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e Enhances Removal of Perylene,
e Fluoranthene, and Chrysene by
ZnO
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. Curcumin conjugated ZnO, referred as Zn(cur)O, nanostructures have been successfully synthesized,

. these sub-micro grain-like structures are actually self-assemblies of individual needle-shaped

© nanoparticles. The nanostructures as synthesized possess the wurtzite hexagonal crystal structure of
ZnO and exhibit very good crystalline quality. FT-Raman and TGA analysis establish that Zn(cur)O is
different from curcumin anchored ZnO (ZnO®@cur), which is prepared by physically adsorbing curcumin
on ZnO surfaces. Chemically Zn(cur)O is more stable than ZnO@cur. Diffuse reflectance spectroscopy
indicates Zn(cur)O have more impurities compared to ZnO@cur. The solid-state photoluminescence
of Zn(cur)O has been investigated, which demonstrates that increase of curcumin concentration in
Zn(cur)O suppresses visible emission of ZnO prepared through the same method, this implies filling
ZnO defects by curcumin. However, at excitation wavelength 425 nm the emission is dominated
by fluorescence from curcumin. The study reveals that Zn(cur)O can remove to a far extent high
concentrations of perylene, fluoranthene, and chrysene faster than ZnO. The removal depends on the
extent of curcumin conjugation and is found to be faster for PAHs having smaller number of aromatic
rings, particularly, it is exceptional for fluoranthene with 93% removal after 10 minutes in the present
conditions. The high rate of removal is related to photo-degradation and a mechanism has been
proposed.

© ZnO occurs as the rare mineral zincite, usually appearing as a white powder, it’s poorly soluble in neutral water
* but soluble in acids and alkali. It crystallizes in three different structures': wurtzite, zinc blende and rock salt.
. The wurtzite structure of ZnO is the thermodynamically stable phase; the two other structures of ZnO, the zinc
: blende and the rock salt are metastable and only occur under certain conditions. The zinc blende structure is
obtained through epitaxial growth of ZnO on a suitable cubic substrate, while the rock salt (NaCl-type) structure
. is observed when subjected to high pressures (~9 GPa at 300 K). Nearly all photo-catalytic studies are focused on
. the wurtzite structure.
Perylene, fluoranthene, chrysene etc. are polycyclic aromatic hydrocarbons (PAHs) and at the top of the pol-
. lutants list of US EPA and European Union, due to their toxic, mutagenic, and carcinogenic potential®. These
compounds are introduced to the environment through natural and anthropogenic processes®. Ascomycota
fungi are proposed to be the major precursor carriers for perylene in sediment®. Anthropogenic sources of such
compounds include oil spills from crude and refined petroleum, introduced to aquatic environments through
© accidental discharge from tanks and municipal and urban pipes®~”. These are also produced by incomplete com-
- bustion of fossil fuels®!!. Smoking, gas cooking, unvented kerosene heating, and heating appliances can be sig-
. nificant sources in indoor air'>'*. PAHs contaminated in water can be processed efficiently by adsorption with
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activated carbon or other adsorbents, or by conventional chemical treatments'*. However, these procedures have
failed to achieve the purity required by law in certain cases and conditions. One of the major transformation pro-
cesses resulting in the degradation of PAHs in water is photo-catalytic oxidation process. These photo-catalytic
oxidation processes use semiconductor materials (ZnO and TiO,) for the removal of the residual concentrations
of several PAHs from water below the standard levels. Advantages of the photo-catalytic process over other tech-
niques include its mild operating conditions and its reliance on sunlight as the power source, thus significantly
reducing the operating costs of electric power required.

Although many semiconductors such as TiO,, WO;, ZrO,, SnO,, Fe,0;, CdS, ZnS, WS,, MoS, have been
tested for the photo-catalytic degradation of various environmental contaminants’, an advantage of ZnO is its low
cost and that it absorbs over a larger portion of the solar spectrum?®. For this reason, ZnO is considered the most
suitable catalyst for photo-catalytic removal in the presence of sunlight. Since the minimum energy required for
excitation of an electron for ZnO is 3.2 eV (which corresponds to a UV wavelength of ~387.5nm) and solar light
contains less than 4% of UV light, the application of ZnO is limited. To expand the use of ZnO photo-response
to the visible region, surface modification and dye sensitization are effective methods. Kou et al.'® showed that
GaN:ZnO has excellent properties for the photo-degradation of PAHs.

Curcumin accounts as the major component (approx. 77%) in the curcuminoid present in turmeric!’.
Curcumin is well known for its pharmaceutical applications and medicinal potential in therapy of many dis-
eases!®2, Reports on curcumin as sensitizer are limited. Curcumin-derived dye can be used as a sensitizer in dye
sensitized solar cells?! and it has very exciting fluorescence properties as a probe?>-** and sensing?>* molecule.
Curcumin forms metal complex with various metal ions?’-*. Curcumin acts as a mild reducing agent to prepare
Ag nanoparticles® and Au nanorods®'. It also makes a Zn-curcumin complex by reacting with zinc salt*>*. Since
zinc can form complexes with curcumin through its 3-diketo group and presence of curcumin on zinc oxide
surfaces could increase adsorption of PAHs on ZnO surfaces (due to the hydrophobic nature of curcumin as well
as through m-stacking between curcumin and PAHs), in this work we prepared curcumin conjugated zinc oxide
(Zn(cur)O) where curcumin was incorporated with ZnO during the synthesis process through a wet chemistry
method. The materials were characterized by spectroscopic and other techniques. The morphology of curcumin
conjugated ZnO nanostructures was found to be sub-micro grain-like structures, which are due to self-assembly
of needle-like nanoparticles. The nanostructures synthesized possessed the wurtzite hexagonal crystal struc-
ture of ZnO and showed very good crystalline quality. In line with exploring the environmental applicability of
Zn(cur)O as a detoxifying material, the removal capacity of the compound was tested on perylene, fluoranthene,
and chrysene. Removal rate by Zn(cur)O was compared with naked ZnO, where Zn(cur)O was found to be more
efficient than bare ZnO. The high rate of removal was related to photo-degradation and a mechanism has been
proposed.

Materials and Methods

Materials.  Zinc nitrate hexahydrate (Zn(NO;),-6H,0)(98% extra pure) was obtained from Acros Organics.
Curcumin was received from Sigma. Potassium hydroxide was sourced from AnalaR. Acetone (HPLC grade),
perylene, chrysene and fluoranthene were received from Sigma-Aldrich. All the solutions were prepared with
deionized water unless otherwise mentioned.

Synthesis. Zn(cur)O was prepared by taking 0.5 mg, 1.0 mg, or 1.5 mg of curcumin in 50 mL of doubly
distilled water (close to neutral pH) at 80-90 °C. When curcumin was solubilized completely, 50 mL of 0.1 M
Zn(NO;), solution prepared in doubly 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 suspension 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 unreacted 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(NO;), solution prepared
in doubly distilled water and then adding 5mL of 0.2 M KOH slowly in an ice bath at 4°C. The white suspen-
sion was centrifuged at 5000 rpm, washed with water and vacuum dried just like Zn(cur)O. Similarly, curcumin
anchored ZnO (ZnO@cur) was prepared by mixing curcumin with the ZnO in solutions, where curcumin and
ZnO are connected physically, i.e., via static interactions, van der Waals forces or Lewis acid-base interactions. In
the case of ZnO@cur, washing with acetone could easily removed curcumin from the ZnO surfaces.

Characterization. The apparent zeta potential was measured using a Malvern Zetasizer Nano ZS (M3-PALS)
using the Non-Invasive Back Scatter technique. The instrument was equipped with a monochromatic red laser
operating at 632.8 nm and the data were analysed with the Malvern Dispersion technology software. Z-average
values for three measurements were recorded. The Thermogravimetric Analysis (TGA) and Differential Scanning
Calorimetry (DSC) measurements were done using a Netzsch TGA 209 in the temperature range 0 to 800 °C with
an increment of 30 K/10 minutes in a N, atmosphere. 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. Transmission electron microscopy (TEM) measurement was carried out with a
JEOL 2200FS double aberration corrected FEG microscope, operating at 200kV. TEM samples were prepared
by casting a drop of the nanoparticle suspension onto copper grids covered with holey carbon films. The X-Ray
Diffraction (XRD) data were recorded using a Bruker d8 discover X-Ray diffractometer equipped with Cu-Ka
radiation (\ = 1.5405 A). The monochromator used was Johansson Type. The step size was 0.02 degree and the
scan rate was 20 s per step.
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Figure 1. Apparent Zeta Potential distribution of (a) Curcumin, (b) ZnO and (¢) Zn(cur)O.

Spectroscopic analysis. The chemical structures of curcumin, Zn(cur)O and, ZnO were characterized
by FT-Raman spectroscopy. The absorption spectra were recorded at room temperature using a JASCO V-570
UV-VIS-NIR Spectrophotometer. Similarly, UV-visible Diffuse Reflectance spectra were measured using the
same spectrophotometer in the range 200 to 800 nm. The solid-state photoluminescence spectra were recorded
at room temperature using Jobin-Yvon-Horiba Fluorolog III fluorometer and the FluorEssence program where
the excitation and emission slits width were 5 nm. The source of excitation was a 100 W Xenon lamp, and the used
detector was R-928 operating at a voltage of 950 V.

Removal of PAHs. 30 mL of 50 uM (12.6 mg/L) perylene was prepared from 1 mM stock solution (perylene
in acetonitrile). 5mg of Zn(cur)O was added into the pervious solution while stirring (167 mg/L). Simply letting
air go through the erlenmeyer’s opening provided the O, requirement. Immediately 5 mL of the solution was
withdrawn after centrifuging or allowing the compound (Zn(cur)O) to settle down to make sure no Zn(cur)O
was being withdrawn along. The separation was efficient as no absorption of curcumin was detected in the sam-
ple. The removal was studied by recording absorption spectra at room temperature. The absorbance of the sample
withdrawn was monitored in different time interval (10-20 minutes interval) depending on the rate of removal.
The same procedure was followed with fluoranthene (11.4mg/L) and chrysene (11.1 mg/L). For all these experi-
ment, day light conditions were maintained.

Results and Discussion

Morphological Characterization. The apparent zeta potential gives information related to surface charge.
The measurements were done in doubly distilled water where the pH was 6.8-7. As depicted in Fig. 1 the zeta
potential measurement of curcumin in water showed a value close to —40 mV whereas that of ZnO was found to
be nearly 0mV in water. This suggests ZnO is in neutral form in solution but the enolic form of curcumin domi-
nates in solution (pK,, of curcumin is close to 7.8). When curcumin was mixed with zinc nitrate, a zeta potential
value slightly negative but close to zero was observed. This observation is not surprising as Zn*" can form a
complex with curcumin by neutralizing the negative surface charge of curcumin solution®. Now for Zn(cur)O,
the zeta potential remarkably changed to +40mV confirming that Zn(cur)O has a positive surface charge and is
relatively stable reflecting the strong interaction between curcumin and ZnO. This is possible when Zn(II) coordi-
nation sphere is filled by intercalating two O, O chelating active ligands of curcumin. Morphologically, Zn(cur)O
particles were found to have a grain-like structure. The particles size and shape are depicted in SEM images given
in Fig. 2. Length of these particles was between 600 and 2000 nm and width was from 200-600 nm. However,
smaller and broken particles were also observed. During preparation of Zn(cur)O, concentration of curcumin did
not influence the morphology of the particles. Similarly, ZnO and anchoring of ZnO with curcumin (ZnO@cur)
did not the change the appearance. Interestingly, similar structures of ZnO are reported in literature®. This
suggests curcumin did not have any major influence in determining the morphology of the particles. To check
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Figure 2. SEM images of (a) ZnO anchored with curcumin (ZnO@cur), (b) Zn(cur)O using 0.5 mg of
curcumin and (¢) Zn(cur)O using 1.5 mg of curcumin. (d) TEM image of Zn(cur)O after strong ultra-
sonication.

whether these Zn(cur)O particles were assembled of nano-sized particles, the samples were subjected to strong
ultra-sonication. Strong ultra-sonication destroyed these bundles to fragmented needle shaped nanoparticles as
shown in Fig. 2d. These particles were found to be around 200 nm lengths and 10-20 nm in width. Similar obser-
vations were made for naked ZnO.

XRD Measurements. Inthe XRD pattern given in Fig. 3a, all the Zn-O hexagonal phase diffraction peak
were found such as peaks at 31.80 (100), 34.51 (002), 36.26 (101), 47.49 (102), 56.61 (110), 62.99 (103), 66.55
(200), 67.84 (112), 69.19 (201) and 77.53 (202). These observed peaks are in good agreement with those for
hexagonal ZnO with wurtzite structure as reported earlier®. However, the additional peaks were found at 37.03,
37.80, 43.23 and, 64.35, which are due to curcumin?®. The Scherrer equation®” relates average crystalline size of
the sample with the line broadening at full width at half maximum (FWHM). Thus, the influence of the curcumin
concentration in diffractograms of X-ray diffraction of the samples can be understood in the variations of inten-
sity and FWHM of the diffraction peaks of Zn(cur)O. These characteristics are useful to determine crystallinity
degree and crystalline size of the sample. The peak at 31.8 was monitored to evaluate relative crystallite size and
crystallinity with curcumin concentration used during synthesis of Zn(cur)O. It was found that as the curcumin
concentration increased from 0.5-1 mg the crystalline size increased (a decrease in FWHM, see Fig. 3¢) but
further increase in curcumin concentration to 1.5 mg decreased the crystalline size. At the same time peak area
initially decreased and then increased which is as expected opposite with variation in crystalline size (Fig. 3b). On
the other hand the peak at 43.23 for Zn-curcumin was monitored, which decreased with curcumin concentration.

FT-Raman Spectroscopic Analysis. Asshown in Fig. 4, the observed Raman shift of curcumin at around
3060 and 3010 cm ™! are assigned to aromatic C-Hyyerching. The Raman shift at 1626 cm ™" is due to ve_cand ve_o
of curcumin, which is same as reported to experimental value and close to computed values 1630 cm ™! and
1615 cm ™! respectively®®. Absence of peaks in the region of 1650-1800 cm ™! further suggest the curcumin largely
exists in enol form rather than keto form corroborating earlier findings*. The band at 1601 cm™" and 1492 cm™"
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Figure 3. (a) X-ray diffraction patterns of Zn(cur)O nanoparticles as prepared using 1.5 mg of curcumin.
(b) The change in X-ray peak area and FWHM at peak positions 31.8 (for Zn-O) and 44.23 (for Zn-cur) is
plotted with curcumin concentration.
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Figure 4. Raman spectra of as-synthesized Zn(cur)O, ZnO and ZnO@cur nanostructure materials at room
temperature. The FT-IR spectrum of curcumin is shown for comparison.

(shown as arrow) is due to aromatic vibration v¢_ i, of curcumin. All these bands were found in Zn(cur)O and
ZnO@cur. However the §¢y; band at 1456 cm ™! of curcumin shifted in ZnO@cur whereas it did not show any
change in Zn(cur)O. The band at 1630 cm ™! is due to phenolic OH group which was also found in both Zn(cur)
O and ZnO@cur. The band at 1314 cm ™ is due to Sppccnomeno: The peak at 1304 cm™! was missing in curcumin,
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Figure 6. Derivative of DSC of curcumin, ZnO, ZnO@cur and Zn(cur)O compared with TGA of curcumin.

which is for §openos but in the case of Zn(cur)O a Raman shift at around 1304 cm ™! was observed. The band at
1247 cm ™! due to §openol Of curcumin also shifted to around 1224 cm ™! in Zn(cur)O and ZnO@cur indicat-
ing presence of CO type bond with zinc. The band at 1180 and 1147 cm™! of curcumin due to d¢y; and v cps
remained same in Zn(cur)O and ZnO@cur. For ZnO, the Raman-active phonons predicted by group theory
are A, + 2B, + E, + 2E,. The B, (low) and B, (high) modes are normally silent, A}, E,, and E, are Raman-active
and A, and E, are also infrared-active®. The E, is a non-polar phonon mode with two frequencies of E, (high)
corresponding to oxygen atoms and E, (low) corresponding to Zn. Both the A, and E, are polar phonon modes,
thus they each experience frequencies for transverse-optical (TO) and longitudinal-optical (LO) phonons®. The
dominant line at 438 cm™! corresponds to the E, (high) vibration mode, which is a characteristic band of wurtzite
phase with orientation in the c-axis, is noticed in ZnO. The spectrum also shows the forbidden mode at 340 cm™!
(humps) frequency of second order described by E,(high) —E, (low) phonons. The peaks at 580 cm ™! correspond
to the A, (LO) and E, (LO) vibration modes, which indicate the crystal disorder if the peaks are shifted to a
different frequency. The peak at 580 cm™! is a combination of the two modes, thus very broad and enhanced by
disorder®, though they remain at lower intensity due to more ordered wurtzite structures as seen in the peak at
438cm™!. The E, (LO) mode is theoretically not allowed according to the Raman rules, however it can be visible
if the incident light beam direction is not well defined with the axis of the nanostructure (c-axis). The appear-
ance of E, (LO) also indicates oxygen deficiencies. The peaks at 380 and 410cm ™" correspond to A, (TO) and E,
(TO) respectively. These peaks are usually present due to the structural induced disorder in the ZnO substrate.
However, ZnO@cur showed the peak at 438 cm ™! and did not show any other peaks. On the other hand none of
the peaks including one at 438 cm ™! of ZnO were present in Zn(cur)O.

Thermogravimetric Analysis. The TG-DSC curves of the precipitates Zn(cur)O, ZnO, ZnO@cur and raw
curcumin are shown in Figs 5 and 6. The TG curve indicates that a remarkable mass loss (~23%) occurred during
the thermal decomposition of Zn(cur)O and a range of 3-4% mass loss for ZnO and ZnO@cur. The precipitate
Zn(cur)O began to decompose with temperature and when the temperature was above 180 °C it accelerated, and
the decomposition was complete at ~240 °C. The weight-loss in raw curcumin occurs around 260 °C till around
550 °C, whereas the weight loss for ZnO occurred in the range 220-280°C (Fig. 5). The derivative of differential
scanning calorimetry (DSC) depicted in Fig. 6 showed a minimum at around 250 °C for ZnO. For raw curcumin
the minima was found to be at around 180 °C and for Zn(cur)O at around 230 °C. The maxima at 160 °C for raw
curcumin could be detected in Zn(cur)O in addition to maxima at around 200 °C due to the main weight loss of
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Figure 7. Plot of (A)? versus the energy of absorbed light for the as-synthesized ZnO, Zn(cur)O and ZnO@cur
nanostructures at room temperature. A” is square of absorbance value.

Zn(cur)O, but one of the major maximum at around 540 °C in raw curucmin was not found in Zn(cur)O. The
small bump found at around 105 °C in Zn(cur)O is similar to one obtained in ZnO, this could be due to small
amount water as impurities or measurement error. However, ZnO@cur showed TGA and DSC data similar to
ZnO as revealed in Figs 5 and 6. Interestingly, weight loss in curcumin and ZnO@cur followed a gradual decrease
despite weight loss was 100% for curcumin whereas in ZnO and Zn(cur)O the weight loss occurred more rapidly.
This, along with the shift in peaks in thermogram of Zn(cur)O compared to ZnO clearly indicates that Zn(cur)O
is different from ZnO anchored with curcumin (ZnO@cur) or ZnO.

Optical Absorption Spectra. Figure 7 shows a plot of A% (square of absorbance value) versus the energy
of absorbed light for ZnO, ZnO@cur and Zn(cur)O. From this plot the direct band gaps can be estimated to be
3.18 eV for ZnO as synthesized in our lab using the procedure explained in the materials and methods section,
which is similar to the reported value for bulk ZnO (3.37 eV)*. Such broadening of band gap and similar value
has been reported during doping of ZnO nanostructured materials by other metal*!. The variation in band gaps
is ascribed to the occurrence of shallow donor levels introduced by impurity atoms. Further, the direct band gap
was estimated as 2.8 eV for ZnO@cur and 1.2V for Zn(cur)O indicating Zn(cur)O have more impurities atom
(O-atom coming from curcumin) compared ZnO anchored with curcumin. It is worth noting that a band around
2.4-2.5eV was observed in Zn(cur)O and ZnO@cur due to absorption of curcumin.

Solid State Photoluminescence Study. The solid state photoluminescence of powder Zn(cur)O was
taken at different excitation wavelengths as given in Fig. 8. The solid state PL is different from PL in solution
and this is expected as the solvent environment directly or indirectly influences PL spectra in solution due to
defects, whereas self-quenching of materials may shift the position of the spectrum and/or quench PL intensity
in the solid state. The visible PL at 575 nm for the excitation wavelength at 320 nm decreased in comparison to
ZnO as the curcumin content was increased from 0.5 mg to 1.0 mg and 1.5 mg. The visible photoluminescence
quenching in Zn(cur)O indicates that curcumin fills the defects of ZnO. The red shift of ZnO and Zn(cur)O vis-
ible PL compared to ethanolic solution (not shown) PL is expected because in the solid state the energy transfer
or self-quenching is unavoidable. Two additional peaks at 400 nm and 423 nm were also found for ZnO, which
decreased with the increase in curcumin content. For an excitation wavelength at 375 nm, it’s noticed that the
575nm PL peak didn’t decrease substantially as before and the Zn(1.0cur)O and Zn(1.5cur)O peaks were almost
similar in intensities, decreasing up to ~47% of the curcumin free ZnO intensity, except that Zn(1.5cur)O had
a red shift by 10 nm, which is significant. At 425nm excitation wavelength, a very weak peak at 475 nm was
observed for ZnO. ZnO is expected not to have emission in this excitation wavelength region and curcumin flu-
orescence at this excitation wavelength is known>*3!. Therefore, the emission at excitation wavelength 425 nm is
dominated by curcumin emission. As for the Zn(cur)O, the PL varies due to contribution from curcumin, but the
change in PL with curcumin content was found to be similar to what was observed at excitation 375nm.

Removal of Perylene, Chrysene and Fluoranthene. The removal capabilities of ZnO and Zn(cur)O
were investigated using perylene. The removal of perylene (Fig. 9a) was monitored by UV-visible spectropho-
tometer for various time intervals after filtering out Zn(cur)O. As shown in Fig. 9a the absorbance of perylene
continued to decrease with time indicating its removal. Note that the removal process is so fast and onsets as soon
as Zn(cur)O is added to perylene as noted from the absorbance recorded just before any addition of Zn(cur)O
and immediately after mixing and filtering out Zn(cur)O.

The change in absorbance with time during removal of perylene by Zn(cur)O is given in Fig. 9b. The data
fitted well to a first order rate law as:
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where k is the first order rate constant. The half-life of the reaction, which is independent of initial concentration,
was used to compare activities of different Zn(cur)O and ZnO. The half-life was calculated as:

~ In(2)
t1/2 - k (2)

The half-life of ZnO and Zn(cur)O having different curcumin concentrations are given in Fig. 9c. It was found
that when 0.5 mg of curcumin was used during synthesis of Zn(cur)O, the half-life reduced about 24% than that
of bare ZnO. There was a slight increase in half-life when 1.0 and 1.5 mg of curcumin was incorporated. It is clear
that the extent of curcumin conjugation during preparation of Zn(cur)O affects the removal capacity of Zn(cur)
O in some way. The recyclability of Zn(cur)O was tested where the removal of perylene was studied in three con-
secutive cycles by reusing the same compound over and over again. As shown in Fig. 10, Zn(cur)O continued to
remove PAHs in the three different cycles as studied. However, the half-life of perylene removal increased in each
cycle as depicted in Fig. 10d indicating that the removal capacity of Zn(cur)O gets reduced hugely.

The removal of other PAHs like chrysene and fluoranthene (see Fig. 11a) was also tested by the suggested
Zn(cur)O. In comparison to perylene, it was found that the half-life reduced appreciably by 33% for chrysene and
remarkably by 99% for fluoranthene (see Fig. 11b). A possible explanation for this increase in the rate of removal
when going from perylene to chrysene then to fluoranthene is the decreased number of aromatic rings or in
other words the loss of conjugation that confers stability and resistance to the molecule. In fact, fluoranthene is
a non-alternate PAH (presence of a 5 membered ring) whereas both perylene and chrysene are alternate PAHs,
with perylene having more cyclic rings than chrysene. Thus, perylene and chrysene- being highly aromatic and
more stable than fluoranthene- are expected to be less easily degraded compared to fluoranthene as confirmed by
the results. Since ZnO is known to photo-catalytically degrade PAHs'®%, the discrepancy in removal of perylene,
chrysene and fluoranthene suggest that the removal is due to photo-catalytic degradation. This is further evident
from the earlier observation that curcumin conjugation increases the removal of perylene by ZnO, which could
be due to the fact that curcumin allows exploiting the sun’s visible light energy and thus a faster degradation is
expected.

It's worth noting, that the relatively low Zn(cur)O loading of 167 mg/L showed good degradation ratios of 88%
for relatively high concentrations of 12.6 mg/L perylene after 3.4h, 93% for 11.4 mg/L fluoranthene in 10 minutes
and 11.1mg/L chrysene in 2.2h. The light utilized is that of natural sunlight (i.e., both UV and visible light) as
pointed out earlier. Photolysis is one of the major transformation processes affecting the fate of PAHs in the
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during perylene degradation by ZnO and Zn(cur)O for different curcumin concentration.

aquatic environment. Sunlight photo-alteration processes are well known to play an important role in the degra-
dation of PAHs and other contaminants in water by generation of highly reactive intermediates, mainly hydroxyl
radical ("OH), a powerful non-specific oxidant (Eo= 2.8 V)'*. PAHs’ degradation could be due to direct pho-
tolysis since those compounds absorb light in the 200-400 nm range, which overlaps the emission spectrum of
sunlight. However, under sunlight and with no photo-catalyst, the PAHs are found to degrade slowly compared
with the reaction rates in the presence of photo-catalysts, especially ZnO. Vela et al.'* suggests 12% of 2-5 ug/L
of fluoranthene remained after only 10 minutes with ZnO loading of 150 mg/L in comparison to 40% remaining
after 50 minutes due to photolysis. Dass et al.** tested the degradation of acenaphthene, anthracene, fluorene and
naphthalene in aqueous suspension of TiO, under UV and natural light irradiation, which came out to be highly
effective due to the formation of hydroxyl and superoxide radicals. In another study, Ireland et al.** obtained
half-lives of 2.7 h in the case of anthracene and 9.2 h for fluoranthene using TiO,. Wen et al.** found that phenan-
threne (PAH of low solubility) in aqueous TiO, suspensions under UV light irradiation was completely degraded
after 40 minutes without significant effect of pH or amount of photocatalyst on degradation. The result of the
current work is a 93% removal (7% remaining) of 11.4 mg/L fluoranthene with 167 mg/L Zn(cur)O loading after
10 minutes, which is similar to the result obtained when the photo-catalyst ZnO was present. This attributes the
removal to the act of the photo-catalyst used, i.e., to photo-catalysis. The obtained results are quite promising if we
take into consideration the moderate set of working conditions. For instance, the O, requirement was provided
by simply letting air go through the erlenmeyer’s opening, unlike other experiments where oxygen is purged
continuously into the solution. Another important parameter, which has a significant effect on the rate, is the
light intensity, which is considered weak in comparison to higher intensities used in studies. ZnO photocatalytic
mechanism* has been proven to be similar to that of TiO,*. We suggest the following working mechanism*’:

Curcumin/ZnO + visible light — curcumin*/ZnO (3)
curcumin®*/ZnO — curcumin**/ZnO + egy (4)
ecp + 0, — 70y )

H,0 + *O, — *OOH + OH™ (6)
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2*O0OH — 0O, + H,0, (7)

*OOH + H,0 + ecy — H,0, + OH™ (8)

H,0, + ey — *OH + OH~ 9)

H,0, + *O, — *OH + OH + O, (10)

H,0,4, + h" — *OH,q, + H" (11)

OH™ +h" — *OH (12)

*OH/*0, /curcumin*" + pollutants(PAHs) — degraded products (13)

For dye sensitization to be possible, the conduction band edge of the ZnO must be lower (more positive) than the
LUMO (Lowest Unoccupied Molecular Orbital) level of the dye molecule, so that the excited electron of the dye
can be injected into the semiconductor’s conduction band (CB). The reduction potential of the organic contami-
nant must be higher (more negative) than the HOMO (Highest Occupied Molecular Orbital) of the dye molecule.
This condition is satisfied for the ZnO/curcumin system. Therefore, upon the photo-excitation of Zn(cur)O by a
light with X > 445 nm and the consequent generation of electrons (e) and holes (h) in the conduction band (CB)
and valence band (VB) respectively of curcumin, the excited electron is injected into the conduction band of
ZnO (Eq. (4)). Then, the electron in the conduction band (e~ ) is transferred to molecular oxygen, leading to the
formation of a series of radicals, which are active oxidizers capable of degrading organic pollutants in the system
(PAHs) (Eqgs (5-10)). Subsequently, the pollutants can be degraded through a variety of paths (Eq. 13). Positive
holes are thought to be trapped at the semiconductor’s surface and that they would readily react with surface
absorbed water molecules or hydroxyl groups forming hydroxyl radicals (Eqs 11 and 12)*¥-5!, It is also proposed
that holes can directly oxidize adsorbed organic molecules resulting in the formation of organic radical cations®,
which will subsequently undergo further oxidation and thus degradation. Figure 12 summarizes the mechanism.
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Conclusion

Curcumin conjugated ZnO nanostructures assembling into sub-micro grain-like structures were successfully
synthesized, which are completely different from curcumin anchored on ZnO surfaces by physical adsorption
process. The Zn(cur)O nanostructures materials were found to have wurtzite hexagonal crystal structure of ZnO
and showed very good crystalline quality. The diffuse reflectance measurement suggested more impurities atom
in Zn(cur)O compared to ZnO@cur. Chemically Zn(cur)O was more stable than ZnO@cur. Solid-state photo-
luminescence study confirmed increase in curcumin concentrations in Zn(cur)O suppressed visible emission of
ZnO. Zn(cur)O could remove to a far extent high concentrations of perylene, fluoranthene, and chrysene mar-
ginally faster than ZnO depending on the extent of curcumin conjugation in Zn(cur)O. The removal was found
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to be faster for chrysene than perylene and extraordinary for flouranthene. The high rate of removal was related
to photo-degradation and a mechanism has been proposed. The development of Zn(cur)O and the knowledge
of the specific working parameters may open the door to a large-scale utilization of heterogeneous cost-effective
photo catalysis via visible light to address water contamination and environmental pollution.
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