUTIONS

The ionic states of copper and zinc were described it in a previous work.! It
is noteworthy that, depending on acidity of the medium, both non-ferrous metal
ions can form chloride complexes [CuCls]>~ and [ZnCl4]?~ in 1-6 M HCI and
[Cu(H20)6]?*, [ZnCly(H20),]%, [Zn(H20)6]%", [ZnCl]~ and [ZnCl,]0 in 0.001—
—0.01 M HCI. Therefore, the initial investigated solution contained different
chloride complexes.

TABLE S-I. Sorption pre-concentration of platinum(II,IV) from individual chloride solutions
with different acidity on the investigated ion exchangers (Cy(Pt) = 0.25 mmol L)

Trade name Parameter Cy(HC) / mol L1
4.0 2.0 1.0 0.1 0.01 0.001
AX 400 R/ % =100 =100 =100 =100 =100 =100
log D 3.13+0.19 3.52+0.21 3.60+0.22 3.51+0.18 3.33+0.21 3.17+0.19
ALX 220 R/ % =100 =100 =100 =100 =100 =100
log D 3.39+0.19 3.60+0.22 3.84+0.23 3.71+0.22 3.44+0.17 3.16+0.19
CRX 300 R/ % =100 =100 =100 =100 =100 =100
log D 2.48+0.15 2.87+0.17 2.84+0.14 2.63+0.16 2.58+0.13 2.42+0.15
CRX 210 R/ % =100 =100 =100 =100 =100 =100

log D 2.59+0.16 2.55+0.15 2.85+0.15 3.20+0.19 3.51+0.21 3.60+0.22
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TABLE S-II. Sorption recovery of copper(Il) from individual chloride solutions of different
acidities on the investigated ion exchangers (Cy(Cu) = 2.0 mmol L)

Co(HCI) / mol L1

Trade name Parameter

4.0 2.0 1.0 0.1 0.01 0.001
AX 400 R/ % 94+5 93+6 94+5 - - -
logD  4.2140.25 4.12+0.25 4.17+0.26 - - -
ALX 220 R/ % 9445 9345 9445 - - -
logD  4.2440.25 4.15£0.24 4.18+0.25 - - -
CRX 300 R/ % 9445 93+6 93+6 - - -
logD  4.2240.25 4.14+0.25 4.11+£0.25 - - -
CRX 210 R/ % 9445 95+5 95+5 - - -
logD  4.2340.25 4.2840.26 4.24+0.25 - - -
EV 023 R/ % - - - 9545 =100 =100
log D — — — 4.45+0.27 5.51+0.28 5.89+0.28

TABLE S-III. Sorption recovery of zinc (II) from individual chloride solutions of different
acidities on the investigated ion exchangers (Cy(Zn) = 2.0 mmol L)

Trade name Parameter Co(HCI) / mol L
4.0 2.0 1.0 0.1 0.01 0.001
AX 400 R/ % - - - 86+4 92+6 94+6
Jog D - - - 481+ 5.08 £ 518+
0.29 0.31 0.31
ALX 220 R/ % - — - 84+4 92+5 92+5
log D - - - 4,73+ 5.08 £ 5.09 £
0.28 0.31 0.31
CRX 300 R/ % 90+5 89+4 89+4 89+4 9545 9545
log D 4.96+0.29 4.89+0.29 4.88+0.29 4.89+0.29 5.26+0.32 5.34+0.32
CRX 210 R/ % - - - 84+4 90+5 92+5
log D - - - 4.71+£0.28 4.99+0.31 5.09+0.31
EV 023 R/ % - - - 93+5 95+4 =100
log D - - — 5.1240.31 5.29+0.32 5.57+0.33
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Abstract: In this work, the determination of ascorbic acid (AA) at a glassy
carbon electrode (GCE) modified with a perforated film produced by reduction
of diazonium generated in situ from p-phenylenediamine (PD) is reported.
Holes were intentionally created in the modifier film by stripping pre-deposited
gold nanoparticles. The modified electrodes were electrochemically charac-
terized using common redox probes: hydroquinone, ferrocyanide and hex-
amineruthenium(IIl). The cyclic voltammetric and amperometric responses of
AA using the modified electrodes were compared with those of a bare GCE.
The bare GCE showed a linear response to AA in the concentration range of 5
mM to 45 mM with detection limit of 1.656 mM and the modified GCE
showed a linear response to AA in the concentration range from 5 to 45 uM
with detection limit of 0.123 puM. The effects of potential interferents on amp-
erometric signal of AA at the modified GCE were examined and found to be
minimal. The inter-electrode reproducibility, stability, and accuracy were deter-
mined. The modified electrode showed excellent inter-electrode reproduc-
ibility, accuracy and stability. The modified electrode reported is a promising
candidate for use in the electro-analysis of AA.

Keywords: diazonium; p-phenyldiamine; gold nanoparticles; ascorbic acid,;
glassy carbon electrode.

INTRODUCTION

Ascorbic acid (AA) naturally occurs in a wide number of foods, such as
fruits and vegetables. It is a water-soluble organic compound involved in many
biological processes. It is known for its reductive properties that make it useful as
an antioxidant agent in foods and drinks. Moreover, pharmaceuticals often con-
tain AA as a supplementary source to human diets as a free-radical scavenger. It
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has been used for the prevention and treatment of the common cold, mental
illness, scurvy and cancer.! However, the intake of excess AA can lead to
undesirable health effects, such as gastric irritation, excessive oxidative stress,
diabetes mellitus, liver disease? and renal problems.3 Excessive quantities of AA
in food may result in the inhibition of the occurrence of natural processes and
hence may contribute to taste deterioration.#

AA is a labile substance that easily degrades due to interaction with enzymes
and atmospheric oxygen. Excessive heat, exposure to light, and interaction with
heavy metal cations can accelerate the oxidation of AA.5 Due to its susceptibility
to oxidation, the analysis of the level of AA in foodstuffs and beverages helps to
indicate their quality. Hence, the level of AA has to be carefully monitored to
estimate the relative variation of AA from manufacture, storage up to consump-
tion. For this reason, there is a necessity for an easy-to-use, inexpensive method
for the detection of AA in food, beverages and pharmaceuticals.®

Many analytical methods have been reported in the literature for the deter-
mination of AA.7-8 Electrochemical techniques are known to offer some benefits
such as fast analysis, low cost, higher sensitivity and accuracy. However, the
major problem frequently encountered in the electro-analysis of AA is the effect
of interferents caused by substances with similar redox potentials at conventional
electrodes, which results in poor selectivity. In the presence of co-existing oxi-
dizable species, the determined amount of vitamin C could be overestimated.?~12
Thus, it is difficult to detect specifically one substance in the presence of others
substances in real biological samples at conventional electrodes. AA exists in the
anionic form at physiological pH values. Based on this property; different tech-
niques were developed to detect AA selectively. Modification of the working
electrode with modifiers such as tetrabromo-p-benzoquinone,!3 electronically
conductive anion exchange polymers based on polypyrrole!4 and polyaniline!3
showed promising applications in the fabrication of sensors for sensitive and
selective detection of AA.

The most distinguishing feature of chemically modified electrodes is their
modification by a selected substance that is coated onto the electrode surface
thereby imparting certain desirable properties to the electrode. The use of nano-
materials for nanostructuring of an electrode surface has aroused the interest of
anallysts16 because nanostructured materials can be tailored to improve the select-
ivity and sensitivity of sensors. Further investigation of these new materials in
the fabrication chemically modified electrodes is required to exploit the systems.

In this work, a glassy carbon working electrode was modified with electro-
nucleated gold nanoparticles and passivated with an organic film by grafting
diazonium obtained from p-phenylenediamine. Holes were formed on the electro-
deposited film by stripping the nucleated gold nanoparticles. Improvement in the

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

(CC) 2015 SCs. All rights reserved.



ELECTROCHEMICAL DETERMINATION OF ASCORBIC ACID 1 1 63

selectivity and sensitivity of the electrode surface modified using the developed
method for the determination of AA was demonstrated.

EXPERIMENTAL
Chemicals

Ascorbic acid (99 %, Finkem), p-phenylenediamine (100 %, Aldrich), sodium nitrite (96
%, Wardle), potassium nitrate (99 %, Nice), potassium teterachloroaurate (99.99 %, Aldrich),
2-mercaptoethanol (100 %, Aldrich), hydrochloric acid, (37 %, Riedel-de Haen), sulfuric acid,
(98 %, Merck), hydroquinone (99 %, KIRAN), potassium hexacyanoferrate(III) (97 %, Lab-
merk Chemicals), hexaminerutheniumchloride(III), (98 %, Aldrich), potassium iodide (99 %,
Nice), iodine resublimed (99.5 %, Nice), potassium chloride (99 %, Finkem), sodium citrate
dihydrate (99 %, Finkem), citric acid (99 %, Wardle), sodium acetate trihydrate (99.8 %,
Chem. Rein), glacial acetic acid (100 %, BDH Laboratory), potassium hydrogen phosphate
(98 %, Finkem) and potassium dihydrogen phosphate (99 %, Nice) were of analytical grade
and used as received. The vitamin C tablet 500 mg [Batch number 11202023, Ethiopian
Pharmaceuticals] was purchased from a local drug store. Double distilled water was used to
prepare all solutions.

Instrumentation

Cyclic voltammetry (CV) and amperometric experiments were performed using BASi
Epsilion EC-Version 1.40.67 voltammetric analyzer (Bio-analytical Systems, USA) controlled
with basic epsilon software. A conventional three-electrode setup was used with a glassy
carbon electrode (3 mm diameter, BASi, MF 2012) as the working electrode and a platinum
wire counter electrode (BASi, MW 1032). An Ag/AgCl electrode (BASi, MF 2079) served as
the reference electrode. All potentials were reported with respect to this reference electrode.
For stirring the electrolytes in the cell, a small magnetic bar was used in the BASi C3 Cell
stand at 500 rpm.

Methods

Electrode preparation. Prior to electrode modification, a bare glassy carbon electrode
(GCE) was polished with polishing paper and then further polished to a mirror finish with
alumina slurries (0.3 micron, BASi) and rinsed thoroughly with distilled water. The procedure
reported by Soreta et al.!7 was used for electrochemical conditioning of the employed elec-
trodes.

Fabrication of PD film-hole modified GCE. PD represents the aryldiazonium generated
from p-phenylenediamine. Fabrication of the PD film-hole modified electrode was under-
taken in several steps. The major steps were sequential electronucleation of gold nanoparticles
(AuNPs) on the GCE (three rounds), grafting of a diazonium film from p-phenyldiamine (PD)
on a GCE modified with AuNPs and stripping of the nucleated AuNPs.

i. Electrodeposition of AuNPs. Sequential electronucleation of gold nanoparticles on a
GCE was performed following the procedure reported by Soreta et al.!® Sequential electro-
nucleation was used to increase the number of gold nanoparticles deposited on the GCE
surface while preventing the growth of the already nucleated particles so that they remain in
the nano-size range.

ii. Grafting of diazonium film generated from p-phenylenediamine (modifier film). The
AuNPs-modified GCE was covered with in situ generated p-phenylenediamine diazonium
cations based on literature information.!®20 Briefly, 5 mL solution of 3 mmol L' p-phenyl-
enediamine in 0.5 mol L'! HCI and 5 mL of 3 mmol L' sodium nitrite in 0.5 mol L-! HCI
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were kept separately in an ice jacketed beaker for 1 h. Then, 2 mL of the NaNO, solution was
added to 2 mL of the p-phenylenediamine solution under stirring at room temperature and CV
was used to graft the phenylenediamine film onto the AuNPs nucleated GCE within potential
window from 0.6 to —0.2 V at a scan rate of 0.1 V s! for 3 cycles. It was reported that an
aryldiazonium film could be grafted on both carbon and gold particles surfaces.?!

iii. Electrochemical formation of random holes on the modifier film. This is the only new
step introduced in the fabrication of the modified electrode. After the modifier film had been
grafted on the GCE on which gold nanoparticles were electronuclated in three rounds, the
deposited AuNPs were stripped off by running three CV scans in the potential range of 0 to
1400 mV in 0.1 mol L1 KCI. This step is used to create holes (could be in the nanometer
diameter size) on the modifier film electrode. The size of the formed holes presumably
reflected the size of the nanoparticle that was deposited on the surface of the GCE. An as such
prepared modified electrode is refers to as a PD film—hole modified GCE.

Fabrication of a PD film modified GCE

This modified electrode is different from the PD film—hole modified electrode. The main
difference is that gold nanoparticles were not deposited on the polished and electrochemically
conditioned GCE and hence there was no AuNPs striping step. This electrode was prepared by
just grafting the in situ prepared diazonium cation from p-phenylenediamine onto the bare
GCE surface by running CV within a potential window from 0.6 to —0.2 V at a scan rate of 0.1
V 57! for three scans.

Electrochemical characterization of the modified GCEs

The prepared modified electrodes were electrochemically characterized by CV using
common redox probes: hydroquinone, hexamineruthenium chloride Ru(NH;3)¢Cl; and ferro-
cyanide K3Fe(CN)g. The selection of the redox probes was intentional so that hydroquinone
represented molecular probes, while hexamineruthenium chloride Ru(NHj3)4Cl; represented
cationic probes and ferrocyanide K;Fe(CN)g anionic probes in aqueous solution. The
voltammetric signals of these probes at the modified GCEs were compared to the signals of
those of the bare GCE.

Preparation of AA solutions

A 2 mmol L stock solution of AA was prepared in 0.1 mol L! acetate buffer solution
(pH 5) and AA solutions of other concentrations were prepared by appropriate dilution of the
stock solution in acetate buffer (pH 5).

Real sample solutions, preparation and analysis

For real sample analysis, orange fruit, which was obtained from a local market in Jimma,
Ethiopia, and vitamin C tablets, purchased from local drug stores in Jimma, Ethiopia, were
used. Fresh orange juice was obtained by squeezing orange fruit into a glass beaker. Then,
after filtering the juice through a filter paper to remove the fiber and pulp, 1 mL was diluted
with 5 mL of 0.1 mol L! sodium acetate buffer (pH 5). Vitamin C tablet solution was pre-
pared according to a literature procedure.?? Briefly a weighed tablet was crushed with a pestle
and mortar, and the powder dissolved in 20 mL of distilled water and then 10 mL of 1 mol Lt
H,SO,4 was added. From this solution, 9.3 mL were taken and diluted with 20 mL sodium
acetate buffer. The concentration of AA in orange fruit and vitamin C tablet was determined
by standard iodimetric titration. Amperometric analysis was performed three times at 0.237 V
at the PD film—hole modified GCE and average results of the three measurements were taken.
Concentration of AA was determined by the standard addition method.
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Sudy of the effect of pH on the oxidation peak current of AA

Effect of pH of the supporting electrolyte (buffer) on oxidation peak current of AA was
studied within range 2 to 9. Citrate buffer of 0.1 mol L-! was used to study effect of pH within
the range of 2 to 4, 0.1 mol L' acetate buffer was used within range of 4.5 to 6 and 0.1 mol L*!
phosphate buffer of was used within the range 6 .5 to 8.5. Dilute NaOH or HCl were used to
adjust the pH of the buffer solutions.

RESULTS AND DISCUSSION
Electrode fabrication

Grafting of a PD film onto a GCE. In situ generated diazonium from p-phe-
nylenediamine was electrochemically grafted onto a GCE surface and the result-
ing film was electrochemically characterized using common redox probes. The
CV of the PD film grafted onto a bare GCE is shown in Fig. 1A. A broad, irre-
versible cathodic peak was observed in the first cycle. In the subsequent scans,
the reduction peak current decreases due to the insulation effect of the grafted
surface film.

4 0.754
100 A) : (B) —n
060 '
50+
<
= fid
-50 -
-100+
-04 -02 00 0.2 0.4 0.6 000 025 050 075 100 125

EIV EIV

Fig. 1. A) CVs of the grafting of a diazonium film from 3 mmol L-! p- phenylenediamine in
0.5 mol L' HCl at a bare GCE in 2 cycles (1 and 2 representing first and second cycles,
respectively); B) CVs for the striping of the electronucleated gold nanoparticles from a GCE
surface in 0.1 mol L' KCl in 3 cycles (1, 2 and 3 representing first, second and third cycles,
respectively). In all cases, the scan rate was 100 mV s,

Electronucleation of gold nanoparticles and stripping of the particles

Gold nanoparticles were sequentially electronucleated from a solution of 0.1
mmol L-! KAuCly in 0.5 mol L-! H,SO4 following the procedure reported by
Soreta €t al.!8 The nucleation of gold nanoparticles was confirmed by linear a
voltammetric scan from 1.4 to 0 V, when the characteristic gold oxide reduction
peak appeared at 0.953 V. After three rounds of gold nanoparticles electronuc-
leation, the electrode was passivated by electro-grafting of diazonium in situ gen-
erated from p-phenylenediamine. Pores on the modifier film were intentionally
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created by stripping the deposited Au NPs by running three CV scans in the pot-
ential range of 0 to 1400 mV in 0.1 mol L-! KCI (Fig. 1B). As depicted Fig. 1B,
the anodic peaks at around 1.2 V, associated with gold stripping, decreased as the
number of scans increases. The gold was stripped by electro-oxidation due to the
presence of excess chloride that encourages the oxidation of gold to form its
water-soluble chlorocomplex.

Electrochemical characterization of the modified GCEs

CV of hydroguinone (HQ). The CV of HQ at the bare GCE and at the PD
film—hole modified GCE are depicted in Fig. 2, curves a and b, respectively. The
anodic peak currents are comparable for the two electrodes except the peak
current was slightly higher and the peak potential slightly shifted anodically at
the modified electrode. When the voltammogram of hydroquinone on the PD
film modified GCE (Fig. 2, curve c), was compared with the two former cases,
the following differences were registered, i.e., the anodic peak current was lower
and shifted to a higher anodic potential. However, the modified PD—film could
not prevent hydroquinone from interacting with the electrode. Hydroquinone is a
molecular redox probe and diffusion of the probe towards the electrode surface
was not very influenced by the surface charge of the electrodes that was dev-
eloped due to the presence of modifier molecules on the GCE, i.e., the modifier
film does not effectively block the approach of hydroquinone to the electrode.

0.4
0.3+

0.2

I/ mA

0.1
0.0

-0.1

02 Fig. 2. CV of 10 mmol L! HQ in 0.1 mol L-!

T . . ; ; NaClO, at: a) bare GCE, b) PD film-hole

05 00 05 10 15 modified GCE and ¢) PD film modified GCE.
EilN The scan rate was100 mV s'! in all cases.

CV of hexamineruthenium(I11)

The CVs of Ru(NH3)¢Cls at the bare and the modified GCEs are depicted in
Fig. 3. Electrochemical response of Ru(NH3)Cls was significantly suppressed at
the PD film—hole modified GCE (Fig. 3, curve c) relative to that at the bare GCE
(Fig. 3, curve a). At the PD film modified GCE, redox peak of Ru(NH3)¢3" was
significantly diminished (Fig. 3, curve b). From the voltammograms, it was
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concluded that the modified electrodes were positively charged as the signal for
the cationic redox probe was significantly diminished due to its repulsion from
the surface of the electrode.

Fig. 3. CVs of 10 mmol L' Ru(NH;)¢Cl; in

0.1 mol L' KNOj; at: a) bare GCE, b) PD

. : : . . : film modified GCE and c¢) PD film—hole

06 04 02 00 02 04 modified GCE. The scan rate was 50 mV s’!
EIV in all cases.

CV of hexacyanoferrate

The CVs of K3Fe(CN)g at the modified GCEs (Fig. 4, curves a and b) were
compared to that at the bare GCE (Fig. 4, curve c). The redox peaks for the
modified GCEs were significantly higher than that for the bare GCE. Comparing
the CV response of K3Fe(CN)g at the PD film—hole modified GCE (Fig 4, curve
a) to that at the PD film GCE (Fig 4, curve b), the redox peak current of the probe
at the modified GCE was found to be higher. From this observation, it was con-
cluded that the modification imparted a positive charge on the surface of the org-
anic film and hence the ferrocyanide approached the electrode surface not only
by diffusion, but also by electrostatic interaction between the positively charged
PD film and the negatively charged ferricyanide. The presence of holes on the
PD film—hole modified GCE could be responsible for the extra enhancement for
the ferrocyanide signal due to the three-dimension diffusion of the anionic redox
probes towards nanoelectrodes. The produced holes could change diffusion of

.-a
50
<
= B
50
Fig. 4. CV of 10 mmol L' K;Fe(CN)4 in
0.1 mol L' KCI at: a) the PD film-hole
-100+ . modified GCE, b) the PD film modified
00 02 04 06 GCE and c) the bare GCE. The scan rate
EIV was 50 mV s'! in all cases.
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ions from planar to three dimensional.23:24 Compton and his coworkers2>
demonstrated that modifying an electrode with porous layers of a conducting
material could affect voltammetric peaks because of a change in the mass-trans-
port mode from planar diffusion to one with a thin-layer character.

The observation from the studied redox probes indicated that the modified
PD—film was positively charged and repelled Ru(NH3)¢3" but strongly attracted
the Fe(CN)g3~ probe. From this, it was decided to use the modified electrode for
electro-analysis of the negatively charged analyte. The advantage could be two-
fold: enhancement in the signal of the analyte and improvement in the selectivity
as cationic interferents would not approach the modified electrode surface. With
this in mind, the PD film—hole modified GCE was used for the electro-analysis of
AA.

CV of ascorbic acid (AA) at the PD film-hole modified GCE

The CV curves of AA at the bare GCE and the PD film—hole modified GCE
over a wide range of potentials are depicted in Fig. 5. It is clearly presented that
the oxidation peak current of AA is enhanced and shifted to a lower potential at
the PD film—hole modified GCE relative to those at the bare GCE. The electro
oxidation of AA at a bare GCE generally occurs at a relatively high oxidation
potential, indicating a slow electron transfer rate.26

a

100+

20 Fig. 5. CVs of 2 mmol L' AA in 0.1 mol L-!

T ' ' — acetate buffer (pH 5) at: a) PD film-hole
’ ’ ’ modified GCE and b) bare GCE; in all cases
EIV scan rate 100 mV s!.

The oxidation of AA (CgHgOg) involves a two-electron and two-proton irre-
versible reaction to produce dehydroascorbic acid (C¢HgOg).27 From the voltam-
mograms, the oxidation potential of AA is close to 0.8 and 0.237 V for bare and
PD film-hole modified GCE, respectively. These potentials for were selected for
the amperometric determination of AA at the studied electrodes.
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Effect of the pH of the supporting electrolyte on the electro-analysis of AA

The pH of the electrolyte is one of the important parameters that could inf-
luence the response of the electrode in the analysis of AA. The pH is an impor-
tant parameter that controls the surface charge of the modifier film and the state
in which AA could be available in the solution. The pH of the supporting elec-
trolyte was varied within the range of 2 to 8.5 to study the effect of pH on oxi-
dation peak current of AA at the PD film—hole modified GCE.

Oxidation peak current of AA was found to increase as the pH was changed
from pH 2 to 5 (Fig. 6, curve a). A further increase in pH of the buffer led to a
decrease in the response of AA. This observation is in agreement with the
proposed interaction model. In the pH range in which the modifier film can be
made positive film and the AA in its anionic form, the interaction of the modified
GCE surface with AA enhances the redox signal. At higher pH conditions, the
film might develop a negative charge (due to adsorption free hydroxyl ions) and
cause the anionic form of AA to be repelled. Thus, pH 5 is the condition that
favors the formation of cationic film and anionic form of AA. Hence, a pH value
of 5 was selected as optimum condition for the electro-analysis of AA at the PD
film—hole modified GCE. For the sake of comparison, similar study on the effect
of pH on the oxidation peak current of AA at bare GCE was conducted. The oxi-
dation peak current for AA consistently decreased with increasing pH (Fig. 6,
curve b). A comparison of the two results clearly demonstrated the difference in
surface property between the modified and the unmodified GCE.

48— e B
= A
44 P
40 - =‘_.-' - .'I.

36- aa

I pA

324 A\
28-

24

*  Fig. 6. Oxidation peak current of 2 mol L!
2' é 2 é s ?' 5 AA in different pH supporting electrolytes
at: a) the PD film—hole modified GCE and

pH b) the bare GCE.

Amperometric determination of AA

In this work, amperometric measurements were performed and the results
compared for the determination of AA at the two electrodes, i.e., the PD film—
—hole modified GCE and the bare GCE. For the PD film—hole modified GCE, the
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amperometric measurement was performed at 0.237 V while for bare the GCE, it
was at 0.8 V (the potential at which the highest oxidation peak current was obs-
erved). The amperometric response of both the modified and the bare GCE, for
successive additions of AA, increased stepwise with increasing concentration of
AA in 0.1 mol L! acetate buffer (pH 5). The bare GCE showed a linear response
to AA in the concentration range from 5 to 45 mmol L~! with detection limit of
1.656 mmol L-! and a correlation coefficient of 0.995 (Fig. 7A). The PD film—
—hole modified GCE showed a linear response to AA in the concentration range
from 5 to 45 umol L-! with a detection limit of 0.123 umol L~! and a correlation
coefficient of 0.998 (Fig. 7B). The average of three measurements for each con-
centration was calculated to plot the calibrations curves. The limit of detection
(LOD = 3 o /slope) at the bare GCE and the PD film—hole modified GCE were
1.656 mmol L1 and 0.123 pmol L1, respectively. The PD film—hole modified
GCE had improved characteristics, such as, detection of a lower concentration of
AA and better reproducibility of the signal for the studied concentrations. Thus,
the observed attributes are encouraging for the potential application of the modi-
fied electrode as an electrochemical sensor for the determination of AA.

120‘ (A) 3504 (B)
-[00_ { 300 4
250
80 <
"_SL i = 200+ .
= 604 150+ x
40+ 100+
/
20+ / 50
/ o
0 - T T T T T 1 L L
0 10 20 30 40 0 10 20 30 40
[AA]/ mM [AA] / uM

Fig. 7. Amperometric calibration curve for determination of AA in acetate buffer (pH 5) at: A)
bare GCE; B) PD film—hole modified GCE.

Effect of interferents

The influence of compounds, such as caffeine (CAF), starch (STA), which
could coexist in the pharmaceutical dosages, vitamin C, glucose (GLU), citric
acid (CA) and tartaric acid (TA), which may co-exist in fruit juices,28-30 and
compounds such as GLU, dopamine (DA) and uric acid (UA), which co-exist in
human fluid,3! may interfere with the determination of AA. Amperometric signal
for AA in the presence of the above possible interfering substances was studied
at a fixed concentration of 1 mmol L-! AA and 1 mmol L-! each interferent at
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the bare GCE at 0.8 V (Fig. 8A). For the PD film—hole modified GCE, ampere-
metric signal of AA in the presence of the above possible interfering substances
was studied at a fixed concentration of 1 mmol L~! AA and 200-fold excesses of
interfering species at 0.237 V (Fig. 8B and C).

704

A) 704

0 T T T T T
°© %0 100 150 200 0 100 200 300 400
t/'s tl's
(©)
80 4
AA
\
60
f‘; ] CA  aA Fig. 8. The amperometric response of: A) 1
- DA GLU —TA \ \ mmol L' AA and 1 mmol L! interfering
401 | l k species at a bare GCE at 0.8 V; B) 1 mmol
] ] L' AA and 200-fold excesses of interfer-
20 UA  TA CAF ing species at a PD film—hole modified
1 GCE at 0.237 V; C) the amperometric res-
ponse of 1 mmol L' AA and 200-fold

excesses of interfering species to AA at a
t/s nanohole PD grafted GCE at 0.237 V.

As can be seen from Fig. 8, the influence of even very high concentrations of
the studied potential interferents on the amperometric response of AA at the PD
film—hole modified GCE was found to be minimal. This could be due to a low-
ering of the oxidation potential of AA at the modified electrode compared to at
the bare GCE and the repulsion by the modifier film of species, such as DA, that
are available in cationic form.

Inter-electrode reproducibility and stability tests

The inter-electrode reproducibility was investigated for PD film—hole modi-
fied GCE by preparing five electrodes under the same conditions. Amperometric
measurement at 0.237 V for 2 mmol L~! AA at five different electrodes, prepared
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with the same electrode modification strategy, was used to estimate the repro-
ducibility. The reproducibility expressed by the relative standard deviation was
found to be 5.18 % (n = 5) for PD film—hole modified GCE, thereby showing the
good reproducibility of the modified electrode.

The stability of the PD film—hole modified electrode was studied by com-
paring the current response of a freshly prepared PD film—hole modified GCE
with the response of electrodes after storage for 28 days in 0.1 mol L1 acetate
buffer (pH 5) at room temperature. For 2 mmol L-! AA, the modified electrodes
retained 98 % of the initial current response. The result showed that the PD film—
—hole modified GCE has a good stability and long life.

Comparison of the PD film-hole modified GCE with previously reported methods

The detection limit of the PD film hole modified GCE is compared in Table
I with those of previously reported modified electrodes. As can be seen from
Table I, the electrode modification strategy reported herein resulted in an elec-
trode with a better detection limit than most of those previously reported.

TABLE I. Comparison of the modified electrode with previously reported modified electrodes
for the determination of ascorbic acid

Detection limit

Electrode Ref.
M

Bi,0, microparticles modified GCE 8.1 32

Tiron modified GCE 1.79 33

GCE modified with carbon-spheres (linear range 2—-300 uM) 0.60 34

GCE modified with a nickel(II)-bis(1,10-phenanthroline) 4.0 35

complex (linear range 10-630 pM)

Quaternized carbon nanotubes/ionic liquid—polyaniline 0.25 36

composite film modified GCE (linear range 20 nM—4 pM)

Nitrogen doped porous carbon nanopolyhedra (linear range 0.74 37

80-2000 uM)

Graphene modified GCE (linear range 10.0-1000 uM) 1.20 38

Gold electrode modified with a flower-like gold nanostructure 10 39

(linear range 60-500 uM)

Over oxidized p-aminophenol polymer film on GCE 1.0 40

GCE modified with poly(ethylene oxide) 50 41

Methionine modified carbon paste electrode 5.0 42

Electropolymerized aniline on GCEs 1.0 15

PD film-hole modified GCE 0.123 This work

Real sample analysis

To demonstrate the applicability of the PD film—hole modified GCE for real
sample analysis, orange fruit and vitamin C tablet samples were analyzed (Table
II). The bulk concentration of AA was first determined by titration. The concen-
tration of AA obtained in orange fruit and vitamin tablet were 23.33+0.01 mg per
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100 mL and 504.97+0.03 mg per tablet, respectively. Then the AA was deter-
mined by amperometry using PD film—hole modified GCE. The relative error for
PD film—hole modified GCE was 0.04 % for the determination of AA in orange
and 0.37 % for the determination of AA in vitamin C tablet. The data presented
clearly showed that the method reported herein is accurate.

Table I Accuracy test for the modified electrode against the standard titration method

Concentration of AA, mean + SD, n= 3 for each sample
In orange fruit, mg/100mL  In vitamin C tablet, mg/tablet

Working electrode

PD film-hole modified GCE 23.34+0.17 506.87+0.39
Standard titration method 23.33+0.01 504.97+0.03
CONCLUSIONS

In this work, the fabrication and electrochemical characterization of PD
film—hole modified GCE was reported. The modified GCE was demonstrated for
the amperometric determination of AA. The PD film—hole modified GCE was
found to have very good selectivity towards AA and high sensitivity for the
determination of AA and could be applied in different matrices. The electrode
modification strategy could be used as a means for the selective determination of
anionic analytes in the presence of cationic interfering species. Further study is
required to understand fully the reported surface modification strategy and to
explore different modifying films and other important analytes.
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U3BOJ
EJIEKTPOXEMHICKO OOPEBUBAILE ACKOPEMHCKE KMCEJIMHE HA EJIEKTPOJIU O[f
CTAKJIACTOT YIJBEHUKA MOJUPHUKOBAHOJ ITEPOOPUPAHUM OUTIMOM
p-®EHWJIEHIUAMHWHA

BIKILA NAGASA OLANA, SHIMELES ADDISU KITTE u TESFAYE REFERA SORETA
Department of Chemistry, College of Natural Sciences, Jimma University, P. O. Box 378, Jimma, Ethiopia

Y papny je npukasaHo ofpehuBame ackOpOMHCKe KHUcenuHe (AA) Ha €IEKTPOIHM Off CTaK-
JacTor yrbeHHKa Koja je MomudukoBaHa nepdopupaHuM (puiMom (GOPMHUPAHHUM pemyk-
JUjOM OHA30HUjyM jOHA TeHEepUCAHUM in Situ U3 p-peHwieHguamMuHa. [lepdopauuje punma
TIOCTUTHYTE Cy pacTBapameM MPETXOAHO HCTAJI0KEHHX HaHOYECTHUaA 371aTa. MogudukosaHe
€JIEKTPOJIE Cy €JEKTPOXEMHM)jCKH KapaKTepHcaHe KopHhemeM yoDUuajeHuX peflokC peakuuja
XUIPOXUHOHA, joHa reoxhe(Il)-uujanuna u jona pyteHujym(Il)-xexcamuHa. Ctpyje oxcH-
nauuje AA ogpeheHe UMKJIIMYHOM BOJNTAMETPHjOM M XPOHOAMIIEDOMETPHjOM Ha MOIOH(HUKO-
BaHUM eJIeKTpofamMa Cy yrnopeheHe ca cTpyjaMma Ha HEMOOM(PHKOBAHO]j €NE€KTPONU Of CTak-
nacTor yriseHuka. HemonudukoBaHa eeKTpofa je Mokasajna JMHeapaH OJTOBOD y OICETy
KoHLeHTpanuja AA on 5 no 45 mM y3 rpanuly perexkuuje on 1,656 mM, nok je momudu-
KOBaHa €JIEKTpOZia N0Ka3aa JMHeapaH OAroBOP y OICETy KOHUeHTpauuja AA on 5 no 45 pM
y3 rpanuny gertexuyje on 0,123 pM. Ha Mopu@uKoBaHOj €E€KTPOH j€ UCIIUTAH YTHLAj CyIl-
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CTaHLIY KOje MOTy [lJa OMeTajy aMIepoMeTpujcku curHan AA U HaheHo je 1a je OH MUHUMaJaH.
Taxohe je yrBpheHo ma Ccy pempoOyKTHBHOCT CaMHUX MOITU(MUKOBAHUX eJIeKTPola, HUX0BA
CTabMIHOCT W TAyHOCT OIIMYHU. MonudukoBaHa enexkTpoja IpHKasaHa y OBOM pafy MMa
MOTEHLHjaJIHy TIPUMEHY 3a eleKTPOaHATUTHUYKO onpehuBame AA.
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Abstract: The aim of this work was to examine the possibility of modification
of commercial denture base materials with itaconic acid esters, in order to
obtain materials with lower toxicity and higher biocompatibility. Despite their
relatively higher price compared to methacrylates, itaconic acid and itaconates
are materials of choice for environmentally friendly applications, because they
are not produced from petrochemical sources, but from plant products. A com-
mercial system based on poly(methyl methacrylate) was modified using ditetra-
hydrofurfuryl itaconate (DTHFT), whereby the ratio of DTHFI was varied from
2.5 to 10 % by weight. Copolymerization was confirmed using FTIR spectro-
scopy, while SEM analysis showed the absence of micro defects and pores in
the structure. The effects of the itaconate content on the absorption of fluids,
the residual monomer content, thermal, dynamic-mechanical and mechanical
properties (hardness, toughness, stress and elongation at break) were inves-
tigated. It was found that the addition of DTHFI significantly reduced the
amount of residual methyl methacrylate, which made these materials less toxic.
It was shown that increasing the DTHFI content resulted in materials with
decreased glass transition temperatures, as well as with decreased storage mod-
ulus, ultimate tensile strength and impact fracture resistance; however the mech-
anical properties were in the rang prescribed by ADA standards, and the mat-
erials could be used in practice. The deterioration in mechanical properties was
therefore worthwhile in order to gain lower toxicity of the leached monomer.

Keywords: dental; itaconic; methyl methacrylate; absorption, tensile.
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INTRODUCTION

Poly(methyl methacrylate) (PMMA) is one of the most significant acrylic
polymers. Although it was discovered and commercialized many years ago,
PMMA is still the subject of intense scientific research. Poly(methyl metha-
crylate) is used as a substitute for transparent glass and dielectric films,! acrylic
paints,? micro-cell foam,3 etc. However, biomedicine represents the most attract-
ive application area where this material is used to create denture bases,* contact
lenses, bone cement,’ inhalers,® etc. Materials based on PMMA are often used as
biomaterials due to their good biocompatibility, non-toxicity, stability of colour
and shape,’ the absence of taste, smell and irritation of the surrounding tissue,®
good adhesion to teeth, insolubility in body fluids, the ease of handling and
design, as well as good aesthetic properties.? In spite of these advantages of the
material, dental prosthesis based on PMMA have several drawbacks. The most
important of these drawbacks are toxicity of residual monomer,!0-13 suscept-
ibility to distortions as well as limitations in terms of mechanics.!4 As a result of
these deficiencies, residual monomer may leak out by diffusion from prosthesis
and irritate the surrounding tissue. This leakage creates cracks and other struc-
tural damages to the dental prosthesis that could lead to mechanical fracture of
the prosthesis and create an environment suitable for the development of differ-
ent types of bacteria, moulds and fungi.

In order to overcome the drawbacks and the limitations of PMMA denture
base materials, the possibility of modifying a commercial PMMA-based formul-
ation using itaconic acid derivatives was investigated. Itaconic acid is structurally
very similar to methacrylic acid, except that at the a-carbon atom a carboxyl
group is attached instead of the H atom. Despite the slightly higher market price
compared to methacrylic acid, itaconic acid and itaconates are more acceptable in
terms of ecology and sustainable development.!5:16 The reason for this lies in the
fact that the itaconic acid is obtained from plants (mostly by enzymatic trans-
formations of molasses!7), while methacrylic acid is derived from petrochemical
sources. As a dibasic acid, itaconic acid provides more options when making its
esters compared to methacrylic acid. Due to the many similarities of itaconates
with the corresponding methacrylates and the mentioned advantages, itaconates
represent an interesting alternative to methacrylates in the synthesis of a variety
of materials.

In dentistry, itaconic acid and its esters are known. They have been widely
used in the production of glass ionomer cements.!8-20 Jtaconic acid and its deri-
vatives are used as components in many systems for controlled drug release.21-26
It is important to note that itaconates have been extensively used in varies medi-
cal applications because of their very low toxicity.!® Furthermore, itaconic acid and
its derivatives are increasingly used in the preparation of paints and coatings,2729
composite resins,30:31 contact lenses,32:33 and products for personal care.34
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Due to the structural similarities of the methacrylates and the itaconates,
numerous studies concerning copolymers of methyl methacrylate and dialkyl
itaconates have been published.!!-12 Fernandez-Garcia and Madruga!3 examined
the effect of copolymer composition on the glass transition temperature and came
to the conclusion that the glass transition temperature of the copolymers dec-
reased with increasing amount of itaconate, as well as with the increasing alkyl
chain length of the ester group. Investigation of the thermal stability of the
copolymers of the methyl methacrylate and dialkyl itaconates showed that the
relative thermal stability increased with increasing proportion of methyl metha-
crylate in the copolymer, following a similar trend as the change of glass tran-
sition temperature. 14

In a previous study, the residual monomer content and water sorption for
PMMA denture base materials modified with dimethyl itaconate and dibutyl ita-
conate were investigated.3> It was shown that the addition of itaconate led to a
reduction in the water uptake and greatly reduced the residual methyl metha-
crylate content. In this way, the applicative properties and biocompatibility of
PMMA denture base materials for the production of dental prostheses were
greatly improved.

In order to further investigate the effect of the substitution of methyl metha-
crylate in denture base materials with the esters of itaconic acid, in this study, a
commercial denture base material was modified by ditetrahydrofurfuryl itaconate
(DTHFI). The applicative properties of significance of the novel materials were
investigated.

EXPERIMENTAL
Materials

A commercial system for denture base materials Biokril® (Galenika AD, Serbia) was
used as received. The system was delivered as two-components; one part was solid and the
other was liquid. Liquid component included monomer (MMA) and ethylene glycol dimetha-
crylate (EGDMA) as crosslinker, while solid component included PMMA powder and ben-
zoyl peroxide (BPO) as initiator. Itaconic acid (2-methylidenebutanedioic acid) was a com-
mercial product (Fluka), while ditetrahydrofurfuryl itaconate (DTHFI) was synthesized as
previously described in the literature.1©
Synthesis of PMMA denture base materials modified with itaconates

The liquid component was mixed with a precisely defined amount of ditetrahydrofurfuryl
itaconate. The amount of DTHFTI that was added in liquid component was determined in a
manner that mixture obtained by mixing modified liquid component with solid commercial
component had satisfying characteristics (“working hours” and curing time). The mass percent
of DTHFTI in the new procedures were 0, 2.5, 5.0, 7.5 and 10 (Table I).

Polymerization under heating in a water bath

Polymerization was realised under pressure in metal mould that was placed in a water
bath at 100 °C for 30 min. Round moulds with diameter of 25 mm and thickness of 3 mm
were used for the preparation of the samples for measurement of the material hardness, while
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moulds for the measurement of elongation, viscoelastic properties and toughness had a
rectangular shape with the dimensions of 60 mmx 10 mmx 4 mm, 60 mmx 12 mmx 2 mm
and 80 mmx 10 mmx 4 mm, respectively.

TABLE I. Feed composition

Component
Sample Biokril® PMMA Biokril® liquid DTHEFL %
powder, % component, %

PMMA 66.0 34.0 -
PMMA/2.5PDTHFI 64.5 33.0 2.5
PMMA/5PDTHFI 63.0 32.0 5.0
PMMA/7.5PDTHFI 61.5 31.0 7.5
PMMA/10PDTHFI 59.5 30.5 10

Determination of the amount of residual monomer in the obtained materials by high pressure
liquid chromatography with a UV detector (HPLC-UV)

The amount of the residual monomer after polymerization was determined by high
pressure liquid chromatography with a UV detector (HPLC-UV). The residual monomers
were extracted from samples with an average mass of 0.5 g. The samples were placed in cups
and then immersed in 20 mL of methanol. To complete the extraction, the cups were closed,
covered with Parafilm® and stored in the dark for 10 days. A Surveyor HPLC system (Thermo
Fisher Scientific, Waltham, MA, USA) was used for the determination of the amount of the
residual monomers (MMA and DTHFI). The chromatographic separation of monomers was
realised on the Zorbax Eclipse® XDB-C18 column that was preceded by a pre-column of the
same producer. The mobile phase consisted of methanol (A) and deionised water (B). Chro-
matographic separation of MMA and DTHFI was performed isocratically for a duration of 10
min and mobile phase consisted of 70 % A and 30 % B at a constant flow of 1.1 mL min!. A
10-pl sample was injected into the HPLC system. The UV spectra of monomers were obtained
by a Surveyor PDA detector. Only one absorption maximum for both monomers (4 =210 nm)
was observed in the obtained UV spectra. This absorption maximum was used for quantitative
determination of the monomers.

Fourier transforminfrared spectroscopy (FTIR)

FTIR spectra were recorded by Bomen MB 100 spectrophotometer (Hartmann and
Braun, Canada). The KBr pellet technique was used whereby the KBr:sample ratio was 10:1.
The Spectra were recorded with 10 repetitions at a resolution of 4 cm™!. Win Bomen software
was used for the processing of the spectra.

Scanning electron microscopy (SEM)

Prior to SEM analysis, the samples were covered with platinum vapour in a Leica
SCDO005 nebulizer. The SEM observations were performed using a Jeol JSM 5800 scanning
electron microscope at an acceleration voltage of 20 kV.

Water absorption

Water absorption of the commercial PMMA and DTHFI-modified materials for denture
base was investigated gravimetrically at 37 °C. First, the masses of the dry samples were
measured and then the samples were immersed in distilled water. In the first 3 days, the
samples were measured in intervals of 3 h and then once per day until equilibrium were
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reached. Before measuring, the excess water was removed by wiping the samples with filter

paper. All of the calculations were realised using data from the second absorption cycle. The

second absorption cycle lasted 28 days. Water-soluble oligomers and other impurities were

leached from the sample during the first adsorption cycle and hence, the results obtained from

the second cycle were accepted as relevant for the water absorption—desorption process.
Equilibrium absorption (M, / %) was calculated using the equation:

M. zloow
My

where m is mass of the dry sample and m,, is the mass of the sample at equilibrium.
Water diffusion coefficient

(M

The diffusion of water into the synthesized materials was modelled by the Higuchi
Equation:

ﬂ = Kth )
where M, is the % adsorption by the sample at time t, K is a kinetic constant and n is the
diffusion exponent. In case of Fickian diffusion, nis 0.5, but in literature values between 0.43
and 0.5 could be found.3¢ A value of n higher than 0.5 is indicative of an anomalous diffusion
mechanism, while in case when n = 1, the diffusion kinetics is zero order, i.e., time-inde-
pendent.

According to the Fickian second law, at the initial period of diffusion (M¢/M,,), diffusion
through a solid material could be calculated using the equation:3’

12
M, Dt
—tl = 3
M. (HLZJ ®

where D is the effective diffusion coefficient and 2L is the sample thickness.
The dependence between My/M.,, and t!/2 is linear and the diffusion coefficient can be
calculated from the linear part using Eq. (3).

Differential scanning calorimetry (DSC)

The glass transition temperatures (T,) of the samples were determined by differential
scanning calorimetry on a Perkin Elmer DSC-2 instrument under an inert nitrogen atmo-
sphere. The heating and the cooling rates were 20 °C min’! in the temperature range of 50 to
200 °C. The measurements were performed in two cycles in order to remove unreacted
monomers in the first cycle. All calculations were performed using the data from the second
cycle.

Dynamic mechanical analysis (DMA)

The dynamic mechanical properties of the samples were tested on a Rheometrics mech-
anical spectrometer 605. The samples were exposed to a constant shear stress of 0.3 % at a
frequency of 1 Hz. The heating rate was 3 °C min'! in the temperature range from 25 to 180
°C. The obtained experimental data were as follows: storage modulus (G' / GPa), loss
modulus (G" / MPa) and damping factor (tan J), while the T, was determined as the
temperature at which tan ¢ had a maximum value.
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Tensile properties

The analysis of the mechanical tensile properties was performed on an Instron-1332
(FastTrack 8800 control system, High Wycombe, UK) testing machine. The specimens (Fig.
S-1 of the Supplementary material to this paper) were clamped by mechanical jaws. The
testing speed was 0.5 mm min-!. For each sample five measurements were performed. The
average values of the ultimate stress and deformation at break, as well as the standard
deviations, were calculated. During the test, the deformations were continuously registered as
a function of the stress.
Hardness

The hardness of derived materials was measured on an Instron D-XD durometer (Instron,
Norwood, USA). Five repetitions were performed for each sample.
Impact strength

Impact strength was measured on Charpy pendulum using samples with a V notch (Fig.
S-2 of the Supplementary material). Length of pendulum was 60 mm with impact energy of
8.73 J. The impact edge of the cone-shaped pendulum with an angle of 30+1°, rounded with a
radius R1= 24+0.5 mm, was made of hard steel. All tests were performed at 23 °C and repeated
5 times.

For the calculation of the Charpy impact strength for notched specimens, agy / KJ m?2,

the following equation was used:
w
an =103 [—J “)

hby

where W/ J is the corrected energy absorbed by the fracture of the specimen, h / mm is the
thickness and by / mm is the remaining width of the specimen at the notch.

RESULTS AND DISCUSSION

A commercial formulation of denture base material based on PMMA was
modified with DTHFI. The modification was performed in order to obtain a mat-
erial with better biocompatibility, minor risks for an immune response and pre-
served significant physicochemical properties. Polymerization in moulds was
used for the syntheses of the modified denture base materials in which a part of
the MMA in liquid phase was replaced with specified amounts of itaconate
(Table I).

The samples prepared this way, including PMMA and PDTHFI homopoly-
mers, were characterized by FTIR spectroscopy. The FTIR spectra of PMMA
and PDTHFI homopolymers are shown in Fig. 1, while the FTIR spectra of
PMMA/PDTHFI containing 2.5 and 10 wt. % itaconate are presented in Fig. 2.
From Fig. 1, it could be seen that the FTIR spectra of PMMA and PDTHFI were
similar and the characteristic peaks were at the same wavenumbers (3000 and
2950 cm! for the C—H stretching vibrations of the methyl group, 1730 cm! for
the C=0 stretching vibrations of the ester group, 1450 and 1300 cm™! for the
asymmetric and symmetric C—H deformation vibrations, 1165 cm! for the
stretching vibrations of the ester group and at 990, 850 and 750 cm™! for the out
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of ring C—H vibrations). The FTIR spectrum of PDTHFI contained an absorption
peak at 1266 cm~! (C—O—C asymmetric stretching vibrations) but in the case of
PMMA, this peak was moved toward slightly a lower wavenumber. From Fig. 2,
it could be seen that if the amount of DTHFI residues in monomer feed was
increased, the absorption peak at 1266 cm~! had a higher intensity; this led to the
conclusion that polymerization between MMA and DTHFI had occurred.

Fig. 1. FTIR spectra of the synthesized
PMMA and PDTHFI homopolymers.

Fig. 2. FTIR spectra of the synthesized
copolymers PMMA/PDTHFI containing 2.5
and 10 wt. % of itaconate.

The morphology of the samples of PMMA denture base materials modified
with DTHFI is shown in Fig. 3. Serious micro defects in the structure could not
be observed in the samples, as presented in micrographs of the representative
samples modified with 2.5 and 10 wt. % of DTHFI (Fig. 3). Macro pores (>200
um) were not present in any of the prepared samples, indicating that during the
polymerization process, no boiling of the residual monomer occurred and that the
mechanical characteristics of the materials were preserved. The obtained results
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justified the continuation of the testing and detailed characterization of the
PMMA denture base materials modified with DTHFI.

Fig. 3. SEM micrographs of the denture base materials a) PMMA/2.5DTHFI
and b) PMMA/10DTHFTI; bar: 200 um.

The residual monomer contents of the synthesized PMMA/PDTHFI samples,
as well as of the referent PMMA sample, were analyzed using high-performance
liquid chromatography with ultraviolet detection (Table II).

TABLE II. Residual MMA and DTHFI contents and total residual monomer (TRM) content
of the PMMA and PMMA/PDTHFI denture base materials

Residual monomer, %

Sample TRM /%
MMA DTHFI

PMMA 1.27 - 1.27

PMMA/2.5DTHFI 0.79 0.95 1.74

PMMA/5DTHFI 0.62 1.66 2.28

PMMA/7.5DTHFI 0.27 2.37 2.64

PMMA/10DTHFI 0.33 2.97 3.30

The results presented in Table II showed that the highest amount of residual
MMA was found in case of the referent sample and its value was in accordance
with literature data.27-38:39 It is clear from Table II that the addition of DTHFI
decreased the residual MMA content in the synthesized samples. Considering the
lower toxicity of itaconates compared to methacrylates,*0 the replacement of
MMA leads to the safer usage of denture base materials. At the same time, with
increasing DTHFI content in the copolymer, the amount of residual itaconate inc-
reased. This could be explained by the analysis of the kinetic parameters of the
copolymerization reaction between MMA and DTHFI. It was found that the
overall rate of copolymerization increased with increasing MMA content in the
feed composition. This also meant that a greater amount of itaconate in the sys-
tem would result in a lower overall copolymerization rate and lead to a greater
amount of total residual monomer for the same polymerization time. Further-
more, the reactivity of MMA monomer towards polymer radicals is greater com-
pared to the reactivity of DTHFI monomer and therefore, as the copolymerization
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reaction proceeded, the ratio of MMA to DTHFI decreased. From Table II it
could easily seen be that even the minimum modification of denture base mat-
erial with DTHFT (2.5 wt. %) led to a decrease in the residual MMA content by
37.8 %. Modification with higher amounts of itaconate (> 7.5wt. %) led to the
minimal residual MMA content. The values of the residual MMA and DTHFI
content were similar as in the case of the polymerization reaction between DMI
and MMA, as well as DBI and MMA .35

The use of denture base materials implies absorption of water and others oral
fluids. If the absorption is very pronounced, the dimensions of dental prosthesis
could be significantly increased so they would not fit properly. The absorbed
molecules act as plasticizers and hence they affect the mechanical properties of
the material and the rate of aging of the material. Furthermore, the fluids abs-
orbed in micropores make the perfect environment for the propagation of many
microorganisms. For these reasons, it is very important to determine the mech-
anism and rate of absorption.

The adsorption—desorption characteristics of the denture base material modi-
fied with DTHFI were investigated (Fig. S-3 of the Supplementary material). The
water diffused from both the top and the bottom surfaces of the samples until
equilibrium. Many authors have used the weight gain as a parameter defining the
capability of a material to absorb water, but this phenomenon needs a more
detailed insight. Namely, the weight of the samples after desorption were smaller
than the initial weight, which indicates that a certain amount of impurities had
leached from the sample during the first adsorption cycle. As already mentioned,
the denture base materials produced by free radical polymerization have a small
percentage of residual monomer as an undesirable part of the product. After the
immersion of the samples, two processes occurred — entry of water into the
sample, and desorption of residual monomer, water-soluble oligomers and other
impurities.2’ Since the variation in weight is the cumulative result of both the
increase in weight due to water penetration, and the decrease in weight due to
elution of low-molecular weight components, it is impossible to conclude the
exact amount of absorbed water only by measuring the increase in weight. Seve-
ral studies showed that the greatest amount of residual monomers leached during
the first seven days of immersion, while the rest leached out over a longer period
of time.28 According to this, in the present study, all results concerning the maxi-
mum water uptake and the diffusion coefficients were calculated using the data
obtained from the second absorption cycle, as it was reasonable to assume that
most of the impurities had diffused out from the samples during the first 28 days
of absorption.

The plots of water uptake in the second absorption cycle for the denture base
materials modified with DTHFI as a function of t!/2 / h1/2 are shown in Figs. 4
and 5. The shape of the curves was the same for all the samples and hence, for
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better clarity, curves are shown for only three samples. The plots were initially
linear with the respect to t!/2 (Fig. 5), and thus, it could be concluded that the
uptake was diffusion controlled.

Fig, 4. Plot of water uptake in the
second absorption cycle as a func-
tion of t/2 for denture base material
modified with m —0, @ — 5 and A —
10 % DTHFI.

Fig. 5. Plot of initial water uptake
of the second absorption cycle as a
function of t2 for denture base
material modified with €4 — 0, m —
25, ¢—5 A —75andV — 10 %
DTHFI.

The results for the diffusion exponent (n), the weight loss (AM / %), the
maximum degree of absorption (M, / %) and desorption (M'y, / %), as well as the
calculated values of the diffusion coefficient for absorption (D, / m? s~!) and
desorption (Dg / m? s~1) are summarised in Table III for the denture base mater-
ials modified with DTHFI. The ratio Dy/D, is also presented, which is an index
of the degree of the concentration dependence of the diffusion coefficient.
D4/D, > 1 indicates that the diffusion coefficient decreases with concentration.

Weight loss for the denture base materials (AM) involved a single absorp-
tion—desorption cycle. This loss was caused by the leaching of residual mono-
mers, soluble oligomers and other impurities. After the polymerization was com-
pleted, residual monomer remained between the macromolecular chains: abs-
orbed into the polymer network or trapped in micropores. Furthermore, linear
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correlations of the total residual monomer content and weight loss as a function
of DTHFI content were found (Fig, S-4 of the Supplementary material). Further-
more, the slopes of these linear correlations were almost the same indicating that
the weight loss in this kind of materials depended mostly on the total residual
monomer content.

TABLE III. Kinetic parameter (n), weight loss (AM), the maximum degree of absorption (M,,)
and desorption (M',), and diffusion coefficients for absorption (D,) and desorption (Dy4) for
the studied denture base materials

D102 Dyx1012

Sample n MOO / % M’OO / % mz S_l mz S_l Dd/ Da AM / %
PMMA 0.49  1.87 2.04 3.00 7.27 2.42 0.34
PMMA/2.5DTHFI 0.47 194 2.15 3.27 4.44 1.36 0.75
PMMA/5SDTHFI 049 193 2.11 3.83 5.32 1.39 1.21
PMMA/7.5DTHFI 053 1.96 2.20 3.76 4.54 1.21 1.49
PMMA/10DTHFI 0.51 1.98 2.20 4.06 5.32 1.31 1.87

The thermal properties of PMMA denture base materials modified with
DTHFI were investigated via differential scanning calorimetry (Fig. S-5 of the
Supplementary material). The commercial PMMA denture base material had a
single glass transition temperature (Tg) at around 123 °C. The PMMA materials
modified with DTHFT also showed a single T, indicating that copolymers were
homogeneous in the range of 10-30 nm.#! Substitution of a part of MMA with
DTHEFI lowered the values of the glass transition temperature of the polymer.
The greater the amount of DTHFI, the lower was the T,. However, the observed
decrease in the Ty was not as pronounced as in the case of modification of PMMA
denture base materials with monomers such as dimethyl itaconate (DMI) and
dibutyl itaconate (DBI).#2 This could be attributed to the presence of the tetra-
hydrofuran ring in the structure of DTHFI, which is a not so movable side group.

During the use of a denture, it undergoes diverse tensions that appear at
different places and have enormously wide magnitude of intensities. The most
common reason for denture deterioration is due to its breakage, and therefore, it
is of a great importance to investigate the dynamic-mechanical properties of new
materials. The dependences of the storage modulus (G’ / GPa) on temperature for
all cured samples were of a similar shape. In the temperature range of 25-100 °C,
the investigated denture base materials behaved like homogeneous rigid solids
(Fig. S-6 of the Supplementary material). Further increase in temperature led to a
sharp decrease in the storage modulus, indicating transition from the glassy to the
rubbery state. Above 160 °C, storage moduli for all samples entered into a plateau.
As the operating temperature for dentures is around 37 °C, special attention was
paid on to values of the DMA parameters precisely at this temperature.
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The values of the storage modulus (G’ / GPa), loss modulus (G” / MPa) and
damping factor (tan d37) at 37 °C, the damping factor (tan dy,x) and glass tran-
sition temperatures calculated from DMA (Tgpma / °C) and DSC (Tgpsc / °C)
measurements for the PMMA denture base materials modified with DTHFI are
listed in Table IV.

TABLE IV. Dynamic-mechanical parameters at 37 °C and glass transition temperatures cal-
culated from DMA (T, pma) and DSC (T, psc) measurements for the PMMA denture base
materials modified with DTHFI

Sample G'/GPa G"/MPa tands; tandpmay  Tgpsc/ °C Tepma/°C
PMMA 4.03 359 0.089 1.31 1232 141.5
PMMA/2.5DTHFI 4.01 369 0.092 1.34 121.2 140.1
PMMA/5DTHFI 3.79 451 0.119 1.48 118.9 137.8
PMMA/7.5DTHFI 3.52 471 0.134 1.58 117.3 136.0
PMMA/10DTHFI 3.24 509 0.157 1.76 114.6 133.6

The “ideal” material for a denture base should exhibit great rigidity and
strength (large G'), moderate deformation under the stress (G”) and the ability to
return to the previous shape shortly after removal of a load (low tan ¢). It could
be noticed in Table IV that increasing the DTHFI content in the PMMA denture
base materials led to decreases in the values of the storage modulus and increases
in the loss modulus and tan J. These results indicated reduced stiffness and inc-
reased deformation under the load in the case of the materials modified with
DTHFI, which was due to the plasticizing effect of the side group of the emp-
loyed itaconate. Despite the noticed effect, the addition of small amounts of
DTHEFI (see sample with 2.5 wt. % of DTHFI) caused only negligible decreases
in G' (< 1 %) and ensured the same dynamic-mechanical properties as those of
the commercial PMMA denture base material.

It could be noticed that the T values determined from DMA measurements,
as temperature corresponding to the maximal value of damping factor (tan dyax),
were somewhat higher than those obtained by DSC measurement, but the trend in
the change in Ty was the same for both methods. A similar observation was
reported earlier.*2 The differences in the Tg values arise from the fact that the
Tg Dsc represents the temperature at which the material undergoes the maximum
change in polymer chain mobility, which corresponds to the chemical definition
of the Tg, while Tg pMa describes the damping characteristics of the material and
has historical significance.

As previously presented, the modified materials had better biocompatibility
than the commercial PMMA denture base material, but in order to prevent den-
ture breakage during use, it was also necessary that they possess appropriate
mechanical properties. For this reason, for all the modified and the commercial
PMMA denture base materials, the ultimate tensile strength (oy) / MPa), elon-
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gation at break (¢ / %), the Shore D hardness and the Charpy impact strength
were determined and are listed in Table V.

TABLE V. Values of the ultimate tensile strength (o), elongation at break (¢), Shore D
hardness and Charpy impact strength of the investigated denture base materials

Sample out / MPa el% Shore D Charpy, J cm
PMMA 63.8+2.3 6.26+0.55 96.0+0.37 0.285+0.03
PMMA/2.5PDTHFI 63.7£2.5 6.3+0.31 96.3+0.17 0.313+0.02
PMMA/5PDTHFI 63.5+£3.2 10.8+0.27 96.1+0.37 0.304+0.04
PMMA/7.5PDTHFI 64.2+1.7 9.5+0.35 94.8+0.28 0.295+0.03
PMMA/10PDTHFI 62.5+4.2 9.4+0.37 90.2+0.49 0.287+0.05

The tensile properties of modified denture base materials were investigated
on an Instron testing machine. Modification of commercial PMMA denture base
material with DTHFI gave materials with slightly lower values of the ultimate
tensile strength. On the other hand, the modified materials elongated more at
break. This behaviour could be explained by the fact that the DTHFI molecule
possesses an oxygen atom in its structure that might establish hydrogen bonds
with hydrogen atoms. Formed H-bonds were very weak and had no effect on the
values of stress at break but affected the values of elongation at break. It should
be noted that for all samples, the values of tensile strength were within the
framework of the prescribed standards.43

The mean values of the Shore D hardness for PMMA denture base materials
modified with DTHFI ranged between 90.2 and 96.3 and thus fulfilled the
required hardness values for denture base materials, as prescribed by the Amer-
ican Dental Standards Institute.*3 Bearing in mind that many material properties,
such as composition, surface porosity, residual monomer concentration, €tc.,
affect its hardness, it could be concluded that investigated modifications of
PMMA denture base material did not have an effect on the Shore D hardness.

Inclusion of DTHFI in commercial PMMA denture base formulation led to
increase in the impact resistance of prepared samples (Table V) except in the
case of the sample with the highest DTHFI content (10 wt. %). It was observed in
all impact tests experiments that the specimens broke with a sharp fracture,
exhibiting typical brittle fracture behaviour characterized by a lack of distortion
of the broken parts.

CONCLUSIONS

In this study, an itaconate (a sustainable, non-petrochemical raw material)
was used as a co-monomer in the preparation of denture base materials. Quan-
tities of 2.5; 5.0; 7.5 and 10 wt. % of methyl methacrylate were replaced by
ditetrahydrofurfuryl itaconate. Copolymerization of MMA and DTHFI was con-
firmed by FTIR, and DSC analysis. Using liquid chromatography, it was found
that the addition of itaconate led to a reduction in the amount of residual MMA
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and, therefore, made the base material significantly more biocompatible and
drastically reduced the risk of a variety of immune responses. The glass transition
temperatures of the synthesized samples were shifted to lower values, indicating
that the side groups of DTHFI acted as plasticizers. By DMA, it was found that
increasing the DTHFI content led to a lowering the values of the storage modulus
and stress at break. However, analysis of the mechanical properties showed that
all the modified materials possessed characteristics prescribed by ADA stan-
dards, and could be used in practice. The magnitude of the measured values indi-
cated that the PMMA denture base materials modified with DTHFI could be
developed into a less toxic, more environmentally and patient-friendly product
than commercial pure PMMA denture base material. The optimal mechanical
properties were exhibited by the sample with the minimal DTHFI modification
(2.5 wt. %).

SUPPLEMENTARY MATERIAL

The geometry of the specimens and additional analysis are available electronically from
http://www.shd.org.rs/JSCS/, or from the corresponding author on request.
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U3BOJ
IMMOJTU(METUJIMETAKPUJIIATHU) MATEPUJAJIU 3A BA3Y ITPOTE3A MOJUO®UKOBAHU
OUTETPAXUIPO®YPOYPUII-UTAKOHATOM: CBOJCTBA BAXHA 3A [IPUMEHY

TTIABJIE CHACOJEBI/IE1, BECHA HAHI/I'Bi, CABA HIEI_H)H/IJAZ, BJIAJUMHUP HI/IKOJ'[I/IT13, WBAHKA I'. TIOIIOBUR*
1 [CABA BEJIMUKOBUH*

THnosayuonu yeniiap, TexHomowKo—MeTanypuky Gaxyniied, Ynusepsuieid y beoipagy, Kapueiujesa 4,
11000 Beotpag, 2Huciuiity 3a XeMujy, TeXHONOTUjy U MeTAnypiujy, Yuusepsutiei y Beoipagy, Fbetouiesa
12, 11000 Beoipag, Hnosauuonu ueninap, Xemujcku paxyniiei, Ynusepsuite y Beoipagy, Cluygeninicku
wpi 12—16, 11000 Beoipag u *Texnonowxo—meiianypuxu Gaxynideid, Yrusepsuiiieii y beoipagy,
Kapneiujesa 4, 11000 Beoipag
Llum oBoOr paza je ucrnuTHBame MoryhHocTu Mogudukanije KOMepIUjaHUX CHCTeMa 3a
nodujame MaTepHjaia 3a da3y 3yOHUX ITpOTe3a ecTpUMa UTaKOHCKe KUCeTHuHe, pagu fJodujama
MaTepHjana CMambeHe TOKCHYHOCTH U Beher cTerneHa OMOKOMIATUOWIHOCTH. Yrpkoc Behoj
LIEHU UTAaKOHATa Y OJHOCY Ha MeTaKpWaTe OHU Ce YECTO KOPHUCTE Yy “3eJIeHUM” CUCTeMUMa
300r ynmeHHLe Ja ce Jodujajy U3 OMOODHOB/BMBHX, a HE METPOXEMHU)jCKUX U3BOpa. Komepuu-
janHu cucrem Ha das3u nomu(merun-merakpunata) (PMMA) monudukoBaH je AUTETpaxungpo-
¢ypdypun-urakonarom (DTHFI), npu uemy je Bapupan yaeo DTHFI ox 2,5 no 10 mac. %.
®THP cnexkTpoCKoNHjoM y3opaka yTBphEeHo je fa je y cUucTeMy AOLLIO A0 KOMOIUMEDPH3aLuje,
nok je SEM aHanu3a NoTBpAwIa OfCyCTBO 030M/BHUjUX MUKpoJedeKaTa U Iopa y CTPYKTYpH.
HcnuTaH je yTvLaj UTaKOHATa Ha: allCOPNLUjy TEYHOCTH (BOAA), KOJMYMHY 3a0CTaIor MOHO-
Mepa, Ka0 ¥ TepMHUKe, NTUHAMHUYKO-MEXaHHYKe M MeXaHWuYke KapaKTepucThke (TBproha,
JKUJIABOCT, HAIlOH U U3IY)KeHwe NPU KUJjalkby) CHHTeTHCaHUX MaTepHjana. YTBpheHo je na mona-
TaKk WUTaKoOHAaTa y cacTaB KOMepIMjalHUX CHUCTEMa 3HayajHO CMamyje KOJWUYMHY 3a0CTaaor
MEeTWI-MeTaKpuiIaTa WTO MaTepHjal YMHH OMOKOMNATUOUIHUjUM. CUHTETHCAHU y30pLH Cy
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WManu 3anoBorbaBajyhe Mexanuuke kapakrepucthke. Haheno je ma ca mosehawem ymema
DTHFI ponasu no cMamema BpESHOCTH TeMIIEpaType OCTaKk/bUBamkba, MOAyIa cadyBaHe €HEpP-
TUje, HalloOHa K1jawa U yapHe KWIaBoCTH, Me)yTUM MeXaHW4YKe KapaKTEepUCTHUKE Cy U fajbe
y rpaHMLaMa mponucaiuM ADA cTaHZapAMMa Tako Jla Ceé HOBU MaTepyjalid MOTY KOPUCTHTH
y MTPaKCH.
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(ITpumsbeHo 23. jaHyapa, peBugupaHo 9. anpuia, npuxsaheno 22. anpuna 2015)
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Fig. S-1. The geometry of the specimens used for tensile testing of materials (ASTM D882).
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Fig. S-2. The geometry of the specimen used for testing the impact strength after Charpy.
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Fig. S-3. Percentage changes in weight of a commercial denture material modified with
DTHFI (4 -0, m—2.5,0 -5, A —7.5andV¥ — 10 %). The symbols represent mean values
(n=3). Since the standard deviations around all means were smaller than the size of the
symbols, they are not shown.

Fig. S-4. Plots of m — total residual monomer (TRM) content and ® — weight loss as a function
of different DTHFI content in the systems.
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Fig. S-5. DSC curves of commercial PMMA denture base materials modified with DTHFI.

Fig. S-6. The storage modulus (G") of PMMA denture base materials modified with DTHFI in
dependence on the temperature and composition of denture base materials.
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Sepiolite functionalized with N-[3-(trimethoxysilyl)propyl]-

ethylenediamine triacetic acid trisodium salt. Part I:
Preparation and characterization

SLAVICA S. LAZAREVIC*, IVONA M. JANKOVIC-CASTVAN, BOJAN M. JOKIC,

DJORDIJE T. JANACKOVIC and RADA D. PETROVIC

Faculty of Technology and Metallurgy, University of Belgrade, Karnegijeva 4,
11000 Belgrade, Serbia

(Received 19 February, revised 11 May, accepted 14 May 2015)

Abstract: Natural sepiolite from Andrici (Serbia) was functionalized by coval-
ent grafting of N-[3-(trimethoxysilyl)propyl]ethylenediamine triacetic acid tri-
sodium salt onto the Si—~OH sepiolite groups. The functionalized material,
MSEAS, was characterized by determination of the phase composition by X-
ray diffraction (XRD) analysis, analysis of the morphological characteristics by
scanning electron microscopy (SEM), using Fourier transform infrared (FTIR)
spectroscopy, differential thermal analyses (DTA), determination of the spe-
cific surface areas and pore size distribution using the BET method and point
of zero charge (pH,,.) determination. The crystal structure of sepiolite did not
change significantly upon surface modification. The FT-IR and DTA analyses
confirmed that the modified sample maintained the basic structure of sepiolite
and the presence of organic groups in the functionalized sepiolite sample. The
point of zero charge of MSEAS in KNOj solutions of different concentrations,
determined by the batch technique, was at pH 7.010.1.

Keywords. sepiolite; functionalization; N-[3-(trimethoxysilyl)propyl]ethylene-
diamine triacetic acid, trisodium salt.

INTRODUCTION

The variety of possible reactions of the active centres on the surface of clays
allows the surface properties to be changed by introduction of new groups of
atoms. Grafting is a process that links inorganic and organic components via
strong bonds, such as covalent or ionic—covalent linkages, to obtain function-
alized clays, i.e., the formation organic—inorganic hybrid materials combining the
mechanical stability of a clay framework and the reactivity of organofunctional
groups. The alkoxysilane part of an organosilane molecule is capable of bonding

* Corresponding author. E-mail: slazarevic@tmf.bg.ac.rs

doi: 10.2298/JSC150219038L
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with a variety of mineral or metal surfaces through complex hydrolysis/conden-
sation reactions, whereby Si—-O—metal bonds are ultimately formed.!

The reactions of clay minerals with reagents containing metal chelating
functionalities have recently been explored in an effort to enhance the heavy
metal binding capacities of clays and their selectivity to the type of metal con-
sidered.2?

The surface of sepiolite has a great ability for grafting reactions with organo-
silanes due to its high content of silanol groups that are very susceptible to the
reactions.10 By hydrolysis, the alkoxy-groups of the organosilane (R-SiX3,
where X designates hydrolysable alkoxy groups (usually methoxy, —OCHj3, or
ethoxy, —OCyHs)) are converted to silanol groups, which react with silanol
groups of sepiolite forming Si-O-Si covalent bonds.!! The most widely used
functional silanes contain thiol (-SH) or amino (—NHj) groups. The surface of
sepiolite was previously functionalized using silane coupling agents: 3-mercapto-
propyltrimethoxysilane (MPS),2 triethoxy-3-(2-imidazolin-1-yl)propylsilane,12
[3-(2-aminoethylamino)propyl]trimethoxy-silane).!3

In previous papers, natural, acid activated and thermo-acid activated sepio-
lites were functionalized using (3-mercaptopropyl)trimethoxy-silane and [3-(2-
-aminoethylamino)propyl]trimethoxysilane and the capacities of the obtained
sorbents for chromium(VI) sorption from aqueous solutions were investi-
gated.%-14.15 It was shown that adsorption capacities of the amine-functionalized
sepiolites were much higher than those of mercapto-silane functionalized sepio-
lites under the same conditions, indicating that adsorption capacities of func-
tionalized sepiolites depended on the type of groups covalently grafted to the
sepiolite surface.

The present study is the first to investigate the modification of sepiolite with
N-[3-(trimethoxysilyl)propyl]ethylenediamine triacetic acid trisodium salt in
order to improve sorption capacity for metal ions from aqueous solutions. The
silanation reagent N-[(3-trimethoxysilyl)propyl]ethylenediamine triacetic acid
contains three methoxy groups, which could react with the OH groups on clays,
and an EDTA group, which could chelate metals. This paper reports the pre-
paration of the modified material and its characterization by XRD analysis, scan-
ning electron microscopy (SEM), Fourier transform infrared (FTIR) spectro-
scopy, differential thermal analyses (DTA), surface-area analysis and determin-
ation of the point of zero charge (pHp,c). In the second part of this paper, the
adsorption properties of the functionalized sepiolite sample, the sorption of Ni2*
on the MSEAS as a function of the initial metal concentration, the equilibration
time, the pH value and temperature are discussed.
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EXPERIMENTAL
Materials

The natural sepiolite (SEP) used for the modification was obtained from Andrici
(Serbia). The chemical composition, specific surface area, pore volume, pore radius, X-ray
diffraction, and FTIR analyses of the sample were reported previously.!¢ The functional-
ization of sepiolite was performed from aqueous solution®!7 by mixing a mechanically stirred
suspension of 50 g of sepiolite in distilled water, pH of 7.1, with 22.5 mL of a 45 % aqueous
solution of N-[3-(trimethoxysilyl)propyl]ethylenediamine triacetic acid trisodium salt
((CH;30);3Si(CH,);N(CH,COONa)N(CH,),N(CH,COONa),), MSEA, Gelest). The mixture
was filtered after 2 h and the modified sepiolite sample, MSEAS, was washed with water.

Characterization of the modified sepiolite

The scanning electron microscopic (SEM) analysis of the sepiolite powder was realized
on a Tescan Mira 3 microscope. The powder was fused with a Pd—Pt alloy. X-Ray diffraction
(XRD) analysis of the sample was performed using an Ital Structures APD 2000 diffracto-
meter with CuKa radiation, in the 2 8 angle range from 5 to 60°, with a 0.02° step.

Infrared spectroscopy analysis was made on a MB Boman Hartmann 100 instrument in
the wave number range from 4000 to 400 cm'!. The sample was prepared by the KBr method
at a ratio of sample:KBr of 1:75. Differential thermal analysis in air was realized using an
AMINCO instrument with computer-controlled temperature, at a heating rate of 10 °C min™!.

The specific surface areas and pore size distribution of the modified sample was esti-
mated using nitrogen adsorption—desorption isotherms determined using a Micrometrics
ASAP 2020 instrument. Before the sorption measurement, the sample was degassed at 150 °C
for 10 h under reduced pressure. The specific surface area of sample (Sggpr) was calculated
according to the Brunauer—-Emmett—Teller (BET) method from the linear part of the nitrogen
adsorption isotherm.!® The total pore volume (V,,) was given at p/py = 0.998. The volume of
the mesopores and pore size distribution were analyzed according to the Barrett, Joyner and
Halenda method from the desorption isotherm.!® The volume of the microspores was calcul-
ated according to t-plot analysis?® using the Harkins—Jura thickness curve.

The point of zero charge (pHy,.) of the modified sepiolite was determined in KNO;
solutions having concentration 0.1, 0.01 and 0.001 mol L-!, using the batch equilibration
method as described previously.2! In order to determine the degree of dissolution of the
modified sepiolite powder, the concentration of Mg2" in the solutions after equilibration with
2 0.01 mol L-! KNOj; solution was measured by atomic absorption spectroscopy (AAS, Perkin
Elmer 730).

RESULTS AND DISCUSSION
Characterization of modified sepiolite

The characteristic peak positions in the XRD spectrum of the sepiolite
sample had not changed after modification with N-[3-(trimethoxysilyl)propyl]-
ethylenediamine triacetic acid trisodium salt (Fig. 1), indicating that the structure
and crystallinity of sepiolite were maintained, which could be attributed to the
functionalization occurring mainly on the surface or by the partial replacement of
zeolitic water.
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10 20 30 40 50 60 Fig. 1. XRD spectrum of the MSEAS sample
20/° (S — sepiolite).

The SEM micrograph of MSEAS is shown in Fig. 2. It could be seen that the
modified sepiolite had a fibrous structure, as did the natural sepiolite.22 The mic-
rographs of natural sepiolite sample showed the fibres had needle morphology of
30-50 nm in diameter and 1 um in length. After surface modification, the needle
morphology was maintained but with reduced fibre length. The fibres of the func-
tionalized sample formed bundle-like aggregates.

Ir'“""“":”:'__"“"':""-"""'“'_m@'ﬁ‘ & Fig. 2. SEM micrograph of the modified
L View Nald: 1.44 Hm Dat: InBeam 200 nm -

| sEM MAG: 150 kx 33 | |/ sepiolite.

The FTIR spectrum of the modified sample (Fig. 3) was generally similar to
that of natural sepiolite, confirming that the modified material had maintained the
basic structure of sepiolite. Three regions indicative for sepiolite?324 could be
observed in Fig. 3: bands in the 4000-3000 cm™! range corresponding to the vib-
rations of the Mg—OH group (3690 cm!), bound water coordinated to mag-
nesium in the octahedral sheet (3570 cm™!) and zeolitic water in the channels (at
3422 cm!); a band at 1658 cm~! due to the vibration of zeolitic water; bands in
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the 1200-400 cm~! range characteristic of silicate: bands centred at 1016 and 467
cm~! due to Si—O-Si vibration; bands at 1215 and 1078 ecm~! due to Si—O bonds;
a band at 437 cm! originating from octahedral-tetrahedral bonds (Si-O-Mg
bonds) and bands at 690 and 637 cm! corresponding to vibrations of the
Mg-OH bond. The band at 1381 cm~! corresponds to vibrations of C—H of the
CH, groups. The C—H stretching vibrations of the methoxy (O—CH3) and chain
methylene (CHj) groups could be observed at 2850 and 2930 cm™!, respect-
ively.%-13 A band, assigned to symmetric COO~ stretching vibrations,2> could be
clearly observed at 1407 cm~!. The detected CH, and COOH groups belong to
the units of the MSEA, clearly indicating the presence of the organic modifier in

the sample.

120
100 4 /2930
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604 | i AR
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Fig. 3. FT-IR spectrum of the MSEAS sample.

The DTA curve of the modified sepiolite, shown in Fig. 4, revealed the
decomposition of the aminocarboxylic group on the surfaces of MSEAS and
dehydration of the sepiolite structure. The endothermic peak represents the loss

815

329

1N

1/

AT/°C
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400 600 800 1000
T/°C Fig. 4. DTA curve of the MSEAS sample.
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of zeolite water (at 150 °C),26 the exothermic peak at 815 °C represents the
dehydratation of the octahedrically coordinated hydroxyl groups, i.e., phase
transformation of sepiolite into enstatite (MgSiO3). The broad exothermic peak at
~329 °C reveals the decomposition of the grafted silane ligand and clearly proves
the presence of organic silane molecules on the modified material.

Textural properties of modified sepiolite

Adsorption—desorption isotherms at —196 °C for MSEAS, and the pore
volume and pore size distribution are presented in Fig. 5a and b. The MSEAS showsa
hysteresis pattern which is associated with the filling and emptying of the
mesopores by capillary condensation, but does not show a plateau at high p/pg
values, which is characteristic of a Type IV isotherm. The hysteresis loop is of Type
H3. According to the classification of Rouquerol €t al.,!3 such a shape of a nitrogen

2504 o adsorption ]
® desorption ./..ﬁ
1 o &
60 200 o &L
g /,./ o
-4
~, 150 o« O
§ o oo°
Z _o©
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Fig. 5. a) Nitrogen adsorption/desorption isotherms; b) pore volume (1) and pore size
distribution (2) of the MSEAS.
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isotherm is characteristic for Type IIb indicating that the material contained both
mesopores, which are responsible for the hysteresis, and macropores, which
results in the absence of the plateau typical for mesoporous Type IV isotherms.
The H3 hysteresis pattern indicates the presence of slit-like pores.2”

From Fig. 5 and the data summarized in Table I (BET surface area, volume
of mesopores, Vimesopore» and micropores, Vmicropore, the overall pore volume,
Vporetotal, and the maximum, dpax, and average, d, mesopore diameters) and data
obtained for a natural sepiolite,!© it could be noticed that the modification of the
sepiolite with MSEA caused a small change in the specific surface area, an
increase in the total pore volume, the micropore volume and the mesopore
volume. Increases in the maximum and average mesopore diameters were obs-
erved for the modified sepiolite sample. It could be assumed that silane modi-
fication occurred almost exclusively on the external sepiolite surface, with only
partial entry into the sepiolite channels, i.e., that the pores of the sepiolite were
not closed during the functionalization.

TABLE L. The textural properties of the MSEAS
SBET / mZ g-l Vporetotal / Cm3 g-l Vmicropore / Cm3 g-l Vmesopore / Cm3 g-l dmax /nm d/nm
309.9 0.374 0.054 0.325 4.00 6.51

Determination of the point of zero charge of the modified sepiolite

The point of zero charge (pHp,) is an important interfacial parameter,
extensively used in characterizing the ionization behaviour of a surface. It is very
important for the determination of the acid—base characteristics of the surface
functional groups and their interactions with ions from aqueous solutions. The
surface potential exists as a direct result of the presence of surface charge. The
solution pH value at which the surface charge density of the solid phase is equal
to zero (o9 = 0, wo = 0), is called the point of zero charge (pHp,c). The solid
phase surface is positively charged if pH < pHp,. and negatively if pH > pHyc.

The point of zero charge of MSEAS in KNOj3 solutions of different con-
centrations, determined by the batch technique from the plateaus, i.e., the curve
inflexions, from the dependences pHy vs. pH;, (Fig. 6) was at pH 7.010.1. The
pHpzc determined in KNO3 solutions of different concentrations were inde-
pendent of the ionic strength of the KNO3 solutions, indicating that KNO3 was
an inert electrolyte, i.e., specific sorption of K™ and NO3~ did not occur at the
surface.

The slight change in the point of zero charge of MSEAS compared with the
pHpc of the natural sepiolite sample (7.4+0.1)16 indicates an insignificant dec-
rease in the basicity of the sepiolite surface after functionalization.

The dependence of the quantity of Mg2* released into the solution during
equilibration of 0.05 g of the MSEAS with 25 cm? 0.01 mol L~! KNOj3 solution
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is also shown in Fig. 6 in order to determine the degree of dissolution of the
modified sepiolite powder. In the investigated pH range, the quantity of Mg2"
present in the solution as a result of the dissolution of sepiolite was almost cons-
tant and equal to 0.05 mmol g-! MSEAS.

= 0.1molL" KNO; .
78}
e 0.0l molL" KNO, <
84 a ° L(})J
4 0.001 mol L” KNO, . =
102 =
) - N +°D
74 a - L] o
f ] . A.. » &N
CEE TN =
b) =
6 . —Jo1 £
5 Mg2+ E
U mn n n n n @D
5_ o o
T T T T T 0.0
4 6 8 10
pH;

Fig. 6. a) Determination of the pHp,. of MSEAS in KNOjs solutions of different
concentrations; b) dependence of the quantity of Mg?" released into the solution
per unit mass of MSEAS on pH; during equilibration with 0.01 mol L-! KNOj solutions.

CONCLUSIONS

The obtained results showed that natural sepiolite from the Andrici deposit
could be modified by treating with N-[3-(trimethoxysilyl)propyl]ethylenediamine
triacetic acid trisodium salt in the presence of an aqueous solution. The surface
modification of the sepiolite involved chemical reaction of the silanol groups on
the sepiolite surface with the alkoxy groups of the organosilane molecule. The
signs of modification of the sepiolite surface were: the presence of new exo-
thermic peaks in the DTA spectrum for modified sepiolite, the detection of car-
boxylic functional groups present on modified sepiolite by FTIR spectroscopy.
The point of zero charge of MSEAS in KNO3 solutions of different concentra-
tions, determined by the batch technique, was pH 7.020.1.
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U3BOJ
OYHKIJWOHAITU3AIIUJA CEITMOJIUTA IIPUMEHOM COJIM HATPUJYMA
N-[(3-TPUMETOKCHW)ITPOITUIIETUIEHIUAMUHTPUALETATHE KMUCEJIMHE.
[TPBU JEO: [IPUITPEMA U KAPAKTEPU3AIIUJA

CJIABHUIIA C. JIASBAPEBUR, MBOHA M. JAHKOBUR-YACTBAH, BFOJAH M. JOKUR, BOPBE T. JAHARKOBUR
u PAJJA 1. IETPOBHR

TexHonmowKo-mewanypuxu Gpaxynimeii Ynueep3uitieiia y beoipagy, Kapneiujesa 4, 11000 Beoipag

[TpUpOAHU CENUONUT U3 HanasuuTa AHApHhHY je GYHKUHOHAIM30BaH MPUMEHOM COIH
Hatpujyma N-[(3-TpHUMETOKCH)IPONWI]eTUIEHANaMUHTPHALIETaTHE KUCEJIMHE YCIOCTaB/ba-
BeM KkoBasneHTHe Bede uamehy momuduxaropa u Si—OH NOBpIIMHCKHUX Tpyna CENHONHTA.
Kapakrepusaiuja GyHKIIHOHATN30BAaHOT y30pKka o3HaueHor ca MSEAS wusBpiueHa je onpehu-
BambeM MODP(QOJIOMKUX KapaKTePUCTHKA IPUMEHOM CKEHHUpajyhe eleKTpPOHCKe MUKPOCKOIIHje
(SEM), ompehrBamem ¢a3HOr cacTaBa PeHATEHCKO-AUpaKUXoHOM aHanu3oM (XRD) u mpu-
MeHOM HH@paupseHe crnekTpockoncke aHanuse (FT-IR) u gudepenuyjanHo-TepMujcke aHa-
nmuse (DTA), xao u ogpehuBamem crienudUyHe TOBPLIMHE U pacrofesne BenuyuHa nopa BET
METOJOM W TauKe HYJTOr Haejnekrpucawa (pHp,c). KpucraaHa CTpyKkTypa Cemuonura Huje
OduTtHO mpoMemeHa mNocTynkoM (QyHkunoHanuszanuje. Pesynratu FT-IR u DTA aHanuze
NOTBPAMIM Cy NPHUCYCTBO OCHOBHE CENHOJIUTCKE CTPYKType y y3opky MSEAS, xao u mpu-
CyCTBO KapOOKCHIHHMX TIpylla OpraHckor mopudukatopa. Tayka HYJATOr HaeJeKTPUCama
y3opka MSEAS, ogpehena y pactBopuma KNOj3 pasnuuuTHX KOHIIEHTpanHja NPUMEHOM
METOJie ypaBHOTEKaBama nocedHux npooda, usnocu 7,0+0,1.

(ITpumsseno 19. pedpyapa, pesupupano 11. maja, npuxsaheno 14. maja 2015)
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Abstract: Clinoptilolite-rich tuff (NZ) from the Zlatokop deposit (Vranjska
Banja, Serbia) was studied as a nitrogen carrier for grass production. The
mechanism of binding ammonium cations present in aqueous solutions by NZ
was examined, as well as the possibility of adsorption of ammonia released in
fresh cattle manure during its fermentation. The NH,* binding from solutions
proceeded via an ion-exchange process that followed pseudo-second-order
kinetics. Adsorption isotherms studied at 298-318 K followed the Freundlich
isotherm equation. The NZ readily adsorbs ammonia liberated from manure
and the addition of 10 wt. % of NZ to manure can preserve up to 90 % of
ammonia. The potential benefit of this effect was examined in greenhouse pot
experiments with Italian ryegrass (Lolium multiflorum, var. Macho) using three
different types of soil (silty, clayey and sandy). The zeta potential measure-
ments showed that the stability of their colloidal dispersions differed mutually
and that the addition of NZ affected the stability and nitrogen cycling differ-
ently. All results indicated that NZ could be applied in grass production.

Keywords: zeolites; manure; Freundlich isotherm; soil; Italian ryegrass.

INTRODUCTION

Nitrogen is an essential nutrient for plant growth that has to be added to the
soil to ensure the best growth and yield of crops. However, mineral nitrogen fer-
tilizers have been implicated in various environmental issues. Ammonium and
nitrate ions are readily lost from the soil by volatilization, leaching or surface
run-off. As a result, different nitrogenous species are frequently present not only
in agricultural wastewater, but also in groundwater. This may cause serious envi-
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doi: 10.2298/JSC150317042M
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ronmental problems such as eutrophication of water bodies and deterioration of
water sources, also with possible consequences for humans, in particular for the
health of small children.!

The removal of NH4" from water through adsorption using various available
sorbents was studied by many authors.2~7 Natural zeolites as non-toxic, eco-
logically advantageous and affordable materials appear to be well suited for bind-
ing NHy" from aqueous media due to their ion exchange and adsorption pro-
perties.8-11 Moreover, the use of natural zeolites for agricultural purposes is
becoming widespread because zeolites are particularly useful for controlling
agricultural soil fertilization and for preventing or retarding leaching and for
increasing yields.12-14

Clinoptilolite is a very widespread zeolitic mineral in Serbia. The clino-
ptilolite-rich tuff from the deposit Zlatokop (Vranjska Banja, Serbia) contains
more than 70 wt. % of clinoptilolite and was found to exhibit good adsorptive
and ion-exchange properties.!5-17 In the present study, the tuff was investigated
as a sorbent for ammonium ions and ammonia, and subsequently the ammonium-
enriched zeolite was evaluated as a fertilizer.

In particular, the present study examined: 1) the kinetics of binding of NH4"
from aqueous solution to NZ; 2) the efficiency of NZ in binding the NHj3 rel-
eased from fresh cattle manure; 3) whether the addition of ammonium-loaded NZ
(AM-NZ) influences the {-potential of the soil and accordingly the availability of
NHy ™" for plants; 4) the effect of the use of NZ in herbage grass growth.

EXPERIMENTAL
Materials and methods

The zeolite material (NZ) was obtained from a large sedimentary Zlatokop deposit in
Vranjska Banja. The particle size of the samples used was in the range of 0.063—0.1 mm. A
detailed X-ray powder diffraction analysis based on quantitative Rietveld refinement showed
that the NZ contained 72.6 % clinoptilolite, 14.6 % feldspar plagioclase and 12.8 % quartz.!8

Chemical analysis of the clinoptilolite phase present in the NZ obtained by scanning
electron microscopy and X-ray microanalysis (JEOL JSM-6610LV) gave the following com-
position expressed by corresponding oxides (wt. %): SiO,, 65.63; Al,03, 12.97; Fe,05, 1.48;
Na,0, 0.95; K,0, 1.33; CaO and MgO. 1.41. The loss on ignition at 1073 K, obtained by
thermal analysis (TA Instruments, SDT, Q600), was 12.9 wt. %. Furthermore, the porosity of
NZ measured by nitrogen adsorption at 77 K (Hiden Isochema HTP1-V Volumetric Analyzer)
gave for the BET specific surface area (Sgpy) and micropore volume (V) 42 m? g'! and
0.0032 cm? g1, respectively.

Prior to the experiments, the NZ was washed with deionised water and ethanol to remove
soluble amorphous impurities, and then dried to a constant mass at 105 °C.

Adsor ption/desor ption studies in solution

The adsorption experiments were performed in the batch mode using NH,4Cl solutions of
different (initial) strengths, i.e., 5, 10, 25, 50 and 100 mg NH," dm™. The study was realized
by mixing 1 g of NZ with 100 cm? of a solution of the chosen concentration. The suspension
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was shaken in a thermostated water bath (Memmert WNB22) for a period from 30 min to 24
h. The solid, ammonia-loaded NZ (AM-NZ) was separated by filtration.

Three parameters were varied in the experiment: initial concentration of NH,' in
solution, temperature and contact time. Adsorption isotherms were determined at 298, 308 and
318 K.

The NH," desorption experiments were conducted at 298 K by treating AM-NZ (con-
taining 1.1 mg NH," g'!) with the KCI or NaCl solutions varying the salt concentration from
0.1 to 0.001 mol dm3.

Adsorption study in manure

The capture of ammonia released during fermentation of fresh cattle manure (some of its
chemical characteristics are given in Table I) was studied using a modified procedure des-
cribed by Sharadqah and Al-Dwairi.!° Glass jars (volume 0.5 dm?3) were filled with fresh
cattle manure up to 2/3 their volume and tightly closed. Into four of the jars, a well homo-
genized mixture of the fresh cattle manure and NZ was added in different 100:n weight ratios
(n=5, 10, 15 or 20). The fifth jar without NZ served as the system control.

TABLE 1. Chemical characteristics of the manure used in the experiments (g kg™!)

pH Dry matter Loss on ignition Total C* Total N NO3;-N® NH,-N° Total P Total K
7.60 28.5 713.2 390.0 18.9 0.08 27.01 8.9 67

aMeasured in dried sample; Pmeasured in fresh sample

In each jar, a porcelain crucible containing 10 cm® of 0.1 M H,SO, was placed on a
tripod. After 24 h, the crucibles were replaced by new ones containing fresh H,SO,, and the
solutions from the old ones were collected in a volumetric flask. The same process was
repeated every day during 10 days, taking care that the jars were held open for the shortest
possible time. The experiment was performed in triplicate.

Zeta potential measurements

Zeta ({) potentials of the soil samples and mixtures of the soil and AM—NZ suspended in
water were measured. Prior to the measurements, a suspension of 5 g of the soil sample (or a
homogenized mixture of 5 g of soil and 100 mg of AM-NZ) in 25 ¢cm? deionised water was
homogenized by a standard procedure® for 30 min by horizontal orbital shaking (120 rpm).
The suspensions were left to settle overnight, and then a part of the colloid fraction was taken
for the measurement. All measurements were performed in triplicate and expressed as mean
values of the (-potential + standard deviation.

Pot experiments

A greenhouse pot experiment was conducted under controlled conditions (20 °C, 18 h
per day) with three different soil types and the Italian ryegrass (Lolium multiflorum, var.
Macho) as the test crop. The soil types included a loam, a silt and a sandy soil. The former
two were passed through a 5-mm mesh filter prior to being filled into pots of 3 dm?3 volume.
Some chemical parameters of the soils are given in Table II.

The following treatments/fertilizers were used in the pots: a) control without any
fertilizer, b) mineral fertilization with NH4NOs, ¢) fresh cattle manure, d) fresh cattle manure
with the addition of 10 wt. % NZ, and in the silt soil only experiment and €) AM—NZ (con-
taining 1.1 mg NH," g1). All treatments were performed in triplicate. In all treatments, except
in the control, the amounts of fertilizer corresponded to that typically used in grass production
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in Southern Norway (a nitrogen dose at the start of the experiment being equivalent to 120 kg
N ha'!). The amount of manure was determined based on the NH," content in the wet sample
and assuming that approximately 10 % of the organically bound N would be available over
the experimental period, based on a previous mineralization study (results not shown).

TABLE II. Some properties of the soils used in the pot experiments
Sand Silt Clay LOI® y _TotalC  TotalN P-AL”  K-AL®
p

Soil okg! mg kg

Clay 450 380 170 61.0 5.2 23.1 2.1 58 195
Sand 940 30.0 30.0 13.0 5.1 2.8 0.1 16 10
Silt 20 930 50.0 37.0 6.5 14.5 1.0 49 200

bammonium acetate lactate extractable

#Loss on ignition;
In addition, an amount phosphorus equivalent to 20 kg ha! and an amount of potassium
equivalent to approximately 100 kg ha'!, as well as all other macro- and micronutrients in
appropriate amounts, were added in the case of the mineral fertilizer treatment. After the first
cut, in all treatments except the one without nutrients, an additional amount of mineral N,
equivalent to 60 kg N ha'!, was added. The pots were sown with 0.3 g of the seeds of Italian
ryegrass. The moisture content in the soil was maintained at 60 % of the field capacity by
irrigation with deionised water. The grass was cut three times after 5, 9 and 13 weeks of growth.

Analytical methods and instrumentation

The NH;" concentration in the solutions was determined photometrically (Hach
DR2800) using the Nessler reagent (Hach Method 8038). The cation concentrations of Na, K,
Mg and Ca in solution ere determined by AAS using a Varian Spectra 55B instrument; at least
five measurements were performed for each determination.

Fourier transformed infrared (FTIR) spectra of NZ and AM—-NZ were recorded in the
4000—400 cm'! range on a Digilab-FTS-80 spectrophotometer, using the KBr pellet technique.

Measurements of the (-potential were performed by electrophoresis using the laser
Doppler method and a SZ-100 (Horiba Co. Ltd.) instrument in which a cell containing carbon
electrodes is employed as a sample holder. The {-potential was calculated using the peak
values of the mobility distributions detected by the Doppler shift in light scattering — the
electrophoretic mobility of the particles was automatically calculated and converted to the
{-potential using the Smoluchowski equation.?!

The particle size distribution of the soils was determined by the pipette method.?? Soil
and manure samples were ignited overnight at 823 K in order to determine the loss on igni-
tion. The pH of the soil samples was measured by suspending the soil in H,O, with a soil to
solution ratio of 1:2.5. The pH of the manure was measured directly in a wet sample. For both
the soil and manure analyses, the total C content was determined in crushed samples by dry
combustion?? at 1323 K using a Leco CHN-1000 instrument (St. Joseph, MI, USA). The total
N content was measured using the same instrument according to the Dumas method.2* The
ammonium and nitrate contents in the manure (NH4-N, NO3;-N) were measured by flow
injecttion analysis (FIA, Tecator FIAstar 5010 Analyzer, Hillered, Denmark) after extracting a
fresh sample with 2 mol dm= KCI. The plant-available P and K in the soil were estimated by
extraction with an ammonium acetate lactate solution (0.1 M ammonium lactate and 0.4 mol
dm3 acetic acid, pH 3.75),% followed by inductively coupled plasma optical emission spec-
trometry (ICP-OES, Perkin Elmer Optima 5300 DV, Waltham, MA, USA). The total P and K
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in the manure were determined on the same instrument after autoclave digestion in concen-
trated HNO; (0.25 g to 0.3 g sample in 5 cm?) and subsequent dilution to 50 cm?.

The effect of different treatments on the yield in the pot experiments was tested statist-
ically by analysis of the variance (General linear model). The Student-Newman—Keuls test
was performed to identify the different means. Results with p < 0.05 were considered signi-
ficant. The statistical analysis was realized using SAS 9.3 software (SAS Institute Inc., Cary,
NC, USA).

RESULTS AND DISCUSSION
Adsor ption study

Adsorption capacity of the NZ increased with the initial NH4* solution con-
centration and slightly decreased with temperature. At 298 K, it varied from 0.37
mg NHy" g1 (for ¢g = 5 mg NH4 " dm3) to 6.45 mg NH4™ g1 (for ¢y = 100 mg
NH4" dm3). A slight decrease in the adsorption capacity was found at 318 K:
0.32 mg NH4" g1 (for ¢g = 5 mg NHy4" dm3) and 6.10 mg NHy" g~ (for ¢y =
= 100 mg NH4* dm=3). The results showed that the adsorption of NH4" by NZ is
an exothermic process, which agrees with the results obtained for a Turkish and
clinoptilolite-rich tuff.26

The Langmuir and Freundlich models were used to describe the equilibrium
isotherm data.2”

The Langmuir model can be represented as:

_ qmaxbLCe
O “ltbc (1)

where C. is the equilibrium concentration of the solute (mg dm3), ¢ is the
equilibrium concentration of the adsorbed solute (mg g1), while Qax (mg g1)
and by (dm3 mg-1) are Langmuir constants (Qyax corresponding to the maximum
achievable uptake by a system, and by is related to the affinity between the ads-
orbate and the adsorbent).

The Freundlich model can be represented as:

Ge = Kpcd )

where (e (mg g!) is the equilibrium solute uptake, Kg (dm3 g1) is the isotherm
constant of the Freundlich model, ¢, (mg dm=3) is the equilibrium solution con-
centration, and n is the exponent of the Freundlich model. Kp and n are charac-
teristics of the system and are indicators of the adsorbent capacity (or affinity for
the solute) and adsorption intensity, respectively.

For the Langmuir isotherm analysis, the value of the separation factor (Ry)
defined as:

1

e

)
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is of special importance?8 and for the Freundlich isotherm the value of the exp-
onent (1/n) is significant. In all the experiments, the values of Ry, which can be
calculated using the by, values from Table III, and the 1/n values prove, according
to the literature,!6-28 that the adsorption was a favourable process (0< R <1 and
1/n <1, Table III), in accord with the fact that NZ readily adsorbs NH4" from
aqueous solutions. As can be seen from Table III, the equilibrium adsorption data
gave a better fit (higher values of R2) for the Freundlich than for the Langmuir
model.

TABLE III. Isotherm constants for the sorption of NH,4* from aqueous solution by NZ

Temperature, K Langmuir isotherm Freundlich isotherm

’ O /Mg g’ b’ /dm3mg! R Kg/dmdmg! 1/n? R2
298 8.8879 0.0794 0.9943 0.9507 0.5531 0.9663
308 7.6329 0.1115 0.9836 1.2017 0.4663 0.9929
318 9.7514 0.0554 0.9906 0.7724 0.6150 0.9963

aMaximal monolayer adsorption capacity; "Langmuir constant; °Freundlich constant; %Freundlich model exponent

The NHy4t adsorption kinetics were studied at 298, 308 and 318 K for sol-
utions with ¢y = 5, 10, 25, 50 and 100 mg NH4" dm3. The experimental data
were analyzed by the Lagergren pseudo-first-order model and by the pseudo-sec-
ond-order kinetics model.2” A linear dependence was obtained only for the
pseudo-second-order model, indicating that the binding of NH4" by NZ occurs
by the pseudo-second-order reaction mechanism described by the following
equation:25

dot 2
i =k (0 — 1) 4)

where ¢, (mg g!) is the adsorption capacity at equilibrium and ky (g mg~! min-1)
is the rate constant of the pseudo-second-order adsorption. Integration between
the limits t=0to t =t and q =0 to g = g, gives the following expression:

L +Lt 5)

G kO G

The plot of t/g; VS. t is a straight line if the experimental data conform to this
kinetic model, and the values of Qe and ky are obtained respectively from the
slope and intercept of such a plot. As representative, the results obtained at dif-
ferent temperatures for the initial concentration ¢y = 25 mg NH4" dm=3 are
shown in Fig. 1. The adsorption capacity at equilibrium (q.) decreases with tem-
perature whereas the rate constant changes irregularly with temperature. This was
also observed for the other initial concentrations studied (data not presented). No
acceptable explanation could be offered nor found in the literature for this pheno-
menon.
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Fig. 1. Kinetic curves at different tem-
0.0 7 T ———r———  peratures obtained by fitting the exper-
imental data to the pseudo-second-order
t/h rate model (Cy =25 mg NH," dm3).

The FTIR spectrum of AM—NZ (not shown) confirmed the presence of
NH4" in the sample (vibration band at about 1400 cm! attributed to NHy™,
which was not present in the spectrum of NZ), suggesting that the binding of
NH4" from aqueous solution by NZ proceeds by an ion-exchange reaction. This
was proved further by elemental AAS analysis of the liquid phase after the ads-
orption studies, i.e., after AM—NZ separation from the suspensions. The concen-
trations of Na*, Kt, Ca2* and Mg2" determined in the filtrate entirely corres-
ponded to the amount of NH4* bound by the NZ.

In order to check whether the NH4" in AM-NZ could be desorbed and thus
become available as a nutrient in the soil, NH4"-desorption experiments were
performed by treating AM—NZ with the NaCl or KCI solutions. The obtained
results are given in Table IV. It is evident that the percentage of NH4" desorption
depended on the initial Na*/K* concentration, showing that the desorption was
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also an ion-exchange process. It is interesting to note that desorption was more
efficient in the KCl than in the NaCl solution. This could be explained by the fact
that the radius of the NH4" (151 pm) is very similar to that of the K* (152 pm).
Desorption in 0.1 M KCI was completed in 30 min.

TABLE IV. Percentage NH,* desorbed at 298 K from AM-NZ into solutions of NaCl or KCl
in dependence on the salt concentration

Released NH,*, ©
Concentration of NaClI/KCl, mol dm™ cease 4s%

in NaCl(aq) in KCl(aq)
0.100 64 100
0.010 42 50
0.005 24 42
0.001 17 18

It is well known that fresh cattle manure is rich in nitrogen, making it a good
fertilizer. Nitrogen is present mainly in the organic matter, the content of which
in the fresh manure being about 50 wt. %. However, during fermentation, manure
looses significant amounts of nitrogen. Thus, the loss in four days may reach up
to 90 % due to the extensive liberation of ammonia.? In order to mitigate this
loss, investigations were performed to determine: a) whether the addition of NZ
to fresh cattle manure could retain the liberated NH3, and b) the optimal amount
of NZ that has to be used for NH3 capture.

Addition of the NZ to fresh manure conserved the NHj released during
fermentation, and the percentage of the captured NH3 ranged between 67 and 98
% depending on the applied amount of NZ (5-20 wt. %). Since about 90 % of
NHj was captured on addition of 10 wt. % NZ in comparison to the control, this
amount of NZ was chosen as the optimal amount for the pot experiments (vide
infra).

C-potential values

The zeta potential is an important parameter for soil/zeolite suspensions in
water since it could be interpreted as an indicator of the stability of the suspended
colloidal dispersions with respect to particle aggregation.30 For most soils, the ¢
potential has a negative value because the ground surface is usually negatively
charged. Moreover, the soil stability is a qualitative indicator of biological acti-
vity, energy flow and nutrient cycling. A dispersion is regarded as stable, when
the (-potential is < —30 mV.3! The results of the {-potential measurements are
listed in Table V. It is evident that the clayey soil showed the lowest value of {,
which could be explained by the strong electronegativity of the clays present in
the soil sample. The sandy soil also showed a very low {-potential, which could
be attributed to the presence of organic matter in which carboxyl groups are
ionized.3! The silty soil exhibited the highest {-potential, implying a lower sta-
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bility. The addition of AM—NZ influenced the {-potential of all three types of soil
but the changes were most pronounced for the clayey and sandy soils. The sta-
bility of clayey soil decreased on addition of AM—NZ in contrast to sandy soil in
which the colloidal fraction became more stable.

TABLE V. The values of {-potentials, mV

Soil | System

Ot sampie Soil/water Soil+AM-NZ/water
Clay —45.0+£0.7 —38.0+£0.8

Silt -23.6£1.1 -22.3+1.6
Sand —37.0+0.9 —40.6+0.7

Pot experiments

To obtain an insight into a possible use of NZ in grass production, pot exp-
eriments were performed with Italian ryegrass, Lolium multiflorum, var. Macho.
Italian ryegrass was used because it is fast-growing and responds to high N fertil-
ization by yielding an abundance of vegetative matter.

The results for the three cuts in the pot experiment are given in Fig. 2, exp-
ressed as tones of dry matter (DM) per hectare.
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Fig. 2. Yields of ryegrass for differ-
ent treatments and different types
of soil. Statistically significant dif-
ferences are indicated by different
Nonutrients Mineral fertilizer Manure Manure +NZ AM-NZ  letters (p < 0.001).
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Figure 2 reveals similar overall yields for the mineral fertilizer, the manure
and the manure+NZ treatments, with the exception of the sandy soil where con-
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siderably less biomass was produced in the control than in the other two treat-
ments. In general, there was little difference between the amounts of biomass
harvested at different cuts for these three treatments. A slight but significant dif-
ference (statistics for the separate cuts are not shown) was found in the silt, with
a somewhat lower biomass in the first cut in the manure+NZ treatment compared
to mineral fertilizer and manure alone. However, this slower growth at the begin-
ning was compensated for by a good yield in the second cut.

It seems that NZ added to the silt binds NH4" strongly at least in the initial
phase of the growing period. This could, at least partly, have been due to the rel-
atively high pH value of the silty soil (6.5), at which value cations are strongly
adsorbed and hence less available than in the clayey and sandy soils. This sug-
gestion is in accordance with the zeta potential measurement, which showed that
the stability of colloidal fractions of the silty soil is not influenced by the addition
of zeolite.

The yields in the treatments without fertilizer are, as expected, much smaller
than in the other treatments, especially in the sandy soil, which contained the
smallest amount of nutrients. Even when the sandy soil was treated with the min-
eral fertilizer, the plants grew poorly — most likely due to the low original pH of
the soil (i.e., 5.1, Table II). Treatments including both manure and manure+NZ
improved the growing conditions in the sandy soil, which was reflected in the
much higher yields.

In the silty soil, the treatment with AM—NZ resulted in slightly higher over-
all yields than in the manure+NZ and the mineral fertilizer treatment but not
compared to the manure alone. The may be explained by the fact that the AM—
NZ was obtained by the ion-exchange reaction using a NHy"-solution of well-
-defined strength as opposed to the NZ exposed to manure. In the latter case, less
NHy4" was bound by NZ because the manure used possessed not only NHy " pre-
sent in the liquid phase, but also organically bound N. It should be stressed that
the available N from manure cannot be determined accurately in comparison to
the available N in AM—NZ. Accordingly, the resulting differences are likely to
have caused the small differences in growth between the different treatments in
the silty soil.

CONCLUSIONS

This study evaluated the adsorption ability of zeolitic tuff from the Zlatokop
deposit towards NH4" present in liquid medium and towards NHj liberated in
manure, as well as its capability to be a nitrogen reservoir for plant growth.

The adsorption studies show that the process proceeded via an ion-exchange
mechanism, which followed the pseudo-second-order kinetic model (R2 > 0.99).
The adsorption isotherms studied at 2545 °C followed the Freundlich isotherm
model.
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The addition of 10 wt. % of the tuff to fresh cattle manure conserved about
90 % of ammonia and preserved its nutritive value. Greenhouse pot experiments
with Italian ryegrass suggested that the plants utilize the NH4" bound by the tuff
in a similar manner to the NH4" in easily soluble mineral fertilizers. Further work
will be directed towards exploitation of the tuff in odour control as well as
towards its potential use in the reduction of the nitrogen oxide emission during
manure application in agriculture. The results of such work could be expected to
significantly contribute not only to a less odoriferous, but also to a healthier envi-
ronment.
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H3BOJ
MMPYUMEHA KIIMHOIITUJIOJIUTA KAO AIICOPEEHTA AMOHHNJAKA U HOCAYA A30TA
3ATIPUMEHY Y Y3I0JY TPABIAKA

JEJIEHA MHUJIOBAHOBHR', SUSANNE EICH-GREATOREX?, TORE KROGSTAD? BECHA PAKHER’
u HEBEHKA PAJUR’

THnosayuonu yeninap TexHonouKoO—MellATypuKol paxyniieiia, Ynusepsuinei y Beoipagy, Kapreiujesa 4,

11000 Beoipag, *Faculty of Environmental Science and Technology, Norwegian University of Life Sciences,

1432 Aas, Norway, omotipuspegnu paxynidei, Ynusepsuiieii y beoipagy, Hemaruna 6, 11080 3emyn u
“Texnonowko-memanypuxu paxyniaeid, Yuusepsuiicei y Beoipagy, Kapneiujesa 4, 11000 Beoipag

3eonutcku Tyd (NZ) ca BeNMKMM CafpKajeM KIMHONTHONMTA M3 PyJHHMKA 3J1aTOKOII
(Bpamcka bama) ucnuTuBaH je Kao Hocad a3oTa 3a norpede rajema tpase. IIpoydeH je mexa-
HHM3aM U KMHETHKa Be3UBamba aMOHMjyM-jOHa U3 BOAEHHX pacTsopa 3a NZ kao u moryhHoct
Be3UBamka aMOHHjaka KOjHU HacTaje hepMEHTALlHjOM CBeKeT CTajibaka. Be3nBawe aMOHUjyM-
-joHa je peaxudja jOHCKE M3MEHE KoOja ClIeJu KUHETHKY INCeyfo-Apyror pefa. AfACOpNLHOHE
nsotepme ucnutane Ha 298-318 K cnepe ®pojHAnuxoBy jenHaunHy. NZ mako Be3yje amo-
HHUjak Koju ce ocnodaha y crajwaky u gomatak 10 mac. % NZ moxe fma cauyBa 90 % amMoHH-
jaka. IToreHuujanHa KOpUCT OBOr edexTa MCHUTHBaHA je nmpahemem pacta HMranujaHckor
myma (Italian ryegrass, Lolium multiflorum, var. Macho) y cakcujama y CTakieHOj dallTH
NPUMEHOM TPH pa3inyuTe BPCTe 3eMJbUILTA (IIpallrHa, [IMHA, ecak). MepeweMm 1jeTa NoTeH-
uyjana yTBpheHo je na ce cTabMIHOCT KOJIOMIHUX JUCIEp3Hja 3eM/buIlTa MelhycobHO pasnu-
Kyje 1 fa gojarak NZ yTude paslIM4MTO Ha CTabMJIHOCT, @ THME U Ha KPYXXEHE a30Ta y 3eM-
pUTYy. Ha 0CHOBY yKYIHUX pe3yiTaTa 3ak/byueHo je fa ce NZ Moxke KODUCTUTH IIPHU Y3rojy
TpaBmaKa.

(ITpumibeHo 17. Mapra, peBugupaHo 14. maja, npuxsaheno 18. maja 2015)

REFERENCES

. K. G. Cassman, A. Dobermann, D. T. Walters, AMBIO 31 (2002) 132
. H.Liu, Y. Dong, H. Wang, Y. Liu, Desalination 263 (2010) 70

M. Khan, N. Yoshida, Bioresource Technol. 99 (2008) 575

P. Vassileva, P. Tzvetkova, R. Nickolov, Fuel 88 (2009) 387

B

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

(CC) 2015 SCs. All rights reserved.



1214 MILOVANOVIC et al.

N

11.

12.

13.
14.

15.
16.
17.

18.
19.
20.
21.
22.
23.
24.

25.
26.

27.
28.

29.
30.
31.

P. Vassileva, D. Voikova, J. Hazard. Mater. 170 (2009) 948

T. C. Jogensen, L. R. Weatherley, Water. Res. 37 (2003) 1723

W. M. Rostron, D. Stuckey, A. A. Young, Water Res. 35 (2001) 1169

M. Rehékova, S. Cuvanova, M. Dyivak, J. Rimar, Z. Gaval’ova, Solid Sate Mater. Sci. 8
(2004) 397

P.J. Leggo, B. Ledésert, G. Christie, Sci. Total Environ. 363 (2006) 1

. S. Leung, S. Barringtin, Y. Wan, X. Zhao, B. El-Husseini, Bioresource Technol. 98

(2007) 3309

J. Venglovsky, N. Sasakova, M. Vargova, Z. Pacajova, I. Placha, M. Petrovsky, D.
Harichova, Bioresource Technol. 96 (2005) 181

A. C. de Campos Bernardi, P. P. Anchdo Oliviera, M. B. de Melo Monte, F. Souza-
Barros, Micropor. Mesopor. Mater. 167 (2013) 16

H. V. Der Stok, T. Sofyan, DE and WO2013119108 A1 (2013)

S. Belboom, A. Leonard, in Plant Sciences Reviews, D. Hemming, Ed., CABI, Walling-
ford, 2011, p. 52

Dj. Stojakovic, J. Milenkovic, N. Daneu, N. Rajic, Clay Clay Miner. 59 (2012) 277

Dj. Stojakovic, J. Hrenovic, M. Mazaj, N. Rajic, J. Hazard. Mater. 185 (2011) 408

N. Rajic, Dj. Stojakovic, M. Jovanovic, N. Z. Logar, M. Mazaj, V. Kaucic, Appl. Surf.
il 257 (2010) 1524

S. Cerjan Stefanovi¢, N. Zabukovec Logar, K. Margeta, N. Novak Tusar, I. Arcon, K.
Maver, J. Kovag, V. Kauci¢, Micropor. Mesopor. Mater. 105 (2007) 251

S. I. Sharadqah, R. A. Al-Dwairi, Jordan J. Civ. Eng. 4 (2010) 378

M. W. I. Schmidt, C. Rumpel, I. Kogel-Knabner, Eur. J. Soil Sci. 50 (1999) 87

R. J. Hunter, Zeta Potential in Colloidal Science: Principles and Applications, Academic
Press, London, 1981

P. Elonen, Acta Agralia Fenn. 122 (1971) 1

D. W. Nelson, L. E. Sommers, in Methods of Soil Analysis Part 2, A. L. Page, R. H.
Miller, D. R. Keeney, Eds., American Society of Agronomy Inc., Soil Science Society of
America Inc., Madison, W1, 1982, pp. 539-579

J. M. Bremner, C. S. Mulvaney, in Methods of Soil Analysis Part 2, A. L. Page, R. H,
Miller, Eds., Vol. 9 of Agronomy Monograph, American Society of Agronomy, Madison,
WI, 1982, pp. 595-624

H. Egnér, H. Riehm, W. R. Domingo, Lantbrukshdgskolans Annaler 26 (1960) 199

A. Mishra, J. H. Clark, G. A. Kraus, P. R. Seidl, A. Stankiewicz, Y. Kou, Green Mater-
ials for Sustainable Water Remediation and Treatment, The Royal Society of Chemistry,
Cambridge, 2013, p. 93

S. Sen Gupta, K. G. Bhattacharyya, Adv. Colloid Interface Sci. 162 (2011) 39

A. M. Yusof, L. K. Keat, Z. Ibrahim, Z. A. Majid, N. A. Nizam, J. Hazard. Mater. 174
(2010) 380

K. A. Rabai, O. H. Ahmed, S. Kasim, Afr. J. Biotechnol. 11 (2012) 12825

Y. Yukselen, A. Kaya, Water Air Soil Poll. 145 (2003) 155

J. P. Mendez, F. P. Garcia, O. A. A. Sandoval, M. A. M. Marzo, Acta Montan. Sovaca 18
(2013) 17.

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

(CC) 2015 SCs. All rights reserved.



Jolan (:hl?miq?
i/

S Journal of
the Serbian
> Chemical Society
o \,\3@"9& JSCS-info@shd « www.shd /JSCS
0001 » ¥ 11 O(QS LOIg.1'S ®* WWW.S .0rg.rs,

J. Serb. Chem. Soc. 80 (9) 1215 (2015)

Errata (printed version only)

1. Vol. 75, issues No. 3 and 4 (2010):

— First seven characters of the doi numbers of all articles should read:
10.2298

2. Vol. 80, issue No. 8 (2015), article No. JISCS4782, page 1097:

— The following paragraph is to be added before the paragraph “Acknow-
ledgements.””:
SUPPLEMENTARY MATERIAL

Description of area and sampling location, as well as contents of heavy metals and
several major components in sediment samples from ZLT-2 borehole, reference standard
values and weathering indices are available electronically from http://www.shd.org.rs/JSCS/,
or from the corresponding author on request.
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