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Abstract

Two new organic hybrids of phosphomolybdic acid (PMA) were prepared by means of hexamine (HMT) and HMT-Ni** complex.
The effects of hybridization of HMT and Ni** were investigated on the photocatalytic activity of PMA. Characterization of hybrids
were carried out by elemental analyses, Fourier transform infrared spectroscopy, powder X-ray diffraction, thermogravimetric
analysis and differential scanning calorimetry. The band gaps of PMA, phosphomolybdate-hexamine (PMA-HMT) and
phosphomolybdate-hexamine-nickel (PMA-HMT-Ni) were determined from the diffuse reflectance spectra using the Tauc plots.
Dye adsorption and photocatalytic properties of PMA-HMT and PMA-HMT-Ni hybrids were examined by studying the
decolorization of model dyes methylene blue (MB), thodamine B (RhB) and mixtures of MB and methyl orange (MO) solutions.
The results show that the band gap of PMA-HMT-Ni is narrower and hence, its photocatalytic activity is higher for the degradation
of dyes under sunlight irradiation. Mechanism of photodegradation was studied by adding scavengers. Removal is via combination
of adsorption and then photocatalytic degradation through oxidation by radicals.
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1. INTRODUCTION

Engineering of the electronic band gap of materials
has recently become the focus of attention to shift
the band gap toward visible region for application
in solar cells [1], semiconducting devices [2],
enhanced optoelectronics [3] and visible-light
photocatalysis [4]. Various approaches have been
used for band gap narrowing e.g. heteroatom
doping, self-doping, interface engineering
(Heterojunction), dye-sensitization and prediction
by density functional theory (DFT) and its local
density approximation (LDA) [4]. The importance
of this emerging field leaded us to evaluate
variation of optical band gap of semiconductor-
like polyoxometalates (POMs) upon hybridization
with organic or organometallic moieties so that
POMs could be utilized for solar light (or visible
light) photocatalysis. POMs i.e. the anions of
heteropoly acids are clusters of transition metal
oxyanions with shared oxygen atoms. Such three-
dimensional  frameworks exhibit attractive
properties such as high reactivity, excellent
stability, stronger acidity than conventional
inorganic  acids, fast reversible redox
transformations and high photocatalytic and
oxidizing activity. Practically, photo-excitation of
POMs needs the ultraviolet (UV) light that
includes 4-5% of solar radiation and hence the
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application of lone POMs is uneconomical.
Consequently, efficiency of POMs is poor in the
visible region of the solar spectrum due to their
wide band gaps [5, 6]. The design of novel organic-
inorganic hybrids due to incorporating organic
ligands onto the POM platform not only allows the
tuning of the relatively wide band gap of POMs but
also overcomes the major drawback of high
solubility of lone POMs in water and polar solvents
[7-10].

In this regard, we represent tow new hybrid
compounds containing phosphomolybdic acid
(PMA, H3PMo0,,04), hexamine or
hexamethylenetetramine (HMT), an easily
available, very cheap and nontoxic amine and or
Ni?" as the transition metal linker.

2. EXPERIMENTAL

2.1. Chemicals and reagents

Phosphomolybdic acid, NaOH (99%), HCI
(aqueous solution, 37 wt. %), Ni(NO3),.6H,0,
Isopropyl alcohol (99%), benzoquinone and KI
were purchased from Merck. The
hexamethylenetetramine (HMT) or hexamine
powder (CsH2N4, 99.5%) was from Sina Chemical
Industries Co. (Shiraz, Iran). Other reagents were
purchased from commercial sources, and used
without further purification.
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2.2. Apparatus

Weighing of materials was performed using an
analytical balance model Sartorius MCBA 100
with precision of £0.0001 g. A Labinco magnetic
stirrer model L-81 was used for stirring of
solutions. For pH measurements, a Metrohm type
691 pH-meter was used. A GBC UV-Vis
spectrophotometer model Cintra 6 was used for
spectrophotometric measurements. The IR spectra
were obtained with KBr pellets using a Shimadzu
8400s FTIR spectrometer. X-ray diffraction
patterns were carried out on a Bruker D8 advance
X-ray diffractometer using Cu target at room
temperature. C, H and N elemental analyses were
carried out on Perkin-Elmer 2400 CHN elemental
analyzer. Solid state diffuse reflectance spectrum
(DRS) was recorded on an Avantes spectrometer
(AvaSpec-2048-TEC), using BaSO; as a standard.
The thermogravimetric analysis (TGA) and
differential scanning calorimetry (DSC) was
performed on a Rheometric Scientific STA 1500
thermal analyzer under the atmosphere of air.

2.3. Preparation of organic-inorganic hybrids
PMA-HMT hybrid was prepared as following: 10
mL aqueous solution of HMT (1.0 % w/w) was
added to 10 mL aqueous solution of PMA (7.5 %
w/w). A yellow suspension solution was produced
immediately. The mixture was stirred at 500 rpm
by a magnetic agitator at ambient temperature for
3 h. The suspension was separated and the
collected solid was washed with distilled water and
then dried at 100 °C. A green solid was obtained.
For PMA-HMT-Ni, 5 mL ethanolic solution of
HMT (2.0 % w/w) was added to 5 mL aqueous
solution of Ni(NO3),.6H,O (4.0 % w/w). Then, 5
mL ethanolic solution of PMA (13.0 % w/w) was
added to the mixture of HMT and Ni**. A yellow
suspension solution was produced immediately
and after providing similar process with PMA-
HMT, green solid was obtained.

2.4. Photocatalytic activity for degradation of dyes
MB and RhB solutions with definite
concentrations were prepared. The pH of the
solutions was adjusted on the desired values by
adding dilute HCI and NaOH solutions. The dye
solutions and predetermined amount of hybrids
were moved to a beaker, capped by cellophane and
exposed to sunlight. After a particular reaction
time, absorbance of the dye solutions was
determined. It is noteworthy that the sunlight
exposure tests were performed on October 2017 in
Payame Noor University, Ardakan, Yazd, Iran
(GPS coordinates: N = 32° 29, E=53° 59'). The
solar radiation intensity in Yazd province is about
800 W/m? in summer [11]. It should be noted, the
solutions were not stirred during solar irradiation.

The C/Co values were obtained through the
maximum absorption in the whole absorption
spectrum in order to plot C/Cy vs. time curves.

2.5. Kinetic analysis

The kinetic analysis of decolorization was carried
out using the pseudo-first-order kinetics,
In(Ao/Ay)=In(Co/Cr)=kt, where Ao and Co is the
initial absorbance and concentration of dye
solution; A; and C; is the absorbance and
concentration of dye solution at time t, and the
slope k is the kinetic constant in min"!. All Co/C;
values were obtained through the maximum
absorption in the whole absorption spectrum in
order to plot In(Cy/Cy) vs. t.

3. RESULT AND DISCUSSION

3.1. Characterizations of hybrids

The FTIR spectra of HMT, PMA, PMA-HMT and
PMA-HMT-Ni are shown in Fig. la. The IR
spectra of PMA-HMT and PMA-HMT-Ni exhibit
the characteristic bands of the HMT organic
moieties and of PMA inorganic moieties. The
strong absorption peaks at 1100-750 cm™ show the
presence of PMo,04* anions with a-Keggin
structure. The band of about 880 cm’! is related to
the Mo-Oy-Mo stretching mode of PMA while the
band of about 970 cm™! corresponds to its Mo-Oq
scissoring mode. Nevertheless, the FTIR spectrum
of PMA-HMT-Ni showed significant differences
in 1300-1500 cm™ in comparison with PMA-HMT
that it can be attributed to coordination of HMT to
the metal ion [12].

The band at 1389 cm™ has been assigned to
uncoordinated NOs™ ion [13].

The 3238 and 1418 cm™ peaks in the FTIR
spectrum of PMA-HMT are indicative the
presence of ammonium ions in the hybrid structure
because these peaks correspond to the N—H bonds
in NH4" [14, 15].

The XRD patterns of HMT, PMA, PMA-HMT and
PMA-HMT-Ni are depicted in Fig. 1b. It is clear
that the PMA-HMT and PMA-HMT-Ni precursors
contain HMT and PMA. In hybrids, the positions
of the sharp peaks below 20 = 15° can be ascribed
to PMo012040>. Therefore, the primary structure of
POM has remained intact in the solid structure of
hybrids. There is a new peak at 20 = 11.85° in
PMA-HMT and PMA-HMT-Ni hybrids unlike
PMA and HMT primers. On the other hand, the
existence of similar peak in ammonium
phosphomolybdate [14] can be evidence for the
presence of attached ammonium ions to PMA in
the hybrids. The XRD of PMA-HMT-Ni
demonstrate difference at peak about 20 = 7° in
comparison with PMA and PMA-HMT. The
presence of this peak is indicative of complex
formation between Ni?>" and HMT [12].
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Fig. 1. (a) FTIR spectra of HMT, PMA, PMA-HMT and
PMA-HMT-Ni, (b) X-ray diffraction patterns of HMT,
PMA and PMA-HMT-Ni.

The band gaps of PMA, PMA-HMT and PMA-
HMT-Ni were determined from the diffuse
reflectance spectrum (Fig. 2a) using the Tauc’s
plot (Fig. 2b). The band gap of PMA decreased due
to hybridization (Table 1). The calculated band gap
of PMA (2.86 ¢V) is compatible with the values
reported in the literature [16-18]. With the adding
of HMT into the PMA structure, the band gap
decreased to 2.45 eV in PMA-HMT. With the
incorporation of Ni into the PMA-HMT, the band
gap decreased further down to 2.18 eV in PMA-
HMT-Ni. The band gap has been shifted from
preliminary visible region (433 nm) into middle
visible region (569 nm).

The stoichiometric formula of
[CsH13N4]15[(NH4)PMo012040]6[(NH4)2PM012040]5.
43H,0 was suggested for PMA-HMT from the
carbon, hydrogen and nitrogen elemental analyses
(C, 5.47%; H, 1.45%; N, 5.15%) and the presence
of ammonium groups based on the FTIR and XRD
interpretation. On the basis of this composition, the
calculated elemental analyses are: C, 5.54%; H,
1.45%; N, 5.17%. The similar method suggested
the stoichiometric formula of
Ni7[CsH12N4]14[(NHs)PMo12040]4[(NH4)2PMo120
4()]4(NO3)2.24H20 for PMA-HMT-Ni. The
elemental analyses (C, 5.80%; H, 1.50%; N,
5.50%) are in good agreement with the proposed
formula (C, 5.69%; H, 1.50%; N, 5.53%).
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Fig. 2. DRS spectra (a) and Tauc’s plots (b) of PMA,
PMA-HMT and PMA-HMT-Ni.

Table 1. Optical band gap and exciting wavelength of
PMA, PMA-HMT and PMA-HMT-Ni

Sample Band gap (eV) ) (nm)
PMA 2.86 433
PMA-HMT 2.45 506
PMA-HMT-Ni 2.18 569

The TG and DSC curves of PMA-HMT and PMA-
HMT-Ni hybrids are shown in Fig. 3. In the TG
curve of PMA-HMT, the initial weight loss of
7.27% at 265 °C is ascribed to the loss of
coordinated water molecules, three HMT
molecules attached to (NH4):PMo01204" and
ammonium ions (the calculated value is 7.25%).
The second weight loss of 8.24% from 265 to 479
°C is ascribed to the loss of the strong binding
HMT molecules (i.e. twelve hexamine molecules
attached to (NH4)PMo12040%). The calculated
value is 8.68%. The whole weight loss of 15.51%
is in accordance with the hybrid composition
(calculated value = 15.93%). The same steps are
observed for the TG curve of PMA-HMT-Ni (Fig.
3b). The initial weight loss of 7.55% at 285 °C is
related to the loss of water molecules, four weak
binding HMT molecules, ammonium and nitrate
ions (the calculated value is 7.52%). The second
weight loss of 7.80% from 285 to 474 °C is from
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the strong binding HMT molecules (the calculated
value is 7.91%). The calculated value of 15.43%
based on proposed PMA-HMT-Ni composition is
consistent with obtained whole weight loss of
15.35%. The residual products are MoO3 and P2Os
[14]. Besides, the NiO is produced from the
decomposition of PMA-HMT-Ni [19]. Also, the
DSC curves show similar behavior. The first and
second peaks at ca. 260 °C and 320 °C correspond
to release of ammonia from decomposition of
ammonium phosphomolybdate [15, 20] and the
decomposition of HMT  molecules to
formaldehyde and ammonia [21]. It should be
noted that the decomposition of HMT is very
complicated and includes endothermic and
dominant exothermic peaks at ca. 260 °C [22, 23].
The oxidation of evolved NH3 at ca. 470 °C with
air under the catalytic effect of formed oxides
creates the bifurcate peaks [24]. The obtained
peaks at about 780 °C are the melting point of the
produced oxides [24].
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Fig. 3. TGA and DSC curves of PMA-HMT (a) and
PMA-HMT-Ni (b).

3.2. Hybrids activity for removal and degradation
of dyes

3.2.1. Photocatalytic degradation of MB

At first, the efficiency of hybrids was evaluated by
removal and degradation of MB. Before the
photocatalytic degradation, adsorption of MB on
the hybrids was evaluated. The hybrids were then
tested as catalyst for the photocatalytic degradation
of MB. Results (Fig. 4) show that photocatalytic
degradation displays higher kinetic and removal
efficiency than adsorption. Moreover, the higher

kinetic and removal efficiency of PMA-HMT-Ni
hybrid is evident in comparison with PMA-HMT
hybrid. The kinetic and removal efficiency of MB
in the solar photocatalytic process with PMA-
HMT-Ni are 0.0519 min™! and 98.4 % respectively,
whilst these are 0.0124 min! and 82.6 % with
PMA-HMT hybrid (Fig. 4c, d).
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Fig. 4. UV-Vis absorption spectra of the MB solution
during the photodegradation under sunlight in the
presence of the PMA-HMT-Ni (a) and PMA-HMT (b),
C/Co vs. time for a, b and during adsorption on the PMA-
HMT-Ni and the PMA-HMT (c) and the kinetic
constants (d).
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3.2.2. Photocatalytic degradation of RhB

The PMA-HMT-Ni  was  applied for
photodecomposition of RhB under sunlight
irradiation due to more photocatalytic activity.
UV-Vis absorption spectra of RhB (15 mg/L, 100
mL, pH=1.5) during the photodegradation under
sunlight without photocatalyst (photolysis), during
the adsorption and photodegradation under
sunlight in the presence of the PMA-HMT-Ni have
been shown in Fig. 5a-c. The photodegradation of
RhB is negligible due to photolysis (Fig. 5a).
PMA-HMT-Ni adsorbs RhB because RhB
(pKa=3.1) is as cationic form in pH 1.5 (Fig. 5b).
The sunlight accelerates the removal of RhB in the
presence of PMA-HMT-Ni (0.1 g/L) (Fig. 5c¢).
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Fig. 5. UV-Vis absorption spectra of the RhB solution
during the photodegradation under sunlight (a), during
the adsorption in the dark on the PMA-HMT-Ni (b),
during the photodegradation under sunlight in the
presence of the PMA-HMT-Ni (c) and the kinetic
constants in the presence of scavengers (d).

3.2.3. Adsorption and photocatalytic activity for
mixture of MB and MO

In order to study the ability of hybrid for
degradation of mixed dye solution, the mixture of
MB and MO was prepared and used. Fig. 6 shows
the experiments results of the mixed solution of
MB and MO in the presence of 0.5 g/L of PMA-
HMT in the pH 7.0. Fig. 6a shows the spectra of
the mixed solutions of MB and MO during the
photodegradation under solar light irradiation and
clearly confirms that PMA-HMT degrades both
MB and MO dyes. Besides, the PMA-HMT
adsorbs not only MB but also MO, even though
MO is as anionic form in the pH 7.0 (Fig. 6b). The
PMA-HMT has a surface negative charge. Hence,
the cationic MB molecules are preferentially
adsorbed on it. Then, the surface of the hybrid
possessing a slightly positive charge adsorbs the
anionic MO molecules. Indeed, the degradation of
MO is due to its adsorption (Fig. 6b).
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Fig. 6. UV-Vis absorption spectra of the 20 mL mixed
solution of MO (10 mg/L) and MB (15 mg/L) during the
photodegradation under sunlight in the presence of the
PMA-HMT (a) and C/Co vs. time for a and during
adsorption (b).

3.3. Mechanism of photodegradation
As it was seen, the photodegradation of MO in the
mixed solution with MB (Fig. 6) is due to uptake
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of it on the surface of the hybrid after uptake of
MB. Therefore, the photodegradation mechanism
takes place through dye-sensitized degradation.
Dye-sensitized degradations take place in cases
where there exists an interaction between dye and
photocatalyst [25].

A photodegradation mechanism can be proposed
according to following steps:

1) Photoexcitation: irradiation of the hybrid with
light (Av) results in the formation of the excited
state (([PMA-HMT]*or PMA-HMT-Ni]*) without
significant change on its molecular structure:
hybrid + Av — [hybrid]* 1
2) Oxidation of organic compound: the [hybrid]*
is a strong oxidant able to oxidize and, most often,
mineralize organic dyes. The excited hybrid is
reduced with excited organic dye in aqueous
solution through reactions 2-4,

Dye + hv — Dye* 2)
[hybrid]* + Dye* — [hybrid](e") + Dye™ 3)
Dye™ —--— decomposition into colorless
products “4)

3) Reoxidation of reduced hybrid: the [hybrid](e")
is re-oxidized by bulk dioxygen which undergoes
reductive activation through the formation of O,™
or "OH radicals,

[hybrid](e’) + O2 — [hybrid] + O™ 5)
Oy "+H"—--—"OH 6)
4) Oxidation of organic dye by produced radicals:
Dye + O, or "OH — oxidized products (@)

The decrease of the decolorization rate in the
presence of isopropyl alcohol, as scavenger of
‘OH, and benzoquinone, as scavenger of O,
confirm the role of hydroxyl and superoxide
radicals in the degradation of dye (Fig. 5d). The
increase of the decolorization rate in the presence
of potassium iodide, as scavenger of h*, indicates
the hole does not play role in the degradation of
dye (Fig. 5d).

4. CONCLUSION

3.1. Characterizations of hybrids

The FTIR spectra of HMT, PMA, PMA-HMT and
PMA-HMT-Ni are shown in Fig. la. The IR
spectra of PMA-HMT and PMA-HMT-Ni exhibit
the characteristic bands of the HMT organic
moieties and of PMA inorganic moieties. The
strong absorption peaks at 1100-750 cm™ show the
presence of PMo1204° anions with o-Keggin
structure. The band of about 880 cm’! is related to
the Mo-Oy-Mo stretching mode of PMA while the
band of about 970 cm™ corresponds to its Mo-Oqg
scissoring mode. Nevertheless, the FTIR spectrum
of PMA-HMT-Ni showed significant differences
in 1300-1500 cm™! in comparison with PMA-HMT
that it can be attributed to coordination of HMT to
the metal ion [12]. The band at 1389 cm! has been
assigned to uncoordinated NOs™ ion [13]. The 3238

and 1418 cm™ peaks in the FTIR spectrum of
PMA-HMT are indicative the presence of
ammonium ions in the hybrid structure because
these peaks correspond to the N—H bonds in NH4"
[14, 15].

The XRD patterns of HMT, PMA, PMA-HMT and
PMA-HMT-Ni are depicted in Figure 1b. It is clear
that the PMA-HMT and PMA-HMT-Ni precursors
contain HMT and PMA. In hybrids, the positions
of the sharp peaks below 20 = 15° can be ascribed
to PMo1,04¢>. Therefore, the primary structure of
POM has remained intact in the solid structure of
hybrids. There is a new peak at 20 = 11.85° in
PMA-HMT and PMA-HMT-Ni hybrids unlike
PMA and HMT primers. On the other hand, the
existence of similar peak in ammonium
phosphomolybdate [14] can be evidence for the
presence of attached ammonium ions to PMA in
the hybrids. The XRD of PMA-HMT-Ni
demonstrate difference at peak about 260 = 7° in
comparison with PMA and PMA-HMT. The
presence of this peak is indicative of complex
formation between Ni?* and HMT [12].

The band gaps of PMA, PMA-HMT and PMA-
HMT-Ni were determined from the diffuse
reflectance spectrum (Figure 2a) using the Tauc’s
plot (Figure 2b). The band gap of PMA decreased
due to hybridization (Table 1). The calculated band
gap of PMA (2.86 eV) is compatible with the
values reported in the literature [16-18]. With the
adding of HMT into the PMA structure, the band
gap decreased to 2.45 eV in PMA-HMT. With the
incorporation of Ni into the PMA-HMT, the band
gap decreased further down to 2.18 eV in PMA-
HMT-Ni. The band gap has been shifted from
preliminary visible region (433 nm) into middle
visible region (569 nm).

The stoichiometric formula of
[CsH13N4]15[(NH4)PMo012040]6[(NH4)2PMo012040]5.
43H,0 was suggested for PMA-HMT from the
carbon, hydrogen and nitrogen elemental analyses
(C, 5.47%; H, 1.45%; N, 5.15%) and the presence
of ammonium groups based on the FTIR and XRD
interpretation. On the basis of this composition, the
calculated elemental analyses are: C, 5.54%; H,
1.45%; N, 5.17%. The similar method suggested
the stoichiometric formula of
Ni7[CsH12Na4]14[(NH4)PMo012040]4[(NH4)2PMo120
4()]4(NO3)2.24H20 fOI‘ PMA-HMT-Ni. The
elemental analyses (C, 5.80%; H, 1.50%; N,
5.50%) are in good agreement with the proposed
formula (C, 5.69%; H, 1.50%; N, 5.53%).

The TG and DSC curves of PMA-HMT and PMA-
HMT-Ni hybrids are shown in Figure 3. In the TG
curve of PMA-HMT, the initial weight loss of
7.27% at 265 °C is ascribed to the loss of
coordinated water molecules, three HMT
molecules attached to (NH4)2PMo012040" and
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ammonium ions (the calculated value is 7.25%).
The second weight loss of 8.24% from 265 to 479
°C is ascribed to the loss of the strong binding
HMT molecules (i.e. twelve hexamine molecules
attached to (NH4)PMo12040%). The calculated
value is 8.68%. The whole weight loss of 15.51%
is in accordance with the hybrid composition
(calculated value = 15.93%). The same steps are
observed for the TG curve of PMA-HMT-Ni
(Figure 3b). The initial weight loss of 7.55% at 285
°C is related to the loss of water molecules, four
weak binding HMT molecules, ammonium and
nitrate ions (the calculated value is 7.52%). The
second weight loss of 7.80% from 285 to 474 °C is
from the strong binding HMT molecules (the
calculated value is 7.91%). The calculated value of
15.43% based on proposed PMA-HMT-Ni
composition is consistent with obtained whole
weight loss of 15.35%. The residual products are
MoOs and P,0s [14]. Besides, the NiO is produced
from the decomposition of PMA-HMT-Ni [19].
Also, the DSC curves show similar behavior. The
first and second peaks at ca. 260 °C and 320 °C
correspond to release of ammonia from
decomposition of ammonium phosphomolybdate
[15, 20] and the decomposition of HMT molecules
to formaldehyde and ammonia [21]. It should be
noted that the decomposition of HMT is very
complicated and includes endothermic and
dominant exothermic peaks at ca. 260 °C [22, 23].
The oxidation of evolved NH3 at ca. 470 °C with
air under the catalytic effect of formed oxides
creates the bifurcate peaks [24]. The obtained
peaks at about 780 °C are the melting point of the
produced oxides [24].

3.2. Hybrids activity for removal and degradation
of dyes

3.2.1. Photocatalytic degradation of MB

At first, the efficiency of hybrids was evaluated by
removal and degradation of MB. Before the
photocatalytic degradation, adsorption of MB on
the hybrids was evaluated. The hybrids were then
tested as catalyst for the photocatalytic degradation
of MB. Results (Figure 4) show that photocatalytic
degradation displays higher kinetic and removal
efficiency than adsorption. Moreover, the higher
kinetic and removal efficiency of PMA-HMT-Ni
hybrid is evident in comparison with PMA-HMT
hybrid. The kinetic and removal efficiency of MB
in the solar photocatalytic process with PMA-
HMT-Ni are 0.0519 min! and 98.4 % respectively,
whilst these are 0.0124 min’! and 82.6 % with
PMA-HMT hybrid (Figure 4c, d).

3.2.2. Photocatalytic degradation of RhB

The  PMA-HMT-Ni  was  applied for
photodecomposition of RhB under sunlight
irradiation due to more photocatalytic activity.

UV-Vis absorption spectra of RhB (15 mg/L, 100
mL, pH=1.5) during the photodegradation under
sunlight without photocatalyst (photolysis), during
the adsorption and photodegradation under
sunlight in the presence of the PMA-HMT-Ni have
been shown in Figure 5a-c. The photodegradation
of RhB is negligible due to photolysis (Figure 5a).
PMA-HMT-Ni adsorbs RhB because RhB
(pKa=3.1) is as cationic form in pH 1.5 (Figure
5b). The sunlight accelerates the removal of RhB
in the presence of PMA-HMT-Ni (0.1 g/L) (Figure
5¢).

3.2.3. Adsorption and photocatalytic activity for
mixture of MB and MO

In order to study the ability of hybrid for
degradation of mixed dye solution, the mixture of
MB and MO was prepared and used. Figure 6
shows the experiments results of the mixed
solution of MB and MO in the presence of 0.5 g/L
of PMA-HMT in the pH 7.0. Figure 6a shows the
spectra of the mixed solutions of MB and MO
during the photodegradation under solar light
irradiation and clearly confirms that PMA-HMT
degrades both MB and MO dyes. Besides, the
PMA-HMT adsorbs not only MB but also MO,
even though MO is as anionic form in the pH 7.0
(Figure 6b). The PMA-HMT has a surface negative
charge. Hence, the cationic MB molecules are
preferentially adsorbed on it. Then, the surface of
the hybrid possessing a slightly positive charge
adsorbs the anionic MO molecules. Indeed, the
degradation of MO is due to its adsorption (Figure
6b).

3.3. Mechanism of photodegradation

As it was seen, the photodegradation of MO in the
mixed solution with MB (Figure 6) is due to uptake
of it on the surface of the hybrid after uptake of
MB. Therefore, the photodegradation mechanism
takes place through dye-sensitized degradation.
Dye-sensitized degradations take place in cases
where there exists an interaction between dye and
photocatalyst [25].

A photodegradation mechanism can be proposed
according to following steps:

1) Photoexcitation: irradiation of the hybrid with
light (Av) results in the formation of the excited
state ((PMA-HMT]*or PMA-HMT-Ni]*) without
significant change on its molecular structure:
hybrid + Av — [hybrid]* €))
2) Oxidation of organic compound: the [hybrid]*
is a strong oxidant able to oxidize and, most often,
mineralize organic dyes. The excited hybrid is
reduced with excited organic dye in aqueous
solution through reactions 2-4,

Dye + hv — Dye* 2)

[hybrid]* + Dye* — [hybrid](e") + Dye*™ 3)
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Dye"™ —--— decomposition into colorless
products 4)

3) Reoxidation of reduced hybrid: the [hybrid](e")
is re-oxidized by bulk dioxygen which undergoes
reductive activation through the formation of O™
or ‘OH radicals,

[hybrid](e’) + O, — [hybrid] + O, %)

Oy +H"—-—'OH (6)
4) Oxidation of organic dye by produced radicals:
Dye + O, or "OH — oxidized products 7

The decrease of the decolorization rate in the
presence of isopropyl alcohol, as scavenger of
‘OH, and benzoquinone, as scavenger of O™,
confirm the role of hydroxyl and superoxide
radicals in the degradation of dye (Figure 5d). The
increase of the decolorization rate in the presence
of potassium iodide, as scavenger of h*, indicates
the hole does not play role in the degradation of
dye (Figure 5d).
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