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Abstract: The fabrication of controlled supramolecular nanostructures via self-assembly of
protoporphyrin IX (PPIX) was studied with enantiomerically pure l-arginine and d-arginine, and we
have shown that stoichiometry controlled the morphology formed. The nanostructure morphology
was mainly influenced by the delicate balance of π-π stacking interactions between PPIX cores, as well
as H-bonding between the deprotonated acidic head group of PPIX with the guanidine head group of
arginine. PPIX self-assembled with l-/d-arginine to create rose-like nanoflower structures for four
equivalents of arginine that were 5–10 µm in length and 1–4 µm diameter. We employed UV-vis,
fluorescence spectroscopy, scanning electron microscopy (SEM), X-ray diffraction (XRD), dynamic
light scattering (DLS) and Fourier transform infrared spectroscopy (FT-IR) techniques to characterize
the resulting self-assembled nanostructures. Furthermore, we investigated the catalytic activity of
PPIX and arginine co-assembled materials. The fabricated PPIX–arginine nanostructure showed high
enhancement of photocatalytic activity through degradation of rhodamine B (RhB) with a decrease in
dye concentration of around 78–80% under simulated visible radiation.
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1. Introduction

Much of the waste released in industrial effluent pollution is organic, comprising dyes and
organics utilized in the leather, plastic, textile and cosmetic industries. According to the World Health
Organization (WHO), more than 7 tonnes of synthetic dyes are prepared annually, and most of these
dyes are discarded via industrial effluents [1]. In the textile, paper, printing and food product industries,
rhodamine B (RhB) is extensively employed [2]. During the industrial manufacturing of RhB, as well
as during its utilization in different applications, RhB may be released into the environment on a
large scale. Industrial dye effluents are carcinogenic and neurotoxic to animals [3,4], and it has been
observed that the natural degradation of such toxic dyes is very difficult and time consuming [5].
To treat dye-polluted industrial effluents, various conventional treatment methods such as adsorption,
biological oxidation and coagulation are employed [6–11]. However, these dye degradation techniques
are time consuming and expensive.
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Worldwide researchers have been extensively utilizing heterogeneous photocatalysis for water
purification [12,13]. Recently, Wang et al. have employed bare titanium dioxide (TiO2) for photocatalysis
and compared the results against metal-porphyrin surfactant-assisted self-assemblies with TiO2.
The nanoflower structure of porphyrin/TiO2 displayed a significant improvement, with a rate of
photocatalysis almost twice that of TiO2 [14]. Porphyrin-based nanostructured materials have been
utilized for photocatalysis with a range of various morphologies such as nanosheets, nanoplates,
nanorods, nanoflowers and nanobelts [15–23].

Our group has reported well-organized porphyrin nanorods of 250-nm lengths via the self-assembly
of tetrakis(4-carboxyphenyl)porphyrin (TCPP) on graphene nanoplates using a surfactant-assisted
approach [17]. Furthermore, co-assembled nanostructures of TCPP–arginine were utilized for
RhB degradation [15]. More recently, we successfully revealed a new design for a free-based
porphyrin, 5,10,15,20-tetrakis(pentafluorophenyl)porphyrin (TPFPP), which forms well-ordered
crystalline octahedral and rod-like structures through self-assembly using a solvophobic control [16].
The photocatalytic activity of these nanostructures was investigated through the degradation of dyes
under visible-light irradiation [16].

Protoporphyrin IX (PPIX) is an iron-free form of hemin, and widely known as a naturally occurring
porphyrin. PPIX consists of hydrophobic groups (methyl/vinyl groups) on one side and hydrophilic
groups (two propionic residues) on the other [24–26]. To date, only a few reports have appeared based
on self-assembled nanostructures of PPIX and its derivatives. PPIX molecular building blocks have
been assembled in well-ordered shapes such as worm-like structures, nano-spheres, vesicular tubules,
nanofibers and micellar fiber structures [27–29]. The supramolecular self-assembly of PPIX-based
materials is currently gaining substantial interest, and is applicable in a wide range of fields such
as chirality induction, charge transfer processes, energy storage, hydrogen generation, molecular
recognition, bioimaging and sensing [30–41]. However, self-assembled PPIX nanostructures are rarely
employed in the photocatalytic degradation of dyes [42].

In this manuscript, we report the fabrication of new nanostructures via co-assembly of PPIX and
l-/d-arginine (Figure 1a) and their use in dye degradation. PPIX in the presence of l-/d-arginine resulted
in well-organized flower-like assemblies. The resulting nanostructures were utilized as catalysts in
the presence of simulated visible light to demonstrate the degradation of RhB, and were shown to be
efficient. With the addition of further l-arginine (16 equiv.) the absorbance intensity in the UV-vis
spectrum of PPIX decreased sharply. Further increases in l-arginine concentration did not lead to any
more absorbance changes, indicating that a saturation point was reached. A similar trend in UV-vis
absorption changes was observed for PPIX upon addition of d-arginine (Figure 1c). This decrease in
the absorbance peak was accompanied by a slight blue-shift in the wavelength maxima of about 4 nm,
which may be attributed to H-type aggregation.
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a significant red-shift was observed upon deprotonation under basic conditions. This indicates that 
PPIX nanostructures form a face-to-face dimer from the head to the tail of the deprotonated carboxylic 
acid group periphery [25,26]. The changes in the UV-vis absorption bands of PPIX (3.5 × 10−5 M) at 
different concentrations of L-/D-arginine (0–16 equiv.) are depicted in Figure 1b,c. It can be seen that, 
at first, a slight decrease occurred in the PPIX Soret band absorbance intensity at 382 nm. With six 
equivalents of L-arginine, a more significant decrease in absorbance intensity was observed (Figure 
1b). A decrease in the absorption bands upon the addition of arginine is ascribed the formation of 
porphyrin–arginine aggregates leading a decrease of porphyrin concentration in the solution. 

 
Figure 1. (a) Molecular structures of protoporphyrin IX (PPIX) and the D/L-arginine used in 
this study. Changes in UV-vis absorption spectra of PPIX (pH = 9) upon addition of (0–16 
equiv.) L-arginine (b) and D-arginine (c). 

2.1.2. Fluorescent Emission Properties 

The fluorescent emission properties of PPIX were investigated in water at pH ~ 9 upon excitation 
at 420 nm. The fluorescence emission spectra of PPIX displays two peaks at 620 and 680 nm (Figure 
2a,b). PPIX was tested for fluorescence response with the addition of L-/D-arginine (depicted in Figure 
2a,b). Upon addition of 1.0 equiv. of L-arginine to the solution of PPIX, it was observed that PPIX did 
not display any significant change in the fluorescence emission response (Figure 2a). We collected 
the fluorescence spectra of PPIX with further additions of L-arginine (2–16 equiv.) and found slight 

Figure 1. (a) Molecular structures of protoporphyrin IX (PPIX) and the d/l-arginine used in this study.
Changes in UV-vis absorption spectra of PPIX (pH = 9) upon addition of (0–16 equiv.) l-arginine (b)
and d-arginine (c).

2. Results

In this work we have employed PPIX in presence of l-/d-arginine for fabricating nanostructures.
The self-assembly formation was investigated thoroughly using UV-vis, fluorescence, SEM, DLS,
XRD and FT-IR techniques.

2.1. Photophysical Properties

2.1.1. UV-Vis Absorption Properties

UV-vis absorbance studies of PPIX in Milli-Q-water under basic conditions at pH ~ 9 and
in the presence of the l-/d-arginine solutions in Milli-Q-water with normal pH were performed.
The absorbance spectrum of PPIX showed an intense Soret band at 382 nm along with four Q-bands at
500, 550, 600 and 652 nm (Figure 1b,c) [24]. In water, PPIX exhibited a Soret band at 350 nm. However,
a significant red-shift was observed upon deprotonation under basic conditions. This indicates that
PPIX nanostructures form a face-to-face dimer from the head to the tail of the deprotonated carboxylic
acid group periphery [25,26]. The changes in the UV-vis absorption bands of PPIX (3.5 × 10−5 M)
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at different concentrations of l-/d-arginine (0–16 equiv.) are depicted in Figure 1b,c. It can be seen
that, at first, a slight decrease occurred in the PPIX Soret band absorbance intensity at 382 nm.
With six equivalents of l-arginine, a more significant decrease in absorbance intensity was observed
(Figure 1b). A decrease in the absorption bands upon the addition of arginine is ascribed the formation
of porphyrin–arginine aggregates leading a decrease of porphyrin concentration in the solution.

2.1.2. Fluorescent Emission Properties

The fluorescent emission properties of PPIX were investigated in water at pH ~ 9 upon excitation at
420 nm. The fluorescence emission spectra of PPIX displays two peaks at 620 and 680 nm (Figure 2a,b).
PPIX was tested for fluorescence response with the addition of l-/d-arginine (depicted in Figure 2a,b).
Upon addition of 1.0 equiv. of l-arginine to the solution of PPIX, it was observed that PPIX did
not display any significant change in the fluorescence emission response (Figure 2a). We collected
the fluorescence spectra of PPIX with further additions of l-arginine (2–16 equiv.) and found slight
quenching in the photoluminescence (PL) observed as peak intensity changes (Figure 2a). The titration
of PPIX solution with d-arginine (1–16 equiv.) showed a similar trend, indicating that the PPIX molecule
is involved in a self-assembly process that is accompanied by slight fluorescence quenching.

Molecules 2019, 24, x 4 of 13 

Molecules 2019, 24, x; doi: www.mdpi.com/journal/molecules 

quenching in the photoluminescence (PL) observed as peak intensity changes (Figure 2a). The 
titration of PPIX solution with D-arginine (1–16 equiv.) showed a similar trend, indicating that the 
PPIX molecule is involved in a self-assembly process that is accompanied by slight fluorescence 
quenching. 

 
Figure 2. Changes in fluorescence emission spectra of PPIX (pH = 9) upon addition of (a) L-
arginine and (b) D-arginine (0–16 equiv.). 

2.2. Scanning Electron Microscopy 

The supramolecular self-assembled nanostructures formed from PPIX–L-/D-arginine were 
investigated by scanning electron microscopy (SEM) measurements. The SEM images of self-
assembled nanostructures are depicted in Figures 3a–f, S1 and S2 [43]. To systematically investigate 
the nature of the self-assembly, solutions PPIX–L-/D-arginine were deposited onto silicon wafers 
followed by solvent evaporation at ambient temperature with ratios of 1:1, 1:4 and 1:16. At a PPIX–
D-arginine = 1:1 ratio, flake-like microstructures approximately 10–15 μm in length with a diameter 
of 1–4 μm (Figures 3a and S1a) were observed. The flake-like microstructures were formed due to the 
self-assembly of PPIX in a side-by-side fashion, along with both electrostatic interactions and H-
bonding between deprotonated carboxylic groups on the peripheral PPIX molecule and positively 
charged guanidine group on the arginine. On further increasing the amount of D-arginine (4 equiv.), 
a rose-like nanoflowers morphology of 5–10 μm diameter with nanometer petals was observed 
(Figures 3b and S1c,d). The growth of nanoflower nanostructures was possibly due to a strong H-
bonding interaction between arginine with the –COO− functional group present on the periphery of 
PPIX, along with π-π stacking on the porphyrin core. A further increase in the molar ratio of PPIX–
D-arginine to a 1:16 equiv. led to the formation of the fractal nanostructure shown in Figure 3c. 
Furthermore, we examined the self-assembly formation between PPIX and L-arginine with 1:1, 1:4 
and 1:16 molar ratios. A similar trend of assembly formation was observed as in L-arginine (1 equiv.), 
with PPIX displaying a fractal-like morphology. Flower-like nanostructure formation took place in 
the presence of 4 equiv. of L-arginine, with a size several micrometers in diameter. At a PPIX–L-
arginine 1:16 ratio, porous nanostructure formation took place, with a size of several micrometers. 
This is likely attributable to balanced interactions between the H-bonding on one side of the PPIX, 
and a hydrophobic tail on the other side, accompanied with π-π stacking of the porphyrin core. In 
comparison with PPIX monomer, which has an amorphous morphology in nature, the self-assembly 
of PPIX with L-/D-arginine revealed well-defined nanostructures. 

Figure 2. Changes in fluorescence emission spectra of PPIX (pH = 9) upon addition of (a) l-arginine
and (b) d-arginine (0–16 equiv.).

2.2. Scanning Electron Microscopy

The supramolecular self-assembled nanostructures formed from PPIX–l-/d-arginine were
investigated by scanning electron microscopy (SEM) measurements. The SEM images of self-assembled
nanostructures are depicted in Figure 3a–f, Figures S1 and S2 [15]. To systematically investigate the
nature of the self-assembly, solutions PPIX–l-/d-arginine were deposited onto silicon wafers followed
by solvent evaporation at ambient temperature with ratios of 1:1, 1:4 and 1:16. At a PPIX–d-arginine
= 1:1 ratio, flake-like microstructures approximately 10–15 µm in length with a diameter of 1–4 µm
(Figure 3a and Figure S1a) were observed. The flake-like microstructures were formed due to the
self-assembly of PPIX in a side-by-side fashion, along with both electrostatic interactions and H-bonding
between deprotonated carboxylic groups on the peripheral PPIX molecule and positively charged
guanidine group on the arginine. On further increasing the amount of d-arginine (4 equiv.), a rose-like
nanoflowers morphology of 5–10 µm diameter with nanometer petals was observed (Figure 3b and
Figure S1c,d). The growth of nanoflower nanostructures was possibly due to a strong H-bonding
interaction between arginine with the –COO− functional group present on the periphery of PPIX, along
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with π-π stacking on the porphyrin core. A further increase in the molar ratio of PPIX–d-arginine to
a 1:16 equiv. led to the formation of the fractal nanostructure shown in Figure 3c. Furthermore, we
examined the self-assembly formation between PPIX and l-arginine with 1:1, 1:4 and 1:16 molar ratios.
A similar trend of assembly formation was observed as in l-arginine (1 equiv.), with PPIX displaying a
fractal-like morphology. Flower-like nanostructure formation took place in the presence of 4 equiv.
of l-arginine, with a size several micrometers in diameter. At a PPIX–l-arginine 1:16 ratio, porous
nanostructure formation took place, with a size of several micrometers. This is likely attributable to
balanced interactions between the H-bonding on one side of the PPIX, and a hydrophobic tail on the
other side, accompanied with π-π stacking of the porphyrin core. In comparison with PPIX monomer,
which has an amorphous morphology in nature, the self-assembly of PPIX with l-/d-arginine revealed
well-defined nanostructures.Molecules 2019, 24, x 5 of 13 
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Figure 3. SEM images of self-assembled PPIX with (a) 1 equiv. d-arginine, (b) 4 equiv. d-arginine,
(c) 16 equiv. d-arginine, (d) 1 equiv. l-arginine, (e) 4 equiv. l-arginine and (f) 16 equiv. l-arginine.

2.3. X-ray Diffraction Properties

X-ray diffraction (XRD) was employed to further characterize the crystallinity of the PPIX
nanostructure/microstructures after self-assembly with l-/d-arginine. The XRD results are shown in
Figure 4. PPIX in its powder form did not exhibit any XRD diffraction. For PPIX–d-arginine (1:4 molar
ratio), three significant sharp peaks were observed at 34◦, 44◦ and 45◦, along with lower intensity
peaks at approximately 22◦, 28◦ and 51◦, confirming the crystalline structure of the assembly in the
aggregated state. The XRD pattern of PPIX in the presence of 4 equiv. of l-arginine exhibited an intense
peak at 38◦, with two peaks of lesser intensity at approximately 34◦ and 46◦, indicating the crystalline
nature of aggregated nanostructures. The XRD results support the self-assembly formation of PPIX in
the presence of l-/d-arginine nanostructures.

2.4. Dynamic Light Scattering Measurements

Dynamic light scattering (DLS) was also used in order to confirm the size of the nanostructure
material in solution. As shown in Figure S3, PPIX–l-arginine aggregates showed hydrodynamic
dimeters of around 900 nm. However, in the presence of d-arginine (4 equiv.), PPIX aggregates
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displayed a size of around 1200 nm (Figure S3). The DLS results confirm the self-assembly formation
observed in SEM images (Figure 3b,e).
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2.5. Fourier Transform Infrared Spectroscopy (FT-IR)

Fourier transform infrared (FTIR) spectroscopy was performed to provide valuable information
about the self-assembly formation via molecular level interactions between PPIX and l-/d-arginine.
The FTIR spectra of PPIX, and self-assembled PPIX in the presence of l-/d-arginine (4 equiv.) are
depicted in Figure 5. PPIX in powder form (black-line) was first characterized by FT-IR and displayed
two strong stretching vibration bands at 1410 and 1554 cm−1, which can be assigned to C-O-H groups
from the carboxylic acid functional group and C=C bonds on the aromatic porphyrin, respectively.
There was also one stretching vibration band of C=O from carboxyl groups that appeared at 1732 cm−1.
The self-assembly of PPIX with l-arginine led to significant decreases in band intensity at 1410 and
1732 cm−1, indicating the carboxyl group of PPIX formed H-bonds with arginine (blue line, Figure 5).
Furthermore, the stretching vibration of C=C bonds at 1554 cm−1 for PPIX shifted to 1638 cm−1, which
can be attributed to π-π stacking of C=C functional groups in the porphyrin core [26]. The FT-IR
spectra of PPIX in the presence of d-arginine were similar to those described above for PPIX in the
presence of l-arginine (red solid line) as illustrated in Figure 5, except for the changes in stretching
vibration of C=C bonds at 1554 and 1644 cm−1, suggesting H-bonding between PPIX and arginine.
The FTIR spectra of PPIX at pH 7 are shown in Figure S4, and this figure also clearly shows that the
FTIR spectrum of PPIX in water at pH 9.0 was similar to that of the self-assembled PPIX– l-/d-arginine
at pH 9.0, respectively; thus, there was no difference in the IR of the deprotonated forms of PPIX at pH
7.0 and 9.0 without arginine and pH 9.0 with arginine, respectively.

2.6. Photocatalytic Performance

The photocatalytic performance of the supramolecular self-assembled nanostructures of PPIX with
l-/d-arginine, and their potential application for the destruction of organic pollutants, was examined by
the degradation of RhB under the visible-light irradiation. The RhB concentration was determined using
UV-vis spectroscopy with PPIX aggregate doses of around 200 mg/L. Self-assembled nanostructures of
PPIX l-/d-arginine were directly compared with free PPIX, with results shown in Figure 6. As shown in
the Figure 6a, only modest degradation of RhB was observed in the absence of PPIX: 15% degradation
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after 340 min (dotted black line) in the presence of visible light. In order to examine the RhB degradation
of PPIX in absence and presence of l-/d-arginine, similar experiments were performed, and the results
revealed that the degradation quantity of the RhB dye increased slightly to around 24% when only
PPIX powder (dotted red curve) was utilized. This result implies that minimal photocatalytic activity
of the PPIX was found. However, when the self-assembled nanostructure of PPIX with l-/d-arginine
(dotted green/dotted blue line) were employed as catalyst for RhB degradation, the concentration of
RhB decreased markedly to almost 78% and 80% degradation, respectively, after 340 min of visible-light
irradiation (Figure 6a). As expected, upon degradation of RhB, a change in color from pink to clear was
observed with naked eye. This confirms the improved photocatalytic performance of the nanostructure
obtained from the assembled PPIX in the presence of l-/d-arginine, which was due to the formation of an
organic semiconductor via the self-assembly of porphyrin. This resultant organic semiconductor could
absorb photon energy from the visible light to generate electron-hole pairs for a photocatalytic reaction.Molecules 2019, 24, x 7 of 13 
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The photocatalytic degradation of RhB was examined using first order kinetics. The rate of the
catalytic reaction was estimated using

Kt = ln Ct/Co (1)

where Kt is the first order reaction; t (min) is the irradiation time of visible light; and Co and Ct are the
concentrations of dye initially and after time interval t, respectively.

The kinetic simulation curve of the photocatalytic reaction of RhB was examined to determine
the rate constant under different conditions by plotting ln (Ct/Co) versus time, where Co is the peak
intensity at time zero and Ct is the peak intensity at time t (Figure 6b). The rate constant of the RhB
degradation using the self-assembled nanostructure of PPIX in the presence of l-/d-arginine was
4.49 × 10−3 min−1.

This improved photocatalytic performance of the nanoflower structures was due to the ordered,
high surface-area structure, consisting of aggregated porphyrin cores and induced to assemble via
interaction with arginine. Furthermore, the porphyrin core employed in this study was a similar to
well-known photoactive molecules in nature (chlorophyll), that have significant photocatalytic activity
in many biological systems such as plants and algae [43]. It has been proposed that charge separation
of nanostructured assembled materials is enhanced by strong π-π stacking [43].
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2.7. Photocatalytic Activity Mechanism

The assembly of PPIX, induced via interaction with l-/d-arginine, was successfully undertaken to
create a nanostructure through H-bonding between the amino group of arginine with an acid side
chain of PPIX. This was followed by π-π stacking of the core to produce nanoflower-like assemblages.
This self-assembled superstructure displayed an improved photocatalytic performance compared to
the precursor PPIX (as shown in Figure 6). The proposal mechanism of the photocatalytic performance
to degraded RhB has been presented and widely discussed earlier by our group [15–19]. Figure 7
illustrates the nanoflower assemblage of PPIX with l-/d-arginine was established, it was irradiated
with simulated visible light irradiation and electrons jumped from the valence band (VB) of the PPIX
crystals to the conduction band (CB) as a result of the absorption of photo energy in the visible light
range. Consequently, pairs of electrons/holes were generated. While the electrons generated from
the assemblages of PPIX and l-/d-arginine reduced the oxygen in H2O to form ·O2

− on the surface
of the nanocrystal structure, the generated holes participated in the oxidation of RhB dye to RhB+

degraded product.
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3. Experimental Section

3.1. Materials and Instruments

All chemicals including protoporphyrin IX and rhodamine B (RhB) were purchased from
Sigma–Aldrich (North Ryde BC NSW 1670, Australia) and used as received without further purification.

3.2. UV-Vis Absorbance and Fluorescence Spectrometry

All ultraviolet-visible (UV-vis) and fluorescence measurements of the PPIX with l-/d-arginine
were performed in a quartz cell with a 1-cm path length using a Cary 50 Bio spectrophotometer (Agilent
Technologies, Santa Clara, CA, United States) and Horiba Jobin Yvon, FluoroMax-4

Spectrofluorometer (Horiba Scientific, Tokyo, Japan), respectively. The measurements of both
UV-vis and fluorescence spectrometry were performed by preparation of 3.5 × 10−5 M of PPIX in
Milli-Q water with a NaOH solution at pH ~ 9. The guest solutions were prepared in 1.5 × 10−3 M
of l-/d-arginine in aqueous solution, followed by the addition of various l-/d-arginine separate
concentrations from 1 to 16 equiv. into the PPIX solution. The photocatalytic performance of RhB
degradation was recorded using UV-vis absorbance measurement.

3.3. Scanning Electron Microscopy

The method used to prepare the scanning electron microscopy (SEM) sample is shown here.
PPIX was dissolved in Milli-Q water with NaOH solution at pH ~ 9 with a concentration of 3.5 × 10−5 M
of PPIX. The other solution was prepared in 1.5 × 10−3 M of l-/d-arginine in aqueous solution, followed
by addition of various l-/d-arginine separate concentrations from 1 to 16 equiv. into the PPIX solution.
After the self-assemblies were formed in the solution, the assemblies were applied drop-wise onto
a silicon wafer, allowed to dry at room temperature and coated with platinum before measurement
by scanning electron microscopy (SEM) using FEI Quanta 200 SEM (Royal Chemical Institute of
Technology University, VIC, Australia) operated at a high voltage (HV) of 30 kV.
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3.4. XRD Measurement

A Bruker AXS D8 Discover instrument (Royal Chemical Institute of Technology University, VIC,
Australia) with a general area detector diffraction system (GADDS) using a Cu Kα source was utilized
to obtain XRD patterns of PPIX with l-/d-arginine nanoflowers.

3.5. Photocatalytic Investigation

The photocatalytic performance of PPIX with l-/d-arginine nanoflowers was evaluated by the
degradation of RhB in aqueous media. A typical method was employed for the photodegradation
experiment by preparing 0.1 mg of co-assembled PPIX and l-/d-arginine in 16 equiv. of aqueous
solution. This solution was dispersed in a 20-mL solution of 5 mg L−1 RhB dye, while 0.1 mg of
PPIX powder was separately dispersed in another 20-mL solution of 5 mg L−1 RhB for the purpose
of comparison. The resulting dispersions were allowed to be stirred in the dark for 30 min in order
to create an adsorption/desorption equilibrium before irradiation. The visible light source for the
photocatalytic reaction was a 1500 W air cooled Xenon lamp with a UV cutoff filter (Zolix, Shimogyo-ku
Kyoto-shi, Kyoto, Japan), which only allowed wavelengths greater than 400 nm to pass. At the
specific time, a 1.5-mL aliquot of the dispersion was taken and centrifuged to remove the photocatalyst.
The photocatalytic performance of the resultant aggregation for RhB degradation was evaluated by
recording real-time UV-vis adsorption spectra of RhB at a wavelength of 553 nm.

4. Conclusions

In summary, we have successfully fabricated high surface area nanostructures of PPIX in the
presence of l-/d-arginine via self-assembly to obtain nanoflower-like structures almost 5–10 µm in
length and 1–4 µm in diameter. The photocatalytic performance of the nanoflower materials obtained
from the co-assembly of PPIX with l-/d-arginine showed an obvious enhanced degradation of RhB
under simulated visible light irradiation, and, after 340 min, 78% and 80% decreases in concentration
were observed, respectively. The PPIX–arginine nanoflower catalyzed degradation of RhB followed the
first-order rate constant value of 4.49 × 10−3 min−1. This work is a continuation of our previous efforts
in this field and shows that the self-assembled materials from PPIX–arginine into ordered structures
lead to materials with efficient photocatalytic properties. This work will lead to the development of
novel materials via the self-assembly of similar porphyrin structures, and these materials could be
applicable in many relevant fields.

Supplementary Materials: The following are available online: Figure S1. SEM images of PPIX self-assembled
with (a) 1 equiv. d-arginine, (b) 2 equiv. d-arginine and (c,d) 4 equiv. d-arginine; Figure S2. SEM images of
self-assembled PPIX with (a) 1 equiv. l-arginine, (b) 2 equiv. l-arginine and (c,d) 4 equiv. l-arginine; Figure S3.
DLS of PPIX/d-arginine and PPIX/l-arginine in 1:4 molar ratios; Figure S4. pH-dependent FTIR of PPIX with and
without arginine.

Author Contributions: M.D.A. & N.M.G. performed self-assembly, UV-vis absorption, fluorescence, M.D.A. also
performed SEM imaging and photocatalysis applications, L.A.J. guided M.D.A. and proof read the manuscript,
P.P.M. have analysis the photocatalysis data. D.D.L. performed FTIR spectroscopy and discussed in detail.
S.V.B. supervise M.D.A. and N.M.G. along with design the work and drafted the manuscript. All co-authors proof
read the manuscript.

Funding: M.D.A. is thankful to Umm Al-Qura University for a scholarship. S.V.B. acknowledges the Council of
Scientific & Industrial Research (CSIR), India for providing support (Approved No. 02(0357)/19/EMR-II), and also
acknowledges the University Grant Commission (UGC) Faculty Research Program, New Delhi, India for an award
of Professorship. D.D.L acknowledges the Vietnam National Foundation for Science and Technology Development
(NAFOSTED) under grant number 104.05-2019.01.

Acknowledgments: We would like to thank Sidhanath Bhosale for their helpful suggestions and cooperation
with this article. N.M.G acknowledges D. P. Bhosale College, Koregaon for providing laboratory support and the
opportunity to work for a PhD at Goa University.

Conflicts of Interest: The authors declare no conflict of interest.



Molecules 2019, 24, 4172 11 of 13

References

1. Bhatia, D.; Sharma, N.R.; Singh, J.; Kanwar, R.S. Biological methods for textile dye removal from wastewater:
A review. Crit. Rev. Environ. Sci. Technol. 2017, 47, 1836–1876. [CrossRef]

2. Nidheesh, P.V.; Rajan, R. Removal of rhodamine B from a water medium using hydroxyl and sulphate
radicals generated by iron loaded activated carbon. RSC Adv. 2016, 6, 5330–5340. [CrossRef]

3. Puvaneswari, N.; Muthukrishnan, J.; Gunasekaran, P. Toxicity assessment and microbial degradation of azo
dyes. Indian J. Exp. Biol. 2006, 44, 618–626. [PubMed]

4. Brown, M.A.; De Vito, S.C. Predicting azo dye toxicity. Crit. Rev. Environ. Sci. Technol. 2009, 23, 249–324.
[CrossRef]

5. Tee, H.-C.; Lim, P.E.; Seng, C.E.; Nawi, M.A.; Adnan, R. Enhancement of azo dye Acid Orange 7 removal in
newly developed horizontal subsurface-flow constructed wetland. J. Environ. Manage. 2015, 147, 349–355.
[CrossRef] [PubMed]

6. Guimaraes, J.R.; Maniero, M.G.; Araujo, R.N.D. A comparative study on the degradation of RB-19 dye in
an aqueous medium by advanced oxidation processes. J. Environ. Manage. 2012, 110, 33–39. [CrossRef]
[PubMed]

7. Ravikumar, K.; Krishnan, S.; Ramalingam, S.; Balu, K. Optimization of process variables by the application
of response surface methodology for dye removal using a novel adsorbent. Dyes Pigment. 2007, 72, 66–74.
[CrossRef]

8. Wang, L.; Li, J. Adsorption of C.I. Reactive Red 228 dye from aqueous solution by modified cellulose from
flax shive: Kinetics, equilibrium, and thermodynamics. Ind. Crop. Prod. 2013, 42, 153–157. [CrossRef]

9. Moghaddam, S.S.; Moghaddam, M.R.A.; Arami, M. Coagulation/flocculation process for dye removal using
sludge from water treatment plant: Optimization through response surface methodology. J. Hazard. Master.
2010, 175, 651–657. [CrossRef]

10. Li, S.X.; Cai, S.J.; Zheng, F.-Y. Self-assembled TiO2 with 5-sulfosalicylic acid for improvement its surface
properties and photodegradation activity of dye. Dyes Pigment. 2012, 95, 188–193. [CrossRef]

11. La, D.D.; Ramanathan, R.; Rananaware, A.; Bansal, V.; Bhosale, S.V. Nanostructured charge transfer complex
of CuTCNQF4 for efficient photo-removal of hexavalent chromium. RSC Adv. 2016, 6, 33931–33936.
[CrossRef]

12. Naik, A.P.; Salkar, A.V.; Majik, M.S.; Morajkar, P.P. Enhanced photocatalytic degradation of Amaranth dye on
mesoporous anatase TiO2: Evidence of C-N, N=N bond cleavage and identification of new intermediates.
Photochem. Photobiol. Sci. 2017, 16, 1126–1138. [CrossRef] [PubMed]

13. Ahmed, S.N.; Haider, W. Heterogeneous photocatalysis and its potential applications in water and wastewater
treatment: A review. Nanotechnology 2018, 29, 342001–342031. [CrossRef] [PubMed]

14. Wang, Q.; Shi, Y.; Ma, Q.; Gao, D.; Zhang, J.; Li, J.; Wang, F.; He, Y.; Wang, R. A flower-like TiO2
with photocatalytic hydrogen evolution activity modified by Zn(II) porphyrin photocatalysts. J. Mater.
SCI-Mater. El. 2017, 28, 2123–2127. [CrossRef]

15. La, D.D.; Bhosale, S.V.; Jones, L.A.; Bhosale, S.V. Arginine-induced porphyrin-based self-assembled
nanostructures for photocatalytic applications under simulated sunlight irradiation. Photochem. Photobio. Sci.
2017, 16, 151–154. [CrossRef]

16. Aljabri, M.D.; La, D.D.; Jadhav, R.W.; Jones, L.A.; Nguyen, D.D.; Chang, S.W.; Tran, L.D.; Bhosale, S.V.
Supramolecular nanomaterials with photocatalytic activity obtained via self-assembly of fluorinated
porphyrin derivative. Fuel 2019, 254, 115639–115645. [CrossRef]

17. La, D.D.; Rananaware, A.; Salimimarand, M.; Bhosale, S.V. Well–dispersed assembled porphyrin nanorods
on graphene for the enhanced photocatalytic performance. ChemistrySelect. 2015, 1, 4430–4434. [CrossRef]

18. La, D.D.; Bhosale, S.V.; Jones, L.A.; Ravaprasadu, N.; Bhosale, S.V. Fabrication of a Graphene@TiO2@Porphyrin
Hybrid Material and Its Photocatalytic Properties under Simulated Sunlight Irradiation. ChemistrySelect
2017, 2, 3329–3333. [CrossRef]

19. La, D.D.; Hangarge, R.V.; Bhosale, S.V.; Jones, L.A.; Ninh, H.D.; Bhosale, S.V. Arginine-Mediated Self-Assembly
of Porphyrin on Graphene: A Photocatalyst for Degradation of Dyes. Appl. Sci. 2017, 7, 643. [CrossRef]

20. Guo, P.; Chen, P.; Liu, M. One-dimensional porphyrin nanoassemblies assisted via graphene oxide: Sheetlike
functional surfactant and enhanced photocatalytic behaviors. ACS Appl. Mater. Inter. 2013, 5, 5336–5345.
[CrossRef]

http://dx.doi.org/10.1080/10643389.2017.1393263
http://dx.doi.org/10.1039/C5RA19987E
http://www.ncbi.nlm.nih.gov/pubmed/16924831
http://dx.doi.org/10.1080/10643389309388453
http://dx.doi.org/10.1016/j.jenvman.2014.09.025
http://www.ncbi.nlm.nih.gov/pubmed/25284799
http://dx.doi.org/10.1016/j.jenvman.2012.05.020
http://www.ncbi.nlm.nih.gov/pubmed/22705858
http://dx.doi.org/10.1016/j.dyepig.2005.07.018
http://dx.doi.org/10.1016/j.indcrop.2012.05.031
http://dx.doi.org/10.1016/j.jhazmat.2009.10.058
http://dx.doi.org/10.1016/j.dyepig.2012.04.006
http://dx.doi.org/10.1039/C6RA02636B
http://dx.doi.org/10.1039/C7PP00090A
http://www.ncbi.nlm.nih.gov/pubmed/28548665
http://dx.doi.org/10.1088/1361-6528/aac6ea
http://www.ncbi.nlm.nih.gov/pubmed/29786601
http://dx.doi.org/10.1007/s10854-016-5775-8
http://dx.doi.org/10.1039/C6PP00335D
http://dx.doi.org/10.1016/j.fuel.2019.115639
http://dx.doi.org/10.1002/slct.201601001
http://dx.doi.org/10.1002/slct.201700473
http://dx.doi.org/10.3390/app7060643
http://dx.doi.org/10.1021/am401260n


Molecules 2019, 24, 4172 12 of 13

21. Chen, Y.; Huang, Z.H.; Yue, M.; Kang, F. Integrating porphyrin nanoparticles into a 2D graphene matrix
for free-standing nanohybrid films with enhanced visible-light photocatalytic activity. Nanoscale. 2014,
6, 978–985. [CrossRef] [PubMed]

22. Mandal, S.; Nayak, S.K.; Mallampalli, S.; Patra, A. Surfactant-assisted porphyrin based hierarchical nano/micro
assemblies and their efficient photocatalytic behavior. ACS Appl. Mater. Inter. 2013, 6, 130–136. [CrossRef]
[PubMed]

23. Chen, Y.; Zhang, C.; Zhang, X.; Ou, X.; Zhang, X. One-step growth of organic single-crystal p-n nano-
heterojunctions with enhanced visible-light photocatalytic activity. Chem. Commun. 2013, 49, 9200–9202.
[CrossRef] [PubMed]

24. Inamura, I.; Uchida, K. Association Behaviour of Protoporphyrin IX in Water and Aqueous poly
(N-vinylpyrrolidone) Solution. Interaction between Protoporphyrin IX and poly(N-vinylpyrrolidone).
Bull. Chem. Soc. Jpn. 1991, 64, 2005–2007. [CrossRef]

25. Scolaro, L.M.; Castriciano, M.; Romeo, A.; Patane, S.; Cafail, E.; Allegrini, M. Aggregation Behavior of
Protoporphyrin IX in Aqueous Solutions: Clear Evidence of Vesicle Formation. J. Phys. Chem. B. 2002,
106, 2453–2459. [CrossRef]

26. Seo, J.; Jang, J.; Wanrke, S.; Gewinner, S.; Schollkopf, W.; Halden, G.V. Stacking Geometries of Early
Protoporphyrin IX Aggregates Revealed by Gas-Phase Infrared Spectroscopy. J. Am. Chem. Soc. 2016,
50, 16315–16321. [CrossRef]

27. Bhosale, S.V.; Kalyankar, M.B.; Nalage, S.V.; Bhosale, S.V.; Lalander, C.H.; Langford, S.J. Supramolecular
self-assembled nanowires by the aggregation of a protoporphyrin derivative in low- polarity solvents.
Supramol. L. Chem. 2011, 23, 563–569. [CrossRef]

28. Bhosale, S.V.; Kalyankar, M.B.; Bhosale, S.V.; Patil, S.G.; Lalander, C.H.; Langford, S.J. Supramolecular
self-assembly of protoporphyrin IX amphiphiles into worm-like and particular aggregates. Supramol. L. Chem.
2011, 23, 263–268. [CrossRef]

29. Bhosale, S.V.; Nalage, S.V.; Booth, J.M.; Gupta, A.; Bhargave, S.K.; Bhosale, S.V. Solvent induced
ordered-supramolecular assembly of highly branched protoporphyrin IX derivative. Supramol. L. Chem.
2012, 24, 779–786. [CrossRef]

30. Knoben, W.; Crego-Calama, M.; Brongersma, S.H. Comparison of nitric oxide binding to different pure and
mixed protoporphyrin IX monolayers. Sens. Actuators B Chem. 2012, 166, 349–356. [CrossRef]

31. Krieg, M.; Whitten, D.G. Self-sensitized Photooxidation of ProtoporphyrinIX and Related Free-Base
Porphyrins Porphyrins in Natural and Model Membrane Systems. Evidence for Novel Photooxidation
Pathways Involving Amino Acids. J. Am. Chem. Soc. 1984, 106, 2477–2479.

32. Xu, Y.; Wang, L.; Zhu, X.; Wang, C.-Q. Hierarchical self-assembly of protoporphyrin IX-bridged Janus
particles into photoresponsive vesicles. RSC Adv. 2016, 6, 31053–31058. [CrossRef]

33. Kathiravan, A.; Raghavendra, V.; Kumar, R.A.; Ramamurthy, P. Protoporphyrin IX on TiO2 electrode:
A spectroscopic and photovoltaic investigation. Dyes Pigment. 2013, 96, 196–203. [CrossRef]

34. Umemura, T.; Hotta, H.; Abe, T.; Takahashi, Y.; Takiguchi, H.; Uehara, M.; Odake, T.; Tsunoda, K. Slab Optical
Waveguide High-Acidity Sensor Based on an Absorbance Change of Protoporphyrin IX. Anal. Chem. 2006,
78, 7511–7516. [CrossRef]

35. Sun, B.; Zhang, K.; Chen, L.; Guo, L.; Ai, S. A novel photoelectrochemical sensor based on PPIX-functionalized
WO3–rGO nanohybrid-decorated ITO electrode for detecting cysteine. Biosens. Bioelectron. 2013, 44, 48–51.
[CrossRef]

36. Kathiravan, A. Excited state electron transfer reactions of ProtoporphyrinIX with fullerene. Synthetic Metal.
2014, 194, 77–81. [CrossRef]

37. Deng, S.; Lie, J.; Huang, Y.; Cheng, Y.; Ju, H. Electrochemiluminescent Quenching of Quantum Dots for
Ultrasensitive Immunoassay through Oxygen Reduction Catalyzed by Nitrogen-Doped Graphene-Supported
Hemin. Anal. Chem. 2013, 85, 5390–5396. [CrossRef]

38. Li, T.; Wang, E.; Dong, S. Parallel G-Quadruplex-Specific Fluorescent Probe for Monitoring DNA Structural
Changes and Label-Free Detection of Potassium Ion. Anal. Chem. 2010, 82, 7576–7580. [CrossRef]

39. Steed, J.W.; Atwood, J.L. Supramolecular Chemistry; John Wiley & Sons Ltd.: Chichester, West Sussex, UK, 2000.
40. Doziuk, H. Introduction to Supramolecular Chemistry; Kluwer Academic Publisher: Dordrecht,

The Netherlands, 2002.

http://dx.doi.org/10.1039/C3NR04908F
http://www.ncbi.nlm.nih.gov/pubmed/24287877
http://dx.doi.org/10.1021/am403518d
http://www.ncbi.nlm.nih.gov/pubmed/24344739
http://dx.doi.org/10.1039/c3cc45169k
http://www.ncbi.nlm.nih.gov/pubmed/23995450
http://dx.doi.org/10.1246/bcsj.64.2005
http://dx.doi.org/10.1021/jp013155h
http://dx.doi.org/10.1021/jacs.6b08700
http://dx.doi.org/10.1080/10610278.2011.575467
http://dx.doi.org/10.1080/10610278.2010.523115
http://dx.doi.org/10.1080/10610278.2012.716841
http://dx.doi.org/10.1016/j.snb.2012.02.068
http://dx.doi.org/10.1039/C6RA00836D
http://dx.doi.org/10.1016/j.dyepig.2012.07.004
http://dx.doi.org/10.1021/ac0606150
http://dx.doi.org/10.1016/j.bios.2013.01.014
http://dx.doi.org/10.1016/j.synthmet.2014.04.029
http://dx.doi.org/10.1021/ac3036537
http://dx.doi.org/10.1021/ac1019446


Molecules 2019, 24, 4172 13 of 13

41. Koren, A.; Curtis, M.; Francis, A.; Kampf, J. Intermolecular Interactions in π-Stacked Conjugated Molecules.
Synthesis, Structure, and Spectral Characterization of Alkyl Bithiazole Oligomers. J. Am. Chem. Soc. 2003,
125, 5040–5050. [CrossRef]

42. Zhao, Y.; Shang, Q.; Yu, J.; Zhang, Y.; Liu, S. Nanostructured 2D diporphyrin honeycomb film:
Photoelectrochemistry, photodegradation, and antibacterial activity. ACS Appl. Mater. Inter. 2015,
7, 11783–11791. [CrossRef]

43. Guo, P.; Chen, P.; Ma, W.; Liu, M. Morphology-dependent supramolecular photocatalytic performance of
porphyrin nanoassemblies: From molecule to artificial supramolecular nanoantenna. J. Mater. Chem. 2012,
22, 20243–20249. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1021/ja029216m
http://dx.doi.org/10.1021/acsami.5b03254
http://dx.doi.org/10.1039/c2jm33253a
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Photophysical Properties 
	UV-Vis Absorption Properties 
	Fluorescent Emission Properties 

	Scanning Electron Microscopy 
	X-ray Diffraction Properties 
	Dynamic Light Scattering Measurements 
	Fourier Transform Infrared Spectroscopy (FT-IR) 
	Photocatalytic Performance 
	Photocatalytic Activity Mechanism 

	Experimental Section 
	Materials and Instruments 
	UV-Vis Absorbance and Fluorescence Spectrometry 
	Scanning Electron Microscopy 
	XRD Measurement 
	Photocatalytic Investigation 

	Conclusions 
	References

