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The present study is focused on the photodegradation of rhodamine B using aqueous free-base photocatalysts in presence of solar

substituting M = Co, Ni, Cu, Zn and Ag into the moiety of TPS to get metalloporphyrins, were synthesized. Further, they were characterized
by UV-visible, IR and "H MMR spectroscopic techniques. The photodegradation of rhodamine B of concentration 10° M was carried out

the photodegradation efficiency to the extent of 100% within time period of 5 to 40 min. The process of degradation was verified with

HPLC and ion-chromatography.

—I
radiation. All catalysts such as free-base tetrasodium meso-tetra(p-sulphonatophenyl)porphyrin (TPPS,) or abbreviated as TPS and |

| with 5 mg of a photocatalyst of free-base and other metalloporphyrins. It was observed that these synthesized photocatalysts have shown
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INTRODUCTION

Synthetic dyes are much more commonly used in the
industrial and commercial applications due to their colour
flexibility and improved lasting power after application. Due
to the inefficiency of dyeing process, in the textile industries,
up to 2,00,000 tons of these dyes are lost every year during
dyeing and finishing operations. The textile industry consumes
a substantial amount of water in its manufacturing processes
used mainly in the dyeing and finishing operations of the plants.
The wastewater from textile plants is classified as the most
polluting of all the industrial sectors. The extensive use of dyes
in textile industry and the high concentration of organic pollu-
tants and high stability of modern synthetic dyes poses a serious
problem for the quality of water and the concerned environ-
ment. The conventional biological methods for the treatment
of the effluent are ineffective [1]. Various techniques have been
employed for the treatment of organic molcules in dye water.
The approach includes chemical, physical, biological and their
combinations [2]. Some of these methods were not suitable in
some cases. For example, the chemical methods employing
activated carbon are very effective in removing the synthetic

dye. However, it is suitable for treating only small effluent
volume. Besides, the operation requires a long time and high
capital cost [3]. Physical methods like coagulation, flocculation
and reverse osmosis were also implemented. The major draw-
back of these methods is the formation of secondary waste
products. Biological treatments always need strict control on
temperature and pH. The degradation of synthetic dye takes a
long process and disposal of a large amount of sludge was a
serious problem. However, it has been found that these conven-
tional biological treatment methods are ineffective for synthetic
dyes having recalcitrant nature [4,5]. In recent years, a broad
range of synthetic dyes have been extensively studied to develop
a more promising technology based on advanced oxidation
process (AOPs) whihc has an ability to oxidize contaminants
quickly and non-selectively [6-8].

Advanced oxidation processes (AOP), which are currently
in use are of prime importance for the effective oxidation of a
wide variety of organic pollutants and synthetic dyes [9,10].
Presently, ozone is one of the most widely used advanced oxid-
ation processes. It has a high standard reduction potential of
2.07V and it can oxidize most organic and inorganic compounds.
Especially, it is known to be a powerful method to decolorize

This is an open access journal, and articles are distributed under the terms of the Attribution 4.0 International (CC BY 4.0) License. This
license lets others distribute, remix, tweak, and build upon your work, even commercially, as long as they credit the author for the original
creation. You must give appropriate credit, provide a link to the license, and indicate if changes were made.




148 Gokakakar et al.

Asian J. Chem.

reactive dyes by destroying the chromophoric groups. Thus,
AQPs are based on the generation of reactive hydroxyl radicals
which can oxidize a broad range of organic pollutants quickly
and non-selectively [11,12]. AOPs emphasize photocatalysis
systems such as combination of semiconductors and light/solar
radiation, or semiconductors and oxidants. It is also observed
and verified that heterogeneous photocatalysis has emerged
as an important destructive technology leading to the rupture
of bonds of the hydrocarbon rings of the dyes with complete
mineralization [13,14].

Generally, for photodegradation, wide band gap semi-
conductors such as TiO,, ZnO, CdS, SnO,, ZrO,, etc. are used
[15]. Many researchers use mercury lamp, fluorescent lamp
and halogen lamp to degrade dyes [16-18]. Further, an attempt
is made to use solar radiation, which is abundantly and freely
available in the tropical countries such as India, to degrade
the dyes [19-21]. The present objective of photodegradation
of rthodamine B utilizes the self-synthesized aqueous por-
phyrins, which are narrow band gap semiconductors (1.66-
1.83 eV). They are quite competitive as compared to the above-
mentioned semiconductors where band gap ranges between
(3.2-3.9) [22].

Previously, the efforts have been done by using the non-
aqueous porphyrins coatings on the above-mentioned
inorganic semiconductors. But, in present study, an exclusive
aqueous-porphyrins are used only without any other semi-
conductors. Simultaneously, no oxidizing agents such as O,
H,0; or K>S,0s were used in a reaction assembly to verify the
efficiency of selected photocatalysts. Before, the use of these
photocatalysts, their thermal stability was confirmed that they
are quite stable up to 400 °C and can be safely used for photo-
degradation reaction [23]. The importance of these aqueous
porphyrins has been revealed by the exhibition of their exce-
llent antiviral activity against the human immunodeficiency
virus [24]. They are also widely used in the clinical experiments
as potential sensitizers in photosensitized tumor therapy (PTT)
and as colourant stabilizers in ink jet printers [25-27]. Here
before, exclusively non-aqueous porphyrins were effectively
used to carry out photodegradation of amido black 10B and
methyl orange in aqueous-medium [28,29].

Rhodamine B, a brightly coloured synthetic pigment has
been extensively used as a dye in many industries, including
those that produce paper, paints, textiles, leather and porcelain.
Long-term contact with rhodamine B may cause cancer and
birth defects; thus, it has been prohibited as a food additive
[30,31]. The addition of rhodamine B to cosmetics also may
be linked to the potential threat of cancer and birth defects in
humans, thereby creating the need to establish efficient methods
for its sensitive and rapid determination in cosmetics [32].

EXPERIMENTAL

The free-base tetra sodium meso-tetra(p-sulphonato
phenyl)porphyrin (TPPS,) was synthesized by standard method
[33]. Finely ground pure TPP (0.003 mol) and conc. H,SO4
(0.5 mol) were refluxed in a two-necked flask for 8 h and the
reaction mixture was kept aside for 48 h without any distur-
bance. The entire reaction was further diluted with distilled

water, then heated and lime (CaO) was added until the solution
acquires purple colour. The solution was filtered to remove
CaSO,, washed with hot water and the filtrate was concentrated
to small volume (150-200 mL). The conc. Na,COs solution
was added and the pH of the solution was adjusted to 8-10.
The precipitated CaCO; was removed by filtration and 90%
C,HsOH was added periodically. The filtrate was concentrated
on steam bath and further dried in oven at 100 °C for 2 h. At
this stage, TPPS, crystals were collected and preserved in air
tight capsule. The purification of TPPS, was carried out by using
dry-column chromatography on basic alumina column, which
acts as a stationary phase. The mobile phase prepared for gradient
elution was comprised of water, methanol and acetone in the
ratio 7:2:1 [33]. During elution, only purple coloured fraction
due to TPPS,was collected and other fractions were rejected.

The above purified TPPS, was used to synthesize aqueous-
metalloporphyrins. The divalent metals used were Co, Ni, Cu,
Zn and Ag, respectively. The metalloporphyrins, such as
CoTPPS,, NiTPPS,, CuTPPS,, ZnTPPS, and AgTPPS, were
synthesized by taking respective metal salt in ethanol and
TPPS, in stoichiometric proportions and refluxing the solution
on steam bath for 0.5 h. The purification of these porphyrins
was done using dry-column chromatography as described above.
There were three types bands on the column viz. blood red
colour due to respective metalloporphyrin, green colour due
to dication and colourless band due to unreacted metal salt.
From these bands, only blood red coloured band was selected,
tested with TLC and completion of reaction was confirmed
by spectrophotometry. The yield of purified porphyrin was in
the range of 80-85%.

Characterization: UV-visible spectra were recorded on
Shimadzu spectrophotometer (model UV/2450UV) using 10™*
M and 10° M concentrations for each porphyrin. IR analysis
of solid porphyrins was carried out using Shimadzu IR spectro-
meter (model Prestige/21FTIR). "H NMR spectra were recorded
using Varian 300 MHz model. Diffused reflectance spectroscopy
(DRS) was performed to calculate band gap energies on Shimadzu
UV-visible spectrophotometer (model UV/2450 UV).

Photodegradation of rhodamine B: Solar assisted photo-
catalytic degradation of rthodamine B, which is a xanthene
dye, was carried out in acetone medium. The AR grade acetone
was refluxed with KMnO; for 2 h till pink colour persists and
distilled to get the solvent of desired purity. The 10 M concen-
tration solution of dye was used in acetone medium and a
process of degradation was carried out at the regular interval
of 5 min. The degraded reaction mixture was subjected to
HPLC using Perkin-Elmer SERIES-200 with C18 column of
dimensions 250 mm x 4.6 mm and particle size 5 um. The
solvent system selected was methanol and water 80:20% with
UV-visible detector. Further, ion chromatography was used
on Shodex-CDS 5 analyzer to verify the mineralization of the
dye (thodamine B).

RESULTS AND DISCUSSION

UV-visible studies: The porphyrins TPPS,, CoTPPS,,
NiTPPS, CuTPPS,, ZnTPPS, and AgTPPS, were characterized
by UV-visible spectroscopy. The soret band is a characteristic
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absorption band for a respective porphyrin. The absorption
bands appearing for all these compounds in soret and visible
region are in good agreement with the literature values as
shown in Table-1. It can be observed that soret band ranges in
between 413 to 425 nm, whereas other characteristic bands
(Q bands) vary from 525 to 552 nm. Only in case of TPPS,,
the four bands obtained at 516, 552, 579 and 633 nm. When
respective metal ions are substituted in the free-base porphyrin
ring, the characteristic bands for above porphyrins observed
are 540, 525, 539, 556 and 540 nm with the disappearance of
other three bands as are observed in TPPS, This confirms the
formation of metalloporphyrins for corresponding metals as
is shown in Figs. 1 and 2. In Fig. 1, as an example, the UV-
visible spectra of ZnTPPS,for 10*M and 10°M concentrations
are shown and in Fig. 2 characteristic absorption bands for all
porphyrins are shown.

TABLE-1
UV-VISIBLE ABSORPTION PEAKS IN SORET AND Q-BANDS
X Absorption bands
Porphyrin
Soret band —— Q-bands —

TPPS, 413 516 552 579 633
CoTPPS, 425 - 540 - -
NiTPPS, 409 - 525 - -
CuTPPS, 412 - 539 - -
ZnTPPS, 421 - 556 - -
AgTPS, 422 — 540 — —

5 T T T T

Absorbance

T T

500 600 700
Wavelength (nm)

Fig. 1. UV-visible spectra of ZnTPPS. (a) 10~ M and (b) 10° M concentration

T
300 400

Infrared studies: The characteristic absorption bands for
aqueous-porphyrins are obtained when non-aqueous porphyrins
are sulphonated with the substitution of -SO3;Na groups. In
case of TPPS,, due to N-H and O-H stretching frequency, the
absorption bands in the region 3590-3440 cm™ are obtained.
But when metal ions are substituted in porphyrin moiety, even
though N-H band disappears, due to O-H stretching frequency
the band in the vicinity of N-H frequency is obtained. The
absorption bands for the confirmation of sulphonation are
1184(s), 1128(s) and 1041(s) cm™ whereas for other metallo-
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Fig. 2. Characteristic band of each porphyrin in visible region

porphyrins, there is increase in the values for absorption bands,
which was confirmed earlier [34,35]. The respective values
for absorption bands and the values of band gap energies are
shown in Table-2 and overlay of absorption bands is shown in
Fig. 3.

TABLE-2
INFRARED SPECTRA AND BAND GAP ENERGIES
OF BASE-FREE AND METALLOPORPHYRINS

Porphyrin Absorption bands (cm™) Band gap (eV)

TPPS, 1184 (s) 1128 (s) 1041 (s) 1.66
CoTPPS, 1199 (m) 1130(m) 1043 (m) 176
NiTPPS, 1188 (s) 1128 (s) 1039 (s) 1.83
CuTPPS,  1184(s)  1130(s) 1041 (s) 1.79
ZnTPPS,  1193(s)  1128(s) 1041 (s) -
AgTPPS,  1186(s)  1130(s) 1041 (s) 1.74

70 T T T T T T T T

Transmittance (%)

0 T T T T T T T T T T T
1300 1250 1200 1150 1100 1050 1000
Wavenumber (cm™')

Fig. 3. Overlay of IR spectra for TPPS4, CoTPPS,, NiTPPS, and ZnTPPS,
for their characteristic bands

NMR studies: The proton NMR spectra were recorded
at 29 °C and chemical shifts are mentioned in & ppm with
reference to (CH;)4Si in deuterated chloroform (CDCIs). In
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aqueous porphyrins like TPPS,, it is seen that ortho-phenyl
protons are shifted to more down-field value as compared to
pyrrole proton signal. The reason may be due to the presence
of SO;Na group at para-position of the phenyl ring, ortho
protons may be deshielded. Therefore, in aqueous porphyrins
o-phenyl protons have maximum downfield signal than [ protons.
In TPPS., the values of o-phenyl, m-phenyl and B-pyrrole
protons are 8.53, 7.38-7.4 and 8.03-8.05 ppm, respectively. In
CoTPPS; (Fig. 4), which is paramagnetic in nature, o-phenyl
protons are still more shifted to down-field as compared to
TPPS,. The values for CoTPPS,, for o-phenyl, m-phenyl and
—pyrrole protons are 9, 2, 8.06 and 8.9 ppm, respectively. These
values are in good agreement with the literature values [35].

!

e

.......

ppm
Fig. 4. Proton NMR spectra of CoTPPS,

25 T T T T T T T T T

CuTPS
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Diffuse reflectance spectroscopic studies: Diffuse refle-
ctance spectra of aqueous-porphyrins were recorded using
wavelength range from 300 to 800 nm and BaSOj, as a reference
material. Reflectance data are usually expressed in terms of
percent reflectance (%R), which is analogous to percent trans-
mission in absorption spectroscopy. It is a non-destructive
technique and used to determine the band gap energies in semi-
conductors such as above-mentioned porphyrins. Table-2
represents the band-gap energies in eV for selected free-base
and other metalloporphyrins. Fig. 5 shows the DRS spectra of
CuTPPS,and AgTPPS, as some of the examples in a given
series of porphyrins. It is observed that the band gap energies
range from 1.66-1.83 eV, which reveals that all of them are
low band gap metal-organic semiconductors. Thus, this
remarkable property of the porphyrins was used to carry out
photodegradation of rhodamine B dye.

Photodegradation process: Some of the conventional
methods used are precipitation, adsorption, flocculation, flotation,
oxidation, reduction, electrochemical, aerobic, anaerobic and
biological treatment methods. These methods have inherent
limitations in technologies such as less efficiency and prod-
uction of secondary sludge, the disposal of which is an expensive
affair. Merely, transferring hazardous materials from one medium
to another is not a long-term solution to the issue of toxic waste
loading on the environment. Chemical coagulations for dye
removal require loading of chemical coagulation and optimal
operating conditions like pH and coagulation dosage should
be rigidly reminded for achieving maximum dye removal. The
coagulation-flocculation process can be utilized as a pre- or

Reflectance (%)

T T T T T
500 550 600 650 700 750 800

Wavelength (nm)

Fig. 5. DRS spectra of CuTPPS,and AgTPPS,
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post- or even as a main treatment. This process is cost effective
and easy as it consumes less energy than the conventional coagu-
lation treatment [36]. However, using inorganic salts like
aluminum chloride and aluminum sulfate as the coagulation
agent has now become controversial because of their possi-
bility of contributing to Alzheimer’s disease [37,38]. Poly-
acrylamide based materials are also often utilized in the coagu-
lation process, but the possible release of monomers is now
considered damaging due to their entering into the food chain
and causing potential health impacts (e.g. carcinogenic effects).
The heterogenous photocatalyst relates to the water decontami-
nation processes which are concerned with the oxidation of
bio-recalcitrant organic compounds. This impressive method
relies on the formation of highly reactive chemical species that
degrade a number of recalcitrant molcules into biodegradable
compounds and is known as advanced oxidation process (AOP).
Heterogeneous photocatalysis has proved to be as an effic-
ient tool for degrading both atmospheric and aquatic organic
contaminants [39]. It uses the sunlight in the presence of a
semiconductor photocatalyst to accelerate the remediation of
environmental contaminants and destruction of highly toxic
molcules [40,41]. The type of the radiation used depends on
the type of catalyst. Photodegradation of rhodamine B was
carried out using hygroscopic powders of TPPS,, CoTPPS,,
NiTPPS,, CuTPPS,, ZnTPPS, and AgTPPS,, which are highly
soluble in aqueous medium but insoluble in acetone medium.
Thus, these porphyrins were used to carry out the hetero-
geneous catalysis in a glass reactor in the presence of solar
radiation. Rhodamine B is found to have Ay =555 nm in the
acetone medium. For this degradation process, the optimum
conditions such as absence of catalyst, presence of catalyst,
the amount of catalyst, saturating reaction mixture with O,
and without O,, time of irradiation, use of surfactant promoters.
This was necessary to measure the efficiency of activity for
degradation or removal of dye solution at different time intervals.
Amount of catalyst and reaction assembly: The optimum
amount for photocatalyst was determined by varying the amount
of porphyrins in 50 mL of 10° M dye solution in a 150 mL
capacity conical flask. The amount of photocatalyst was tested
with 5, 10, 15, 20, 25 and 30 mg with the above dye solution
at different intervals of time. It was observed that with 5 mg
of porphyrins, the reaction was under control otherwise the
degradation process with 10 mg and onwards was immeasur-
ably fast. Therefore, 5 mg of each porphyrin was selected as
an optimum amount for degradation of rhodamine B. The dye
solution did not require saturation with O, or any surfactants
or promotors. This was the special feature of these porphyrins
in the photodegradation process. The reaction assembly was
kept in the solar radiation at 11.30 am and observed that the
degradation process was effective from 5 to 40 min, depending
up on the nature of the respective porphyrin.
Photodegradation of rhodamine B: The synthesized
aqueous porphyrins were used as photocatalysts for the degra-
dation of rhodamine B in acetone medium. Further, it was
observed that the entire process of degradation was completed
within 40 min by all porphyrins, where a dye was degraded to
the extent of 100%. This reveals the efficiency of synthesized

aqueous porphyrins. Fig. 6 shows that among all the porphyrins,
CoTPPS, is degrading the dye within just 5 min whereas
AgTPPS, degrades within 10 min. The other porphyrins such
as NiTPPS,, TPPS. (free-base), CuTPPS, and ZnTPPS.,require
20, 25,40 and 40 min, respectively. The dye degradation pattern
is shown in Fig. 7 for TPPS, and AgTPPS,, where complete
degradation of rhodamine B is observed. It is also observed
that among all the synthesized porphyrins even though all of
them are efficient, CoTPPS4 and AgTPPS, are highly efficient.
The reason for this may be attributed to the fact that compa-
ratively larger area and long-lived excited states of corresponding
photocatalysts in the exhibition photocatalytic activity.

1.2 T T T T T T T T T

1.0

Absorbance
o
(o))
|

—l— Blank
—@— TPPS, i
—A— CoTPPS,
—w— NiTPPS,
—@— CuTPPS,
—<— ZnTPPS,
—»— AgTPPS,

0 5 10 15 20 25 30 35 40 45
Time (min)

Fig. 6. Photodegradation of rhodamine B

Further, to check the reproducibility of the catalysts,
recycling process of CoTPPS, as a representative porphyrin
was carried out for six times is shown in Fig. 8. When it is
observed meticulously, it reveals that for first three cycles
CoTPPS,, the degradation process takes place within 5 min
whereas for next three cycles it takes 10 min to complete 100%
degradation. Thus, the reproducibility of the photocatalyst was
verified and further, the chemical composition of CoTPPS,
was confirmed by UV-visible and IR spectroscopies.

HPLC analysis: HPLC analyzer containing C-18 was
used to know the number of components in the rhodamine B
before and after degradation. It was further observed that
undegraded dye when subjected to HPLC analysis, a single
component with retention time (R.T.) 3.23 min was recorded.
When the dye was degraded in presence of solar radiation,
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Fig. 7. Photodegradation of rhodamine B by (a) TPPS, and (b) AgTPPS,
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Fig. 8. Recycling of CoTPPS; for six times

which was then analyzed with HPLC, where, the component
with retention time 4.28 min was observed. Thus, HPLC has
shown that before and after the degradation process, even though,
a single component was isolated, these were different with
respect to their structures. Fig. 9 shows the HPLC chromato-
gram for degraded and undegraded rhodamine B.

Ion-chromatography analysis: The mineralization of
dye after the process of degradation was confirmed by using
ion-chromatography with Shodex-CD 5 analyzer. From the
structure of thodamine B, the cation analyzer was calibrated
for the presence of NH," ions and anion analyzer was calibrated
for CI, NO,™ and NOs™ ions, respectively. Table-3 shows the
presence of NH," and CI” was detected whereas quantitative
results show the concentration of ions (Lg/mL), retention time
(min), peak height (UWV) and peak area (LV s). Thus, the amount
of NH," and CI, quantitively found was 0.15 and 1.80 png/mL
of the dye solution confirms the complete mineralization of
rhodamine B dye. This observation also throws light on the
reduction of ="N(CHs;), and -N(CHj), to NH," groups and
finally giving NH," and CI” ions in solution.

Conclusion

The synthesis and characterization of aqueous-porphyrins
such as TPPS,, CoTPPS,, NiTPPS, CuTPPS,, ZnTPPS, and
AgTPPS, was carried out for the photodegradation of rhodamine
B dye in acetone medium. Since, the thermal stability of these
porphyrins was up to 400 °C, these photocatalysts were safely
used in the photodegradation process in solar radiation. Among
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%

R.T. =3.23 min

19 %

R.T. =4.28 min

Fig. 9. HPLC chromatogram for rhodamine B (a) before degradation (b) after degradation

TABLE-3
ION-CHROMATOGRAPHY RESULTS OF RHODAMINE B
Presence of Concentration Retention time . Peak area
Ly cation/anion (ug/mL) (min) Peak height (V) No. (uV s)
Rhodamine B (undegraded) - - - - -
Rhodamine B (degraded) NH,* 0.15 2.758 33.0 209.191
Rhodamine B (degraded) ClI” 1. 80 2.342 2852.0 47279.000

all synthesized photocatalysts, CoTPPS,; and AgTPPS, were
found to degrade within 5 and 10 min whereas other porphyrins
such as NiTPPS,, TPPS,, CuTPPS, and ZnTPPS, degrade the
dye solution within 20, 25 and 40 min, respectively. The
recycling of CoTPPS, for six times has shown that first three
recycling processes have degraded the dye within 5 min whereas
for next three recycles 10 min were required. The recycling of
the photocatalysts has shown that their activity remains nearly
unchanged and there was no change in the chemical compo-
sition of the structure of the porphyrins, which was confirmed
by UV-visible and IR spectroscopy. The HPLC analysis has
given only one degraded component which is different from
undegraded component which was certain on the basis of
different retention times. The ion-chromatography analysis has
shown the complete mineralization of the rhodamine B dye
with the formation of NH," and CI” ions.
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