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The tetraphenyl porphyrins (TPP) and metalloporphyrins such as CoTPP, NiTPP and ZnTPP were
synthesized, purified and characterized by UV-Visible spectroscopy, IR spectroscopy, 'H NMR
spectroscopy and elemental analysis. The results have been discussed in the light of magnetic
susceptibility; diffuse reflectance spectroscopy (DRS), electron spin resonance (ESR), X-ray diffraction
data and solar assisted photodegradation. The semi conducting properties of these porphyrins were
employed for trapping the solar radiations for the photodegradation of azo dye such as Amido Black
10B at different pH conditions. This reaction was studied as a model reaction for finding the

photoactivity of these compounds.
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INTRODUCTION

Many synthetic dyes are used in textile, paper, leather,
ceramics, cosmetics, foods processing and ink industries
(Buitron et al., 2004). The majority of these dyes are azo-
dyes, which are characterized by the presence of -N = N-
group. Some of these dyes are toxic and may be hazar-
dous to human health (Saue et al., 2002; Tezcanli-Guyer
et al., 2003). At the time of production and application
about 10% of these dyes are lost as waste effluents
(Sokmen et al., 2001). These effluent treatments involve
physical, chemical and biological processes. The physical
methods involve reverse osmosis, flocculation, mem-
brane filtration and adsorption on activated charcoal
(Robinson et al., 2001; Mckay et al., 1999; Kannan et al.,
2002).

Chemical methods involve chlorination, ozonation
(Slokar et al., 1998) and degradation with mineralization.
The present study is related to the photo assisted degra-
dation of dyes leading to mineralization using synthetic
metalloporphyrins as photocatalysts. It is found that, syn-
thetic base free and metalloporphyrins are low band
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gap semiconductors with efficient photocatalytic activity
and prototype of natural porphyrin compounds. The field
of photocatalysis is developing fast.

In the recent past, the degradation of Amido Black 10B
was accomplished by Fenton oxidation process (Sun et
al., 2007). Similarly, it is also degraded by aqueous sus-
pensions of TiO, (Qamar et al., 2005) under variety of
conditions. Solar energy is a renewable source of energy
which is abundant and freely available for almost eight to
nine months in a year over most part of the world.

MATERIALS AND METHODS
Synthesis of porphyrins

The free base tetraphenyl porphyrin (TPP) was synthesized by
suitable method (Adler et al., 1967). Equimolar quantities of AR
grade pyrrole and bezaldehyde were refluxed in propionic acid for
half an hour. The reaction mixture was cooled and washed with hot
methanol followed by hot water. The purple shiny crystals of TPP
were obtained with 17% yield. Purification of TPP was carried out
using dry column chromatography. Only 1 g of TPP was purified at
a time. The impurity of tetraphenylchlorin (TPC) remains at the top
and entire TPP gets eluted in the course of time. The recovered
yield of the purified TPP was found around 90%. The purity of TPP
was checked on thin layer chromatography (TLC) using petroleum
ether and chloroform 80:20% and found to be highly pure.



378 Int. J. Phys. Sci.

Synthesis of metalloporphyrins

The above purified TPP was used to synthesize metalloporphyrins
(MTPP) by suitable method (Adler et al., 1970) and the metals used
were Co, Ni and Zn. During synthesis the metal salts used were
more than the double amount of stoichiometry and refluxed with
dimethyl formamide (DMF) containing TPP in appropriate quantity
at 153°C. All reactions were refluxed for 10 - 15 min. The com-
pletion of metallation reaction was confirmed by withdrawing ali-
quots from time to time and checking spectrophotometrically.

Further, the reaction mixture was allowed to cool and then dis-
tilled cold water was added as much as that of the reaction mixture.
This was further filtered and dried in vacuum desiccators. The
synthesized cobalt tetra phenyl porphyrin (CoTPP), nickel tetra
phenyl porphyrin (NiTPP) and zinc tetra phenyl porphyrin (ZnTPP)
were purified by dry column chromatography.

The purification method was suitably modified by introducing
gradient elution which comprised of chloroform and petroleum ether
50:50% followed by evaporation of the solvent mixture. NiTPP
purification process was repeated twice with the same mobile
phase. In CoTPP and ZnTPP recovery of pure compounds were
more than 90% whereas in NiTPP it was less than 70%. The purity
of above metalloporphyrins was checked on TLC using chloroform
and petroleum ether 80:20% and found to be very satisfactory. Only
1 g of MTPP was purified at a time.

Characterization of porphyrins

UV-visible spectra were recorded on Shimadzu visible spectro-
photometer (model UV/ 2450 UV) using 10* and 10° M concen-
trations for each porphyrin. FTIR analysis of solid porphyrins was
carried out using Shimadzu IR spectrometer (model prestige/21
FTIR). '"H NMR spectra were recorded using Varian 300 MHz
model. Elemental analysis for TPP as a representative sample of
the series was recorded on Prostar Varian C, H, N, analyzer (model
Flash 1112 series EA). The magnetic susceptibility (x;) was done
on guoy balance at room temperature employing a field of the order
8000 Gauss using Hg [Co (SCN)4] as a standard material.

Electron spin resonance (ESR) study of CoTPP was done using
Varian E-112 X-band ESR spectrometer. The X-ray diffractogram
patterns for TPP and ZnTPP were recorded on ITAL-X-ray diffracto-
meter using Cu Ka radiation filtered through Ni. Diffuse reflectance
spectroscopy (DRS) study was performed to calculate band gap
energies on Shimadzu visible spectrometer (model UV/ 2450 UV).
Fluorescence studies for the samples were carried out using
Shimadzu spectrofluorimeter (model RF-5301PC).

Degradation of Amido Black 10B

Solar assisted photocatalytic degradations of azo dye Amido Black
10B were studied using solid powder porphyrins as heterogenous
photocatalysts during 11.30 a.m. to 3.30 p.m. at various pH levels.
The dye degradations were always carried out in this period only.
The samples of the above dye of 10° M concentration in aqueous
media were prepared and saturated with oxygen for 5 min. This
mixture was placed in a closed glass reactor and kept in sunlight for
the degradation reaction. The mixture was stirred after every 10
min. gap. The reaction was studied at different pH conditions.

The degraded reaction mixtures at pH 6 and 7 were subjected to
high performance liquid chromatography (HPLC) using C18 column
with dimensions 250 x 4.6 mm and particle size 5 um. The solvent
system selected was methanol and water 80:20% with UV detector,
which functions at 254 nm. The degraded reaction mixture at pH 7
was then subjected to ion chromatography using cation and anion
exchangers.

RESULTS AND DISCUSSION
UV-visible absorption analysis

The porphyrins TPP, CoTPP, NiTPP and ZnTPP have
shown the absorptions by UV-visible spectroscopy. The
porphyrins spectra are due to T-11* transitions. The elec-
tron transitions for soret band are from a;, — ¢4 (allowed)
and for Q-band a,, — €4 (forbidden) (Dorough et al.,
1951; Gouterman, 1961; Goutermann, 1978). The con-
centrations of 10°M is used for soret band and 10™*M for
Q-band respectively in chloroform solvent. For TPP the
bands are obtained at 416 nm (soret), 515, 549, 590 and
647 nm (Q-bands) whereas in CoTPP and NiTPP the
number of bands are reduced to two and for ZnTPP three
in the visible region. Thus, successful insertion of metal in
porphyrins is confirmed by disappearance of 647 nm
band (Buchler, 1975) and reduction in number of Q-
bands as compared to TPP.

The free base TPP porphyrin has two hydrogen attach-
ed to two nitrogens in the porphyrin ring which has a rec-
tangular geometry with Do, symmetry. When metallation
takes place, the geometry of the porphyrin ring becomes
square with Dy, symmetry (Marsh and Mink, 1996). The
geometry of metallated TPP becomes more symmetric as
a result; the number of absorption bands observed is less
than free base TPP. For above porphyrins the batho-
chromic shift is observed in the following order of CoTPP
< NiTPP < ZnTPP. Figure 1 shows UV-visible spectra of
ZnTPP as the representative sample.

FTIR spectroscopy

The above porphyrins have shown various absorption
bands in FTIR spectroscopy. A free base TPP shows
medium N-H stretching vibrations at 3317 cm™. When a
metal ion is inserted into a porphyrin ring the stretching
vibrations due to N-H disappear on account of replace-
ment of two acidic hydrogens by the metal ion. This also
gives information about the presence or absence of TPP
as an impurity in the corresponding metalloporphyrins.
Figure 2 shows FTIR spectra of NiTPP as a represent-
tative sample. The main prominent absorption bands of
the metal chelates of TPP appear at 1600 cm™ and
shows -C = C- stretching vibrations of phenyl rings. The
frequency shift is in the order of NiTPP > CoTPP > TPP,
ZnTPP.

The strong absorption band near 1000 cm’” appears
due to vibration of the porphyrin ring or pyrrole units,
which is sensitive to the nature of the metal ion. Further it
establishes the strength of the metal-nitrogen bonds in
the TPP chelates. It is evident from the frequency values
that the strength of the metal-nitrogen bond is in the
following order of NiTPP > CoTPP > ZnTPP. The stronq
band common to TPP and metal chelates near 800 cm
appears due to vibration of pyrrole ring (Thomas and
Martell, 1959).
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Figure 1. UV-Visible spectra of ZnTPP, (a) 10*M and (b)
10° M concentration in Chloroform.
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Figure 2. IR spectra of NiTPP.

NMR spectroscopy
'H NMR study reveals the three basic parameters:

(i) Chemical shift.

(i) The splitting of the absorption signal resulting from
spin-spin interactions.

(iii) The intensity of the absorption signal which is a mea-
sure of the number of nuclei associated with a particular
line in the spectrum (Janso and Katz, 1979).
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Figure 3. "H NMR spectra of TPP.

In the above synthesized porphyrins, TPP, NiTPP and
ZnTPP belong to a diamagnetic class whereas CoTPP
fall under a paramagnetic class. The TPP a base free
porphyrin gives one singlet for 3-pyrrole protons and one
singlet for N-H protons. The phenyl protons can be
assigned to two resonances with little fine structure, one
result from ortho protons and the other from the meta and
para protons for TPP is shown in Figure 3.

In case of NiTPP and ZnTPP all the above resonances
are obtained, in CoTPP the range of the chemical shift
values are much larger than above diamagnetic porphy-
rins (Shirazi et al., 1982). The resonance due to N-H pro-
tons is not seen in metalloporphyrins which confirms the
complete metallation reaction. Table 1 shows the proton
NMR chemical shifts for the respective porphyrins.

Elemental analysis

Elemental analysis of TPP as a representative sample of
the series is shown below:

Elements %C %H %N
Calculated 85.95 4.92 9.10
Found 84.01 4.90 8.96

The results are fairly in good agreement and confirm the
formation of the compound.

Magnetic susceptibility and ESR studies

The magnetic susceptibility study indicated that the por-
phyrin samples of TPP, NiTPP and ZnTPP are diamag-
netic whereas CoTPP is paramagnetic in nature. CoTPP
has magnetic susceptibility 2.25 x 10°® Cgs units, magne-
tic moment per = 1.924 B.M. and it contains one unpaired
electron (Eaton and Eaton, 1980). Electron spin reso-
nance signal for CoTPP at room temperature is not



380 Int. J. Phys. Sci.

Table 1. Proton NMR chemical shifts (in & ppm) and DRS band gab energy (in ev) for porphyrin.

Sr. No. Porphyrin o-Phenyl m- Phenyl p-Phenyl B-Pyrrole Band gap Energy (eV)
1 TPP 8.22 7.74 7.74 8.84 1.75
2 CoTPP 13.8 9.88 9.67 15.9 1.92
3 NiTPP 8.0 7.7 7.7 8.7 1.82
4 ZnTPP 8.2 7.71 7.71 8.9 1.86
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Figure 4. DRS spectra of TPP.

obtained therefore; it is subjected to liquid nitrogen tem-
perature. It gave spectroscopic splitting factor g = 2.269,
line width = 110 Gauss and hyperfine splitting constant A,
- 130 Gauss. The hyperfine constant value indicates an
interaction between electron spin and nuclear spin. The
line width explains the life time of the excited state of the
nuclear spin (Dutta and Syamal, 1993; Khrapov et al.,
1974).

Diffuse reflectance spectroscopy

The band gap energies of these porphyrins calculated by
using DRS are shown in table 1. Then Figures 4 and 5
show DRS spectra for TPP and ZnTPP powders as
representative samples. Band gap obtained for these
compounds are in the range 1.75 - 1.92 eV as shown in
Table 1. From these values it is evident that the porphy-
rins under investigations are comparatively low band gap
metal-organic semiconductors.

Therefore, it is felt worth while to test these semicon-
ductors for photocatalytic degradation of dyes to find their
photosensitivity and activity by employing a model
reaction of azo dye degradation. The porphyrins are pig-
ments and highly coloured compounds, the DRS spectra

Figure 5. DRS spectra of ZnTPP.

of solids also showed some absorption peaks which are
matching with the absorption peaks in solution but with
some shift in their A values and therefore the spectral
curve are not sharp (Ozgur et al., 2005; Aoki, 2000]).

X-ray diffraction

X-ray powder diffractogram pattern (XRD) for ZnTPP as
representative sample have shown in Figure 6, indicating
that these porphyrins are polycrystalline and monophasic
in nature (Scheidt, 1978).

Fluorescence studies

The fluorescence studies of these porphyrins were car-
ried out at an excitation wavelength of 420 nm. Among
these, TPP and ZnTPP are fluorescent (Hoff and Whitten,
1975) whereas CoTPP and NiTPP are nearly non-fluore-
scent. Further, this has proved that fluorescent porphy-
rins are effective photocatalysts than non-fluorescent
photocatalysts in the photodegradation process. Free
base porphyrins and metalloporphyrins possess sharp
and intense long wavelength electronic transitions with
relatively long lived excited states. This makes them
nearly ideal photosensitive agents.
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Figure 6. XRD pattern of ZnTPP.

In general, these excited states are due to ™ - m*
transitions and are not perturbed energetically due to the
substitution of different metals. But the different metals
influence the lifetimes and luminescence properties of the
porphyrins (Hoff and Whitten, 1978; Mauzerall, 1978).

Photodegradation reaction

Photodegradations of Amido Black 10B dye were carried
out using solid powder of TPP, CoTPP, NiTPP and
ZnTPP as heterogenous photocatalysts in the glass
reactor. The UV-Visible spectrum of Amido Black 10B at
pH 6, 7 and 10 shows Amax = 618 nm in aqueous media.
These porphyrins are not soluble in agueous media. The
progress of photocatalytic degradation reaction in
aqueous media is examined by measuring absorbance at
above mentioned wavelengths with time interval of 1, 2, 3
and 4 h. The above degradation reactions are optimized
by taking into account the different parameters such as
amount of the catalysts, without catalysts, saturating
reaction mixture with O, and without O, time of irradia-
tion, use of promoter and different pH conditions like aci-
dic, neutral and basic.

The optimum amount of photocatalyst required for the
photodegrdation is found to be 25 mg for 100 mL of 10°
M Amido Black 10B solution as shown in Figure 7. It is
also noticed that if the amount is exceeded 25 mg, the
photodegradation activity decreases (Kartal et al., 2001).
The reason for this is that, after a saturation point activity
unit area decreases (Borker and Salker, 2006). It is also
reported that, when a photocatalyst is not loaded with the
optimum amount then the rate of deactivation of activated
molecules increases due to collision with ground state
molecules of photocatalyst (Saktivel et al., 2002).

HPLC analysis

The degradation products were analyzed by HPLC
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Figure 7. Optimization of the catalyst amount.

analyzer at pH 6 and 7 to find the number of degraded
components resulted after degradation. It is evident from
decreases because the number of active sites on the
photocatalysts as well as exposure to solar radiation per
the results that three components are found present
which could be separated at different retention time using
C-18 column. Perhaps all the components might have not
been separated on this column. It is also seen that the
separated components at pH 6 and 7 are identical and
separated almost at the same retention times. This
explains that irrespective of pH conditions of the de-
graded reaction mixture, the components eluted for the
particular dye remains the same.

lon chromatography analysis

Photodegraded reaction mixture at pH 7 was further sub-
jected to ion chromatography for cations and anions ana-
lysis. After photo-degradation of Amido Black 10B, the
reaction mixture has shown the presence of Na*, NH,",
NO; and 8042' ions as indicated in Table 2. This shades
light on the process of mineralization of dyes and also it
gives an insight towards the rupture of bonds at particular
sites.

Photodegradation analysis

Degradation of Amido Black 10B was studied at pH 6, 7
and 10 respectively. The recorded r esults reveal that
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Table 2. lon chromatography result.

Sr. No. Dye Cation conc. (ug) Anion conc. (ug)
Na* NH," cr NOs S0,* NO2
1 Amido Black (blank) - - - - - -
2 Amido Black (degraded) 9.88 0.59 - 2.11 0.50 -
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Figure 8. Photocatalytic degradation of Amido Black 10B at pH 6
in aqueous media.
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Figure 9. Photocatalytic degradation of Amido Black 10B at
pH 10 in aqueous media.

photocatalytic activity is maximum for pH 6, good for pH
10 and minimum for pH 7 as shown in Figures 8, 9 and
10 respectively. The photodegradation reactions were
carried out for 1 to 4 h in solar radiations during 11.30
a.m. to 3.30 p.m. When Amido Black 10B dye is - at pH
6, it is seen that the TPP and ZnTPP showed maximum
activity whereas NiTPP and CoTPP showed minimum
activity. For pH 10, when the same dye is degraded,
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Figure 10. Photocatalytic degradation of Amido Black 10B
at pH 7 in aqueous with SLS.

ZnTPP and TPP gave efficient photocatalytic activity
whereas NiTPP and CoTPP showed low activity.

The blank solution also showed little degradation, may
be due to presence of hydroxyl ions at pH 10. At pH 7
showed lower activities, therefore degradation is carried
out using five drops of 0.1% sodium lauryl sulphate (SLS)
as a promoter. In this context, TPP and ZnTPP have
proved to be effective catalysts in comparison with
CoTPP and NiTPP with SLS. From this discussion, it is
evident that the magnitude of photocatalytic activity is
maximum for pH 6, good for pH 10 and minimum for pH
7. Similarly, it is also clear that TPP and ZnTPP are the
most efficient photyocatalysts in this selected series.

The reason for this may be attributed to the fact that,
TPP and ZnTPP are fluorescent porphyrins whereas
CoTPP and NiTPP are nearly non-fluorescent. Since
fluorescence intensity is directly proportional to the
amount of solar radiations absorbed, this makes TPP and
ZnTPP more effective photocatalysts. Further, to check
the reproducibility of catalytic activity, TPP as a repre-
sentative sample of the series is recycled for three times.
It is observed that with the successive use of TPP, its
activity has decreased for the second cycle and subse-
quently remained almost constants for the remaining
cycles. It is also revealed that there is no change in the
chemical composition of the photocatalysts after photode-
gradation reaction and is confirmed by UV-Visible and



FTIR spectroscopy analysis.

Solar radiations when incident on porphyrin molecules
get excited (P) and electron transfer takes place from
valance band to conduction band (ecg) and hole is
created in valence band (h'yg). Porphyrins maintain
relatively long lived excited states which make them ideal
photocatalysts. The oxygen present in the dye solution
functions as an electron scavenger. This oxygen traps
the electrons from conduction band and forms O, spe-
cies. This prevents recombination of positive holes in
valance band and the electrons in conduction band.

Further O, is reacting with chemisorbed water on
conduction band to produce OH" and OH" with the libe-
ration of oxygen. Thus, OH" ions produced then combine
with positive hole to produce OH' (free radical). Thus, OH
radical is responsible for the degradation of dye leading
to mineralization. The degradation reaction at pH 6 is
quite faster. This may be explained on the basis of forma-
tion of HO, species detected by ESR (Bard, 1980), which
are responsible for increased concentration of OH radical
and thus comparatively faster degradation of dye.

Excess of OH radicals recombine may be to produce
H-O, which further decomposes. Different investigators
have suggested many pathways for the reaction mecha-
nism. As per present study, solar radiations excite por-
phyrin molecule ‘P’ and may follow as one of the reaction
paths as shown in Scheme I. (Borker and Salker, 2006).

P - _hv__) P*

p* I ecs+h've

€cs+ h've — (Recombination) —— heat
€cs + Oz — O,

O, +(H" +0OH) — HO, + OH

HO, +OH + h'ys —— OH

OH + Dye — Degradation products
Excess of OH recombine as

OH + OH ——— H,0, (decomposition)
HgOg +€ecp —_— OH + OH
Scheme 1.

Conclusion

It is observed that due to TPP and ZnTPP, attainment of
equilibrium of a degradation reaction is faster in compa-
rison with CoTPP and NiTPP disclosing the specificity of
the photocatalysts in the dye degradation reaction. In the
case of degradation reaction of Amido Black 10B at pH 7,
sodium lauryl sulphate has promoted the activity of
degradation. Fluorescent compounds like TPP and
ZnTPP show better activity than non-fluorescent CoTPP
and NiTPP. There is no change in the chemical compo-
sition of photocatalysts after photodegradation reaction.
These porphyrins are found to be metal organic semicon-
ductors with low band gap energy. Solar energy is suffi-
cient to promote photocatalytic degration over semicon-
ducting materials including porphyrins.
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