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In this work, the structural and electronic properties of 4-[(E)-[4-(trifloromethyl)-1,3-benzothiazol-2-
yllazo]naphthalen-1-ol (ortho-OH) and 1-[(E)-[4-(trifloromethyl)-1,3-benzothiazol-2-yl]azo]naphthalen-2-ol
(para-OH) using density functional theory (DFT) were presented. The calculated vibrational frequencies
were compared very well with experimental. The total energy for the isomers A and B were -4277242.55
and -4277216.21 kJ/mol respectively; thus structural relaxation was observed in isomer A which
resulted into extra thermodynamic stability over isomer B by 26.34 kJ/mol. **C and "H NMR chemical
shifts for two isomers were calculated and compared. Electrophilicity index revealed that isomer A

would be mote reactive towards nucleophiles more than isomer B.

Key words: 4-[(E)-[4-(trifloromethyl)-1,3-benzothiazol-2-yllazo]naphthalen-1-ol, 1-[(E)-[4-(trifloromethyl)-1,3-
benzothiazol-2-yllazo]naphthalen-2-ol, electronic properties, density functional theory (DFT).

INTRODUCTION

Among the classes of dyes, azo-dyes are of particular
interest to chemists because they can be easily prepared
with a wide range of donor and acceptor substituents;
in addition, the planarity of the azo bridge is expected
to enhance electronic delocalization, and consequently
the optical activity (Almeida et al., 2010). Azo dyes have
found extensive applicability in analytical chemistry as
acid-base, redox and metallochromic indicators
(Zollinger, 1987; Perez et al.,, 2000; Geogiadou and
Tsatsaroni, 2001). The nature of aromatic substituents on
both sides of the azo group is another important
parameter that controls the colours of the azo
compounds, water-solubility and binding ability on a

particular fabric (Pavia et al., 1998). All of azo dyes
contain at least one azo (-N=N-) group, which links two
sp” —hybridized carbon atoms in the molecular structures.
Also, the cis and trans isomers of azo compounds have
served as a model for the photochromic compounds
(Grebenkin and Bolshakov, 1999; Yang et al., 2001;
Tamai and Miasaka, 2000; Azuki et al., 2001).

The prediction of molecular and spectroscopic
properties of dye molecules is an important part in the
designing process. Computational chemistry methods
offer a unique ability for organic chemists to generate
optimal geometry of structures and to calculate
spectroscopic properties that are of higher accuracy. One

*Corresponding author. E-mail: bsemire@lautech.edu.ng.
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Figure 1. The schematic structure and numbering of the studied compounds: (A)
= 1-[(E)-[4-(trifloromethyl)-1,3-benzothiazol-2-ylJazo]naphthalen-2-ol (ortho-OH)
and (B) = 4-[(E)-[4-(trifloromethyl)-1,3-benzothiazol-2-yllazo]naphthalen-1-ol

(para-OH).

of the most widely used computational chemistry
methods is density functional theory (DFT). In this work,
attempt is made to study the effect of hydroxyl group (-
OH) at ortho and para positions on the geometry, the
vibrational frequencies, reactivity and maximum
absorption peaks (Anax) Of the studied dye isomers using
DFT (Figure 1).

COMPUTATIONAL METHODS

The molecular structures of the 1-[(E)-[4-(trifloromethyl)-1,3-
benzothiazol-2-ylJazo]naphthalen-2-ol (ortho-OH) and 4-[(E)-[4-
(trifloromethyl)-1,3-benzothiazol-2-yllazo]naphthalen-1-ol (para-OH)
in the ground state were optimized by Becke 3-Lee-Yang-Parr
(B3LYP) level with 6-31G* basis set (Becke, 1993; Perdew et al.,
1996) on an Intel(R) Core (TM) i3-2350M/2.30 GHz with 4.0 GB
RAM personal computer using Spartan 06. The absorption
transitions were calculated from the optimized geometry in the
ground state Sy using configuration interaction (Cl) theory. The
harmonic vibrational frequency calculations resulting in IR
frequency together with intensities and chemical shifts of the
considered compounds were calculated at the same level. It has
been shown that B3LYP applications are successful in shielding
calculations on carbon atoms (Bello et al., 2009). Dipole moments
and atomic partial charges originated from Mulliken population
analysis are also reported.

RESULTS AND DISCUSSION

Geometries and stability

The selected geometrical parameters were listed in Table
1. The S1-C2 (S1-C3) bond length calculated was 1.738
(1.779A) for ortho-OH and 1.749 (1.789A) for para-OH
respectively; this showed that S1-C2 and S1-C3 are
shortened in ortho-OH by 0.011 and 0.010A respectively.
The N2=N3 and N3-C4 were 1.278 and 1.369A for ortho-
OH and 1.273 and 1.390A for para-OH respectively, that
is, N3-C4 was lengthened by 0.021A and N2=N3 was
shortened by 0.005 in ortho-OH respectively. Hydrogen
bonding between —OH group and N3 of azo group with
bond length of 1.962A was observed in ortho-OH isomer.
The bond angles calculated for the two ortho-OH and
para-OH isomers were quite similar in values except
bond angles around azo group. For instance, C3-N2-N3
and N2-N3-C4 were 112.52 and 121.53° for ortho-OH
whereas in para-OH isomers they were 113.38 and
122.89° respectively. These differences in bond angles
around azo group bring about planarity differences in the
molecules as reflected in their dihedral angles (Table 1).
The calculations revealed that ortho-OH isomer was
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Table 1. The selected geometries (bond length (A), bond angle (°),
dihedral angle (°) of the studied dyes at B3LYP/6-31G*.

Bond length A B
S1-Cs 1.779 1.789
S1-Co 1.738 1.749
N1:C3 1.301 1.300
Cs-N2 1.391 1.392
N2=N3 1.278 1.273
N3-C4 1.369 1.390
N3...HO 1.962 -
Bond angle

C,-S1-C3 88.17 88.16
N:-C3-S; 116.20 116.21
S1-Cs-N2 114.52 114.00
N1-C3-N2 129.28 129.79
C3-N2-N3 112.52 113.38
N2-N3-C4 121.35 122.89
Dihedral angle

C1-N1-C3-S1 0.00 -0.32
C,-S1-Cs-N1 -0.00 0.38
S1-C3-N2-Ns -180.00 176.48
N;1-C3-N2-N3 0.00 -3.58
C3-N2-N3-Cy 180.00 -179.99
N2-N3-C4-Cs 180.00 178.81
N2-N3-Cs-C13 0.00 -0.88
N3-H-O-C5 179.75 -

more planar than para-OH isomer which was not in
agreement with what had been reported (Bello et al.,
2009). The planarity of dye A (ortho-OH) could be
explained in terms of hydrogen bond that was formed
between OH group hydrogen and N3 of azo group which
resulted into partial rotational restriction of naphthenyl
rings.

This argument was further supported by 179.75°
dihedral angle calculated for N3-H-O-C5. Therefore, the
OH group on isomer A (ortho-OH) was along the plane of
naphthenyl rings while that of isomer B (para-OH) rotates
at approximately -178° as shown in Figure 2. This
rotation of naphthenyl rings in isomer B has little effect on
the planarity of 4-trichloromethyl-1,3-benzothiazolyl
substructure of the molecule (Table 1). The largest
deviation in dihedral angles for isomers A and B was
3.58° in N1-C3-N2-N3. The total energy for the isomers A
and B were -4277242.55 and -4277216.21 kJ/mol
respectively; this implied that structural relaxation
observed in isomer A resulted into extra thermodynamic
stability over isomer B with about 26.34 kJ/mol (Table 2).
The solvation energy and PSA were -36.14 kJ/mol and
38.85A for isomer A and -43.84 kJ/mol and 40.86A for
isomer B respectively.

Electronic properties

The HOMO, LUMO, band gap, dipole moment, total
energy, salvation energy and polar surface area (PSA)
for the ortho-OH and para-OH isomers were listed in
Table 2. The HOMO and LUMO are important
parameters that provide reasonable qualitative
information about the excitation properties of molecules.
The HOMO and LUMO calculated for isomer A were -
5.88 and -2.97 eV, while that for isomer B were -5.72 and
-2.82 eV respectively. Therefore, OH group at para
position in isomer B resulted to stabilization of both
HOMO and LUMO by = 0.15 eV as compared to isomer
A. The molecular energy levels for both isomers were
displayed in Figure 2 which comprised of eight HOMOs
and two LUMOs for each molecule. The HOMO and
LUMO are very important parameters for molecular
reactivity. The HOMO is the orbital with electrons thereby
acts as electron donor and the LUMO is the unoccupied
orbital thus acts as the electron acceptor. The gap
between HOMO and LUMO characterizes the molecular
chemical stability. The HOMO-1 and HOMO-2 differed in
energy by 0.1 eV, while HOMO-4 and HOMO-5, HOMO-6
and HOMO-7 differed in energy by 0.2 eV for isomer A
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Figure 2. Optimized structures and molecular orbital energy levels of the ortho-OH and para-OH using the basis set

B3LYP/6-31G*.

Table 2. Standard thermodynamic (at 298 K and latm) and electronic

properties of the studied compounds.

Parameter A (ortho-OH) B (para-OH)
HOMO (eV) -5.88 -5.72
LUMO (eV) -2.97 -2.82
Band gap (eV) 291 2.90
Dipole moment (debye) 3.70 2.78
H—L
n = [ > ] 1.455 1.45
H+ L
m=— [ > ] -4.425 -4.27
Softness (1/ 2n) 0.3436 0.3448
=
w = |- 6.7287 6.287
2n

ENERGY (kJ/mol) -4277242.55 -4277216.21
Rel. Energy 0.00 26.34
Solvation energy (kJ/mol) -36.14 -43.84
PSA (A? 38.85 40.86
ZPE (kJ/mol) 655.00 652.11
He (kJ/mol) 701.96 700.15
S° (J/mol) 540.05 548.19
G° (kJ/mol) 540.94 536.70
Ovality 1.49 1.50
logP 1.94 6.62
polarizability 67.03 67.06

1497
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HOMO

LUMO

(B)

Figure 3. The HOMO and the LUMO diagram: A = ortho-OH and B = para-OH.

(ortho-OH). However, only HOMO-2 and HOMO-3 were
close in isomer B (para-OH) with energy difference of 0.2
eV. Figure 3 showed that both HOMO and LUMO map of
the two isomers spread over the entire molecule. The
HOMO was C=C bonding and C-C anti-bonding while the
LUMOs were C-C bonding and C=C anti-bonding for the
isomers.

The electronic properties of the molecules are
calculated from the total energies and the Koopmans’
theorem. The ionization potential is (IP) determined from
the energy difference between the energy of the
compound derived from electron transfer which is
approximated; IP =Enomo While the electron affinity (EA) is
given as; EA =E_uwo, respectively. The other important
quantities such as chemical potential (u), chemical
hardness (n) and electrophilicity index (w) are deduced
form IP and EA values (Zhou and Navangul, 1990;
Chamizo et al., 1993; Bird, 1997; Koopmans, 1934; Parr
et al.,, 1999; Pearson, 1993). The values of chemical
potential, chemical hardness, softness, and
electrophilicity index for isomer A were 4.425, -1.455,
0.3436 and 6.7287 eV respectively and that of isomer B
were 4.270, -1.450, 0.3448 and 6.287 eV respectively,
therefore would be better propensity of isomer A to be
involved in the interactions with nucleophiles than for
isomer B. The dipole moment in a molecule is another
important electronic property. For example, the bigger the
dipole moment, the stronger the intermolecular
interactions expected. The calculated dipole moment
values for the isomers were 3.70 and 2.78 D for Isomers
A and B respectively.

Table 3. The selected Mulliken charges of compounds.

Parameter ortho-OH (A) para—OH (B)
N1 -0.483 -0.463
N2 -0.335 -0.298
Ns -0.377 -0.310
C 0.266 0.263
Cs -0.125 -0.125
S 0.241 0.239
Cs 0.304 0.297
Cs 0.227 0.231
o] -0.619 -0.624

The Mulliken charges of the two isomers were displayed
in Table 3 and Figure 4. The Mulliken charges on nitrogen
atoms revealed that azo nitrogen atoms were negative in
values, thus they are center for electrophilic attack/
attachment during dyeing. The Mullikan changes on azo
nitrogen atoms (N2=N3) of isomer A were higher than that
of isomer B. These higher charges observed were also
reflected on C3 and sulphur atoms of isomers A which
might be due to the presence of hydrogen bond as earlier
discussed. The Mulliken charges on hydroxyl oxygen of
isomer A also supported this postulate. The charges on
hydroxyl oxygen of isomer A was reduced by 0.005 as
compared to that of isomer B, which means some of the
charges on oxygen atoms of isomer A have been
transferred through hydrogen bondto azo group (Table 3).
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Table 4. The experimental and theoretical absorption wavelength for ortho-isomer (A) and para-isomer (B).

Isomer Acetone (Anax)  Ethanol (Amax) Ethanol + HCI A (Amax) ethanol- (Amax) Nm

nm nm (Amax) Nm (HCl/ethanol) DFT/6-31G*/CIS
Ortho (A) 482 486 492 +6 288.70, 416.32, 496.82
Para (B) 484 489 492 +3 338.21, 416.69, 522.04

The experimental and calculated adsorption Ayax (nm)
for the ortho-OH and para-OH isomers were shown in
Table 4. The calculated adsorption spectra showed three
Amax Which was the characteristics of aromatic multiple
rings in a molecule. The third absorption Ana.x agreed with
the experimentally observed values (Bello et al., 2009).
The calculated absorption A were 288.70, 416.32 and
496.82 nm for ortho-OH isomer as compared to para-OH
isomer with 338.21, 416.69 and 522.04 nm. The
experimental observed values for ortho-OH isomer were

482, 486 and 492 nm in acetone, ethanol and
ethanol+HCI respectively. For para-OH isomer, the
values were 484, 489 and 492 nm in acetone, ethanol
and ethanol+HCI respectively. The theoretical order of
adsorption Anax prediction were in agreement with that
observed experimentally, but more closer in values to
Amax that was observed the ethanol (Table 5). The
differences in the calculated and experimental values
were 15, 11 and 4 nm for isomer A; and 38, 33 and 30
nm for isomer B in acetone, ethanol and ethanol+HCI
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Table 5. Experimental and Theoretical vibrational frequencies (cm™) computed at B3LYP/6-31G* level.

Ortho-isomer (A)

Para-isomer (B)

DFT Expt. DFT Expt. Assignment
3429 (48.29) 3443 3767 ( 110.77) 3375 oOH
3273 (5.89) 3241 (3.54) 0(CH)Ph
3236 (7.20) 3055 3240 (6.80) 3059 u(CH)Ph
3231 (5.63) 3051 3237 (2.60) 3050 u(CH)Ph
3217 (18.25) 3218 (13.10) o(CH)Ph
3211 (36.35) 3128 (16.29) 0(CH)Ph
3202 (0.68) 3212 (25.64) 0(CH)Ph
3195 (21.14) 3202 (1.27) v(CH)Ph
3192 (2.39) 3197 (12.90) 0(CH)Ph
3183 (2.68) 3156 (25.10) 0(CH)Ph
1668 (58.47) 1679 (15.23) u(C=C)Ph
1649 (93.94) 1624 1649 (7.47) 1624 v(C=C)Ph
1647 (1.98) 1610 1642 (139.53) 1601 u(C=C)Ph
1624 (81.11) 1624 (109.76) v(C=C)Ph
1620 (30.08) 1620 (40.22) u(C=C)Ph
1581 (59.37) 1572 (136.09) u(C=C)Ph
1540 (106.76) 1512 1541 (65.52) 1512 oN=N + vC=N
1522 (25.19) 1521 (5.80) v(C=C)Ph
1518 (39.33) 1504 (143.12) u(C=C)Ph
1496 (11.22) 1462 1493 (19.08) 1460 v(C=C)Ph + SCH(Ph)
1472 (324.23) 1472 (200.95) uN=N + 6CH(Ph)
1452 (38.20) 1442 (140.50) vC=C + 6CH(Ph) + 50OH
1436 (110.27) 1434 (3.55) vC=N + 6CH(Ph) + 50OH
1425 (157.28) 1417 (44.46) ON=N + vC=N + dCH(Ph)
1389 (8.86) 1399 (294.33) vC=C
1384 (36.47) 1364 (78.22) vC=C
1344 (196.21) 1340 (168.30) vC-N +vC-C
1335 (271.84) 1332 1332 (41.92) 1320 vC=C + vC-N + vC-C + dCH(Ph)
1329 (148.85) 1320 1320 (46.83) 1318 vC-O + vC-C + dCH(Ph)
1317 (28.60) 1305 (46.87) vC-N + v(C=C)Ph + v(CH)Ph
1272 (189.35) 1278 (356.75) vC-N + 80H + v(CH)Ph
1252 (59.10) 1242 1240 (149.63) 1238 vC-S + 8CH(Ph) + vCF
1241 (170.64) 1220 (220.35) vC=C + vCF
1231 (43.90) 1218 1207 (160.83) 1210 C-S + 6CH(Ph) + 50OH
1206 (116.75) 1206 (123.75) vCF + 8CH(Ph)
1201 (248.91) 1202 (238.17) uCF
1194 (29.19) 1196 (30.31) OCH(Ph)
1184 (83.09) 1186 (25.80) vCF + 8CH(Ph)
1174 (1.10) 1183 (153.79) OCH(Ph)
1151 (330.01) 1156 (395.76) vC-N + dCH(Ph)
1114 (52.27) 1100 (59.13) vC-N + dCH(Ph)
1099 (41.59) 1093 (31.68) vC-S + vCF
1088 (82.03) 1083 (20.86) Oring
1035 (10.46) 1067 (60.86) OCH(Ph)
1009 (0.53) 1043 (7.70) Oring
985 (0.78) 1019 (0.58) mCH
975 (2.11) 972 991 (0.37) 985 mCH
961 (0.96) 979 (2.54) mCH
944 (31.26) 869 970 (42.52) 873 uC-S
923 (1.38) 951 (0.30) mCH
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898 (0.45) 928 (1.42)
888 (1.95) 872 (1.76)
849 (18.23) 851 871 (1.20)
829 (12.57) 862 (25.58)
808 (113.13) 792 847 (37.56)
797 (26.29) 804 (3.07)
787 (12.74) 752 800 (29.45)
771 (15.29) 735 787 (0.01)
760 (16.12) 763 (18.35)
747 (10.31) 762 (48.17)
713 (11.29) 757 (11.04)
711 (22.73) 725 (29.70)
698 (5.58) 713 (15.61)
685 (33.78) 687 (24.79)
643 (0.45) 624 666 (0.34)
623 (2.09) 644 (4.92)
619 93.90) 634 (11.56)
612 (2.20) 630 (3.89)
596 (16.00) 553 601 (1.40)

mCH
858 mCH + TTOH

796 mOH
mCH

780 mCH

740 mCH
mCH + mC-N
6ring
6ring
SCF + Siing
mCH + C-N

628 TN=C-N
Tring
TICH(Ph)
TCH(ph)
557 TOH

v, stretching; 9, in-plane bending; 11, out of plane bending; p, rocking; T, twisting.

respectively. The differences might be due to the level of
theoretical method used and also that calculations were
performed in isolated state or gas phase, while the
properties were measured in liquid state.

Vibrational frequencies

Vibrational spectroscopy is one of the powerful methods
extensively used in organic chemistry for the identification
of functional groups of organic compounds and also used
to distinguish molecular conformers, tautiomers and
isomers (Silverstein et al., 1981). The use of theoretical
vibrational modes coupled with the theoretical results
help to understand a fairly complex system, therefore
some of the observed experimental vibrational
frequencies and the theoretically calculated vibrational
frequencies were shown in Table 5 for comparison. The
calculated vibrational frequencies were found to be in
good agreement with the experimentally observed ones,
although the calculated frequencies were slightly higher
than the observed values for the majority of the normal
modes. The factors responsible for these discrepancies
are due to: first environmental conditions and the second
one arise from the fact that the experimental value is an
anharmonic frequency while the calculated value is a
harmonic frequency. The theoretical results can be
improved as compared to the experimental by scaling the
theoretical results (Devlin et al., 1995; Teimouri et al.,
2008; Palafox et al., 2007; Tarcan et al., 2009).

The experimentally observed aromatic C-H stretching

vibrations for the two isomers were 3055 and 3051 cm™

for ortho-isomer A, and 3059 and 3050 cm™ for para-
isomer B which are still within 2900 to 3064 cm™ region
assigned for aromatic C-H stretching vibrations
(Varsanyi, 1969; Kayitha et al., 2010; Usha et al., 2010;
Rastogi et al., 2010). These vibrations were calculated to
be in the 3273-3183 cm™ region for ortho-OH isomer and
3241-3156 cm™ region for para-OH isomer. The C—H in-
plane bending vibrations were theoretically observed at
1114 t01335 cm™ region in isomer A and 1100 to 1332
cm™ for isomer B; however these vibrational bands were
not pure as observed theoretically. The C—H out-of-plane
bending vibrations were calculated to be in the region
898 to 612 and 1019 to 630 cm™ for isomers A and B;
these were experimentally observed in the 972 to 851
cm™ for isomer A and 985-858 cm™ for isomer B.

The stretching vibrations of OH group of the isomers
were observed experimentally 3444 and 3375 cm™ for
isomer A and B respectively. These were calculated to be
3429 and 3767 cm™ isomer A and B respectively. The
OH stretching vibrations intensity for isomers A and B
were 48.29 and 110.77; therefore isomer B has higher
intensity by about 120% which was in agreement with
observed hydrogen bond in isomer A. The vibrations of
OH in-plane (60OH) were in-pure as calculated in the gas
phase, however, they were predominantly 1272 and 1231
cm™ for isomer A, and 1278 and1207 c¢cm™ for isomer B.
The out of plane (TTOH) deformations calculated were in
good agreement with experimental values. For instance,
TOH calculated for isomers A and B were 808 and 847
cm™with 113.13 and 37.51 intensity respectively. These
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Table 6. Computed *H and *3C chemical shift in ppm at B3LYP/6-31G* level of calculations.

Isomer A (ortho-OH)

Isomer B (para-OH)

Atom Ch. shift Atom Ch. shift Atom Ch. shift Atom Ch. Shift
C1 150.94 *H5 4.26 C1 150.22 H5 8.18

Cc2 138.74 H6 6.53 C2 141.77 H6 6.94

C3 181.20 H7 7.76 C3 178.36 *H7 5.59

C4 141.08 H9 8.30 C4 143.56 H9 7.26

*Ch 154.46 H10 7.34 C5 114.24 H10 7.57

C6 110.82 H11 7.22 C6 111.54 H11 7.73

Cc7 133.17 H12 7.40 *C7 160.74 H12 7.47

C8 121.13 H14 7.84 C8 121.28 H14 7.84

(03°] 117.66 H15 7.32 C9 117.23 H15 7.28

C10 125.65 H16 7.50 C10 125.57 H16 7.56

C11 130.03 N1 -53.59 Cl1 128.54 N1 -96.36
C12 124,32 N2 108.63 C12 127.69 N2 83.25
C13 131.31 N3 156.63 C13 136.89 N3 172.40
Cl14 125,12 S 347.74 C14 124.56 S 306.90
C15 126.17 C15 123.74 O 211.00
C16 124.20 C16 124.97

C17 129.15 C17 129.39

C18 124.16 C18 124.25

*carbon bearing OH group or hydroxyl hydrogen.

were experimentally observed at 792 and 796 cm™ for
isomers A and B respectively. The torsion vibrations
(TOH) were recorded at 553 and 557 cm™ for the isomers
A and B; however these were calculated to be 596 and
601 cm™ in isomers A and B respectively.

The azo N=N stretching vibrations of the two isomers
were recorded at 1535 and 1538 for isomers A and B
respectively. These bands were calculated to be 1540
and 1472 for isomer A with 106.76 and 324.23 in intensity
respectively. For isomer B, they were calculated at 1541
and 1472 cm  with 65.52 and 200.95 in intensity
respectively. The C-N and C=N stretching of the two
isomers were calculated to be in 1436 to 1114 cm™
region for isomer A and 1434 to 1100 cm™ region for
isomerB. The pure C-S stretchingvibrations were calculated
to be 869 and 873 cm™ for isomers A and B respectively.
However, these vibrations were observed theoretically
coupled with other vibrations such as 6CH(ph), 8(OH)
and u(CF). The pure v(CF) vibrations was calculated to
be 1201 cm™ with 248.91 intensity for isomer A and 1202
cm™ with 238.17 intensity for isomer B. The ring
deformation ( rlng) were calculated to be 1088, 1009, 747
and 713 cm™ for isomer A, and 1083, 1043, 762 and 757
cm™ for |somer B. The ring torsion (Tr,n?) was calculated
to be 623 cm™ for isomer A and 644 cm™ for isomer B.

'"HNMR and **CNMR in ppm

The molecular structure of the optimized isomers of the

studied dyes at B3LYP method with 6-31G* basis set was
used to calculate chemical shift for the dyes as shown in
Table 6. It has been reported that **C and '‘H NMR
calculated using DFT are in good agreement with the
experimental (Cheeseman et al., 1996; Teimouri et al.,
2008; Karakurt et al., 2012). Therefore, in the absence of
experimental **C and 'H NMR data for the two isomers,
calculated NMR for the two isomers were comparatively
discussed. The chemical shift for N1, N2, N3, S, and O
atoms were -53.59, 108.63, 156.63, 347.74 and 213.88
ppm respectively for isomer A, while that of isomer B
were -96.36, 83.25, 172.40, 306.90 and 206.00 ppm for
N1, N2, N3, S, and O atoms respectively. The result in
Table 6 showed that the *C NMR chemical shift of the
two dye isomers are greater than 100 ppm which is the
typical *C NMR chemical shift for organic molecule
(Pihlaja and Kleinpeter, 1994; Kalinowski et al., 1988).
The chemical shift of C3 and C4 “were 181.20 and
141.08 ppm for isomer A, and 178.36 and 143.56 for
isomer B, therefore C3 experienced more de-shielding
effect than all other carbon atoms because of its position
in the molecule. It has been reported that presence of
electronegative atom attracts all electron clouds of
carbon atoms towards the electronegative atom, which in
turn leads to de-shielding of carbon atom and result in
increase in chemical shift values (Varsanyi and Sohar,
1972). This de-shielding effect was noticed in C5 and C7
for isomers A and B respectively because of the
attachment of hydroxyl oxygen atom in each molecule
respectively.
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Table 7. The thermodynamic properties obtained at different temperature for the two isomers at B3LYP/6-31G* level.

Isomer A Isomer B
Temp (K) Cpm® (cal/mol)  Hw° (Kcal/mol)  Sn° (cal/mol) Cp,m° (cal/mol) Hm° (Kcal/mol) Sw° (cal/mol)
273 72.8298 166.08 124.03 74.28 165.64 126.16
373 96.1568 173.45 143.57 97.29 173.05 148.18
473 115.5856 182.55 162.18 116.46 182.14 163.76
573 130.9656 192.99 179.02 131.63 192.58 180.42
673 143.0138 204.32 194.27 143.53 203.84 193.54
773 152.5501 216.21 207.76 152.94 215.68 208.68
873 160.2175 228.53 219.53 160.51 227.95 220.28
973 166.4795 241.01 229.89 166.69 240.35 230.37

The signals of the aromatic proton are observed at 5 to
7 ppm (Pihlaja and Kleinpeter, 1994; Kalinowski et al.,
1988) and it has been found that presence of electrons
on aromatic ring, double bonded atoms, and triple
bonded atoms has been found to de-shield attached
hydrogen (Varsanyi and Sohar, 1972). Hydrogen atom is
the smallest of all atoms and mostly localized on
periphery of molecules, therefore their chemical shifts
would be more susceptible to intermolecular interactions
as compared to that for other heavier atoms. The
hydroxyl groups of the two isomers are bounded to
aromatic ring, one at ortho-position (isomer A) and the
other at para-position (isomer B). The hydroxyl oxygen
atom showed electronegative property hereby contributes
to hydrogen atom downfield resonance which was more
pronounced at ortho position as reflected in the computed
'H chemical shift at 4.26 ppm for isomer A and 5.59 ppm
for isomer B respectively. This might be the effect of
hydrogen bonding in isomer A.

Thermodynamics properties

The thermodynamic properties calculated at 298.15 K in
the ground state for the two isomers were shown in Table
2. The zero point energy (ZPE) for isomers A and B were
655.0 and 652.11 kJ/mol respectively. The standard
enthalpy (H°), standard entropy (S°) and standard free
energy (G°) were 701.96, 540.05 and 540.94 kJ/mol for
isomer A (othro-OH) and 700.15, 548.19 and 536.70
kJ/mol for isomer B (para-OH). On the basis of vibrational
analysis, the statically thermodynamic functions such as
heat capacity (C,n°), entropy (Sn°) and enthalpy (H,°) for
the two isomers were obtained from the theoretical
harmonic frequencies as listed in Table 7. All the C,°,
Sm? and H,° increased with the increase in temperature
from 273 to 973 K; this was due to the enhancement of
molecular vibrations while temperature increases at
constant pressure (1 atm). The correlations between
these thermodynamic parameters and temperature (T)
were plotted (Figures 5, 6 and 7) and fitted by quadratic
equations. The fitting factor (R?) for these parameters for

isomer A was found to be 0.999, 0.999 and 1 for heat
capacity, enthalpy and entropy respectively. For isomer
B, the fitting factor (R was found to be 0.999 for all the
thermodynamic parameters as shown in equations below:

Isomer A

Cp.n® = -0.268 + 0.310T - 0.000T°x10 ; (R*= 0.999)
Hm® = 146.7 + 0.057T + 4.00T? x 10° (R* = 0.999)
S0 = 61.01 + 0.252T — 8.00 x10°T? (R* = 1)

Isomer B

Cpn® = 2.167 + 0.306T - 0.000T*x10™* ; (R*= 0.999)
Hm® = 146.1 + 0.058T + 4.00T? x 10™ (R* = 0.999)
Sy® = 67.55 + 0.238T —7.00 x10°°T? (R* = 0.999)

All the thermodynamic calculations were performed in the
gas phase; therefore recommended scale factors (Zhang
et al., 2010) were used for better accurate prediction. All
these thermodynamic data would be helpful in providing
information for further study of the two isomers which
could be useful to determine the directions of chemical
reactions according to the second law of thermodynamics
(Yaziciet al., 2011; Govindarajana et al., 2012; Nataraj et
al., 2013).

Conclusion

The structure of the 4-[(E)-[4-(trifloromethyl)-1,3-
benzothiazol-2-yllazolnaphthalen-1-ol and  1-[(E)-[4-
(trifloromethyl)-1,3-benzothiazol-2-ylJazo]naphthalen-2-ol
dyes were optimized by B3LYP/6-31G* level of theory
and vibrational frequencies were calculated at the same
level of theory. The global minimum energy between the
two isomers showed that isomer A was
thermodynamically more stable. It was found that the
calculated vibrational frequencies were in good
agreement with that of the experimental data. The UV-
absorption wavelengths calculated by B3LYP/6-31G*/CIS
agreed well with the experimental values, the slight
differences were due the level of theoretical method used
and also that calculations were performed in gas phase.
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Figure 5. Correlation graph of heat capacity and temperature; (A) = ortho-OH and (B) = para-OH.
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Figure 6. Correlation graph of enthalpy and temperature; (A) = ortho-OH and (B) = para-OH.
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Figure 7. Correlation graph of entropy and temperature; (A) = ortho-OH and (B) = para-OH.



The correlations between the statistical thermodynamics
and temperature revealed that the heat capacities,
entropies and enthalpies increased with the increasing
temperature due to the intensities of the molecular
vibrations which increase with increasing temperature.
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The increasing evidence of the presence of organic pollutants in different agueous matrices has led to
the development of many analytical techniques. The isolation of these compounds from the aqueous
matrices remains an integral component of these techniques. In this study, the performance of three
different extraction methods, namely separatory funnel, magnetic stirring and solid-phase extraction
methods commonly applied to organic pollutants in aqueous matrices was assessed. The extraction
efficiencies of the target compounds BDE 28, 47, 100, 99, 154, 153 and 183 as well as BB 153 were
evaluated using spiking experiments. More so, the performance of a modified clean-up technique was
compared with the conventional glass column chromatographic technique. The results from these
studies showed that the separatory funnel extraction technique gave the best recoveries. The percent
recoveries of these compounds ranged from 72 to 89%, 65 to 84% and 26 to 122% for the separatory
funnel, magnetic stirring and solid-phase techniques, respectively. The modified clean-up technique,
which requires the use of fewer quantities of the adsorbent material and eluting solvent, gave
comparable results with the conventional column technique. The combination of the best extraction
method and the modified clean-up techniques was applied to different aqueous matrices, including
river water, wastewater treatment effluent and landfill leachate samples.

Key words: Polybrominated diphenyl ethers (PBDES), landfill leachate, effluent, river water, black river, Cape

Town.
INTRODUCTION
Brominated flame-retardants (BFRs) have been used for Their mechanism of action involves the release of free
many years in a wide variety of commercial products, bromine radicals when heated. These free radicals, in
including furniture, plastics, computers and electronics. turn, scavenge other free radicals taking part in the flame
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propagation, thus resulting in continuous flame
retardation process (Richardson, 2009). Although, the
use of these chemicals has drastically reduced the
incidences of fire-related deaths, injuries and property
damage, there is still growing concerns about their
widespread distribution in the environment.

Polybrominated diphenyl ethers (PBDEs) represent
important category of additive brominated flame-
retardants. Their global demand has increased
significantly since the use of polybrominated biphenyls
(PBBs) was banned a few decades ago. The commercial
formulations of PBDEs include three main categories,
namely Penta- (consisting primarily of BDEs 47 and 99,
alongside other congeners of tri- hepta-BDEs), Octa-
(hexa — deca-BDEs — the exact congener composition of
this group vary considerably between the two principal
formulations marketed) and Deca- (92 to 97% BDE-209
plus nona- and octa-BDEs) (La Guardia et al., 2006).
Typical quantities of these chemicals in products may
reach up to 18% for pentabrominated diphenyl ethers
(penta-BDEs), 15% for octabrominated diphenyl ethers
(octa-BDEs) and 16% for decabrominated diphenyl
ethers (deca-BDEs) (Alaee et al., 2003). Owing to the
quantity of these chemicals present in products of
everyday use and their mode of incorporation into
polymeric materials, which is, additive in nature, the
tendency for these chemicals to leach out of the treated
products during their usage and disposal is highly
probable. Consequently, increasing levels of these
contaminants have been reported globally in different
environmental matrices.

PBDEs have been detected in soil (Jiang et al., 2010;
Zheng et al.,, 2012; Parolini et al., 2013), sediment
(Klosterhaus et al., 2012; Moon et al., 2012), sewage
sludge (Gevao et al., 2008; Yang et al., 2011; Cincinelli et
al., 2012; Xiang et al., 2013), indoor dust (Takigami et al.,
2009; Ali et al., 2011; Kang et al., 2011; Coakley et al.,
2013), in foodstuffs (Bocio et al., 2003; Gomara et al.,
2006; Schecter et al., 2008; Luo et al.,, 2009) and in
aquatic and terrestrial wildlife (Polder et al., 2008; Cheaib
et al., 2009). PBDEs have also been detected in human
milk, adipose tissue, serum, hair and placenta,
particularly in subjects who are occupationally exposed
(Sudaryanto et al., 2008; Zhao et al., 2008, 2009; Zhu et
al.,, 2009; Eguchi et al.,, 2012). Unfortunately, the
investigation of these contaminants in aqueous
environmental samples has not received the required
attention. This might probably be due to the unique
physico-chemical properties of these chemicals. PBDEs,
like most organic pollutants, are highly hydrophobic, thus
exhibiting extremely low solubility, low vapour pressure
and high octanol — water co-efficient (de Wit, 2002).
Given these properties, it is expected that their ultimate
fate in agueous media will be greatly influenced by the
presence of suspended particulate matter (Ramu et al.,
2010). Hence, it might be needful to carefully select
extraction methods that can produce acceptable
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recoveries of the target compounds.

Aqueous environmental samples derived from different
industrial processes as well as from waste treatment
facilities (WWTPs and landfill sites) often contain high
loads of these emerging contaminants. Inadequate
treatment of these waste streams may, therefore,
contribute significantly to further contamination of the
receiving environment. The development of an
appropriate analytical procedure for the isolation
(extraction) of these contaminants is very critical to
evaluating their levels in various agqueous matrices. Until
now, organic contaminants in agueous matrices are
traditionally isolated using liquid-liquid extraction
technique. Although, newer techniques have been
developed and applied for the analysis of various organic
pollutants, including PBDEs. These include ultrasound-
assisted emulsification micro-extraction (Fontana et al.,
2009), solid phase micro-extraction (Wang et al., 2006)
and so on. These techniques, however, have not found
wide applicability in the analysis of PBDES, particularly in
agueous samples.

The aim of this present study was to evaluate the
efficiencies of three methods of extraction commonly
applied to the analysis of organic pollutants with a view to
identify the best extraction technique for the analysis of
selected PBDE congeners as well as BB 153 in aqueous
samples. Furthermore, the study also attempts to
determine the levels of these pollutants in different
agueous samples, including wastewater effluents, landfill
leachate as well as river water collected within the city of
Cape Town.

MATERIALS AND METHODS
Chemicals and materials

All organic solvents (n-hexane, dichloromethane, acetone and
isooctane) purchased from Merck (Modderfontein, South Africa)
were doubly-distilled prior to use. Anhydrous sodium sulphate was
purchased from Radchem (Pty) Ltd. (Roodepoort West (Gauteng),
South Africa). Silica gel (60 — 200 mm) and copper powder were
supplied by Sigma-Aldrich (Aston Manon (Gauteng), South Africa).
High purity gases (helium — 99.999%; nitrogen 99.999%) were
purchased from by Afrox (Pty) Ltd. (Cape Town, South Africa).
Unlabelled individual reference PBDEs standards were produced
by Cambridge Isotope Laboratories (CIL) (Andover, MA, USA). BB
153 was produced by Chiron AS (Trondheim, Norway). These
standards were locally supplied by Industrial Analytical (Pty)
(Midrand (Gauteng), South Africa).

Sample collection, extraction and clean-up procedures

Aqueous samples, including river water, WWTP effluents and
landfill leachate were collected between April and May, 2010. River
water samples collected correspond to the upstream, point of
discharge and downstream sampling points of the effluent-receiving
Black River in the city of Cape Town. Effluent samples from a
nearby WWTP were collected at different stages of the wastewater
purification process, namely: inlet section (raw water); primary
settling tank (primary effluent); secondary settling tank (secondary
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effluent) and disinfection unit (final effluent). The raw leachate
samples were collected from the leachate reservoir sited on-site.
Depending on its level in this reservoir, leachate is periodically
pumped into the nearby WWTP for treatment. All these samples
were collected in triplicates into thoroughly cleaned 1 L amber glass
bottles with amber glass caps. The samples were kept cool en-
route the laboratory in an ice container. Samples were immediately
refrigerated on arrival at the laboratory at 4°C until analysis.

Three extraction methods, namely: separatory funnel extraction
(SFE), magnetic stirring extraction (MSE) and solid-phase
extraction (SPE) methods were investigated in this study. For this
purpose, a known volume of ultra-pure MilliQ water (RiOs8™,
France) was spiked with standard mixture of all target compounds
to be investigated. The extraction of these compounds was carried
out by employing each of the methods to be evaluated. The overall
recoveries of these compounds were subsequently estimated. The
method that gave the best analytes’ recoveries was applied to the
analysis of aqueous samples investigated in this study. The
detailed procedure for each extraction method is described below.

Separatory funnel extraction method

About 800 ml of MilliQ water was measured into a thoroughly
cleaned 1 L capacity separatory funnel. The water was thereafter
spiked with 1 ml of standard solution containing all the target
compounds. The set up was allowed to equilibrate for exactly 60
min before extraction. Analytes extraction was carried out by
shaking the spiked water with 40 ml of dichloromethane for 2 min
with periodic venting during the extraction. Phase separation of the
two layers that results was allowed to take place for about 10 to 15
min. The lower organic layer was thereafter collected over
anhydrous sodium sulphate into a 250 ml-capacity round bottom
flask. The extraction of aqueous layer was repeated twice using 40
ml of dichloromethane in each occasion. The separatory funnel was
rinsed twice with 20 and 10 ml of dichloromethane in succession
after the aqueous layer had been discarded. These were combined
with the extract previously obtained. The extract obtained was
concentrated using a rotary evaporator at 45°C to about 1 ml.

Magnetic stirring extraction method

Similarly, 800 ml of MilliQ was water measured into a thoroughly
cleaned 2 L capacity beaker. The water was spiked and allowed to
equilibrate as previously described for the separatory funnel
technique. In contrast to the SFE technique, however, the analytes
were extracted once using a total of 120 ml dichloromethane with
moderately rigorous stirring for 30 min by employing a magnetic
stirrer (FMH Electronics, South Africa). The phase separation of
both aqueous and organic layers was allowed to take place for
about 30 min. The clear supernatant was thereafter decanted and
the bottom layer was transferred into a clean 500 ml capacity
separatory funnel for further phase separation. The lower organic
layer was then collected over anhydrous sodium sulphate into a
pre-cleaned 250 ml capacity round-bottom flask. The beaker and
separatory funnel used were rinsed with 20 and 10 ml of
dichloromethane in succession and were combined with the extract
previously obtained. The extract obtained was thereafter
concentrated to about 1 ml using a rotary evaporator.

Solid-phase extraction method

This extraction method began with the initial conditioning of the C-
18 cartridges employed. This was done by passing 5 ml of n-
hexane, 5 ml of dichloromethane, 5 ml of methanol and 5 ml of
MilliQ water in succession through the cartridge at low pressure (1.5
in Hg) employing a Visiprep manifold (Sigma-Aldrich). To

investigate the influence of pH of the aqueous matrices on the
recovery of target analytes using SPE cartridges, two different set-
ups, including those with pH adjustment and the other without pH
adjustment were investigated. First, the set-up with pH adjustment
had its pH adjusted to between 2.05 and 2.12 using conc. H,SO4
(98% purity). This was done by adding the acid in a drop wise
manner followed by regular stirring and prompt measurement of the
pH with a pH meter until the desired pH was attained. The pH of the
other set-up was unaltered and these values ranged between 7.28
and 7.69. These set-ups were allowed to equilibrate for 60 min after
each had been spiked with 1 ml of standard solution containing all
the target compounds. Each of the spiked MilliQ water was then
extracted by passing it through the pre-conditioned cartridge at a
pressure of 10 in Hg. Upon completion of the extraction, the
cartridges were vacuum dried for an additional 45 min. The
analytes were, thereafter, eluted with 6 ml n-hexane:
dichloromethane (1:2) at a pressure of 1.0 in Hg with an average
flow of 1 drop per 10 s. The eluate was subsequently spiked with
300 pl of iso-octane and concentrated under a gentle stream of
nitrogen gas to a suitable volume. The extract was then
guantitatively transferred into amber samples for instrumental
analysis.

Extract clean up procedure

In this case, two clean-up procedures were employed. These
column chromatographic techniques involved the use of varying
guantities and forms of silica gel packed in Pasteur pipette and
glass column for the modified and conventional techniques,
respectively. More so, different volumes of the eluting solvent were
tested for both techniques to obtain the optimum volume that will
yield the best recoveries of the target compounds. For the modified
clean-up technique, 5 and 10 ml of the eluting solvent were tested,
whereas 25, 50, 75, 100 and 125 ml of the eluting solvent were
tested for the conventional glass column technique.

The Pasteur pipette packing was done by first clogging its tip with
a clean glass wool. This was followed by the addition of 0.1 g
activated silica gel; 0.2 g (30% 1N NaOH, w/w) basic silica gel; 0.1
g activated silica gel; 0.4 g (44% conc. H,SO4, w/w) acidic silica gel;
0.1 g activated silica gel; 1.0 g anhydrous sodium sulphate) in this
sequence from the bottom. The packed column was, thereafter,
conditioned with 5 ml of n-hexane. Similarly, the glass column was
packed from the bottom with 1 g activated silica gel (previously
baked at 240°C overnight), 4 g basic silica gel (30% NaOH, w/w), 1
g activated silica gel, 8 g acidic silica gel (44% conc. H2SQO4, wiw), 2
g activated silica gel and 4 g anhydrous sodium sulphate. Basically,
this clean-up procedure was done in accordance with the USEPA
Draft Method 1614 for the analysis of PBDEs in wastewater and
bio-solids, although, certain aspects of the regulatory procedure
were modified.

The packed column was pre-conditioned with 50 ml of doubly
distilled n-hexane to remove trapped air and background
contaminants within the column. The n-hexane layer over the
uppermost layer in the column was maintained at 2 mm to prevent
further infiltration of air into the column. The concentrated extract in
n-hexane was then quantitatively transferred into the column and
eluted with appropriate volume of the eluting solvent. The eluate
was further concentrated using a rotary evaporator to about 1 ml.
The concentrated cleaned extract was the spiked with about 300 pl
of iso-octane before the final concentration was done under a
gentle stream of nitrogen gas. The prepared samples were stored
in amber sample vials and kept in the refrigerator until the final
instrumental analysis.

Instrumental analysis

The analysis of the target compounds was performed using an
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Figure 1. Influence of pH adjustment on the recovery of target compounds (SPWPA — solid phase
extraction without pH adjustment; SPPA —solid phase extraction with pH adjustment; error bars

represent standard deviations of 3 replicates).

Agilent 6890 gas chromatograph equipped with electron capture
detector (GC-UECD). The GC-uECD was equipped with an Agilent
7890B autosampler. Chromatographic separation of analytes was
performed using a DB-5 MS column (60 m length, 0.25 mm i.d. and
0.1 pum film thickness). Helium gas was employed as the carrier gas
with a flow rate of 1.5 ml/min using a constant flow mode. High
purity nitrogen gas was used as a make-up gas for the detector at a
flow rate of 30 ml/min. The injector and detector temperatures were
set at 280 and 300°C, respectively. The oven temperature was
programmed as follows: 100°C held for 2 min, ramped at 20°C/min
to 220°C; it was further ramped at 4°C/min to 300°C and held for 7
min. One micro-litre of either the standard mixture or experimental
samples was injected using a splitless injection mode.
Quantification was based on peak areas of target compounds using
external calibration technique. Five to six calibration levels
containing 1, 5, 10, 25, 50 and 100 ng/ml for all target compounds
except BDE-183 which had a calibration level of 5, 10, 25, 50 and
100 ng/ml. The identification of the target analytes in the real
samples was done by comparing their retention times with those of
the reference standards.

For quality control and assurance purposes, the retention times
of target analytes were only considered if they fall within 5% interval
relative to those of the reference standards. A procedural blank
(MilliQ water) was run with the batch of 5 field samples. No
detectable level of analytes was found. In addition, a calibration
standard of 10 ng/ml was run as a check after every 5 samples to
ensure that less than 20% variation was found from the initial
calibration standards. All data were processed with Microsoft Excel
software (2007 version).

RESULTS AND DISCUSSION

The influence of pH adjustment on analytes recovery
using SPE technique

The recoveries of certain organic compounds were

generally enhanced when the pH of the medium in which
they were found was lowered. This assumption has been
found to be generally true for ionisable organic
compounds such as phenols and aniline (Yang et al.,
2008). Although, PBDEs are non-ionisable compounds,
this phenomenon was investigated for the selected
compounds at a pH range between 2.05 and 2.12 using
solid phase extraction technique. The recoveries
obtained for the highly brominated congeners on SPE
cartridges were generally poor. Only a slight increase in
the yield of all target compounds was observed for the
experimental set-ups whose pH had been adjusted
(Figure 1). The observed differences in the recoveries of
the lower and higher PBDE congeners could be attributed
to the relatively lower polarity of the higher brominated
congeners (Eljarrat et al., 2004). Other possibility could
result from the ability of the sorbent materials in the SPE
cartridges to demonstrate stronger affinity for PBDEs at
lower pH than at neutral pH levels; thus, resulting in a
slight yield in PBDEs recovery upon elution with the
appropriate solvent.

Evaluation of extraction efficiencies of different
methods

A critical evaluation of the efficiencies of different
extraction methods studied revealed that the isolation of
target compounds from the aqueous medium assumed
different patterns. With the use of C-18 cartridges, the
recoveries of target compounds were generally poor
when compared with other extraction techniques.
However, the choice of solvent or solvent combinations
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Table 1. Percent recoveries of target compounds obtained from different extraction techniques.

SFM MSM SPWPA SPPA

Target concentiation  recovered % Secovered | % Secovered | % Secovered | %
compounds (ng/ml) (ng/ml) Recovery (ng/ml) Recovery (ng/ml) Recovery (ng/ml) Recovery
BDE 28 10 7.94+0.13% 79.4 8.14+0.19° 81.4 6.89+0.43 68.9 8.58+0.21 85.8
BDE 47 10 8.93+0.35 89.3 8.41+0.22 84.1 5.23+1.77 52.3 5.97+1.62 59.7
BDE 100 10 7.36%0.93 73.6 6.47+1.05 64.7 11.1+2.19 111 12.2+0.55 122
BDE 99 10 8.41+0.27 84.1 7.24+0.42 72.5 5.35%+2.26 53.5 9.3045.37 93.0
BDE 154 10 7.80+0.40 78.0 7.21+0.51 72.1 3.45+0.15 34.5 4,79+0.12 47.9
BB 153 10 7.16+£0.53 71.6 6.50+0.43 65.0 2.57+0.21 25.7 4.32+0.30 43.2
BDE 153 10 8.18+0.51 81.8 7.29+0.71 72.9 2.86+0.56 28.6 4.93+1.31 49.3
BDE 183 10 7.81+2.38 78.1 7.78+1.22 77.8 5.40+0.98 54.0 5.78+1.48 57.8

# — values represent mean (+standard deviation) of six replicates and three replicates for SPWPA and SPPA; SFM — separatory funnel extraction method; MSM — magnetic stirring extraction method;
SPWPA - solid phase extraction without pH adjustment; SPPA — solid phase extraction with pH adjustment.

employed for elution is believed to play a vital role
in their isolation. In this study, a significant
difference in the yield of target compounds was
observed when different solvent combinations
were employed. During the preliminary studies, a
relatively higher recovery was found when the
target compounds were eluted with 6 m{ n-
hexane-dichloromethane (1:2, viN) than when
similar volume of n-hexane-acetone (2:1, v/v) was
used (data not included). Notwithstanding the
limitations of this method, it still offers numerous
advantages, including high sample throughput,
automation compatibility, reduced organic solvent
consumption and excellent separation of
interfering species. Additionally, the use of SPE
cartridges is advantageous, as it does not often
require further clean up step like other extraction
techniques, thus resulting in shorter analysis time.

Despite the introduction of modern extraction
methods, liquid-liquid extraction techniques still
find extensive application in the analysis of
organic contaminants in aqueous samples.

Separatory funnel and magnetic stirring methods
represent important category of this technique that
are still being used extensively. These methods
were included in this study due to their wide
applicability to other organic pollutants. Most of
the methods selected for evaluation have either
been employed for the assessment of PBDEs or
other similar contaminants such as PCBs,
organochlorine pesticides, phenols, amongst
others, in agueous matrices (Pauwels et al., 1999;
Covaci and Schepens, 2001).

The results indicating the extraction efficiency of
each of these methods are presented in Table 1.
Based on these findings, it was apparent that the
separatory funnel method had the best extraction
efficiency for most of the congeners investigated.
Although a good recovery of these congeners was
also achieved with the magnetic stirring method,
the majority of the congeners were efficiently
isolated with the separatory funnel method.

Both methods employ dispersion of fine droplets
generated by the agitation of the aqueous

samples present in the extraction chamber. The
isolation of the compounds of interest is,
therefore, achieved with the continuous contact
maintained between the aqueous and organic
droplets within the chamber.

In contrast, the solid-phase method effects the
extraction of these compounds through adsorption
mechanism. Essentially, this method explores the
differential affinities of components present in the
agueous matrix to effect the isolation or
purification of the desired compounds (Rouessac
and Rouessac, 2007). Besides the numerous
advantages this technique offers, which include
ease of automation, higher recoveries of polar
compounds and cleaner extracts, certain
problems are still associated with the use of this
method. These include incomplete removal of
interferences, low recovery of analytes and high
degree of variability in terms of relative standard
deviation (RSD).

The recoveries of PBDEs as well as BB 153
employing this method were generally low. A
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Table 2. Mean percent recovery of target compounds with the conventional glass column clean up technique.

Percent recovery (%) volume of eluting solvent

Target compounds

25 ml 50 ml 75 ml 100 ml 125 ml
BDE 28 - 7.11 92.9 95.2 95.9
BDE 47 - 12.4 94.0 95.7 97.1
BDE 100 - 66.0 94.6 97.4 98.5
BDE 99 - 47.9 96.3 99.3 101
BDE 154 - 70.1 93.7 100 101
BB 153 - 82.8 100 100 104
BDE 153 - 68.8 97.1 103 104
BDE 183 - 71.7 93.2 95.9 98.8

— not detected.
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Figure 2. Percent recovery of target compounds using different eluting volumes on modified clean up technique.

slight improvement in the extraction efficiency was
observed when the pH of the agueous medium was
adjusted as shown in Figure 1. It therefore implies that
the recovery of these contaminants could be enhanced
by simply acidifying the aqueous medium containing
them if SPE technique is to be employed for their
extraction. Another aspect where certain modifications
were carried out during the method development was in
the clean up procedure. While the conventional silica gel
column chromatography was used for the purification of
the sewage sludge extracts, a modified clean up
technique was employed for the extracts of bottom
sediment and aqueous samples investigated in this
study.

For environmental monitoring studies that involve the
analysis of several samples, the development and
application of appropriate analytical protocols that will

ensure minimal usage of both eluting solvent and
adsorbent materials are highly essential. Consequently,
the use of Pasteur pipette packed with different forms of
silica gel for “clean-up” ensured that this objective was
achieved. In this study, an attempt was made to compare
the efficiency of the modified Pasteur pipette technique
with the conventional glass column method. During the
preliminary studies, both techniques were optimised
using varying volumes of the eluting solvent. This
measure was undertaken to establish the optimum
volume of the eluting solvent required for both
techniques. The outcomes of these investigations are
presented in Table 2 and Figure 2.

Figure 2 shows the recovery of target analytes using
the modified technique. With this approach, a yield
greater than 85% was achieved with the use of 5 ml of
the eluting solvent. Recoveries comparable to those
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Table 3. Mean (standard deviation) concentrations (ng/L) of target compounds in different aqueous matrices investigated.

River water WWTP Effluent Landfill site

Target compounds
Upstream Point of discharge Downstream Raw water Primary effluent Secondary effluent Final effluent Leachate

BDE 28 180 (29.9) 136 (28.6) 17.4 (9.06) 10.5 (8.06) 0.73 (0.59) 12.5(9.31) 9.66 (3.31) 1.21 (1.10)
BDE 47 29.5 (6.58) 17.9 (13.7) 8.12 (2.58) 7.45 (2.30) 4.21 (2.82) 15.1 (3.92) 16.8 (6.71) 8.97 (0.72)
BDE 100 12.1 (5.64) 7.57 (3.39) 6.31 (1.50) 1.65 (1.97) 0.19 (0.13) 5.20 (2.10) 7.34 (3.44) 0.24 (0.49)
BDE 99 7.54 (3.55) 4.93 (4.00) 3.32 (2.33) 3.64 (2.55) 2.31 (1.29) 6.57 (3.20) 6.03 (3.64) 0.00 (0.00)
BDE 154 1.67 (2.59) 0.83 (0.96) 1.75 (1.04) 0.00 (0.00) 0.64 (0.84) 1.47 (2.52) 2.12 (2.77) 0.00 (0.00)
BB 153 1.63 (1.71) 2.21 (1.10) 1.55(0.48) 0.29 (0.72) 0.00 (0.00) 0.53 (0.70) 2.07 (1.46) 0.00 (0.00)
BDE 153 3.54 (3.14) 8.03 (2.94) 28.7 (11.9) 62.4 (42.9) 7.52 (5.91) 81.6 (40.6) 141 (62.1) 0.56 (1.11)
BDE 183 11.2 (18.2) 46.5 (43.7) 41.5 (26.0) 19.7 (14.9) 1.55 (3.10) 17.3 (5.46) 13.9 (7.36) 0.00 (0.00)

obtained with 125 ml of the eluting solvent in the
conventional glass column technique were
achieved when 10 ml of the eluting solvent was
employed in the modified clean-up technique.
With  these  modification  measures, the
conservation of up to 92% of the eluting solvent
and 88% of the sorbent materials was achieved
relative to the conventional glass column
chromatographic technique investigated in this
study. Although the modified technique proved to
offer improved separation of analytes, fast and
cost-effective, its major setback was decreased
efficiency with the age of the sorbent materials
employed. Consequently, the use of freshly
prepared sorbents must be employed in order to
obtain acceptable results.

Analysis of real aqueous samples

The extraction of real samples was carried out
with the separatory funnel extraction method since
it gave the best recoveries of all the target
compounds investigated. Similarly, the purification
of the extracts obtained from these samples was

performed using the modified Pasteur pipette
clean-up technique. The results obtained for the
analysis of these samples are presented in Table
3. It was apparent that higher levels of the target
compounds, especially the lower brominated
congeners were detected in the upstream
samples than in the other sampling points. This
trend is not so surprising as there are several
activities taking place around the sampling point
that could possibly contribute to the observed
levels. First, a few metres away from the
upstream sampling point is situated the city’s
largest solid waste transfer station. Several
thousands of tonnes of solid waste materials are
received on a daily basis, which are further
transferred to designated landfill sites within the
city. The inter-related activities associated with the
solid waste handling and disposal could contribute
to the trend observed in this study.

Secondly, the Black River has been and is still
an important channel through which other
tributaries empty their contents. Most of these
tributaries convey discharges from WWTPs, storm
water run-off, agricultural run-off as well as grey
water from informal settlement. The imminent

variations in the composition of these notable
point and non-point sources from time to time
could ultimately influence the influx of the target
compound in the receiving water bodies. For
instance, grey water is known to contain and
transport considerable amount of organic
pollutants, including PBDEs (Donner et al., 2010).
As observed in this study, varying levels of the
target compounds were detected at different
sampling points along the stretch of the
investigated river. Generally, relatively low levels
of the target compounds were detected at the
downstream sampling point as compared with
other sampling points. It is a possibility that the
discharge of treated effluent from the nearby
WWTP is producing dilution effects, thus resulting
in the lower levels being detected. The trends
assumed by the target compounds across the
different sampling units within the WWTP
investigated were generally inconsistent. It was,
however, obvious that there were significant
decreases in contaminants’ levels as the waste
stream flow from the inlet section into the primary
sedimentation tanks. Surprisingly, the general
decrease in contaminants’ levels did not follow



the expected trend in both the secondary sedimentation
tanks and the final effluent. In this case, a somewhat
higher level of these contaminants were detected in the
final effluent than in the secondary effluent. A common
problem associated with most WWTPs is over-loading or
over-stretching of plant’s treatment capacity. Excessive
loading of treatment plant could result in shorter
residence time of the aqueous waste stream. The
resultant effects are excessive accumulation of
contaminants and poor effluent quality evidenced by the
high variability in the levels of contaminants detected
within the WWTP concerned (Daso, 2011).

In this study, the mean concentrations of the target
compounds were subjected to statistical correlation to
establish the possible influence of WWTP discharges on
the contaminants’ levels detected in river water samples.
The results showed there was a weak negative
correlation (RZ: -0.1369) between the levels detected in
the final effluent and the point of discharge water
samples. However, there was a moderately strong
positive relationship (R°=0.4761) between the final
effluent and the downstream water samples, thus
reflecting the potential contribution of WWTP discharges
to the overall contamination of the investigated river. This
study further affirms the findings of a similar study where
WWTP discharges is implicated as the potential source of
PBDE contamination of the adjacent river (Song et al.,
2006). With the exception of BDE 153, the occurrence of
the target compounds were completely dominated by the
lower brominated congeners in the leachate samples. In
this case, BDE 47 was the most dominant congener
detected in the samples. Although BB 153 was not
detected in the leachate samples, its presence in river
water and effluent samples indicates its high persistence
in the environment.

Limitations

The focus of this study was to evaluate the efficiencies of
commonly used extraction methods for PBDEs in
agueous samples. Regrettably, the matrix effects of
different aqueous samples investigated in this study were
not examined. Furthermore, the analysis of persistent
organic contaminants, especially those containing
halogens in complex environmental samples are currently
being analysed with Gas chromatography—-mass
spectrometry (GC-MS) techniques. In this study,
however, only GC-uUECD was employed because the GC-
MS instrument to be used could not produce satisfactory
results due to its persistent instability.

Conclusion

In this study, the evaluation of different extraction and
clean-up techniqgues was carried out. The findings
showed that the liquid-liquid extraction employing
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separatory funnel gave the best results in terms of
recoveries of all the target compounds investigated. In
addition, the modified clean-up technique evaluated in
this study showed comparable results with the
conventional glass column chromatographic technique.
The application of the modified clean-up technique for the
purification of extracts obtained from aqueous matrices
results in drastic reduction in the quantities of adsorbent
materials and the eluting solvent employed. The
separatory funnel extraction technique as well as the
modified clean-up technique was applied to different
agueous matrices investigated in this study.
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The objective of this work was to increase the energy efficiency of photogalvanic cell using four dyes;
Amido Black 10B, Bromocresol purple, Carmine and Biebrich scarlet as photosensitizers in Tween 60-
Ascorbic acid system. Observed values of photopotential, photocurrent, fill factor, conversion
efficiency and storage capacity for Tween 60 - Amido Black 10B - Ascorbic acid system were 996 mV,
420 A, 0.38, 1.62%, 130 min, Tween 60 - Bromocresol purple - Ascorbic acid system were 811 mV, 65
MA, 0.50, 0.32%, 150 min, Tween 60 - Carmine - Ascorbic acid system were 844 mV, 190 YA, 0.43, 0.81%,
170 min. and Tween 60 - Biebrich Scarlet - Ascorbic acid system were 919mV, 210 pA, 0.41, 0.89%, 75
min, respectively. Comparative energy efficiency in all four systems studied in detail and all
comparative data are discussed in the paper. Finally system with Amido black 10B and Carmine dyes
was proposed as efficient system in view of solar energy conversion and storage.

Key words: Amido black 10B, bromocresol purple, carmine, biebrich scarlet, energy efficiency.

INTRODUCTION

Growing concern of rise in fossil fuel prices and
environmental degradation has lead to the world’'s
interest in renewable energy sources. Out of various
renewable energy sources, solar energy is freely
available and commercially viable source for electrical
energy generation. The conversion of solar energy into
electrical energy can be done by photoelectrochemical
cells. The Photogalvanic effect was first reported by
Rideal and Wiliams (1925) but it was systematically
investigated by Rabinowitch (1940a, b). Later, various
researchers reported this effect time to time (Kaneko and
Yamada, 1977; Albery and Archer, 1977; Memming,
1980; Folcher and Paris, 1983; Pan et al., 1983; Naman
and Karim, 1984; Jana, 2000; Ameta et al., 2006; Balzani
et al., 2008; Ratcliff et al., 2011).

A new methodology of tilt angle for a solar panel to
optimize solar energy extraction under cloudy conduction

was reported by Armstrong and Hurley (2010).
Photochemical energy conversion was studies in system
containing methylene blue (Murthy and Reddy, 1979),
analysis of galvano-statically synthesized polypyrole
films, correlation of ionic difference and capacitance with
the electrode morphology (Bisquert and Belmonte, 2002)
and the molecular approaches to solar energy conversion
and molecular control of interfacial charge transfer at
nanocrystalline semiconductor interfaces (Meyer, 2005)
were discussed.

Recently, studies on photogalvanic effect in mixed dyes
and reductant systems were significantly reported (Yadav
and Lal, 2010; Gangotri and Indora, 2010; Sharma et al.,
2012). Some new dye-surfactant combination were
studies in our laboratory in view of solar energy
conversion and storage (Genwa and Kumar, 2012), but
efforts are still needed to increase energy efficiency of
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photogalvanic cell. Therefore in this work, four dyes were
selected and used as photosensitizer in photogalvanic
cell to study comparative energy efficiency along with
their storage performance.

MATERIALS AND METHODS
Amido black 10B

It was obtained from LOBA Chemie, Mumbai, India. Amido Black
10B (Scheme 1) is a solid crystalline black power, molecular
formula Cz2H14NsNaxOsS,, molecular weight 616.49, soluble in
water and maximum absorption (Amax) 610 nm. Concentration of dye
used cell solution was 1.1 x 10 M.

Bromocresol purple

It was obtained from LOBA Chemie, Mumbai, India. Bromocresol
purple (Scheme 2) is a slightly yellow power, insoluble in water but
soluble in Ethanol, molecular formula Cz1H16Br.0OsS, molecular
weight 540.24, and maximum absorption (Amax) 580 nm
Concentration of dye used cell solution was 1.6 x 10 M.

Carmine

It was obtained from LOBA Chemie, Mumbai, India. Carmine

Br

(Scheme 3) is a solid red power, molecular formula is C22H20013,
molecular weight is 492.39, soluble in water and maximum
absorption (Amax) 515 nm. Concentration of dye used cell solution
was 7.2 x 10° M.

Biebrich scarlet

It was obtained from LOBA Chemie, Mumbai, India. Biebrich scarlet

(Scheme 4) is dark red powder, soluble in water, molecular formula

Ca2H14NsNaz Sz, molecular weight 556.9 and maximum absorption

Qmax) 520 nm. Concentration of dye used cell solution was 4.8 x 10°
M.

Tween 60 (Polyoxyethylene sorbitan monostearate)

Tween 60 was obtained from LDH (Scheme 5) is a pale yellow
semisolid  liquid, soluble in water, molecular formula
C24H4606(C2H40),, molecular weight 1312. Concentration of Tween
60 used cell solution was 0.8 to 1.24 x 10 M.

Ascorbic acid

Ascorbic acid was used as reductant and it was obtained from
SISCO, Mumbai, India (Scheme 6) is a white to slightly yellowish
crystalline powder, soluble in water, molecular formula CgHsOs and
molecular weight 176.13. Concentration of reductant used cell
solution was 1.72 to 2.08 x 10° M.
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Photogalvanic effect of Tween 60 — Dye — Ascorbic acid systems
was studied using H- shaped glass tube. Known amount of the
solution of dye, reductant (ascorbic acid) and surfactant (Tween 60)
was taken in the H-tube. NaOH was used to maintain the pH of
solution in alkaline range. A platinum electrode (1.0 x 1.0 cm?) was
dipped in one limb and a saturated calomel electrode (SCE)
immersed in another limb of the H- tube. The terminals of the
electrodes were then connected to a digital pH meter (Systronics
model 335, Ahmadabad, India). The entire system was first placed
in dark until a stable potential was reached, then the limb containing
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platinum electrode was exposed to the light source (projector
Tungsten lamp). The light intensity was varied by employing
tungsten lamp of different wattage and measured by Solarimeter
(Surya Systems, Ahmadabad). A water filter was placed between
the illuminated chamber and the light source to cut off thermal
radiations. The photochemical bleaching of dyes was studied
potentiometrically.  Absorption  spectra  of  dye-surfactant
combination have also been taken by using Spectrophotometer
(Systronics 106, Ahmadabad, India) with the matched pair of silica
cuvetts (path length 1 cm). All spectral measurements were
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Figure 1. Set up of photogalvanic cell assembly.

duplicated in a constant temperature water bath maintained with in
+1°C and mean values were processed for data analysis. Over all
experimental setup is shown in Figure 1.

RESULTS AND DISCUSSION
Effect of variation of pH

The pH of the cell solution affects the cell output in
Tween 60 — Amido Black 10B — Ascorbic acid system,
Tween 60 — Bromocresol purple — Ascorbic acid, Tween
60 — Carmine — Ascorbic acid and Tween 60 — Biebrich
scarlet — Ascorbic acid systems. It was observed that
there is an increase is in the photopotential and
photocurrent with increase in pH and reaches maximum
at pH 9.96 to 10.12, then on further increase in pH,

photopotential and photocurrent decreased. It was further
observed that these systems are sensitive to an alkaline
medium and the pH for the optimum condition has a
relation with pKj of the reductant and desired pH is higher
than its pK, value (pH>pK,). The reason may be the
availability of reductant in its anionic form, which is better
donor form. The pK, value of ascorbic acid is 4.1 in
experiment.

Effect of variation of surfactant

concentration

(Tween 60)

A nonionic surfactant Tween 60 was used in all four
systems. It was found that electrical output of the cell
increase on increasing the surfactant concentration
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Table 1. Effect of variation of dyes concentration in Tween 60 — Dye — Ascorbic acid systems.

System [Dye] x10° Photopotential (mV) Photocurrent (uA)
0.3 794.0 295.0
AB 0.7 902.0 389.0
1.1 996.0 420.0
15 882.0 381.0
0.8 720.0 38.0
1.2 768.0 53.0
BCP 1.6 811.0 65.0
2.0 763.0 54.0
2.4 731.0 47.0
6.4 816.0 104.0
6.8 843.0 146.0
Carmine 7.2 884.0 190.0
7.6 851.0 152.0
8.0 825.0 118.0
4.0 786.0 179.0
4.4 856.0 194.0
BS 4.8 919.0 210.0
5.2 836.0 182.0
5.6 762.0 168.0
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reaching a maximum value. On further increase in
concentration of surfactant, a fall in electrical output was
observed. The important properties of micellar systems
are the ability to solubilize a variety of molecules and
substantial catalytic effect on chemical reactions (Fendler
and Fendler, 1975). The better electrical output of the
photogalvanic cell was observed around the critical
micelle concentration of the surfactant. The critical
micelle concentration is the concentration of surfactant
above which micelles form. The critical micelle
concentration of Tween 60 is 0.22. Photoinduced electron
transfer processes in micellar systems are potentially
important for efficient energy conversion and storage,
because surfactants help to achieve the separation of
photoproducts by hydrophilic — hydrophobic interaction of
the products with the micellar interface (Moroi et al.,
1979). Thus, micelles not only solubilized the
photosensitizer molecules to a maximum extent around
their CMC values but have stabilized also the
photogalvanic cell systems.

Effect of variation of photosensitizer concentration

The photogalvanic effect was studied in Amido Black
10B, Bromocresol purple, Carmine, Biebrich scarlet,
photosensitizers in presence of Tween 60 and ascorbic
acid in photogalvanic cell systems. It was observed that
there was an increase in Photopotential (mV),

photocurrent (uA) and power (UW) values on increasing
the dye concentration (Table 1). A maxima was obtained
for a particular value of photosensitizer concentration. On
further increase in concentration of a photosensitizer, a
decrease in the electrical output was observed. Low
electrical output obtained in the lower concentration of
photosensitizer due to limited number of photosensitizer
molecules to absorb the major portion of the light in the
path whereas a higher concentration of photosensitizer
does not permit the desired light to reach the molecules
near the electrodes and hence, corresponding fall in the
electrical output of the cell was obtained.

Absorption properties of dye and dye + Tween 60

All dyes, Amido Black 10B, Bromocresol purple, Carmine
and Biebrich scarlet were shown absorption in the visible
region and different maximum absorption peak. It is clear
from the absorption spectra of different dyes — surfactant
combination that the concentration of surfactant shows a
remarkable effect on absorbance of dye solution. On
initial addition of surfactant solution (from 0.001 to 0.01%)
to the dye solution, first a decrease in absorbance was
observed. On further increasing the surfactant
concentration an enhancement in absorbance was
noticed at 0.05% concentration of surfactant (Figure 2a,
b, c, d).
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Figure 2. Absorption spectrum of dye and Dye + Surfactant (a) AB and AB- Ascorbic acid; (b) BCP and BCP- Ascorbic acid; (c) Carmine and

Carmine- Ascorbic acid; (d) BS and BS- Ascorbic acid.

(imax @nd ieq) and rate of initial generation of
current (A min™) of the photogalvanic cell were
observed by using H-cell of different dimensions.

The observed results are summarized in Table 2.
It was observed that, in. and rate of initial
generation of current was found to increase



Table 2. Effect of diffusion length.
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Diffusion length (D)

Maximum photocurrent ime. (11A) AB system BCP system Carmine system  BS system
50 477.0 117.0 198.0 191.0
55 489.0 124.0 228.0 212.0
60 500.0 130.0 250.0 235.0
65 511.0 135.0 281.0 258.0
70 522.0 140.0 308.0 280.0
Rate of initial generation of

current (WA min™)

50 16.44 9.75 8.25 7.95
55 16.86 10.33 9.50 8.83
60 17.24 10.83 10.41 9.79
65 17.62 11.25 11.70 10.75
70 18.00 11.66 12.83 11.66

with diffusion length while icq shows a negligibly small
decreasing behavior. The dye” and dye are electroactive
species in illuminated and dark chambers, respectively.
In illuminated chamber dye strike at Pt electrode and
donate electron to electrode which move through external
circuit to reach calomel electrode (in dark chamber),
electroactive species dye strike at calomel electrode and
accept electron from it then through diffusion, dye™ reach
to Pt and dye diffuse to dark chamber. Thus, the
electrical output depends on diffusion and conductivity of
dye. The conductivity of electro active spices depends on
its population between electrodes. As the diffusion length
is increased, the volume of photosensitizer solution and
intern population of photosensitizer molecules increased
leading higher ina The electro active nature of dye/ dye
is proved by the fact that i, increase with diffusion
length. Therefore, it may be concluded that the main
electro active spices are the leuco or semi form of dye
and the dye in the illuminated and the dark chambers,
respectively where as reductant and its oxidation
products were act only as electron carries in the path.

Current- potential (i-V) characteristics of the cell

The short circuit current (isc) and open circuit voltage (Vo)
were measured with the help of a digital pH meter
(keeping the circuit open) and from a microammeter
(keeping the other circuit closed), respectively. The
photocurrent and photopotential value in between these
two extreme values were recorded with the help of a
carbon pot (log 470K) connected in the circuit of the
microammeter, through which an external load was
applied. The corresponding values of potential with
respect to different current values for Tween 60 — dye —
Ascorbic acid systems are shown graphically in Figure
3a, b, c, d).

It was observed that the i-V curve deviated from its

regular rectangular shapes in all four systems. A point in
the i-V curve was determined where the product of
current and potential was maximum called power point
(pp), and their fill factor values have also been calculated.
Some important i-V characteristics of four systems are
given in Table 3. On the basis of these comparative data,
the order of efficiency of photogalvanic cells on the basis
calculated fill factor is: Tween 60 — Bromocresol purple —
Ascorbic acid system > Tween 60 — Carmine — Ascorbic
acid system > Tween 60 — Biebrich scarlet — Ascorbic
acid system > Tween 60 — Amido black 10B — Ascorbic
acid system.

Performance (storage capacity) of the cell

The performance or storage capacity of the
photogalvanic cells containing four  different systems
were studied by applying an external load log 470K
(necessary to have current at power point) reaches after
removing the source of illumination. It was quite
interesting observed that the performance of the cell dark
was affected appreciably in the presence of various dyes.
The performance was determined in terms of ty5,, that is,
the time required in fall of the power output to its half at
power point in dark. Comparative values of power and t;,
of all four systems are given in Table 4 and graphically
represented Figure 4.

On this basis of above observations, the order of
performance of these cells in dark on the basis of ty; is
as follows: Tween 60 — Carmine — Ascorbic acid system
> Tween 60 — Bromocresol purple — Ascorbic acid system
> Tween 60 — Amido black 10B — Ascorbic acid system >
Tween 60 — Biebrich scarlet — Ascorbic acid system.

Conversion energy efficiency of the cell

Conversion efficiency of all four photogalvanic systems
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Figure 3. Current — potential (i-V) curve of the cell Surfactant (a) AB- Ascorbic acid; (b) BCP- Ascorbic acid; (c) Carmine- Ascorbic acid; (d) BS- Ascorbic acid system.



Table 3. Current— Potential (i-V) characteristics of the cell.
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System Voc (MV) isc (UA) Vpp (MV) ipp (WA)  Fill factor (ff)
Tween 60 — AB — Ascorbic acid 1043 420 675 675 0.38
Tween 60 — BCP — Ascorbic acid 1031 65 488 70 0.50
Tween 60 — Carmine — Ascorbic acid 1040 190 532 160 0.43
Tween 60 — BS — Ascorbic acid 1072 210 621 150 0.41

Table 4. Performance of the photogalvanic cells in dark, conversion energy efficiency and sunlight conversion data.

System Power (PP) ti Conversion Sunlight conversion data
(LW) (Min.) efficiency n (%) Potential (mV) Current (UA)
Tween 60—AB—Ascorbic acid 168.75 130 1.6226 2988 1260
Tween 60—-BCP-Ascorbic acid 34.16 150 0.3284 2433 195
Tween 6—Carmine—Ascorbic acid 85.12 170 0.8184 2652 570
Tween 6 —BS—Ascorbic acid 93.15 75 0.8960 2757 630
PP (uW) t1/2
o
el ,\0

180 - . 180 - & v
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Figure 4. (a) Power and (b) Storage capacities of cell systems.
were calculated with the help of current and potential Mechanism

values at power point (PP) and the incident power of
radiations, the conversion efficiency of the cell was
determined (Equation 1). The observed values of
conversion efficiencies are better than previously
reported studies (Gangotri and Gangotri, 2010). The
conversion energy efficiency and sunlight conversion
data of all four systems are summarized in Table 4 and
graphically in Figure 5. On the basis of these
observations, photogalvanic cell containing four different
dyes systems, the order on the basis of conversion
efficiency is: Tween 60 — Amido black 10B — Ascorbic
acid system > Tween 60 — Biebrich scarlet — Ascorbic
acid system > Tween 60 — Carmine — Ascorbic acid
system > Tween 60 — Bromocresol purple — Ascorbic acid
system.

Vpp X ipp

Conversion efficiency (n) = X 100% 1)

On the basis of above observations and discussion, the
mechanism for generation of electrical output in the
photogalvanic cell may be proposed as follow:

llluminated chamber

On irradiation, dye molecule get excited

hv

Dye ——» Dye*

)

The excited dye molecules accept an electron from
reductant and convert into semi or leuco form of dye, and
the reductant into its excited state form:

Dye* + R ——  Dye’(semi or leuco) +R* 3)
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Figure 5. Conversion efficiencies of cell systems.

At platinum electrode: The semi or leuco form of dye
loses an electron and converted into original dye

molecule.

Dyee ——» Dye+e (4)
Dark chamber

At counter electrode

Dye + & ———— Dye (semi or leuco) (5)

Finally, leuco/semi form of dye and oxidized form of
reductant combine to give original dye and reductant
molecule and the cycle will go on:

Dye + R® ——— Dye+R ©6)

Where, Dye, Dye*, Dye, R and R represents the dye,
excited form, reduced of dye, reductant and oxidized form
of reductant, respectively.

Conclusions

The photogalvanic cells have inbuilt power storage
capacity which can be used in absence of sunshine hours
(no need of any hardware like batteries). Present work is
a successful effort to conversion of solar energy into
electrical energy by photogalvanic  conversion
technology.

Four different dyes (Amido Black 10B, Bromocresol
purple, Carmine and Biebrich scarlet) were used as
photosensitizers along with a surfactant Tween 60 and
Ascorbic acid as a reductant in this work. In all

System llI System IV

photogalvanic cell systems, possible variations of all
parameters are experimentally observed. The fill factor
conversion efficiency, power of storage capacity of all
systems was determined. On the basis of these results,
conversion efficiency point of view Tween 60 — Amido
black 10B — Ascorbic acid system is a most efficient
followed by Tween 60 — Biebrich scarlet — Ascorbic acid
system, Tween 60 — Carmine — Ascorbic acid system and
Tween 60 — Bromocresol purple — Ascorbic acid system.
Storage capacity point of view Tween 60 — Carmine —
Ascorbic acid system is a most efficient followed by
Tween 60 — Bromocresol purple — Ascorbic acid system,
Tween 60 — Amido black 10B — Ascorbic acid system and
Tween 60 — Biebrich scarlet — Ascorbic acid system.

Finally, it may be concluded that Amido black 10B and
Carmine dyes are efficient to be used in photogalvanic
cell for conversion efficiency and storage capacity and in
view of generation of electrical out-put. In future, efforts
will be made to enhance these two factors along with
their practical/field implementation.
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length; A, electrode area; PS, photosensitizer; AB, amido black
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The present investigation aims to validate finite element method (FEM) in micromechanical analysis of a
unidirectional continuous fiber reinforced composites and experimental verification of results in case of
fiber-matrix debond. Available analytical models are reviewed, compared and are seldom in agreement
with each other in case of transverse modulus of unidirectional continuous fiber reinforced composites.
Reasons for variation of these models are analyzed and their limitations are discussed. FEM of a square
representative volume element (RVE) are developed to simulate various conditions such as matrix/fiber
dominated cases (in volume and stiffness) and fiber-matrix interface debond in ANSYS v12 to facilitate
comparison with the available analytical results. Numerical results are compared with the approximate
as well as exact analytical models and are found to be in very close agreement with exact analytical
results. To simulate fiber reinforced composite behavior close to a mathematical model of square RVE,
a specimen with a combination of two metals is designed, fabricated and tested to determine the
transverse modulus. FEM of a regular square RVE is modified to suit the specimen conditions such as
finite dimensions relative to fiber and possible fiber-matrix interface debond. FEM results are found to
be in good agreement with the experimental results and thus the validity and applicability of FEM in
predicting transverse modulus of fiber reinforced composites is established.

Key words: Fiber-reinforced polymer (FRP) composites, micromechanics, transverse Young’'s modulus, fiber-
matrix debond.

INTRODUCTION

The inherent anisotropy of composites makes it
compulsive to test the components case by case based
on the loading pattern and application. In this process,
experimental methods not only demand higher levels of
skills right from fabrication to testing of the specimen but
also are time taking. Alternative empirical, semi-empirical,
approximate and exact analytical models that are
available in micromechanical analysis to determine the
mechanical properties of composites are based on
certain assumptions, for mathematical simplification, offer

satisfactory results in some cases but do not cover the
entire spectrum of material compositions. On the other
hand, finite element method (FEM) that can cater to
varying requirements in analyses is a convenient tool for
providing quicker and economical solutions but needs
validation by other means. The present study is a step
made towards benchmarking FE, analytical and
experimental analyses in case of transverse Young's
modulus.

A large number of analytical models with varying

*Corresponding author. E-mail: srihari.anne@kluniversity.in.




degrees of accuracy are available for predicting the
mechanical properties of unidirectional composites. They
range from the simple rule of mixtures (ROM) to methods
based upon the use of elastic energy principles. In
general, they incorporate certain simplifications of the
physical state of materials that resulted in theories which
do not satisfactorily correlate with the experimental data.
Unlike ROM that works perfectly for predicting
longitudinal Young’'s modulus, the inverse ROM (IROM)
fails to give satisfactory results for transverse Young’s
modulus (referred as transverse modulus in this paper) in
all cases. This may be one of the reasons why
researchers worked on developing several models for
predicting the transverse modulus. Modified inverse
IROM (MIROM) has taken into account the lateral
contraction of matrix material under tension due to
Poisson’s effect and accommodated it accordingly (Isaac
and Ori, 1994; Robert, 1999; Autar, 1997). It is
demonstrated that a combination of ROM and IROM can
be adapted to suit theoretical modeling of a composite
material by considering a combination of parallel and
series orientation of rectangular elements of fibers
scattered over entire area of representative volume
element (RVE) and proposed two models: a horizontal
and a vertical models to predict transverse modulus
(Jacquet et al., 2000). Halpin-Tsai and Kardos (1976)
have developed a semi-empirical equation to determine
the transverse modulus by taking the shape of the fiber
cross section into consideration as reinforcing efficiency
factor. Neilson (1970) modified the Halpin-Tsai equation
by introducing a packing factor (¢ma) for square,
hexagonal and random fiber packing arrays. Hirsch
(1962) model is a combination of both ROM and IROM.
When the value of x = 0, the relation reduces to IROM
and when x = 1, it reduces to ROM. The value of x
depends on the fiber orientation with respect to the
direction of loading. Kalaprasad et al. (1997) mentioned
Neilson and Hirsch models in their paper and compared
the available experimental data with various analytical
models for short sisal-LDPE composites. Alfredo (2000)
derived a closed form of expression based on simple
mechanics of a repeating square cell for predicting
transverse modulus. Hui-Zu and Tsu-Wei (1995) have
used elasticity theory and derived expressions for exact
transverse modulus of a square RVE. Also, they have
extended the theory to find a solution for the case of fiber
matrix debonding by using an elastic contact model.
Mistou et al. (2000) made a comparative study of elastic
properties of composite materials by quasi-static as well
as ultrasonic methods. It is observed that the ultrasonic
method of testing is efficient, accurate and easy to
conduct in comparison with tests on UTM. Stagni (2001)
derived a formula for evaluating the effective transverse
modulus of multilayered hollow fiber composites. The
author observed that under certain conditions, increase in
porosity results in increased transverse modulus.
Muhannad et al. (2011) compared experimental results of
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longitudinal and transverse moduli with the values from
four micromechanical models of a unidirectional fiber-
reinforced polymer (FRP) composite (E-Glass/Epoxy) of
37% volume fraction. However, none of the analytical
results matched mutually and also with the experimental
results. The reason behind analytical models not
concurring with each other are obvious but the
experimental results not agreeing with any one of the
analytical results could be due to random arrangement of
fibers. Li and Wisnom (1994) reviewed typical finite
element formulations and models for unidirectional
composite materials and shown that finite element
analysis (FEA) provides more accurate and detailed
characterization of composite properties for complicated
geometries and constituent property variations. Theocaris
et al. (1997) proposed a simple numerical
homogenization method to predict effective transverse
elastic modulus of fiber reinforced composites and the
results are compared with existing analytical models. The
authors observed that the results of homogenization are
close to the results of mesophase concept and have only
limited correlation with Hashin-Rosen model. Haktan and
Dilek (2007) made a study of effective thermal expansion
coefficients of composite materials by micromechanical
FE modeling in ANSYS. The results are compared with
other analytical and experimental data. While the results
of all models are in close agreement with each other in
case of aj, they differed well in case of a, except that
FEA results matched with some of the experimental
results. The mismatch could be due to randomness of
fibers in matrix. Bhaskar and Mohammed (2012) used
FEA to study transverse modulus along with other
mechanical properties of fiber reinforced composites. The
numerical results are compared with analytical solutions
of IROM and Halpin-Tsai and their FEA results are not in
close agreement with Halpin-Tsai’'s for all volume
fractions at E{/E,, around 4. However, the authors have
not validated the results by any other means.

From this literature survey, it is apparent that available
analytical models and FEA results are matching only in
few cases and no evidence is available regarding
validation of FEA results with exact analytical results.
Also, the information about the basis for comparing
analytical and FE models supported by subsequent
validation is not available in the literature so far referred.
The investigation regarding fiber arrangement in the test
specimen as per RVE modeled in FEA seems to have
been unexplored. In the present work, test specimens are
specifically designed and fabricated to match the RVE
modeled in FEA and transverse moduli results from
experimental and FEA are compared with exact and
other analytical models for mutual validation.

REVIEW OF ANALYTICAL MODELS

Of the available analytical models, popular models are
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considered for comparison and presented here for
convenience.

The IROM

The classical ROM predicts the longitudinal Young’s
modulus (E;) of a composite material accurately but the
IROM (Isaac and Ori, 1994; Robert, 1999; Autar, 1997)
fails to predict transverse modulus (E;) in general and
particularly at higher fiber volume fractions. The IROM
fails in the case of voids as well. Equation (1) works
perfectly for those slab models (with negligible Poisson’s
effect) that are placed in series which is not the case with
fiber reinforced composites in reality and hence the
inevitable failure.

E,.E,

= EV rEV
f*'m m*Yf (1)

Modified IROM (MIROM)

Modifications to IROM are suggested by various
researchers based on specific assumptions. The MIROM
as suggested by Ekvall (Isaac and Ori, 1994; Robert,
1999; Autar, 1997) and given as Equation (2) considers
the Poisson’s effect of matrix and the relation does not
attempt to take care of the actual geometry of the
composite. Even then the equation fails in fiber
dominated and fiber like void cases.

E — i Ef'Elm C_ Em
2 V,.E, +V, .E (1-V2) (1-2v2) 2)

where

Jacquet’s horizontal and vertical models (JA-H and
JA-V)

Jacquet et al. (2000) made an attempt to assess the
transverse modulus of a unidirectional composite by
using two novel models (horizontal and vertical) based on
classical ROM. The horizontal (JA-H) and vertical (JA-V)
models are given as Equations (3a) and (3b).

7

1 Y .
E, E W +E(-W) E, (3a)

“esea e )

Though the treatment is simple, the assumption such as
decomposing of fiber of any shape into small rectangular
elements that are scattered in matrix in a regular array is
unrealistic and correct results can never be expected
from such models.

Halpin-Tsai model (H-TSAI)

The semi-empirical relation for transverse modulus
suggested by Halpin —Tsai (1976) is given as Equation
4

@+<SnVy)
" (1-nV;)

Ef _Em

E,= -__f —m
E; +<£.E, (4)

where

and ¢ is reinforcing efficiency factor for transverse loading
that depends on the fiber cross section and the kind of
packing geometry. The value of ¢ is suggested as lying
between 1 and 2 by several authors (Muhannad et al.,
2011; Li and Wisnom, 1994; Theocaris et al., 1997) for
prediction of E;. The selection of ¢ value on empirical
basis limits the usage of this equation for a generalized
case.

Modified Halpin-Tsai model (MH-TSAI)

Neilson (1970) modified the Halpin-Tsai equation by
including the maximum packaging fraction ¢m. of the
reinforcement and the equation transformed to

o @sEnvy)
(L-7-GVs) (5)

where ¢maxis packing factor and is given as 0.785 for
square array, 0.907 for hexagonal array and 0.82 for
randomly oriented. Though this relation is clear about
fiber packing factor, the empirical value of ¢ still limits its
application for a generalized case.

Hirsch model

Hirsch (1962) model is a combination of parallel and
series models and the transverse modulus is calculated
according to Equation (6).

EfEm

Es = X (EmVm+ EVp) + (1-X) ——1—m
2 = X (EmVm*+ BV + ( )Emvf+Efvm ©6)

As can be seen from the structure of the equation, this
model is a combination of ROM and IROM, and the value
of x depends on the fiber orientation with respect to
loading direction. For transverse modulus where the
angle between fiber and loading directions is 90°, x
becomes zero and hence this model reduces to IROM.

Morais model

Morais  (Alfredo, 2000) derived a closed-form
micromechanical expression for predicting the transverse
modulus of a square RVE. He claims that his results
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Figure 1. Specimen with holes drilled across thickness.

match with 3-D FE result of a hexagonal unit cell. It is
observed that Morais’ expression is a modification of
Jacquet’s vertical model by introducing Poisson’s effect
of matrix into the relation.

E, =

7 -
T goan P Es
Em

f

()

Hui-Zu and Tsu-Wei (1995) developed an elastic
constant model to predict transverse modulus, Poisson’s
ratio and shear modulus of unidirectional fiber
composites with interfacial debond. The elastic
deformation formula of the fiber under contact pressure is
derived by using elasticity theory. Results are presented
for two limiting cases of perfect bonding and fiber like
void.

In exact analytical approach, the whole body is
considered as one entity and the equilibrium equations of
one infinitely small element within the body are integrated
to the boundaries to get an exact solution. However, in
cases where integration is not possible due to
mathematical limitations such as physical discreteness,
the solution is not possible always. Apart from the
geometric limitations of the material body, there are other
issues such as material discontinuity, complex material
combinations and loading pattern etc., which are difficult
to idealize and the accuracy of the solution ultimately
depends on the order of the equation making the
analytical methods more and more case sensitive.

EXPERIMENTAL INVESTIGATION

Preparation of test specimen

Analytical methods used for determining mechanical properties of
composite materials require a reference for their validity and

obviously experimental results provide the answer. Test specimens
prepared invariably differ from theoretical models in many ways and
there is bound to be disagreement between experimental results
and analytical outcome. Fabrication of composites with
conventional fibers and matrices close to the mathematical model is
relatively difficult due to minute fiber diameter and since it is only for
validation of methodology, metals are chosen as constituent
materials for the present study. The isotropic nature of metals and
the ease with which a given geometrical accuracy can be achieved
on metals are reasons for choosing different metals to prepare a
metal composite for the present study. The aim is to make a test
specimen close to the mathematical model with a purpose to
establish a verifiable relation between theory and practice. Alumi-
num, copper and mild steel are chosen for preparing the composite
specimens with aluminum as matrix and the rest as fibers.

Three categories of composite specimens are prepared viz.,
copper-aluminum, mild steel-aluminum, and voids-aluminum (fiber
like voids). Aluminum flats of 175*25*10 mm dimensions are taken
as specimen blanks. While maintaining the length and width of the
specimen as per ASTM D 3039/D3039M-08 (2008), the thickness of
the specimen is taken as per the machining requirements. 2 mm
diameter holes are drilled across 10 mm thick faces (along 25 mm
width) as shown in Figure 1. Drilling is done on an NC machine
taking sufficient care to maintain spacing between the holes. Each
sample accommodated 32 holes (16 in each row) and the spacing
of holes is according to the machining limitations. The fiber volume
fraction achieved by this arrangement is 12.566%. An initial attempt
to drill 1 mm diameter holes to achieve higher fiber volume fraction
resulted in breaking of too many drill bits even on numerically
controlled machine and hence the decision to go for higher
diameter. Before going for 2 mm diameter holes, it is ensured that 2
mm diameter copper and mild steel wires are available
commercially.

Twenty-five millimeter long pieces are cut from copper and mild
steel wire rolls in sufficient numbers. Wires are driven into the holes
by gentle tapping with a nylon mallet. Moderate force was needed
to drive each fiber piece into a hole that is an indication of generous
contact between the male and female surfaces. This ensured
sufficient gripping due to the interference fit of the assembly
between fibers and matrix without any mechanical bonding. For
each category of the composite three specimens are prepared
bringing the total number of specimens to nine. These specimens
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Figure 2. Test set-up on UTM.
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Figure 3. Stress-strain plot for one set of constituent materials.

are tension tested on a micro-computer controlled electronic UTM
of 400 kN capacity as shown in Figure 2 at a cross head speed of 1
mm/min. An electronic extensometer of 1 pm least count is used to
measure the extension and the test data is recorded automatically.

Determination of Young’s modulus of constituent materials

Though, Young's modulus of constituent materials could be taken
from the standard data, it is opined that the values once again be

experimentally determined for closeness and subsequent
substitution in analytical and FE models since the aim of the
present study is validation. 175*25*10 mm aluminum blanks are
tested on UTM and for copper and steel wires, three point bending
tests are conducted on a 2-ton electronic tensometer (model:
METM 2000 ER-I). For each material, three samples are tested and
the value of E is calculated from the slope of linear portion of
stress-strain plot obtained. The test data is tabulated in Table 1.
Figure 3 shows one set of stress-strain plots for three types of
specimens with corresponding trend line equations indicated along.
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Table 1. Results of constituent materials tested for longitudinal Young’s modulus.

Specimen description TEST 1 E; (GPa)

TEST 2 E; (GPa)

TEST 3 E; (GPa) Average value

Aluminum blank 67.501 65.521 66.418 66.48
Copper wire 106.379 105.199 107.624 106.40
Mild steel wire 195.966 191.416 192.908 193.43
Table 2. Results of composite specimens tested for transverse modulus.
Composite material description Test 1 GPa Test 2 GPa Test 3 GPa Average E;
Mild steel-aluminum 51.668 51.364 51.429 51.487
Copper-aluminum 51.036 51.109 51.261 51.135
Void like fiber-aluminum 49.469 49.223 49.545 49.412
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Figure 4. Stress-strain plots for one set of composite material.

Determination of transverse modulus of composite specimens

Three samples for each category of composites are tested and the
values of transverse moduli (E;) are calculated from the slope of the
linear portion of stress-strain plots obtained from the recorded data.
The test results are tabulated in Table 2. Figure 4 shows one such
set of plots with corresponding trend line equations.

Numerical approach

In numerical approach, though approximate, the theme of treatment
is same at local as well as global levels. Decomposing any shape
and effectively encompassing the complete material geometry
through finite number of fundamental elements is the basic principle
behind the numerical method. Formation of local governing
equations in terms of geometry, material property and loading
pattern while simultaneously maintaining local-global connectivity,
numerical approach will always come up with a solution. However,
validation of this solution requires bench marking that forms the

basis of the present work. Numerical errors are reduced by proper
choice of the element and its size and the accuracy of the outcome
can be checked by testing for convergence.

An RVE in the form of a square unit cell in cross-section is
adapted for analysis and a one eighth unit cell (one-fourth in cross-
section and half in longitudinal direction) is modeled by taking the
advantage of symmetry. The geometry of FE model and the
composite’s constituent properties are so selected to cover
sufficiently a large range of fiber volume fractions (Vs = 0.1 to 0.72)
and material combinations (E/En = 100:1 to 1:100) in order to
compare FE results with available analytical results. The
dimensions of the cell are 250*250*10 mm and fiber radius is
calculated as per the required volume fraction using the relation r

[a*V, *250%2 . . .
= 1 "20%250/7 o convenience of analysis, scaling up of cell

size is done without loss of proportionality. Processing of the
required steps in FEM such as generation of element matrices,
assembling of system equations and solving them under prescribed
constraints for nodal deformations of any structural problem is a
built in feature of ANSYS software, provided the problem is clearly
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Figure 5. FE model showing mesh with element edge length 4.

defined and discretization is made to the satisfaction of results,
which is a proven tool universally used by many researchers for the
analysis of composite materials. Hence, the present problem is
modeled in ANSYS straight away without resorting to any other
programming routines. SOLID 20 NODE 95 element of ANSYS is
used to create FE mesh which is a quadratic brick element that is
best suited for curved boundaries. Mesh refinements are made with
different element edge lengths and convergence is verified at
maximum mismatch conditions (E/En = 100:1 and V; = 0.72). It is
observed that at element edge lengths 4 and below the results have
converged for this model. FE model with an element edge length 4
is shown in Figure 5.

Symmetric boundary conditions are applied on negative faces of
the Cartesian coordinate system which can be observed in Figure
5. Multipoint constraints are imposed on the boundary planes x, y
and z to ensure uniform strain in respective directions. A uniform
tensile load of 1 MPa is applied on the x-face to observe a uni-axial
state of stress that facilitates usage of simple Hooke's law for
calculating Young’s modulus, while the fibers are parallel to z-axis.
A similar model as above, with appropriate changes for fiber-matrix
debond case, is developed. Boundary conditions and loading are
kept without any change. This model is necessitated as the fibers in
the specimen are not bonded to the matrix by any means.

RESULTS AND DISCUSSION

Comparison of analytical and FE models in fiber
dominated cases

Variation of normalized transverse modulus (E»/E,) with
respect to Vi for E; to E,, ratios of 100:1, 50:1, 21.19:1

and 5.5:1 (Hui and Tsu-Wei, 1995) are shown in Figures
6 to 9. It is observed that, in Figures 6 and 7, the
analytical models predict lower values of E, with
increasing V; in comparison to FE model. IROM model
predicts the least value for E,, while FE model predicts
the highest and the rest of the models are positioned in
between. It is also observed that the differences in values
of E, between each of these models and FE model is
progressively increasing with increasing V;. As mentioned
earlier, IROM works with assumption of slab models
where fiber and matrix are assumed to be placed in
series, which is why this model predicts least values and
obviously fails to give accurate results. Though Poisson’s
effect of matrix is considered in MIROM, the basic
assumption of IROM remains within and hence the
results are marginally improved in this case. JA-H and
JA-V models (Jacquet et al., 2000) decompose fibers of
any shape into minute sgare or rectangular blocks to
overcome the deficiencies of IROM that resulted in
mariginal improvement. However, these results are still
below FEM values.

Halpin-Tsai model (Halpin-Tsai and Kardos, 1976) has
an empirical term ¢ introduced into the relation whose
value depends on the fibers’ cross sectional shape, fiber
volume fraction and fiber packing. It is suggested in the
literature that the value of ¢ be found from experiments
for a given set of known constituents of a composite
which varies from 1 to 2. The values of E, for
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Figure 7. Variation of normalized E; with Vs (for E; /En = 50:1).

Halpin-Tsai model in the present study are calculated V¢ still has no role in it and hence the values of E;
by taking €=2 as suggested in the literature for circular obtained cannot be accurate at all volume fractions.
fibers. It is observed that Halpin-Tsai predicts higher Morais’ model (Alfredo, 2000) which appears to be in line
values than all other analytical models considered so far with JA-V equation by considering the Poisson’s effect of
here. Since the value of ¢ provided here is not for a matrix has shown further improvement, but the
particular case, these values cannot be treated as exact assumptions regarding decomposition of fibers that form
for any general case. MH-Tsai (Neilson, 1970) relation the basis of JA-V makes this model still unrealistic. It is
takes care of the fiber packing due to the term ¢ but the also observed that the magnitude of E, has not been
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affected by the variation of E/E, from 100 to 50 in
analytical models as much as it has been in FE model.
Rather, it could be stated that FE model responds more
sensitively to variation of E/E,, compared to all analytical
models referred here in case of transverse modulus.

The mutual disagreement of analytical models with FE
one necessitates verification of the genuinity with an
exact analytical model or experimental result. Hui-Zu and
Tsu-Wei (1995) have evolved an exact elasticity model
for two composites and deteermined E, for a range of
volume fractions from 10 to 70%. The composite
combinations are glass/epoxy with E{JE, = 73.1/3.45
(21.19:1) and alumina/aluminum with E; /E,, = 379/68.9
(5.5:1). Accordingly, E, has been determined, for the
same combinations of E{/E,, used by Hui-Zu, with FE and
other analytical models. Figures 8 and 9 show the
comparison of all the available models in these two
cases. Interstingly, for all values of V;, Hui-Zu and FE
models are in very close agreement for both the
composites, whereas other analytical models are not so
in general and at higher volume fractions in particular. It
can be inferred that FE model is a reliable model for a
perfectly bonded case.
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Figure 10. Variation of normalized E; with V; (for Es /Em =
5.5:1, fiber like void).
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total debond).

Further investigation into the cases of fiber like void and
fiber-matrix debond is done and the results are
compared. Figures 10 and 11 show similar comparisons
made for fiber like void and fiber-matrix debond cases,
respectively. Those analytical models which ever can
yield results in case of fiber like void are compared in
Figure 10. Since the other analytical models excepting
Hui-Zu's have no provision for total debond, they do not
appear in Figure 11. IROM and MIROM have no
provision to deal with these two cases and hence do not
appear for comparison in both these cases. It is observed
that, even in cases of fiber like void and fiber-matrix
debond, there is very close agreement between FE and
Hui-Zu models that further confirms FEM’s reliability.

Comparison of analytical and FE models in matrix
dominated cases

Very close agreement between FE and Hui-Zu results in
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all cases viz., perfectly bonded, fiber like void and total
debond, confirms the consistency and dependability of
these two models. This outcome leads the discussion
towards the necessity of comparing FE model with
experimental results for further confirmation of its validity.
Analytical models’ disagreement with FE and Hui-Zu
models in cases of EJ/E,>1 prompted the authors to
study their behavior in matrix dominated cases (E; /E,<1)
as a matter of academic interest. Figures 12 and 13 show
the variation of normalized E, with V; for cases where E;
IE<1. It can be observed that in matrix dominated cases
also IROM and MIROM fail to predict values anywhere
near other analytical models’ which is their built-in
deficiency. Other analytical models are predicting values
either above or below but not close to FE model that
further raises the ambiguity regarding their consistency.
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(@) (b)

Figure 14. Modified RVE (a) Highlighted on the specimen; (b)
Modified FE model.

Verification of FE with experimental results in case of
fiber-matrix de-bond

Though square RVE is acceptable for the present FE
analyses, further discussions have led to a situation that
prompted the authors to go for suitable modifications of
RVE. Thus, FE model of a regular square RVE is
modified to suit the specimen conditions such as finite
dimensions across the thickness and width and for
possible fiber-matrix interface debond. Figures 14(a) and
(b) show the modified FE model used for final analysis.
Table 3 shows the transverse moduli of the subject
composites (Vi = 0.12566) determined from experimental
and FE studies. Since the fibers are only inserted into the
matrix and not glued, the composites in the present
experiment fall into the category of debonded fiber-
matrix. Hence, the experimental results are compared
with debond case of FE results. The error in case of fiber
like void is within the acceptable limits. However, the
errors in the cases of other two composites (MS/AL and
CUJ/AL) are slightly higher but not too objectionable. This
could be attributed to the type of fit effected between the
fiber and matrix surfaces during assembly of fibers in
matrix.

Relative closeness of experimental and FE results
confirms the dependabilty of FEM in predicting
transverse modulus of fiber reinforced composites. Also
this study enables the authors to state that FEM can be
extended in micromechanical analysis of composites to
study those cases where conventional analytical models
are unable to address. Summing up, it can be said that
the study not only verifies FEM with experimental results
for validation and vice versa as well.

Conclusions

A test specimen that can be exactly modeled in analytical
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Table 3. Experimental and FEA results of transverse modulus (GPa) of the subject composites.

Composite material Experimental results (average) FEA modified debond case % error
Mild steel-Aluminum 51.487 49.270 4.30
Copper-Aluminum 51.135 49.217 3.75
Fiber like void-Aluminum 49.412 48.437 2.01

form is designed, fabricated and tested for transverse
Young’'s modulus for three different material
combinations viz., mild steel-aluminum, copper-aluminum
and fiber like void-aluminum. Identical conditions are
simulated using application 3-D FEM in ANSYS soft
ware. FE results are found to be in close agreement with
exact analytical results available in the literature and also
in good agreement with experimental results. Hence, the
aim of exploring the capabilty of FEM for
micromechanical analysis of fiber reinforced composites
is accomplished.
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