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The structures of acetanilide azanion and of its °N labelled analogue have been studied by means of both IR spectra
and DFT calculation, employing the B3LYP functional and 6-311+G(2df,p) basis set. A good agreement has been
found between the theoretical and experimental vibrational characteristic of the particles studied. The conversion of
acetanilide molecule into the azanion causes 150 cm* decrease in the carbonyl stretching frequency, threefold increase
in the integrated intensity of the corresponding IR band and other essential spectral changes. According to the
calculations, the structural changes in the steric structure caused by this conversion take place at and next to the
azanionic center. The new (azanionic) charge is distributed as follows: -0.304 e and -0.346 e are delocalized over the
phenyl and acetyl groups and -0.349 e” of its remained localized at the azanionic centre.
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INTRODUCTION

The structure of organic anions is of general
interest, as in living organisms part of bioactive
molecules are dissociated in the body liquids, so
that certain physiological actions are assumed to be
due to its solvated anions. However, the highly
reactive nature of anionic species has limited their
structural characterization. The conversions of
neutral molecule into radical-anions, carbanions,
azanion, etc. are accompanied by essential changes
in the vibration spectra. So, these changes are very
informative for the structural variations caused by
the same convertions [1]. The structure of large
series of organic molecules and their anions have
been successfully studied recently on the basis of
experimental IR spectra combined with DFT
computations [2-6]. The title compound is an
interesting and convenient object of the molecule
— anion conversions investigations, as it contains
the (-CO-NH-) characteristic group and can be
easily converted into a stable azanion.

Acetanilide, (N-phenylacetamide) was the first
analgesic and antipyretic synthetic drug and was
introduced into medical practice under the name of
Antifebrin by Cahn and Hepp in 1886 [7]. The
discovery of acetanilide as effective therapeutic
agent was leading to the development of many new
drugs, structural analogues, with similar or different

pharmacological properties [8]. In the body
acetanilide is  mostly converted to p-
hydroxyacetanilide [9], which has replaced
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acetanilide in therapy because it is less likely to
induce blood disorders.

The early work on infrared (IR) spectra of
acetanilide was reviewed by Crooks [10], Mann
and Thompson [11], Abbott et al. [12]. A detailed
empirical assignment of IR and Raman bands of
acetanilide was reported about 50 years ago [13].
The complete IR band assignment of the acetanilide
molecule was recently performed using ab initio
Hartree—Fock (HF) [9] and DFT calculations
[14,15]. The carbonyl C=0 stretching frequencies
and intensities of IR bands in series of substituted
acetanilides were found to correlate with both
Hammett’s substituent constants and certain indices
computed within ab initio and DFT methods [16-
18]. IR spectra of a series of various carboxamide
azanions were studied by Ognyanova and
coworkers [19]. The authors reported that the
stretching vibration frequencies of the amide C=0
shifts downward depending on the substituents.
Neither the detailed IR spectra nor structure of
acetanilide azanion have been studied theoretically
or experimentally. The purpose of the present
investigation is to follow the spectral and structural
changes, caused by the conversion of acetanilide
molecule into the corresponding azanion on the
basis of both DFT computations and spectroscopic
experiments.

EXPERIMENTAL AND COMPUTATIONS

Acetanilide (Aldrich, 99%) was used without
additional purification. We prepared acetanilide-*N
from aniline->N (VEB-Berlin-Chemie, 97.2% at.
Enrichment) and acetic anhydride.  The
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corresponding acetanilide azanion (counter ion
Na*) and its isotope-labeled derivative were
prepared by adding dimethyl sulfoxide
(DMSO/DMSO-dg) solutions of acetanilide and
acetanilide -°N to excess of dry sodium methoxide
—do and —ds, and filtration of the reaction mixture
by a syringe filter. The conversion of the parent
isotopomeric compounds into azanions under these
conditions (solvent, concentrations, counter ion) is
practically complete: no bands of the parent
compounds can be seen in the spectra after
metalation. IR spectra were measured on Bruker
Tensor 27 Fourier transform infrared (FTIR)
spectrophotometer in a CaF, cell of 0.13 mm (0.10
— 0.15 mol I DMSO/DMSO-ds solutions), at a
resolution of 1 cm™ and 64 scans.

The quantum chemical calculations were
performed using the Gaussian 09 package [20]. The
geometry  optimizations of the  structures
investigated were done without symmetry
restrictions, using density functional theory (DFT).
We employed B3LYP hybrid functional, which
combines Becke’s three-parameter nonlocal
exchange with the correlation functional of Lee and
coworkers [21,22], adopting 6-311+G(2df,p) basis
sets. The stationary points found on the molecular
potential energy hypersurfaces were characterized
using standard harmonic vibrational analysis. The
theoretical vibrational spectra were interpreted by
means of potential energy distributions (PEDS)
using VEDA 4 program [23]. For a Dbetter
correspondence  between  experimental and
calculated values, we modified the results using the
empirical scaling factors [24].

RESULTS AND DISCUSSIONS
Energy analysis

All  conformers of acetanilides and its
deprotonated form have determined from rotation
about Ph-N and N-C bonds. The structures of the
most stable conformers are shown in Scheme 1.
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Scheme 1. B3LYP/6311+G(2df,p)  optimized
structures of the most stable conformers of acetanilide
molecule A and its azanion B.

Both structures of molecule and azanion
correspond to trans-type conformers (with respect
to the phenyl and methyl groups). According to the
B3LYP/6-311+G(2df,p) calculations the cis
conformers of molecule are less stable than the
trans form by 11.6 kJmol™. This result is with
agreement with the theoretical study of llieva at
al.[17]. The presence of the same conformer was
also established by crystallographic analysis|
25,26] and experimental and IR spectral data in
solution [16]. According to the theoretical data, the
trans conformer of the azanion is the more stable
by the 21.6 kmol™.

The calculated total energies of the studied
species are as follow:

Eiwi= -440.299988561 H for the acetanilide
Eiwi= -439.7337264 H for the acetanilide azanion

The energy difference ED = E (anion) — E
(molecule) can be used as an approximate measure
of pKa of a given compound in the gas phase [27].
Georgieva and Velcheva [28] have found that ED
values of series of C-H, N-H and O-H acids
correlate fairly well (correlation coefficient R =
0.94) with the corresponding pKa values, measured
in DMSO. Having in mind ED = 1489.06 H and the
correlation equation:

pKa (DMSO)= 0.11507ED — 150.04 kJ mol*
we estimated a ‘‘theoretical’” pKa value of
acetanilide at 21.0 in excellent agreement with the
experimental value of 21.5in DMSO [29].

Infrared spectra

Organic anions are not soluble in common
spectroscopic solvents and usually react with them.
So, polar aprotic solvents, most frequently DMSO,
are used to study the IR spectra of organic anionic
derivatives [2-6,30].
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Fig. 1. IR spectra (0.12 mol I'* in DMSO-dg) of
acetanilide molecule and its azanion.
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Acetanilide azanion (e.g., acetanilide itself) is
highly soluble and very stable in DMSO. To
perform a correct comparison of the IR spectra of
acetanilide isotopomers with those of their
azanions, we shall consider their DMSO solution
spectra. As in the preceding subsection, we shall
now use theoretical data for the most stable
conformers of the species studied. The fragment of
the infrared spectrum of acetanilide in DMSO-ds
solution is shown in Figure. 1.

The numerical values of the experimental IR
data are compared with the theoretical ones in
Table 1.

Fairly good agreement between the scaled
theoretical and measured IR frequencies is
observed. The mean deviation between them is 10
cm. The largest differences between theoretical
and experimental IR data correspond to the N-H
stretching vibrations. They form a multiplet in the
interval 3300 — 3080 cm?, because of the formation
of strong hydrogen bonds mainly with DMSO
solvent. The assignment of the experimental bands
to the calculated normal modes in the C-H
stretching region (3040-2800 cm™) is not obvious
because there are fewer bands in the experimental
spectrum than predicted by the calculations

Table 1. Theoretical (B3LYP/6-311+G(2df,p) and experimental (solvent DMSO-dg) vibrational frequencies (cm™)

and IR integrated intensities (A in km.mol ) of acetanilide

Veale. Veale.? Acalc Approximative description® Vexp. Aexp.
3622 3574 19.2 100 v(N-H) 3301-3070

3243 3200 55 99 v(Ph-H)

3189 3147 15.1 91 v(Ph-H)

3174 3133 20.1 86 v(Ph-H) 3041 10.2
3165 3123 0.2 90 v(Ph-H)

3146 3104 12.7 100 v(Ph-H) 3010 141
3114 3072 3.6 100 v¥(CHs) 2977 8.8
3113 3072 15.7 100 v*(CHs) 2934 105
3042 3002 9.5 100 v* (CH3) 2855 4.2
1750 1715 246.7 81 v(C=0) 1686 1275
1643 1610 43.6 53 vP%(CC), 10 8""(CCH) 1617 45.7
1634 1601 37.7 55 vP"(CC), 10 §(HNC) 1599 343
1555 1524 292.3 42 §(HNC), 15 v(N-C), 10 8""(CCH) 1547 118.6
1531 1501 63.7 71 8"(CCH) 1495 51.3
1489 1460 125 95 3(CHs)

1470 1441 7.2 93 5(CHzs)

1468 1439 125.0 58 v(Ph-H), 15 8(HNC) 1443 50.1
1400 1372 34.8 88 5(CHa) 1372 321
1360 1333 8.3 76 v(Ph-H)

1338 1321 120.5 43 v"" (CC), 35 v(N-C) 1317 60.2
1265 1249 92.7 17 3(HNC), 17 v(Ph-N) 1263 35.9
1236 1219 37.0 18 v(C-CH3), 17 v( N-C), 15 v(Ph-N)

1206 1182 195 90 v(Ph-H) 1177 20.4
1185 1169 0.9 79 v(Ph-H)

1114 1099 9.0 40 v*" (CC), 33 v(Ph-H)

1054 1040 5.4 56 vP" (CC)

1053 1039 5.8 95 5(CHs)

1019 1006 9.1 778"(CCC)

1013¢ 1000 11.4 90 5(CHz)

aScaled by 0.985[24]. PVibrational modes: v, stretching; 8, bendings. The numbers before the mode symbols indicate
% contribution (10 or more) of a given mode to the corresponding normal vibration, according to the potential energy
distribution. ¢ Followed by 22 lower-frequency normal vibrations.
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Table 2. Theoretical (B3LYP/6-311+G(2df,p) and experimental (solvent DMSO-ds) vibrational frequencies (cm™)
and IR integrated intensities (a in km mol) of acetanilide anion.

Veale. Veale? Acalc Approximative description® Vexp. Aexp.
3221 3175 4 99 v(Ph-H)

3159 3114 35 100 v(Ph-H)

3149 3104 73 99 v(Ph-H) 3048 18.1
3119 3074 53 99 v(Ph-H) 3008 16.2
3111 3067 17 99 v(Ph-H)

3101 3057 36 89 v¥(CHa)

3055 3012 42 100 v¥*(CHs) 2960 17.3
3008 2965 80 100 v*(CHs) 2915 145
1628 1603 63 59 VP(CC), 22 §"(CCH) 1594 49.1
1576 1552 16 61 VP'(CC), 15 8"™(CCH),13 §"(CCC)

1570 1545 815 67 v(C=0), 16v( N-C) 1533 388.2
1508 1485 212 63 3P (CCH), 10 v( Ph-N) 1480 99.3
1478 1455 4 88 5(CHa)

1472 1449 1 44 §P(CCH), 21 vP"(CC)

1465 1443 30 67 6(CHs) 1430 51.6
1398 1378 696 36 v(N-C), 23 v( Ph-N) 1385 219.7
1354 1335 1 92 8(CHs) 1339 37.8
1339 1320 57 50 3P(CCH), 11 v""(CC)

1299 1280 59 54 vP"(CC), 10 8""(CCH) 1266 305
1238 1220 3 26 v(Ph-N), 16 v(N-C) 1216 32.7
1176 1159 36 60 5""(CCH) 1165 19.1
1165 1148 3 78 3Ph(CCH) 1129 2.2
1087 1072 9 50 Ph(CCH), 23 v""(CC)

1048¢ 1033 1 92 §(CHs), 3(OCN)

3Scaled by 0.9858 [ 24].° Vibrational modes: v, stretching; §, bendings. The numbers before the mode symbols indicate
% contribution (10 or more) of a given mode to the corresponding normal vibration, according to the potential energy
distribution matrix. ¢ Followed by 24 lower-frequency normal vibrations.

The highest frequency experimental bands
observed in the IR spectrum (3040-3000 cm) are
assigned to the aromatic C-H stretches, while the
lower frequency bands are attributed to the methyl
group motions. The v(C-H) bands are of low
intensity in both the experimental and theoretical
spectra.

DFT calculations reproduce well the IR
frequencies measured in DMSO of the Amide-I,
Amide-11, Amide-Ill vibrations. The Amide-I mode
(v(CQ)) is predicted to appear at 1715 cm? as a
very intense band. Experimentally, a very strong
band was detected at 1686 cm™ in DMSO. In KBr
pellet this band is downshifted strongly to 1665 cm’
! due to intermolecular hydrogen N-H...C=0O
bonding in the crystal [14]. The strong IR band
observed at 1544 cm* was identified as Amide-II
(the scissoring deformation 6(HNC)) in accordance
with its scaled theoretical value of 1524 cm™. The
stretching v(N-C) strongly coupled with CC,

denoted as Amide-11l was predicted as a high
intensity band at 1321 cm™ and measured at 1317
cm? in the experimental spectra. The theoretical
and experimental IR data for the acetanilide
azanion are compared in Table 2.

As above we can find there a good agreement
between experimental and scaled theoretical
frequencies. The mean deviation between them is
9.1 cm within the corresponding interval of 9-25
cm?, typical for DFT calculations of frequencies
for series of anions [2-6]. The frequency isotopic
shifts, resulting from the N substitution, are also
well reproduced (Table 3).

The conversion of acetanilide into the azanion
results in very essential changes in the IR spectrum
(Tables 1 and 2; Figure 1), e.g.:

e Essential decrease in the carbonyl
stretching frequency v(CO). There is no longer
carbonyl band at the usual place. Its frequency
decreases by:  predicted 170 cm™, measured
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153 cm™. The appearance of v(CO) bands of
acetanilide azanion at 1533 c¢cm™ corroborated the
assignment reported by Ognyanova and coworkers
[19] and agree qualitatively with assigned of the
very strong band at 1549 cm™ in IR spectrum of
paracetamol dianion [30]. Incorrectly Liu et al.
[31] assumed that the band at 1594 cm™? in the IR
spectrum of the complex containing deprotonated
acetanilide ligand originates from vc=o in analogy
to the spectrum of the acetanilides. A -8 cm™? ©*N
isotopic shift has been measured in DMSO for this
band; the theory gives a -2 cm™ value of the same
sifts.

e  Essential increase in the integrated intensity
of the carbonyl band Aco: predicted 3.3fold,
measured 3 fold.

e Increase in C-N stretching frequency v(C-
N): predicted 57 cm™, measured 68 cm™. The shift
of this the coordinate to higher frequency is
obviously due to the significant shortening of the
C-N bond, caused by the conversion of the
acetanilide molecule into the azanion.

e  Essential increase in the corresponding
intensity Ac.n: predicted 5.8fold, measured 3.6 fold.

e  Strong enhancement of the intensity of the
aromatic skeletal bands of the phenylene ring 19
(Wilson’s notation): predicted 3.3-fold, measured
2-fold.

Table 3. Theoretical (B3LYP/6-311+G(2df,p) end
experimental (in DMSO) vibrational frequencies (cm™)
of acetnalilide azanion-**N and corresponding isotopic
shifts.

Azanion Azanion-*N Al Aexp.
Vcalc. Vexp. Vcalc. Vexp.
1603 1594 1602 1592 -1 -2
1552 1552 0
1545 1533 1543 1525 -2 -8
1485 1480 1484 1478 -1 -2
1455 1455 0
1449 1449 0
1443 1430 1442 1430 0 0
1378 1385 1362 1373 -16 -12
1335 1339 1332 1334 -2 -5

Structural analysis of the species studied

According to X-ray diffraction experimental
data the dihedral angle between the phenyl ring and
amide group planes in the monoclinic crystal of
acetanilide is 43.4° [26]. According to the
calculations in the most stable conformers of the
isolated molecule these groups are planar. The
same groups in the isolated azanion have been
predicted to be again planar. The theoretical and
experimental bond lengths and angles in the
acetanilide and its azanion are listed in Table 4.

Table 4. Theoretical ( B3LYP/6-311+G(2df,p)) and experimental bond lengths R (A) and bond angles A (°) in the

acetanilide molecule and its azanion.

Molecule Anion
Experimental® Theoretical AP Theoretical A°
Bond lengths
R(CL,C? 1.394 1.397 0.003 1.421 0.024
R(C?,C? 1.385 1.390 0.005 1.390 0.000
R(C3,CH 1.383 1.389 0.006 1.393 0.004
R(C*CY 1.390 1.390 0.000 1.396 0.006
R(C5,C®) 1.378 1.385 0.007 1.384 -0.001
R(CY,N*?) 1.409 1.409 0.000 1.376 -0.033
R(N*2,C'% 1.348 1.374 0.026 1.338 -0.036
R(C*,0%) 1.222 1.216 -0.006 1.252 0.036
R(C,C19) 1.505 1.516 0.011 1.534 0.018
Bond angles
A(CLC2,CY) 119.6 119.3 -0.3 1211 1.7
A(C4C3,CY) 121.2 121.4 0.2 121.8 0.5
A(C®,C4,C?) 120.4 119.1 -1.3 118.1 -1.0
A(CS,C5,CH 120.5 120.2 -0.3 120.7 0.5
A(N®2,Ct,CP) 116.9 117.1 0.2 116.3 -0.9
A(C¥ N2,CYH 127.5 129.5 2.0 122.6 -6.9
A(N®2,C¥ 0%) 123.3 124.0 0.7 130.2 6.2
A(C15,C* N 115.5 114.6 -0.9 113.4 -1.3

2See Ref. [26]. PAlgebraic deviations (A, degrees) between experimental and theoretical values.cAlgebraic deviations
(A, degrees) between theoretical values of the anion and molecule.
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As seen, there is a good agreement between the
experimental and the theoretical values. The largest
deviation from 0.026 A is in bond N2-C** and can
be associated with the formation of hydrogen bonds
in the solid state. The mean absolute deviations
(m.a.d.) between theoretical and experimental bond
lengths and angles of acetanilide molecule are
0.006 A and 0.07, respectively. This result leads us
to believe that the theoretical bonds lengths and
angle for the acetanilide anion are also reliable. The
most significant changes caused by the conversion
molecule azanion take place both at the azanionic
center and next to it, with agrees the data for other
azanions [2,4]. They are strong shortening of the
Ph-N and N-C and bonds, strong lengthening of the
C=0 and C-CHs bonds.

The net electronic charges g of the fragments of
the species studied are as follows:

CeHs  NH/IN'  COCHs
q inthe 0098 0012 -0.110
molecule
g in the 0206  -0.339 -0.455
azanion

The charge change values Aqi= qi (anion) - Qi
(molecule) are usually quite informative in showing
the distributions of the new charges in anions [2-
4,30]. According to the present calculations, the
new (azanionic) charge is distributed as follows: -
0.304 e and -0.346 e are delocalized over the
phenyl and acetyl groups and -0.349 e of its
remained localized at the azanionic centre.

CONCLUSION

The spectral and structural changes, caused
by the conversion of the acetanilide molecule into
the corresponding azanion have been studied by IR
spectra DFT method at B3LYP/6-311+G(2df,p)
level.

A comparison of calculated with measured
infrared data can be used as a test for the reliability
of the structural predictions for various molecules
and anions of this and similar types. These
predictions can be very useful in cases of molecules
and ions for which experimental structural
parameters are inaccessible or unknown. IR spectral
changes, which take place as a result of the
conversion of molecule into azanion, were adequate
predicted by same theoretical method.

Acknowledgements:  Financial support of
National Science Fund, Bulgaria (RNF01/0110) is
gratefully acknowledged.

REFERENCES

1. I. N. Juchnovski, I. G. Binev, in:S. Patai, Z
Rappoport (Ed.): The chemistry of functional groups,
Suppl. C., Wiley, New York, 1983, p. 107.

2. A. D. Popova, E. A. Velcheva, B. A. Stamboliyska,
J. Mol. Struct., 1009, 23 (2012).

3. E. A Velcheva, B. A. Stamboliyska, P. J. Boyadjiea,
J. Mol. Struct., 963, 57 (2010).

4. A. D. Popova, M. K. Georgieva, O. I. Petrov, K. V.
Petrova, E. A. Velcheva, Int. J. Quant. Chem., 107,
1752 (2007).

5. S. Stoyanov, J. A. Tsenov, D. Y. Yancheva, J. Mol.
Struct., 1009, 42 (2012).

6. S. Stoyanov, J. Phys. Chem., 114, 5149 (2010).

7. A. Cahn, P. Hepp, Centralbl. Klein. Med., 7, 561
(1886).

8. The Merck Index, 8th ed. Rahway, NY, Merck &
Co., Inc., 1968, electronic version, 1998.

9. B. B. Brodie, A. E. Axelrod, J. Pharmacol. Exp.
Ther., 94, 22 (1948).

10.D. A. Crooks, Nature, Lond. A, 160, 17 (1947).

11.J. Mann, H. W. Thompson, Proc. Royal Soc. Lond.
A, 192, 489 (1948).

12.N. B.Abbott, A. Elliott, Proc. Royal. Soc. Lond. A,
234, 247 (1956).

13.V. V. Chalapathi, K. V. Ramiah, Proc. Indian Acad.
Sci. Sec A, 67, 184 (1968).

14.J. Binoy,N. B. Prathima, C.M. Krishna, C.
Santhosh, 1. H. Joe, V. S. Jayakumar, Laser Phys.,
16, 1253 (2006).

15.H. Q. Liang, Y. P. Tao, L. G Han, Y. X. Han, Y. J.
Mo, Guang Pu Xue Yu Guang Pu Fen Xi, 32, 2706
(2012).

16.S.llieva, B. Hadjieva, B. Galabov, J. Mol. Struct.,
508, 73(1999).

17.S. llieva, B. Hadjieva, B. Galabov, J. Org. Chem.,
67,6210 (2002).

18.D. Cheshmedzhieva, V. Dimitrova, B. Hadjieva, S.
llieva, J. Mol. Struct., 1009, 69 (2012).

19.V. Ognyanova, J. Petrov, G. N. Andreev, Spectrosc.
Lett., 30, 933 (1997).

20. M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E.
Scuseria, M. A. Robb, J. R. Cheeseman, G. Scalmani,
V. Barone, B. Mennucci, G. A. Petersson, H.
Nakatsuji, M. Caricato, X. Li, H. P. Hratchian, A. F.
Izmaylov, J. Bloino, G. Zheng, J. L. Sonnenberg, M.
Hada, M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa,
M. Ishida, T. Nakajima, Y.Honda, O. Kitao, H. Nakai,
T. Vreven, JA. Montgomery, Jr., J. E. Peralta, F.
Ogliaro, M. Bearpark, J. J. Heyd, E. Brothers, K. N.
Kudin, V. N. Staroverov, R. Kobayashi, J.Normand,
K. Raghavachari, A. Rendell, J. C. Burant, S. S.
lyengar, J. Tomasi, M. Cossi, N. Rega, J. M. Millam,
M. Klene, J. E. Knox, J. B. Cross, V. Bakken, C.
Adamo, J. Jaramillo, R. Gomperts, R. E. Stratmann, O.
Yazyev, AJ. Austin, R. Cammi, C. Pomelli, J. W.
Ochterski, R. L. Martin, K. Morokuma, V. G.
Zakrzewski, G. A. Voth, P. Salvador, J. J.
Dannenberg, S. Dapprich, A. D. Daniels, O. Farkas, J.
B. Foresman, J. V. Ortiz, J. Cioslowski, D. J. Fox,

519


http://www.ias.ac.in/j_archive/proca/67/4/184-198/viewpage.html
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=56295683600&zone=
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=36183584400&zone=
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=35775161800&zone=
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=55430793300&zone=
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=7202961570&zone=
http://www.scopus.com/source/sourceInfo.url?sourceId=29686&origin=resultslist

E .A. Velcheva et al.: IR spectral and structural changes caused by the conversion of acetanilide into azanion

Gaussian 09, Revision Al, Gaussian Inc., Wallingford
CT, 20009.

21.A. D. Becke, J. Chem. Phys., 98, 5648 (1993).

22.C. Lee, W. Yang, G. R. Parr, Phys. Rev., B37, 785
(1998).

23.M. H. Jamroz, Vibrational Energy Distribution
Analysis VEDA 4, Warsaw, 2004-2010.

24.J. P. Merrick, D. Moran, L. Radom, J. Phys. Chem.,
Al11, 11683 (2007).

25.C. J. Brown, Acta Crystallogr., 21, 442 (1966).

26.H. J. Wasserman, R. R. Ryan, S. P. Layne, Acta
Crystallogr., C41, 783 (1985).

27.V. M. Vlasov, L. A. Oshkina, Org. React., 28, 47
(1993).

28.M. K. Georgieva, E. A. Velcheva, Int. J. Quantum.
Chem., 106, 1316 (2006).

29.F. G. Bordwell, G. Z. J. Ji, Am. Chem. Soc., 113,
8398 (1991).

30.1. G. Binev, P. J. Boyadjiea, Y. I. Binev, J. Mol.
Struct., 447, 235 (1998).

31. X. Liu, S. Zhang, Y. Ding, J. Mol. Struct., 1018, 185
(2012).

WY CIIEKTPAJIHUA 1 CTPYKTYPHU ITPOMEHU ITPUYMHEHUM OT ITPEBPBILIAHETO HA
ALETAHWIMIA B ASAHUOH
E. A. Benuesa*, 3. 1. 'maBueBa, b. A. Crambomnuiicka

Jlabopamopus ,, Cmpykmypen opeanuyen anauz’”’, Mncmumym no opeanudna Xumusi ¢ yeHmsp no umoxumus,
bwreapcra akademus na nayxume, yiu. ,,Axao. I'. bonues”, 61.9, 113 Cogus

Tlocrprnmna wa 26 rouru 2015 r., [Ipepadotena Ha 10 cenremBpu 2015 .

CTpyKTypuTe Ha a3aHHMOHA Ha AlleTAHWINIA U Ha HeroBusi °N GenssaH aHalor ca M3CIeqBaHu ¢ nomonrra Ha MY
cnektpu u TOII uzuncnenus, u3non3saiiku B3LYP ¢ynkunonan u 6-311+G(2df,p) 6asucen nadbop. HamepeHo e 106po
CHOTBETCTBUE MEXK/Y TCOPSTUYHHUTE M SKCIICPUMEHTATHUTE BUOPALIMOHHN XapaKTEePUCTUKU Ha U3CICABAHHUTE YACTHIIH.
[TpeBPhINAHETO HAa MOJIEKYJIATA AlETAHWINI B a3aHUOH npeausBukBa 150 cm™ nmoHmwkeHne Ha kapGOHMITHATA BAJEHTHA
4ecTOTa, TPUKPATHO YBEIMYCHHE HA WHTErpajHaTa MHTCH3MBHOCT Ha choTBeTHaTa VY MBHIA M OPYTH CHIICCTBEHU
CIeKTpaiHu npoMeHd. Cropes H3YHCIICHUATA, CTPYKTYPHUTE IPOMEHH B NMPOCTPAHCTBEHATAa CTPYKTYpa, IPHIMHECHH
OT TOBa MpPEBpPBILAHE, Ca npU U HenocpeocmeeHo 00 a3aHUOHHMS LEeHTHP. HOBUST (a3aHHOHEH) 3apsij ce pasmpeaesns
kakto cieasa: -0.304 e u -0.346 e ca menoxanu3upanu BbpXy (QeHmIHaTa U anetwiHata rpynu u 0.349 e ot Hero
OCTaBarT JIOKAJIM3UPaHHU IPU a3aHHOHHUS LIEHTBP.
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applications
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In this study we investigate the kinetics of oxygen tension (pOz) in skin tissue under the influence of the
transcutaneous laser irradiation. The results of in vivo experimental measurements of pO, by a method of
transcutaneous oxygen monitoring (TcOM) are presented. The results show that under laser irradiation the value of
tissue oxygenation increases and after approximately 10 minutes of exposure exceeds its initial level up to 1.6 times.
The observed increase in pO; indicates the process of photodissociation of oxyhemoglobin (HbO,) in skin blood
vessels, which results in local O; increase in the tissue. Such laser-induced enrichment of tissue oxygenation can be
used in phototherapy of pathologies, where the elimination of local tissue hypoxia is critical.

Keywords: oxyhemoglobin photo-dissociation; tissue oxygenation; oxygen tension.

INTRODUCTION

Tissue oxygenation plays a key role in the cell
metabolism, energy supply and life activity of an
organism. Many diseases such as diabetes, burns,
bedsores and wounds are accompanied with an
insufficient supply of oxygen to the tissues [1,2].
Also, the deficit of oxygen in cancer tissue is a
major problem limiting the efficiency of
photodynamic therapy [3,4]. The wound healing
process directly depends on the oxygen pressure in
skin tissue (TcPO,). For example, the additional
supply of oxygen leads to an increase in the rate of
collagen synthesis and an improvement of the
protective functions of the skin. It is currently
accepted that the adequate tissue oxygen
concentration for normal cell metabolism should
exceed 40 mmHg. Injuries, infections, and diseases
can reduce this vital tissue oxygen level down to
almost zero, which indicates tissue hypoxia.
Optimal tissue healing occurs when the pO rises to
between 50 and 80 mmHg. Consequently, the value
of pO: is an objective indicator for evaluating the
local state of the tissue and the efficiency of cell
metabolism. Controlling this mechanism provides
the possibility for biological stimulation with a
therapeutic effect.

In clinical practice the commonly used method
for elimination of tissue hypoxia is ventilation of
the lungs by pure O, at normal and hyperbaric
pressure. Sustained periods at such pO; levels can

* To whom all correspondence should be sent:
E-mail: aigiz@abv.bg

only be realized through the use of hyperbaric
oxygen therapy [5], but it leads to the risk of
oxygen intoxication. Moreover, this approach has
not had a broad clinic application for local
treatment due to technical difficulties. Thus the
problem of local hypoxia elimination in biological
tissues remains significant and the methods of
influencing the delivery of oxygen to the tissue are
of considerable interest. One of these methods is
the light radiation in the optical spectral range.

A new approach for the optically induced
increase in the local oxygen concentration due to
photodissociation of oxyhemoglobin in cutaneous
blood vessels has been proposed in [6]. The
absorption of light by blood HbO; is connected
with  the  following  photochemical  and
photophysical processes. It is known [7] that
absorption of a photon with the activation energy
leads to the dissociation of a part of the molecules,
resulting in the release of molecular oxygen and the
formation of deoxyhemoglobin. Photodissociation
is one of the simplest chemical reactions when a
compound dissociates under the action of radiation.

HbO, + hv — Hb + O,

The quantum efficiency of the photodissociation
of oxyhemoglobin is high and reaches 10 % in a
wide visible spectral range [7].

The photophysical process is connected with the
non-radiative dissipation of the absorbed excitation
energy, as the heat generated in this process is
transferred to the blood capillaries with a
characteristic thermal relaxation time of ~ 0.05-1.2
msec. Estimates show that in the typical case a
local increase in temperature of only 0.1 - 0.5 °C
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may be expected [8]. Such a small rise in the local
temperature may produce little improvement in the
capillary microcirculation of the blood and can
hardly stimulate the cell metabolism [9].

We suppose that in the case of low energy
irradiation the most important process is the
photodissociation of HbO,. Experimental proof of
the suggested concept has been demonstrated in
[10,11]. The observed local decrease in the level of
arterial blood saturation during laser irradiation
clearly proves the induced photodissociation of
HbO; in blood capillary vessels. The efficiency of
this process depends on the wavelength and the
output power of the laser radiation, the blood
vessels density in the irradiation area, the optical
properties of the skin and the depth of the blood
vessels in the tissue.

It is interesting but still unclear what fraction of
O, molecules released by photodissociation can
escape from the heme pocket and diffuse through
the cell membranes and capillary walls, thereby
increasing the tissue oxygen pressure. However,
relevant studies mainly refer to in vitro experiments
or studies of individual cases [12-15]. No
investigations have been carried out as yet into
whether an immediate improvement in the oxygen
saturation occurs in vivo, which would be a key to
wound healing.

In this paper, we present an experimental study
in vivo of the pO; rate in skin under the influence of
local transcutaneous He-Ne laser (628 nm)
irradiation.

METHODS

The transcutaneous oximeter method, based on
the principle of measuring the oxygen tension pO;
in arterial blood, is a method for direct registration
of gases that dissolve in the blood plasma. The
choice of this method is determined by the fact that
the TcOM allows the direct determination of the
oxygen pressure in the skin tissue, in units of
mmHg. Measurements were carried out using a
transcutaneous oxygen monitor “Radiometer”
TCM-4 with a Clark-type polarographic sensor with
a diameter of 25 mm (TcPO; electrode) that
consists of a platinum cathode and silver anode,
electrolyte and an oxygen permeable membrane; a
heating section and an electronic system for
measuring and controlling the sensor temperature.
(Fig.1 a).

The measurements were carried out on three
volunteers, in the conditions of an absence of
physical and emotional stress, in a seated position
and at room temperature. All the procedures
performed in the study were in accordance with the
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ethical standards. Human studies in the article were
approved by the relevant Institutional Review
Board. During an individual measurement, all
conditions were identical for all the subjects and
remained constant throughout the measurement.

Fig. 1. Model of oxygen diffusion in tissue (a) and
measurement (b) of tissue oxygen tensions: 1 - Clark
sensor, 2 - electrolytic cell, 3 - irradiating zone, 4 -
monitor TCM, 5 - He- Ne laser.

The measurement procedure is as follows. The
sensor is placed on the skin of the forearm, an area
with high capillary pressure then it is heated to 43°C
(Fig. 1 b). Under the influence of temperature,
oxygen diffuses from the capillaries into the
epidermis and then into the electrolytic cell, where it
is measured. The value of oxygen tension, measured
transcutaneously (TcPOy), corresponds to the value
of pO, measured in the arterial blood plasma. The
errors in the determination of TcPO, come from the
skin thickness, the subcutaneous blood flow and the
physiological factors influencing O, delivery to the
skin surface (decrease in the blood flow, the arterial
blood pressure, the vasoconstriction occurrence).
Since oxygenation depends on a number of factors,
the laser radiation was only used once and the
measurements were carried out immediately, in
order to obtain direct observation of the effect of
radiation.

RESULTS

For local irradiation of cutaneous blood vessels,
a He-Ne (632,8 nm) laser was chosen. As shown in
the model calculations of the absorption spectra at
the tissue depth [6], this wavelength lies in the
effective absorption band of HbO; and penetrates
deep into the skin issue. The laser output is 1 m\W,
and the beam diameter — 2,5 mm, providing a laser
power density of ~20mW/cm? First, after
thermostabilization, the initial oxygen pressure in
the tissue is measured, then the laser radiation is
applied. In Fig.2 the measured values of pO; in
dependence on the irradiation time are presented.
The obtained results are normalized to the initial
oxygen pressure value.

As can Dbe seen, the tissue oxygen tension
increases for all three patients (although with
different rates) and reaches saturation levels after
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approximately 10 minutes of exposure. The value
of TcPO; in the irradiation zone depends on the
time of exposure and the properties of the tissue
that differ considerably for all three cases. It is
significant to note that this growth of TcPO. is due
to the additional O, in the tissue as a result of the
laser-induced photodissociation of HbO,. The
oxygen released from HbO; first increases the pO>
in the blood plasma and then diffuses into the
surrounding tissue. The value of the TcPO;
measured transcutaneously increases about 1.6
times compared with its initial value. Generally, the
diffusion occurs in three directions: toward the skin
surface, inward to the muscle tissues and some is
carried away by the blood flow. If we assume that
the same amount of oxygen is carried away in all
these directions, we should expect an increase in
pO; in the arterial blood plasma by about a factor of
4.8.
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Fig. 2. Kinetics of laser-induced tissue oxygenation.

It is interesting to note that the obtained value of
pO, realized by laser-induced photodissociation of
HbO, is comparable with the one typically
reachable by the conventional method of hyperbaric
oxygen therapy [5].

DISCUSSION

In contrast to other (in vitro) studies, this study
was carried out under in vivo conditions, so it is
possible to make statements about the feasibility of
the measurement effect.

Thus, we demonstrate that after prolonged
irradiation (several minutes), a certain fraction of
oxygen molecules released due to photodissociation
of HbO, diffuses in the surrounding tissue and
increases the oxygen partial pressure. Since the
values of oxygenation depend on a number of
factors, the results of this study cannot identify any
immediate effect of the radiation on the
oxygenation in tissue in vivo. Thus, it would be
reasonable if further studies on the immediate

effects on oxygen saturation would take into
account additional parameters, such as a variation
in the wavelength radiation. The results obtained
should correlate with the characteristics of light
propagation in blood-filled tissues. The visible light
in the blue and green spectral range has a small
penetration depth into skin tissue, because of their
proximity to the absorption bands of some basic
skin chromophores such as HbO> and melanin. Red
and especially near infrared radiation penetrates
much deeper into the soft tissues and plays a
dominant role in the absorption of laser radiation by
oxyhemoglobin in the deeper layers of tissue blood
vessels. Such possibility to increase the free oxygen
content in tissues can be applied in clinical practice
for treatment of a number of diseases related to
problems with the microcirculation and oxygen
supply and therefore requires further investigations.

It is very important to note that
photodissociation of HbO; produces only
molecular oxygen as a by-product and not singlet
oxygen. Lepeshkevich in [16] uses time-resolved
luminescence spectroscopy in the near-infrared
region and does not measure detectable quantities
of singlet oxygen during the photodissociation of
O, from myoglobin and hemoglobin.

CONCLUSION

The obtained results demonstrate that the laser-
induced photodissociation of oxyhemoglobin,
whose main biological function is the transport of
molecular oxygen, gives the possibility for an
additional oxygen supply and allows the
development of optical methods for tissue hypoxia
elimination. Monitoring the Kinetics of tissue
oxygenation gives the possibility to control the
normal aerobic cell metabolism.

It is shown that the efficiency of laser-induced
oxygenation is comparable with the method of
hyperbaric oxygenation, at the same time providing
advantages by the local action. Advances in
technology can lead to further improvement in the
management of patients with wounds.

Acknowlegement: This work is partially
supported by the project DFNI B02/9 /2014 of the
Bulgarian Science Fund.
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KMHETHUKA HA JIABEPHO-UHAYIIMPAHATA ®OTOAMCOLIMALINA HA
OKCUXEMOTIJIOBMHA B KPBBTA 3A BUOMEJIMIMHCKU ITPUJTOXEHUA

A M. Tusbpext!, M.M. Acumop?

YUncmumym no enexkmponuxa, BAH, Coghus, 6yn.Llapuepadcko woce 72.
2@usuvecku Uncmumym na Axademus na naykume na Benapyc.

IMoctenmna Ha 9 centemBpu 2015 1., Kopurupana Ha 6 okromBpu 2015 .
(Pesrome)

B Tasm cratus HHe H3clienBaMe KUHETHKaTa Ha HampekeHHe Ha kuciopoma (POz) B KOXKHATa ThKaH MOA
BB3/CHCTBUETO Ha TPAHCKYTAaHHO Ja3epHO OOJbYBaHE. EKCIEpUMEHTANHM H3MEpBaHWS Ha OKCHI'CHAIMATa ca
HalpaBeHH C MOMOINA HA METOAa Ha MOJAPOrpacku MPe3KOXKeH MOHHTOPUHT Ha kuciopona (TCOM). Pesynratute
mokasBaT, 4ye mpu oOmpuBaHe ¢ He-Ne maszep (632 HM) cTemeHTa Ha TbKaHHATa OKCHUICHAIMs CE yBEIHYaBa B
3aBUCHMOCT OT HIPOIBIDKUTEIHOCTTA HAa OOJBYBAHETO M ciliell 0Kojo 10 MHHYTH NOCTHra CTal[lOHapHO HHUBO, KaTO
MaKCHMaJTHOTO U3MepeHo yBennueHue € 1,6 mbru. TpsOBa na otOenexxnum, 4e KHHETHKaTa Ha pactexxa Ha PO; e npsko
0o0yclIoBeHa OT JOIBIHUTEIHOTO OCBoOoxAaBaHe Ha Oz B TbKaHTa KaTo pe3ylaTaT Ha Ja3epHO-UHIYLHpaHATa
¢doroauconuanust Ha HbO2 B KpbBOHOCHUTE CHJIOBE HA KOXAaTa, KOETO BOJH JI0 JIOKAJIHO yBenndyaBaHe Ha O2 B ThKaHTA.
ToBa na3zepHO-UHAYLUPAHO 00OTaTABAHE HA ThKAHUTE C KUCIOPOJ MOXKE J]a Ce M3M0I3Ba B (POTOTEepanus Ha IIaTOJIOTHY,
B 30HH C HapyIIeHa MUKPOIMPKYJIAI¥s Ha KPBB ¥ ThKaHU B ChCTOSIHUE Ha XUIIOKCHS, HAIPUMEP B TyMOPH, U3TApsHHUSA,
paHU U A3BU.
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Dispersive liquid-liquid microextraction was combined with flame atomic absorption spectrometry for the
determination of manganese in water samples. 1-(2-Pyridylazo)-2-naphthol (PAN), chloroform and ethanol were used
as chelating agent, extraction solvent and disperser solvent, respectively. In this extraction method, a mixture of 500 pL
ethanol (disperser solvent) and 100 uL chloroform (extraction solvent) was rapidly injected by syringe into the water
sample containing manganese ions and 4 x 10 mol L 1-(2-pyridylazo)-2-naphthol (PAN) (chelating agent). Thereby,
a cloudy solution was formed. After centrifugation (5 min at 4000 rpm), the droplets of the cloud were settled at the
bottom of the conical test tube (70 £ 2 uL). The settled phase was separated using a micro-syringe and diluted to 100 pl
with ethanol. A microsample introduction system was employed for the nebulization of a micro-volume of the diluted
solution into FAAS. Some effective parameters on extraction and complex formation, such as extraction and disperser
solvent type and their volume, extraction time, salt effect, pH and concentration of the chelating agent, were optimized.
Under the optimum conditions, an enrichment factor (EF) of 50 was obtained from only 5 mL of water sample. The
calibration graph was linear in the range of 10-200 ng mL? with limit of detection (LOD) of 3.0 ng mL™. The relative
standard deviation (R.S.D.) for ten replicate measurements of 50 ng mL™ of manganese was 3.3 %. The method was

successfully applied for the extraction and determination of manganese in some natural water samples.

Keywords: Dispersive liquid-liquid microextraction, Preconcentration, Manganese, Water sample, FAAS.

INTRODUCTION

Manganese is a necessity for the proper function
of several enzymes and is an essential micro-
nutrient for the function of the brain, nervous
system and normal bone growth. It is present in
large quantities in various steel materials as a
hardening agent. It also finds application in
pharmaceutical preparations. However, excessive
intake can cause lesions, headache, psychotic
behavior, drowsiness and other related symptoms
and/or diseases. Thus manganese is an important
element from the environmental perspective [1]. In
general, concentrations of manganese in fresh
waters [2] are within the range from 0.02 to 130 ng
mL. Therefore, the determination of this metal as
Mn?* ijon often requires a method offering low
detection limits. Although atomic spectrometric
methods are powerful analytical tools for the
determination of trace elements in environmental
samples, preconcentration techniques combined
with AAS are still necessary [3]. Liquid-liquid
extraction (LLE) [4-6], solid phase extraction (SPE)
[7-17] and cloud point extraction (CPE) [18-21]
have been widely used for the preconcentration of
manganese from water samples prior to its
determination by flame atomic absorption
spectrometry. However, that technique is rather

* To whom all correspondence should be sent:

time-consuming and requires a large amount of
sample. Separation and preconcentration based on
dispersive liquid-liquid microextraction (DLLME)
offer a convenient alternative to more conventional
extraction methods [22]. This is a modified solvent
extraction method and its acceptor-to-donor phase
ratio is greatly reduced comparing with other
extraction methods. In this method, the appropriate
mixture of extraction solvent and disperser solvent
is rapidly injected by syringe into aqueous samples
containing the analytes. Thereby, a cloudy solution
is formed. In fact, the cloudy state is due to the
formation of fine droplets of extraction solvent
dispersed in the sample solution. Then, this cloudy
solution is centrifuged and the fine droplets are
settled at the bottom of a conical test tube. The
determination of the analytes in the settled phase
can be performed by instrumental analysis. In this
extraction method, any component originally
present in the solution that interacts with the fine
droplets of extraction solvent directly or after
previous derivatization reaction can be extracted
from the initial solution and concentrated in the
small volume of the settled phase. The advantages
of DLLME method are simplicity of operation,
rapidity, low cost, high recovery and enrichment
factor. The dispersive liquid-liquid extraction
methodology has been used to separate and
preconcentrate organic compounds prior to their
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determination with chromatographic methods [23-
25]. The DLLME has also been used for the
extraction and preconcentration of metal ions after
the formation of sparingly water-soluble complexes
[26-27].

In the present work we report on the results
obtained in a study of the dispersive liquid-liquid
microextraction of manganese after the formation
of a complex with PAN, with subsequent analysis
by flame atomic absorption spectrometry using
microsample introduction. The proposed method
was also applied to the determination of manganese
in water samples.

EXPERIMENTAL
Apparatus

A Thermo M series (Model: M5) flame atomic
absorption spectrometer was utilized, equipped
with a 50 mm burner head, deuterium background
correction and air-acetylene flame. A manganese
hollow cathode lamp (Thermo Scientific S51214)
was used as radiation source, operated at 15 mA
with a monochromator spectral bandpass of 0.1 nm.
For manganese detection, the wavelength was set at
the 232.0 nm resonance line. The acetylene and the
air-flow rates were 0.8 and 10.0 L minY?,
respectively. The Centurion Scientific centrifuge
(Model K240R, Arundel, UK) was used to
accelerate the phase separation. The pH values
were measured with a Metrohm pH-meter (Model:
691, Herisau, Switzerland), supplied with a glass-
combined electrode.

Reagents and solutions

All reagents used were of analytical grade. All
solutions were prepared with ultra pure water. The
manganese stock solution (1000.0 mg L?) was
prepared by dissolving appropriate amounts of Mn
(NOs); in ultra pure water. Working solutions were
prepared from the stock solution by serial dilutions
with ultra pure water. Chloroform, carbon
tetrachloride, chlorobenzene, acetone, methanol and
ethanol were of analytical grade from Merck
(Darmstadt, Germany). A 1 x 10 mol L solution
of 1-(2-pyridylazo)-2-naphthol (PAN) (Merck,
Darmstadt, Germany) was prepared by dissolving
an appropriate amount of PAN in acetone. This
solution was kept in a dark place at room
temperature. A stock standard ammonia/ammonium
chloride buffer solution (0.1 mol L%, pH 10.0) was
prepared by dissolving an appropriate amount of
ammonia in ultra pure water and neutralizing to pH
10.0 with hydrochloric acid. The pipettes and
vessels used for trace analysis were kept in 10%
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nitric acid for at least 24 h and subsequently
washed four times with ultra pure water before use.

Dispersive Liquid-Liquid Microextraction
Procedure

5.0 mL of ultra pure water was placed in a 10
mL screw cap glass test tube with conical bottom
and spiked at levels of 10-200 ng mL?! of
manganese. Then 0.2 mL of 1.0 x 102 mol L? of
PAN (as chelating agent) was added to this solution
and the pH of the solution was adjusted by adding
ammonia / ammonium chloride buffer solution (1.0
x 10 mol L%, pH 10.0). Then a mixture of 500 pL
of ethanol (as disperser solvent) and 100 pL of
chloroform (as extraction solvent) was injected
rapidly into the sample solution by using 1.0-mL
syringe, and the mixture was gently shaken. A
cloudy solution (water, ethanol and chloroform)
was formed in the test tube. In this step, manganese
ions were extracted into the fine droplets of
chloroform. The mixture was then centrifuged for 5
min at 4000 rpm. After this process, the dispersed
fine droplets of chloroform were settled at the
bottom of the conical test tube (70 £ 2 pL). The
settled phase was separated using a micro-syringe,
diluted to 100 pl with ethanol and then injected into
the microsample introduction (discrete
nebulization) system of FAAS.

RESULTS AND DISCUSSION

In this research, DLLME combined with FAAS
was developed for determination of manganese in
water samples. In order to obtain a high recovery
and a high enrichment factor, the effects of
different parameters on the complexation and
extraction conditions such as pH, concentration of
buffer and chelating agent, kind of extraction and
disperser solvent and their volumes, extraction time
and salt addition, were optimized. In order to study
the mentioned parameters, extraction recovery and
enrichment factor were calculated by equations (1)
and (2), respectively.

EF=Cswd/Co (1)
where EF, Csq and Co are the enrichment factor,
concentration of analyte in the sedimented phase
and initial concentration of analyte in the aqueous
sample, respectively.
R % = [(Csed X V sed)/(Co X V o9)] x 100 =
= [(EF X V seq) /' V aq] X 100 (2)

where R %, V 4 and V 4 are the extraction
recovery, volume of sedimented phase and volume
of aqueous sample, respectively. These parameters
are known except Cseq. Calculation of Cseq Was done
by direct injection of a standard solution of Mn-
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PAN complex in chloroform with concentration in
the range of 0.5-10 pg mL™ to FAAS.

Effect of pH

The separation of metal ions by dispersive
liquid-liquid  microextraction  involves  prior
formation of a complex with sufficient
hydrophobicity to be extracted into the small
volume of sedimented phase, thus achieving the
desired preconcentration. The pH value plays a
unique role in metal-chelate formation and
subsequent extraction. The effect of pH on the
complex formation and extraction of manganese
from water samples was studied within the pH
range of 2-12 by addition of NaOH or HCI. The
results are illustrated in Figure 1. According to
these results, the pH of 10.0 was chosen for the
extraction.
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Fig. 1. Effect of pH on the extraction recovery of
manganese by DLLME. Extraction conditions: water
sample volume, 5.0 mL; disperser solvent (ethanol)
volume, 500 pL; extraction solvent (CHCIs), 100 puL;
PAN concentration, 4.0 x 10* mol L, concentration of
manganese, 50 pg L.

Effect of PAN concentration

Dispersive liquid-liquid microextraction of 0.25
pg of manganese using PAN from 5.0 mL sample
solutions was conducted by varying the
concentration of PAN. The extraction recovery for
Mn (1) as a function of the concentration of
chelating agent is shown in Figure 2. The recovery
increases up to a PAN concentration of 1.0 x 10*
mol L and reaches near quantitative extraction
efficiency. A concentration of 4.0 x 10* mol L* of
PAN was chosen to account for other extractable
species that might potentially interfere with the
assaying of Mn (11).

Effect of Type and Volume of Extraction Solvent

Careful attention should be paid to the selection
of the extraction solvent. It should have higher
density than water, extraction capability for the
compounds of interest and low solubility in water.
Chloroform, carbon tetrachloride and

chlorobenzene were compared in the extraction of
manganese. A series of sample solutions were
studied by using 500 uL ethanol and different
volumes of extraction solvent to achieve 70 pL
volume of sedimented phase. Thereby, 100, 80 and
80 pL of chloroform, carbon tetrachloride and
chlorobenzene, respectively, were used. The results
revealed that chloroform has the highest extraction
efficiency (98.5 %) in comparison with carbon
tetrachloride (32.0 %) and chlorobenzene (76.0 %).
Hence, chloroform was chosen as extraction
solvent.
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Fig. 2. Effect of PAN concentration on the extraction
recovery of manganese by DLLME. Extraction
conditions: water sample volume, 5.0 mL; disperser
solvent (ethanol) volume, 500 pL; extraction solvent
(CHCIs), 100 pL; concentration of manganese, 50 pgL;
pH =10.0.

To examine the effect of the extraction solvent
volume, solutions containing different volumes of
chloroform were subjected to the same DLLME
procedure. The experimental conditions were fixed
and included the use of 500 pL ethanol containing
different volumes of chloroform. Figure 3 shows
the curve of extraction recovery versus volume of
the extraction solvent (chloroform). According to
Figure 3, the extraction recovery increases up to
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Fig. 3. Effect of the volume of extraction solvent
(CHCIs) on the extraction recovery of manganese by
DLLME. Extraction conditions: water sample volume,
5.0 mL; disperser solvent (ethanol) volume, 500 pL;
PAN concentration, 4.0 x 10 mol L™ ; concentration of
manganese, 50 pg Lt; pH=10.0.
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100 pL of chloroform and then remains constant.
Thus, 100 pL of chloroform was chosen as the
optimum amount.

Effect of Type and Volume of Disperser Solvent

The main criterion for selection of the disperser
solvent is its miscibility in both the extraction
solvent and the aqueous sample. For this purpose,
different solvents such as acetone, ethanol and
methanol were tested. A series of sample solutions
were studied by using 500 pL of each disperser
solvent containing 100 pL  of chloroform
(extraction solvent). The results showed the best
extraction recovery when ethanol was used. Thus,
ethanol was selected as a disperser solvent.

Investigation of the effect of different volumes
of ethanol (disperser solvent) on the extraction
recovery would be very rough, because the
variation of the volume of ethanol makes change in
the volume of settled phase at constant volume of
chloroform (extraction solvent). Thereby, to
achieve a constant volume of the settled phase (70
uL) the volumes of ethanol and chloroform were
changed simultaneously. The experimental
conditions were fixed and included the use of
different volumes of ethanol, 300, 400, 500, 600,
700, 800, 900, 1000, 1200 and 1500 pL containing
90, 95, 100, 105, 110, 115, 120, 125, 135 and 150
uL  of chloroform, respectively. Under these
conditions, the volume of the sedimented phase was
constant (70 + 2 pL). Figure 4 shows the curve of
extraction recovery versus volume of the disperser
solvent (ethanol). The results show that there was
no considerable variation of the extraction recovery
between 400 and 800 ul of ethanol and the
extraction recovery was high and then decreased by
increasing the volume of ethanol. It is clear that by
increasing the volume of ethanol, the solubility of
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Fig. 4. Effect of the volume of disperser solvent
(ethanol) on the extraction recovery of manganese by
DLLME. Extraction conditions: water sample volume,
5.0 mL; extraction solvent (CHCIs), 100 pL; PAN
concentration, 4.0 x 10* mol L%; concentration of
manganese, 50 pug L*; pH = 10.0.
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the complex in water increases. Therefore, the
extraction recovery decreases. Thus, 500 pL of
ethanol was selected as the optimum volume in
order to achieve a better and more stable cloudy
solution.

Effect of Extraction Time

Extraction time is one of the most important
factors in most extraction procedures. In DLLME,
the extraction time is defined as the interval of time
between injecting the mixture of disperser and
extraction solvent, and starting centrifugation. The
effect of extraction time was examined in the range
of 0-45 min under constant experimental
conditions. The results showed that the extraction
time has no significant effect on the extraction
efficiency. It was revealed that after the formation
of the cloudy solution, the surface area between the
extraction solvent and the aqueous phase is
essentially infinitely large. Thereby, transfer of Mn-
PAN complex from the agueous phase to the
extraction solvent is fast. This is one of the
considerable advantages demonstrated by the
DLLME technique, i.e., short extraction time.

Effect of Buffer Concentration

The influence of buffer amounts was studied by
maintaining the other experimental variables
constant. The results showed that above 0.5 x 10
mol L? of buffer solution, no obvious variation of
the extraction yield took place. Thus, 1.0 x 10 mol
L of buffer solution was chosen as the optimal to
achieve higher buffering capacity.

Effect of Salt

For investigating the influence of ionic strength
on the performance of DLLME, experiments were
carried out by adding different amounts of NaCl
(0.0 — 1.0 mol L?). The other experimental
conditions were kept constant. The results showed
that the ionic strength has no appreciable effect
upon extraction efficiency up to 1.0 mol L* of
NaCl. These observations showed the possibility of
using this method to separation of manganese from
highly saline solutions.

Effect of Other lons

The effects of common ions in natural water
samples on the recovery of manganese were
studied. In these experiments, 5.0 mL of solutions
containing 50 ng mL* of manganese and various
amounts of interfering ions were treated according
to the recommended procedure. An ion was
considered to interfere when its presence produced
a variation of more than 5% in the extraction
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recovery of the sample. The results (Table 1)
indicate that the Mn (1) recoveries are almost
guantitative in the presence of interfering ions.

Table1l. Effect of foreign ions on the
preconcentration and determination of manganese.

lon lon/Mn(ll) Recovery
(w/w) (%)
Li* 1000 96.4
Na* 1000 101.5
Cu? 500 98.7
Ni2* 500 95.8
ARt 500 99.3
Zn* 500 104.2
Pb? 250 103.7
Cd? 250 97.5
Co? 100 99.5
Cr3* 100 102.6
Fe?* 50 104.3
NO3 1000 100.9
CI 500 96.6
S04> 250 95.8
Figures of Merit
Table 2  summarizes the  analytical

characteristics of the optimized method, including

calibration graph, respectively), was 3.0 ng mL™.
The relative standard deviation (RSD) for ten
replicate measurements of 50 ng mL* Mn (1) was
3.3 %. The enrichment factor was 50.

Application to Samples

The proposed DLLME-FAAS methodology was
applied to the determination of Mn in several water
samples. Water samples (i.e. tap water, sea water,
river water and mineral water) were filtered through
a 0.45 pm pore size membrane filter to remove
suspended particulate matter and aliquots of water
(5.0 mL) were subjected to DLLME. According to
the results, the concentration of manganese in the
analyzed water samples was below the LOD of the
method. Moreover, the robustness of the proposed
method was checked by performing recovery test
on a synthetic sample (no certified reference
material was available). Each type of water was
spiked with variable amounts of Mn (Il) to assess
matrix effects. The results are shown in Table 3.

Table 2. Analytical characteristics of the proposed
method.

Parameter Analytical feature

linear range, limit of detection, repeatability, and Linear range (ng mL") 10-200
enrichment factor. The calibration graph was linear Limit of detection (ng mL%)
within the range of 10-200 ng mL? of manganese. (n =10) 3.0
The limit of detection, defined as C. = 3Sg / m Repeatability (RSD, %) 33
(where C., Sg and m are the limit of detection, (n=10) '
standard deviation of the blank and slope of the Enrichment factor 50
Table 3. Determination of Mn (I1) in different water samples.
Sample Mn?* spiked Mn?* detected Recovery
(ng mL™) (ng mL™) (%)
Tap water 0.00 nd.? —
(From the drinking water system of Tehran, 0.10 0.098 ( 3.6)° 98
Iran) 0.20 0.198 (3.5) 99
Sea water 0.00 n.d. —
(Caspian sea water, Iran) 0.10 0.102 (3.7) 102
0.20 0.192 (3.8) 96
River water 0.00 n.d. —
(Ziarat River, Gorgan, Iran) 0.10 0.101 (3.6) 101
0.20 0.190 (3.5) 95
Mineral water 0.00 n.d. —
(From Abali mineral water, Tehran, Iran) 0.10 0.097 (3.4) 97
0.20 0.206 (3.5) 103

2 Not detected; ® RSD of three replicate experiments

Table 4. Comparison of the present method with other methods for pre-concentration and determination of

manganese(ll).

LOD RSD
Method ng mL-2 %) EF Reference
CPE-FAAS 2.9 13 17 19
CPE-FAAS 5.0 — 20 20
DLLME-UV-Vis 4.0 3.8 5.9 28
CPE-FAAS 33 — 96 29
SPE-UV-Vis 17 — 60 30
DLLME-FAAS 3.0 3.3 50 Present work
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The relative recoveries of manganese from the
mentioned water samples at various spiking levels
were between 95.0 and 103.0 %. These results
demonstrated that the matrices of these water
samples had little effect on DLLME of manganese.

Comparison with other methods

A comparison of the present method with other
reported methods for manganese preconcentration
and determination is given in Table 4. The present
method has low LOD, good enrichment factor and
good RSD and these characteristics are comparable
or even better than most of the other methods
named in Table 4. All these results indicate that the
present method is a reproducible, simple, and low-
cost technique that can be used for the pre-
concentration and determination of manganese (1)
in real samples.

CONCLUSION

Dispersive liquid-liquid microextraction
combined with flame atomic  absorption
spectrometry allows tackling the determination of
manganese in natural waters in a simple way. The
method is efficient, rapid and economical. High
preconcentration factor was obtained easily through
this method and a detection limit at the sub ng mL™*
level was achieved with only 5.0 mL of sample. In
this method preparation time, as well as
consumption of toxic organic solvents was
minimized without affecting the sensitivity of the
method.
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OINPEAEJISHE HA CJIIEJU OT MAHI'AH BB BOJIHU ITPOBU YPE3 INTAMBKOBA
ATOMHO-ABCOPBIITMOHHA CIIEKTPO®OTOMETPUA CJIEL AUCITEPCMOHHA TEYHO-
TEUHA MUKPO-EKCTPAKLIMA

A. Mupa6u™, M.P. JIxamamu?, K. Kazemu®

Y lenapmamenm no xumus, Knon Kxaemwaxp, Hcnsmcku ynueepcumem ,, Azao “, Kxaemwaxp, Upan
2 lenapmamenm no xumusi, Yruusepcumem Iasme Hyp, Bexwaxp, Upan

INocrbnuna na 20 anpu, 2015 r.; npuera Ha 28 nexemspu, 2015 1.
(Pesrome)

JlucriepcnoHHaTa TEYHO-TEYHA MUKPO-EKCTPAKIMSA € KOMOWHHpaHa C dYpe3 IIIaMBbKOBa aTOMHO-abCopOIMOHHA
CIIEKTPO(GOTOMETPHS 32 ONPENESTHETO Ha MaHraH BBB BOJAHH mpoOw. MsmomsBanu ca 1-(2-mupuanaso)-2-nadros
(PAN), xmopodopM ¥ eTaHON KaTO XeJNaTHH areHTH, eKCTPareHT W JHcCIeprupamnl pasrBoputen. I[lo To3m
exkctpaknnoneH Meron cmec oT 500 pL eramom m 100 pL xiopodopm (eTpareHT) ce MHXKEKTHpa OBP30 BBHB BOAHA
npo6a, chabpkalia MaHraHosy Houu u 4 x 10 mol L 1-(2-nupunuaszo)-2-nadron (PAN) (xenaTooOpasysall] areHr).
[TonyuaBa ce mpTHa aucnepcus. Crnex nentpodyrupane (5 muH. npu 4000 00./MUH.) cTaBa yTasBaHe Ha KallKd OT
Jucriepcusita B KoHM4Ha enpyBeTka (70 £ 2 pul). Yraenara ¢asa ce oTaens ¢ nmomomira Ha MUKPO-CIIPHHIIOBKA U ce
paspexnaa g0 100 pl m eranon. Ta3u cucrema 3a BBBEKIAHE MHUKPO-NIPOOM Ce HM3IOJI3BA 3a aHAJIM3 HA pa3pelcHU
pa3TBOpH B Ype3 IUIaMbKOBAa aTOMHO-a0COpOIMOHHa cnekrpodoromerpus ONTHMU3UpAHH ca HSKOU e(eKTUBHU
nmapaMeTpu Ha EKCTpar€Hra M THI'BT Ha AUCHEPprupaiusa pa3TBOPUTE U TCXHUA, BPEMETO 3a €KCTpPaAKIUsd, COJICBUAT
edexr, pH 1 KoHIEHTpanuATa Ha XenarooOpasyBamms areHT. [Ipu onTumanHuTe ycaoBUs (PaKTOPBT Ha oOoraTsBaHe
(EF) e 50 u ¢ nony4en ot BogHa npoba camo ot 5 mL. KanmuOpanuonnara juHus € mpasa B maTepBaia 10-200 ng mL?
¢ rpanuna Ha otkpuane 50 ng mL? mamran m 3.3 %. MeTONBT € NPHIOKEH YCIENIHO 3a EKCTPAKIHUATA M
OTIPEJICTISTHETO HA MAaHTaH B IIPOOH OT HAKOW IPUPOIHU BOAU.
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A new convenient synthesis method with excellent yields for Ir(ppy)s and Ir(pig)s is developed using [(acac-
0,0)2(acac-C%)Ir(Hz0)] as an efficient starting material. Their structures are fully characterized by elemental analysis,
!H-NMR and ESI-MS. The photophysical properties of both compounds are studied by UV-visible spectra and

photoluminescence spectra.

Keyword: iridium, cyclometalated complexes, synthesis, phosphorescent, Ir(C*N)s.

INTRODUCTION

Neutral cyclometalated iridium phosphorescent
complexes with Ir(C*N); and Ir(C*N)2(LL) types
are the most promising phosphorescent materials in
organic light-emitting devices (OLEDs)[1-4]. Tris-
cyclometalated iridium complexes have attracted
considerable attention due to a potential application
in OLED [5]. Several experimental procedures[5-6]
have been developed for their synthesis using
IrCls:nH.0, Ir(acac)s, [Ir(acac)(coe),] or the
chlorinated bridged dimmer as a precursor, their
synthesis often requires harsh reaction conditions to
proceed so that they can not be widely be applied in
OLED. Therefore, developing the new synthesis
route for Ir(C~N)s type phosphorescent complexes
is very worthy and interesting. [(acac-O,0),(acac-
C?)Ir(H20)] has a rich coordination and reaction
chemistry due to the presence of a coordinated
water ligand [7-9], which has a better reaction
activity than Ir(acac)s for preparing Ir(C*N)s type
phosphorescent complexes. In this contribution, a
new convenient synthesis method with excellent
yields for Ir(ppy)s and Ir(piq)s is developed using
[(acac-0O,0)2(acac-C?)Ir(H20)] as a new precursor.

EXPERIMENTAL

General considerations
All  manipulations were performed in an
atmosphere of high purity argon using conventional
Schlenk techniques. All reagents and solvents in
this study were used without further purification.
[(acac-0O,0)z(acac-C3)Ir(H.0)] was synthesized

* To whom all correspondence should be sent:
E-mail: liuweiping0917@126.com

from IrCl3:nH,O and NaHCOs; in refluxing
acetylacetone according to the literature[10]. NMR
spectra were obtained on a Bruker AV400 using
tetramethylsilane as an internal reference. Mass
spectrometry studies were carried out on an
Autospec 3000 Instrument. Elemental analyses for
C, H, and N were performed using a Carlo-Ebra
Instrument. UV-visible absorption spectra were
measured on a Cary 50Bio spectrophotometer. The
photoluminescence (PL) spectra were recorded on
an F-7000 spectrometer in CH.Cl..

Synthesis of Fac-Ir(ppy)s

[(acac-0,0)(acac-C3)Ir(H20)] (2 g, 3.94 mmol)
and 2-phenylpyridine (3.67 g, 23.66 mmol) were
refluxed under an inert gas atmosphere in 50 mL of
glycerol for 24 h. After the mixture was cooled to
room temperature, 50 mL of 1M HCI solution and
50 ml of methanol were added and stirred for 30
min and then filtered to yield the crude product.
The crude product was flash chromatographed on a
silica column using dichloromethane to yield 80%
(2.06 g) product. 'H-NMR (400 MHz, CDCls),
ppm: 8.52(d, 1H), 7.84(d, 1H), 7.72(t, 1H), 7.52(d,
1H), 7.13(t, 1H), 6.77(t, 1H), 6.63(t, 1H), 6.27(d,
1H). ESI-MS: m/z = 655(M+1), 501(Ir(ppy)2+1)
Anal. Found: C 60.45, H 3.62, N 6.45. Calcd: C
60.53, H 3.69, N 6.42.

Synthesis of Ir(pig)s

The synthesis procedure of Ir(piq)s was the same
for Ir(ppy)s except that 1-phenylisoquinoline was
used in place of 2-phenylpyridine in the same molar
amount: yield 72% (2.28 g). Anal. Found: C 67.12,
H 3.74, N 5.20. Calcd: C 67.15, H 3.76, N 5.22. 'H-
NMR (400 MHz, DMSO-ds), ppm: 8.92(d, 1H),
8.16(d, 1H), 7.93(t, 1H), 7.78(t, 2H), 7.48(d, 1H),

532 © 2016 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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7.36(d, 1H), 6.90(t, 1H), 6.79(d, 1H), 6.72(t, 1H).
ESI-MS: m/z = 827(M+23), 425(M/2+23).

RESULTS AND DISCUSSION

Synthesis and characterization of Ir(ppy)s and
Ir(piq)s

Ir(ppy)s and Ir(pig)s were synthesized by
reacting  [(acac-O,0).(acac-C%)Ir(H.0)]  with
corresponding cyclometalated ligands (see scheme
1). And their structures were confirmed by element
analysis, ESI-MS (see experiment section) and *H-
NMR (see Figure 1). The results match those
reported for Ir(ppy)s and Ir(piq)s[11-12] and the
molecule structures shown in Figure 2.
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Fig. 1. *H-NMR of Ir(ppy)s in CDCl;z (above) and
Ir(piq)s in DMSO-ds (below).
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Fig. 2. Molecular structures of Ir(ppy)s and Ir(piq)s.
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Photophysical properties of Ir(ppy)s and Ir(piq)s

The absorption and emission spectroscopic
behaviors of Ir(ppy)s and Ir(piq)s are studied at
room temperature in CH,Cl,. Figure 3 shows the
UV-vis absorption and photoluminescence spectra
of Ir(ppy)s. The absorption band observed at 273
nm is related to spin-allowed m-n* transitions
(corresponding to ligand centered states, !LC) of
the cyclometalated ppy ligands. The abroad and
unresolved absorption band at lower energy,

gleerol,220°C
—_—T
HIC'N) / \

peaking at 367nm, is assigned to spin-allowed d-n*
transitions (corresponding to metal-to-ligand charge
transfer states, *MLCT), whereas absorptions at
wavelengths between at 430 nm and 500 nm
involve 3MLCT states. The emission at ambient
temperature shows a maximum peak at 512 nm.
The UV-vis absorption and photoluminescence
spectra of Ir(pig)s are also given in Figure 4. In the
range below about 350 nm, the band is related to
spin-allowed m-n* transitions (*LC), and the two
lower-energy bands appear in the region of about
370-550 nm are tentatively assigned to the *MLCT
and *MLCT transitions. The maximum emission
peak of Ir(piq)s is at 619 nm.
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Fig. 3. Absorption and photoluminescence spectra of
Ir(ppy)s in CH,Cl, at ambient temperature.
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c————r

N o]

~—

Scheme 1. Synthesis route of Ir(C*N)s type phosphorescent complexes.
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Comparing the absorption and emission spectra
of Ir(ppy)s and Ir(pig)s, both compounds show
similar spectral features which agree with the
reports in the literature [12-15]. Differently, the
absorption and emission peaks of Ir(piq)s have a red
shift due to the bigger conjugation degree of piq
than that of ppy.

CONCLUSION

In conclusion, The advantages of the herein
described synthetic procedures are that the
complexes Ir(ppy)z and Ir(pig)s can be obtained in
high yields by a convenient method starting from
[(acac-O,0)z(acac-C3)Ir(H.0)].  The  general
usefulness of the described procedures for the
synthesis of closely related cyclometalated iridium
complexes will be examined by us in the near
future.
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(Pesrome)

Co3aazeH e HOB ynoOeH meTon 3a cunTeza Ha Ir(ppy)s m Ir(piq)s ¢ otnmmuen nodus. Kato m3xoneH marepuan e
usnonssan [(acac-0,0)z(acac-C?)Ir(H20)]. Tsaxuara cTpykTypa € HaIlbJIHO OXapaKTePU3UPaHa upe3 eJEMEHTEH aHallu3,
!H-NMR u ESI-MS. ®ortodusuunute cBOHCTBA Ha JBETe CheJAMHEHUs ca u3ydeHu upes UV-Vis crnextpu u

(bOTOHyMI/IHI/ICHeHTHI/I CIHICKTpPH.
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Peanut shells are a test adsorption material, the influences of key factors (pH, reaction duration, initial concentration
and adsorption dosage) on its adsorption of heavy metal ions including Pb?*, Cu?* and Zn?* were studied. The results
showed that: the adsorption rate of the above mentioned heavy metal ions increased gradually with the pH increase.
We also noticed that the adsorption of heavy metal ions by unmodified peanut shells performed well under acidic
conditions, while the best results for modified peanut shells were obtained under alkaline conditions. Meanwhile, the
adsorption rate reached about 88% of the maximum adsorption rate after treatment for a 15 min reaction and tended to
balance after 50 min; with increasing initial ion concentration, the adsorption rate increased gradually, and reached the
maximum adsorption rate at 30 mg/L. However, it was gradually reduced when over 30 mg/L. The results revealed that
adsorption rate increased with the adsorbent dosage. The dynamic behaviors of both modified and unmodified peanut
shells well fit the Lagergren (I1) order chemical reaction kinetics model. Additionally, compared with unmodified

peanut shells, the adsorption effect for modified shells was significant.

Keywords: Peanut Shell, Adsorption, Heavy Metals, Modification, Dynamics.

INTRODUCTION

The heavy metals, Pb?*, Cu?*, Zn?*, are harmful
to the environment. They accumulate in the living
organisms by adsorption and thus pose a serious
threat to public health. Excessive accumulation of
copper in vivo could lead to many diseases like
diarrhea, skin diseases and even death [1, 2]. Lead
is a cumulative poison acting on various systems
and organs of the human being [3], such as the
hematopoietic and cardiovascular system, the
central nervous systems and the reproductive
organs [4]. There are many technical methods used
to treat contamination by heavy metals, such as ion
exchange resin, activated carbon adsorption,
chemical precipitation and electrochemical
treatment [5]. These methods have some effect, but
their cost compared with biotechnology, is much
larger and may cause secondary pollution.

In recent years, the biomass material, as an
adsorbent applied for controlling heavy metals
contamination, is becoming a hot research topic.
Biomass materials have the advantage of
widespread-sources, convenience, low-cost,
directly-treated and thus greatly reduce the cost of

* To whom all correspondence should be sent:
E-mail: 412316788@163.com

the treatment of heavy metals. Therefore biomass
materials find good application prospects [6, 7].
Different from the traditional process, the
biological assay has the following advantages:
metal ions can be selectively removed with low
concentrations of heavy metals; energy-efficiency,
cost-effectiveness; easy separation and recovery of
heavy metals; the sustainability-adsorbent is easily
regenerated and recycled.

As the increasing lack of non-renewable
resources such oil and coal, the preparation of new
industrial products with agricultural and forestry
waste together with other renewable resources as
raw materials gradually draws attention from all
over the world. The common agricultural and
sideline products include bark, cotton shells, peanut
shells, sawdust, orange peel and others. A large
number of peanut shells are discarded in the natural
environment or burned, which not only cause
serious environmental pollution, but also are a
waste of resources. Peanut hull carbide (PHC),
commonly used as a bio-absorbent produced from
piles of peanut shells, is similar to the activated
carbon structure in appearance. According to the
research, PHC may contain polar functional groups
such as aldehydes, ketones, acids and phenolic
compounds, which can be involved in the formation

© 2016 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 535
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of chemical bonds and can adsorb heavy metal ions
[9]. In China, peanut shells are cheap and have a
wide range of sources. In this paper, peanut shells
are used as an adsorbent and therefore the
mechanism of heavy metal ions in solution
adsorption laws are discussed.

Peanut shells are an abundant inexpensive
adsorbent and can be applied to govern heavy metal
pollution  after  modifying its  structural
characteristics [10]. Up until now, many
researchers [11, 12] have removed heavy metal ions
from the wastewater using peanut shells as an
adsorbent or using peanut shells as a raw material
for activated carbon preparation [13], which had a
great practical significance for recycling and
application of such a large quantity of cheap
agricultural and forestry waste in environmental
pollution. However, these studies only focus on the
effects of polluted water following the adsorption
of heavy metals together with characteristics, such
as the adsorption temperature, pH, amount of
adsorbent and the initial ion concentration.
However, these do not fully explore the best
adsorption conditions of modified peanut shells.
This paper mainly studied the optimum conditions
of adsorption. In this paper, we modified peanut
shells with 0.1 mol/L of hydrochloric acid and
applied modified peanut shells to process the
simulated industrial wastewater containing copper,
lead and zinc ions, which provided a new thought
as regards the utilization of peanut shells and the
treatment for heavy metal ions.

MATERIALS AND METHODS
Preparation of solutions and samples

The peanut shells used in this study were
derived from fresh peanuts. All the chemical
reagents used were analytical grade. A stock
solution with 100 mg/L Pb%, Cu*, 2Zn*
respectively was prepared by deionized water,
Pb(NOs)z, CU(NOs)z and Zn(N03)2. Working
solutions were obtained by appropriate dilution.
Peanut shells were smashed and screened through a
mesh of size 80. Then the samples were soaked
with deionized water for 24 hours and the fine
suspended material was removed as well as the
soluble matter. The samples were stored in a
desiccator after being dried at 80°C the modified
peanut shells were prepared as follows: 200 g of
peanut shells were placed in a 2.5 L beaker, 500mL
I mol/L hydrochloric acid was added in the beaker.
After being stirred for I h, the liquid portion was
removed by filtration. The solid fraction was
washed with deionized water until neutral and dried
at 80°C Infrared spectrum samples were prepared by
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potassium bromide tabletting. Unmodified or
modified peanut shells powder and potassium
bromide powder were thoroughly ground. The
mixed powder was made into a transparent sheet
with about 1 mm thickness by a pneumatic
tabletting machine. Then the samples were
analyzed by a Fourier transform infrared
spectrometer at 400 - 4000 cm™.

Peanut shells adsorption of simulated industrial
wastewater

The ion mixed solution was made from 50 mg/L
Pb%*, Cu?*, Zn?*. 60 mL of ion mixed solution was
added in an 100 mL Erlenmeyer flask, the pH of
which was adjusted. The initial concentration of
Pb?*, Cu?, Zn* was measured by an atomic
absorption spectrophotometer.  Unmodified or
modified peanut shells were placed in an
Erlenmeyer flask and cultured in the constant
temperature incubator shaker with an oscillation
rate of 120 r/min at 32°C Thereafter, 10 mL of
solution in a centrifugal tube was centrifuged to
remove the impurities in the solution. The
concentration of Pb?*, Cu?*, Zn?" after adsorption
was measured by an atomic absorption
spectrophotometer. The adsorption rate was used to
determine the optimum adsorption conditions.

Single factor experiment and orthogonal test

The adsorption rate is an evaluation index, four
factors including the adsorption reaction duration
(A), the initial ion concentration (B), dosage of the
samples (C), pH value (D) were selected to be the
testing factors of the adsorption efficiency of the
peanut shells. According to the results of the single
factor experiment, an orthogonal test with four-
factors and three-levels was applied to optimize the
adsorption condition of the peanut shells.

Kinetics experiments

50 mL, 40 mg/L or a 50 mg/L mixed ion
solution was added into a 100 mL Erlenmeyer flask
with a pH adjusted to 5.00 + 0.01. 0.50 ¢
unmodified peanut shells powder was added in the
solution. Then the solution was shaken for 10, 20,
30, 40, 60, 80 min, separately at 32°C The
concentration of Pb?*, Cu?*, Zn?" were assayed and
plotted after being filtered and centrifuged.
Characterization of the dynamic mechanism of the
data in the figure was analyzed using the following
two models.

Lagergren apparent first-order kinetic model
Ln(1-qv/qe)=-kit (1)
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In which: q;, ge (mg/g) are the Cu?* adsorption at
t (min) time, Cu?" equilibrium adsorption.
Respectively; ki (g/(mg-min)) is the adsorption rate
constant of first order which can be obtained by a
plot using In(1- g/ge ) and t.

Lagergren apparent second-order kinetic model
to=(1/ka0e?)+(U:)  (2)

In which: k2 (g/(mg-min)) is the adsorption rate
constant of apparent second order which can be
obtained by a plot using t/qe and t; keQe
(mg/(g-min)) is the initial adsorption rate.

RESULTS AND DISCUSSION
Effect of pH on the adsorption

As shown in Fig. 1, the metal ions adsorption
rate of peanut shells increased gradually with the
increase of pH at a range of 3-5. Unmodified
peanut shells reached a maximum value when the
pH was 5 and reduced when the pH was 7.
However, modified peanut shells continued to
increase gradually under given alkaline conditions.
Thus, the optimum pH of unmodified peanut shells
was acidic and the optimum pH of modified peanut
shells was alkaline. Moreover, the maximum
adsorption rate of modified peanut shells was
higher than that of unmodified peanut shells. The
maximum adsorption rates of unmodified peanut
shells for Pb?*, Cu%, Zn?* were 93.3%, 77.6%,
71.5%, respectively, while the adsorption
maximum of modified peanut shells for Pb?*, Cu?®*,
Zn** were 96.2%, 87.0%, 74.0%, respectively.
Generally, the absorption efficiency of modified
peanut shells was better than the unmodified one
and the adsorption of peanut shells on Pb?* was
the most obvious.
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Fig. 1. The influence of pH on adsorption

Effect of the adsorption reaction duration on
adsorption

Fig. 2 showed that the adsorption rate of peanut
shells for metal ions increased with time and
reached a balance after a reaction duration of 50
minutes. The adsorption rate reached 88% of the
maximum adsorption rate after 15 min, which
showed that the adsorption by peanut shells of
metal ions was terminated in a short space of time.
The adsorption of modified and unmodified peanut
shells and metal ions at the interface between the
liquid and solid was mainly physical adsorption. In
theory, the longer the reaction duration the more the
adsorbent dosage, the more thorough the adsorption
removal is. The maximum adsorption rates of
unmodified peanut shells for Pb?*, Cu?*, Zn?* were
94.3%, 69.3%, 16.7%, respectively, while the
adsorption maximums of modified peanut shells for
Pb%*, Cu?, Zn** were 68.9%, 48.9%, 16.4%,
respectively. Overall, the absorption efficiency of
unmodified peanut shells was better than the
modified one and the adsorption of peanut shells on
Pb?" was the most obvious.
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Fig. 2 The influence of reaction duration on
adsorption

Effect of the initial ion concentration on adsorption

The absorption rate increased with the initial ion
concentration and reached a maximum with the
initial ion concentration being 30 mg/L and then
reduced gradually. When the initial ion
concentration in the solution was much higher, the
adsorption sites of the peanut shells for metal ions
on the surface were saturated so the adsorption rate
gradually decreased. In Fig. 3, when the
concentration of metal ions was low, the adsorption
rate was relatively high, while the adsorption rate
became lower with the higher metal ion
concentration, which indicated that the peanut
shells were suitable for the adsorption of low metal
ion concentrations. The maximum adsorption rates
of unmodified peanut shells for Pb?", Cu?*, Zn?*
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were 90.1%, 69.9%, 69.1%, respectively, while the
adsorption maximums of modified peanut shells for
Pb%, Cu?*, Zn* were 85.9%, 77.6%, 78.1%. In
total, the absorption efficiency of modified peanut
shells was better than the unmodified one and the
adsorption of peanut shells on Pb?* was the most
obvious.
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Fig. 3 The effect of the initial concentration on
adsorption

Effect of the pH value on the adsorption

As manifested in Fig. 4, the metal adsorption
range of unmodified peanut shells were 0.2-0.6g
and the adsorption rate increased with the absorbent
dosage.
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Fig. 4 The effect of the adsorbent dosage on
adsorption

The maximum adsorption rates of unmodified
peanut shells for Pb?, Cu®*, Zn?** were 94.5%,
76.0%, 71.5%, respectively. The adsorption rate of
modified peanut shells was also increased with the
absorbent dosage and reached the maximum when
the dosage of samples was 2.0 g. The adsorption
maximums of modified peanut shells for Pb?*, Cu?*,
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Zn*" were 98.1%, 78.0%, 67.2%. Increasing the
amount of peanut shells increases the surface area
of the peanut shells in the metal solution and the
effective adsorption sites, therefore the adsorption
rate increases. But when the adsorption rate of the
heavy metal ions reach an equilibrium, the
increasing absorbent dosage would reduce the
adsorption capacity of the per unit mass adsorbent
which means non-saturation of the adsorption
capacity and results in a waste of adsorbent. In total,
the absorption efficiency of the modified peanut
shells was better than that of the ones unmodified
and the adsorption efficiency on Pb?* was more
obvious.

Analysis of the orthogonal results
Orthogonal results assay of the unmodified peanut shells

The most obvious factor was the initial ion
concentration for Cu?* and Zn?* while the most
significant factor was the pH value of Pb?* by the
Anova and range analysis in Table 1 and Table 2.
Based on the K value, the best combinations of
CU2+, Zn% and Pb2+ were AzB3C1D1, AzB3CsD; and
AiB,CiDs respectively, which meant that the
optimum condition for Cu? was the reaction
duration for 60min, the initial ion concentration
being 40 mg/L, the 0.5 g of adsorbent at pH 5; the
optimum condition for Pb?* lasted for 80min, the
initial ion concentration being 40 mg/L, the 0.7 g of
adsorbent at pH 6; the optimum condition for Zn?*
lasted for 40min, the initial ion concentration being
30 mg/L, the 0.5 g of adsorbent at pH 7.

Orthogonal results analysis of modified peanut
shells

According to the Anova and range analysis in
Table 3 and Table 4, the most obvious factor was
the adsorption reaction duration for Pb?* and Zn?*,
while the most significant factor was the initial ion
concentration for Cu?*. Based on the K value, the
best combination of Cu?', Zn?" and Pb%* were
A383C2D1, AsB3C3D3 and A18203D3, respectively,
which, in detail, means that the optimum condition
for Cu?* was a reaction lasting for 80 min, the initial
ion concentration being 30 mg/L, the 15 ¢
adsorbent at pH 6; the optimum condition for Pb?*
was a reaction lasting for 80 min, the initial ion
concentration was 30 mg/L, the 2.0 g adsorbent at
pH 8; besides, the optimum condition for Zn?" was
a reaction lasting for 60 min, the initial ion
concentration was 20 mg/L, the 2.0 g adsorbent at
pH 8.
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Table 1. Orthogonal experimental results of unmodified peanut shells.

Adsorption Rate

Factors K1 K2 K3
A Cu? Pb2* Zn% Cu? Pb%* Zn% Cu?* Pb% Zn%
0.700 0.966 0.709 0.711 0.965 0.695 0.704 0.969 0.691
B Cu? Pb2* Zn% Cu? Pb% Zn% Cu? Pb% Zn%
0.653 0.953 0.711 0.710 0.955 0.715 0.753 0.992 0.669
C Cu?* Pb?* Zn% Cu?* Pb% Zn% Cu?* Pb% Zn?
0.719 0.957 0.704 0.681 0.954 0.681 0.715 0.988 0.703
D Cu?* Pb?* Zn% Cu?* Pb% Zn% Cu?* Pb% Zn%
0.733 0.981 0.689 0.708 0.983 0.698 0.675 0.935 0.708
Best Cu?* Pb% Zn%
Group AB:CiD; AsB:C:D; AB.CiD:
Table 2. Anova table of unmodified peanut shells.
Variance Factors
Source A B c D
SS Cu®*  Pb* zZn* Cu* Pb* Zn* Cu* Pb* Zn>* Cu* Pb* Zn*
0.000 0.000 0.001 0.015 0.003 0.004 0.003 0.002 0.001 0.005 0.005 0.001
Df Cu®*  Pb* zZn* Cu* Pb* Zn* Cu* Pb* Zn* Cu* Pb* Zn*
2 2 2 2 2 2 2 2 2 2 2 2
MS Cu®*  Pb* zZn* Cu®* Pb* Zn* Cu* Pb* Zn>* Cu* Pb* Zn*
0.000 0.000 0.571 2.609 1200 2.286 0.522 0.800 0.571 0.870 2.000 0.571
F-value Cu®*  Pb* zZn* Cu* Pb* Zn* Cu* Pb* Zn* Cu* Pb* Zn*
4460 4.460 4.460 4.460 4.460 4.460 4.460 4.460 4.460 4.460 4.460 4.460
Significance Cu?* Pb%* ZzZn* Cu** Pb* ZzZp* Cu* Pb* Zn* Cu* Pb* Zn*
\ \ \ \ \ \ \ \ \ \ \ \
Note Error: Cu?*: 0.02, 8; Pb?* & Zn?*: 0.01, 8; \—non-significance.
Table 3. Orthogonal experiment results of modified peanut shells
Adsorption Rate
Factors K1 K2 K3
A Cu?* Pb2* Zn% Cu?* Pb% Zn% Cu?* Pb% Zn%
0.602 0.595 0.731 0.646 0.847 0.702 0.651 0.906 0.655
B Cu? Pb?* Zn% Cu? Pb% Zn% Cu? Pb% Zn%
0.418 0.633 0.665 0.738 0.792 0.731 0.744 0.923 0.692
C Cu?* Pb2 Zn% Cu?* Pb? Zn? Cu?* Pb? Zn?
0.599 0.783 0.704 0.659 0.769 0.675 0.642 0.873 0.708
D Cu? Pb2* Zn% Cu?* Pb% Zn% Cu?* Pb% Zn%
0.649 0.736 0.689 0.611 0.769 0.671 0.639 0.843 0.728
Best Cu?* Pb? Zn?
Group AsBsC2D: AsB:C:D: A1B2CsDs
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Table 4. Anova table of modified peanut shells

Variance Factors
Source
A B C D

SS Cu#* Pbh2* zn% Cu®* Pb% zn% Cu#* Pb% Zn%* Cu#* Pbh% zZn%*

0.004 0.164 0.009 0.209 0.127 0.007 0.006 0.049 0.002 0.002 0.018 0.005

Df Cu?* Pb2* zn*  Cu®* PbZ ¥ Cu® PbZ Zn*  Cu? PbZ n*

2 2 2 2 2 2 2 2 2 2 2 2

MS Cu#* Pbh2* zn% Cu#* Pb% zn% Cu#* Pb% Zn%* Cu#* Pbh% zZn%*

0.072 1.832 1565 3.783 1419 1217 0.109 0.547 0.348 0.036 0.201 0.870

F-value Cu?* Pb2* zZn*  Cu®* Pb* Zn* Cu®* Pb* zZn* Cu* PbZ n*

4460 4460 4460 4.460 4.460 4.460 4460 4.460 4460 4.460 4.460 4.460

Significance Cu?*  Pb%*  Zn>*  Cu?>*  Pb*

zn*  Cu® Pb% Zn*  Cu? PbhZ n*

Note Error: Cu?*: 0.22, 8; Pb?*: 0.36, 8; Zn?*: 0.02, 8; \ —non-significance.

Table 5. Reaction kinetics parameters of unmodified peanut shells

Initial ion Apparent first order Apparent second order
Adsorbent concentration k1 rl k2 r
Pb? (40mg/L) 0.0257 0.3769 0.4277 0.9947
Cu2*(40mg/L) 0.0397 0.6709 0.4630 0.9987
Unmodified 72« 49mg1 ) 0.0319 0.2885 0.1145 0.9976
peanutshells  ppoc50mg/1) 0.0527 0.7279 0.1304 0.9993
Cu2*(50mg/L) 0.0524 0.3590 0.4402 0.9932
Zn?*(50mg/L) 0.0234 0.2510 0.3375 0.9867

Table 6. Reaction kinetics parameters of modified peanut shells

Initial ion Apparent first order Apparent second order
Adsorbent concentration k1l rl k2 r?
PbZ*(30mg/L) 0.0361 0.7412 0.1264 0.9707
Cu?*(30mg/L) 0.0289 0.7508 0.0423 0.9715
Modified 72+ 30mg/L) 0.0321 0.5385 0.1465 0.8934
peanutshells  ppoe50mg/1 ) 0.0922 0.9178 0.0613 0.9961
Cu?*(50mg/L) 0.0423 0.8610 0.1645 0.9863
Zn**(50mg/L) 0.0276 0.5499 0.1096 0.9615
Dynamics analysis descr_il_aes the adsorption process under the optimum
condition. Moreover, the apparent second-order
The process and dynamical behavior of adsorption dynamics model was more suitable for

adsorption of metal ions (Pb?*, Cu?*, Zn?) by
peanut shells was consistent with the Lagergren
apparent second-order kinetic model as shown in
Table 5 and Table 6, which indicated that the
physical adsorption and the biological adsorption of
heavy metals happened simultaneously which
coincided with many previous reports. Under the
optimum condition, the average absolute deviation
rate of the equilibrium adsorption amount from the
Lagergren apparent first-order kinetic model (qe,
cal) and experiments (qe, exp) was relatively large,
while the one from Lagergren apparent second-
order kinetic model (ge, cal) and experiments (Qe,
exp) was much smaller. Therefore, the apparent
second-order adsorption dynamics model better
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the system when reached equilibrium after a much
longer time with ge unknown.

Infrared spectrum (IR) analysis

As stated in Fig. 5 and Fig. 6, the infrared
absorption spectra of unmodified and modified
peanut shells is similar, which indicates that the
hydrochloric acid modification does not have a
great influence on the chemical properties of peanut
shells.

The absorption peak of modified peanut shells
broadened at 3420 cm™ and 1050 cm? and the
absorption intensity increased at 1640 c¢cm? and
1510 cm™™.,
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A strong absorption peak at 3420 cm? was
stretching the vibration absorption peak of
unsaturated hydrocarbon together with a small
amount of the amino group; the peak at 2930 cm'?
was an asymmetric stretching vibration of
methylene; the peak at 1640 cm™ was a stretching
vibration absorption peak of carbonyl; the peak at
1510 cm?® was likely to be an anti-symmetric
stretching vibration absorption peak of the ester
group from carboxylate; the peak at 1270 cm* was
a plane vibration absorption peak of hydroxy from
cellulose; the peak at 1050 cm™ was a vibration
absorption peak of polysaccharide backbone, which
is mainly caused by stretching the vibration of C-
OH from sugars or P-O-C.

CONCLUSION

Peanut shells have the ability to adsorb Pb?,
Cu?* and Zn?* ions which could be influenced by
factors such as the adsorption reaction duration, the
initial ion concentration, dosage of the samples and
the pH value. The adsorption rate grew with the
increase of the pH value, the reaction duration and
the absorbent dosage, while the adsorption rate
decreased with the initial rise in ion concentration.
The study indicated that the adsorption of metal
ions by peanut shells is completed within a short
time. The effect of the recommended factors on the

adsorption was not obvious and the dynamical
behavior of unmodified and modified peanut shells
was more suitable for the Lagergren second-order
kinetic model. The maximum adsorption rates of
unmodified peanut shells for Pb?*, Cu?*, Zn?* were
99.8%, 77.6%, 72.3%, respectively, while the
maximum adsorption rates of modified peanut
shells for Pb%, Cu?", Zn?* were 97.6%, 80.3%,
77.1%, respectively. In a word, the absorption
efficiency of modified peanut shells was higher
than that of unmodified shells. Meanwhile, the
adsorption efficiency of modified peanut shells was
increased and further optimized.

So far, enormous progress has been made in the
study of the adsorption of heavy metal ions. The
experiments showed that the adsorption by
agricultural and forestry waste is an effective
method for removing heavy metals from
wastewater, but its industrial introduction was slow
and the study and development of the adsorption
carriers need more hard work. There were various
factors affecting the adsorption efficiency which
should be further discussed, such as the
modification methods and characteristics of the
absorbing materials, desorption conditions of the
adsorption materials and the recycling of heavy
metal ions together with the regeneration and
repeated utilization of the adsorbent. The influence
of the coexisting cations on the adsorption process
should be taken into consideration if the solution is
a mixture of metals. In order to put adsorption of
heavy metals into applications more efficiently, we
should focus on the adsorption mechanism, the
regeneration of biological adsorbent, reuse of
industrial sewage, and establishment of a better
adsorption technical process in the next stage.
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MOIMN®ULNPAHE HA IIJTIOIIKU OT ®bCTHLU U TAXHOTO IMTPMJIOXEHUE 3A
AZICOPBLIMA HA TEXXKKHW METAJIU

3. durt, T, Vaurt®4, W.JIx. Joxuars4, K.Y, Veit4, ©.®. Jleur**, X. Ma*4, LJI. Vaur®*, JIx. Kc. Uen'?
YWuunuwe no enepeust u enepeemuxa, Jlanoocoy ynusepcumem no mexnonoauu, Jlanocoy 730050, Kumaii
2Vuunuwe no negpmoxumusecko uHdicenepcmeo, Jlanoxcoy Yuusepcumem no mexnonozuu, Jlanoxcoy 730050, Kumail
3Yuunuwe no unosicenepcmeo u nayxu 3a scueoma, Texnonozuuen ynueepcumem Janoicoy, Jlauxcoy 730050, Kumaii
4Cmonancku uncmumym 3a papmayus é Jdanscoy, Kumaiicka akademus 3a cenckocmonancku nayxu, Janocoy 730050,
Kumaii

[ocrenuna va 13 ronu, 2016 r.; mpuera Ha 26 tonu, 2016 T.
(Pestome)

[Inronkute OT GPHCTHIHU ca MPOOEH MaTepua 3a ajcopouus. M3cienBana € CiocOOHOCTTa UM J1a aJcCOPOHpPAT TEKKH
metamu (Pb?*, Cu?* u Zn?*) B 3aBucuMOCT OT pasznuunu Qakropu (PH, BpemeTpacHe Ha HMponM3aTa, HavyajlHa
KOHIICHTpAIHs, 7103a). Pe3ynTaTuTe mokasBsar, 4e ajicopOIusaTa Ha TEKKHTE METANH pacTe ¢ MOBHIIaBaHeTo Ha pH.
Beriie ycTaHOBEHO, Ye afcopOLUsITa Ha HOHUTE HA TEXKKH METAIN BbPXY He-MOIU(PHIMpAHU HLTIONKA OPOTHYA 100pe B
KHcena cpefa, JI0Kato npu MoaubHIupaHuTe TOBa € B ankanmHa cpena. CreneHrta Ha ajacopOumst poctura 88% ot
MakcuMmanHara cief 15 MUHyTH ¢ TeHAeHIHs KbM paBHOBecue ciex 50 mun. CreneHta Ha ajacopOuusi pacte ¢
HApacTBaHE HA KOHIEHTPAIMITA HA METAJHHTE WOHH, KATO MaKCUMYyMBT ce jgoctura mpu 30 mg/L, a cien toBa Ts
HAMaJIsBa.

JIMHAMHUYHOTO OTHACSIHE KaKTO Ha MOJU(MHUIMPAHUTE, TAKA U HA HE-MOJU(DUIIMPAHUTE NUTIONKU JI00pe ce OMUCBaT
or Mojena Ha Lagergren 3a XuMmMH4YHa KWHETHKa Ha peakuuss OT 2-pU MOPSIbK. AJCOPOLMOHHUAT e(peKT Ha
MOIUGHUIMPAHUTE IUTIONKKA € MHOTO MO-I00bp OT He-MOAUDUITUPAHUTE.
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Lots of drug tests show strong inner relationships between the bio-medical and pharmacological characteristics of
the drugs and their molecular structures. Due to the effectiveness for pharmaceutical and medical scientists of their
ability to grasp the biological and chemical characteristics of new drugs, the generalized atom-bond connectivity
index was defined to analyze the drug molecular structures. The analysis should find widespread application pro-
spects in developing countries, especially in poor places without the adequate financial ability and affordability of
much needed chemical reagents and equipment. In this paper, based on the drug molecular structure analysis and
driving edge technology, we propose the generalized atom-bond connectivity index of several popular chemical
structures which is quite common in drug molecular graphs.

Keywords Computational chemical; Generalized atom-bond connectivity index; dendrimer stars; bridge graph;

benzenoid series

INTRODUCTION

A wide range of new drugs emerge each year
with the rapid development of the manufacture of
medicines. Therefore, lots of work is needed to
determine the pharmacological, chemical and bio-
logical characteristics of these new drugs. The
relevant reagent equipment and lab assistants are
in demand in order to test the performance and
side effects of these new drugs. However, in some
poor areas (such as the countries in South America,
Africa and Southeast Asia), they are not rich
enough to afford the reagents and equipment nec-
essary to assess the biochemical properties. Luck-
ily, we can refer to the contributions of relevant
previous studies, for example, the chemical and
pharmacodynamics characteristics of the drugs
and their molecular structures as these are closely
linked. Once the indicators of these drug molecu-
lar structures are calculated in view of defining
their topological indices, these can be used to un-
derstand their medical properties and help to repair
and make up for all the defects of the medicine
following the chemical experiments. From this
point of view, we can appreciate the effectiveness
of the methods on the topological index of com-
putation especially for developing countries,
where the available biological and medical infor-

* To whom all correspondence should be sent:
E-mail: gaowei@ynnu.edu.cn

mation about new drugs may be easily obtained
without the need to carry out chemical experi-
ments and purchase expensive hardware.
Traditionally, we look upon the structure of a
drug as an undirected graph in the mathematical
model of a given medicine. Each vertex represents
an atom in the graph and the chemical bond be-
tween these atoms is represented by each edge. We
consider G as a simple graph corresponding to a
drug structure with an atom (vertex) set asV (G)

and a chemical bond (edge) set as E(G). A topo-

logical index defined on the molecule structure G
can be regarded as a real-valued function f:
G —R" which maps each drug molecular structure
to certain real numbers. Decades ago, scientists
introduced significant indices, including the Wie-
ner index, the Pl index, the Zagreb index and the
eccentric index, to measure the characters of the
drug molecules. Some reports help to determine
these topological indices of special molecular
graphs in chemical, nanomaterials and pharmaceu-
tical engineering (See Yan et al. [1], Gao et al.
[2-3], Gao and Farahani [4-5], Gao and Shi [6],
and Gao and Wang [7-10] for more detail). The
referred notations and terminologies without clear
explanations can be found in Bondy and Mutry
[11].

Furtula et al. [12] defined the generalized ver-
sion of the atom-bond connectivity index which
was defined as:

© 2016 Bulgaran Academy of Sciences, Union of Chemists in Bulgaria 543
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d(u)+d(v)—2
I TN d(u)d(v) “awdw

where 4 < 0. Clearly, taking A= —% , it becomes

ABC,(G) =

uveE(G)

the atom-bond connectivity index defined by Es-
trada et al. [13]. Also, Furtula et al. [12] intro-
duced the augmented Zagreb index which was
denoted as:
AZI(G) = Z (M)S_
uveE(G) d(U)+d(V)—2

Obviously, the augmented Zagreb index is a
special case of the generalized atom-bond con-
nectivity index when A=3.

Despite the contributions to the distance-based
indices and degree-based molecular structures, the
researches of the generalized atom-bond connec-
tivity index for certain special drug structures still
await further studies. As a consequence, the re-
search on the generalized atom-bond connectivity
index of the drug molecular structure from a
mathematical point of view are becoming more
and more heated with the years with more and
more academic and industrial interest drawn from
a variety of fields.

Respectively, we designate &§(G) and
A(G) to be the minimum and maximum degrees
of G. The edge set E(G) can be categorized into
different parts: for any i and j, &(G) <i,j< A(G),
let E; = {e=uve E(G)| d(v)=i, d(u)=j} and
n; =‘Eij‘.

In this paper, we obtain the generalized
atom-bond connectivity index of several important

chemical structures with a high frequency in drug
structures.

MAIN RESULTS

The generalized atom-bond connectivity index of
graphene G(m,n)

Graphene, a two-dimensional material, is a
planar sheet of carbon atoms. It is usually densely
packed in a honeycomb crystal lattice and also the
main element of certain carbon allotropes includ-
ing charcoal, fullerenes and graphite, please refer
to Figure 1.

Theorem 1. Let G(m,n)be a graphene sheet
with n rows and m columns. We obtain:

ABC,(G(m,n)) =
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(4m +3n)(%)" +( = n=1(mod2) -

‘(5m+1)+{ J(m+3))( )*?

(4m+3n)(%)"+({ -}(5m+1)+[ J(m+3)+2m 1)() ,n=0(mod 2)

Proof. Based on the structure analysis, we

obtain:
|E(G(m,n))| =

‘g‘(5m+l)+EJ(m+3), n=1(mod2)

B} Gm+1)+ EJ (m+3)+2m—1,n=0(mod2)

After further calculation, we get n,,=n+4,
N,=4m+2n-4, and
= |E(G(m,n))|—4m-3n.

As a result, according to the definition of the
generalized atom-bond connectivity index, we ob-
tain the expected result.

n

Fig. 1. 2-Dimensional graph of a graphene sheet
Generalized atom-bond connectivity index of
three family of dendrimer stars

In this section, three famous infinite classes
NS,[n] , NS,[n] and NS,[n] of dendrimer

stars are defined and they are common in the
drug structures.

Theorem 2. Let n be the number of steps of
growth in this type of dendrimer stars. We indicate

ABC, (NS,[n]) = (27.2" 79)(%)*"
2, .5,
+(§) +3(E) :
ABC, (NS,[n]) =(36-2" —6)(%)* + (g)fﬂ‘ :
ABC, (NS,[n]) =

1 2 4
50-2" -13)(2) " +2"(5) " +6-2"(=) -
( )G5) 3) P

Proof. After the observation to the structures
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of these three dendrimer stars, we present its edge
dividing below:

o for  NSJ[n] n,=18-2"-12
n,=9-2"+3, n;=1 and n, =3;

e for  NS,[n] n,=24.-2"-8
n,=12-2"+2 and n, =1;

o for  NS,[n] n,=28-2"-6

n,=22-2"-7, n,=6-2" and n,=2""

Hence, with the reference to the definition of
the generalized atom-bond connectivity index, we
obtain the expected result.

Generalized atom-bond connectivity index of
polyomino chains of n-cycles and triangular
benzenoid

In the field of mathematics, a polyomino
system, an edge-connected union of cells, is a
finite 2-connected plane graph where each
interior face (i.e. cell) is encircled by a C,.
More details can be found in Klarner [14] and
Ghorbani and Ghazi [15]. For instance, the
polyomino chains of 8-cycles can be represented
in Figure 2.

Fig. 2. The zig-zag chain of 8-cycles.

Theorem 3. Let G be a molecular graph as
described above. We have

ABC, (G)=(20n+ 4)(%)-1 +(8n— 3)(3)-1 .

Proof. Based on the structure analysis, we infer
n,=12n+4, n,,=8n,and n,=8n-3.

Therefore, considering the definition of the
generalized atom-bond connectivity index, we get
the expected result.

Next, the generalized atom-bond connectivity
index of a triangular benzenoid molecular graph
T(n)is computed and the structure is described
in Figure 3.

1

n

Fig. 3. Molecular graph of a triangular benzenoid
T(n)

Theorem 4. Let T(n) denote a triangular
benzenoid. We get

3n*-3n+12 1

ABC, (T (n))=#(§
Proof. Based on the edge dividing technology,
3n(n-1)
Ny =6, Ny = ———

-a 4.,
) +((‘3ﬂ—6)(§) :

we get , and Ny =

6(n—1). Hence, concerning the definition of the
generalized atom-bond connectivity index, we ob-
tain the result.

Generalized atom-bond connectivity index of
bridge molecular structures

Let’s consider {G}", a set of finite pairwise
disjoint molecular graphs with v, eV (G,). The
bridge molecular graph
B(G,--,Gy) = B(GGyiviyrVy)  of
{G.}", regarding the vertices {v.}',is aquired
from the molecular graphs G,,---, G, where the
vertices v, and Vv, are linked through an edge

for 1=12,---,d-1. As a result, this section

helps to determine the formulas of some degree
based indices for the infinite family of drug
structures of the bridge molecular graph with

G,,---,G, (see Figure 4). Then we define
G,(H,v) = B(H,---,H,v,---,v) for special

situations of the bridge molecular graphs.

We analyze the bridge graphs as follows and
the main parts of the graphs are path, cycle and
complete molecular graph, respectively.
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Vi V Vi Vi
e & a & e
G] Gz Gd.] th

Fig. 4. The bridge molecular graph.

e Let P, be the path with n vertices. We have

dn vertices and dn—1 edges for the bridge
molecular graph G, (P,,v) (see Figure 5 for
more details). Moreover, the edge set of the bridge
graph G, (P,,v) can be categorized into four

parts: n,,=d(n—3)+2, n,=n,,=d, and

11T

Fig. 5. The bridge molecular graph G (

e Let C, be the cycle with n vertices. We get
dn vertices and dn+d —1 edges for the bridge
molecular graph G,(C,,v) (see Figure 6 for
more details). Moreover, the edge set of the bridge
molecular graph G,(C,,v) can be categorized

into five parts: n, = d(n-2) , n, =4,
n,=2d-4, n,=2and n,= d-3.

4 V) Via Vi

G Cs Cs Cs

Fig. 6. The bridge molecular graph G, (C,,V).

e Let K, beacomplete molecular graph with n

vertices.  We  get dn vertices  and

n(n—-1
thd —1 edges for the bridge molecular

graph G, (K,,v) (see Figure 7, G,(K;,V) as
an example). Moreover, the edge set of the bridge
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molecular graph G, (K,,v) can be categorized
into five partitions: N = Ny, = d-2,

d(n— 1)(n 2)
Ny =Ny =22and Ny py )=

Yayiyi

Fig. 7. The bridge molecular graph G, (K, V).

In view of the definition of the generalized
atom-bond connectivity index, the main result of
this section is obtained and represented below.
The detailed proofs are omitted here.

Theorem 5.
ABC, (G,(R, ) =d(n-1()* + ([d-3)(2)
ABC/l(GO| (Cn,v)):
1 3 5
dn3) " +(d —3))* + 2(2)
n(2) +( )(8) + (12)
_ 8., [N
ABC/I (Gd (Kn ) V)) =(d- 2)(2—5) + 2(2_0)
n+2 )
5(n-1)
2n—4

d(n D(n- 2)( y
3 (n-1)*

+2(£)’1 +(d -2)(

Generalized atom-bond connectivity index of
the carbon tube networks

In this section, we place emphasis on the

mxn quadrilateral section P; with m>2

hexagons on the top and bottom sides and n>2
hexagons on the lateral sides cut from the regular
hexagonal lattice L, refer to Figure 8 to observe
the detailed chemical structure.

oo

] K
)CVC\[ )

Fig. 8 Quadrilateral section P cuts from the
regular hexagonal lattice.
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The tube NAT with 2m(n-+1) vertices and
(3n+2)m edges is obtained by identifying two
lateral sides of P, by identifying the vertices
ul and ul (j=0,1,---,n).

Let nell be even so thatn,m>2. The tube

NC' of order n(2m+1) with size n(3m+%)

can be obtained if we identify the top and bottom
sides of the quadrilateral section P,'in a similarly
n

O and U

way in which the vertices U, :
for i=0,1---,m and vertices vi0 and Vv for
i=0,1---,m are identified. See Baca et al. [16]
for more details.

Theorem 6.

ABC, (NA") :4m(%)-ﬂ +m(3n —2)(3)-1,

ABC,(NC") :3n(%)l +n(3m —g)(g)%

Proof. For tube NA", we derive n,,=4m, and
N, = m(3n—2). For tube NC,

m !

we derive

n,=n, n,=2n, and n33=n(3m—g). Hence,

in accordance with the definition of the for the
generalized atom-bond connectivity index, we ob-
tain the desired result.

Generalized atom-bond connectivity index of
dendrimer stars D,[n]

In this section, an essential chemical structure
D,[n] is analyzed. It describes the n-th growth

of star dendrimer for ¥Yne N U{0}. Refer to

Figure 9 for more details on the structure of this
chemical molecular graph which is quite common
in drug structures.

Based on the analysis in Farahani [17], we

know that E(D,[n]) can be divided into four parts:

n,=3-2",n,=62""-1), n,=12(2""-1),
and n,= 9-2"—6. Hence, we get the conclu-

sion described below for these molecular struc-
tures.

Theorem 7. ABC, (D,[n]) =3-2" (%)‘/1

18(2 —1)(%)-* +(9-2"— 6)(%)-* |

Fig. 9. The 2-Dimensional of the n-th growth of
star dendrimer Dj,[n].

Generalized atom-bond connectivity index of
two classes of benzenoid series

In this section, we plan to determine the gener-
alized atom-bond connectivity index of two clas-
ses of benzenoid series.

First, the circumcoronene series of benzenoid
H, is concerned. While k=1, 2, 3, the structures

are presented in Figure 10.

v/
‘//‘ \\. ‘\‘>
— \ hrmmt ;
() )
/ L N N
—/ { \5'—\/ )
\ f \ /
— Nt
wy
Hi=Ge Hi=C,(C) o
(=benzene) (=coronene) =circumcoronene

Fig. 10. The first, second and third molecular
graphs H,, H, and H, from the circumcoronene
series of benzenoid.

Hence, the family of circumcoronene homolo-
gous series of benzenoid is made up of some cop-
ies of benzene C, on circumference, for more

details of this structure, please refer to Figure 11.
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Z / 1 \
e
— K-1 2 \
s I\
Cxra N4 \I \
A
. a

N /

\——/

\ / . " // _\\ /._x .\ ! /
a &3 { K-2 *
G j>_> ;
—{ 2 y—< kI
\_/ 0y
\ /
—

Fig. 11. The circumcoronene series of benzenoid
H, for k>1.

Theorem 8.
ABC,(H,)= (12k — 6)(%)‘* +(9k* —15k +6)(g)‘)" :

Proof. Consider the circumcoronene series of
benzenoid H, for k>1. It is not hard to check

that |V (H,)| = 6k and |E(H,)| = 9k*-3k .
Moreover, n, = 9k*>-15k+6 ,

n,=12(k-1), and n,,=6. Thus, regarding the
definition of the generalized atom-bond connec-
tivity index, we indicate the result.

Next, the capra-designed planar benzenoid se-
ries Ca, (C;) (the structure can be referred to
Farahani and Vlad [18] for more details) is con-
sidered. By means of the intermediate results pre-
sented in Farahani and Vlad [18], we present the
generalized atom-bond connectivity index of

Ca, (C,) which is stated as follows.
ABC, (Ca, (C,)) =

we deduce

Theorem 9.
63 +9G) +(3T =23 -3(5) "
Proof. Based on the analysis of the molecular
structure of Ca, (C,), we check that the edge set
of Ca,(C;)can be divided into three partitions:
n, = 3+3 , n, = 43 , and
n,=3-7—2-3-3. Thus, using the definition

of the generalized atom-bond connectivity index,
we infer the desired result.
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OTHER CONCLUSIONS

Finally, we present the generalized atom-bond
connectivity index for the chemical structures
discussed in Gao et al. [2].

Theorem 10. Let SP[n]be the Dox-loaded

micelle comprising a PEG-PAsp block copolymer
with a chemically conjugated Dox. We obtain

ABC, (SP[n])=(27n + 4)(%)ﬂ
2 3 4 5
+ON+D)(Z) 7 +n(&) " +16n(=) "t +n(=) ",
©On+)(Z) " +n() (3) " +n()
Theorem 11. Let D,[n]and D,[n]be polyphe-

nylene dendrimers with n stages. We have

ABC, (D,[n]) = (104-2" — 92)(%),1
n 4.,

+(36-2 —35)(5) ,
ABC, (D,[r]) = (104-2" —80)(%)-1

4 5

+(36-2"=36)(=) " +4(=) .
( )4
Theorem 12. Let S be a benzenoid system with

n vertices, h hexagons and r inlets. We infer
ABC,(S)=

1., 4.,
(n-2h+r+2)(0)* +@h-r-3)) "

Theorem 13. Let PH be phenylene. We deduce
ABC, (PH)=

2h+r +4)(%)ﬂ +(6h—r —6)(%)‘ .

Theorem 14.  Let PAH, be the Polycyclic
Aromatic Hydrocarbons

ABC, (PAH )= 6n(§)‘ O —3n)(g)ﬂ |

CONCLUSIONS

Accompanied by the contentiously emerging
viruses, more and more unnamed diseases are
found in the world at a high speed each year. This
demands the development of more new drugs to
treat them. The generalized atom-bond
connectivity index was introduced to measure the
medicinal properties of new drugs and it is quite
welcome and popular in poor areas. In our paper,
based on the detailed drug structure analysis and
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edge dividing, we defined the generalized
atom-bond connectivity index of certain molecular
graphs which frequently appear in drug structures.
As a result, the conclusions obtained in our paper
show the promising prospects of these applications
in pharmacy engineering.
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eéepcumem ,, Pugpa “, Jlaxop, Ilakucman
* Vuunuwe no ecmecmeenu nayku, Hayuonaren ynusepcumem 3a nayka u mexnonozuu, Mcramabao, Hakucmarn
5 llenapmamenm no npunodxicna mamemamuxa, Upancku ynueepcumem 3a nayka u mexuonozuu, Hapmax, Texepan
16844, Upan

[Moctemuna Ha 15 toHU, 2015 r; mpuera Ha 28 romm, 2015 T
(Pestome)

MHOro TecToBe BbpPXy JIeKapCTBa MMOKa3BaT CHJIHA B3aUMOBPB3Ka MEXIy OHO-MEIMIMHCKUTE U (apMaKoJIOrHy-
HUTE UM XapaKTEPUCTHUKHU C TAXHA MOJEKYNIHa cTpykTypa. C 1en na ce nogoopu Bb3MOKHOCTTA Ha H3CJIE0BATEINTE
B MeIUIMHATA U (papManusTa a OLEHAT XapaKTepUCTUKUTE Ha HOBH JIEKApCTBA € Je(UHUPaH 0000IIeH HHJIEKC Ha
CBbp3aHaTa aTOMHa Bpb3Ka 3a aHalM3a Ha MOJICKY/IHaTa CTPYKTypa Ha JjiekapcTBara. B Tasm pabora ce mpemnara
0000111eH MHJIEKC Ha aTOMHUTE BPB3KM HA HSKOJKO M3BECTHH CTPYKTYPH, KOUTO Ca TBHPJE CXOJHH C MOJEKYIHHTE
rpadu Ha JIeKapcTBaTa.
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The Constructed Rapid Infiltration System (CRI system) finds application in engineering, however, the pollutant
removal mechanism is still not clear, which limits its further promotion and application. The experiment of
processing wastewater by building a CRI simulation column while studying the pollutant removal mechanism and
performance showed: after the CRI system operated steadily, under operation mode 1, that the CRI system had a
higher removal rate of Chemical Oxygen Demand (COD) and COD had been removed effectively in a CRI filter tank
0-100cm segment, with a removal rate of up to 77.8%, under operation mode 2, the CRI system has a relatively low
removal rate of COD, with an average removal rate of only 59.1%. Filtration and adsorption was the first step in the
removal of organic pollutants by the CRI system; organic matter was accumulated during the flooding period and
oxidized and decomposed during the drying period in the CRI system, degradation of aerobe mater played an
important role in the removal of organic matter by the CRI system; alternation of the wetting and drying operation
mode facilitated COD removal. The study results enrich our theoretical knowledge of the CRI system and promote

the application of the CRI system.

Key words: Organic matter; Removal performance; Mechanism; Constructed rapid infiltration system

INTRODUCTION

The Constructed Rapid Infiltration system (CRI
system) employs a new biological wastewater
treatment method, which is now becoming a hot
spot of research and application in China. The CRI
system finds application in engineering, however,
its pollutant removal capacity and fundamentals are
still insufficiently studied and limit further
promotion. Therefore it is necessary to further
study the migration, transformation and degradation
rules and master the degradation mechanism of
various pollutants in the CRI system [1-4]. This
study will provide a theoretical basis to further
promote and apply the CRI system by conducting
the experimental processing of domestic
wastewater by building a CRI simulation column in
the laboratory as well as by analysis of the organic
matter and removal performance.

MATERIALS AND METHODS
Building a CRI Simulation Column

A CRI simulation column was built in the
laboratory. The main part of the CRI simulation
column reactor consists of an organic glass column,
the column height is 200cm, the internal diameter is
21cm, the filtering material consists of 90% of

* To whom all correspondence should be sent:
E-mail: xuwenlai1l983@163.com

natural sand + 5% of sand marble + 5% of zeolite
sand, with at a height of 150cm, the 7 sampling
ports are set 25cm from the top filtering material
layer to the bottom filtering material layer: 1#
sampling port, 2# sampling port, 3# sampling port,
4# sampling port, 5# sampling port, 6# sampling
port and 7# sampling port were set at Ocm, 25cm,
50cm, 75cm, 100cm, 125cm and 150cm from the
top filtering material layer, respectively. A water
distribution pipe was fixed on the top of the
filtering material of the CRI system, the wastewater
enters the water distribution pipe and feeds the
water to the CRI system after extraction by a water
pump, the wastewater quantity is controlled with a
flowmeter and the wastewater flows straight down
in the CRI system where it is purified by trickling
through the filtering material from top to bottom.
Fig.1 shows the schematic diagram of the filter tank
of the CRI simulation column.

Operation and Management of the CRI Simulation
Column

The CRI simulation column was operated on
July 10, 2009, the experimental water was domestic
wastewater from the sewer of a student apartment.
The experimental design hydraulic load was 1m/d;
two intermittent water distribution modes were
adopted, an operational mode 1. 4 times of
waterdistribution per day, 0.5h for each time, every
time the water distribution quantity was 0.25m, the
water was distributed once every 6h; the

550 © 2016 Bulgaran Academy of Sciences, Union of Chemists in Bulgaria
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operational mode was 2: the water was distributed
once every day, for 2h every time, every time the
water distribution quantity was 1m, the water was
distributed once every 24h. The CRI simulation
column was started with fresh water and the COD
test yielded effluent every 3d.

90% Matural Sand+
T4 Marble Sand + - |

4, Zeolite Sand t 1 :l .

uuuuuu nent

LI D I B B
-

Fig.1. CRI simulation column.

Experimental Monitoring Items

The experimental monitoring items included
CODCr, NH3-N, NO3-N, TN and TP. Table 1
shows the experimental monitoring method [5].

EXPERIMENTAL RESULTS AND ANALYSES

Experimental Results of COD Removal by the Cri
System

Table 2 shows the COD concentration and
removal rate of influent and effluent by the CRI
simulation column under operational mode 1
(Notes: sampling times 1-13 are the natural bio-film
colonization stage of the CRI system, and the
sampling time 14 is the stable operational stage of
the CRI system, Table 2 starts from sampling time
14) and Table 3 shows the COD concentration and

Table 1. Experimental methods of pollutant indexes.

removal rate of influent and effluent of the CRI
simulation column under operational mode 2. Table
4 shows the removal effect of COD by filtering
materials of different heights in the CRI simulation
column under operational mode 1.

To investigate the degradation rule of COD
along with flow in the CRI simulation column, a
wastewater sample at each sampling port along the
flow in the CRI simulation column under
operational mode 1 was taken, Table 4 displays the
specific experimental results.

Rule Analyses of COD Removal by the Cri System

It can be seen from Table 2 that after the CRI
system was operated steadily following successful
natural bio-film colonization, the CRI system
manifest a high COD removal rate under
operational mode 1 (the hydraulic load cycle was
6h): after 19 sampling tests (sampling numbers 14-
32), after 7 tests the effluent COD concentration in
the CRI system was less than 20mg/L, after 12 tests
the effluent COD concentration in the CRI system
was less than 30mg/L, after 19 tests the effluent
COD concentration in the CRI system was less than
20.39 mg/L, in terms of the COD index, the
effluent COD concentration in the CRI system
under operational mode 1 reached the A-level
standard or the first class standard of the Pollutant
Discharge Standard for the Town and Country
Sewage Treatment Project (GB18918-2002).

The influent COD concentration in the CRI
system had a larger fluctuation range, whose
minimum COD concentration was 90.36 mg/L and
the maximum COD concentration was 189.61
mg/L, however, the effluent COD concentration in
the CRI system had a small fluctuation range,
which was maintained at 14-25 mg/L, suggesting
that the CRI system had a stronger capacity for
resisting the impact load for COD.

Index Experimental method
Water temperature Thermometer method
Ph Glass-electrodes method
COD Potassium dichromate method
NH3-N Nessler's reagent colorimetry
™ Alkaline potassium per sulfate digestion-uv spectrophotometric
method
TP Ammonium molybdate spectrophotometric method
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Table 2. COD Concentration and Removal Rate of Influent and Effluent of the CRI Simulation Column under

Operational Mode 1.

Sampling times Influent concentration (mg/L)

Effluent concentration (mg/L)  Removal rate (%)

14. 159.64
15 136.48
16 126.31
17 104.34
18 97.34
19 112.32
20 159.69
21 178.34
22 189.61
23 104.35
24 90.36
25 94.58
26 147.35
27 163.24
28 158.31
29 146.36
30 165.65
31 115.43
32 151.23

23.31 85.4
20.47 85
19.33 84.7
14.50 86.1
15.67 83.9
17.18 84.7
24.59 84.6
22.47 87.4
21.05 88.9
18.57 82.2
15.45 82.9
17.59 81.4
21.07 85.7
22.69 86.1
22.64 85.7
23.56 83.9
23.36 85.9
20.66 82.1
23.29 84.6

It can be seen from Table 3 that the removal
effect of COD when the hydraulic load cycle was
24h declined dramatically compared with that when
the hydraulic load cycle was 6h, with an average
removal rate of only 59.1%, after 10 sampling tests
(sampling numbers 33-42), after 7 sampling tests
the final effluent COD concentration in the CRI
system was greater than 60mg/L, after 3 tests the
effluent COD concentration in the CRI system was
greater than 50mg/L, after 10 tests the effluent
average COD concentration in the CRI system was
60.77 mg/L, in terms of COD index, the effluent
COD concentration in the CRI system exceeded the
A-level standard of the first class standard of the
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Pollutant Discharge Standard of the Town and
Country Sewage Treatment Project (GB18918-
2002).

Table 4 shows the change in COD concentration
along the flow in the CRI system under operational
mode 1 (the hydraulic load cycle is 6h). The
average removal rate of COD by the CRI system in
the 5 experiments was 84.9%, the removal rate of
COD in the CRI filter tank 0-75cm segment
reached 71.9%, accounting for 84.6% out of the
total removal rate of COD by the CRI system, the
removal rate of COD in the CRI filter tank 0-100cm
segment reached 77.8%, accounting for 91.6% out
of the total COD removal rate by the CRI system,
suggesting that COD had been effectively removed
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in the CRI filter tank 0-100cm segment and
removed less effectively (only about 6%) in the CRI
filter tank 0-100cm below the segment.

Mechanism Analyses of COD Removal by the Cri
System

The following conclusions can be reached from
the analysis of the COD removal mechanism by the
laboratory simulation column[6-10]:

(1) Filtration and adsorption was the first step of
organic pollutant removal by the CRI system.

It took a long time for the organic matter in the
wastewater to be decomposed completely in the
CRI system, more especially, some of the
macromolecular organic matter can continue to be
decompose aided by the microorganisms
surrounding the filtering material in the CRI system
only by being first decomposed into a dissolved
state through hydrolytic processes, which needed to
take a relatively long period of time, in the CRI
system, the filtering material and bio-film first
managed the interception and adsorption of organic
matter to allow sufficient contact time with the
microorganisms, during which they started the
biochemical reaction to let the organic matter to be
completely decomposed, absorbed and utilized by
the microorganisms. The filtration and adsorption
was the first step of organic pollutant removal by
the CRI system, providing a basis for further
degradation and removal of the organic matter.

(2) The organic matter accumulates during the
flooding period and is oxidized and decomposed
during the drying period in the CRI system.

When the wastewater flows through the filtering
material of the CRI system, the organic matter
becomes detached from the aqueous phase due to
adsorption, interception and flocculation. By
filtering the material and bio-film, among which a
portion of low molecular weight and dissolved
organic matter can be quickly decomposed,
absorbed and utilized by the microorganisms in the
CRI  system and wastewater, but the
macromolecular or granular organic matter can
continue to be completely decomposed by the
microorganisms in the CRI system only by first
being decomposed by the hydrolytic process. This
involves a process where the macromolecular and
granular organic matter is decomposed and
dissolved to organic matter that can be absorbed
and utilized by the microorganisms following the
action of the hydrolytic enzyme released by the
microorganisms. This process needs a relatively
long period of time, so the macromolecular organic
matter absorbed by the filtering material of the CRI
system cannot be decomposed by the

microorganisms in a timely fashion. The matter
accumulates in the CRI system, if the CRI system is
fed with water all the time, then more and more
organic matter accumulates in the CRI system and
this will easily result in a blockage of the CRI
system. In order to operate normally, the CRI
system adopted an alternate wetting and drying
operational mode, during the flooding period, the
organic mater accumulates in the CRI system, only
a small portion of low molecular weight and
dissolved organic matter can be decomposed by the
microorganisms, in the drying period, because no
new organic matter enters the CRI system, so the
microorganisms in the CRI system have plenty of
time to conduct biodegradation of organic matter
accumulated during the flooding period, the
assimilative capacity of the CRI system was
restored in the drying period, allowing continued
effective adsorption and accumulation of organic
matter during the next wastewater feed. The
alternate wetting and drying operational modes
were the safeguard for a normal operation of the
CRI system, while limiting the hydraulic load of the
CRI system because it took a certain time for the
macromolecular organic matter to be hydrolyzed,
absorbed and utilized by the microorganisms, so the
drying period should not be too short. Therefore,
such alternate wetting and drying operational
modes limit the increase of the hydraulic load of the
CRI system.

(3) The aerobic degradation played an important
role in the removal of organic matter by the CRI
system.

The study showed that because the CRI system
adopted the alternate wetting and drying
operational mode and characteristics of the CRI
system itself, the CRI filter tank upper segment (0-
100cm) belongs to the aerobic/anaerobic alternating
segment, which has a wide range of
microorganisms, very complex, including obligate
aerobes, facultative microorganisms and obligate
anaerobes, a relatively rich content. The obligate
anaerobes required a much stricter living
environment than the bligate aerobes, since the CRI
system had a longer drying period and shorter
flooding period, which means that the
aerobic/anaerobic alternating segment had a longer
aerobic state and a shorter anaerobic state, thus this
segment was advantageous to the growth and
reproduction of aerobes and inhibits the growth of
anaerobes. Therefore, the degradation of aerobes
played an important role in organic matter removal
by the CRI system in the aerobic/anaerobic
alternating segment (CRI filter tank 0-100cm
segment).
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Table 3. COD Concentration and Removal Rate of Influent and Effluent of the CRI Simulation Column under

Operational Mode 2.

Sampling times

Effluent concentration Removal rate

Influent concentration (mg/L)

(mg/L) (%)
33 163.4 47.39 71.4
34 158.6 65.03 59.6
35 148.3 63.32 57.3
36 167.5 68.34 59.2
37 159.1 61.73 61.2
38 146.8 64.45 56.1
39 152.4 59.89 60.7
40 154.7 65.75 57.5
41 146.2 58.77 59.8
42 136.7 53.04 61.2

Table 4. COD Concentration (mg/L) along the Flow in the CRI Simulation Column under Operation Mode 1.

CRI filter tank depth (cm)

Sampling times 0 25
43 168.6 105.8
44 171.3 105.6
45 159.6 103.7
46 163.2 103.9
47 160.8 101.7

Average removal rate (%)

0

37.2

50 75 100 125 150
66.6 46.6 34.6 28.2 25.3
63.9 44.0 37.6 26.3 25.1
66 48.3 39.7 28.7 25.1
65.5 47.2 35.1 27.0 24.2
63.7 45.2 35.7 26.8 24.2.
60.4 72.4 79.5 83.3 85

The CRI filter tank lower segment (100-150cm)
was in an anaerobic state, but it made a small
contribution to organic matter removal, there were
two main reasons:

1. The decomposition capacity of anaerobes was
far less than that of aerobes and the decomposition
of organic matter was not complete.

2. The anaerobic reaction rate of the
microorganisms related to the initial concentration
of nutrients, the higher the initial concentration of
organic pollutants, the faster the anaerobic
decomposition reaction, which is otherwise slower.
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3. Because the CRI filter tank 0-100cm segment
had a high removal rate of the organic matter, with
an average removal rate of around 80%, by
producing a small quantity of organic matter
entering the anaerobic zone of the CRI filter tank
the lower segment had a low anaerobic
biodegradation rate of organic matter.

In conclusion, the organic matter removal by the
CRI system depended mainly on aerobic
biodegradation.

4. The alternation of wetting and drying
operational mode facilitated COD removal.
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It can be seen from Table 2 and Table 3 that
under the conditions of different wet-to-dry rates,
the CRI system had a remarkably different removal
efficiency for organic matter, which was mainly
caused by a change in the hydraulic load cycle of
the CRI system due to a different wet-to-dry rate.
The organic matter removal by the CRI system
depended mainly on aerobic biodegradation, so the
reaeration state and hydraulic retention time of the
CRI system will have a great influence on organic
matter removal. The main reasons for the large
difference in the removal rate of COD under the
conditions of two different wet-to-dry rates in this
experiment are mainly as follows:

1) Differences of the reaeration effect of the CRI
system.

The CRI system is a technology for wastewater
treatment using a natural system without the need
for aeration and its reaeration process relies mainly
on air convection and diffusion. At the time of
infiltration of the residual water on the surface layer
of the CRI system, the air inside and outside the
CRI system initiates air convection due to
infiltration and inhalation by the water and air
convection  carried through once within one
hydraulic load cycle, the volume of air convected is
equal to the volume of all the water coming out of
the CRI system during the time from drying of the
residual water on the surface layer of the CRI
system to the next wastewater feeding of the CRI
system. When the CRI system was in the drying
period, its reaeration mainly relied on the air
diffusion. The study conducted by Zhang Jinbing
[7] suggests that even when the CRI system is in
the drying period, the amount of reaeration through
air diffusion is still low and it is difficult for oxygen
to reach deeper into the CRI system. To allow for
better reaeration of the CRI system, the hydraulic
load cycle of the CRI system needed to be
shortened, the wastewater feeding and drying
frequencies needed to be increased, and air the
convection times of the air inside and outside the
CRI system needed to be increased, thus allowing
for an increase of the reaeration efficiency of the
CRI system, which will be favorable for the
decomposition of organic matter by the aerobes
inside the CRI system.

The operational mode for sampling numbers 14-
32 required a one time wastewater dosing every 6h,
4 times per day and the CRI system completed the
whole process of one time drying and flooding
every 6h. Under such an operational mode, the CRI
system had a higher drying frequency and less time
and it conducted air convection 4 times every day,
such an operational mode strengthened the

reaeration of the CRI system, while for sampling
numbers 33-42, the infiltration column only
conducted air convection once every day. Thus it
can be seen that the hydraulic load cycle will
directly affect the reaeration way and reaeration
efficiency of the CRI system. Under these
experimental conditions, the reaeration way of
sampling numbers 14-32 relied mainly on the air
convection, while the reaeration way of sampling
numbers 33-42 relied mainly relied on the air
diffusion. Therefore, the reaeration efficiency of
sampling numbers 14-32 was much higher than that
of sampling numbers 33-42, it was more favorable
for the decomposition of organic pollutants by
aerobes under the conditions of sampling numbers
14-32, so the CRI system had better removal
efficiency for organic pollutants under the
operational mode of 4 times of wastewater dosing
per day and one time every 6h.

2) Hydraulic retention time.

The organic matter removal by the CRI system
mainly relied on the degradation by aerobes, so the
length of time of contact between the organic
pollutants with the bio-film in the CRI system will
have a great influence on the removal effect of the
organic pollutants. Because the hydraulic load of
the CRI system was relatively high in the CRI
system, the hydraulic retention time (HRT) had a
much greater influence on the removal effect of
organic pollutants [8,9].

This experiment adopted two obviously different
hydraulic load cycles and the HRT had a major
difference under the conditions for two different
hydraulic load cycles [10-13]. When the sampling
numbers 14-32 adopted 4 times of wastewater
dosing per day, once every 6h and the sampling
numbers 33-42 adopted the hydraulic load cycle of
24h, under such different conditions the hydraulic
load was the same, however, the wastewater
quantity flowing through the CRI system of each
time of wastewater distribution of sampling
numbers 33-42 was equal to the total wastewater
guantity flowing through the CRI system of 4 times
of wastewater distribution for sampling numbers
14-32, so the actual flow rate of wastewater for
sampling numbers 33-42 was significantly greater
than that for sampling numbers 14-32. Therefore,
the wastewater had longer HRT for sampling
numbers 14-32, such an operational mode was
more favorable for the degradation and removal of
organic matter by microorganisms in the CRI
system [14, 15].
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CONCLUSIONS

The following conclusions were reached through
the wastewater processing experiment by building
a CRI simulation column:

(1) After the CRI system operated stably
following the successful natural  bio-film
colonization, the CRI system had a high COD
removal rate under operational mode 1: COD had
been effectively removed in the CRI filter tank O-
100cm segment, with a removal rate reaching
77.8%, the effluent COD concentration in the CRI
system under operational mode 1 reached the A-
level standard for the first class standard of the
Pollutant Discharge Standard of the Town and
Country Sewage Treatment Project (GB18918-
2002). The CRI system had a stronger capacity of
resisting impact load for COD. The CRI system had
a relatively ineffective removal effect of COD
under operational mode 2, with an average removal
rate of only 59.1%.

(2) Filtration and adsorption were the first steps
in organic pollutant removal by the CRI system;
organic matter in the CRI system was accumulated
during the flooding period and oxidized and
decomposed during the drying period; the aerobe
degradation played an important role in organic
matter removal by the CRI system; the alternate
wetting and drying operational mode facilitated
COD removal.
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OTCTPAHSIBAHE HA OPTAHUYHA MATEPUS 1 MEXAHU3BM HA JEMCTBUE HA
CUCTEMATA 3A BbP3A NTHOWJITPALIMA

VJI. Key, U.H. fur, JIx. Yanr, M. Tanr, U. Jxxunan, C.Jx. [lei

Hwvpoicasna knowoea 1a6opamopus 3a npe0omepamsasane Ha 2e010SUYHI ONACHOCMU U ORA38aHe HA OKOIHAMA
cpeoa, Texnonoeuuern ynugepcumem ¢ Yen2oy, 610059, Kumaii

[Tocrpnuna Ha 15 ronu, 2015 r.; npuera Ha 26 1omu, 2015 r.
(Pesrome)

Koncrtpyupana e 0bp3a mHpmITpannonHa cucrema (CRI), kosTo HamMupa NpMIIOKEHHWE B OTCTPAHSBAHETO Ha
3aMBpPCUTENH OT BOAWTE. MeEXaHM3MBT Ha TO3H MPOIEC OIIe HEe € SCeH, KOETO INPEeMsATCTBA Ha HETOBOTO
pasmpocTpaHeHHe W MpUilokeHne. EkciepuMeHTHTe 1o TpeTUpaHe Ha BOJM B KoJioHa Ha 0a3ata Ha CRI-cucremara
MOKa3BaT clieqHOTO. [Ipu cTanmoHapeH pekuM 1o crocob 1 ce mocTura BUCOKa CTENEeH Ha oTcTpaHsBane Ha XITK
(o 77%) B cnoit ot 0 mo 100 cm. Ilpu cnoco6 2 ce nocrura cpegno camo 59,1 % orcrpansisane na XIIK. I1pu CRI-
cHUCTeMaTa MbPBUTE CTENCHHU ca GUATpyBaHETO U aacopOiusaTa. OpraHuyHaTa MAaTEepPHs C€ HATPYIBa Ipe3 Mepuoa
Ha OMOKpSIHE, a Ce OKHCISBA M C€ pasjiara B mepuoja Ha cymeHe. Jlerpananusra Ha aepoOHaTa MaTepus H3rpae
Ba)KHa POJIsl 32 OTCTpPaHsBaHE Ha OpraHvkara. PeayBaHeTo Ha 3ajMBaHE M CyIleHE OJIaroNpHUsATCTBA OTCTPAHSBAHETO
Ha XIIK. Te3u pesynratu oborarsBar Teopetuunute 3Hanus 3a CRI-cuctemara v HachpyaBaT MPUIIOKCHHUETO .
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Through the processes of precipitation, filtration, drying and calcination, Fe-Mn compounds were synthesized
artificially. The performance of these processes is accessed. By using X-ray fluorescence, testing the specific surface
area, analyzing the X-ray diffraction, infrared spectroscopy, scanning electron microscopy testing technology to
characterize this material, in order to investigate its mechanism of arsenate adsorption and the factors that influence.
The results of the experiment showed that when the initial concentration of vanadium was 50mg/L, 0.1g of ferruginous
manganese composite material was used, the reaction time reached 2 hours. The best absorption efficiency was obtained
at the temperature 30°C and pH value of 4. Adsorption of ferruginous and manganese complexes of vanadium (V) are in
accord with the Langmuir adsorption model (R?=0.9682), the kinetic data are consistent with the two order kinetic
models (R?=0.9999), the maximum adsorption capacity is 14.16mg/g.

Key words: Fe-Mn compounds; Vanadium (V); influencing factors; adsorption mechanism; kinetics

INTRODUCTION

Vanadium is one of the main trace elements in
fossil fuels, the vanadium compounds are usually
toxic and their toxicity is enhanced by the increase
vanadium content. Vanadium compounds have the
highest toxicity. The vanadium smelt factory and
vanadium alloy plant produce the chemical dust
and aerosols which cause the high concentration of
vanadium pollution in the neighboring area. The
oil refineries, fuel and coal fired plants and
chemical plants, also cause high toxicity and
vanadium pollution of the water body. In the
process of vanadium industry development the
high concentration of vanadium industrial waste
water has the characteristics of large and harmful
emissions, heavy-toxicity, not easy to biodegrade.
Therefore, finding an effective treatment to the
vanadium containing wastewater and restoring the
vanadium (V) polluted soil has become one of the
most important research subject in the field of
environmental science and technology.

Currently, the research on the treatment
methods of industrial wastewater containing
vanadium (V) at home and abroad mainly include
chemical precipitates  (including  iron
precipitation, lime neutralization precipitation and
SO2 precipitation), the ion exchange method and
the adsorption method. The adsorption method is
renewable and widely used. The previous reports
in the literature on vanadium adsorbents, such as

* To whom all correspondence should be sent:
E-mail: 364957055@qq.com

natural mineral water talc [5], manganese acid
leaching residues [6], modified iron-chips [7],
modified ferrous ion zeolite [8], that have the
good adsorption capacity of vanadium (V) ions. At
the same time, the pilot study of the experiment
[2] proved that natural iron manganese ore has the
adsorption capacity of vanadium (V) up to
522ug-g-1 and the contrast experiment resulted
that the proportion of different iron ore and ferro-
manganese has a great influence on the removal of
vanadium (V). Due to the above study, this
experiment will compound the oxide iron that has
a high surface charge, large specific surface area
and strong adsorption ability for many inorganic
contaminants [9] with manganese that has a strong
oxidation ability. In the experiment, an effort to
obtain more efficient vanadium (V) adsorption
materials as well as the absorption performance
and the functional mechanism of the oxide ferro-
manganese compound surface on the absorption of
vanadium (V).

Introduction to the experiment
The main reagents and equipment

The equipment used in the experiments is
comprised of ASAP 2020M an automatic specific
surface area and porosity analyzer (American
Micromeritics), an Axios advanced X-ray
fluorescence spectrometer (Netherland
PANaLyticaL B.V), D/MAX-RB a target X-ray
diffractometer (Japan RIGAKU), JSM-5610LV a
scanning electron microscope (JEOL), UV-1100
an ultraviolet and visible spectrophotometer
(Shanghai MAPADA) and others.
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The main reagents used in this experiment were
NaVO3, carbamide, BPHA, FeS04+7H20,
MnSO4+H20, with a high purity, the water was
deionized.

Introduction of the experimental methods

The preparation of ferruginous manganese
composite material

To prepare the compound a series of different
concentrations of Fe/Mn solutions, through the
mixture of FeSO4¢7H20 and MnSO4¢H20 in
water and drop the precipitation saturated solution
respectively in the series solutions. In the process of
dropping, the stirring of solution need be done until
it no longer produces new precipitation, the
solution be put standing, and pour out the
supernatant liquid. Following suction and filtering
the lower metal oxide hydrate precipitate in the
solution and after repeatedly washing the
precipitate with deionized water, until the adding of
BaCl2 no longer produces a white precipitate in the
filtrate. The metal oxide is dried under 105°C for 2
hours at a constant weight then put in a muffle
furnace and calcinated for 2 hours under 450°C.
After cooling, grinding and sieving with a 100 ~
190 mesh, it is stored for further use.

Introduction of the characterization experiment

The Fe-Mn compounds are experimentally
characterized by using XRF, BET, XRD, FTIR and
SEM.

Introduction of the static adsorption experiment

Using a sodium metavanadate simulated
compound 500 mg/L of vanadium (V) contained in
wastewater reserve liquid (in this paper, the
vanadium in the solution is measured as V205).
Accurately weigh a 0.1g adsorbent and put it in a
100mL conical flask, 30.00mL certain a
concentration simulated V205 solution, reacting
after 1 hour in the thermostat oscillator under 30°C,
then subjected to a high speed centrifugal spin for
30 min, BPHA and the extraction
spectrophotometric method are used to analyze the
residual V205 concentrations in the supernatant.

Introduction to the adsorption and adsorption
kinetics experiment

By changing the pH value (2.0~12.0) and
temperature (25~50°C) for different water quality
conditions of the vanadium solution the adsorptive
characteristics of vanadium (V) by the Fe-Mn
compound is explored. Weighing another 0.1g of
adsorbent and putting it in a 100mL conical flask,
with 30.00mL of the concentration of 50mg/l V205
solution is placed in a thermostat oscillator under

30°C, the samples were taken at different time
intervals, the vanadium (V) concentrations were
measured and calculate the adsorption quantity for
different periods.

THE RESULTS AND ANALYSIS

The best Fe/Mn mole ratio in the preparation of
composite material

The selection of precipitant

In the preparation of a series of solutions where
the Fe/Mn mole ratios are 5:1, 3:1, 1:1, 1:3, 1:5,
NaOH and Na2CO3 are used as the precipitants, to
prepare the compound oxides, the removal
efficiency of vanadium (V) is compared, the results
are shown in figurel. When the Na2CO3 is used as
the precipitant, the removal rate of vanadium (V) is
obviously higher than the NaOH precipitant, the
reason is that Na2CO3 reacts with iron, manganese
and generates the carbonate precipitation, in the
subsequent calcination process, the carbonate
decomposition releases large amounts of CO2, and
the porosity of the Fe-Mn compound is increased.
Due to the higher porosity, a better removal will
result for vanadium (V), therefore, when Na2CO3
is used as the precipitant the Fe-Mn composite
compound removal of vanadium (V) is better than
when NaOH is the precipitant. In the subsequent
experiments, Na2CO3 will be used as the
precipitant to prepare the Fe-Mn compound and the
precipitation sequence of different precipitants can
be analyzed.
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Fig.1. Comparison of the removal efficiency of the
Fe-Mn compound when NaOH and Na2CO3 are used as
precipitants.

Selection of the Fe/Mn mole ratio

Preparation of a series of solutions with Fe/Mn
mole ratios (in this study refer to the mole ratio) are
12:1, 8:1, 5-1, 3:1, 1:1, 1:3, 1:5, 1:8, 1:12, the
Na2CO3 is used as the precipitant to prepare the
Fe-Mn compounds, by comparing the best Fe/Mn
ratio for the removal efficiency of vanadium (V),
the results are shown in figure 2.
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Fig. 2. Different Fe/Mn ratios (mole ratio) of Fe-Mn
compounds with respect to the changes in the removal
rate of vanadium (V).
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As evident from figure 2 the removal efficiency
increases quickly with the smaller ratio of Fe/Mn,
when the Fe/Mn ratio was 5:1, the maximum
removal rate reached 67.8%, and then showed a
decrease trend. Therefore, the subsequent
experiments will choose the 5:1 Fe/Mn ratio as the
best ratio for the removal of vanadium (V).

The influence of water quality on Fe-Mn compound
removal performance for vanadium

The influence of the pH value on the removal
performance of vanadium

Under the same reaction conditions, the initial
pH value of the vanadium solution is changed in
turn to explore the adsorption effects, the results are
shown in figure 3. It can be seen from the figure 3
that in the pH value range of 2.0 ~ 12.0, the
removal rate of the Fe-Mn compound of vanadium
(V) first increases with the increase of the pH then
decreases. Under the acidic reacting conditions the
adsorption efficiency of vanadium (V) is higher,
when the pH value reaches around 4.0, the best
adsorption efficiency is achieved, the reason is that
the colloid of the Fe-Mn compound is positively
charged; when the experiment deals with the
adsorption of positive and negative charges the pH
value is close to 2, vanadium exists as VO2+,
where the positive charge is not conducive to
adsorption. When the pH value is between 3.8 ~
3.8, the vanadium acid radical ion is V100286-,
HV100285— when the removal rate achieves a
maximum [1]. The reason is that the acidic
condition can enhance the protonation effect of the
manganese ore surface, thus increasing the positive
charge on the manganese ore surface[10] and plenty
of H+ will dissolve the ore into some metal, making
it appear more porous increasing the specific
surface area, thereby increasing the removal
efficiency of vanadium (V) [11]. The adsorption
efficiency obviously decreases with the increasing
pH value, the reason is that the vanadium anion is
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under an alkaline environment and for the OH there
Is a competition for adsorption sites on the surface
of the manganese ore. Therefore, the best pH value
for vanadium (V) adsorption of the Fe-Mn
compound is 4.0.

Removal rate (%)

pH'

Fig. 3. The influence of the change in pH value on
the removal performance of vanadium (V).
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Fig. 4. The influence of the change reaction
temperature on the removal performance of vanadium

M

The influence of the reaction temperature on the
removal performance of vanadium (V)

The characterization and functional mechanism of
the Fe-Mn compound

The analysis of the Fe-Mn compound’s composition

The composition of the adsorbent is the key
factor that decides the adsorption performance of
the material. In this study, the best Fe-Mn mole
ratio of three mixture preparations are chosen as the
adsorbents and the adsorbents are processed by
grinding, drying and calcination, so the preparation
of the adsorbent will not only contain iron,
manganese ions, but could still contain a variety of
other elements. In order to fully and accurately
research the removal mechanism of compounds of
the vanadium (V), XRF technology is used to
obtain the composition elements of the Fe-Mn
compound is shown in table 1. From table 1, it can
be seen that there are 10 kinds of elements for Fe-
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Mn compounds and according to the calculation the
mole ratio is 5.04:1. In addition to iron and
manganese oxide together with the Fe-Mn
compound, due to cleaning that produce only
residues of sodium oxide content that are more than
1%, the rest of the elemental contents are
negligible. The removal efficiency in elimination of
other elements’ rather than vanadium (V) is high.

Table 1. The weight percentage of each oxide in the
Fe-Mn compound.

Name Percentage (%)
Na20 2.76
MgO 0.06
Al203 0.02
Sio2 0.05
P205 0.01
SO3 0.74
CaO 0.10
MnO 7.53
Fe203 85.47
Cl 0.02
Initial weight 3.14

The analysis by SEM and BET

The methods of SEM and BET are used to
analyze and measure the surface topography and
specific surface area of the Fe-Mn compound.
Presented in Figure 5 is a photo taken by a scanning
electron microscopy that shows the morphology at
an Fe/Mn ratio of 5:1. The Fe-Mn composite
material before and after the removal of vanadium
(V) are observed. It can be seen from figure 5 that
the most of particles of the Fe-Mn compound are
uneven in size although some are spherical, these
particles adhere to each other and form a network
structure, this natural phenomenon reflects the
inherent adsorption properties of the Fe-Mn
compound. The vanadium (V) ions are absorbed by
water surface particles, with the help of a mesh
structure bridge connection, the vanadium (V) ions
form a large film that separates and removes the
water. In the photo of after absorption that the
space between spherical particles are significantly
reduced, and large amounts of vanadium particles is
absorbed by the surface of spherical particles. This
photo further illustrates the reasons why the Fe-Mn
compound has a good removal performance.
Meanwhile, in the method of nitrogen adsorption -
stripping characteristics are used to measure the
specific surface area of the Fe-Mn compound that is
69.2m2/g. The result shows that the Fe-Mn

compound particles have a large specific surface
area and high a surface free energy, which increases
the chances that the particles react with the
vanadium in the water and has a strong ability to
remove the vanadium in the waste water.

" After absorptionx500

Fig. 5. The SEM pictures before and after the Fe-Mn
compound adsorbs vanadium (V)

The analysis by XRD

The XRD technology is used to analyze the
phase compositions of the Fe-Mn compound before
and after adsorption of vanadium (V). It can be
seen from figure 6 that before adsorption the
composition of the Fe-Mn compound, appears
similar to the magnetite and Mn203 characteristics
of the diffraction peak, the main phase
compositions are Fe304 (JCPDS 01-1111) and
Mn203 (JCPDS 02-0902). There are some serious
wide and diffuse peaks in the Fe-Mn compound
XRD figure showing that the Fe-Mn compound is
not crystalline but porous, most of the Fe-Mn
compound is amorphous in form. Compared with
the XRD figures presenting the material before and
after adsorption, it can be argued that the graphics
have large changes before and after adsorption. The
material presented in figure 7 after the reaction
appears similar to the V203, Fe203 and Mn203
characteristics of the diffraction peak in the Fe-Mn
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compound, the main phase compositions are
V203(JCPDS 01-1293), Fe203(JCPDS 03-0800),
O3(JCPDS 02-0902). These show that the chemical
reaction occurs in the process of surface adsorption,
partial vanadium acid radical ions are generate
V203 and Fe304 is oxidized to Fe203.
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Fig. 6 The XRD figure before the Fe-Mn compound
adsorbs vanadium (V).
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Fig. 7. The XRD figure after the Fe-Mn compound
adsorbs vanadium (V).

The analysis by FTIR
In the study by an FTIR test to determine
whether M-OH exist in the Fe-Mn compound, the
FTIR figure of the process before and after
adsorption is shown in figure 8.
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Fig. 8. The FTIR figure of the process before and
after adsorption.

As shown in figure 8, the Fe-Mn compound
there has the characteristic stretch vibration
absorption peak of water and -OH (3421cm-1~
3432cm-1) and -OH bending and vibration
absorption peaks (1629cm-1-1622cm-1). The
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absorption peak and the corresponding hydrated
MnO2 surface hydroxyl of the Mn-OH functional
groups appear around 1138cm-1. The characteristic
peaks appear at around 1200cm-1 both figures,
which can explain the presence of Mn-OH. The
absorption peak appearing at 1400cm-1 is caused
by the MnO2 hydration component of the hydroxyl
groups and water molecules. The stretching and
vibration absorption peaks of the hydroxyl groups
in Fe(OH)3 and water molecules appear at 3421cm-
1 and 3432cm-1; the bending and vibration peaks
of the hydroxyl groups in Fe(OH)3 and water
molecules appear at 1622 cm-1, 1629 cm-1; the
absorption peaks of a-FeOOH appear at 1162 cm-1
and 460 cm-1. Therefore, the iron compounds and
hydroxyls play an important role in the process of
the Fe-Mn compound removal of vanadium (V). It
can result in adsorption of the Fe-Mn compound
and removal of vanadium (V) and the complexation
of the surface of material and hydroxyl of iron
compounds. In figure 8, the vibration and
absorption band at 980cm-1 is caused by the V=0
bond in the partial vanadium acid radical and the
absorption band at 547cm-1 corresponds to the
vibration of the V-O-V bond in the aggregation of
partial vanadium acid radicals[14].

The isotherm and kinetics of adsorption

The adsorption isotherm

Using the isothermal adsorption models of
Langmuir and Freundlich and fitting the results
show that the correlation of the former (R*=0.9682)
is bigger than the latter (R*=0.9056), which shows
that the removal of vanadium from the Fe-Mn
compound is applicable in the Langmuir adsorption
isothermal adsorption equation. The related model
equation is shown below.

The Langmuir equation:
1+0.513,

0513,

The model of the Langmuir isothermal curves fit
well and illustrate the adsorption process of
vanadium by the Fe-Mn compound, when the
concentration is low the adsorption rate is fast and
the adsorption quantity of growth is slow with the
increase in concentration while the adsorption is
gradually in balance, which also illustrates the
removal of vanadium (V) which is directly
adsorbed.

ge=21.786

The adsorption kinetics
Figure 9 shows the vanadium (V) adsorption
kinetics process for the Fe-Mn compound. It can be
seen that the adsorption rate of vanadium (V) by the
Fe-Mn compound is very fast, the adsorption
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capacity reached in 2-hours’ is 13.19 mg/g, after 4-
hours’ the adsorption is gradually balanced.
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Fig.9. Curve of the adsorption rate of vanadium (V)

By using the kinetics adsorption model the
specific fitting involved is shown in table 2, the
adsorption model of the secondary Kkinetics
(R?=0.9999) has the greatest correlation and the
Lagergren adsorption model of first order kinetics
(R?=0.9765) is greater than the fixed Elovich
kinetics model (R?=0.9066), so the adsorption
kinetics of the Fe-Mn compound with vanadium is
a better fit to the adsorption model of the secondary
kinetics. Therefore, the adsorption process of
vanadium (V) by the Fe-Mn compound is the
chemical adsorption process. According to the
calculation by this model, the maximum adsorption
capacity of vanadium (V) by the Fe-Mn compound
is 14.16 mg/g.

CONCLUSIONS

This paper presents a study on the removal
performance of vanadium (V) through the co-
precipitation preparation of the Fe-Mn compound;
the conclusions obtained are as follows:

(1) The best conditions for preparation of the
Fe-Mn compound are: the FeSO4-7H,0 is chosen

as the ferrous salt, the MnSO4-H-,0 is chosen as the
manganese salt and Na:COs is used as the
precipitate agent, when the calcination temperature
is 450°C and a Fe/Mn ratio of 5:1 the best removal
ability of vanadium (V) is achieved.

2 In this paper, the chosen removal agent has
a good performance and the metal elements are
distributed evenly in the Fe/Mn compound (the
mole ratio Fe-Mn is 5:1), its specific surface area is
69.2m?/g. Besides, the Fe-Mn compound particles
attach to each other and form a mesh structure that
arrange loosely, which has a good adsorption of the
colloidal particles in the water that have a bridge
connection and a trap function.

3 Through the analysis of the controlling
variables method the best water quality conditions
are achieved: 0.1g of the Fe-Mn compound are used
to process 50 mg/L of simulated wastewater that
contain vanadium (V), oscillation under a constant
temperature of 35°C for 120 min, when the pH
value is 4.0 the highest removal efficiency of
vanadium (V) is realized.

4 The model of secondary kinetics and
isothermal adsorption models of Langmuir can
better fit the adsorption process of vanadium (V)
respectively by using the Fe-Mn compound, in
accordance with fitting the equation calculation of
the Fe-Mn compound removal efficiency of
vanadium (V), the maximum adsorption capacity is
14.16 mg/g.

The analysis of the mechanism of removal of
vanadium (V) from the Fe-Mn compound contains
the physical adsorption, electrical adsorption and
co-precipitation, dependant on the pH value. The
combination of multiple adsorption methods make
the co-precipitation preparation of the Fe-Mn
compound has a higher removal ability of
vanadium (V).

Table 2. The fitting results of the stimulated kinetics data for the Fe-Mn compound adsorption of vanadium (V)

q./mg-gt | 13.89

Lagergren
first order
kinetics

k /min* | .0,5321 | Secondary

kinetics

R? 0.9765

q, /mg-g* 14.16 a 12.09
Elovich

k,/mg-g'min* | 0448 | Revised b 1.0007
absorption
kinetics

R? 0.9999 R?  0.9066
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CBOMCTBA, CUHTE3A U OTCTPAHSIBAHE HA BAHA I OT ®EPO-MAHIAHOBU
KOMIIO3UTHN MATEPHUAJIN

U.B. Xyanr?!, K. Kio'", K.W. Hio!, XK. I'ao?, K. Xyanr?, C.C. Ty?

YYuunuwe no oxonna cpeda u pecypcu, Texnonozuuen ynusepcumem 6 Yxan, 430070, Kumaii
2Yyunuwe no oxonna cpeda u pecypcu, Cenckocmonancku ynueepcumem Xyasiconz, Yxan 430070, Kumaii

Tlocrpimna Ha 10 maii, 2015 r.; npuera Ha 2 10oHH, 2015 T.

(Pestome)

UskyctBeHo ca cuHTe3upanu Fe-Mn-chenuHeHus upe3 yTasBaHe, (UITpyBaHe, CylIeHE M KaJlMHUPaHe.
WscnenBanu ca CBOMCTBaTa MM C IIOMOIITa Ha peHTreHoBa (QuyopecueHius, uHppayepBeHa CIEKTPOCKOIHS,
CKaHHUpallla eIeKTpOHHa MUKpOCKonus. Pesynrarure mokas3BaTr, KOraTo HadajlHaTa KOHIIGHTpalus Ha BaHaausd € 50
mg/L u ca u3nonsBanu 0.1 g OT KOMIO3UTHUS MaTepHall PeakIMOHHOTO BpeMe joctura 2 daca. Haii-goOpa abcopOrms
ce moctura nipu 30°C u pH 4. Ancopbumsra Ha BaHaguii (V) BBpXY KOMIIO3UTHTE € B ChIIIACHE C H30TepMara Ha
JlarrMroup ¢ BHCOK KOC(HIMEHT Ha KOpeTaIus (R2=0.9682), a KUHETHYHHUTE JaHHU C€ OIKMCBAT OT KHMHETHUKAaHA
peakuus ot 2-pu nopanbk (R?=0.9999). MakcumanHuaT aacopOuoHeH Kananutet ¢ 14.16mg/g.
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Cobalt ferrite’s nanoparticles, CoFe2Os (CF) were synthesized via the co-precipitation method using a new
monomeric surfactant called sorbitol. Fourier Transform Infrared (FTIR) spectroscopy, X-ray powder Diffraction
(XRD), a Vibrating Sample Magnetometer (VSM) and Scanning Electron Microscope (SEM) were used for their
characterization. The presence of an (M-O) bond was confirmed by the absorption band at 589 cm™ in the FTIR
spectrum. VSM studies revealed the super paramagnetic nature of cobalt ferrite nanoparticles having a saturation
magnetization value of 62.55 emu/g and 59.89 emu/g for cobalt ferrite NPs prepared without and with surfactant
assistance respectively. The hysteresis loops showed negligible hysteresis, remanence and coercivity at 300 K. The
powder X-ray Diffraction (XRD) pattern confirmed a single phase spinel cubic structure. SEM micrographs have been
used to confirm the particle size which is found to be 28 nm with the surfactant and 60 nm without the surfactant and to
analyse the distribution of NPs. Thermogravimetric measurements have also been studied to measure the presence of
surfactant. The synthesized nanoparticles via the surfactant method were screened for their antibacterial activity against
Escherichia Coli and Staphylococcus Aureus and demonstrated an appreciable activity. Furthermore, the interaction of
cobalt ferrite nanoparticles with calf-thymus DNA was also investigated.

Keywords: Cobalt ferrite, Nanoparticles, Antibacterial activity, Calf-thymus DNA.

One of the important type of nanoferrites is
cobalt ferrite (CF) which exhibits an inverse spinel
structure, a high curie temperature, superior
chemical and mechanical stability and a large
magnetic spin magnitude [6,7]. Cobalt ferrites
(CoFe20.) NPs have been synthesized by various
physico-chemical methods such as hydrothermal
reaction, micro-emulsion, sol-gel and co-
precipitation techniques [8-10]. Relative co-
precipitation is found to be the most used [11]. It is
established in the literature that the nanostructure of
cobalt ferrite possess Co*? ions in octahedral sites
(B) while Fe*® ions are equally distributed between
tetrahedral (A) and octahedral sites (B) [12].

To apply ferrite NPs in the engineering and
biomedical fields, it is crucial to control the size,
morphology and surface properties. During the
genesis and growth of the primary nanoparticles,
the surface chemistry of the primary nanoparticles

INTRODUCTION

In the past decade, nano-sized ferrite particles
gained an attraction as a new emerging class of
inorganic  compounds  because  of  their
comprehensive applications in applied chemistry,
high-density data storage, biochemistry, MRI and
targeted drug delivery [1-3]. The paramount
features about ferrite  nanoparticles  (NPs)
established in the literature are that these
compounds are non-toxic, biofriendly and exhibit
strong antibacterial potential and magnetic
capability [4,5]. Among these compounds, some
notable examples of ferrites are iron Oxide (Fe3Os),
nickel ferrite (NiFe.0s), manganese ferrite
(MnFe;O4) and cobalt ferrite  (CoFez0a)
nanoparticles that possess biocompatibility, small
size, minimum toxicity and superparamagnetic

properties enabling them as suitable candidates in
the biomedical sciences. Ferrites are a family of
metal oxides having a spinel structure MFe;O4 (M
= Fe*, Co', Ni*?3, Zn', Mg*? etc.). The

distribution of metal ions in ferrite NPs
[M*?)etra[Fe**]octaOs, modifies their magnetic
behaviour.

* To whom all correspondence should be sent:
E-mail: ktm7ro@yahoo.com

is an important factor to control the final structure
of the secondary nanoparticles by a process called
Ostwald ripening, aggregation and coarsening [13].
The introduction of surfactants as a capping agent
during synthesis of NPs, has been widely applied to
control the size as well as the mechanical stability
of ferrites as reported in the literature [14]. Various
capping agents were applied to control the growth
of building blocks of NPs including monomeric
surfactants (ethylene glycol, glycerol, etc.)[15] and
polymeric surfactants (PEGso, PEGeos, PEGiooo,
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PEGioooo, PVPaoooo, etc.)[16]. However, post
treatment of NPs with monomeric surfactant is
more beneficial because the polymeric surfactant
may decrease the surface area by increasing the
particle size. With monomeric surfactant, the
particle size of the ferrites is easily controllable and
a uniform distribution of metal ions is observed in
octahedral and tetrahedral sites.

Keeping in view the literature and interesting
features of cobalt ferrite nanoparticles, we have
synthesized them by using a wet chemical route
following the addition of a novel monomeric
surfactant called sorbitol to explore their
characteristic aspects as well as their biological
properties.

EXPERIMENTAL

Materials: Iron chloride FeCl36H20 (98%),
cobalt chloride CoCl>6H20 (98%) were purchased
from Uni-chem. Sodium hydroxide (99%) was
procured from Riedel-de Haen while sorbitol and
calf thymus DNA from BDH-England and Sigma
Aldrich respectively. All these purchased chemicals
were used without further purification.

The preparation of cobalt ferrite (CoFe;O4)
nanoparticles: FeCl36H,O (0.03 mol, 8.109 g) and
CoCly6H,0 (0.015 mol, 3.567 g) were dissolved
together in 100ml of double de-ionized water. Then
sodium hydroxide solution (0.3 mol, 129/100 ml)
was added slowly until a pH of 11—-12 was reached.
The resulting reaction mixture was subsequently
stirred at 80°C for 1h. Upon stirring a black
coloured precipitate started to settle down. Finally,
the formed precipitates were cooled, filtered,
washed with de-ionized water and then by ethanol.
The resulting solid was then dried at 100°C for 1h
[17]. We also synthesized CoFe;O4 NPs by adding
2-3 drops of sorbitol (0.01 mol, 1.82 g) as a
monomeric surfactant or capping agent while
keeping all other parameters constant as mentioned
above. The corresponding nanopowders obtained
without and with a surfactant assisted approach are
called product a and b respectively.

Characterization: Powder X-ray diffraction
(PXRD) analysis was conducted on a Philips
analytical X-ray diffractometer using CuKa
radiation (A = 0.154 nm). Fourier transform infrared
(FTIR) absorption spectra were recorded using a
Cary 630 FTIR spectrometer in the wave number
range of 4000—400 cm™ with potassium bromide
(KBr) pellets. UV—Vis spectra of pure cobalt ferrite
NPs were obtained by wusing a UV-Vis
spectrophotometer (UV-2600, Shimadzu). The
magnetic behavior was studied by using a
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Lakeshore-7404 vibrating sample magnetometer
(VSM) at room temperature, 27°C up to a
maximum applied magnetic field of 10 KOe.

Biological Studies

Antimicrobial studies; CoFe,O4 were screened
for  their  antibacterial  potential  against
Staphylococcus aureus and Escherichia coli strains
by the Kirby-Bauer technique [18]. The
antibacterial actvity was determined by measuring
the clear zone of inhibition after incubation for 24 h
at 37°C.

Interaction between DNA and cobalt ferrite
nanoparticles; the nanocomposite DNA/CoFe204
was prepared by mixing 0.1 mg/ml of calf-thymus
DNA (0.308 mM for the Phosphate group) and 0.5
mg/ml of cobalt ferrite NPs in a Tris-Hcl buffer (10
mM, pH = 7.5). The resulting bionanocomposite
was isolated from the solution using magnetic
separation and washed with double distilled water.
The concentration of DNA was recorded by a UV-
Vis Spectrophotometer at 260 nm. The amount of
adsorbed DNA was calculated by the following
formula:

A =[(Co - Ci)v/m] x 100%

where Co is the initial concentration (mg/ml) of
DNA in the solution, Ci is the concentration
(mg/ml) of unbounded DNA molecules, V is the
volume of the reaction medium in ml and m is the
mass of CF nanopowder. The adsorption capacity
was expressed in mol/g and mol/m? taking into
account that 1 mg/ml of DNA concentration
corresponded to a 3.08 mmol/l concentration of the
DNA phosphate group.

RESULTS AND DISCUSSION

The UV-Visible spectrum of CoFe;Os NPs
synthesized by the surfactant assisted method is
shown in Fig.(1). It displays a characteristic band in
the range 330-450 nm, which developed
particularly from the dispersion and absorption
phenomenon of CoFe,Os4 magnetic nanoparticles
and is in agreement with previous relations [18].
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Fig. 1. UV-Visible spectrum of cobalt ferrite NPs.
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Fig. 2 shows the effect of an applied magnetic
field on the magnetization (emu/g) value of
prepared cobalt ferrite NPs without and with the
assistance of surfactant called product a and b
respectively at room temperature. The M—H curves
of both products (a, b) indicate types of hysteresis
loop formation for soft magnetic materials with
negligible coercivity, Hc~17.62 and ~16.94. It was
also observed that by increasing the strength of the
applied field, the value of saturation magnetization
(Ms) for product a and b sharply increases and
becomes nearly saturated at about 62.55 (emu/g)
and 59.89 (emu/g) respectively, suggesting the
presence of small magnetic particles exhibiting
superparamagnetic behaviour of CF nanoparticles
[18]. Fig.(2b) affirms that the magnetic feedback is
not significantly altered by applying a sorbitol
coating as a surfactant on the cobalt ferrite
nanoparticles. However, the small decrease in the
Ms value of the surfactant assisted prepared cobalt
ferrite NPs is due to the small size of the magnetic
core than the uncoated cobalt ferrite NPs. In
addition to this, the non-magnetic coating layer of
sorbitol can behave as a magnetic dead layer on the
surface of cobalt ferrite NPs, thus reducing their
saturation magnetization potential [19].
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Fig. 2. (a) Effect of an applied field on the

magnetization value of cobalt ferrite NPs prepared
without surfactant (b) with surfactant.

FT-IR spectra of pure cobalt ferrite NPs
synthesized without and with the sorbitol assisted
method at room temperature are shown in Fig.(3).
Two characteristic bands at ~598, ~592 and ~492,
~484 cmt were observed in both products a and b
which may correspnd to intrinsic stretching
vibrations of the metal at a tetrahedral site (Muetra—
O) bond and at an octahedral site (Mocta—O)
respectively [20,21]. The other important peaks of
products a and b at ~3440, ~3478 and ~1640,
~1636 cm? can be attributed to H-O—H stretching
and bending vibrations of the absorbed water
molecules on the surface of cobalt ferrite NPs
respectively [22]. The additional peaks observed in
Fig.(3b) at 2930 and 2864 cm™ correspond to
Vas(C—H) and vs(C—H) respectively and confirm the
coated layer of sorbitol surfactant.
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Fig. 3. (@) FT-IR spectra of CoFe;O4 nanoparticles
synthesized without surfactant (b) with surfactant
assistance.

DSC/TGA was carried out in the temperature
range 25°C to 650°C and the curves of the product
b prepared with surfactant are shown in Fig.(4). The
TGA curve in Fig.(4) exhibits two steps attributed
to individual weight loss. The first loss was
observed in the range 25°C to 150°C while the
second loss appeared in the range 300°C to 450°C.
The DSC curve shows a broad endothermic peak at
150°C. This might be due to desorption of water
molecules from the surface of the surfactant and
cobalt ferrite. The exothermic peak in the DSC
curve was observed at 350°C. The exothermic peak
can be reffered to the combustion of coated
surfactant. Above 450°C, no weight loss was found
indicating the presence of only cobalt ferrite
nanoparticles in the temperature range 450°C to
650°C [23,24].

567



M.W. Mushtaq ef al.. Synthesis, structural and biological studies of cobalt ferrite nanoparticles

5 - 100

TGA

4 e — )
B - g
= e 60 2
T (. Exothermic peak K]
o / %
= / =
K] -S40
2 ! DSC =

04 ¢ 2 - 20

: - -~ Endothermic peak

0 100 200 300 400 500 600 700
Temperature (Degree)
Fig. 4. DSC/TGA curves of cobalt ferrite

nanopowder.

The X-ray diffraction pattern of CoFe;O.
nanoparticles prepared in the form of product a and
b is presented in Fig.(5). All the characteristic peaks
in both products at angles 18.29°, 30.08°, 35.44¢,
37.06°, 43.06°, 53.45°, 56.98° and 62.59° are
indexed as the reflection planes of (111), (220),
(311), (222), (400), (422), (511) and (440)
respectively. These peaks exactly match the JCPDS
(22-1086) data and confirm the single phase inverse
spinel structure of the CoFe;Os nanocrystals
[25,26]. However, product a shows an
improvement of the crystalline phase of cobalt
ferrite NPs as compared to product b which was
prepared in the presence of the surfactant. The
particle size has been determined by the Debye
Sherrer equation (D = 0.9A/BcosO, where D is the
crystalline size, A is the wavelength of the X rays,
is the full width at half maximum of the diffraction
peak and 6 is Bragg’s angle) which is 65 nm and 32
nm for product a and b respectively. In product b
the presence of a broad diffraction plane (311)
justifys the smaller CoFe,O4 NPs formed in the
presence of a capping agent. This fact may be due
to the performance of a monomeric surfactant in the
reduction of clustering of the nanoparticles[15].
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Fig. 5. X-ray diffraction pattern of CoFe;O4
nanoparticles prepared (a) without a surfactant (b) with
an additional surfactant.
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SEM analysis of the cobalt ferrite NPs prepared
without and with a surfactant are shown in Fig.(6).
The average size of the cobalt ferrite NPs was about
60 nm and 28 nm for products a and b respectively
which nearly matches the crystallite sizes
calculated by XRD. The morphology of the cobalt
ferrite NPs in product a is comprised of spherical
nanocrystallites and has a uniform distribution of
nanoparticles which defines the effectiveness of the
surfactant. However, a slight compactness and
clustering of NPs were observed in the case of
product b.

5.00kV SEI 5.0kV SEI

Fig. 6. (@) SEM images of Cobalt ferrite NPs
prepared without a surfactant (b) with a surfactant.

The antibacterial potential of CoFe,Os NPs
prepared by the surfactant method (product b) was
screened against two common bacterial pathogens,
Escherichia coli and Staphylococcus aureus.
Generally, it was found that Gram negative strain
E.coli is more sensitive to CoFe;O. as compared to
Gram positive strain S.aureus[27] Fig.(7) and (8)
demonstrate that with increasing the CoFe;O4
concentration, the zone of inhibition also increases.
The zone of inhibition was also determined for
tetracycline and streptomycin as reference
antibiotics. The antibacterial activity of cobalt
ferrite NPs is due to their particularly small size
which makes a perfect attachment to the membrane
of the micro-organism [28-30].
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Fig. 7.
Staphylococcus aureus (b) Escherichia coli in the
presence of different concentrations of CoFe;Oa.

Zone of inhibition measured for (a)
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The interaction behaviour of cobalt ferrite NPs
(product b) with calf-thymus DNA was also
investigated. The IR spectral features of pure
CoFe204 NPs (product b), pure calf-thymus DNA
and CoFe;O4/calf-thymus DNA nanocomposites
are shown in Fig.(9). In Fig.(9a), the spectrum
shows an absorption at 585cm* for the M—O bond
of  CoFe;0431]. Fig.(9b)  presents the
characteristics peaks of calf-thymus DNA with the
interesting region 1800-700 cm™ describing the
deoxyribose stretching of DNA, oscillation of the
groups in the heterocyclic nitrogenous bases and
stretching vibrations (asymmetric and symmetric)
of the phosphate group (PO;). Two feature bands
at 1225 and 1085 cm depict the asymmetric and
symmetric vibrations of PO, respectively [32].
The absorption band at 1054 cm™ appears as a
sugar band in the IR spectrum. In Fig.(9c), the
spectrum exhibits the presence of a (M—O) bond at
587 cm* confirming the formation of the CF/calf-
thymus DNA nanocomposite. The changes in the
intensity ratios of the symmetric and asymmetric
vibrations (vsvas) Of the phosphate group PO,?
indicate the participation of the PO, group in the
synthesis of the bio-nanocomposite [33,34]. The
shifting of the guanine (G) band from 1717 to 1708
cm?® and the increase in intensity of the thymine
(T) band at 1667 cm* indicate that the heterocyclic
bases are interacting with cobalt ferrite NPs. The
shift of the asymmetric and symmetric peaks of the
phosphate group (PO;?!) from 1225 to 1219cm?
and 1085 to 1088cm™ also indicate the interaction
of the phosphate group (PO,?) with the surface of
the ferrites nanoparticles [35]. The interaction of
the CF/DNA bio-nanocomposite occurs due to the
formation of coordination bonds between cobalt
and iron ions on the particle surface and the oxygen
atoms in the DNA (phosphate group, O6 in guanine
and O4 in thymine) as already explained in the
literature [36].
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Fig. 9. (@) FT-IR spectra of pure CoFe.04
nanopowder (b) Calf-thymus DNA (c) CF/DNA.

CONCLUSIONS

The present study demonstrates the synthesis of
cobalt ferrite nanoparticles using a novel surfactant
assisted co-precipitation method. The XRD pattern
exhibits the presence of a cubic spinel phase in
cobalt ferrite NPs. The size of the cobalt ferrite NPs
was effectively reduced by applying a surfactant as
measured by the XRD pattern which is in
agreement with the SEM images. The outstanding
magnetic response of cobalt ferrite NPs in the
presence of an applied magnetic field may direct
them as an efficient nanocarrier for targeted drug
delivery. TGA/DSC studies are affirming the
presence of a capping agent on the surface of cobalt
ferritet  NPs. The prepared cobalt ferrite
nanoparticles also have an antibacterial potential
against E.coli and S.aureus and are capable to
develop interactions with nitrogenous bases of
DNA. Finally, we can say that the cobalt ferrite NPs
prepared by the surfactant assistant method have
the potential to be applied as a biomaterial in
numerous fields of material engineering,
biomedical and biotechnology systems.
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CUHTE3A, CTPYKTYPHU U BUOJIOT'MYHU U3CIIEIBAHUA HA HAHOYACTUL OT
KOBAJITOBU ®EPUTU
M.V. Mymiax!, M. Umpan?, C. Baump?, ®. Kausan?, JI. Muty*”

YUnemumym no xumus, Ynusepcumem 6 ITynoxcab, Jlaxop-54890, Ilaxucman
2[lenapmamenm no ¢usuxa, Hayuen ¢paxynmem, Yuusepcumem 6 Manas-50603, Kyana Jlymnyp, Manaiizus
3flenapmamenm no xumus, Yuusepcumem 6 Humewy, ITumewy-110040, Pymvrus

Toctrenmna Ha 31 mait 2015 r; mpuera Ha 16 nexemBpu 2015 T

(Pestome)

Cunre3upanu ca HaHo4YacTHIM OT KobanroBu (eputn, CoFe;04 (CF) mo metosa Ha chyTasiBaHe C M3MOJI3BAHETO HA
HOB MOHOMEpeH chbpdakTaHT (copburoi). 3a oxapakrepusupaHeTo MM ca usnonsBaHun @DypuepoBa uHppauepBeHa
cnekrpockonus (FTIR), mpaxoB perTreHocTpykTypeH ananu3 (XRD), maraetomeTsp ¢ Bubpupaiia npoda. [Toreepaero
e Hanmuueto Ha (M-O) - Bpb3ka no abcopOumonnara junus mpu 589 ¢cm? B FTIR-cnexTbpa. VSM-uscnenpanus
pa3KpuBaT CBPbX-TNapaMarHUTHH CBOWCTBA HA HAHOYACTHIIUTE OT KOOAITOBU (hepUTH, UMAIIM HACHTEHA MarHeTHU3alMs
cpotBeTHO 62.55 emu/g u 59.89 emu/g 3a xobanToBuTe PepuTH, MPUTOTBEHH O3 M ChC ChPHAKTAHT. XHUCTEPE3UCHHUTE
KOHTYpPH TIOKa3BaT TPEHEOPEKHWM XHCTEPEe3WC, OCTAThUCH MarHeTW3bM M KoepuutuBHOCT mpu 300 K.
Pentrenoctpykrypuusar anamm3 (XRD) morBppkmaBa karo eguHCTBEHa (a3a IIMMHETHa KyOWYHA CTPYKTYypa.
EnexrponHo-mukpockorncku (SEM) Mukporpadun ca n3moi3BaHH 3a ONPEACISTHETO HA Pa3MEPUTE HA YACTHIIUTE KaTo
28 nm ¢ m3nomBaHeTo Ha chpdakranT U 60 NM 6e3 chpdakrtant. MukporpaduuTe ca H3IOI3BAHA M 33 aHAJIM3 Ha
pasnpeneneHueTo 1o pasmMepy. ChIbpiKaHHETO Ha Chbp(AaKTaHT € U3CIIEABAHO Ype3 TEPMOTPaBUMETPUYHHI HM3MEPBAHHU.
HanpaBeH e CKpUIHHMHT Ha NPUTOTBEHUTE YaCTHIM 3a aHTHOaKTepuaiHa akTHBHOCT cperry Escherichia coli and
Staphylococcus aureus, koWTO MoOKa3Ba 3HaYMTEIHA aKTHBHOCT. OCBEH TOBa € H3CICIBAHO B3aUMOJCHCTBHETO Ha
Ha”oudactunute ¢ JJHK ot Tenemku tumyc.
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In this study the most probable reaction paths of ATnm, OATnm, MATnm, PATnm, NMATo and NMATm
transition states with OH radicals have been analyzed. The optimized geometry was calculated via Gauss View 5.
Subsequently, the lowest energy level was found by geometric optimization via the Gaussian 09 programme. The
geometrical structure analysis and bond lengths were also calculated. This study aims to determine the most probable
path for the product distribution of transition state complexes and OH radical interaction in the gas phase and aqueous
media. Quantum mechanical methods were used to indicate the impact of the reaction rate over the primary
intermediate, hydroxylated intermediate and finally the impact of water solvent. With the aim to determine the
intermediates occurring at the reaction of transition state complexes degradation, the geometric optimization of the
reactant and transition state complexes were realized through semiempirical AM1 and PM3, ab initio Hartree-Fock
HF/3-21G, HF/6-31G* and Density Functional Theory (DFT) methods. Determining the most appropriate method and
the reliability of the method are compared and evaluated theoretically. Based on the Quantum mechanical calculation,
all the probable rate constants of reaction paths were calculated by using Transition State Theory (TST). In order to
determine the transition state of the reaction, C-O bonds were taken as a reference. Activation energy for probable
reaction paths of all transition state complexes, and their most stable state were calculated from the thermodynamic
perspective for the gas phase and aqueous media. The impact of water solvent was investigated by using COSMO as the
solvation model.

Keywords: Aminotoluene, AM1, PM3, HF, TST.

INTRODUCTION

Volatile aromatic compounds constitute a major
part of air and water contaminants. They are mainly
emitted into the environment from anthropogenic
sources such as combustion processes, vehicle
emissions and industrial sources, as well as from
biogenic processes [1,2]. Organic contaminants
exist at very low concentrations in the water [3].
Therefore, it is essential that the organic
contaminants be removed from the drinking water
[4]. Natural purification of water systems such as
rivers, creeks, lakes, and pools is realized by the
solar light falling on the earth. Sunbeams initiate
the degradation reaction of big organic molecules
into smaller and basic molecules, finally providing
for the formation of CO2, H20 and other molecules
[5,6].

In its reactions with organic molecules, OH
behaves as an electrophile whereas O is a
nucleophile. Thus, OH readily adds to unsaturated
bonds while O does not. Both forms of the radical
abstract H from C-H bonds and this can result in
the formation of different products when the pH is
raised to a range where O rather than OH is the
reactant. For example, if an aromatic molecule

* To whom all correspondence should be sent:
E-mail: yyalcin@nku.edu.tr

carries an aliphatic side chain, O attacks there by
radical abstract H whilst OH adds preferentially to
the aromatic ring [7]. The hydroxyl radical which is
the most reactive type known in biological systems
reacts with every biomolecule it encounters,
including water. Potentially, every biomolecule is a
hydroxyl radical scavenger at different speeds [8].
Aromatic compounds are good detectors since they
hydroxylate. In addition, the position of attack to
the ring depends on the electron withdrawal and the
repulsion of previously present substituents. The
attack of any hydroxyl radical to an aromatic
compound results in the formation of a
hydroxylated product [9]. Ortho-toluidine used as
an intermediate in large volumes of herbicides can
be solved little in water, yet can be solved in
acohol, ether, and diluted acids. Toluidine is a
synthetic chemical that is normally a light yellow
liquid, but turns to a reddish brown when exposed
to air and light [10]. The chemical properties of
toluidine are very similar to aniline and it has
common features with other aromatic amines. It is a
weak basic due to the amino group that is attached
to the aromatic ring. At room temperature and
pressure, ortho-and-meta-toluidines are viscous
liquids; however the molecules in para-touidine are
more symmetrical and fit the crystal structures [11,
12].
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While an intermediate in aminotoluene herbicide
synthesis is used in the production of more than 90
paints and pigments, rubber, chemicals and
pesticides, it is also used as a hardening agent for
epoxy resin systems, a reactive material for
glucose analysis and fibre dying in clinical
laboratories [13]. Due to the damaging effects of
living organisms emitting resistant foul smell and
because of their solubility, aminotoluenes and their
derivatives  constitute an important  water
contaminant group. Although many methods are
available for the removal of these molecules from
water, every method has its own inconvenience
[13-18].

In the study of Eren et al.[18] the most probable
reaction paths of the aminotoluene (o-toluidine)
molecule with OH radicals have been analyzed.
The optimized geometry was calculated via Gauss
View 5. Subsequently, the lowest energy level was
found through geometric optimization via the
Gaussian 09 programme. The geometrical structure
analysis and bond lengths were also calculated.
According to the DFT method the constant k and
the entropy were found to be the highest, the
enthalpy and Gibbs free energy values were the
lowest, the transition states of ATnm, OATnm,
MATnm, PATnm, NMATo and NMATmM were
concluded to be the most stable and had the lowest
energy transition complexes [18].

In this study, the kinetics of the degradation
reaction of the transition states of ATnm, OATnm,
MATnm, PATnm, NMATo and NMATm and the
hydroxyl derivatives were analyzed theoretically.
With the aim to determine the intermediates
obtained from the reaction of aminotoluene
degradation, geometric optimization of the reactant
and the transition state complexes were realized
through AM1 and PM3, HF/3-21G, HF/6-31G* and
DFT methods. Based on the quantum mechanical
calculation, all the probable rate constants of the
reaction paths were calculated by using TST.

COMPUTATIONAL SET-UP AND
METHODOLOGY

Computational models

The molecular models were created by using the
mean bond distances, the geometric parameters of
the benzene ring, the tetrahedral angles for sp3-
hybridized carbon and oxygen atoms and 1200 for
the sp2-hybridized carbon atoms. In the calculation
of the hydroxylated radicals, the aromatic ring was
left planar except for the position of attack. The
attacking *OH radical was assumed to form a
tetrahedral angle with the C-H bond due to the
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change in the hybridization state of the carbon at
the addition centre from sp2 to sp3 [2,18].

Molecular Orbital Calculations

It is possible that in the photocatalytic degradation
reactions of organic contaminants, more harmful
products may occur than in the original material.
Therefore, before experimentally realizing a
photocatalytic degradation reaction, it is essential to
know what the primary intermediate products are.
The most reliable and accurate information is
gathered through calculations carried out with
quantum mechanical methods. Thus, since the yield
produced is the same, the photocatalytic
degradation reaction of transition state complexes
and their hydroxy derivatives is based on the direct
reaction of these molecules with the OH radical.
With this aim, the kinetics of the reactions of the
complexes and complexes derivatives with OH
radicals was theoretically analyzed. The study was
initiated with complexes and then exposed to an
OH radical reaction and the reaction of the yield
was modelled at the gas phase. The experimental
findings in the scientific literature show that OH
radicals detach a hydrogen atom from the saturated
hydrocarbons and OH is added to the unsaturated
hydrocarbons and materials of the aromatic
structure [18,19]. For this purpose, all the possible
reaction paths for the analyzed reactions were
determined, for every reaction path molecular
orbital calculations of the reactant, yield and
transition state complexes were carried out with the
AM1, PM3, HF and DFT methods, their molecular
orbital calculations were realized and their
geometries were optimized.

Kinetic Data Treatment

The aim of this study was to develop a model
providing the outcome of the yield distribution of
the photocatalytic degradation reactions. The
vibration frequencies, the thermodynamic and
electronic features of every structure were
calculated using the obtained optimum geometric
parameters. Afterwards, the rate constant and
activation energy of every reaction was calculated
using the Transition State Theory for a temperature
of 25°C based on the quantum mechanical
calculation results.

In order to find out the reaction rate, it is
necessary to calculate the equilibrium constant. The
equilibrium constant is calculated using the
partition functions in accordance with the
mechanical methods. If the equilibrium constant K+
is written in terms of partition functions, it is as
follows:
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ES
K'=—1— (1)
Aads
g#, gA, gB: partition functions belonging to the
transition state complex and reactants. The
molecular partition function is as given below:

qr:qe—Ea(RT)’l ()
Ea represents the activation energy, the

difference between the zero point energies of the
transition state complex and the reactants [18,20].

K- Kel O

h ga0e

kB : Boltzmann constant

h  : Planck constant

T :absolute temperature

In order to be able to calculate the rate constant,
it is necessary to initially calculate the partition
function of the activated complex. To realize this
calculation, it is essential to know the geometry of
the complex and moments of inertia. In addition, Ea
should be known in order to find out the rate
constant. The activation energy like the vibration
frequency can only be calculated quantum
mechanically.

The most probable reaction path and vyield
distribution of the OH radical of every molecule
was determined by comparing the obtained results.
The optimized geometric structures were drawn via
GaussView 5 and the calculations were done via
the Gaussian 09 packet programme [18,21].

e-Ea(RT)’l . (3)

Methodology

Experimental studies were carried out recently
for oxidative degradation mechanisms of aromatic
pollutants and monitoring the intermediate products
formed during degradation. Rapidly evolving
computer technology has entered into the
workspace of the chemist and it has become
inevitable to support the experimental results with
theoretical calculations. Methods widely used today
for chemical purposes can be made more practical
utilizing calculations in package software. Both
methods for calculating molecular and electronic
structures use the same calculations; namely they
calculate the energy of a particular molecular
structure and make the geometric optimization (find
the lowest energy molecular structure and
equilibrium geometry). Geometry optimizations are
fundamentally based on the energy gradient that is
the first derivative of the energy according to its
position [22].

The reaction system under consideration
consists of *OH radicals that are open-shell species.
It is well-known that open-shell molecules pose

severe problems in quantum  mechanical
calculations. Therefore, the geometry optimization
of the reactants, the product radicals, pre-reactive
and transition state complexes were performed by
the AM1, PM3, HF and DFT methods with the
Gaussian 09 package [18,21].

Electronic structure methods use the laws of
guantum mechanics rather than the laws of classical
physics. These methods are characterized by
different approaches to the mathematical methods.
The electronic structure methods, semiemprical
methods and ab-initio methods are parts of two
main groups. The AM1 and PM3 method are
semiemprical methods that we use in this study.
Ab-initio methods do not use experimental data
except for the basic physical constants (speed of
light, Planck's constant, the mass of the electron, ...
etc) of the molecules of interest unlike the
molecular mechanics and the semiempirical
method. Only the valence electrons are taken into
account in the calculation and the basic functions
are defined by Slater-type orbitals [23].

DFT methods use the exact electron density to
calculate the molecular properties and energies,
taking the electron correlation into account. They
do not suffer from spin contamination and this
feature makes them suitable for calculations
involving  open-shell ~ systems. The DFT
calculations were carried out by the hybrid B3LYP
functional, which combines HF and Becke
exchange terms with the Lee-Yang-Parr
correlation functional.

The choice of the basis set is very important in
such calculations. Based on these results,
optimizations in the present study were performed
at the B3LYP/6-31G(d) level. Forming C-O bonds
in the addition paths and the H-O bond in the
abstraction path were chosen as the reaction
coordinates in the determination of the transition
states. Ground-state and transition-state structures
were confirmed by frequency analyses at the same
level. Transition structures were characterized by
having one imaginary frequency that belonged to
the reaction coordinate, corresponding to a first-
order saddle point. Zero-point vibrational energies
(ZPEs) were calculated at the B3LYP/6-31G(d)
level [2,18].

In recent years, the density functional theory
(DFT) based on these methods has become very
popular. The best DFT method requires less
computing power than the conventional correlation
method. This method is widely preferred for
systems with too many atoms and makes
calculations for a shorter time compared to other
ab-initio methods. Generally, such ab-initio or DFT
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is used to create the initial structure for the
optimization in large systems. It used to obtain the
gualitative information such as molecular orbitals,
atomic loads and vibrational modes of a molecule
and to predict the energy on conformation and
substituent effects [22].

Solvent effect model

In agueous media, water molecules affect the
energetics of the degradation reactions of all
organic compounds. Moreover, H20 induces
geometry relaxation on the solutes. The latter effect
becomes more important when hydrogen-bonded
complexes are present. However, the results
obtained in earlier studies indicate that geometry
changes have a negligible effect on the energy of
the solute in water for both open- and closed-shell
structures [18,24,25]. In this study, to take into
account the effect of H,O on the energetics and the
kinetics of the aminotoluene + <OH reactions,
DFT/B3LYP/6-31+G(d) calculations were carried
out for the optimized structures of the reactants, the
pre-reactive and the transition state complexes and
the product radicals, by using COSMO (conductor-
like screening solvation model) [18,25] as the
solvation model, implemented in the Gaussian 09
package. The solvent was water at 25°C, with a
dielectric constant € = 78.39 [18,22].

COSMO is one of the polarizable continuum
methods (PCMs). In PCMs, the solute molecule is
placed in a cavity surrounded by a polarizable
continuum, whose reaction field modifies the
energy and the properties of the solute [18,26]. The
geometry of the cavity is determined by the shape
of the solute. The reaction field is described in
terms of the apparent polarization charges or
reaction field factors included in the solute
Hamiltonian, so that it is possible to perform
iterative procedures leading to self-consistence
between the solute wave-function and the solvent
polarization. The COSMO method describes the
solvent reaction field by means of apparent
polarization charges distributed on the cavity
surface, which are determined by assuming that the
total electrostatic potential cancels out at the
surface. This condition can describe the solvation in
polar liquids. Hence, it is the method of choice in
this study [2,18].

RESULTS AND DISCUSSION
Computational modelling

Reaction paths

The hydroxyl radical is a very active species and
has a strong electrophilic character. [18,27]. Once
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formed, it can readily attack the aminotoluene
molecule and produce the reaction intermediates.
*OH radical reactions with aromatic compounds
proceed through the following reaction pathway: H-
atom abstraction from C—H bonds and addition to
aromatic rings.18,28 Based on previous results the
6,7,8,9,18,19,29 path for the reaction of
aminotoluene(AT) with *OH was determined.

Table 1. The reaction paths of the most stable TST
complexes of AT with .OH.

OH addition TST

CHj

NH,

O

4) +.OH— -
(AT) (ATnm)
CHy
H,N f OH
(5) +OH—
(OAT)
CHy
HaN f
(6) on+OQOH—
(MAT)
CHy
HaN i HoN /_,OH
(7) o +OH— OH
(PAT) (PATNm)
CHj, CHs
HzN: i HaN _.-OH
(8) wo +OH— HO
(NMAT) (NMATO0)
CH; CH,4
HzN: f\/ HoN
(9) Ho +OH— HO " om
(NMAT) (NMATm)

The path m- addition to NH2 (ATnm) with TS
to the AT molecule is shown in table 1.[4]. Based
on previous results the path for the reaction of 3-
hydroxy-2- methyl aniline (OAT) with *OH was
determined. The path m- addition to NH2
(OATnm) with TS to a OAT molecule is shown
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table 1.(5). Based on previous results the path for
the reaction of 4-hydroxy-2- methyl aniline (MAT)
with *OH was determined. The path m-addition to
NH2 (MATnm) with TS to a MAT molecule is
shown in table 1.[6].

Based on previous results the path for the
reaction of 5-hydroxy-2- methyl aniline (PAT) with
*OH was determined. The path m- addition to NH2
(PATnm) with TS to a PAT molecule is shown in
table 1.(7). Based on previous results two different
paths for the reaction of 2-hydroxy-6- methyl
aniline (NMAT) with *OH were determined. The
first two paths, o-addition (NMATo0) and m-
addition (NMATm) with TS to a NMAT molecule
are shown in table 1. [8.9].

Transition State Complexes

In this study, reactants were used to find out the
transition state complexes. An estimation of the
initial geometry was done according to the type of
reaction path using the optimum geometric
parameters of the reactants. A C-O bond was
chosen as the reaction coordinate while modelling
the transition state complexes for the reactions
realized with OH addition and the bond length was
changed as 1.850-2.500 A during calculation. The
emerging OH bond length was chosen as the
reaction path, and in order to determine the position
of the OH radical according to the molecule, the
dihedral angles belonging to this group were
changed during the calculations. The activation
energies and their most determined state in

&
2%

\3

(@)

i
@

(d)

(€)

thermodynamic terms for the gas phase and
aqueous media were calculated for the probable
reaction paths of all transition state complexes [18].

According to Fig.1, the C-O bond lengths at four
probable transition states of the OH radical were
taken as precise measurements. The bond lengths
were calculated as (a) ATnm (3.63 A), (b) OATnm
(2.70 A), (c) MATnm (2.64 A), (d) PATnm (2.91
A), (e) NMATo (2.06 A), () NMATm (2.14 A)
relatively. The longest C-O bond belongs to the
ATnm TS molecule and it is found that it occurs
later compared to the others. Therefore, it is the
most probable transition state.

CONCLUSIONS

It is possible that much more harmful
intermediates than the ones at the beginning may
occur given photocatalytic reactions of organic
pollutants. The primary substances of such organic
pollutants are polyaromatic substances. Thus,
before realizing the photocatalytic degradation
reaction experimentally, it is essential to know what
the primary intermediates are. This information
gives the most reliable and accurate calculations
made by the quantum mechanical methods.
Therefore, since the final product is the same, the
photocatalytic degradation reaction of the transition
state complexes and hydroxy derivatives are both
based on the direct reaction with the OH radical of
the transition state complexes.

()

Fig. 1. Optimized structures of the transition state complexes of probable reaction paths (4-9): (a) ATnm,
(b) OATNm, (c) MATnm, (d) PATnm, (¢) NMATo, (f) NMATm
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Table2. According to the DFT method the constant k, entropy, enthalpy and Gibbs free energy

values.[18].
DET AH(10?) AG(10) AS k AE (10?)
(kcal mol™?) (kcal mol™?) (kcal mol™t K1) (kcal mol?)

AT 0.964 0.718 0082 - 0.958
ATo 1.047 0.765 0.095 1.145x10%1 1.041
ATm 1.042 0.749 0.098 3.738x108 1.036
ATp 1.046 0.764 0.094 1.568x10° 1.040
ATnm 1.033 0.747 0.096 2.257x10%2 1.028
OAT 0.998 0.735 0.088 - 0.992
OATm 1.084 0.798 0.096 6.028x10%° 1.078
OATp 1.079 0.779 0.101 1.376x10° 1.073
OATNnm 1.079 0.778 0.101 1.005x10° 1.073
MAT 0.997 0.733 0089 - 0.991
MATo 1.078 0.777 0.101 2.386x1010 1.072
MATp 1.079 0.779 0.101 1.905x10%0 1.073
MATNnm 1.076 0.772 0.102 9.504x10* 1.070
PAT 0.997 0.735 0.088 - 0.991
PATo 1.072 0.775 0.100 0.000 1.066
PATmM 1.083 0.798 0.096 4.015x10%° 1.077
PATnm 1.075 0.769 0.103 1.139x10%0 1.069
NMAT 0.998 0.735 0088 - 0.992
NMATo 1.080 0.781 0.101 5.070x10%0 1.074
NMATmM 1.080 0.778 0.101 2.505x101 1.074

In Table 2, according to the DFT method, the
constant k and entropy have the highest values, the
enthalpy and Gibbs free energy values are the
lowest, the transition state of ATnm, OATnm,
MATnm, PATnm, NMATo and NMATm are
concluded to be the most stable and have the lowest
energy transition of the complexes [18].

In this study, the analysis of the reaction kinetics
of the most stable transition state complexes of the
aminotoluene molecule by the theoretical methods
was calculated. The DFT method is the most
appropriate method of the theoretical methods used.
The basic principle of DFT, is that the total
electronic energy of the molecule is formed in
connection with the total electronic density.
Compared to other methods, this gives more
accurate results that account for all the properties of
the nucleus and electrons.

In Table 3, the activation energy levels of Ea in
the gas phase of the TS molecules having the
lowest energy for the DFT method for every
transition state complex are given below:

-7.404 kcal mol* of ATnm for AT, -3.077 kcal mol-
Lof OATm for OAT, -5.131 kcal mol™* of MATnm
for MAT, -4.049 kcal mol? of PATnm for PAT, -
5.402 kcal mol™* of NMATo for NMAT and -6.359
kcal mol™ of NMATm for NMAT are the transition
state complexes with the lowest energy. These
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reveal the most probable transition state complexes
in the gas phase. The most rapid occurring
transition state complex in the gas phase has the
highest values of the k rate constant. Eaecosmo
aqueous media activation energy levels for the DFT
method at 1.927x10* kcal mol* of ATnm for AT,
1.856x10° kcal mol' of OATnm for OAT,
0.673x10' kcal mol* of MATnm for MAT,
0.763x10' kcal mol* of PATnm for PAT,
0.210x10* kcal mol? of NMATo for NMAT and
0.607x10! kcal molt of NMATm for NMAT are
the transition state complexes with the lowest
energy.

This reveals that it is the most probable
transition state at aqueous media. Hydroxyl radicals
are used in order to remove the organic
contaminants from water. In this study, the most
probable reaction paths were determined to be OH
radicals added to the aromatic ring.

Organic contaminants exist at very low
concentrations in water [3,18]. Therefore, it is
essential to remove the organic contaminants from
the drinking water [4,18]. The hydroxyl radical,
which is the most reactive type known in biological
systems, reacts with every biomolecule it
encounters including water. Potentially, every
biomolecule is a hydroxyl radical scavenger at a
different speed [8,18].
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Table 3. Constant k, for gas phase and aqueous media activation energy levels calculated via AM1, PM3,

HF, DFT methods

AT

ATnm Ea(kcal mol?) k Eaecosmo(kcal mol?)
AM1 -1.671 1.280x108 2.146x10!
PM3 1.634 2.729x10° 2.770x10!
HF3 5.833 1.227x10? 3.749x10!
HF6 8.494 1.794 4.493x10!
DFT -7.404 2.257x10%? 1.927x10*

OATNmM Ea(kcal mol™) k Eaecosmo(Kcal mol?)

AM1 0.337 6.805x108 2.165x10?
PM3 2.922 4.969x10* 1.835x102
HF3 1.055x10? 0.070 2.196x10?
HF6 1.251x10? 2.687x10°? 2.140x10?
DFT -3.077 1.005x10° 1.856x10

MATnm Ea(kcal mol?) k Eaecosmo(kcal mol?)

AM1 0.808 1.742x108 0.864x10!
PM3 2.200 2.607x10° 1.039x10*
HF3 5.522 6.091x10 1.921x10*
HF6 9.463 0.401 2.499x10*
DFT -5.131 9.504x10* 0.673x10*

PATNm Ea(kcal mol?) k Eaecosmo(kcal molt)

AM1 -2.015 2.246x108 0.962x10*
PM3 2.304 2.116x10° 1.132x10*
HF3 8.631 1.438 2.078x10*
HF6 1.016x10? 0.117 2.634x10*
DFT -4.049 1.139x10% 0.763x10*

NMATo Ea(kcal mol?) k Eaecosmo(kcal mol?)

AM1 -0.605 2.707x107 0.731x10*
PM3 2.619 1.171x10° 0.702x10*
HF3 -2.222 1.075x10° 1.298x10*
HF6 1.059x10* 0.072 1.840x10*
DFT -5.402 5.070x10%° 0.210x10*

NMATm Ea(kcal mol?) k Eaecosmo(kcal mol?)

AM1 -1.698 1.954x108 0.413x10*
PM3 2.475 1.744x10° 0.665x10*
HF3 7.262 1.165x10* 1.867x10*
HF6 1.015x10* 0.110 2.365x10*
DFT -6.359 2.505x10%! 0.607x10!

Table 4. Mulliken loads of the heavy atoms of the studied molecules.*®
ATnm OAT OAT nm

11 C -0.079158
15 N -0.152651

11 C -0.063830
15 N -0.068889
18 O -0.231787

10 C -0.062126
14 N -0.151131
17 O -0.246327

10 C -0.041225
14 N -0.145082
17 O -0.240589
19 O -0.211082

MAT
10 O -0.253210
12 N -0.160178
15 C -0.074152

MATnmM
10 O -0.243592
12 N -0.150491
15 C -0.063696
19 O -0.097024

PAT
10 C -0.086504
14 N -0.152124
17 O -0.245155

PAThm
10 C -0.074263
14 N -0.144674
17 O -0.229721
19 O -0.097927

NMAT
10 C -0.076104
14 O -0.262806
16 N -0.141021

NMATo
10 C -0.050241
14 O -0.239830
16 N -0.133101
19 O -0.220675

NMATm
10 C -0.066739
14 O -0.256092
16 N -0.114022
19 O -0.223159
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Aromatic compounds are good detectors since
they hydroxylate. In addition, the position of attack
to the ring depends on the electron withdrawal and
repulsion of the previously present substituents
[9,18]. When the mulliken loads in table 4 are
analyzed, the electronegativities of the N and O
atoms yield information about the bonding state of
the OH radical.
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HAU-CTABWJIHUTE MPEXOIHU ChCTOSIHUSA HA MOJIEKYJIATA HA AMUHO-
TOJIYEHA

B. Epen?, IL.I1. T'ypkan®*

YVuusepcumem ,, Hamux Keman“, @axyrmem no semedenue, Texupoaz, Typyus
21YHueepcumem ., Hamuk Keman“, Jenapmamenm no xumus, Texupoae, Typyus

IMoctrernmna Ha 15 suyapwu, 2016 r.; kKopurupana Ha 8 ¢espyapu, 2016 1.
(Pestome)

B Ta3m pabora ca aHaM3MpaHU Hail-BepOSTHHUTE MAPIIPYTH 3a mpexonuute cberosaus ATnm, OATnm, MATnm,
PATnm, NMATo u NMATmM ¢ OH-pagukanu. OntuMu3upaHata reoMeTpus Ha KOMIUIEKCHTE € ONpeielicHa upes
reOMETpUYHA ONTHMH3AIMsA C ToMomra Ha codryepa Gaussian 09. AHamu3sT Ha TEOMETpHUYHATA CTPYKTypa H
IBIDKMHATA Ha BPB3KUTE CHLIO 3a M34YMcIeHH. Tazu pabora UMa 3a LeJI la ce ONpenelsaT Hali-BepOSTHUTE ITBTHIIA 32
pasIpeeNieHueTo Ha IPeXOAHUTEe KOMIUICKCH U B3aumonercTusta ¢ OH-paaukanu B razoBa (a3a U BbB BOAHA cpena.
W3non3BaHu ca KBaHTOBO-MEXaHWYHU METOJM 3a IIOCOYBAHETO HAa BIMSHHETO Ha CKOPOCTTA Ha PEaKLUITa BBPXY
IIBPBUYHUTE, XUIPOKCWINPAHUTE MEXIMHHU ChEJAWHEHUS W Hakpas — BB3ACHCTBUETO Ha pa3TBopHTels (BojaTa). 3a
OIPEJICTSIHETO Ha MEXANHHUTE CheIMHEHHS TPH pa3jiaraHeTo Ha MPEXOAHHUTE KOMIUIEKCH € U3II0JI3BaHa TeOMETPHYHA
onTUMH3aIMA ¢ mony-eMmmupuunu Metond (AM1 u PM3), ab initio Hartree-Fock HF/3-21G, HF/6-31G* u Density
Functional Theory (DFT). CpaBHeHu ca U TEOPETHYHO Ca OICHEHH HAN-TTOIXOIAIIUS METOJ] M HErOBaTa HaJe)KIHOCT.
Haii-BeposiTHUTE CKOPOCTHM KOHCT@HTH Ha pPEaKIHOHHWUTE NbTHINA Ca HM3YMCICHH C IOMOLITA Ha TEpHsiTa Ha
npexoxHute c¢beTostHUs (TST). 3a onpenesnsHeTo Ha IPEXOTHOTO CHCTOSIHUE Ha peakuusara e B3era Bpb3karta C-O 3a
0aza. l3uncneHa e akTHUBHpAlaTa CHEPIUs Ha BEPOATHUTE PEaKUWHM 3a BCHYKU HPEXOJHH KOMIUICKCH W Hai-
CTaOWITHHTE M CHCTOSHHMS OT TEPMOAWHAMHYHA TJICJIHA TOYKa 3a Ta3oBa (a3a U TeyHa cpena. V3ciueaBaHo e BIUSHUETO
Ha BOofaTa KaTo pazrBoputel npH m3nomsaneTo Ha COSMO kaTo conBaTtanimoHEH MOJIEIN.
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