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H I G H L I G H T S
 G R A P H I C A L A
� Photocatalysts ZnO-NPs were syn-
thesized via solution process.

� The efficiency of photocatalyst
against SA dye was 70.39%.

� Analytical determination was used
to validate the photocatalytic study.

� Photocatalysed suspension solution
analyzed at low conc. (0.5–
2.0 μg mL�1).

� The LOD:LOQ limits were 0.060:
0.182 μg mL�1 for nanoparticles.
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B S T R A C T
The analytical techniques applied to quantify the concentration limit of photocatalysed solution (ZnO),
which was highly effective for the deactivation of safranine dye.
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A soft chemical solution process was used in synthesis of photocatalytic zinc oxide nanoparticles (ZnO-
PNPs) at low temperature. The synthesized PNPs were characterized in terms of their crystallinity, mor-
phological, catalytic, spectroscopic and statistical analysis techniques. X-ray powder diffraction patterns
(XRD) were used to know the crystalline property of the prepared materials whereas field emission
electronic microscopy (FESEM) was employed to observe the morphology of grown NPs. UV–visible
spectroscopy was employed to analyze the absorbance of degraded safranine (SA) dye in presence of NPs at
desired time interval. Parameters of statistical analysis give necessary information for established analytical
procedures to ensure quality and purity of results. With the help of this analytical method, outcomes were
calculated in terms of absorbance such as standard deviation (SD), relative standard deviation (RSD), etc. at
95% confidence level. The photocatalytic deactivation/degradation process significantly enhanced the ac-
tivity of ZnO-PNPs under UV–visible light in presence of SA dye. The effective concentration of used PNPs
was optimized and validated via standard analytical procedure, which exhibited greater significance on
deactivation process. The absorption spectra of photocatalyzed solution and activity of ZnO-PNPs were
compared with those of pure ZnO, obtained by UV–visible spectroscopy.
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1. Introduction

ZnO nanomaterials are used considerably for the purpose of
photocatalytic deactivation process, which is an advanced oxida-
tion process, and show great performance under UV–visible light
[1–3]. Zinc oxide has several applications in various fields such as
solar cells, chemical, biological, gas and UV sensors [4], piezo-
electric devices, and light emitting diodes. A novel concept for
sensitive photoluminescence in tetrapods like zinc oxide nanos-
tructures is shown by Jin et al. [5,6]. Including optical devices, ZnO
nanostructures are largely employed in numerous health appli-
cations such as sunscreens, cosmetics, antibacterials, antifungals,
antimicrobials, bio-imaging, diseases diagnosis, cancer treatment,
etc. [7–14]. Recently, Mishra et al. [15] reported that the nano- and
microstructure of ZnO have capability to imitate filopodia cells and
can target HSV-1 pathogenesis [15]. The tetrapod like ZnO na-
nostructures have the ability to block entry and spread of HSV-2
virus into target cells and can neutralize HSV-2 virions [16]. In
another report, the cellular mechanism for dissolved Zn2þ ions
had been investigated in presence of tetrapods like structure of
ZnO [17]. The application of nano- and microstructures of zinc
oxide and their interconnection network behavior for various
shaped structures were displayed by Mishra et al. [18]. Dyes and
their related organic compounds are considerably carcinogenic
and harmful for the environment and human health, which causes
several problems such as skin cancer, respiratory, pneumatic, and
cardiovascular disease as well as genetic abbreviations. Therefore,
it is a demanding issue to degrade/decompose larger molecular
weight organic dyes molecules into smaller molecules to control
pollutants in the environment. Various methods such as physical,
chemical and biological have been applied to control organic
pollutants in the environment such as coagulation, flocculation,
activated carbon adsorption, reverse osmosis, etc. [19–21]. Out of
these methods, photodegradation process is one of the most
common deactivation methods, which generates free radicals and
isolates degraded molecules or species from organic compounds
[19–21]. Several techniques have been employed for quenching of
electron and photocatalytic degradation process such as in-
ductively coupled plasma atomic emission spectrometery (IC-
PAES), photoluminescence (PL), atomic absorption spectro-
photometer (AAS), X-ray fluorescence spectrometry (XRF), fluor-
escence, electrochemical oxidation, liquid chromatography, ioni-
zation trap mass spectrometry (LC–IT-MS), HPLC, ion-pairing high-
performance liquid chromatography mass spectrometry (IP–
HPLC–MS) [19–22], etc. The above used techniques are very time
consuming, not sensitive enough to determine at low concentra-
tions and cost effective, and inadequate for selectivity and sensi-
tivity. The UV–visible spectrophotometric methods are less time
consuming, simpler, and of low cost, adaptability, high reprodu-
cibility and reasonable sensitivity of quantitative evaluation of
colored and colorless solutions with significant economic ad-
vantages due to strictly defined standard of quality and quantity at
low concentration level (μg) depending on the concerned method.
Diverse shapes and sizes of ZnO such as nanowires, nanoparticles,
nanobelts, nano bridges, nanonails, whiskers, nanoribons, nanor-
ods, nanotubes, nanosphere, and nanoflowers [22–32] have been
employed for various application processes. Several methods have
been applied to synthesize ZnO nano- and microstructures, such as
chemical vapor depositions (CVD), vapor–liquid–solid [33], flame
transport synthesis (FTS) [34], spray pyrolysis, ion beam assisted
deposition, laser-ablation, sputter deposition and template as-
sisted growth [35–39]. Including, metal oxide, a nanocomposite of
gold with zinc oxide (Au–ZnO) was recently prepared under dif-
ferent annealing conditions by a photoswitchability process [40].
The reasons for the continuous use of ZnO nanomaterials are that
they exhibit unique and fascinating properties (electrical, optical
and mechanical), are nontoxic, absorb a large fraction of solar
energy, and they have high catalytic efficiency, high photo-
sensitivity, stability, and high band gap (3.37 eV) with large ex-
citon binding energy (60 MeV) [41,42].

In this work, we have synthesized the zinc oxide nanoparticles
(ZnO-NPs) with the use of a soft chemical solution process at low
refluxing temperature. The characterization of obtained structure
was confirmed through XRD and FESEM by using sophisticated
instruments, which describe the crystallinity and morphology of
grown structure. The ZnO-NPs photocatalytic activity is highly
effective on the deactivation process of SA dye and was examined
by UV–visible spectroscopy. The affected concentration of SA dye
was determined and validated by statistical analysis. The analytical
parameters are authenticated under the study of International
Conference on Harmonization (ICH) for validation and organiza-
tion for standardization of analytical procedures.
2. Material and methods

2.1. Experimental

2.1.1. Synthesis of photocatalytic zinc oxide nanoparticles (ZnO-
PNPs)

The chemical synthesis of zinc oxide NPs was successfully
performed using zinc acetate dihydrate (Zn(Ac)2 �2H2O), and so-
dium hydroxide (NaOH) via a soft chemical solution process. The
used reagents for the preparation of NPs such as Zn(Ac)2 �2H2O
and NaOH were purchased from Aldrich Chemical Co. Ltd. and
used without further purification. In a typical experiment, initially,
the source material of NPs, zinc acetate di-hydrate (0.3 M), was
dissolved in methanol (MeOH) solvent and was stirred for 30 min
for the complete dissolution of zinc salt. The alkali NaOH (0.1 M)
was added drop by drop gradually under constant stirring for
30 min. A white colored suspension appeared in the beaker for a
few seconds and it disappeared after some time. The pH value of
this solution was checked, which reached 12.5. The solution of Zn
(Ac)2.2H2O and NaOH was transferred to a two necked refluxing
pot and refluxed at 65 °C for 6 h. Initially, no stable precipitate was
formed but as the refluxing time increased, a white precipitate
settled at the bottom of the refluxing pot. After completing the
reaction, the refluxing pot was cooled to room temperature. The
white colored precipitate was washed several times with solvent
alcohol (MeOH, EtOH) and acetone, sequentially and it was dried
in glass petri dishes at room temperature. Finally, the obtained
white powder was characterized in terms of its morphological,
crystalline and optical properties.

2.2. Characterization of synthesized nanostructured material (ZnO-
PNPs)

The size and the shape of the grown nanoparticles were ana-
lyzed using field emission scanning electron microscopy (FESEM,
JSM-7600F, JEOL, Japan, at 200 kV), while crystalline property was
characterized by X-ray diffraction patterns (XRD, PANalytical
X’Pert X-ray diffractometer) with CuKα radiation (λ¼1.54178 Å) in
the range of 20°–65° at scan speed of 6°/min at an accelerating
voltage of 40 kV and current was 40 mA. For FESEM observation,
nanopowder was sprayed on carbon tape and coated with osmium
teraoxide (OsO4) for 5 s. The sample was set on a holder and
analyzed at room temperature.

2.3. Photocatalytic activity of synthesized ZnO-PNPs

The photocatalytic deactivation of SA dye in presence of ZnO-
NPs was carried out in a homemade photocatalytic reactor as per
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previously described work [1–3]. For the photocatalytic evaluation,
about 5 mg of synthesized ZnO nanoparticles was added to
1�10�5 M of SA dye solution in 100 mL distilled water under
continuous stirring. A blank experiment was also performed to
confirm that no reaction takes place in the absence of UV-light.
5 mL of sample was extracted each time for testing and the cata-
lyst was separated completely by the ultracentrifuge technique
before taking the UV–visible readings. UV-light was irradiated on
the reactor and samples were collected in regular intervals. The
obtained samples were analyzed using UV–visible spectroscopy
(Shimadzu spectrophotometer, Japan).

2.4. Analytical procedure

The concentrations of ZnO-PNPs (1�10�2 M), SA dye
(1�10�6 M) and buffer solution of pH 12.5 were reduced with
distilled water in a 10 mL of volumetric flask. The concentration
ranges of ZnO-PNPs, SA dye and pH buffer solution (NaOHþHCl)
were optimized, contents were mixed well at room temperature
and their absorbance was measured at λmax 560 nm using the UV–
visible spectrophotometer.
3. Results and discussion

3.1. Morphological and crystalline property of synthesized nanos-
tructure material

The low and high magnified FESEM images represent the for-
mation of spherical shaped zinc oxide nanoparticles (Fig. 1(a and
b)). From the images it is clear that the nanoparticles (NPs) are
embedded with tiny NPs; the particles were formed with the
collection of several small NPs. It is estimated from the high
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Fig. 1. Typical FESEM images of zinc oxide-PNPs: (a) low magnification and (b) high m
magnified image (Fig. 1b) that the diameter of each individual NP
size is in the range of 10–15 nm (Fig. 1). The morphology of each
NP looks smooth, spherical and aggregated in shape.

The crystalline property of chemically synthesized nanos-
tructured material was analyzed with X-ray diffraction patterns
(XRD) for above parameters. The observations of X-ray spectrum
indicate that the diffraction peaks such as o1010, o0002,
o1011, o1012, o1120 and o1013 are well matched with lattice
constants of zinc oxide a¼3.249 and c¼5.206 Å (Fig. 1c). The data
related to diffraction peaks are fully analogous with the available
standard Joint Committee on Powder Diffraction Standards (JCPDS
36-1451) data. The diameter of grown NP was calculated with
well-known Scherrer's equation and FWHM of X-ray diffraction
pattern [43]. The X-ray diffraction spectrum presents no peaks
other than those of ZnO, which further confirms that the synthe-
sized product is pure ZnO and free from synthetic chemical im-
purities. Additionally, the high intensities of peaks in the spectrum
confirm that the grain size is very small. The X-ray diffraction
pattern is clearly consistent and corresponds with FESEM images,
which show the size and crystalline property of synthesized NPs.
The chemically formed nanomaterials are consistent with wurtzite
phase of commercial zinc oxide.

3.2. Photocatalytic performance of grown ZnO-PNPs

The evaluations of photocatalytic deactivation/degradation of
prepared nanoparticles against SA dye were examined via UV–
visible spectroscopy at room temperature. The blank experiment
of blank SA dye was first performed via UV–visible spectroscopy to
know whether any reaction takes place. After the UV–visible
analysis of blank dye, the solution of organic dye was mixed with
prepared NPs and the recorded spectra are shown in Fig. 2(a). It
can be clearly observed from the UV–visible spectroscopy results
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agnification whereas (c) shows the X-ray diffraction pattern of grown ZnO-PNPs.
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Fig. 2. (a) Absorption spectra of photocatalytic ZnO-PNPs, SA dye and photo-
catalytic ZnO-PNPs with SA dye. (b) UV–visible spectra of photodegradation reac-
tions of SA dye with ZnO-PNPs at different time intervals (min).
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Fig. 3. Plot of ln(C0/Ct) vs. time for photodegradation of SA dye with ZnO-PNPs.
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that the NPs of ZnO exhibit excellent deactivation at wavelength
560 nm (Fig. 2b). The kinetics interpretation has been applied to
know the rate of reaction as a function of time. Reaction parameter
such as time is a crucial parameter, which provides the deactiva-
tion activity of organic molecule and photocatalytic properties of
prepared NPs. As we know that the photochemical degradation of
SA dye follows first-order kinetics we can show the rate of the
reaction is

r
d

dt
K

[SA]
[SA] (1)= − =

Integral form of the above equation will be

d
dt

K
[SA]

[SA]
(2)

t

c

c

0

t

0
∫ ∫− =

The solution to this equation will be

C K Cln ln (3)t t 0= − +

where k is the first-order rate constant; C0 and Ct are, respectively,
the concentration of the SA dye initially and at time t. The equation
follows the standard form of a straight line (y¼mxþc). From the
equation a graph can be plotted of ln(C0/Ct) vs. t for used nanos-
tructured materials, where the slope will give the first-order rate
constant. The rate constant can be obtained from the slope of
straight line from ln(C0/Ct) vs. t plot (Fig. 3). After evaluation, the
reaction rate constant of nanoclusters of ZnO with SA dye is
2.0�10�2/min. The efficiency of the photocatalysts was calculated
with the following formula (Eq. (4)) and obtained as 70.39%:

C C
C

100 %
(4)

t0

0
η =

−
×

The deactivation/degradation of organic SA (Fig. 4a) dye in
aqueous suspensions is initiated by the photoexcitation of ZnO-
PNPs, followed by the formation of electron–hole pair on the
surface of the catalyst (as Eq. (5)). The direct oxidation of used dye
yields intermediates (as in Eq. (6)) due to high oxidative potential
of the hole (hVBþ) in the catalyst:

( )h e hZnO ZnO (5)CB VB+ ν → +− +

h SA SA oxidation of SA molecule (6)VB
.+ → →+ +

The water molecules acquired from the surface of ZnO can react
with the holes (hVBþ) and form highly reactive hydroxyl (OH) ra-
dicals, which are responsible for degradation of SA dye. The hy-
droxyl radical may be generated via decomposition of water mo-
lecule (as Eq. (7)) or by the reaction of the hole with hydroxyl ion
(OH�) ion (as Eqs. (8) and (9)). The hydroxyl radical is a strong
oxidant (E0¼þ3.06 V), which leads to the partial or complete
mineralization of several organic chemicals [11,44,45].

h H O H OH (7)VB 2
.+ → ++ +

h OH OH (8)VB
.+ →+ −

OH SA oxidation of SA molecule (9). + →

The deactivation or photocatalysis is a phenomenon that de-
pends on the active surface available for the reaction. The NPs
exhibit uniform surface for the catalytic activity and are expected
to be analogous to commercial samples. The results were based on
large band-gap of ZnO-PNPs, which delays the process of electron–
hole recombination and hence shows great photocatalytic activity
(as schematically illustrated in Fig. 4b) [11,44,45].

3.3. Analytical performance

Quantitative analysis is an advantage of laboratories materials,
because accurate measurements of substances in photocatalyzed



Fig. 4. (a) Chemical structure of SA dye and (b) schematic diagram showing pos-
sible mechanism of photocatalytic process degradation molecules of SA with ZnO-
PNPs.
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solution are critical for environmental diseases, which are more
reliable for the measurement of experimental samples and famil-
iar statistical analysis of collected data. An analytical method was
applied to identify and detect the availability of phtocatalysed
solution and its concentration limits in bulk nanoparticles solu-
tions. The UV–visible spectroscopy technique provides appropriate
spectra for quantitative analysis and concentrations of targeted
photocatalyzed solution in organic SA dye and was thoroughly
characterized in terms of accuracy, precision, coefficient of de-
termination and limits of quantification. Validation of quantitative
and qualitative analysis for the proposed method is a prerequisite,
as also assumptions and used formulae in design for an experi-
mental plan; this enables reliable values and ensures that opti-
mized concentration of NPs is highly affected on deactivation of
organic dye and strictly defines the quality of the results. The
obtained results confirmed that the applied method is accurate,
precise, reproducible and free from different types of errors such
as sampling error, dilution error, plating error, incubation error,
and operator error, and gives adequate results as studied in the
International Conference on Harmonization (ICH) for validation
and organization for standardization of analytical procedures [46–
49]. Therefore, to solve the environmental sample toxicity pro-
blem, the projected method is an essential route to know the
wavelength of working solution, volume, concentration, potential
quantitation limit of nanoparticles solution, and optimized
amount of SA dye. Including these parameters, this method also
provides the buffer solution range and fixes pH value examined
through the UV–visible spectrophotometer. The concentration of
resulting solution (photocatalyzed solution of ZnO-PNPs with SA
dye) measured and the absorbance at λmax 560 nm can be seen in
Fig. 2a. The reaction conditions were studied as a function of
stability, temperature, effect of pH, and effect of concentration of
ZnO-PNPs on safranine. Satisfactory data results were obtained
from mathematical calculation formulas.

3.4. Optimization and validations

Optimization and validation of quantitative analytical proce-
dure demonstrated specific reaction conditions such as reaction
stability, effect of temperature, effect of pH, effect of concentration
of ZnO-PNPs and effect of concentration of safranine.
(i)
 Reaction stability: The applied procedure defines the reaction
stability of all used chemical species (ZnO-PNPs, 1�10�2 M),
dye (1�10�6 M) and buffer solution of pH¼12.5, which was
stable for 1 day in this reactions.
(ii)
 Effect of temperature: The maximum value of absorbance
was recorded, which was stable for about 6 h at room tem-
perature (2571 °C).
(iii)
 Effect of pH: The solution pH of ZnO-PNPs with SA dye used
was in the range 6–13.5 with volume 0.2–1.8 mL. The re-
sultant solution showed maximum and constant absorbance
in the pH range of 12–13 (Fig. 5a) and volume 1.0–1.8 mL.
Therefore, pH 12.5 (1.2 mL) was chosen for further studies and
used throughout the experiment (Fig. 5b).
(iv)
 Effect of concentration of ZnO-PNPs: The ability of analytical
procedure is directly proportional to the concentration (0.5–
2.0 mg/mL) of ZnO-PNPs in sample solutions. The concentra-
tion of ZnO-PNPs was calculated from a calibration curve or
regression equation as can be seen in Fig. 6a.
(v)
 Effect of concentration of safranine: The effect on absorbance
of SA dye (1�10�6 M) was studied in the volume range of
0.2–2.0 mL. As can be seen from Fig. 6b, the absorbance in-
creases linearly with increasing volume of safranine and be-
comes constant at 1.0 mL. Further addition of ZnO-PNPs and
SA dye did not change the absorbance. Hence, 1.0 mL of SA dye
was chosen for further studies.
3.5. Statistical analysis

All the parameters used in statistical data analysis were based
on a linear regression equation, which evaluate important in-
formation such as determination of coefficient, slope, intercept,
standard deviation, variance of the slope of regression line, limits
of detection (LOD) and limit of quantitation (LOQ) at 95% con-
fidence level. The concentration of photocatalyzed solution (ZnO-
PNPs) chosen and for deactivation of SA molecule was determined.
The spectra of photocatalyzed solution were measured against the
concentration of blank solution of ZnO-PNPs and absorbance was
recorded at λmax 560 nm (Fig. 2a) by the UV–visible spectro-
photometer. The performance evaluation parameters of statistical
analysis include Mean (X), which was measured from five in-
dependent determinations for all data points. Standard deviation
(SD), relative standard deviation (RSD) and recovery at 95% were
calculated in order to validate the experimental data [46–49]. A
linear calibration graph (Fig. 6a) was constructed for ZnO-PNPs
(conc. 0.5–2.0 mg/mL), which gives linearity and regression data.
The optical regression data can be seen in Table 1. The linearity of
analytical method shows the ability of regression equation analysis
(A¼�0.0012þ0.0123C) of calibration data obtained (n¼5) with
the help of ZnO-NPs absorbance vs. concentration, which gives the
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Table 1
Spectral characteristics regression data of ZnO-PNPs with SA dye.

S.N. Parameters ZnO-PNPs-SA

1. Color intensity time 1 Day
2. Temperature of solutions 2571 °C
4. Wavelength (nm) 560
5. Spectra range (nm) 350–800
6. pH 12.5
7. Beer's law limit (mg/mL) 0.5–2.0 mg/ml
8. Molar absorptivity (L/mol/cm) 6.80�102

9. Linear regression equation A¼�0.0012þ0.0123C
10. 7tsa 8.36�10�3

11. 7tsb 5.75�10�3

12. Correlation coefficient (r2) 0.9993
13. Variance (So2) of calibration line 1.52�10�4

14. Detection limit (mg/mL) 0.060
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value of intercept (a), slope (b), apparent molar absorptivity (ZnO-
PNPs 6.80�102 L mol�1 cm�1), variance of the slope of regression
line (So2¼1.52�10�4), correlation coefficient (r2¼0.9993),
(7tsa¼8.36�10�3and 7tsb¼5.75�10�3), limit of detection
(LOD¼0.060 μg mL�1) and limit of quantitation
(LOQ¼0.182 μg mL�1) at 95% confidence level, respectively (Ta-
ble 1). To evaluate intra-day and inter-day precisions, analysis of
ZnO-NPs at three concentration levels (0.503, 1.47 and
2.00 μg mL�1) was carried out within the same day and on five
consecutive days. The intra-day and inter-day RSD values ZnO-NPs
ranged 0.54–1.88% and 0.22–1.34% respectively. The results are
summarized in Table 2. The % recoveries were obtained with sa-
tisfactory values of % RSD for PNPs (99.31–100.00%), which in-
dicates good accuracy of the proposed method, analyzed
spectrophotometrically.
15. Quantitation limit (mg/mL) 0.182

Where 7tSa and 7tSb are confidence limits for intercepts and slope respectively.
4. Conclusions

The present study describes a synthesis technique for the for-
mation of zinc oxide nanoparticles via soft chemical process. The
obtained NP was investigated in terms of analytical and morpho-
logical observations. The crystallinity of the grown product was
analyzed via XRD and the morphology was confirmed by using
FESEM. On the basis of synthesis and characterization,
photocatalytic activity (efficiency 70.39%) was evaluated, against
SA dye in the presence of ZnO-PNPs. The statistical data calcula-
tions such as reaction kinetics (rate constant is 2.0�10�2/min)
yield absorbance recorded at minimum concentration level; 0.5–
2.0 mg/mL, which clearly indicates that the NPs show catalytic ef-
fectiveness on degradation of SA dye at a very low value and the



Table 2
Test of precision for ZnO-PNPs with SA dye.

Parameters Intraday Interday

Concentration taken (mg/mL) 0.503 1.47 2.00 0.503 1.47 2.00
Concentration found (mg/mL) 0.503 1.47 2.00 0.500 1.46 1.99
Standard deviation (mg/mL) 0.009 0.010 0.010 0.006 0.004 0.004
Recovery (%) 100.00 100.00 100.00 99.40 99.31 99.50
Relative standard deviation
(%)

1.88 0.74 0.54 1.34 0.30 0.22
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analytical parameter such as linearity with high value of correla-
tion coefficient (r2)¼0.9993 and detection and quantitation limit
at the lowest level (LOD:LOQ¼0.060:0.182 μg mL�1) are useful for
a detailed outline of reports, for fully validated methods. Simpli-
city, sensitivity, rapidity, accuracy and precision are the main ad-
vantages of the proposed method and effectively applied for the
determination of ZnO-PNPs.
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