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Introduction

The inappropriate disposal of hazardous industrial wastes such

as pesticides, dyes, and pharmaceuticals in water resources
causes serious effects in entire ecosystems, with significant im-

pacts on the environment and to the health of living

beings.[1, 2] There are increasing efforts to develop suitable pro-
cesses for the elimination or reduction of such contami-

nants.[3–5] Oxide semiconductors including zinc oxide (ZnO)
have been successfully used in photocatalytic processes for

the degradation of environmental pollutants.[6] Their properties

such as good chemical stability and suitable band gaps of
about 3.2 eV result in efficient photocatalysis.[7] Several meth-

ods have been used to synthesize ZnO, such as the polymeric

precursor method,[6] hydrothermal synthesis,[8] and the sol-gel
method.[9] Among these, the polymeric precursor method

offers the advantages of low cost, simplicity, and controllable
chemical composition, enabling good reproducibility, a high

degree of crystallinity, and high purity.[10]

Several changes in the traditional polymeric precursor
method have been proposed to enhance the electronic, textur-

al, and morphological properties of semiconductor materials.
Abreu et al. showed that the introduction of certain additives
in the polymeric resin could prevent the formation of bridge
bonds between citric acid and the metallic cation, hence pro-

moting the formation of particles with regular morphology.[11]

Various molecules have been used as sources of nitrogen or

sulfur to promote doping and improve the photocatalytic
properties, with their degradation providing an environment
rich in N or S during semiconductor crystallization.[12–14] Howev-

er, few studies have been dedicated to investigating these ef-
fects in detail. One important aspect is the effect of different

molecules with similar structures in this process, as their degra-
dation temperatures and times vary widely, enabling the con-

trol of anion doping and particle growth.

This work therefore provides a systematic investigation of
the influence of the use of two different sources of N [mela-

mine (Mel) or urea (Ur)] during the synthesis of ZnO nanoparti-
cles and their effects on the physicochemical and photocatalyt-

ic properties. The photoactivity of the as-synthesized ZnO sam-
ples was probed by the degradation of methylene blue (MB)

A modified polymeric precursor method assisted by N sources
(urea or melamine) was used to obtain anion-doped ZnO
nanoparticles. The influence of these molecules on the physi-

cal-chemical and photocatalytic properties of the as-synthe-
sized samples was investigated. The ZnO nanoparticles exhibit-
ed a hexagonal wurtzite phase and crystallite sizes of approxi-
mately 20 nm. The addition of urea or melamine to the Zn2 +

precursor solution improved the surface properties of the ma-
terials and resulted in controlled growth of the N-doped ZnO

nanoparticles, with urea showing superior performance for this

purpose. These changes led to improved photocatalytic per-
formance in the degradation of methylene blue (MB) dye and
ethionamide antibiotic under UVC irradiation. It was observed

that the indirect mechanism involving COH radical attack
played the main role in both photodegradation reactions cata-
lyzed by the as-synthesized ZnO samples, whereas the photo-
sensitization mechanism had a negligible influence. The use of
ESI-MS analyses showed that the MB dye molecules were
broken up by the action of the ZnO photocatalyst, indicating
the occurrence of a mineralization process.
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dye and ethionamide (ETA) antibiotic under ultraviolet (UVC) ir-
radiation. Finally, a mechanism was proposed to explain the

photodegradation catalyzed by the as-synthesized ZnO
samples.

Results and Discussion

Characterization

As shown in Figure 1, all the samples, with the exception of
ZnO-Mel5, exhibited similar XRD patterns in the 2q range from

10 to 708. These were typical of the hexagonal wurtzite ZnO

structure, according to JCPDS card no. 36–1451. The results
confirmed that all the products were well crystallized and re-

vealed that the presence of urea in the Zn2+ resin did not sig-
nificantly alter the crystalline structure or lead to the formation

of any spurious phases. The same behavior was observed on
use of smaller amounts of melamine during the synthesis.

However, the use of 5.0 g of melamine resulted in the forma-

tion of another phase that was identified as graphitic carbon
nitride (g-C3N4) (JCPDS card no. 87-1526),[5, 15, 16] which was the

predominant phase in this sample.
The crystallite size of the ZnO phase was calculated by using

Scherrer’s equation,[17, 18] using the diffraction peaks of the
(1 0 0), (0 0 2), and (1 0 1) planes (2q= 31.8, 34.5, and 36.48, re-

spectively). As shown in Table 1, the values obtained for all the
ZnO samples were very similar, with crystallite sizes of approxi-
mately 20 nm.

The optical properties of the samples with only the ZnO
phase were studied by UV/Visible diffuse reflectance spectros-

copy. Figure 2 shows the curves of (ahn)2 as a function of
photo energy (hn), from the Tauc equation,[19] for the direct

band gap ZnO semiconductors.[20] The band gap energies, cal-

culated from the x-axis intercepts of the tangent lines of the
curves, were approximately 3.1–3.2 eV for all ZnO samples. The

detailed results are shown in the inset of Figure 2. In summary,
the presence of urea or melamine in the Zn2 + resin did not

cause any significant changes in the electronic property of the
as-synthesized ZnO samples.

As shown in Figure 3, the morphological properties of the

ZnO samples were affected by the addition of the molecules
of urea and melamine to the Zn2 + resin. The ZnO synthesized

in the absence of urea and melamine consisted of rounded
nanoparticles with no well-defined morphology and a broad

size distribution, which could be divided into two main regions
with average sizes of 35 and 110 nm, as shown in Figure 3 a.

On the other hand, the ZnO-Mel1 and ZnO-Ur1 samples consist-

ed of nanoparticles with nearly hexagonal pyramidal shapes
and sizes that were more homogeneous than for the conven-
tional ZnO sample, with average sizes of 56 and 48 nm, respec-
tively (Figure 3 b–c). This was probably owing to the presence

of the amino groups in the urea and melamine molecules,
which acted as complexing agents for metal ions and conse-

quently created a physical barrier for the sintering. This provid-
ed controlled growth of the particles, resulting in a material
with greater particle size homogeneity. In summary, these mol-

ecules improve the control of the particle morphology, com-
pared with the unmodified precursor method by using only

citric acid as the complexing agent and ethylene glycol for
polymerization.

Thermogravimetric analyses (TGA; Figure S1 in the Support-

ing Information) were performed to confirm the ZnO growth
mechanism. It was observed that the presence of urea or mela-

mine led to mass losses at higher temperatures, indicating that
the production of volatiles was still occurring at temperatures

that typically influence particle growth. This can be clearly
seen in the DTG curves, as the main mass loss peaks were at

Figure 1. XRD patterns of the as-synthesized ZnO samples calcined at
550 8C.

Table 1. Crystallite size of the ZnO samples, calculated by using Scher-
rer’s equation.

Sample Crystallite size (Dhkl) [nm]
31.88 (1 0 0) 34.58 (0 0 2) 36.48 (1 0 1)

ZnO 20.6 20.8 19.6
ZnO-Ur0.15 21.5 21.6 20.9
ZnO-Ur1 19.3 20.7 19.0
ZnO-Ur5 18.2 18.3 17.4
ZnO-Mel0.15 18.2 17.3 17.4
ZnO-Mel1 22.6 10.8 20.9

Figure 2. Tauc plot curves of the conventional ZnO, ZnO-Melx, and ZnO-Urx

samples.
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higher temperatures. Hence, this organic fraction may act to

prevent contact among the particles, limiting diffusion and
consequently the growth itself. However, investigation of such

phenomena was not the main goal of the present work, and
they are only mentioned here as an additional effect.

The morphology and structure of the as-synthesized ZnO
samples were further analyzed by transmission electron mi-

croscopy (TEM). As shown in Figure 4, the TEM images of all

the samples revealed sphere-like ZnO nanoparticles with an
average size of approximately 43 nm, in good agreement with

the SEM observations (Figure 3). Furthermore, the high-resolu-
tion (HR)-TEM micrographs of the ZnO nanoparticles (Figure 4)

showed crystallites with sizes of approximately 12 nm and an
average inter-fringe distance of 0.28 nm, which could be attrib-

uted to the (1 0 0) plane of the hexagonal wurtzite ZnO struc-
ture. This finding confirmed the results obtained from the XRD
analysis (Figure 1). Therefore, the ZnO samples are composed
of polycrystalline particles with at least two crystallites.

The chemical compositions and purities of the as-synthe-

sized ZnO samples were further characterized by FTIR analysis.
As shown in Figure S2 (in the Supporting Information), the

spectra exhibited similar profiles for all the ZnO samples, with
absorption bands at 3445, 2923, 1634, 1386, 689, 509, and
440 cm@1. All the observed absorption peaks were characteris-

tic of a typical ZnO FTIR spectrum, without any residue of urea
or melamine.[21] Bands centered at 3445 and 1634 cm@1 were

assigned to hydroxyl groups on the ZnO surface.[21, 22] A should-
er at around 2923 cm@1 and a small peak positioned at

1386 cm@1 were characteristic of -CH2 stretching vibrations,[23]

resulting from a small residual quantity of organic resin. A

sharp and strong band in the range 509–440 cm@1 was related
to the metal–oxygen stretching mode in the ZnO lattice.

Photocatalytic properties of the ZnO samples

The effect of adding urea and melamine molecules to the Zn2 +

resin on the photocatalytic performance of the as-synthesized

ZnO samples was evaluated by using the photodegradation of
MB dye under UVC irradiation (Figure 5). All the ZnO samples

were kept in contact with the MB dye solution in the dark for
12 h, to reach adsorption/desorption equilibrium, prior to the

photocatalytic tests. It was observed that these samples exhib-

ited negligible MB dye adsorption (<5 %), and that the direct
photolysis of MB dye was also insignificant.

As shown in Figure 5, the ZnO-Melx and ZnO-Urx samples, es-
pecially ZnO-Mel1 (Figure 5 a) and ZnO-Ur5 (Figure 5 b), exhibit-

ed higher photocatalytic activities than conventional ZnO. The
maximum photodegradation of MB dye catalyzed by ZnO was

Figure 3. Representative SEM images of (a) conventional ZnO, (b) ZnO-Mel1,
and (c) ZnO-Ur1, and their respective particle size distribution histograms.
The average particle size values were calculated from the lognormal distribu-
tion parameters that fitted the particle size distribution for each sample.

Figure 4. TEM images of the (a) conventional ZnO, (b) ZnO-Mel1, and
(c) ZnO-Ur1 samples, and their respective particle size distribution histo-
grams. (d–e) HR-TEM images of the ZnO.
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approximately 6 %, whereas values of 87 % and 45 % were ob-

tained for the ZnO-Ur5 and ZnO-Mel1 samples, respectively,
after 60 min of reaction. Almost complete photodegradation of

the MB dye was achieved after 120 min if using both of these
samples. It could therefore be concluded that the inclusion of

urea or melamine in the ZnO synthesis significantly improved

the photocatalytic properties of the as-synthesized ZnO sam-
ples. Additionally, all the ZnO-Urx samples showed complete

MB dye discoloration after 180 min, whereas different behavior
was observed for the ZnO-Melx samples. Figure S3 (in the Sup-

porting Information) shows the visible spectra and photo-
graphs showing the changes in color of the MB dye solution

after different periods of the photocatalytic reaction in the ab-
sence and presence of the ZnO-Ur5 sample.

Similar conclusions could be reached from the reaction rate

constants shown in Table 2. It was expected that the reaction

kinetics should be dependent on the concentration of MB dye
and the active sites of the photocatalyst. However, as the con-

centration of active sites remained constant throughout the
degradation period, the rate law could be written as a pseudo-

first-order equation, as discussed in detail in our previous
work.[24] Hence, the photodegradation rate constants were ob-
tained by using the equation: @ln(C/C0) = kt, in which C0 and C
are the concentrations of the pollutant at the start of the pro-
cess and at reaction time “t”, respectively, and k is the rate con-

stant. This analysis clearly showed that an increase in the
amount of melamine in the Zn2 + resin from 0.15 to 1.0 g re-

sulted in a substantial improvement in photocatalytic per-
formance, with the rate constant obtained if using ZnO-Mel1

approximately 4.1 times higher than with the ZnO-Mel0.15

sample. However, a further increase in the amount of mela-

mine in the Zn2 + resin, from 1.0 to 5.0 g, resulted in the pre-

dominant formation of g-C3N4 (Figure 1), which typically exhib-
its a lower photoactivity than ZnO samples under UVC irradia-

tion. Therefore, this sample did not follow the expected trend.
Notably, the g-C3N4 sample (ZnO-Mel5) was outside the scope

of this study. In the case of the ZnO-Urx samples, photocatalyt-
ic performance increased progressively according to the

amount of urea used (ZnO-Ur0.15<ZnO-Ur1<ZnO-Ur5), with the

ZnO-Ur5 sample presenting a rate constant approximately
2.8 times higher than obtained for ZnO-Ur0.15.

The observed behavior suggested that the photocatalytic
properties of the ZnO nanoparticles could be optimized by ad-

justing the amount of urea or melamine used in the synthesis.
In addition, the higher photocatalytic activities obtained for

the ZnO-Urx samples, compared with the corresponding ZnO-

Melx samples, indicated that urea was more effective in im-
proving the properties of the ZnO.

The main parameters that govern the catalytic performance
of a photocatalyst are: (i) electronic properties including the

band gap and lifetime of charge carriers ; (ii) morphological
properties involving the shape and size of the particles; and

(iii) textural properties and the degree of hydroxylation and re-

activity of the surface.[25–28] To obtain a better understanding of
the photocatalytic activities of the ZnO, ZnO-Mel1, and ZnO-Ur5

samples, some physical-chemical properties were further evalu-
ated by using N2 adsorption/desorption, Fourier transform in-
frared spectroscopy (FTIR), and X-ray photoelectron spectros-
copy (XPS).

Although the Brunauer–Emmett–Teller (BET) specific surface
areas were similar for all the materials (Table 3), the mesopo-
rous volumes of the ZnO-Ur5 and ZnO-Mel1 samples were ap-

proximately 2.4 and 3.0 times higher, respectively, compared

Figure 5. Kinetic curves of MB dye photodegradation catalyzed by the ZnO,
ZnO-Melx, and ZnO-Urx samples under UVC irradiation. Three independent
measurements were performed to estimate the standard deviation.

Table 2. Kinetic rate constants (kMB) for MB dye photodegradation.

Sample kMB V 103 Sample kMB V 103

[min@1] [min@1]

Pure MB 0.1 ZnO 1.7
ZnO-Mel0.15 6.3 ZnO-Ur0.15 12.5
ZnO-Mel1 26.0 ZnO-Ur1 33.4
ZnO-Mel5 1.1 ZnO-Ur5 35.1

Table 3. Textural properties of the as-synthesized ZnO samples.

Sample SSA[a] Vpores
[b]

[m2 g@1] [cm3 g@1]

ZnO 10.3 0.05
ZnO-Mel1 8.7 0.15
ZnO-Ur5 7.8 0.12

[a] SSA: BET specific surface area. [b] Vpores : mesopore volume.
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with the conventional ZnO sample, indicating en-
hanced access to the surface active sites of ZnO-Ur5

and ZnO-Mel1. This effect could have contributed to
increasing the activity of the ZnO samples towards

photodegradation of the MB dye.
It is well known that the quantity of surface -OH

groups plays an important role in photocatalytic
processes,[29, 30] especially if the hydroxyl radical is
the major active species involved in the oxidation of

an organic pollutant. As discussed previously, the ab-
sorption peak at 3445 cm@1 is related to the -OH sur-
face groups and its intensity is proportional to the
concentration of these groups on the surface of the

material.[29–31] A semi-quantitative analysis of these
groups was therefore performed for each sample

(Figure 6), with band normalization using the most

intense spectrum as the reference. The ZnO-Ur5

sample, which showed the greatest quantity of sur-

face -OH groups, was used as the reference, and the
ZnO-Mel1 and ZnO samples presented intensities

that were approximately 13 % and 32 % lower, re-
spectively, compared with ZnO-Ur5. These results

were in agreement with the highest photocatalytic

performance of the ZnO-Ur5 sample.
XPS analysis was performed to investigate the sur-

face composition and chemical state of the ele-
ments, and to confirm the N-doping of the ZnO-Mel1

and ZnO-Ur5 samples. The survey spectra of the ZnO
samples (Figure 7 a) confirmed the presence of the elements

Zn and O on the surfaces of all the samples, without any con-

tamination. For all the samples, the Zn 2p XPS high-resolution
spectra (Figure 7 b) showed a peak at 1022 eV related to the

binding energy of Zn 2p3/2. The O 1s XPS high-resolution spec-
tra (Figure 7 c) exhibited broad and asymmetric peaks that

were deconvoluted by employing a Gaussian curve fitted to
two peaks at 530.6 and 531.9 eV, attributed to the O@Zn and

O@H bonds, respectively. High-resolution N 1s XPS spectra of

the ZnO, ZnO-Mel1, and ZnO-Ur5 samples (Figure 7 d) were also
collected to determine if N from urea or melamine was incor-
porated in the ZnO structure. As expected, no peaks related to

nitrogen bonds were observed for the conventional ZnO

sample. For the ZnO-Mel1 sample, the peak attributed to nitro-

gen was hard to identify, owing to a low signal/noise ratio. A
more intense asymmetric peak at about 400 eV was observed

in the N 1s XPS spectrum of the ZnO-Ur5 sample and was fitted
by using two peaks at 399.5 and 400.6 eV. The peak at

399.5 eV was assigned to the Zn@N linkage resulting from the
incorporation of anionic nitrogen into the ZnO crystal lattice,

replacing the oxygen atoms.[9, 32] The peak at 400.6 eV was at-

tributed to oxidized nitrogen in the form of Zn-O-N or Zn-N-O
linkages.[13, 33] Notably, a higher intensity N 1s peak was exhibit-

ed by the ZnO-Ur5 sample, compared with ZnO-Mel1, indicating
that the former had a greater N content. The N-doping of ZnO

positively affected the electronic properties of the materials, as
the ZnO-Ur5 and ZnO-Mel1 samples exhibited enhanced photo-

catalytic properties.
In summary, the greater photoactivities of the ZnO-Urx and

ZnO-Melx samples, compared with ZnO, were probably owing

to three main factors: (i) improved textural properties, associat-
ed with increased surface hydroxyl groups; (ii) smaller and

more homogeneous particles ; and (iii) the incorporation of N
into the ZnO lattice, which provided better electronic

properties.

Study of the MB dye degradation mechanism

ZnO has been extensively used as a photocatalyst in reactions

concerning the degradation of organic pollutants, artificial
photosynthesis, and others.[6, 34] However, only a few studies

Figure 6. Normalized FTIR spectra in the -OH surface groups region (3700–
3000 cm@1).

Figure 7. X-ray photoelectron spectra of the ZnO, ZnO-Mel1, and ZnO-Ur5 samples:
survey spectra (a) and high-resolution spectra for (b) Zn 2p, (c) O 1s, and (d) N 1s.
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have attempted to elucidate the mechanisms of the photoca-
talytic reactions and identify the active species involved in the

process. Therefore, investigation was made of the roles of the
different mechanisms (indirect, direct, and photosensitiza-

tion)[27, 35, 36] of the MB photodegradation under UVC irradiation,
by using the ZnO, ZnO-Ur5, and ZnO-Mel1 photocatalysts.

The contribution of the indirect mechanism (COH radical for-
mation and attack) was evaluated by determination of COH by
using terephthalic acid (TPA) as a target molecule. The reaction

between the COH radical and TPA generates a fluorescent prod-
uct, 2-hydroxyterephthalic acid (HTPA), which is easily moni-

tored by the photoluminescence (PL) technique. The amount
of HTPA formed is directly proportional to the quantity of COH
radicals generated by the irradiated photocatalyst. The PL
spectra of HTPA obtained after 30 min on using the as-synthe-

sized ZnO samples under UVC irradiation are shown in Fig-
ure 8 a. The quantity of photogenerated COH radicals was sig-
nificantly higher if the ZnO-Ur5 sample was used as a photoca-

talyst, followed by the ZnO-Mel1 and ZnO samples. The highest
amount of hydroxyl radicals generated by the ZnO-Ur5 sample

was a result of its improved electronic structure, as well as the
large quantity of hydroxyl groups on its surface.

The reaction between TPA and the COH radical is only

dependent on diffusion of the COH radicals in the solution, so
the quantity of photogenerated COH radicals is directly

proportional to the amount of HTPA formed. Hence, the kinetic
constants for formation of HTPA and COH radicals are simi-

lar,[30, 37–39] so the rate constant for COH radical (kOH) generation
could be obtained by applying the pseudo-zero-order reaction

equation to the HTPA formation data (Figure 8 b). The highest
rate constant was found for the ZnO-Ur5 sample, followed by

the ZnO-Mel1 and ZnO samples. Therefore, the rate constants
for COH radical formation and for organic pollutants photode-
gradation, both catalyzed by the as-synthesized ZnO samples,

exhibited the same trend (Figure S4 in the Supporting Informa-
tion). These results strongly indicated that the indirect mecha-

nism played a major role in the photodegradation process, as
the order of COH radical formation followed the order of photo-
activity for the ZnO samples.

The photo-oxidation of the MB dye molecules catalyzed by

the ZnO-Ur5 sample was confirmed by analysis of the MB solu-

tion by using electrospray ionization mass spectrometry (ESI-
MS). The ESI-MS spectrum for the MB dye standard solution

(Figure 9 a) only exhibited a strong signal at a mass/charge (m/
z) ratio of 284, attributed to the MB structure without any oxi-

dation. After 120 min of UVC irradiation in the presence of the
ZnO-Ur5 photocatalyst, the ESI-MS spectrum for the MB dye so-

lution (Figure 9 b) exhibited several peaks at m/z = 332, 318,

301, 284, 270, 256, 243, 162, and 129. Furthermore, the intensi-
ty of the signal at m/z = 284 was lower than in the spectrum

for pure MB dye, indicating a decrease in its proportion follow-
ing the formation of other species. The signals at m/z = 301,

Figure 8. (a) PL spectra for 2-hydroxyterephthalic acid formation after
30 min under UVC irradiation, on using the ZnO, ZnO-Mel1, and ZnO-Ur5

photocatalysts. (b) Pseudo-zero-order kinetics for indirect formation of hy-
droxyl radicals by the samples.

Figure 9. ESI mass spectra of (a) pure MB dye and (b) MB dye after photode-
gradation catalyzed by the ZnO-Ur5 sample during 120 min under UVC irra-
diation.
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318, and 332 reflected successive hydroxylation in the aromatic
ring of the MB molecule, confirming that the COH radical

played an important role in the MB dye photodegradation re-
action, under the conditions used. The signals at m/z = 270,

256, and 243 reflected the loss of one or more methyl substitu-
ents from the amine groups of MB, forming the azure B,

azure A, and azure C species, respectively.[40] Additionally, sig-
nals at m/z = 129 and 162 corresponded to cleavage of the ar-
omatic ring resulting from attack by active species that were

photogenerated in the presence of the ZnO-Ur5 sample under
UVC irradiation. Notably, this last finding confirmed that the
MB dye molecules were broken down by using the photocata-
lyst, which was a strong indication of the occurrence of a min-

eralization process. This finding was very important, because a
good catalyst must be able to break down the contaminant

molecule, while at the same time minimizing the possible for-

mation of byproducts that could also be toxic. Based on the
ESI-MS results, a schematic diagram (Figure S5 in the Support-

ing Information) was proposed to clearly describe the mecha-
nism of the MB dye photodegradation catalyzed by the as-syn-

thesized ZnO samples.
The stability of a photocatalyst is a crucial parameter in cata-

lytic applications such as the treatment of wastewater.[41]

Therefore, the photostability of the conventional ZnO and
ZnO-Ur5 samples was evaluated by performing recycling ex-

periments for 180 min under UVC irradiation. As shown in
Figure 10, no significant deactivation (<5 %) was observed for

both photocatalysts, even after four successive re-uses for MB
dye photodegradation.

The structural, electronic, and morphological properties of

the ZnO-Ur5 photocatalyst were analyzed by the XRD, UV/Vis
diffuse reflectance spectroscopy (DRS), and SEM techniques,

before and after MB dye degradation for 180 min under UVC
irradiation. There were no significant changes in the XRD pat-

tern or the SEM image of the used ZnO-Ur5 sample compared
to the fresh material (Figure S6 in the Supporting Information).
The band gap value of the used sample showed a slight in-

crease, from 3.15 to 3.21 eV, which could be attributed to ex-
perimental error. These results revealed that the photocatalyst
exhibited high structural, electronic, and morphological stabili-
ty during the photocatalytic reaction under the conditions

employed.

Photodegradation of ethionamide (ETA) antibiotic

Ethionamide (ETA), a first-line antibiotic used for the treatment
of tuberculosis, was employed here as a model of a real organ-

ic pollutant, with maximum absorption centered at 289 nm in
the ultraviolet region (Figure S7 in the Supporting Informa-

tion).[42] Figure 11 a shows the kinetic curves for ETA

photodegradation catalyzed by the as-synthesized ZnO sam-

ples under UVC irradiation. The photodegradation curves line-
arized by pseudo-first-order kinetics are shown in Figure 11 b,

and the rate constant (kETA) values are provided in the inset of
Figure 11 b. All the as-synthesized ZnO samples exhibited ETA
photodegradation activity and negligible ETA adsorption (<

5 %), and the direct photolysis of this molecule was insignifi-
cant. The kETA values calculated for ETA degradation in the pres-

ence of the ZnO-Ur5 and ZnO-Mel1 photocatalysts were ap-
proximately 3.7 and 2.2 times higher, respectively, compared

with the value obtained for conventional ZnO. The ratio of the

effectiveness of these samples was the same as for MB dye
photodegradation (kMB) and for COH radical generation (kOH), in-

dicating that the main degradation mechanism was also owing
to the attack of hydroxyl radicals on the ETA molecules. Thus,

these results suggested that photosensitization was not the
main factor responsible for photodegradation of the studied

Figure 10. Stability of the conventional ZnO and ZnO-Ur5 photocatalysts
during four cycles of MB dye photodegradation.

Figure 11. (a) Kinetic curves of ethionamide photodegradation catalyzed by
the ZnO, ZnO-Mel1, and ZnO-Ur5 samples under UVC irradiation. (b) First-
order kinetics of ethionamide degradation catalyzed by the as-synthesized
samples.
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organic pollutants (MB and ETA) catalyzed by the as-synthe-
sized ZnO samples, and that the degradation process was in-

dependent of the target molecule. In summary, the as-synthe-
sized ZnO photocatalysts exhibited excellent potential for ap-

plication in real photocatalytic processes to degrade any type
of organic pollutant. Table S1 (in the Supporting Information)

provides a comparison of the photoactivities of different pho-
tocatalysts and ZnO-Ur5 for MB dye degradation under identi-
cal experimental conditions (i.e. , light source, photocatalyst

amount, MB dye concentration, and reactor design). This com-
parison demonstrates the excellent performance of the ZnO-
Ur5 photocatalyst.

Conclusions

It was found that ZnO samples prepared by using a modified
polymeric precursor method with addition of urea (ZnO-Urx) or

melamine (ZnO-Melx) exhibited higher photocatalytic efficien-

cies for degradation of organic pollutants compared with ZnO
obtained conventionally. The use of these molecules (mela-

mine and urea) in the synthesis provided controlled growth of
the ZnO particles, resulting in materials with more homogene-

ous particle sizes. The enhanced performance of ZnO-Urx and
ZnO-Melx in the degradation of MB dye and ETA antibiotic was
explained by the greater quantity of surface hydroxyl groups,

the incorporation of nitrogen into the ZnO lattice, and the en-
hanced textural properties of the materials. These positive ef-
fects were most pronounced in the case of the ZnO-Urx sam-
ples. Investigation of the photocatalysis mechanism showed
that degradation of the pollutants over all the photocatalysts
proceeded mainly by means of non-selective COH radical

attack, and that the photosensitization mechanism exerted a
negligible effect. Additionally, the results of ESI-MS analysis
demonstrated that the MB dye molecules were oxidized by the
action of the ZnO photocatalyst, which was indicative of a
mineralization process.

Experimental Section

Reagents

The chemicals used were zinc acetate (Zn(CH3COO)2·2 H2O,
+98 wt %, Synth), citric acid (HOC(CO2H)(CH2CO2H)2, >99 wt %,
Quemis), ethanol (CH3CH2OH, +99.5 wt %, Quemis), ethylene glycol
(HOCH2CH2OH, >99 wt %, Synth), nitric acid (HNO3, 9xodo Cient&fi-
ca), melamine (C3N6H6, 99 wt %, Sigma–Aldrich), urea (CH4N2O,
>99 wt %, Synth), methylene blue (C16H18N3SCl, Vetec), ethiona-
mide (C8H10N2S, 98 wt %, Sigma–Aldrich), sodium hydroxide (NaOH,
Synth), and terephthalic acid (C6H4(COOH)2, 98 wt %, Aldrich). All re-
agents were used as received, without further purification.

Synthesis of materials

The polymeric citrate precursor method was used to synthesize
the ZnO samples. In a typical procedure, zinc acetate (5 g,
0.023 mol) and citric acid (13 g, 0.068 mol) were dissolved in etha-
nol (200 mL, 3.43 mol) and ethylene glycol (8 mL, 0.143 mol) at
70 8C. Then, HNO3 (6 mL) was added to the mixture to complete
dissolution. The volume of the solution obtained was reduced by

evaporation by using a hotplate at 90 8C for 30 min, under magnet-
ic stirring, resulting in a viscosity of approximately 5.5 cP. This re-
sulting solution is referred to as the Zn2 + resin. Finally, seven ZnO
samples were obtained by heat treatment of the Zn2 + resin in an
electric furnace, by using the following parameters: heating at a
rate of 2 8C min@1 until 100 8C and holding at this temperature for
1 h; heating at 3 8C min@1 until 300 8C and holding at this tempera-
ture for 2 h to remove the organic portion; and heating at
3 8C min@1 until 550 8C and holding at this temperature for 2 h to
obtain fully crystallized ZnO nanoparticles. A conventional ZnO
sample (referred to as ZnO) was obtained from 11 mL of pure Zn2 +

resin. Another six samples were obtained by adding different
weight amounts of melamine (Mel) or urea (Ur), that is, 0.15 g,
1.0 g, and 5.0 g, to 11 mL of Zn2 + resin. These samples are referred
to as ZnO-Melx or ZnO-Urx, in which x is the weight of added Mel
or Ur molecules.

Characterization

X-ray diffraction (XRD) measurements were performed with a Shi-
madzu XRD 6000 diffractometer, using nickel-filtered CuKa radia-
tion, 2q from 108 to 708 in continuous scanning mode, and a step
width of 0.028. UV/Vis diffuse reflectance spectra (DRS) were re-
corded from 200 to 800 nm by using a Shimadzu UV-2600 spectro-
photometer equipped with an integrating sphere (ISR-2600 Plus).
Magnesium oxide (MgO) powder was used as a reflectance stan-
dard. Fourier transform infrared (FTIR) spectra were recorded from
4000 to 500 cm@1 by using a Bruker Vertex 70 spectrophotometer,
with a resolution of 4 cm@1 and averaging of 32 scans. The samples
were mixed with potassium bromide in a mass ratio of 1:100 (ZnO/
KBr) and then pressed to form thin discs. Scanning electron micros-
copy (SEM) images were obtained with a JEOL JSM-6701F field
emission instrument. Transmission electron microscopy (TEM)
images were obtained with a FEI Tecnai G2 F20 microscope operat-
ed at 200 kV. Thermogravimetric analyses (TGA) were performed
with a Shimadzu TGA-50 equipment by using oxidative atmos-
phere conditions (air flow rate of 60 mL min@1), temperature range
from 30 to 600 8C, and heating rate of 10 8C min@1. Specific surface
area (SSA) values were calculated according to the Brunauer–
Emmett–Teller (BET) method, by using N2 adsorption data obtained
at @196 8C with a Micromeritics ASAP-2020 system. Samples were
previously treated (degassed) by heating at 80 8C under vacuum
until reaching a degassing pressure lower than 20 mm Hg. X-ray
photoelectron spectroscopy (XPS) was performed by using a Scien-
taOmicron ESCA + spectrometer with a high-performance hemi-
spheric analyzer (EA 125), using monochromatic AlKa (hn=
1486.6 eV) radiation as the excitation source. The operating pres-
sure in the ultra-high-vacuum (UHV) chamber during the analysis
was 2 V 10@9 mbar. Energy steps of 50 and 20 eV were used for the
survey and high-resolution spectra, respectively. The following
peaks were used for the quantitative analysis : O 1s, C 1s, N 1s, and
Zn 2p. The C (C, H) component of the C 1s peak of adventitious
carbon was fixed at 284.5 eV to set the bond energy scale, and
treatment of the data employed CasaXPS software.

Photocatalytic tests

The photoactivity of the ZnO samples was evaluated in the degra-
dation of methylene blue (MB) dye under ultraviolet (UVC) irradia-
tion. In a typical procedure, photocatalyst (10 mg) was placed in
contact with an aqueous solution of MB (20 mL, 10 mg L@1). All the
experiments employed a photoreactor[38] equipped with six UVC
lamps (Philips TUV, 15 W, maximum emission at 254 nm and
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average light intensity of 40 W m@2 ; see the spectral distribution in
Figure S8 in the Supporting Information), a magnetic stirrer, and a
heat exchanger that maintained the temperature at 18 8C. The
photodegradation of the MB dye was monitored at regular inter-
vals by using a Shimadzu UV-1601 PC spectrophotometer in the
visible range, as this molecule exhibits maximum absorbance at
654 nm. Before the kinetic experiments, the suspensions were kept
in the dark for 12 h to establish adsorption/desorption equilibrium
of the dye on the photocatalyst surface. The same conditions were
used to evaluate the activity of the as-synthesized ZnO samples in
the degradation of ethionamide antibiotic (2-ethylpyridine-4-carbo-
thioamide, ETA). The initial concentration of ETA was 10 mg L@1 and
its decreasing concentration was monitored at 289 nm.

Mass spectrometry (MS) was employed to elucidate the mechanism
of oxidation of MB dye and the formation of byproducts during
the photocatalytic process, by using the ZnO sample with the
highest activity. The solutions were monitored by using electro-
spray ionization mass spectrometry (ESI-MS, Varian 310-MS), in pos-
itive ion mode. Aliquots were introduced into the ESI source by
using a syringe pump and a flow of N2 was maintained at
20 mL min@1. The products are referred to by using the m/z ratio of
the protonated molecular ion.

Hydroxyl radical formation tests

The ability of each ZnO photocatalyst to form hydroxyl radicals
(COH) under UVC irradiation was indirectly determined by the pho-
toluminescence technique, by using terephthalic acid (TPA) as the
target molecule.[30, 37, 38] The reaction between photogenerated COH
radicals and TPA results in the formation of 2-hydroxyterephthalic
acid (HTPA), which is fluorescent.[30, 37, 38] Hence, the HTPA concen-
tration is proportional to the COH radical concentration. In these ex-
periments, ZnO photocatalyst (10 mg) was placed in contact with a
solution of TPA (20 mL, 5 V 10@4 mol L@1) prepared in aqueous
NaOH (2 V 10@3 mol L@1). All experiments were performed by using
the photoreactor described in the last section. At regular intervals,
the HTPA concentration was monitored by fluorescence measure-
ments by using a Shimadzu RF-5301PC spectrofluorophotometer.
The fluorescence emission spectrum in the wavelength range 380–
540 nm (lmaximum = 430 nm) was obtained by using excitation at
315 nm.
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