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Abstract
Highly toxic o-toluidine pollutant was photo-degraded in water by using ZnO
nanoparticles. The tested powders were both commercial and laboratory-made, the latter
obtained by means of two innovative synthetic procedures. The disappearance and the
relative mineralization of the molecule were followed by HPLC/UV and TOC
determinations, respectively. Intermediate products were identiﬁed by coupling LC/MS of
the eluate after 3 h of reaction and ATR-FTIR analyses of the used ZnO powders at the
end of photocatalytic tests. Selected degradation paths, characterized by different kinetic
degradation rates, can be suggested as a function of the different surface texture, the
effective photocatalytic active area and the e−/h+ recombination processes of the ZnO
particles.

1.

Introduction

o-Toluidine is an aromatic amine that is widely used in the fab- rication of azo-dyes, in the
rubber industry, and pharmaceutical production [1,2]. However, it is genotoxic and
carcinogenic and therefore it should be regarded as potentially toxic to reproduction,
according to EU Technical Guidance Document. Short-term exposure to this compound
may induce methaemoglobinaemia, whereas long-term or repeated exposure could be
carcinogenic to humans [3], particularly inducing bladder cancer [4]. The general
population may be exposed to low concentrations [5] of o-toluidine in indoor and outdoor
surroundings such as air, tobacco smoke, or food, or by dermal contact with commercial
products.
Since it is also bio-refractory, novel degradation processes have to be explored. In this
context, advanced oxidation processes (AOPs), which combine ozone, UV, hydrogen
peroxide, and/or catalyst, generating extremely oxidant hydroxyl radicals, offer a powerful
water treatment solution. Fenton [6], electro-Fenton [7], and photo-Fenton [8] processes, or
a combination of them, have been proposed in the recent literature for the degradation of
o-toluidine. The only literature work focused on the degradation of o-toluidine in the gas
phase by heterogeneous photocatalysis is reported by An et al. [9], who used TiO2 thin
ﬁlms and UV irradiation. They achieved a degradation efﬁciency of 98.7% (o-toluidine
concentration of about 4.5 ppm, illumination of 240 min), focusing the attention on the
possible degradation paths.
Zinc oxide, beside its traditional application ﬁelds (cosmetic materials, coatings,
pharmaceutical, piezoelectric devices), has recently attracted more attention in
photocatalysis for the degradation of organic and inorganic pollutants in both aqueous and
gas media [10–12]. Indeed, ZnO, due to its oxidation power under UV irradiation (band gap
of 3.37 eV), can be considered one of the best photocatalytic semiconductors, second only
to TiO2. Comparison of the two semiconductors (e.g. band-edge positions) is reported
elsewhere [13].
The photocatalytic properties of ZnO are directly dependent on many physicochemical
factors such as morphological, structural, and optical properties. Consequently, studies on
the synthesis, characterization, and properties of nanosized ZnO have received signiﬁcant
attention in the recent years [10–12]. Different techniques for preparing ZnO nanoparticles
have been investigated such as sol–gel processes, chemical coprecipitation, chemical vapor

deposition, thermal decomposition, hydrothermal synthesis, spray

pyrolysis, and

microemulsion precipitation [14–16].
On the basis of the present considerations, in this work, o- toluidine was chosen as a model
substrate to be photocatalytically degraded in water by ZnO nanopowders. To the authors’
best knowledge, no previous studies on this topic can be found in the literature. Three
different ZnO samples were considered: a commercial one (by Aldrich, labeled Z comm)
and two homemade nano-powders synthesized by a simple sol–gel route modiﬁed from the
literature (Z SG) [17] and by a newly developed microemulsion route (Z ME). Since the
size of the microemulsion is typically smaller than 100 nm [18,19], it can be viewed as
nano-reactor for ZnO synthesis. Such a method allows the control over particle size and
morphology by adjusting the composition of the microemulsion and the type of surfactant
[18,20,21].
Moreover, most of literature studies have focused on the geno- toxicity of o-toluidine and its
co-mutagenic action with -carboline [22]. Its degradation intermediates produced are
instead scantly investigated [23], although they might represent highly toxic and
recalcitrant compounds themselves. Here, the formation of undesired degradation
byproducts was studied in detail by HPLC/MS analyses together with the role played by the
oxide surface texture in affecting the o-toluidine degradation mechanism.

2. Experimental
All chemicals were of reagent grade purity and were used with- out further puriﬁcation;
doubly distilled water passed through a Milli-Q apparatus was used to prepare solutions and
suspensions. Three different kinds of ZnO nanoparticles were used as photocatalysts in
order to degrade the o-toluidine pollutant: a commercial one (Z comm) and two
laboratory-made samples synthesized by both traditional sol–gel (Z SG) and a newly
developed microemulsion (Z ME) route.

2.1 Synthesis via sol–gel (Z SG)
A modiﬁed sol–gel method was adopted from the literature [17]. ZnO nanoparticles were
prepared in ethanol medium by the reaction of zinc acetate and sodium hydroxide. 3.80 g of

Zn(CH3COO)2·2H2O was dissolved in 240 mL of ethanol using vig orous magnetic stirring
(300 rpm) at 80 ◦C for 30 min followed by cooling in ice water for 5 min. Keeping the solution
in ice water, a 0.5 M NaOH aqueous solution (78 mL) was slowly added while stirring. The
mixture was continuously stirred for 24 h: it slowly turned into a gel and ﬁnally in a whitish
colloidal solution. A white precipitate was separated by centrifugation and repeatedly washed
using a mixture of ethanol and n-heptane (3:1 volume ratio). Then, it was dried in oven at 90
◦C and subsequently calcined at 400 ◦C for 6 h under O2 stream (9 nL/h).

2.2 Synthesis via inverse microemulsion (Z ME)

LUTENSOL A4N surfactant (non-ionic alkylpolyethylene glycol, HLB ca. 9, cloud point ca.
62 ◦C, molar mass 370 g mol−1) by BASF was chosen as emulsifying agent. 2.8 mL of the
present surfactant was dissolved in 17 mL of n-heptane.
After stirring for about 30 min at 50 ◦C, 1-hexanol (16.3 g) was added as co-surfactant. The
mixture was kept under stirring at room temperature for another 30 min. Then 3.5 mL of
NH4OH diluted in 22 mL of water was slowly added. After 90 min stirring, Zn(NO3 )2 ·6H2 O
(8.9 g), previously dissolved in 15.5 mL of ethanol, was added drop-wise into the
transparent microemulsion. The resulting precursor-containing mixture turned into a milkywhite suspension and was stirred overnight. Then, the precipitate was recovered by
ﬁltration and washed several times with ethanol. The residual wet solid was dried in oven
at 90 ◦C and subsequently calcined at 400 ◦C for 6 h under O2 stream (9 nL/h).

2.3. Sample characterization
The BET surface area and BJH pore size and distribution of the powders were determined
from nitrogen adsorption–desorption isotherms at 77 K (Coulter SA 3100 apparatus).
Room-temperature X-ray powder diffraction (XRPD) patterns were collected between 20
and 80◦ (2& range, 62& = 0.1◦ , t = 6 s) with a Siemens D500 diffractometer, using Cu Ka
radiation.
Particles morphology was obtained by high-resolution trans- mission electron microscopy (HRTEM), using a JEOL JEM 3010UHR (300 kV) microscope ﬁtted with a LaB 6 single-crystal
ﬁlament and an Oxford INCA Energy TEM 200 energy-dispersive X-ray (EDX) detector. All
)

samples were dry deposited on Cu “holey” carbon grids (200 mesh).
The particle populations of the ZnO samples were recalcitrant compounds themselves. Here,
the formation of undesired degradation byproducts was studied in detail by HPLC/MS
analyses together with the role played by the oxide surface texture in affecting the o-toluidine
degradation mechanism.
Diffuse reﬂectance spectra (DRS) of the powders were measured on a UV–Vis scanning
spectrophotometer (Perkin-Elmer, Lambda 35) equipped with a diffuse reﬂectance accessory.
A “total white” Perkin–Elmer reference material was used as reference.
FTIR spectra (128 scans, 4 cm-1 resolution) were collected on a Bruker IFS 66
spectrometer, equipped with an MCT detector. Samples were pressed into self-supporting
pellets (approx. 10–15 mg cm−2) and placed in a quartz cell ﬁtted with KBr windows.
Prior to any FTIR measurements, all samples were activated in vacuo at either room
temperature (RT) or 250 ◦C, connecting the quartz cell to a conventional high-vacuum glass
line capable of a residual pressure <10−4 Torr.
Photocurrent measurements were performed by using ZnO thin ﬁlms prepared by spin-coating
a 2-ethanol suspension of the oxide powder with a Spin150 spin-coater (SPS, ATP GmbH,
2000 rpm for 20 s, eight layers) onto ﬂourine-doped tin

oxide

(FTO) conducting glass

(Aldrich, 2.3 mm thick, ∼7 K/sq surface resistivity). The as-prepared ﬁlms were ﬁnally
sintered at 400 ◦C in air for 1 h. The photocurrent developed by irradiating the ZnO
photoanode with UV light (see Section 2.4) was recorded by a microIII Autolab
potentiostat/galvanostat (EcoChemie, The Netherlands) [24]. The dark/light alternation was
repeated for at least six times, in order to obtain reproducible transient patterns. The
photoelectrochemical cell was a three-compartment one, with two counter-electrodes, both
consisting of a Pt wire parallel to the working electrode, a saturated calomel electrode as
reference, a Luggin capillary in order to minimize the ohmic drop, and a ZnO ﬁlm located in
the middle of the cell as working electrode [24]. All the measurements were carried out in N2
atmosphere, after degassing the cell with nitrogen ﬂow for at least 10 min. Preliminary linear
sweep voltammetries (LSV) were recorded in the same experimental conditions at a scan rate
of 50 mV s−1 in order to evaluate the potential at which the photocurrent is constant to be
chosen as working potential for the chronoamperometric tests (1.0 V SCE).

2.4. Photocatalytic setup
All degradation tests were carried out at spontaneous pH and at 25 ◦C, in a 500 mL
cylindrical jacketed glass reactor. o-Toluidine (purity > 99%), used as the target compound,
was purchased from Sigma-Aldrich. The optimal conditions for the photocatalytic tests
were the following: initial pollutant concentration 25 ppm and photocatalyst concentration
0.3 g L−1.
The mineralization degree of o-toluidine was determined by TOC analyses (TOC-VCPN
Shimadzu total organic carbon analyzer) and its removal was conﬁrmed by HPLC
measurements.
Aliquots of raw reaction media were analyzed by performing an isocratic separation with an
HPLC/UV system (Agilent Technolo- gies 1200 Series). Elution was carried out by using a
normalbobre RP-column (Eclipse XDB-C18) with a mobile phase consisting of methanol
and water in a ratio 70:30. Memory effect was con- trolled and monitored by injecting
blank samples during analysis. o-Toluidine and its degradation products were revealed by
using an on-line UV Diode Array Detector (DAD, G1315-D) set at 230 nm. In order to
investigate the photo-degradation mechanism of o-toluidine, aliquots of raw reaction
media were examined also by using heart cutting chromatographic approach [25,26], that
consists of consecutive LC/MS analyses. A triple quadrupole mass spectrometer ESI/QqQ
(API3000-AB Sciex) coupled to the microbore-HPLC system was employed to recognize
o-toluidine degradation products. Nano-ESI/FTMS (LTQ/Orbitrap Themo Scientiﬁc), high
resolution, mass analyzer was also used whenever the ion-suppression effect was found
critical for QqQ-detection. This methodology was used only as a backup solution, avoiding
the well-known micro-ﬂuidics criticisms [27,28]. Further, attenuated total reﬂectance
Fourier transform infrared spectroscopy (ATR- FTIR; Jasco 4200) analyses were carried out
on used ZnO powders at the end of the reaction (after 360 min) to corroborate the LC/MS
evidences.
Photolysis and photocatalytic tests were performed under UV-A irradiation, using a 500 W
iron halogenide lamp (Jelosil, model HG 500) emitting in the 315–400 nm wavelength
range and presenting an effective power density of 75 mW cm−2 (measured by Thorlabs).
The

position

of

the

lamp

(15

cm

from

the

reactor)

was

selected so as to produce an irradiated area covering the whole reactor. o-Toluidine was
allowed to reach adsorption–desorption equilibrium after 20 min in dark conditions. Dark
tests performed for 6 h—a period equal to the photoreaction time—showed a pollutant
adsorption <20% for all the tested samples. Direct photolysis under UV irradiation was
negligible.
Photocatalytic tests on selected samples were performed also under simulated solar
irradiation (halogen lamp by Lot Oriel, effective power density 1 mW cm-2 in the range
280–400 nm and 14 mW cm−2 in the range 400–800 nm).

3. Results and discussion

3.1 Photocatalytic experiments

HPLC/UV measurements were used to evaluate the o-toluidine disappearance during the
photocatalytic experiment performed in ZnO slurries, by using both commercial (Z comm)
and laboratory- made (Z SG and Z ME) nanopowders. In order to quantify the residual
amount of o-toluidine in raw reaction medium, the chromatographic apparatus was
calibrated by injecting a series of standard o-toluidine solution (tR = 14.5 min). The calibration plot is reported in Fig. S1, conﬁrming a good linearity (R2 = 0.990), a good
sensitivity in the low-concentration range (slope 19.1 ± 0.5 mA Us ppm−1) and a limit of
detection close to 20 ng injected. Moreover, the superior chromatographic capacity of this
methodology allows us to obtain eluates suitable for ensuing LC/MS byproduct
characterizations.
Fig. 1 shows the % degradation of o-toluidine as a function of reaction time for the three tested
samples. The photodegradation trends show that the best efﬁciency is achieved by the
commercial Z comm, which reaches a quasi-plateau region at the end of the reaction time
(83%, Table 1, 2nd column); the homemade powders, instead, lead to a lower % removal
(Table 1, 2nd column), especially in the case of the sample synthesized by microemulsion
route (Z ME). Particularly, while Z ME reaches a quasi-plateau at degradation values lower
than Z comm, the o-toluidine disappearance by Z SG photocatalyst seems not to reach an
asymptotic value after 360 min reaction time.
In order to produce a signiﬁcant comparison among the present samples, experimental data
from HPLC/UV, relative to the ﬁrst 90 min of reaction time, were elaborated on the

grounds of a pseudo-ﬁrst-order kinetic law. The experimental points are interpolated by
linear regressions with high correlation coefﬁcients (Fig. S2). The rate constants (Table 1,
3th column) show that the best photocatalytic sample is again the Z comm, according to
the ﬁnal % HPLC degradation, while the microemulsion synthesized sample (Z ME) seems to
be more efﬁcient with respect to the sol–gel one (Z SG) in the ﬁrst 90 min reaction time.
Although a signiﬁcant disappearance of the pollutant was observed for all samples, a relevant
ﬁnal mineralization was not achieved (Table 1, 4th column), showing that accumulation of
stable intermediates is possibly taking place.
Then, Z comm, showing the best UV photocatalytic degradation/mineralization of o-toluidine,
was tested photocatalytically under simulated solar irradiation, even if the sample is not
promoted for visible activity. Fig. 2 shows the difference percentage in performance passing
from UV to solar light in terms of HPLC removal/TOC mineralization as a function of reaction
time. As expected, both the removal and mineralization are depressed in the case of solar
irradiation (table in inset in Fig. 2); actually, the gap between UV/solar efﬁciency increases at
increasing the reaction time. Notwithstanding the low activity in the visible region, these
results are very promising since no promotion strategy was adopted to extend the photoactivity
of the ZnO samples in the visible; however, further studies are necessary to increase the
degradation efﬁciency under solar irradiation especially by addition of host dopant species that
could expand the light absorption in the visible region [29–31].
The above-reported ﬁndings show in any case (UV/solar) the dis- crepancy between o-toluidine
removal and its ﬁnal mineralization, suggesting the occurrence of a complex kinetic pattern,
which necessarily implies surface reaction steps. A more complete picture of the possible
byproducts can be drawn in the case of UV irradiation, which leads to the progressive
appearance of appreciable amounts of possible degraded species.
The diagnostic peaks, recovered from the ﬁrst HPLC/UV separation, have been
chromatographed by using the two consecutive LC/MS methods (as reported in Section 2) to
investigate the possible o-toluidine photo-degradation mechanism through the evaluation of
reaction intermediates. Representative extracted [M+H]+ ion chromatograms, recorded
after 3 h of photocatalysis, are reported in Fig. 3 in the case of Z comm. The peak at 1.1
min is the front of the solvent and it has been recognized by calculating the ﬂow of the
HPLC pumping unit. o-Toluidine is characterized by a retention time of 4.8 min as
conﬁrmed by the extracted ion chromatogram, [M+H]+ = 108 m/z, reported in Fig. 3a.
Three intermediates were identiﬁed: 2-hydroxybenzaldehyde (OH-BzH, m/z 123, Fig. 3b),
o-nitrotoluene (NO2-Tol, m/z 138, Fig. 3c), and o-methylphenol (CH3-Ph, m/z 109, traces,

see Table 2). Table 2 reports the relative abundance of the different intermediates with the
reaction evolution (3 and 6 h) for all the tested photocatalysts. The CH3-Ph degradation
product appears only in the case of Z comm nanopowders. Thus, on the basis of the
identiﬁed intermediates, a possible photocatalytic degradation mechanism of o-toluidine
is proposed in Fig. 4. Two different paths might take place simultaneously in agreement
with previous reports relative to other photocatalysts [23]. Following pathway 1, otoluidine can be oxidized to o-methylphenol by attack of •OH radicals with the elimination
of NO2 group; successively, direct hydrogen abstraction by photohole from the methyl
group leads to benzyl radical, followed by the formation of 2-hydroxybenzenemethanol
and then 2-hydroxybenzaldehyde (OH-BzH). Instead, in pathway 2, the photocatalytic
oxidation of aromatic amino-compounds occurs at the surface of the photocatalyst, as
observed by Kamat et al. [32] and Fox et al. [33] for the photo-degradation of other nitrocompounds in the presence of TiO2. If the amino group is oxidized to a nitro moiety, this
step can be viewed as a 6-electron reaction [32,34]. At this moment, the same hydrogen
abstraction

occurs

leading

to

2-nitrobenzaldehyde

and

further

oxidized

to

2-

hydroxybenzaldehyde (OH-BzH), because the NO2 group can be easily removed [35].
Finally, for

both paths, this stable compound can be partially oxidized to 2-

hydroxybenzoic acid, which can convert into phenols, followed by ring opening and partial
mineralization. By evaluating the kind of intermediates and their relative abundance, it can
be suggested that only by adopting the Z comm sample the two mechanisms happen
concurrently. The contemporary occurrence of two inde- pendent degradation pathways
might contribute to explain the observed higher activity of Z comm with respect to Z SG and
Z ME. This result is fully in agreement with the percentage of pollutant disappearance
(Fig. 1) and the ﬁnal mineralization degree (Table 1). Further, in order to corroborate these
evidences, the trace byproducts adsorbed onto the used ZnO powders were also stud- ied
by ATR spectroscopy (Fig. 5). The peaks at around 1260 cm−1 (relative to N H bending
out of plane [36]), at 1200 cm−1 (relative to CH-CH3 bending [36]), and at 1580–1640
cm−1 (C=C stretching vibration of the aromatic ring [37]) can be ascribable to the
presence of virgin o-toluidine pollutant adsorbed at the photo- catalyst surface.
Furthermore, intermediate compounds are also adsorbed at the surface of the
photocatalyst: (i) the weak band around 1680–1720 cm−1 can be attributed to the presence
of aromatic rings with hydroxyl groups as benzoic acid and benzaldehyde (C=O stretching
vibration [31,38]); (ii) the band at 1450 cm−1 can be attributed to benzyl alcohol [31]; (iii)

the peak at 1350 cm−1 was assigned to the stretching vibration of NO2 group [39]. By
comparing the three spectra of the different ZnO powders, it is worth noting that the Z comm
sample clearly shows the pronounced presence of both the pollutant and the main
intermediates in contrast to the laboratory-made samples, as conﬁrmed by LC/MS results.
Indeed, the role of the oxide surface texture and its relative afﬁnity to the
pollutant/intermediates in affecting the o-toluidine degradation mechanism has to be
studied minutely. In the fol- lowing section, several physicochemical analyses of the
studied photocatalysts will be presented to explain potentially the different catalyst behavior
regarding the photocatalytic o-toluidine removal.

1.1.

ZnO powder characterizations

All the ZnO nanopowders, both commercial (Z comm) and laboratory-made (Z SG and Z
ME), were ﬁnely characterized from morphological (N2 adsorption isotherm, electron
microscopy), optical (diffuse reﬂectance spectra), and structural (X-ray diffraction) point of
views.
The surface area values and the total pore volume of the selected samples were found to be in
the range 9–22 m2 g−1 (Table 3,

nd

2

column) and 0.04–0.14 mL g−1 (Fig. S4),

respectively. Z SG sample, obtained by the sol–gel synthetic route, shows the highest
surface area, while the sample prepared by the microemulsion (Z ME) procedure the lowest
one, notwithstanding the presence of mesopores (Fig. S4). The hysteresis loop (H3 type) of
N2 isotherms (Fig. S3) is typical of slit-shaped pores for all the samples.
HRTEM images of Z comm (Fig. 6a) show high crystalline and ordered ZnO nanocrystals
with a pseudo-hexagonal shape with an average size of 50 nm (Table 3, 3rd column). Both
homemade samples (Z SG and Z ME) are characterized by regular ZnO particles (Fig. 6b
and c) and the relative interference fringes are ascribable to the 101 planes of wurtzite. The
average dimension of the par- ticles for Z SG and Z ME is 50 and 20 nm (Table 3),
respectively. However, Z SG particles are characterized by the presence of surface defects,
while Z ME powders show a higher crystallinity degree and a pseudo-hexagonal shape.
All X-ray diffraction peaks can be indexed to hexagonal wurtzite structural ZnO (Fig. S5) and
match well with standard hexagonal ZnO (a = 3.249 Å and c = 5.205 Å , JCPDS Card No. 0050664), in agreement with HRTEM analyses. No impurity peaks were detected indicating the
formation of pure products. The sharp and narrow diffraction peaks (Fig. S5) reveal that all
the nanopowders are highly crystallized and not extremely small (around 30–70 nm). Then, it

is worth noting that when these powders are dispersed in water an increase of aggregation
phenomena occurs, leading to big aggregates and limiting the effective photocatalytic active
area. Actually for all the tested samples, the distribution of the aggregate size by
th

granulometry appears to be bimodal (see Table 3, 4 column) with the main component
centered at diameter larger than 300 nm. Among the ZnO samples, a relevant presence of
much big- ger aggregates (>3000 nm) can be appreciated for Z ME powders.
Experimental data of diffuse reﬂectance analysis were con- verted to absorption coefﬁcient
values F(R) according to the Kubelka–Munk relation [31]. Fig. S6 shows the DR curve
and the relative transformed reﬂectance as a function of the photon energy (inset of Fig. S6)
of Z comm, as representative sample. The cor- responding band-gap values obtained by
this procedure for all samples are reported in Table 3 (5th column). Similar band gap
values are appreciable for commercial and laboratory-made samples.
For what concerns the surface characterization obtained by means of FTIR spectroscopy for
the various pristine ZnO powders, the main results have been reported in Fig. 7. In the high v
spectral region (Fig. 7a), all samples exhibit (i) a huge (intense and complex) envelope
located in the 3600–3100 cm−1 range and (ii) a group of sharp, even if less intense,
components located at v > 3600 cm−1. On the basis of the spectral behavior and of literature
data [40], the above-mentioned species can be ascribed to the stretching vibrations of
surface OH groups. In particular, the bands located in the 3600–3100 cm−1 range are
ascribable to the vOH of all H-bonded OH groups, including those due to undissociated
molecular water (whose spectroscopic HOH counterpart lies at ∼1630 cm−1; see below);
on the other hand, all the remaining components (located at v > 3600 cm−1) can be
ascribed to the vOH of free OH groups present at the surface of the various ZnO materials.
This second group of bands becomes more evident after the vacuum thermal treatment
carried out at 250 ◦C, in particular, for the Z SG material, whereas the huge envelope
largely decreases in intensity as a function of the temperature. This is not surprising, as
when a surface is set free from most of the species connected to hydration (i.e., either
water molecules or weakly bonded OH groups), only the most strongly held components
resist: this is the reason why we can observe the free OH groups only after vacuum activation.
Moreover, the Z SG material retains a larger amount of water in comparing with both Z comm
and Z ME systems reﬂecting a more hydrophilic character for the Z SG sample itself. As for
the free OH groups, they are again much better observable for the Z SG sample, whereas they
became negligible for both Z comm and Z ME materials: this is again connected to its

hydrophilicity. Then, when the low v spectral region is considered (Fig. 7b), some
important features can be put into evidence. A general better deﬁnition, along with a parallel
much higher intensity, of all the bands is observed for the Z SG sample in comparison with
either Z comm and Z ME materials. This is again not surprising, as it reﬂects the value of
speciﬁc surface area, which in turn is connected to the possible reactivity of the surface
species, at least in part. In fact, sharp and intense bands are evident for the Z SG material, in
particular, in the 1750–1200 cm−1 range: on the basis of their spectral behavior, these
components can be ascribed to vibrational modes typical of carbonate-like species [41]. These
species may be formed at the surface of oxide materials when the powders are exposed to
laboratory atmosphere after the preparation/calcination procedure: the larger the speciﬁc
surface area, the higher the reactivity of the particles towards water and carbon dioxide
contaminant molecules. The possible competition between these adsorbed species and the
starting o-toluidine pollutant leads to lower degradation capability for the laboratory-made
samples (Z SG and Z ME) with respect to the commercial one (Z comm).
Then, the behavior of the samples in inducing different o- toluidine removal might also be
connected to the recombination rate between the electrons and holes. So, photocurrent–
time response of the present ZnO semiconductors was investigated under a constant
potential using hand-chopped light. The typical chronoamperometric output of the
experiment is shown in Fig. S7 in the case of Z comm material. The decay observed for all the
tested materials indicates that electron–hole recombination processes are occurring, due
only to surface recombination as reported in the literature [42,43]. The photocurrent
transient can be evaluated by considering the following ﬁrst-order kinetic equation (inset of
Fig. S7) for the ﬁrst 15 s of decay [24,42]:
I(t) = A e−t/ı + If

where A is a constant, I(t) is the current normalized by both the stationary and the dark
values, If the current after 15 s, and ı is the transient time constant, related to the
mechanism of electron transport. The latter gives indications about the time for charge
recombination processes in the semiconductor ﬁlm. The transient time constant (ı) values,
reported in Table 3 (6th column) for the adopted samples, are larger (2–4 s) than those
observed by com- pact single-crystal or polycrystalline electrodes (few milliseconds [42]),
but comparable with what reported by other authors in the case oxide photocatalysts
[42,44]. It is worth noting that ı for the Z comm (Table 3, 6th column) is slightly better

than those of the laboratory-made ones (especially with respect to the Z SG) leading to a
better charge separation efﬁciency, conﬁrming the photocatalytic results.

4. Conclusions

In summary, the present research work underlines

the

pivotal role of surface and bulk

properties of ZnO photocatalysts towards the degradation/mineralization of a highly toxic
water pollutant, o-toluidine. Different photocatalytic responses were observed by using
commercial and homemade nanopowders, the latter synthesized by following traditional (sol–
gel) and innovative (microemulsion) preparative routes. The best performance was achieved by
the commercial Z comm sample (83% degradation and 26% mineralization) after 6 h of
photocatalysis. Several factors are invoked to explain this behavior on the grounds of extensive
mate- rial characterizations: the lower aggregate size, the higher e −/h+ recombination time
constant and the availability of surface sites of the pristine sample. Instead, the extremely high
surface reactivity

of the laboratory-made powders provokes the adsorption of water and

carbonate molecules that clogs the surface limiting the interaction between the oxides and the
o-toluidine molecule. Actually for Z SG sample the kinetic constant relative to the ﬁrst 90 min
reaction time is the lowest and the degradation trend (over all the 6 h of photocatalysis) does
not reach a plateau value justifying the concomitant adsorption/desorption of both otoluidine/intermediates and undesired ambient species.
These evidences are also conﬁrmed by the evaluation of the photocatalytic degradation
pathways by LC/MS analyses. The Z comm sample is the only one that follows two
different paths; it is characterized by faster degradation rate and lower presence of
byproducts. However, for all the samples, the ﬁnal mineralization is not signiﬁcant,
probably due to the formation of highly stable OH-BzH intermediates. Moreover, ATR
results of the used powders show that for Z comm both the initial pollutant and the main
intermediates are mainly adsorbed onto the surface of the catalyst in contrast to what
occurs with the laboratory made ones.
Finally, selected tests were performed under solar irradiation in the case of the most active
sample, Z comm; despite the decrease in the ﬁnal activity, these results are very promising,
especially when a dopant species will be introduced in the ZnO matrix with the aim to
enhance the absorption in the visible region.
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Table 1. % of degradation (HPLC) at 360 min and relative kinetic constants at 90 min, % of
mineralization (TOC) at 360 min for each tested sample.
Z_comm
intermediates

Z_SG

Z_ME

m/z

3h

6h

3h

6h

3h

6h

NO2-Tol

138

+++

+

++

+/

++

+

CH3-Ph

109

*

t*









OH-BzH

123

+

+

t

t

t

t

Table 2. HPLC/MS intermediates detected for all the investigated samples:
NO2-Tol = o-nitrotoluene;
CH3-Ph = o-methylphenol;
OH-BzH = 2-hydroxybenzaldehyde
(+++ = most abundant, ++ = abundant, + = relevant,  = appreciable, t = traces).
*data acquired with API 3000 mass spectrometer.
Structures acquired with high resolution MS have been confirmed within 5 ppm mass
accuracy. All ions observed appeared as protonated ion, as M+H+.

Sample
Z_comm
Z_SG
Z_ME

% HPLC
(t = 360
min)
83
71
60

k90HPLC × 103
(min-1)
11.6 ± 0.3
4.3 ± 0.3
7.2 ± 0.4

% TOC
(t = 360 min)
26
15
12

Table 3. Surface area, particles/aggregates size, band gap and recombination time for each
adopted sample.
Sample

S (m2 g-1)

dTEM (nm)

dgran (nm)

Band Gap (eV)

 (s)

Z_comm
Z_SG
Z_ME

14
24
9

50
50
20

±
±
±

3.14
3.05
3.10

4.1 ± 0.8
2.1 ± 0.3
3.0 ± 0.4

Figures legend
Figure 1. % HPLC degradation of o-toluidine (25 ppm) by using Z_comm, Z_SG and
Z_ME.
Figure 2. Comparison of photocatalytic performances of Z_comm under UV and solar
light.
Figure 3. A typical HPLC/MS chromatogram obtained from o-toluidine photo oxidation
products. Chromatogram obtained with API 3000 triple quadrupole MS. a) total ion
current (TIC), b) protonated residual o-toluidine (m/z 108) trace and c) protonated OHBzH (m/z 123) trace.
Figure 4. Proposed photocatalytic degradation pathways for o-toluidine in liquid phase
Figure 5. FTIR spectra of used ZnO samples.
Figure 6. HRTEM images of (a) Z_comm, (b) Z_ME and (c) Z_SG.
Fig. 7. FTIR spectra of bare ZnO samples: (a) high (3800–2600 cm−1) and (b) low (1800–800
cm−1) v spectral regions
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