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Guar gum/Al, 03 (GG/AO) nanocomposite was prepared using simple and cost effective sol-gel method.
This nanocomposite was characterized by several analytical techniques viz. scanning electron microscopy
(SEM), transmission electron microscopy (TEM), X-ray diffraction (XRD), thermal analysis (TGA/DTA),
Fourier transform infrared spectroscopy (FTIR) and ultraviolet-visible spectroscopy (UV-vis). The FTIR
analysis confirmed that GG/AO composite material was formed. TEM images inferred the particle size in
the range between 20 and 45 nm. GG/AO nanocomposite exhibited good photocatalytic performance for

ﬁeywordS: . malachite green (MG) dye (dye initial concentration 1.5 x 10-> M) degradation from aqueous phase. The
anocomp051te . . . . . .
Dyes adsorption followed by photocatalysis and coupled adsorption/photocatalysis reaction achieved about

Photodegradation 80% and 90% degradation of MG dye under solar irradiation. Antibacterial test showed the excellent

Antibacterial activity

activity of GG/AO nanocomposite against Staphylococcus aureus.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Population explosion, extensive industrialization and advance-
ment in agricultural techniques have results in the degradation
of aquatic environment due to the discharge of non-degradable
and hazardous materials into the aquatic system [1-3]. Textile
industry which is one of the most important water consumers
produces highly colored and complex wastewater [4]. More than
100,000 commercially obtain dyes with over 7.105t of dyestuff
produce yearly. Dyes include a broad spectrum of different chem-
ical structures [5,6]. The discharge of dye-containing effluents
into the water bodies is undesirable as the dyes breakdown to
toxic, carcinogenic and mutagenic products [7,8]. These dyes can
remain in the waste water for a long time. It cannot be used for
reuse purposes without further treatment. There are several tech-
niques which are common for dye removal viz. chemical oxidation,
coagulation, microbial degradation, photocatalysis and adsorption.
Recently, adsorption and heterogeneous photocatalytic degrada-
tion of organic molecules is the most effective and economic
process for solving the toxic environmental impact of hazardous
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wastes and toxic pollutants in aqueous medium [9-11]. The main
advantage of adsorption and photocatalytic degradation for the
control of water pollution are less investment in terms of ini-
tial development cost, easy operation, simple and recovery of
the adsorbent material [12]. The photocatalytic process leads to
oxidation-reduction and offers superior solution for decoloniza-
tion, breakdown of dye. Therefore, the mineralization efficiency
would be controlled by both adsorption and photoactivity of pho-
tocatalyst.

Malachite green (MG) dye is environmentally insistent and
highly toxic to a wide range of aquatic as well as terrestrial ani-
mals. It causes several severe public health threats and also poses
potential environmental complications. MG is a basic dye which is
extensively used in industries for dyeing silk, leather, cotton, hair
color, wool and paper. It has also been used to controls protozoan
infection and other disease caused by helminthes on aquatic organ-
ism. MG is highly cytotoxic to mammalian cell and carcinogenic to
liver, thyroid and other organs of animals [ 13,14]. It causes the dam-
age toliver, growth and fertility rates, kidney, heart, eyes, lungs, and
produces teratogenic effects in rats and mice [15]. Due to diverse
problems due to various dyes, there has been a strong interest in the
inorganic-polymer composite for the environmental remediation.

Nowadays, metal oxide/polymer nanocomposites have gained
much consideration due to their potential to offer the coupled
features of polymeric materials with those of inorganic materi-
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als. Biopolymers act as surface capping agents when the metal
oxide nanoparticles are embedded or encapsulated in them. The
advantages of biopolymer include easy availability, renewabil-
ity, biodegradability, nontoxicity, low cost, low specific gravity,
high toughness, acceptable specific strength, and enhanced energy
recovery [16].

Guar gum is a polysaccharide made up of (1—-4) — B-D
mannopyranosyl linear chains units attached by (1 — 6) linkages of
a-D-galactopyranose [17]. It used in food nutrition, biotechnology,
materials science, drugs, pharmaceuticals, agriculture, environ-
mental protection, and recently in gene therapy [18,19]. Guar gum
based material has synergetic effect from biopolymers and inor-
ganic materials. They have been used as catalyst [20], solar cells
[21], low-temperature NO, sensors [22], tissue engineering [23],
drug delivery [24], adsorbent [25], molecular recognition system
etc. Literature survey revealed that only few studies have been
reported on the guar gum based nanocomposite materials [26-28].

Among various inorganic nanoparticles, Al,O3 has attracted
interest due to its applicability in different fields such as
fire retard, catalyst, surface protective coating, and composite
materials [29,30]. Al,03 is an electrical insulator having high
thermal conductivity. Aluminum oxide based nanocomposites
such as aluminum oxide/polyacrylamide-based cryogels [31,32],
aluminum/aluminum oxide nanocomposites [33] and poly(ether-
ether-ketone) aluminum oxide [34] have been synthesized.

The development of antimicrobial agent is an important impact
on natural environment. Microbial contamination and growth are
potential risk for human health. To prevent the microbe attack on
textiles, spread of disease, injury-induced infection, stains on tex-
tile materials and deterioration of textiles caused by fungus and
bacteria, the demand of different antimicrobial agents suitable for
textile application on the market has been increased dramatically
[35]. To treat organic pollutants and microbial containing wastew-
ater, the researches have recently been focused on advanced nano
materials.

The present work focuses on the removal of MG form aqueous
phase using both adsorption and photocatalysis phenomenon. To
the best of our information, no study has been reported on the fab-
rication of GG/AO nanocomposite with photocatalytic activity and
antimicrobial activity. The sun light activity of GG/AO nanocom-
posite will be exploited for the removal MG through coupled
adsorption and photocatalysis processes. The antimicrobial activ-
ity of GG/AO nanocomposite was evaluated against Staphylococcus
aureus.

2. Experimental

The chemicals such as guar gum, MG dye, sodium nitrate and
acetonitrile used in this study were purchased from CDH Pvt. Ltd.,
India. All the solutions and dilution were made in double distilled
water.

2.1. Preparation of aluminum oxide nanoparticles (AO NPs)

The AO NPs were prepared electrochemically using a simple
two-electrode cell in aqueous solution containing water: ace-
tonitrile solvent 200mL (12:1) and sodium nitrate supporting
electrolyte (1.25mM). The sacrificial aluminum plate (2 x 5cm?)
and inert platinum (1 x 1cm?2) were utilized as a sacrificial anode
and cathode, respectively. Before the electrolysis, both electrodes
were cleaned with hydrochloric acid and double distilled water. The
distance between both the electrodes was fixed at 1 cm for all the
experiments. The electrolysis reaction was performed at 100 mA
current for 2 h with constant stirring at room temperature. After
the electrolysis, white precipitates were centrifuged, washed with

ethanol and double distilled water several times. The product was
then dried at 60°C in a hot air oven for 2 h. The material obtained
was calcined at 1200°C for 1 h.

2.2. Preparation of GG/AO nanocomposite

GG/AO nanocomposite has been prepared by simple and ambi-
ent sol-gel method. In typical synthesis procedure, 150 mg of guar
gum was dissolved in 50 mL deionized water and stirred for 2 h
at 50°C. The suspension of AO NPs was added into above solution
with continuous shaking and followed by the addition of potassium
persulphate solution drop wise. The resultant mixture was stirred
for 3 h on magnetic stirrer at 50 °C. The white colored precipitates
obtained were then kept for digestion for 24 h. The supernatant lig-
uid was decanted and the gels were filter under suction and washed
with distilled water to eliminate the extra impurities. The material
thus obtained was dried in an hot air oven at 50°C.

2.3. Adsorption and photocatalytic studies

The adsorption and photocatalytic efficiency of GG/AO
nanocomposite was performed for MG dye degradation. For this,
100 mg of GG/AO composite was added into 1.5 x 10~> M solution
of MG dye to form suspension [36,37]. The adsorption and pho-
tocatalytic studies were executed using a pyrex glass beaker and
magnetic stirred for controlled agitation. During adsorption exper-
iments, the suspension was retained in dark to adsorption and
desorption of MG dye molecule. As the equilibrium was achieved,
the suspension was exposed to sunlight with intermittent agita-
tion for further photocatalysis. Prior to photocatalysis, suspension
of dye and composite was stirred continuously and exposed to sun-
light directly. Both the reaction set was compared to study the
effect of the conditions. During the reaction, 5mL solution was
withdrawn at different time intervals and centrifuged. The pho-
tocatalytic degradation of the MG dye was investigated at 620 nm.
The degradation percentage of dye was calculated using formula
as:

Ce — Ct

e

%Degradation = x 100

where C. and C; are the concentrations of dye at equilibrium and
at time t.

The rate of photodegradation of dye fitted pseudo-first-order
kinetic model as follow [38,39].

Ao _

lnA—t

kappt
where A, is the concentrations of dye before illumination, A; is the
concentration of dye at time t and kapp is the apparent rate constant.

2.4. Antimicrobial activity of GG/AO nanocomposite

Antimicrobial activity of GG/AO nanocomposite was evaluated
as per method described earlier with some modifications [40,41].In
this method, three tubes of bacterial suspension 5 mL (with a con-
centration of 107 CFU/mL of S. aureus) cultured in NB were prepared.
Out of three tubes of bacterial suspension, two were supplemented
with different amounts of GG/AO nanocomposite (0.4 ug/mL and
0.8 pg/mL). A100 L sample of bacterial suspension from each tube
was then plated in three different nutrient agar plates. Nanoparti-
cle free bacterial suspension incubated under the same conditions
was used as controls. The plates were then incubated at 37 °C. The
tubes of bacterial suspension were incubated at 37 °C on a rotary
shaker at 200 rpm for 24 h. The numbers of resultant colonies of S.
aureus were counted after 24 h of incubation.
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X-ray diffraction analysis (XRD) (X-ray Diffractometer Pana-
lytical.s X.Pert Pro) of the nanocomposite material was recorded
using Cu Ka radiation (k=1.5418 A). SEM (S-3400N, Hitachi, Japan)
image of GG/AO nanocomposite were recorded at different mag-
nifications. Transmission electron microscopy studies (FEI Tecnai
F 20), of GG/AO nanocomposite was determined by placing a
drop of suspensions of GG/AO nanocomposite prepared in ethanol
onto a carbon copper grid. The UV-vis spectra (Systronics 2202
spectrophotometer) of GG/AO nanocomposite were recorded in
distilled water. The spectrum showed featureless absorption in
the 200-600 nm regions. The band gap energy was determined
using the Taucrelation. Fourier transforms infra-red spectra (Model
RZX; Perkin Elmer) of GG/AO nanocomposite were taken by KBr
disc method. Thermogravimetric and differential thermal analysis
were performed on thermal analyzer (Perkin ElImer, model). Sam-
ple weight varied from 10 to 15 mg and heated from up to 600°C
at a heating rate of 15°Cmin~! in nitrogen atmosphere.

3. Results and discussion

3.1. Structure analysis and morphology of AO NPs and GG/AO
nanocomposite

The XRD pattern of GG/AO nanocomposite is shown in Fig. 1.
The XRD result showed the amorphous nature of nanocomposites.
The XRD exhibited characterization peaks of aluminum oxide (AO)
at scattering angles (26) of 35.5°, 32.9°, 38.1°, 61.3°, 67.1°. All the
peaks of AO were from JCPDS No. 46-1212 standard file [42]. The
broadening of peaks indicated the formation of GG/AO nanocom-
posite. Fig. 2(a, b)illustrates the SEM images of guar gum and GG/AO
nanocomposite. The guar gum showed bean shape morphology.
The SEM micrograph of GG/AO showed the agglomeration of par-
ticles and formation of the nanocomposite. TEM micrograph of AO
NPs and GG/AO nanocomposite is shown in Fig. 3(a, b). The TEM
observation confirmed the average diameter of nanoparticles in
the range of 20-35nm. TEM micrographs inferred the dispersed
homogeneous particles with diameters between 20-45 nm. The
light part guar gum wrapped dark part of AO NPs. Fig. 4 shows
the UV-vis spectra of GG/AO nanocomposite. The absorption bands
at about 210 nm were attributed due to AO NPs and 240 nm for
GG/AO nanocomposite [43,44]. The absorption peak of GG/AO
nanocomposite showed evident red-shift phenomenon, showing
strong interactions between polymer matrix and AO NPs. The shift-
ing of the absorption bands was due to the interaction between a
polymer matrix and nanoparticles [42]. The band gap of composite
was calculated using Tauc Relation [45].

ahv=f (hv—Eg)n

where a=absorption coefficient=2.303 Afl, Eg = optical band gap,
hv is the photon energy, 8=band tailing parameter, and n=" for
direct band gap. The optical band gap was determined by extrap-
olating the straight portion of curve between (chv)? and hv when,
o =0. The band gap as calculated from Tauc plot was found to be
3.02eV.

FTIR analysis of GG and GG/AO nanocomposite is shown in
Fig. 5. For GG spectra, the peaks at 3600-3400 cm~! were assigned
to O—H stretching vibrations of water molecule. The absorbance
peaks at 2927 cm~! and 1445 cm~! corresponds to C—H stretch-
ing and C—O—C asymmetric bending [28]. The peaks at 1155cm™!,
1023cm~! and 1676cm~! might be due to C—O—C stretching,
hydroxylic C—O0 single band stretching of C—O—C group in the anhy-
droglucose ring and ring stretching of galactose and mannose band,
respectively [46]. The change in the intensity of some functional
groups and appearance of new peaks in the GG/AO spectrum also
confirmed the formation of nanocomposite. The sharp peaks at

533cm™!, 553cm™! corresponded to Al—O—Al bending mode. A
weak peak at 821 cm~! was due to Al—O stretching vibration [47].

3.2. Thermogravimetric analysis

Thermogravimetric curves of GG, AO and GG/AO nanocomposite
is shown in Fig. 6. The total weight loss between the temperatures
90-520°C was found to be 91.5%. It is evident from Fig. 6(a) that
3.7% weight loss was observed up to 100°C which might be due
to the removal of water molecule. Thermal degradation of GG was
completed in two steps, 251-308°C and 308-518°C [48]. Initial
decomposition temperature (IDT) was 251 °C while, final decom-
position temperature (FDT) was 308 °C. In DTA studies, GG has been
exhibit one exothermic peak at 291 °C corresponded to 251-308 °C
in TGA.

In case of AO NPs, the total weight loss at the temperature of
100-600°C was found to be 7.4%. The weight loss at temperature
32°Cwas 0.3% only due to the removal of water molecule. The ini-
tial decomposition temperature was 93 °C and final decomposition
temperature was 341 °C. It might be due to the easily adsorbed
water which can exist stably to a certain temperature [49]. DTA
studies of AO NPs revealed only one exothermic peak at 58 °C which
was due to the decomposition stage in TGA at 93-341 °C (Fig. 6(b).

In case of GG/AO nanocomposite, the total weight loss at the
temperature of 30-585 °C was found to be 11.8%. The decomposi-
tion of nanocomposite occurred in three stages. In the first stage,
degradation occurred at 100 °C with 5.8% weight loss, which con-
firmed the loss of hydrogen bonded water molecule present at the
surface, second stage was between 200 to 310°C and the third
decomposition was between 310 to 517 °C with the weight loss
4.6 and 1.4%, respectively which might be due to the degrada-
tion of organic part (Fig. 6(c). After 517°C, very low weight loss
was observed. Thus, it is evident from the TGA data that GG/AO
nanocomposite was thermally more stable than the raw material.
In DTA studies of GG/AO nanocomposite, three exothermic peaks
at 47°C, 290°C and 502°C assigned to the decomposition stage
between 31-100°C, 200-310°C and 310-517°C, respectively in
TGA.

3.3. Photodegradation of dye

Photocatalysis of GG/AO nanocomposite was studied at different
processes such as adsorption in dark followed by photocatalysis
and coupled adsorption/photocatalysis under sunlight irradiation
as shown in Fig. 7.

For the adsorption followed by photocatalysis process, the MG
dye solution containing GG/AO nanocomposite was kept in dark
to establish adsorption/desorption equilibrium. For further pho-
todegradation process, the solution was exposed to sunlight to
absorb free dye which is present in the solution. The decrease in
the absorption band intensities in the presences of nanocompos-
ite with irradiation time was observed for MG clearly revealed
that the dye was degraded effectively by nanocomposite (Fig. 7(a).
It was observed that only 41% MG dye was adsorbed by GG/AO
under dark conditions and 81% of MG Dye degraded in sunlight
(Fig. 7(c). It might be possible that the surface of photocatalyst
was covered by dye molecules and degradation was suppressed.
But when solution was irradiated under sun light, electron hole
pair was generated, which reacted with water to release hydroxyl
and super oxide radical [50]. The super oxides break the conju-
gation of molecules. Adsorption followed by photocatalysis, the
mechanism was earlier reported by our research group [25]. The
photo degradation of MG dye using GG/AO nanocomposite plot of
In Ao/A¢ vs irradiation time showed a linear correlation (Fig. 7(e).
Thus adsorption followed by photocatalysis of MG dyes was fit-
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Fig. 1. XRD pattern of GG/AO nanocomposite.
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Fig. 3. TEM micrographs of GG/AO nanocomposite.

Table 1
% Removal of MG by GG/Al, 03 nanocomposite under sunlight, rate constants and linear coefficients from log Cy/C; vs T plots.

369

Dye Concentration Adsorption followed by photocatalysis synergetic effect of adsorption/photocatalysis

% degradation in dark % degradation in light kapp (min—" R? % removal of dye in light kapp (min-1)

R2

MG 1.5x 107> 41 81 —0.06679 0.95122 90 0.01893

0.95082
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Fig. 5. FTIR spectra of GG and GG/AO nanocomposite.

ted to pseudo-first-order kinetics [50]. The rate constant k for MG
dye and the value of correlation coefficient (R?) for MG is shown
in Table 1. The coupled adsorption/photocatalysis process directly
in sunlight involves the adsorption of dye onto the material and
photodegradation of dyes molecules at the same time. UV-vis
spectral changes of MG in coupled adsorption/photocatalysis are
shown in Fig. 7(b). The photocatalytic degradation percentage of
MG dyes by GG/AO nanocomposite was found to be 90% in 220 min
of photo irradiation as shown in Fig. 7(d). This study indicated
the higher removal of dye was achieved as compared to adsorp-
tion followed by photocatalysis. In coupled process, we assumed
simultaneous adsorption of dyes onto the photocatalyst surface and
generation of electron-hole pairs on absorption of light at same
time and generate free radicals to disrupt the conjugation in the
adsorbed and free dye molecules present in the solution and hence
degrade the dye [51]. The degraded dye products left the surface of
nanocomposite free for further adsorption and photocatalysis. The
dye adsorption onto the adsorbent can facilitate the photodegra-
dation process and increases the degradation rate and reduces the
degradation time [25]. The proposed mechanism for the coupled

adsorption/photocatalysis degradation of MG dye is shown as fol-
lows:

GG/AO + MGDye — GG/AO-Dyeadsorbed(Sunlight)
GG/AO(ht)-Dyeadsorbed + H,O — GG/AO(OH*)-Dye + H*
GG/AO(h*)-Dyeadsorbed + OH™ — GG/AO(OH*)-Dye

GG/AO(e™)—Dyeadsorbed + 0, — GG/AO(O,*)-Dye

0, *orOH* + Dye-GG/AO — Intermediate Product
— Degraded Product + Free GG/AO for reuse

Thus photodegradation was better in coupled adsorp-
tion/photocatalysis condition. The kinetics of MG dye degradation
showed a linear correlation in Fig. 7(f). Thus, coupled adsorp-
tion/photodegradation of dyes was fitted to pseudo-first-order
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Fig. 6. TGA graphs of (a) GG (b) AO NPs and (c) GG/AO nanocomposite.

kinetics. The value of rate constant and regression coefficients
(R?) for MG is given in Table 1. The comparison of rate constants
for coupled adsorption/photocatalysis and adsorption followed

photocatalysis undoubtedly indicated that the photocatalysis
under synergistic conditions was more proficient and effective.
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and (f) coupled adsorption/photocatalysis in presence of GG/AO nanocomposite (initial concentration of MG 1.5 x 10> M, pH-7, temperature —30+ 5°C).

The exceptional photodegradation performance of nanocomposite
boosts its properties for waste water treatment.
3.4. Antibacterial activity

The antibacterial activity of prepared GG/AO nanocomposite
was screened against S. aureus. It was observed that the GG/AO

nanocomposite was capable to binding with the outer membrane
of cell wall and preventing the nutrient transport inside the cell.
The antibacterial effect was recorded more pronounced at high
concentration of nanocomposite (Fig. 8). The antibacterial effect
of nanocomposite might be due to the inhibition of dehydroge-
nase enzyme, periplasmic enzyme activity and active transport
[52].
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Fig. 8. Antibacterial efficiency of GG/AO nanocomposite against S. aureus bacteria.

4. Conclusion

The GG/AO nanocomposite was synthesized and characterized
by different techniques to explore the functional group, bonding
nature, crystallite nature, size and morphology. The TGA stud-
ies indicated high thermal stability of GG/AO as compared to AO.
GG/AO nanocomposite showed the efficient photodegradation of
MG dye. The coupled adsorption/photocatalysis was more efficient
then adsorption followed by photocatalysis. The GG/AO nanocom-
posite showed a strong antibacterial activity against S. aureus.
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