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Nanosized, pH stable, Cu?* engrafted MgAl,0, (Mg, Cu,Al,O,, x = 0, 0.3 abbreviated as MCAQ, and MCA3 respectively),
have been synthesized chemically and the cubic phase of the nanoparticles was estimated from the X-ray diffraction (XRD)
and transmission electron microscopy analysis (TEM). The bandgap energies, grain size, effective radius into an aqueous
medium, and the zero-point charge (pHzpc) were appraised by diffuse reflectance spectra (DRS), scanning electron micro-
scope (SEM), dynamic light scattering (DLS) study, and &-potential analysis respectively. MCA3 (specific surface area 22.14
m2/g) with 98.17% photodegradation for 107 (M) CR solution obeying pseudo-first order kinetics and reusable up to 4 cycles
at pH 7. The photodegradation mechanism was postulated by the UV, FTIR, and high-performance liquid chromatography

(HPLC) analyses.
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Introduction

Congo Red (CR) [1-naphthalene sulfonic acid, 3,3’-(4,4’-
biphenylenebis(azo)bis(4-amino-)disodium] with two -N=N-
chromophores is a class of azo dye which is not readily de-
gradable, highly toxic, even carcinogenic and due to envi-
ronmental problems, it has been banned in many countries”.
However, the traditional physical, chemical, and biological
treatments often have a slight degradation effect on this diazo
pollutant due to the aromatic structures providing physico-
chemical, thermal and optical stability2. Therefore, an urgent
requirement is needed to develop a low-cost process to de-
grade or mineralize the dye molecules.

TiO,®, zeolite*, Ni(OH)4 and NiO®, Fe, 046, CeO,’, car-
bon nanotubes®, CdS', Zn, ,Cu,S and Zn, ,Ni,S?, Zn0™0
were also used as photocatalysts due to narrow band high
with photocatalytic degradation property. MgAl,O,, a typical
spinel material (Mg%* occupy tetrahedral sites, and AI** in
octahedral site) has a vast applications such as ceramic ca-
pacitor, humidity sensors, and catalyst/catalyst support, etc.!.
Recently, Ismail et al., reported nanosized MgAl,0,
nanoparticles synthesized by coprecipitation methods, for the

degradation of methylene blue'2. Muneeb et al., removed of
methyl orange photo-catalytically by MgAl,O,-Sb,S; com-
posite’3. From an economic point of view, the 3d transition
metals catalysts'# such as copper to prepare composite for
high activity at low-temperature and with lower bandgap (E
=19eV)'S.

We investigate the photocatalytic property of Cu* en-
grafted MgAl,O, nanoparticles with general chemical formula
Mg, Cu,Al,O4 (x =0, 0.3) abbreviated as MCAQ and MCA3
synthesized by the solution combustion method using  tri-
ethanolamine (TEA)'6, to photodegrade of water-soluble
carcinogenic dye CR using Solar irradiation.

g

Experimental

Materials and methods

Materials:

During the experiments, the chemicals required were
Mg(OAc),.4H,0 (98-102%), Cu(NO3),.3H,0 (=99%),
AI(NO3)5.9H,0 (=95%), TEA (=99%), CR, ethanol, HCI,
NaOH, HNO,, and double-distilled water (chemicals pur-
chased from the Merck Specialties Limited, Mumbai).
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Methods:
Preparation of Mg,_,Cu,Al,0, (x = 0, 0.3) photocatalysts:

Mg_,Cu,Al,O4 (x = 0, 0.3) abbreviated as MCAOQ and
MCAS3 have prepared using the solution combustion method
using TEA as discussed in the previous communication®.

Characterization:

The thermogravimetric analysis (TGA) (Perkin-Elmer STA
6000) was done from 30°C to 800°C at heating rate 10°C/
min using o-alumina as a standard in N, atmosphere. The
UV-Vis studies were done using LAMBDAS35, Perkin-Elmer,
UK. The dynamic light scattering (DLS) investigation was
done using Malvern Zetasizer Nano ZS90 (United Kingdom).
The specific surface area was determined by the N, adsorp-
tion/desorption method at a liquid N, temperature of 77.350
K using NOVA touch 4LX (F/W ver. 1.05, Serial#
17018101901), Quanta chrome, USA. The pH measurements
were done using Thermo Scientific (Orion Versa star Pro)
Advance Electrochemistry Meter (Software Revision: r4.06,
serial number: V11855). The high-performance liquid chro-
matography (HPLC), of CR and its photodegraded products,
were done using UHPLC 3000, Thermo Scientific (United
States) with Thermo Scientific Hypersil GOLD aQ, Part No.
25303-154630 (150x4.6 mm) column with 3 p particle size,

mobile phase consisted of acetonitrile/water (70:30 viv%)
for CR and the flow rate was set 1.0 mL/min. Approximately
25 L volume of samples were injected in the column and
the effluent was monitored at 497 nm.

Results and discussion
Physicochemical characterization:

The thermal degradation occurred in three stages as
shown in Fig. 1, with an overall mass loss of 56.26% and
59.88% for MCAO and MCAZ3 respectively. In Stage I, ~200°C
13.40% and 11.13% of mass loss were observed due to the
adsorbed water, for MCAQ and MCA3 respectively. The sec-
ond weightloss with 49.50% occurred between 200°C—450°C,
with the elimination of CO,, NH,, and nitrogenous oxide in
Stage II. In Stage Ill, at >500°C, a gradual decrease of mass
with complete volatilization and the sample tended to reach
its calcination temperature with a weight loss of 12.90% and
11.39%. The TG graph paralleled with the X-axis above 600°C
and that is why, calcination was performed at 700°C to get
the desired phase. The detailed mechanism has been dis-
cussed by Dhak et al.!’.

The detailed analysis of XRD, FTIR, SEM, TEM, bandgap
(Egev), and pHyp studies of MCA are discussed in our pre-
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Fig. 1. Thermogravimetric analysis (TGA) of MCA.
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vious communication €. The radius of MCA3 in aqueous me-
dium was between 50+1.12 nm obtained from the DLS study
as shown in Fig. 2a which represents the formation of hy-
drated MCA3 moiety and thus the particle size (TEM size =
42.68+1.11 nm) increased. The typical N, adsorption-des-
orption isotherm for the MCA3 is shown in Fig. 2b where
nearly Type | Brunauer-Emmett-Teller isotherm (BET) indi-
cating microporous nature of the sample8. The specific sur-
face area and pore volume were 22.14 m?/g, and 0.623 cc/g
respectively. The pore size distribution plot using the Barrett-
Joyner-Halenda (BJH) method and the average pore radius
of MCA3 was 1.82 nm is shown in Fig. 2b (inset).

Photocatalytic study

A 1000 mL 10~° (M) CR solution was made by dissolving
the required quantity of CR in double-distilled water and from
that stock solution, 100 mL solution were taken in 250 mL
glass beaker and mixed with 4 mmol MCA and stored in dark
for 30 min to establish the adsorption/desorption equilibrium
as per the reported work'6. The decolorization along with
the photocatalytic degradation of CR using MCA was con-
firmed by the UV-Vis spectral study using the arresting solu-
tions (3 mL) taken. The absorption spectra of CR continu-
ously decreased with increase in the irradiation time from
the maximum absorption peak i.e., 497 nm (visible region)
and 344 nm (ultraviolet region) respectively' and finally par-
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alleled with the X-axis indicating the complete degradation
as shown in Fig. 3a and 4a for MCAO and MCA3 respec-
tively. The total time required for the photodegradation of CR
using MCAO and MCA3 was 210 min and 120 min with
80.66% and 98.17% degradation respectively calculated
using standard equation'® at pH 7.

Kinetic study

The variation in the concentration with the prolonged ir-
radiation time was recorded as shownin Fig. 3b, 4b for MCAQO
and MCA3 respectively and the set without MCA showed no
such degradation. The reaction kinetics obeyed the
Lindemann-Hinshelwood pseudo-first order kinetics?? as
shown in Fig. 3c and 4c with rate constant (k) values 1.25x
107 57" and 2.03x10™* s~" for MCAO and MCAS3 respec-
tively. The k4 value and the regression coefficient (R?=0.988)
for MCA3 were greater and close to unity than the MCAQ so
the pH variation and effect of different inorganic anions (NO™,
Cr, 8042‘) in the CR photodegradation process were con-
tinued with MCA3.

pH study, the effect of co-ions, and reuse study

Solution pH has a strong effect on the photodegradation
performance’ and the anionic azo dye CR shows different
equilibrium in the lower (pH < pHzpc) and higher pH (pH >
pHzpc) as shown in Fig. 5a. The pHp of MCA3 was found
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Fig. 2. (a) Dynamic light scattering study (DLS) and (b) N, adsorption-desorption isotherm for the MCAS3 (inset: BJH plot) calcined at 700°C for 3 h.
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Fig. 3. (a) UV-Vis absorbance spectra of 10~ (M) CR solution, (b) change in concentration of CR under solar irradiation, (c) pseudo-first order
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kinetic plot and (d) reuse study of photodegradation using MCAO calcined at 700°C for 3 h.
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Fig. 4. (a) UV-Vis absorbance spectra of 10~ (M) CR solution, (b) change in concentration of CR under solar irradiation, (c) pseudo-first order

kinetic plot and (d) reuse study of photodegradation using MCAS3 calcined at 700°C for 3 h.
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to be 8.81% and thus in the lower pH region (pH < 7) due to
the positively charged surface of MCA3 the interaction of CR
with MCA3 increased leading to higher degradation (98.66%)
atlower pH2. The degradation of CR got decreased (80.23%)
at the higher pH medium (pH 11) due to an increase in the
OH~ ions in the medium leading to less interaction with the
anionic dye as the MCA3 surface was negatively charged at
pH > pHzpc. The CR photodegradation kinetics in different
pH mediums also obeyed the pseudo-first order kinetics (R?
= 0.955) as shown in Fig. 5a (inset).

As there are large amounts of negative ions, especially
NO,~, SO,2~, and CI~ present in wastewater of textile and
dye industries! thus to investigate the influence of these an-
ions on photocatalytic degradation of CR 0.01 (M) of the cor-
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Fig. 5.
presence of NO3~, SO42~, and CI~.

responding sodium salts were mixed into the 10° (M) CR
solution and irradiated into Sunlight with 4 mmol MCA3 and
the effect of Na* neglected?’. The variation in the concentra-
tion of CR in presence of co-ions in the photodegradation
was shown in Fig. 5b and the kinetics obeyed the pseudo-
first order kinetics as shown in Fig. 5¢. The degradation im-
proved in the presence of NO;~which was discussed in the
mechanism section. In the presence of 8042‘, and CI~ the
degradation noticeably decreased as shown in Fig. 5d as
the competition with the anions dye CR with the MCA3 sur-
face increased. MCAO and MCA3 were successfully reused
up to 4 cycles using previously reported regeneration pro-
cess'® as shown in Fig. 3d and Fig. 4d respectively where
MCAS3 shows higher efficiency than MCAQ.
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(a) pH variation study, (b) change in concentration of CR, (c) pseudo-first order kinetic plot and (d) degradation of CR using MCA3 in
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Mechanistic study

The photocatalytic activity depends on the photogene-
rated electrons (egg), holes (hyg) and the OH" upon Solar
irradiation?. To find out the role of e, hyg and OH* to the
photodegradation of CR was performed in the presence of
different scavenges?? and OH* has a key role in this degra-
dation process as the degradation decreased abruptly in pres-
ence of OH® scavenger isopropyl alcohol (IPA) as shown in
Fig. 7c. Thus, the following mechanism could be proposed
as stated in egs. ((1)-(3)).

MCA+hv — hig+egg (1
H,0 +hyg — H"+OH* (2)
CR+OH* — mineralization (CO, + H,0) (3)

In the presence of NO;™ the generation of the accelerated
as shown in eq. (4) leading to an increase in degradation as
shown in Fig. 5b, c.

NO;~+H,O +hv. — NO,™ + OH™ + OH" 4)
The mineralization of CR was explained by the UV, FTIR
and the HPLC studies. Under the Solar irradiation, MCA pro-

duces hyg in the valance band (VB) and egg in the conduc-
tion band (CB) as shown in the diagram Fig. 6.

Holes (hy;) interacts with the water molecules to gener-
ate OH* and the OH* attacks the CR leading to rupture the
azo bond as well as the aromatic rings. Thus, the absorption
band at 497 nm for the azo group and 344 nm for the ben-
zene naphthalene ring decreased and finally paralleled with

the X-axis as shown in the UV studies (Figs. 3a, 4a)'. The
FTIR study of the CR photodegradation using MCA3 is shown
in Fig. 7a. For CR [Fig. 7a(a)] the peaks at 651-547 cm™!
showed the C-C bending and 702 cm™" for C-H stretching
vibrations of disubstituted CR23. The peaks at 846-750 cm™’
and 1068 cm™! were for the para-substituted ring substitu-
tion vibrations and S=0 stretching vibrations of the sulphonic
acid respectively?4. The band at 1183 cm™" is mainly for the
multi-substituted aromatic ring and 1234 cm™!, 1356 cm™
represent the C-N stretching and bending vibrations?®
presentin CR respectively. The peaks at 1449 cm~" and 1608
~1 were for the aromatic C=C and N=N stretching vibra-
tions2. The peaks at 3240 cm~" and 3427 cm~" were for the
O-H stretching and N-H stretching of the aromatic primary
amine group?3 respectively. In FTIR study as shown in Fig.
7a(b) it was evident that in the final aliquot, there were no
such characteristic peaks of CR (especially from 846-547
m~") indicating the disappearance of the corresponding
groups (C-C bending, C-H stretching, para-substitutions, and
S=0stretching, etc.) presentin CR. The lowering of the peaks
at 1449-1068 cm~" confirmed the vanishing of aromatic C=C
stretching, C-N bending, and stretching vibrations respec-
tively. In the final aliquot, the peak for the O-H and N-H
stretching of aromatic 1° amine got disappeared and broad-
ened revealed the degradation of CR photo-catalytically us-
ing MCA3 in Solar irradiation?®. The stability of the MCA3
after the photocatalytic test was checked by the FTIR analy-
sis as shown in Fig. 7c were no typical peaks of CR present

CO,+H,0

OH:

NH, \‘5~0
- 0 i}h Nﬁ\_/—QN N Hﬁ i

H,;N
Congo Red

Fig. 6. Diagram of the photodegradation of CR using MCA3 under Solar irradiation.
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Fig. 7. (a) FTIR analysis, (b) HPLC analysis of CR using MCA3 and (c) photodegradation of CR using MCA3 in presence of 0.05 mM trapping

agents as mentioned under Solar irradiation.

in the FTIR spectrum of the regenerated MCA3. The HPLC
study of the photodegradation process completely established
the mineralization phenomenon as shown in Fig. 7b. CR
shows HPLC peak at 25.35 min (R, = 25.35 min)?’ and the
HPLC of the final aliquot became parallel with the X-axis
emphasizing the rupture of aromatic rings, cleavage of vari-
ous C-C, C=C, C-N bonds, and aromatic structures to form
CO, and H,0 as the final product.

Conclusion

Cu?* engrafted MCA nanocomposites were prepared by
solution combustion method using triethanolamine (TEA) and
applied for the photodegradation of the aqueous CR solution
at pH 7 under Solar irradiation. The degradation of MCAQ
and MCA3 was 80.66% and 98.17% at pH 7 respectively.
The degradation kinetics obeyed the pseudo-first order ki-
netics (Lindemann-Hinshelwood model) and the rate con-
stants were in 10 s~" order. Hydroxyl radical (OH®) has a
vital role in photodegradation established from the OH* trap-
ping experiment using 0.05 mM IPA solution. It has been
found that the solution pH and the co-existing anions (NO5™,

8042‘, and CI) influenced the photocatalytic degradation of
CR. The presence of NO5™ the degradation accelerated as it
increased the concentration in the reaction medium but in
presence of SO,%~, and CI~ the degradation inhibited as the
repulsion increased, and competition with anionic dye CR
with the MCAS3 surface. UV-Vis, FTIR, and HPLC analysis
were applied to demonstrate the photodegradation of CR
using MCA3 under Solar irradiation. MCA3 with 22.14 m2/g
specific surface area could be reused for the photodegra-
dation of CR up to four successive cycles.
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