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Applying a simple aqueous phase chemistry method, nanostructured zinc oxide surfaces have been
referred to as Zn(cur)O. The morphology of these Zn(cur)O
nanostructured materials is a grain-like wurtzite hexagonal crystal structure with good crystalline quality.

modified with curcumin, here
Doping of curcumin fills the defects of ZnO that are visible luminescence centers and prolongs
electron—hole recombination, resulting, respectively, in quenching of visible luminescence and an
enhancement in the exciton emission of ZnO. The photoluminescence of ZnO is insensitive to arsenic
concentration in water, but the photoluminescence of a Zn(cur)O colloidal solution at an excitation
wavelength of 425 nm can sensitively sense arsenic in the concentration range 100 to 3000 ppb. At the

same time Zn(cur)O can significantly improve the efficient removal of arsenic contamination from water
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oxidation and/or pH adjustment. The adsorption kinetics during arsenic removal by Zn(cur)O obeys

DOI: 10.1035/c5ra20221c a pseudo-second order model with exceptional adsorption rates compared to ZnO, reflecting the high
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1. Introduction

The design of functional nanomaterials has fuelled the advance
of nanomaterials and nanotechnology through the production
of special materials with novel properties for potential appli-
cations in chemical, biological, and technological domains.
Incorporating functionalities of organic systems on the surface
of metal oxide nanoparticles will yield hybrid materials with
novel properties and functions."” Zinc oxide has presented itself
as a special material with great potential and thus has attracted
research to study this semiconductor in the form of powders,
single crystals, thin films, or nanostructures. ZnO has a wide
band gap (~3.37 eV at room temperature®) and its high exciton-
binding energy (60 meV)® allows efficient excitonic emission
even at room temperature.* Although a small amount of ZnO
dissolves and releases zinc ion into water, ZnO is biocompatible
rendering it suitable for biomedical and environmental appli-
cations such as, transparent conducting electrodes in solar
cells,” photocatalysts for degradation of organic pollutants in
wastewaters,® UV lasers,” and chemical and biological sensors.®

Arsenic contamination in natural water renders the lives of
millions of people around the world at risk. Exposure to arsenic
over extended periods of time leads to serious health problems,
such as cancers of liver, lung, kidney, bladder, and skin,**®
cardio vascular system problem," and affects the mental
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affinity of Zn(cur)O nanomaterials to arsenic due to improvement in adsorption.

development of children.*” Arsenic in natural water can be the
result of leaching from arsenic containing source rocks and
sediments. Its presence is generally associated to geochemical
environments such as basin-fill deposits of alluvial lacustrine
origin, volcanic deposits, inputs from geothermal sources,
mining wastes and land fills.">'* In 2001, the US Environmental
Protection Agency (EPA) lowered the maximum contaminant
level (MCL) for arsenic in drinking water from 50 to 10 pg L™
(0.01 ppm)*® which rendered the drinking sources all over the
world unacceptable. The arsenic contamination of the
groundwater has been a serious problem in many countries.
Therefore, research on arsenic detection and removal from
drinking water using low-cost and simple methods has greatly
increased. The conventional methods™ for arsenic treatment
include coagulation and flocculation, precipitation, adsorption,
ion exchange, and membrane filtration. Alternative unconven-
tional methods like ozone oxidation, bioremediation and
electro-chemical treatments are also used in the removal of
arsenic. Among the various arsenic removal techniques,
adsorption seems to be the simplest, cost-effective, and safer to
handle process than precipitation, ion exchange, and
membrane filtration.

Arsenic exists in water as two major inorganic arsenic
species, namely As(u1) (arsenite, AsO;>7) and As(v) (arsenate,
AsO,*7). The existence and ratio of these two forms of arsenic is
dependent greatly on pH and the redox conditions of the envi-
ronment in which they are present. Arsenates are stable under
aerobic or oxidizing conditions, while arsenites are stable under

This journal is © The Royal Society of Chemistry 2016
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anaerobic or mildly reducing conditions.” Arsenite species
exists in solution as HzAsO; (arsenous acid) and H,AsOz;™
(dihydrogen arsenite) with pK, values of 9.2 and 12.7 respec-
tively.'® Arsenate species is present as H,AsO, (dihydrogen
arsenate) and HAsO,> (arsenate hydrogen ion) and the pK,
values for arsenic acid (H3AsO,) are pK,; = 2.3, pKa, = 6.8, and
PKaz = 11.6.% Of these two redox states of As, arsenite As(m) is
the more toxic form than arsenate. Also, arsenate is easier to
remove from water than arsenite, as it is an ionic species in the
PH range typically found in the aquatic environment.'” Arsenite,
on the other hand, exists in nonionic form H3;AsO; in natural
water with pH value ranging from weakly acidic to weakly
alkaline, which renders the adsorption performance of various
adsorbents on As(m) poor.”*? It would require additional
oxidizers to oxidize arsenite to arsenate if pH is less than 10."
Thus, oxidizing As(ur) to As(v) and/or pH adjustment becomes
necessary for its effective removal from water before coagula-
tion-precipitation or adsorption processes.>*>* As this would
add to the complexity and cost of the treatment process,
adsorbents able to effectively remove As(m) without the
oxidation/pH adjustment is being developed.

ZnO acts as a good adsorbent, but so far it has its own
limitations. Doping with organic system may influence
adsorption and luminescence properties of ZnO. The sensi-
tization of ZnO towards visible light means the band gap has
to be narrowed or split into several sub-gaps. This has been
done through various methods such as surface modification
by incorporation of organic materials,” fullerenes®® and
polymers.>**® However, research work on dye doped zinc
oxides and their respective optical and catalytic properties
remains narrowed. Curcumin (see Scheme 1) accounts as the
major component in the curcuminoid complexes and well
known for its pharmaceutical applications and medicinal
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potential in therapy of many diseases such as, cancer, cardio-
vascular disease, and rheumatoid arthritis.>*** Reports on
curcumin as sensitizer are scarce. Curcumin-derived dye can
be used as a sensitizer in dye sensitized solar cells with
photocurrent density of 1.66 mA cm®.*> Curcumin has very
exciting photophysical and fluorescence properties.** Curcu-
min, as fluorescence probe for developing new sensing
scheme, is getting widely realised.**® It can act as a reducing
agent to prepare metal nanoparticles®” and nanorods®® and
make metal complex with various metal ions.>**' It also
forms a Zn-curcumin complex by reacting with zinc salt.*?
Curcumin has also been used to prepare ZnO-curcumin
composites.**** However, there is no literature work where
curcumin is doped on ZnO surfaces. In this work we
attempted to prepare a new curcumin doped ZnO nano-
materials, which is termed here as Zn(cur)O, and apply it for
developing new fluorescence sensing scheme for arsenic as
depicted in Scheme 2 and at the same time quick removal of
arsenic from water without the oxidation and/or pH
treatment.

2. Materials and methods
2.1 Materials

Zinc nitrate hexahydrate (Zn(NO3),-6H,0) (98% extra pure) was
obtained from Acros Organics. Curcumin was received from
Sigma and acetone (HPLC grade) was used from Aldrich.
Potassium hydroxide was sourced from AnalaR. A primary stock
element reference solution of arsenic (As(ur), 1000 ppm, matrix:
0.5 M HNO;) was supplied by Romil LTD and stored in the dark
in a refrigerator. All the solutions were prepared with deionized
water unless otherwise mentioned.

/H\
O O )
o S (.
OCH3; OCH3; OCH3 OCH;
Keto-form Curcumin Enol-form

Scheme 1 Structure of curcumin.

'KOH

Curcumin

Zn(NO,),.6H,0

Scheme 2 Schematic illustration of synthesis of Zn(cur)O followed by fluorescence enhancement of Zn(cur)O upon binding with arsenic in

water.
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2.2 Synthesis

Zn(cur)O was prepared by taking 0.5 (£0.1) mg, 1.0 mg (+0.1),
or 2.0 (£0.1) mg of curcumin in 50 mL of double distilled
water (close to neutral pH) at 80-90 °C. The relatively high
temperature was useful for ZnO synthesis. When curcumin
was solubilized completely, 50 mL of 0.1 M Zn(NO3), solution
prepared in double distilled water was added to it. The
yellowish solution was refluxed for 1 hour at 85-90 °C. After
that, the solution was cooled down and 5 mL of 0.2 M KOH
was added slowly at 4 °C. An orange yellow gel-like suspen-
sion was observed. The solution was centrifuged at 5000 rpm
and the precipitate was washed with water till no more yellow
color was observed in the supernatant. Acetone washes were
necessary to remove any unanchored curcumin after which
the final wash was with water. The precipitate Zn(cur)O was
vacuum dried at room temperature. A control ZnO was
synthesized by taking 50 mL of 0.1 M Zn(NOj;), solution
prepared in double distilled water and then adding 5 mL of
0.2 M KOH slowly in an ice bath at 4 °C. The white suspension
was centrifuged at 5000 rpm, washed with water and vacuum
dried just like Zn(cur)O.

2.3 Characterization

Scanning electron microscopy (SEM) analysis was carried out
using Tescan, Vega 3 LMU with Oxford EDX detector (Inca
XmaW20) SEM. The sample was deposited on a carbon film
for SEM analysis. The fluorescence image was recorded using
a high sensitive STED confocal set up consisted of confocal
microscope (Leica TCS SP5 STED, Leica Microsystem),
APD detector and an argon laser with 430 nm excitation
wavelength. Zn(cur)O was excited by a wavelength of 430 nm
and typical emission wavelengths were 490-600 nm. The
X-ray diffraction (XRD) data were recorded using a Bruker
d8 discover X-ray diffractometer equipped with Cu-Ka radi-
ation (1 = 1.5405 A). The monochromator used was Johans-
son type. The step size was 0.02 s and the scan rate was 20 s
per step.

2.4 Spectroscopic analysis

The chemical structures of Zn(cur)O and, ZnO were charac-
terized by FTIR spectroscopy. A Thermo Nicolet 4700 Fourier
Transform Infrared Spectrometer equipped with a Class 1
laser was used for this purpose. The KBr pellet technique was
applied to perform the transmission experiments in the range
between 4000 and 400 cm™'. The absorption spectra were
recorded at room temperature using a JASCO V-570 UV-VIS-
NIR Spectrophotometer. Similarly, UV-visible diffuse reflec-
tance spectra were measured using the same spectropho-
tometer in the range 200 to 800 nm. The steady-state
photoluminescence/fluorescence spectra were recorded at
room temperature using Jobin-Yvon-Horiba Fluorolog III
fluorometer and the FluorEssence program where the excita-
tion and emission slits width were 5 nm. The source of exci-
tation was a 100 W xenon lamp, and the used detector was R-
928 operating at a voltage of 950 V.
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2.5 Adsorption study

For As(m) removal experiment, the same general procedure was
followed for different concentrations of arsenic using samples
of Zn(cur)O that differ by their curcumin content. Using 1 ppm
As(m) stock solution, 100 ppb and 903 ppb arsenic concentra-
tions were prepared in a final volume of 12 mL. The pH of the
solution was about 6. After adding the Zn(cur)O, the arsenic
solution was placed on the vortex (speed was no more than 1200
rpm) and left shaking to disperse Zn(cur)O particles and ensure
its good contact with the arsenic contamination. Based on the
linear dynamic range indicated in the manual for arsenic
measurements of the instrument used, we set a low and a high
standard concentration of 7 ppb and 55 ppb respectively. With
proper dilutions, the samples were set to a final maximum
arsenic concentration of 50 ppb. Portions of 1 mL were with-
drawn at different time intervals, and dumped directly into
a1 mL deionized water to obtain a final concentration of 50 ppb
as a maximum. For the high arsenic concentration (903 ppb),
proper dilution was also done. After dilution, the samples were
filtered using a general use filter paper. The experiments were
done in duplicate or triplicate and each measurement was
repeated twice. For each set of measurements done together
(7-8 samples), a series of 6 or 8 standards were freshly prepared.
Measurements of arsenic concentration were analyzed by SOL-
AAR atomic absorption spectrophotometer (Thermo Labsys-
tems) with ASX-510 autosampler, G95 graphite furnace,
FS95 furnace autosampler, PLATON Hg sampling, MILESTONE
Ethos Plus microwave labstation, and SOLAAR data acquisition
and analysis computer software. The percentage adsorption of
arsenic on adsorbate from aqueous solution was calculated as
follows:

Adsorption (%) = [(Cint — Can)/ Cing] x 100

where C;,: and Cg, are the initial and final arsenic concentra-
tions in the solution, respectively.

3. Results and discussion

Briefly, Zn(cur)O nanoparticles were prepared through wet
chemistry in which curcumin and zinc nitrate were mixed at
85-90 °C for 2 hours and the yellow colored solution was cooled
to 0 °C in an ice bath, subsequently potassium hydroxide
solution was added slowly. The yellowish precipitate obtained,
Zn(cur)O, was centrifuged and washed. It should be noted that
curcumin degrades in alkaline medium,*® but addition of
potassium hydroxide to curcumin and zinc nitrate did not show
any appreciable degradation or change in colour of curcumin.
Zn(xcur)O (where x = 0.5, 1.0, or 2.0) particles were synthesized
respectively by using 0.5 mg, 1.0 mg, or 2.0 mg of curcumin.
Washing of Zn(cur)O with acetone didn't alter its yellowish
colour and no curcumin was detected in the wash solution. ZnO
control was prepared without using curcumin.

The SEM images of the as synthesized ZnO and Zn(cur)O
nanoparticles are presented in Fig. 1. The particles were of sizes
ranging from 200-600 nm width and 600-2000 nm length.
There were also particles of smaller sizes. The particles looked

This journal is © The Royal Society of Chemistry 2016
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similar to grain or half grain. Zn(cur)O particles were found to
be not different in their appearance and morphology compared
to ZnO. Closer SEM images of these grain shaped Zn(cur)O were
recorded in 200 nm resolution as shown in Fig. 2a, which shows
that these grain appearing particles were assembled of nano-
sized particles. It should be noted that changing the concen-
tration of curcumin (0.5 mg, 1.0 mg, or 2.0 mg) during prepa-
ration of Zn(cur)O did not have any foremost impact on the
morphology of these particles, although Zn(cur)O prepared
using 2 mg curcumin were found to have more number of
smaller or half-broken particles (Fig. 2b). The morphology of
these particles was also clearly visible in fluorescence STED
microscope (Fig. 3a). The fluorescence coming out from the
whole region indicates curcumin is present all over the particle
in Zn(cur)O. Amount of curcumin both on the surface and the
inside of ZnO was estimated by thermogravimetric analysis. In
between 100 and 700 °C, the weight loss for naked ZnO was
~4% and that of Zn(cur)O was ~24%. Based on these data the
amount of curcumin in Zn(cur)O was estimated to be ~20%.
The XRD pattern of ZnO and Zn(cur)O is shown in Fig. 3b. All
the Zn-O hexagonal phase diffraction peaks were found at 26 of

SEM HV: 15.0 KV WD: 4.10 mm MIRA3 TESCAN
View field: 5.85 ym Det: SE 1pm

SEM MAG: 23.6 kx | Date(m/dly): 0717113 AUB-CRSL
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31.80° (h k 1,100), 34.51° (h k 1, 002), 36.26° (h k [, 101), 47.49° (h
k1,102), 56.61° (h k 1, 110), 62.99° (h k I, 103), 66.55° (h k I, 200),
67.84° (h k1,112),69.19° (h k [, 201) and 77.53° (h k [, 202). These
observed peaks are in good agreement with those for hexagonal
ZnO with wurtzite structure as reported earlier.”” The additional
peaks found at 37.03°, 37.80°, 43.23° and, 64.35° were attributed
to curcumin. The sharp diffraction peaks apparent in the
figures indicate good crystallinity of the ZnO nanoparticles. No
characteristic peaks of any other phase of ZnO or of any
impurity were observed which indicates the relatively good
purity of the compounds. The pattern of pure curcumin showed
sharp characteristic peaks** at 26 of 20-30°. However, the
characteristic peaks of curcumin were not observed when
coated on ZnO in the XRD patterns of Zn(0.5cur)O and
Zn(1.0cur)O, and only three peaks at 26.0, 26.8, and 29.45 for
Zn(2.0cur)O were attributed to curcumin in this range. The
Scherrer equation® relates average crystallite size of the sample
with the line broadening at full width at half maximum
(FWHM) and thus the average crystallite sizes of samples were
determined using the Scherrer equation:

'
®
‘Ql @ 2
¢ ® . \v’-? i
SEMHV:15.0 KV WD: 2.00 mm

View field: 8.06 ym Det: InBeam 2pm
SEM MAG: 17.2kx | Date(m/dly): 07/29/13

MIRA3 TESCAN

AUB-CRSL

Fig.1 SEM images of (a) ZnO and (b) curcumin doped ZnO which is termed as Zn(cur)O.

SEM H\V: 15.0 KV WD: 2.00 mm
View field: 0.920 pm Det: InBeam
SEM MAG: 150 kx | Date(m/dly): 07/29/13

MIRA3 TESCAN

200 nm

AUB-CRSL

SEM HV: 15.0 kV WD: 3.12 mm MIRA3 TESCAN,
View field: 1.48 ym Det: InBeam

SEM MAG: 93.4 Kx | Date(m/dly): 08/07/13

200 nm
AUB-CRSL

Fig. 2 SEM images of (a) Zn(0.5cur)O where [cur] = 0.5 mg and (b) Zn(2.0cur)O where [cur] = 2.0 mg.
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Fig. 3 (a) STED fluorescence image of Zn(cur)O; (b) X-ray diffraction

patterns of ZnO, Zn(0.5cur)O, Zn(1.0cur)O and Zn(2.0cur)O

nanoparticles.

DXRD = 0.9Aﬁ/COS 0

where Dggrp is the average crystallite sizes (nm), A the X-ray
wavelength (1 = 1.5406 A), 8 the full-width at FWHM of the
highest intensity peak in radians, and 6 the half of diffraction
peak angle. The peak of the [100] plane (one of the strong peaks)
was monitored to evaluate relative crystallite size with respect to
curcumin concentration used during synthesis of Zn(cur)O.
Crystallite sizes of 24.63 nm, 20.18 nm, 26.06 nm, and 20.04 nm
were obtained for ZnO, Zn(0.5cur)O, Zn(1.0cur)O, and
Zn(2.0cur)O respectively. This change is marginal without
giving any specific relationship between crystalline structures
and the amount of curcumin used in Zn(cur)O.

FTIR spectroscopy was done to inspect the interaction of
curcumin with ZnO through the fingerprint vibrations of both
curcumin and ZnO and of Zn(cur)O as shown in Fig. 4. Bare ZnO
showed strong and broad absorption peak around 442 cm™*,
which is the characteristic of Zn-O bond.** No bands appeared
around 3500 cm ! nor at 1600 cm ! which are usually attrib-
uted to O-H stretching vibration peak of the hydroxyl functional
group and to the bending vibration of the surface H-OH, which
means that no hydroxyl groups adsorption on the surface of
ZnO took place and what we had was ZnO rather than Zn(OH),.
The peak at 442 cm ™" in ZnO shifted to 484 cm ™' in Zn(cur)O
and was less pronounced suggesting the presence of an altered
Zn-0 bond due to its interaction with curcumin.

The frequency region of both phenolic »(OH) vibrations of
the curcumin was computed to be at 3595 cm™ ', but was shifted

17260 | RSC Adv., 2016, 6, 17256-17268

View Article Online

Paper

to lower frequency at 3510 cm ' due to intramolecular and
intermolecular H-bonding in curcumin.*® In Zn(cur)O the
location of the band shifted to 3430 cm ™" indicating interaction
of these phenolic hydroxyls with ZnO. Curcumin molecule has
one of the most prominent functional group—the B-diketone
group—at the center, which has high driving force to form
chelation with metal ions.*>*> The B diketo system in curcumin
was found to form charge transfer complexes with TiO, nano-
particles.>” Khalil et al. have suggested a four coordination zinc-
curcumin complex through B diketo system based on mass
spectral data.*” This could be due to the co-existence of keto and
enol groups in curcumin molecules. In this respect, it is not
surprising to have an interaction—be it weak or strong—of this
B-diketone moiety with Zn atom at the bulk surface of ZnO. In
fact, the curcumin spectra did not show any peak in the
carbonyl region (1800-1650 cm ') as reported earlier, neither in
the solid state nor in solutions, indicating that curcumin exists
mainly in the enol form. However, two peaks were obtained in
this region at ~1650 cm™ " and at 1756 cm ™" for the ZnO-cur-
cumin compound, where the 1650 cm ™" peak could be due to
»(C=0) of curcumin. The other peak at 1756 cm™" could be
related to the carbonyl's asymmetric mode of vibration in its
diketo solid form (the symmetric mode is unseen usually
because its intensity is too low). Theoretical calculations show
that the enolic »(OH) mode is at 2979 cm™*.5! Experimentally,
this band usually appears weak and broad as it did in this case.
The absence of a clearly defined »(OH) band has been previously
discussed by Tayyari et al.®® stating that “the intensity and
broadness of the enol band is dependent on the strength of the
intramolecular hydrogen bond where it would decrease in
intensity and increase in broadness as the strength of the
hydrogen bond increases”. Also in their work on dibenzoyl-
methane, a B-diketone system, similar to curcumin, they have
suggested that the m-systems, such as the phenyl groups
increase the H-bond strength through conjugation with the enol
ring. The hydroxyl and methoxy groups on the phenyl rings of
curcumin are electron donating systems expected to even cause
stronger hydrogen bond effect. So any weakening of these
groups' electronegativity (phenyl ring and/or the existing
methoxy and hydroxy groups on it) by forming bonds or
conjugating with other moieties would cause the hydrogen
bond strength to decrease thus allowing the enol peak to appear
more clearly. In our Raman spectroscopic measurement the
Raman band at 1601 cm~ ' was obtained for curcumin due to
aromatic vibration vc—c ring and this band shifted to 1593 cm t
in Zn(cur)O. Therefore, one of the possibilities does not rule out
involvement of the ZnO with the hydroxyl or methoxy groups on
the phenyl ring.

However, the prominent enol peak could also be due to
chelation of curcumin with metal ions as suggested earlier for
zinc-curcumin complex.*” In our FT-IR measurement, the peak
in curcumin at ~1630 cm ™' has a predominantly mixed »(C=C)
and »(C=0) character. The most prominent band in the cur-
cumin spectrum was found at 1510 cm ™" attributed to highly
mixed vibrations of »(C=0), §(CC=0), and §(CCC).”* The IR
bands in frequency region 1430-1460 cm™ " are due to defor-
mation vibrations of the two methyl groups. Most bands in

This journal is © The Royal Society of Chemistry 2016
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Fig. 4 FTIR spectra of as-synthesized ZnO, curcumin, and Zn(1.0cur)O nanostructures at room temperature.

frequency region 1450-1300 cm™ ' are highly mixed. Similarly,
the Raman shift at 1626 cm™* was found for curcumin, which is
due to vc—¢ and vc—o of curcumin and similar to reported
experimental value and close to computed values 1630 cm ™"
and 1615 cm ™" respectively.** In Zn(cur)O this band shifted up
field to 1630 cm ™" indicative of a relatively strong coordination
of the carbonyl moiety.> The Raman band at 1314 cm™ " is due
t0 dpnccHoHenol- The Raman peak at 1304 cm ™ for dcopenol Was
not found in curcumin, but was observed for Zn(cur)O. The
band at 1248 cm ™' due to dcomenol Of curcumin also shifted to
around 1224 cm ™' in Zn(cur)O indicating presence of CO type
bond associating with zinc. The carbonyl and hydroxyl groups
of curcumin can form chelate with zinc. This could also be
supported by the disappearance and shifting of the IR bands at
960 and 855 cm ™ in Zn(cur)O (see Fig. 4), which are attributed
to »(C-O) vibrations. Present spectroscopic analysis supports
that curcumin chelates with zinc through enol form but at the
same time a weak link between hydroxyl or methoxy groups on
the phenyl ring and ZnO exists.

UV-Vis diffused reflectance spectra of the Zn(cur)O and ZnO
are depicted in Fig. 5. All of them show a similar broad and
strong absorption spectrum with an onset at 400 nm and
a maximum at about 343 nm, which is characteristic of ZnO
wide-band semiconductor. For Zn(cur)O, another strong
absorption maximum was found at around 445 nm with an
absorption onset at ~570 nm for Zn(cur)O confirming the
presence of curcumin. As seen for curcumin in ethanol, the
position of the curcumin peak in Zn(cur)O is red shifted
compared to curcumin in solution. This shift in absorption
spectra could be due to the interaction of curcumin with zinc
ion that decreases the band gap between m-m* electronic
transition of curcumin.

The photoluminescence (PL)/fluorescence of Zn(cur)O and
ZnO were measured at two excitation wavelengths: 320 nm (for
ZnO excitation), and 425 nm (for curcumin excitation) in water
and compared in Fig. 6. At 320 nm excitation wavelength (see
Fig. 6a), ZnO showed two emission bands, one in the UV range
at around 358 nm, which is associated with exciton emission,

This journal is © The Royal Society of Chemistry 2016
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Fig. 5 UV-visible diffuse reflectance spectra of as-synthesized ZnO,
and Zn(1.0cur)O nanostructures at room temperature. UV-visible
absorption spectrum of curcumin in ethanol is shown for comparison.

another in the visible range at around 560 nm, which originates
from electron-hole (e-h) recombination at the deep level
caused by oxygen vacancy or zinc interstitial defects.>® This
result — the observation of a visible PL in water - by itself is
unconventional and interesting given the fact that even small
amounts of water would kill ZnO PL - namely visible fluores-
cence - as hydroxyl groups coordinate on the surface of ZnO
nanoparticles. Curcumin usually shows fluorescence in this
region (around 530 nm),* however its contribution in Zn(cur)O
was minimum or negligible. The visible photoluminescence in
Zn(cur)O reduced by ~10 folds compared to naked ZnO. Similar
quenching of visible emission has been observed and reported
for capped ZnO compared with the uncapped ZnO.*® Interest-
ingly, in comparison to ZnO, the UV emission of Zn(cur)O at 358
nm increased by ~4 fold. This trend has been related earlier to
increased crystallinity and decreased surface defects.*® Some
polymer and/or organic ligands are thought to fill up (passivate)
the defects on ZnO surface, which act as visible luminescence
centers, resulting in quenching the ZnO visible emission and
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Fig. 6 Photoluminescence/fluorescence spectra of as-synthesized
Zn0O, and Zn(1.0cur)O nanostructures in water.

improving the UV emission.* This is what we think curcumin is
doing. It is important to point out that the visible emission from
ZnO cannot be fully explained by a single type of defect.”” The
visible emission band of Zn(cur)O was found to be 10 nm red
shifted compared to that of ZnO. Zn(cur)O gave an additional
band at around 405 nm (see inset of Fig. 6a) that was absent in
ZnO. The emission line at 405 nm could be also related to defect
emission caused by curcumin because we don't see any such
peak in ZnO. At excitation wavelength of 425 nm (Fig. 6b), ZnO
is not expected to have a good photoluminescence behavior due
to poor light absorption in contrast to Zn(cur)O, which has
a strong light absorption at this wavelength due to curcumin.
Thus, the contribution of fluorescence of Zn(cur)O relative to
ZnO is substantial at this excitation wavelength and the emis-
sion is largely due to curcumin rather than ZnO, as seen for
curcumin alone in water at ~530 nm.** The peak at 495 nm in
both the cases was due to scattering.

Subsequently, we tested photoluminescence behavior of ZnO
and Zn(cur)O for the determination of arsenic. The sensing of
arsenic was done for two concentration ranges: from 0 to 1000
ppb (1 ppm) and from 1 ppm to 10 ppm; thus, stock solutions of
respectively 3000 ppb and 30 ppm of arsenic in water were used
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for this purpose. ZnO didn't show any systematic photo-
luminescence alteration in both the ranges of arsenic concen-
trations used at excitation wavelengths 280 nm and 425 nm (not
shown), which limit use of ZnO to sense arsenic. However,
Zn(cur)O showed an enhancement in fluorescence intensity
with increasing arsenic concentration from 1 to 10 ppm as
presented in Fig. 7. The binding mode of arsenic with ZnO
surfaces has been experimentally established earlier,*® it has
been found that surface absorption is the main cause of As(u)
binding on ZnO surface. In the present case surface adsorption
of As(ur) on Zn-O surfaces facilitate As(u) to come near to cur-
cumin present in Zn(cur)O surfaces and interact on the phenyl
rings and/or the hydroxyls groups as proposed subsequently.
The enhancement of fluorescence could be linked with
absorption of arsenic with Zn(cur)O surfaces. After removing
arsenic from the Zn(cur)O surfaces, the same materials can be
reused.

To comprehend effect of curcumin concentration in Zn(cur)
O, a comparison was made for response for Zn(1.0cur)O and
Zn(2.0cur)O as depicted in Fig. 8a in the concentration rage 0 to
1000 ppb and both of them showed good linear change in
fluorescence signal. The higher sensitivity for Zn(2.0cur)O is
due to higher fluorescence of Zn(2.0cur)0 compared to
Zn(1.0cur)O because of more curcumin content in Zn(2.0cur)O.
Further, Zn(2.0cur)O was chosen because of higher sensitivity
and the response was extended up to 10 000 ppb (10 ppm) using
Zn(2.0cur)O as fluorescence probe for sensing application. As
shown in Fig. 8b the fluorescence response showed an expo-
nential increase and at higher concentration it started satu-
rating. From Fig. 8b it can be estimated that the linear changes
for sensing application is valid till around 3000 ppb of arsenic,
where the present method could be applicable to determine
arsenic in water samples. The detection limit estimated was
100 ppb.

The potential application of the curcumin doped ZnO system
for arsenic removal was established in comparison with naked
ZnO. The same general procedure was followed for different
concentrations of arsenic, mainly 100 and 903 ppb, using
samples of Zn(cur)O that differ by their curcumin content.
Briefly, a stock of 200 ppm Zn(cur)O (and ZnO) solution was
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1.6x10° |
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0 ppm

=
[S)
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Fig.7 Fluorescence sensing of arsenic in the concentration range 1 to
10 ppm using Zn(1.0cur)O.
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Fig. 8 (a) Fluorescence intensity response of Zn(1.0cur)O and
Zn(2.0cur)O in the arsenic concentration range 0 to 100 ppm. (b)
Fluorescence intensity response of Zn(2.0cur)O in the arsenic
concentration range 1 to 10 000 ppb. The excitation wavelength used
was 425 nm and emission wavelength was 550 nm.

prepared by mixing 1 mg of the compound in 5 mL deionized
water. A secondary stock of 1 ppm of arsenic was prepared from
a primary stock, As,O3 As(m) oxide, 1000 ppm. The stock solu-
tion was diluted to two initial As(m) concentrations, 903 pg L™
and 100 ug L™ (as 903.2 pg L™ falls in the high range of arsenic
specie concentration found in natural water around the world,
and 97.8 ug L' is in the middle to low range®). For removal and
adsorption study, arsenic was estimated by atomic absorption
spectrophotometer. When the initial As(m) concentration was
100 ppb (see Fig. 9a), it was found that in just 30 minutes ~85,
~93.6, and ~90% of As(m) in the water sample could be
removed with Zn(0.5cur)O, Zn(1.0cur)O, and Zn(2.0cur)O
respectively, leaving arsenic concentrations below maximum
contaminant level (MCL) [7.865, 3.0845, and 4.679 respectively].
After 3 hours, the equilibrium As(in) concentration in the water
sample was less than 5 ppb after the treatment, which meets the
EPA standard for arsenic in drinking water. Zn(1.0cur)O
removed As(ur) almost completely ([As];g0 min = 0.933 ppb) with
the highest adsorption percent (98%) followed by Zn(2.0cur)O
(96%) and Zn(0.5cur)O (92%). Bare ZnO removed ~52% of the
initial arsenic concentration after half an hour ([As]eo min ~ 20
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ppb) and ~72% after 3 hours ([As]igo min ~ 14.6 ppb) failing to
take arsenic down its MCL. When the initial As(u) concentra-
tion was 903 ppb ~71 and 67% of As(m) could be removed with
Zn(1.0cur)O and Zn(2.0cur)O respectively in 30 min (see
Fig. 9b).

Even for such a high As(m) concentration, curcumin doped
ZnO nanostructures demonstrated an excellent removal effect
given the low loading of 42 ppb (0.04 g L™"). As(m) equilibrium
concentrations of about 180 ppb were left after the treatment
period of 3 hours achieving almost similar ~75% removal for
both curcumin contents. Therefore, highly efficient As(u)
removal is possible with these curcumin doped ZnO sub-micro-
granules requiring no pre-treatment (oxidation and/or pH
adjustment) and post treatment pH adjustment. It is expected
that doubling or tripling the loading amount will remove the
903 ppb arsenic contamination completely; even then the
material loading is still considered economical.

To investigate the mechanism of As adsorption, the Lagerg-
ren pseudo first-order and Lagergren pseudo second-order
equations were used to test the experimental data of different
curcumin content in the Zn(cur)O adsorbent. The linearized
pseudo-first-order equation can be presented as:*

@  1As] .. =100 ppb

—=—2Zn0

—e—2Zn(0.5.cur)O
4—27Zn(1.0.cur)O

—+—2Zn(2.0.cur)0

initial

0 5 10 15 20 25 30 35 40 45 50 55 60 65

Time (min)
ofs ® A Lot = 903 PPD
o %1 —=— Zn(1.0cur)O

i) ®— Zn(2.0cur)O
é. 0.6
w
< o

0.2
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T T T T 1
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Fig. 9 Adsorption kinetics of As(i) on Zn(xcur)O and ZnO: (a) initial
As(i) concentration was 100 pg L~ and (b) initial As(i) concentration
was 903 pg L%, the error margin was within 10%.
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In(ge — q) = -kt + In g, &Y

where g. and g, are the capacities (mg g~ ") of arsenic adsorbed
at equilibrium and at time ¢, respectively, and k; is the pseudo-
first-order rate adsorption constant (mg g~ min~"). Plot of In(g.
— q,) versus t for an adsorbent yielded a straight line, usually
governing the first 20-30 minutes of interaction, but the
correlation coefficients (R) was poorer as shown in Fig. 10a and
b. The rate constant was found to be dependent on the initial
concentration of the adsorbate and varying greatly depending
on the adsorption system.
The linearized pseudo-second-order equation is given as:

tlq, = tlge + 1(kaqe?) (2)

k, is the pseudo-second-order rate constant and it depends on
the operating conditions, such as initial pH and solution
concentration, temperature, agitation rate, etc.®® (all these
parameters were kept constant for all the experiments). k,
would decrease as the initial solution concentration increase as
it takes a longer time to reach equilibrium. If the adsorption
system follows a pseudo-second-order kinetics, then a plot of ¢/
q.versus t would be linear and k, and g. can be determined from
the intercept and slope of the graph eqn (2). In our case, the
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kinetic study results could be best fitted into a pseudo second-
order rate kinetic model as demonstrated in Fig. 10c and d. The
kinetic parameters obtained in fitting the experimental data are
summarized in Tables 1 and 2. The applicability of the pseudo-
second-order rate model was evaluated by the square of the
correlation coefficient R (R*), and its closeness to 1 indicates
that the model fits the experimental data accurately. The
correlation coefficients for the second-order kinetic model were
greater than 0.999 for all the fits, which is better than first-order
kinetic model (Fig. 10a and b). The sorption capacity of adsor-
bent was calculated by:

qe = V(Co - Cc)/m (3)

where C, and C. are the initial and equilibrium concentration
(mg L") respectively, m is the mass of dry carbon sample used
(g) and Vvolume of solution (mL). The calculated g. values also
agree very well with the experimental g..

Due to the differences in the experimental conditions, it is
not possible to directly compare the adsorption efficiency
among reports in literature. However, a rough comparison can
be made. For instance, concerning relatively high arsenic
concentrations, Yang and co-workers* synthesized ZnO micro-
tubes, which have a large specific surface area. In their study,

4
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34 © ® Zn(2.0cur)O
)
o 24
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(a) and (b) are pseudo-first-order rate kinetic model fitting of the adsorption kinetics studies demonstrated in Fig. 9a and b, respectively.

(c) and (d) are pseudo-second-order rate kinetic model fitting of the adsorption kinetics studies demonstrated in Fig. 9a and b, respectively.
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Table 1 Kinetic parameters of Zn(xcur)O nanostructures adsorption
on As(in) at initial concentrations of 100 ppb

Ge(cal) Ge(exp) Kag

(mgg™) (mgg") (mg'gmin) R
Zn(0.5cur)O 0.4655 0.45972 0.8367 0.9999
Zn(1.0cur)O 0.4922 0.49146 5.9892 0.9999
Zn(2.0cur)O 0.4836 0.479645 1.0542 0.9996

Table 2 Kinetic parameters of Zn(xcur)O nanostructures adsorption
on As(in) at initial concentrations of 903 ppb

Ge(cal) Ge(exp) Kaa

(mgg™) (mgg") (mgg'min") R
Zn(1.0cur)O 31.5160 29.2821 0.009579 0.9993
Zn(2.0cur)O 30.4785 27.177 0.005681 0.9996

the initial As(m) solution concentration was 0.9032 mg L™ ", pH
value at 7.0, and the amount of ZnO loading at 0.08 g L™, the
K.q was determined at 0.005 mg ' g min~'; it increased to
0.015 mg ' ¢ min~" upon loading with 0.1 g L™". In our study,
having the same initial As(u) concentration, pH value at 6, and
much lower adsorbent loading of 43 pg L™, the K,q was deter-
mined to be higher (0.0096 and 0.0057 mg ' g min~" for
Zn(1.0cur)O and Zn(2.0cur)O respectively) (see Table 2). For the
low arsenic concentration range, the aforementioned study
obtained 0.007 mg~ ' g min~"! K,q with an initial As(ur) solution
concentration of 0.0978 mg L~', pH value at 7.0, and the
amount of ZnO loading at 0.01 g L™* (10 mg L™"). In compar-
ison, for almost similar arsenic concentration of 0.1 mg L™ and
material loading 230 times less, we obtained much higher K4 of
0.837, 5.99, and 1.05 mg ™' ¢ min~' (see Table 1) for curcumin
contents of 0.5 mg, 1.0 mg, and 2.0 mg respectively. These ZnO
micro-tubes themselves have surpassed the nanocrystalline
TiO, with a large specific surface area of 330 m> g~ * synthesized
by Meng and co-workers.®~** In their study, the initial As(i)
solution concentration was 2.0 mg L', the pH value was
7.0, and the amount of TiO, was 0.2 g L. They reported K,q to
be 0.00025 mg~ ' g min~". The surface area of the adsorbent is
not the only property that ensures the efficiency of the adsor-
bent; other factors are critical which include the type and
number of surface functional groups on the adsorbents. And as
the surface area of these nanostructures is no greater than the
nanocrystalline TiO, and probably the ZnO microtubes, these
significant results suggest that curcumin conjugated ZnO
nanostructures possess an excellent affiliation to As(m) due to
the functionalities of the curcumin.

Since the rate for the reaction obeys pseudo second order
kinetic model, the sorption capacity is proportional to the
number of active sites occupied on the sorbent. Unlike the
pseudo first order equation, the pseudo second order rate
equation is likely to predict the behavior over the whole range of
adsorption and the rate-limiting step is assumed to be chemical
adsorption® involving valency forces through sharing or the
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exchange of electrons between the adsorbent and the metal ion.
Therefore, the pseudo second order kinetics in present case
suggests that the rate-limiting step is the surface adsorption,
where the removal of As(ur) from the solution is due to physi-
cochemical interactions between the two phases. In our case the
arsenic species present at pH 6 is H3AsO;. The As(in) species is
thought to adsorb on the phenyl rings of curcumin and/or to the
hydroxyls groups. Thus, we propose the possible reaction
mechanisms as follows:

Zn(cur—OH)O + As(un) + H,O — 2Zn(cur-OAs)O + H;0*
or,
Zn(cur-Ph)O + As(m) — Zn(cur—Ph-As)O

where Zn(cur-Ph)O and Zn(cur-OH)O is phenyl rings and
hydroxyl group on the Zn(cur)O surface, respectively. One might
argue that if this is the possible mechanism, then higher cur-
cumin content should reflect a higher adsorption capacity,
which is not seen in the results. In fact, the higher curcumin
content (2 mg) incorporated in ZnO could be blocking the
adsorption sites by stacking of phenyl rings or hydrogen
bonding of hydroxyl groups of curcumin preventing adsorption
of As(im). It is also important to note that dissolution of ZnO in
water is about 1.6 to 7 mg L' depending on its size,* there-
fore, a small amount of zinc ion is expected to get release during
treatment of wastewater. Though incorporation of curcumin is
anticipated to reduce the dissolution of ZnO due to chelation
between zinc ion and curcumin, further study needs to be done
for practical use of such materials in wastewater treatment or
environmental monitoring because small amount of zinc ion
could be toxic to a variety of aquatic organisms.

4. Conclusions

Curcumin-ZnO hybrid materials were synthesized successfully
using a wet chemistry procedure. The nanostructures were
found to have sub-micro grain-like morphology and wurtzite
hexagonal crystal structure of ZnO. They showed very good
crystalline quality. FTIR spectra showed that curcumin chelates
with zinc through enol form but at the same time a weak link
between hydroxyl or methoxy groups on the phenyl ring and
ZnO is not ruled out. The doping of curcumin into ZnO resulted
in the enhancement of the exciton emission at 358 nm and the
substantial decrease of the visible emission around 560 in
comparison to ZnO photoluminescence. Curcumin seemed to
fill defects that were visible luminescence centers and at the
same time prolonged e-h recombination. In contrast to naked
ZnO, Zn(cur)O could work as a fluorescence probe for arsenic
sensing in the concentration ranges from 1 to 3000 ppb in
water, however, the fluorescence response started saturating
after 3000 ppb of arsenic in water. With a very low material
loading, the Zn(cur)O nanostructures removed the As(m)
contamination below the MCL from 100 ppb samples within
30 minutes, and almost to zero within 3 hours. Bare ZnO didn't
bring down the arsenic contamination below its MCL even after
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3 hours. The compound reached up to 75% removal/adsorption
capacity with 903 ppb concentrations after 3 hours with the
same loading, which reflects the excellent capacity of removal
for such a high arsenic concentration by Zn(cur)O. Kinetics of
adsorption fitted very well to pseudo second order model with
exceptional adsorption rates that reflected the high affinity of
the compound to As(mr). Although Zn(cur)O could sense arsenic
in the 0-3000 ppb concentration range by the fluorescence
method rendering it a possible optical sensing materials and
simultaneously offered an attractive alternative for a simple
single-step treatment option to treat arsenic-contaminated
natural water with high adsorption rates without the pre-
treatment requirement for current industrial and environ-
mental practices, controlling the size and shape of such Zn(cur)
O nanomaterials would further improve such capabilities and
applications.
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