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Abstract. Physicochemical adsorption and degradation of the azo dye, methylene blue (MB), when irradiated by
visible and UV light in aqueous ZnO suspension have been investigated. The novelty of this work is to investigate
the effect of dye concentration up to 200 mg/l, keeping the nanocatalysts’ concentration invariant as 1 g/l. The
nanocatalysts before and after degradation process have been analysed to understand the mechanism of dye removal
using X-ray diffractometer (XRD), Fourier-transform infrared spectroscopy (FTIR) and thermal gravimetric analyser
(TGA). The results show that UV light degrades the dye to its intermediates through chemi-adsorption, whereas
the visible light induces physisorption of dye molecules on ZnO nanocatalysts. The XRD pattern of the ZnO
nanocatalysts revealed no changes in the internal structure of ZnO after the degradation process, confirming the
reuse of catalysts.
Keywords. ZnO nanophotocatalysts; UV and visible light photodegradation.
PACS Nos 78.40.Fy; 81.16.Be; 89.60.Ec

1. Introduction
The degradation or depolarisation has always been a
question in the photocatalytic degradation process due
to the presence of large degree of aromatic moieties in
dye molecules and the stability of modern dyes. Furthermore, majority of dyes is only adsorbed on the sludge
and is not degraded. Methylene blue (MB) dye is the
most commonly used dye in the fields of chemistry, biology, medicine as well as in textile industry as a cationic
dye. The prolonged exposure to MB can cause several
health problems including vomiting, nausea, anaemia
and hypertension [1,2]. The absorption of oxygen from
water by such dyes is hazardous to environment as
well as to aquatic microorganism. Moreover, the colour
interferes with sunlight and poses a problem to photosynthesis process. Therefore, it is very crucial to prevent
the disturbance in ecosystem by degrading such dyes.
Although there are various physical, chemical and biological methods which use the principles of adsorption,
biosorption, coagulation/flocculation, advanced oxidation, ozonation, membrane filtration and liquid–liquid
extraction [2,3] to remove the dye, the removal of dye
using photodegradation has its own advantages.

In general, the photodegradation process supported
by a catalyst depends on various factors such as the
type and the amount of loading of photocatalyst, pH,
illumination power and time, type and initial concentration of the dye and so on. In spite of being one
of the most widely investigated dye pollutants, there
is no unanimity among researchers on the mechanism
of photocatalytic degradation/decolourisation of MB
or the influence of various parameters on the kinetics
of the reaction. A large number of reports are available regarding the photodegradation of MB using either
TiO2 or ZnO photocatalysts with its pure, doped and
mixed phases under UV light irradiation [4–7]. To the
best of our knowledge, until now, 76% photodegradation of 10 mg/l MB with pure ZnO (catalyst dose
0.2 g/l) nanowires (30–40 nm) under 1 h UV irradiation was reported by Ma et al [8], whereas 100–65%
degradation of 50–200 mg/l MB under visible light irradiation of about 0.5 h is reported by Mohamed et al [9]
for the composite system using Fe/ZnO/SiO2 (0.075
g/l). Moreover, to the best of our knowledge, no reports
exist for 200 mg/l degradation of MB dye under UV
as well as visible light irradiation with pure ZnO as the
catalyst.
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Here, chemically synthesised ZnO nanocatalyst is
explored to investigate the effect of irradiation under visible as well as UV light towards the degradation of MB.
The synthesised ZnO possesses good physicochemical
properties and found to be an efficient catalyst for the
removal of MB from aqueous solution under visible as
well as UV light irradiation. The concentration of ZnO
nanocatalysts is fixed as 1 g/l, whereas MB concentration is varied from 15 to 200 mg/l.
2. Experimental
2.1 Preparation of ZnO nanocatalysts
ZnO nanocatalysts were prepared using the wet chemical precipitation route. The chemicals used for the
present synthesis, viz. Zn(NO3 )2 ·6H2 O and NaOH,
were of analytical reagent grade and used as-received
from S D Fine Chemicals, India.
In a typical process, 7.437 g (250 mM) of Zn(NO3 )2 ·
6H2 O dry powder was mixed with 200 ml of boiling
water with constant stirring in a round bottom flask.
Immediately after the dissolution of Zn(NO3 )2 ·6H2 O
powder, NaOH pellets were added to bring the solution to neutral pH. The reaction becomes very rapid
with the addition of NaOH pellets and the white precipitates occur immediately, indicating the formation
of ZnO nanoparticles. The reaction was maintained at
that temperature for 10 min. After cooling, the particles were washed with warm deionised water followed
by centrifugation at 10,000 rpm and dried naturally after
acetone wash and used for subsequent experiments. The
variation in reaction temperature and the molarity of zinc
nitrate affect the particle size and shape elongation (data
not shown).
2.2 Characterisation of the nanocatalyst, dye and
supernatant
Bruker powder X-ray diffractometer (XRD) (λ =
0.154056 nm) model table top D2 PHASER was used to
identify the phase constituent of the nanocatalyst and the
dye. The size and morphology of the samples were studied using the Philips Transmission Electron Microscopy
model TECNAI F20 operated at 200 kV. The optical
transmission spectra of the supernatant were measured
using a double-beam UV–Vis spectrometer (Cyberlab).
The spectra were recorded in the range of 300–800 nm
with the resolution of 1 nm. The photocatalyst and dye
were analysed using NICOLET FTIR model Nicolet
6700 with red laser of 633 nm wavelength. The sample was mixed with KBr in the ratio of 1:40. The spectra
were collected in wave number 400–4000 cm−1 . Thermal gravimetric analysis (TGA) of the photocatalyst and
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the dye was carried out using Mettler-Toledo (TGA)
instrument in the temperature range of 20–1100 ◦ C with
the resolution of 0.001 K. The data were taken in the
temperature range of 25–500◦ C with a heating rate of
10◦ C/min in air.
2.3 Photocatalytic experiments
Photocatalytical experiments were carried out at operating temperature of 25±2◦ C. A 250 W halogen lamp was
used as a source of visible light, whereas a high-pressure
mercury vapour lamp (300 W, maximal emission wavelength centred at 365 nm) was used as the UV source.
The distance between the light and the suspension was
maintained at 0.30 m.
The reaction suspensions were prepared by adding
ZnO (1 g/l) photocatalysts into the aqueous MB solution of the desired concentration. Prior to irradiation,
the suspension was ultrasonicated for 15 min and then
magnetically stirred in dark for 45 min to establish an
adsorption/desorption equilibrium of dye molecules on
the photocatalytic surface. The suspensions containing
MB and photocatalyst were then irradiated under UV
or visible light with magnetic stirrer. At specific time
intervals, aliquot (2 ml) was withdrawn and centrifuged
for 10 min at 8000 rpm to separate ZnO nanocatalysts from the aliquot. The absorption spectra of the
supernatant were recorded using double-beam UV–Vis
spectrometer. The ZnO catalysts before and after the
photodegradation experiment were investigated using
XRD, FTIR and TGA.
3. Results and discussion
3.1 Characterisation of nanocatalysts
Figure 1 shows the powder XRD pattern of the dry
ZnO nanocatalysts. The sharp and well-developed peaks
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Figure 1. XRD patterns of ZnO nanocatalysts fitted with
FullProof program.
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Figure 2. (a) TEM image, (b) size distribution and (c) UV/visible spectra for ZnO nanocatalysts.
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Figure 3. Optical absorption spectra showing the photodegradation of MB using ZnO nanocatalysts under UV light irradiation
for 15 mg/l (left) and 200 mg/l (right). Inset shows the colour change with time of UV light irradiation.

3.2 Photocatalytic degradation of MB
3.2.1 Photocatalytic degradation of MB under UV
light. Figure 3 shows the optical absorption spectra
showing the photodegradation of MB using the ZnO

100

% Degradation

indicate the good crystalline nature of the sample. The
pattern corresponds to the wurtzite structure, revealing the formation of pure ZnO phase without any other
impurity phase (JCPDS file no. 36-1451) [10,11]. The
space group of the structure is P63mc with lattice
parameters a = 0.3249 nm and c = 0.5206 nm. The
Scherer’s formula with full-width at half-maximum of
(1 0 1) plane is used to calculate the crystallite size which
corresponds to 23±1 nm. The pattern is fitted with FullProf program for further analysis. The fit parameters
show the preferential alignment of ZnO nanocatalysts,
resulting in intensity mismatch of all the peaks, but
mainly for (0 0 2) and (1 1 0) planes. Transmission electron microscopy (TEM) image for the same, as shown
in figure 2a, confirms the platelet structure of ZnO catalysts with large surface area. The size distribution is
obtained by measuring the edge of the plates and is fitted with the log-normal distribution function (figure 2b).
The median particle size, Dm , obtained from the fit is
21 nm with the standard deviation σ = 0.23. From the
UV/visible spectra (figure 2c), the band gap of ZnO was
found to be 3.0 eV [12,13].
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Figure 4. Degradation of MB dye with different concentration under UV light exposure as a function of time. The line
shows the fit with a × tanh(t/b) function.

nanocatalysts (1 g/l) under UV light irradiation for
15 mg/l (left) and 200 mg/l (right). It is seen that
the intensity of the characteristic maximum wavelength
decreases as the UV exposure time increases. The inset
photo shows the decrease in colour of the supernatant
taken at regular intervals of time, which is also showing
decolourisation. The absorption peaks, corresponding to
the dye, diminished and finally disappeared. The complete degradation or photocatalytic process has taken
place after 45 min and 11.3 h, respectively, for the 15
and 200 mg/l concentrations. The percentage degradation of the dye is calculated using the following formula:
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Table 1. Fit parameters from a × tanh(t/b) function fitted to the percentage degradation of dye.
%Degradation = a × tanh(t/b)
MB dye
concentration
(mg/l)

%Degradation = a × tanh(t/b)

UV light irradiation
%Degradation

15
50
100
200

99.3
100
98.4
96.6

b

%Degradation

a

b

R2

0.2685
0.7841
0.7495
1.7989

0.9998
0.9997
0.9743
0.9929

92.3
94.9
96.0
–

0.8998
0.9675
0.9288
–

1.3504
3.4052
3.8795
–

0.9949
1.000
0.9942
–

a
0.995
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Figure 5. Optical absorption spectra showing the photodegradation of MB using ZnO nanocatalysts under visible light
irradiation for 15 mg/l (left) and 100 mg/l (right). Inset shows the colour change with time of visible light irradiation.

%Degradation =

C0 − Ct
C0


× 100,

(1)

where C0 is the initial concentration of the dye and Ct
is the concentration of the supernatant taken at time t
[14–19]. Figure 4 shows the percentage degradation of
MB dye with different concentration under UV light
exposure as a function of time. It is seen that the degradation rate is faster in the initial time and then slows down
showing saturating effect. The points in the graph are
experimental values calculated using eq. (1), whereas
the line shows the fit with a × tanh(t/b) function. The
fitted parameters a and b along with maximum percentage degradation are mentioned in table 1.
3.2.2 Photocatalytic degradation of MB under visible
light. Photodegradation of the aqueous dye solution
with ZnO nanocatalysts under visible light illumination
was also studied for the same concentrations keeping
the concentration of ZnO nanocatalysts identical (1 g/l).
Figure 5 shows the absorbance spectra of the supernatant
taken from the suspension of ZnO nanocatalysts in 15
mg/l (left) and 100 mg/l (right) concentrations. During the visible light irradiation, the characteristic peak
of the dye decreases gradually and maximum photocatalytic activity is observed after 4 and 17 h of irradiation,
respectively.
Figure 6 shows the percentage degradation of the
dye. The experimental points in the graph are values
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Figure 6. Degradation of MB dye with different concentration under visible light exposure as a function of time. Line
shows the fit with a × tanh(t/b) function.

calculated using the degradation equation, whereas the
line shows the fit with a × tanh(t/b) function. The fitted parameters a and b along with maximum percentage
degradation are mentioned in table 1.
3.3 Effect of UV vs. visible light
The characteristic absorption peak corresponds to the
dye diminished under the influence of both UV and
visible lights, indicating that the dye had been
decolourised. It is seen that under the UV light, the
degradation process becomes faster compared to that
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Figure 7. Degradation time vs. concentration of MB under
UV light and visible light.

of the visible light. No new absorption bands appeared
either in visible or in UV regions due to any reaction
intermediates formed during the degradation process,
suggesting that the conjugated structure of the dyes is
broken down directly (figure 5). The disappearance of
the dye indicates that the presence of the catalyst and
the light energy strongly affects the photodegradation
of MB [20,21].
Figure 7 shows the plot of degradation time with
increasing concentration. It is inferred from the figure
that the visible light takes longer time to achieve complete degradation and the rate of degradation increases
rapidly following the exponential growth. UV light
shows linear increase in the degradation time with the
increase in dye concentration [22–24]. Moreover, the
concentration of ZnO nanocatalysts, i.e. 1 g/l, used for
the experiment is sufficient to degrade the dye till 200
mg/l. It is inferred from this figure that further increase
in MB concentration will take longer time to degrade
completely, which is practically limited to the increase
in the dye concentration.
Usually, the visible light energy is lesser than the UV
light energy and it is not sufficient to degrade the dye
molecules when pure ZnO is used as the catalyst. Previous studies also report that the visible light energy is not
sufficient to decompose the dye molecules. However, in
the present case, we have seen the decolourisation of
solution under UV and visible lights and that too with
100 mg/l dye concentration. Therefore, it is very important to study the mechanism of dye removal in both the
cases.
3.4 Mechanism of photocatalytic degradation
When the ZnO nanocatalyst absorbs photons of light
energy equal to or more than its band gap, then the
generation of electron–hole pair takes place. Since the
band gap of bulk ZnO is around 3.37 eV, it can be

87

excited by photons with wavelengths below 387 nm.
The photodegradation process of organic dye dispersed
in aqueous solution is started by photoexcitation of
the semiconductor, followed by the formation of an
electron–hole pair on the surface of the catalyst. The
electron (e− ) and hole (h+ ) could migrate to the surface
to react with the adsorbed dye in the direct oxidation
of dye to reactive intermediates [14–17]. In addition,
highly reactive hydroxyl radicals are also formed either
by the decomposition of water molecule or by the reaction of the hole with OH− , which degrades the dye
molecules present in the solution. Due to this, the degradation rate is more in the UV light than in the visible
light under similar conditions.
In the case of visible light irradiation, it is reported
that the presence of defect in ZnO leads to photosensitising oxidation mechanism [19]. The photosensitiser
(dye) can be excited by receiving visible light energy
and can donate or receive an electron, depending on
the redox environment present in the system. When MB
dye receives the electron, it gets converted to a transparent dye termed as luco-methylene blue [18]. If the
photosensitiser is absorbed on the surface of the ZnO
nanocatalysts, then the excited photosensitiser may be
able to inject an electron into the conduction band of
ZnO under the visible light irradiation. While donating
the electron, the dye is converted to its cationic radical and the injected electron on the conduction band
reacts with the oxygen molecule adsorbed on ZnO surface to generate oxidising agents such as H2 O2 , O·−
2 ,
HO·2 and ·OH. These radicals are strong electrophiles
and are capable of oxidising and destroying the organic
molecules in aqueous media. Hence, by this manner, the
dyes are decoloured and mineralised to some extent to
CO2 , water and inorganic salts [4,19].
In addition, it is also reported that the specific surface area and the presence of defects such as oxygen
vacancy or interstitial oxygen in metal oxide semiconductors influence the ability of dye capture and trapping
of photogenerated charge carriers (electrons and holes)
[25]. The specific surface area was tuned by changing
the morphology and the annealing temperature of the
ZnO samples. Moreover, it is reported [25] that ZnO,
with the shape of rice grain and with an average grain
size of 29 nm has the highest surface area compared
to 28 nm rod-shaped particles. Higher specific surface
area and higher defects result in higher photocatalytic
activity for the degradation of MB dye. In contrast, the
detailed investigation of photocatalytic activity and dye
adsorption reports almost no effect on the adsorption of
the cationic dyes such as MB [26], whereas a significant
adsorption of anionic dyes (without positively charged
groups) on the ZnO samples with native defects was
reported.
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Figure 8. Kinetic analysis for MB dye degradation under visible and UV light.
8

kUV
kvis

6
-1

k (hr )

Defects in ZnO are possible when fast crystallisation
and quenching during the precipitation are carried out
[19]. In the present synthesis, the crystallisation process
is very fast as NaOH pellets were added at 100◦ C for
the formation of ZnO and the temperature was maintained only for 10 min. The solution was cooled down
naturally (not quenched). Hence, there is a possibility
of creating defects in ZnO, but the nature of defects
may differ from that reported by Baruah et al [18]. In
addition, the smaller sized as-synthesised samples have
large specific surface area, leading to the increase of dye
degradation rate.
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Figure 9. Variation of rate constant with increasing dye
concentration.
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The surface catalysed reaction is supposed to follow
the Langmuir–Hinshelwood kinetic model, which is
derived from the Langmuir adsorption isotherm equation [15,16]. The photocatalytic degradation of MB
using ZnO nanocatalysts obeys the pseudo-first-order
kinetics [5,6]. A plot of ln(C0 /Ct ) vs. the UV/visible
irradiation time for the MB photodegradation catalysed
by ZnO nanocatalysts is shown in figure 8. A linear
relation between ln(C0 /Ct ) and the irradiation time has
been confirmed, which implies that the photodegradation of MB follows first-order kinetics. The first-order
rate constant (k) for UV light-irradiated ZnO + MB
system is found to be 6.6144 h−1 (with R 2 = 0.981),
and for visible light-irradiated ZnO + MB system, it is
0.6285 h−1 (with R 2 = 0.981). The high rate constant
in the case of UV light irradiation implies a direct photocatalytic oxidation reaction and a faster degradation
of MB.
The rate constant, k, obtained from the fit is varying
from 6.61, 1.83, 1.05, 0.59 h−1 , respectively, from 15
to 200 mg/l concentration. The rate constant decreases
exponentially with an increase in MB dye concentration, which is shown in figure 9. It is seen that for
visible light, the value of first-order rate constant is
one order of magnitude smaller than that observed for
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3.5 Kinetics of photocatalytic degradation of MB
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Figure 10. FTIR spectrum of ZnO, MB, ZnO + MB15 (UV)
and ZnO + MB15 (Vis).

the UV light. This indicates the possibility of surface
adsorption/immobilised MB on ZnO when visible light
is used. To check this, FTIR, TGA and XRD of ZnO
nanocatalysts after degradation experiment were carried
out.
3.6 Analysis of photocatalysts after reaction
Figure 10 shows the FTIR pattern of pure catalyst (ZnO),
MB dye and the catalyst after UV and visible light
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Figure 12. Thermogravimetric analysis of ZnO-treated MB under visible light and UV light. The inset figure shows the zoom
extended Y -scale for each sample.

irradiated photodegradation experiment of 15 mg/l dye
concentration, i.e. ZnO + MB15. It is revealed from
figure 10 that when the catalyst is treated under visible
light, the peak of MB can be observed along with the
pure ZnO peak. This indicates that the dye is adsorbed
on the surface of the catalyst, and upon increasing
the dye concentration, the peak intensity of the dye
increases, confirming our argument. In the case of UV
light, the MB peaks are significantly disappearing, indicating that the dye is completely degraded when the UV
light is used.
Figure 11 shows the expanded peaks for pure ZnO,
O–H stretching and MB absorption bands for all samples. The characteristic peak of the aromatic ring of MB
is at ∼1603 and ∼1394 cm−1 and that for ZnO is at
450 cm−1 . The MB absorption band at 1603 cm−1 , corresponding to the vibration of the aromatic ring, shifted
to 1635 cm−1 with visible light. Similarly, the peaks
at 1392 and 1223 cm−1 correspond to the C–H rock,
and C–N stretch for pure dye is shifted to 1384 and

1239 cm−1 for the sample exposed to visible light. These
peaks are not observed in the sample when it is treated
with UV light or for pure ZnO catalysts. The peak corresponding to pure ZnO at 450 cm−1 is observed in all the
samples except pure dye, whereas a broad peak in the
range of 3020–3650 cm−1 corresponds to the vibrational
mode of O–H bond and is observed in all the samples.
The absence of MB peaks in the samples treated with
UV light indicates that the dye is degraded into its intermediates, whereas the presence of such peaks in visible
light-treated samples indicates the adsorption of dye on
ZnO nanoparticles. This can be further confirmed using
thermogravimetric pattern.
Figure 12 represents the TGA pattern of the ZnO
nanocatalyst after the degradation experiment. In the
case of visible light irradiation, a sharp drop in weight
is observed around 400–450◦ C temperature range. For
15 mg/l concentration of the dye, the observed weight
loss is around 15%, whereas for 50 mg/l, it shows
40% weight loss. The observed weight loss at higher
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Figure 13. XRD pattern of ZnO, MB dye, ZnO + MB15
irradiated by UV and visible light.

temperature indicates that the MB dye is adsorbed
chemically on ZnO nanocatalysts and the percentage
adsorption increases with an increase in the dye concentration. In the case of UV light irradiation, no such
sharp drop is observed. TGA pattern of ZnO nanocatalyst after UV light irradiation follows the trend of
ZnO nanocatalysts before irradiation. A slight change in
weight around 200◦ C temperature shows the release of
bound water molecules. The inset figure shows the zoom
extended weight loss for each concentration of MB dye.
The inset figure indicates slightly different weight loss
for 15 and 100 mg/l dye concentrations, and this may
be because the sample is collected after 96% degradation. If we allow the sample to be exposed for some
more time so that 99% degradation takes place, then
we can see that the sample follows the trend of pure
ZnO catalysts as in the case of 50 and 200 mg/l samples. This behaviour indicates that in the case of UV
light exposure, the dye degrades to its intermediates,
and hence, decolourisation takes place, whereas the visible light induces the dye molecule to adsorb on the
catalyst’s surface and then reducing the 598 nm peak
intensity.
Figure 13 shows the XRD patterns for MB, ZnO
nanocatalysts and ZnO–MB15 under visible light and
UV light. The MB-reacted ZnO with both the light
sources does not change the position and relative intensity of the peaks. This means that there are no disorders
or changes in the internal structure of the ZnO nanocatalysts, and it remains inert by acting as a catalyst.
Therefore, the same can be reused repeatedly till it distorts the crystalline structure of ZnO and can be utilised
as an efficient recoverable photocatalyst.

4. Conclusion
In conclusion, the photocatalytic degradation/decolourisation of MB dye has been investigated using

chemically synthesised ZnO nanocatalysts. The study
shows that the catalyst with identical concentrations
(1 g/l) degrades MB dyes up to 200 mg/l concentration
under UV light and up to 100 mg/l under the visible
light irradiation. FTIR and TGA patterns of nanocatalysts retrieved after photodegradation process indicate
that the dye degrades to its intermediates under UV light,
whereas the visible light induces the adsorption of dye
on nanocatalysts. Dye adsorption under the visible light
may be due to the increased surface area of photocatalysts. The photocatalytic degradation of MB with UV as
well as visible light using ZnO nanoparticles obeys the
pseudo-first-order kinetics. The results show that under
visible light, the rate of dye degradation grows exponentially, whereas in UV light, it is linear. Moreover,
the rate constant decreases exponentially when the dye
concentration increases. The XRD analysis showed the
possible reuse of ZnO nanocatalysts.
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