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Abstract In this study, a novel water-insoluble zinc–
Schiff base complex, Zn(II)-N-salicylaldehyde-2-
hydroxyanil (abbreviated as Zn-salen), was synthesized
and used as a heterogeneous photocatalyst for the
activation of molecular oxygen to degrade organic

pollutants in aqueous solution under visible light
irradiation (λ ≥ 420 nm). The catalyst was characterized
by FT-IR, UV–vis spectroscopy, NMR, andMS analysis.
Zn-salen displays a selective adsorption and degradation
of electropositive organics, such as rhodamine B (RhB),
methylene blue (MB), and o-phenylenediamine (OPD).
After using cetyl trimethyl ammonium bromide (CTAB)
to change sulforhodamine B (SRB) into RhB-like
electropositive molecule, the degradation of SRB
increased up to 96 % after 4 h of irradiation, indicating
that the selectivity arises from the charge interaction
between the catalyst and substrates. Zeta potential of
Zn-salen also reveals that the catalyst surface is
negatively charged in neutral solution, suggesting that
the catalyst is selective towards positively charged
substrates due to an electrostatic force of attraction. The
photocatalyst was active within a wide pH range
(pH 3–11) and chemically stable and can be reused
over 10 times. In addition, 1O2 and O2·

− were involved
in photocatalytic degradation but O2·

− appears to be the
primary reactive oxygen species.
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1 Introduction

Effective and low-cost oxidative removal of deleterious
organic pollutants from water have been one of the
major challenges in environmental remediation
(Mahamuni and Adewuyi 2010; Ahmed et al. 2011).
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Semiconductors based onmetal oxides such as TiO2, and
Fenton or photo-Fenton process is well known as an
effective advanced oxidation process (AOP) for the treat-
ment of toxic or persistent organic pollutants (POPs) in
wastewater (O’Shea and Dionysiou 2012; Kubacka et al.
2012; Chen et al. 2011a, b; Tianyuan et al. 2013;
Xiaopeng et al. 2015; Boukha et al 2016). Zuo et al. also
demonstrated effective photodegradation of pollutants
using transition metal complex (Zuo and Deng 1997;
Chen et al. 2013). In these treatment methods, hydroxyl
radicals (·OH) and other reactive oxygen species (ROS)
are produced and attack pollutant molecules unselective-
ly (Liu et al. 2011). However, AOPs require UV activa-
tion and acidic conditions (pH ≤3) (Gonzalez-Olmos
et al. 2012; Drozd et al. 2012) and they lack selectivity.
Recently, organic transition metal complexes (TMCs),
activated by visible light, have attracted attention in the
search for effective and low-cost oxidative elimination of
POPs (Chen et al. 2011a, b; Zou et al. 2012). Several
biocompatible organic TMCswith varying combinations
of metals and organic constituents have shown high
photocatalytic activity at neutral pH by using H2O2 or
molecular O2 as the ROS source.

Metal–Schiff base complexes, a structural ana-
logue of metalloporphyrins, are an interesting class
of organic TMCs for directing electron transfer in
photosynthesis (Qianqian et al. 2016). Due to the
relative ease of synthesis, metal–Schiff base com-
plexes have received much attention in the area of
catalysis, luminescence, and magnetism (Vijayaraj
et al. 2011; Ardo et al. 2011). The electronic char-
acter and steric effects of metal–Schiff base com-
plexes can be modified precisely by changing the
structure of ligand or introducing an additional sub-
stituent to improve their selectivity. Schiff base com-
plexes of transition metal ions such as iron, copper,
and manganese show high photocatalytic activity in
degrading organic compounds (Wu et al. 2012; Liu
et al. 2012). Among the organic TMC photocatalysts
used for oxidative decomposition, zinc complexes
had shown to be effective in degrading many organ-
ic compounds because of singlet oxygen (1O2) and
the superoxide anion radical (O2·

−) produced during
photo irradiation (Silva et al. 2012; Fatemeh and
Kamran 2016). Due to the ease of preparation, high
photosensitivity, chemical stability, and non-toxicity,
zinc–Schiff base complexes draw a great attention of
the research community (Liu et al. 2012; Gupta
et al. 2009).

Most organic TMCs are soluble in water and
employed as a homogeneous photocatalyst (Su et al.
2009) or immobilized on supports such as resin, silica,
and zeolite by ion exchange, adsorption, or encapsula-
tion (Sharma et al. 2012; Meng et al. 2011) to facilitate
ease of separation. It has been reported that photocata-
lytic degradation efficiency can be improved by hydro-
phobic modification of TiO2 surface, attributed primar-
ily to an increased adsorption (Huang et al. 2003, 2004).
Previously, it was reported that water-insoluble Schiff
base complexes of copper and iron could be used direct-
ly as heterogeneous photocatalysts (Song et al. 2013,
2015) due to their high stability in the hydrophobic
micro-environment (Hu et al. 2009; Cotanda et al.
2012; Buddhadeb et al. 2007).

Selectivity is one of the most desirable properties of a
catalyst for the degradation of target pollutants in the
presence of other components, and recently, it spurred
researchers to focus in developing a selective
photocatalyst. Selective degradation of pollutants can
be achieved by adjusting light intensity, initial concen-
tration of pollutants and pH of the solution (Chen et al.
2013), bandgap of the catalyst (Niu et al. 2014), and
pore size and surface charge of the catalyst (Warren et al.
2014; Zhao et al. 2013). Selective adsorption of pollut-
ants with charged polarity is mainly determined by the
size and charge of the exposed surface of the catalyst,
suggesting that columbic interactions are crucial in the
photodegradation of pollutants (Sofianou et al. 2013;
Tseng and Lin 2014). Ye et al. (2011) used
fluoropolymer poly-vinylidene–fluoride-modified TiO2

to achieve tunable photocatalytic selectivity. Similarly,
t i t an ium diox ide–graphene compos i t e and
polyoxometalate-based metal–organic framework show
charge-based selectivity which is attributed to the syn-
ergistic effect of the unique pore morphology and the
surface properties of the composite (Bozell et al. 1995).
Cationic dyes were photodegraded selectively due to the
negative surface charge of the catalyst (Zhao et al. 2014;
Ali and Sandhya 2016). Generally, selectivity can be
attributed to oxidation ability of certain reactive species,
components, and structure of catalysts which may affect
adsorption properties (Ryo et al. 2015;Wang et al. 2015;
Fang et al. 2011).

Herein, a novel water-insoluble zinc–Schiff base
complex, Zn(II)-N-salicylaldehyde-2-hydroxyanil (ab-
breviated as Zn-salen), was synthesized and used as a
heterogeneous photocatalyst. The photocatalytic prop-
erties and photocatalytic mechanism of pollutants over
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Zn-salen photocatalyst at neutral pH under visible light
irradiation (λ ≥ 420 nm) are discussed in detail. The
response of the catalyst to the photocatalytic degrada-
tion of dyes in the presence of cationic (cetyl trimethyl
ammonium bromide, CTAB) and anionic (sodium
dodecyl sulfate, SDS) surfactants was also investigated
to further understand the selective degradation of
pollutants over the catalyst surface.

2 Experimental

2.1 Materials and Reagents

Salicylaldehyde, 2-hydroxyaniline, zinc acetate, tert-bu-
tanol, p-benzoquinone, anhydrous ethanol, and anhy-
drous methanol were AR grade and obtained from the
Tianli Chemical Factory (Tianjin, China); rhodamine B
(RhB), sulforhodamine B (SRB), methylene blue (MB),
orange II (acid orange 7, Org II), benzene-1,2-diamine
(o-phenylenediamine, OPD), and salicylic acid (SA)
were purchased from the Beijing Ouhe Chemical Fac-
tory (China); 5,5-dimethyl-1-pyrroline-N-oxide
(DMPO), 2,2,6,6-tetramethylpiperidine (TEMP), SDS,
and CTAB were purchased from Sigma-Aldrich. Other
chemicals were of reagent grade and used without fur-
ther purification. Deionized and doubly distilled water
was used throughout the investigation.

2.2 Synthesis of N-salicylaldehyde-2-hydroxyanil

The Schiff base ligand, salicylaldehyde-2-hydroxyanil
(salen), was prepared as previously described (O’Shea
and Dionysiou 2012). Salicylaldehyde (2.44 g,
0.02 mol) was added dropwise into anhydrous ethanol

solution (50 mL) with 2-hydroxyaniline (2.18 g,
0.02 mmol) and refluxed at 80 °C with stirring for 4 h.
The product was then separated by filtration, and the
crude residue was purified three times by recrystalliza-
tion in CH3OH. Yield was 86 %; mp was ~188–190 °C;
1H NMR (400 MHz, 293 K, DMSO-d6): δ was
6.857~7.622 (m, 8H, Haromatic), 8.965 (s, 1H, CH),
9.7555 (s, 1H, OH), and 13.811 (s, 1H, OH). 13C
NMR (400 MHz, 294 K, DMSO-d6): δ was 116.52,
116.70, 118.74, 119.51, 119.60, 128.08, 132.33,
132.84, and 134.94, (s, Caromatic); 151.14 and 160.74
(s, CO); and 161.70 (s, CN). MS (m/z) = 214.2 [M]+.

Zn-salen was obtained by mixing zinc acetate and
salen (1:1 molar ratio) in anhydrous ethanol. The
mixture was refluxed at 80 °C for 4 h and cooled. The
product was filtered, washed thoroughly with anhydrous
methanol, and dried in an infrared rapid desiccator.
Yield = 75 %; MS (m/z) = 338.2 [M]+. The structures
and synthesis of salen and Zn-salen are shown in
Scheme 1.

2.3 Adsorption Experiments

The adsorption experiment was carried out in 100-mL
conical flasks containing 50 mL suspension of different
substrates (0.48–9.6 mg/L) and Zn-salen (0.1 g/L).
These flasks were stirred on an orbital shaker at 30 °C.
The concentration of RhB adsorbed on the Zn-salen
surface at equilibrium was calculated as follows:

Qeq
−1 ¼ QmaxK Ceq

� �−1 þ Qmax
−1 ð1Þ

where Qeq is the adsorption equilibrium capacity (mg/
g), Ceq is the equilibrium concentration of solution (mg/
L), Qmax is the saturation capacity (mg/g), and K is the
equilibrium constant.
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Scheme 1 Synthesis and
structures of salen and Zn-salen
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2.4 Photocatalytic Degradation of Substrate

The dosing level of Zn-salen was 0.1 g/L, and the
initial concentration of dyes and colorless substrates
were 1.0 × 10−5 and 5.0 × 10−5 mol/L, respectively.
The light source was a 500-W halogen lamp posi-
tioned in a XPA series (Xujiang Mechanical and
Electrical Factory, Nanjing, China) photochemical
reaction chamber. A cutoff filter (λ < 420 nm) was
placed outside the Pyrex jacket to ensure illumina-
tion by visible light only. The reaction mixture was
then transferred to a cylindrical glass bottle, and the
solution pH was adjusted. To investigate wavelength
dependency, a 450-W Xenon lamp (Oriel) combined
with a 10-cm IR water filter and a series of single-
wavelength cutoff filters (λ = 365, 420, and 450 nm)
was used as a light source.

Prior to photocatalytic degradation of the sub-
strates, adsorption/desorption equilibrium was
established by stirring the solution for 1 h in the
dark. To monitor degradation progress, samples
were collected at specified time intervals into an
Ep tube. All the samples were centrifuged, and the
concentration of dyes was monitored by full scan
UV–vis spectrophotometry, while the colorless or-
ganics were analyzed with a HPLC system equipped
with a Diamonsil C18 column (250 × 4.6 mm) and a
UV detector at 278 nm. In the detection of SA, the
optimized mobile phase consisted of 45 % methanol
and 55 % phosphate solution (KH2PO4, pH = 3.5)
and the flow rate was set at 0.5 mL/min. Thirty-five
percent methanol and 65 % aqueous solution of
ammonium acetate (0.01 mol/L) were used as a
mobile phase for the analysis of OPD. The column
temperature was maintained at 30 °C. The superna-
tant liquid of the photodegraded samples was mon-
itored by a Nicolet iS50 Fourier transform infrared
spectrometer. UV–vis diffuse reflectance spectra
(UV–vis DRS) were obtained by a UV–vis spectro-
photometer (Varian Cary 500) with BaSO4 as a
reflectance standard.

2.5 Determination of Hydrogen Peroxide and Active
Species

Electron spin resonance (ESR) investigation was carried
out on a Bruker model EPR 300E spectrometer (Bruker,
Germany), which was equipped with a Quanta-Ray
Nd:YAG laser (532 nm). DMSO and TEMPO were
used as spin-trapping reagents to detect superoxide an-
ion radical (O2·

−) and singlet oxygen (1O2), respectively.
Measurement conditions were adjusted as follows: cen-
ter field 3486.7 G, sweep width 100 G, microwave
frequency 9.82 GHz, and power 5.05 mW. To minimize
experimental errors, the same quartz capillary tube was
used for the ESR measurements. All of the measure-
ments were carried out at room temperature.

3 Results and Discussion

3.1 Characterization of Salen and Zn-Salen

Comparing the IR spectra of salen and Zn-salen pro-
vides information onmetal–ligand bonding, as shown in
Table 1. The assignments are based on typical group
frequencies. The absorption bands at 2500–3046 and
1141 cm−1 in the IR spectrum of salen were assigned to
ν(O–H) stretching and δ(O–H) rocking, respectively,
indicating the existence of a phenolic hydroxyl group.
These bands disappeared when Zn-salen was scanned,
since Zn2+ replaces proton coordination to oxygen. The
strong absorption band at 1631 cm−1 in the spectrum of
Zn-salen is attributed to the coordination of the nitrogen
atom of the azomethine (C=N) group to the metal ion
(El-Medani et al. 2005). In addition, the IR spectrum of
Zn-salen shows appreciable shifts in the ν(C–N) and
ν(C–O) bands. Two bands at 746 and 514 cm−1 present
in the spectrum of Zn-salen are assigned to ν(Zn–O) and
ν(Zn–N), respectively. The salen ligand coordinates to
zinc through two phenolic oxygen and an azomethine
nitrogen acting as a bidentate ligand.

Table 1 FT-IR data for salen and Zn-salen

ν(O–H) ν(C=N) ν(C–N) ν(C–O) ν(Zn–O) ν(Zn–N)
cm−1

Salen 3046 1631 1306 1276, 1243 – –

Zn-salen – 1614 1298 1265, 1222 746 514
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The UV–vis absorption spectra of salen and Zn-
salen in CH3OH are compared as shown in the
online resource (Fig. S1). There are three absorption
peaks at 210, 254, and 310 nm in the spectrum of
salen. The peak at 250–290 nm was assigned to the
π–π* transition associated with the benzenoid bond.
In the UV–vis spectrum of Zn-salen, all three bands
display a red shift with respect to analogous peaks in
the spectrum of free salen, due to metal conjugation.
In particular, the absorption at 310 nm, due to the
n–π* transitions of the HC–N system between phe-
nyl rings in salen, undergoes an intensive shift to
approximately 420 nm (Claudio et al. 2001). The
sizeable red shift of Zn-salen absorption, compared
to the ligand, is attributed to participation of the free
electron pair on the N atom of C=N in metal coor-
dination and also the replacement of H atom of –OH
by the metal ion. The coordination changes the
electronic properties of the molecule, increasing vis-
ible light absorption and enhancing photocatalytic
degradation.

The room-temperature DRS of Zn-salen displayed in
Fig. 1 demonstrate visible light (λ ≤ 500) harvesting the
ability of the catalyst. The DRS display a broad absorp-
tion with an absorption edge of 520 nm, indicating that
Zn-salen can efficiently utilize visible light to drive
photocatalytic degradation of pollutants. According to

the relationship of (αhν)1/2 versus the photon energy
(hν), the bandgap of Zn-salen was calculated as 2.4 eV
as shown in the inset of Fig. 1b.

Zn-salen is a bidentate metal–Schiff base with
zinc(II) as the metal core and the salen as the ligand.
The scanning electron microscope (SEM) images of Zn-
salen in Fig. 2 show a dominant rod-like structure indi-
cating a uniform crystallization. The rod-like structures
of Zn-salen were several micrometers long and 1–3 μm
wide and sparsely entangled.

3.2 Adsorption of Target Organic Compounds
by Zn-Salen

Adsorption of substrates on the catalyst surface affects
degradation efficiency. The adsorption capacity of Zn-
salen for azo dyes at 25 °C was characterized using a
Langmuir isotherm. Substrates with different charge
distributions were used to study the adsorption behavior
of Zn-salen. The adsorption capacities of Zn-salen for
different substrates are displayed in Table 2. The adsorp-
t ion capacit ies of RhB (Qmax = 0.023 mg/g,
k = 2.01 × 103) and MB (Qmax = 0.025 mg/g,
k = 1.13 × 103) are much higher than those of SRB
(Qmax = 0.002 mg/g, k = 3.46 × 102) and Org II
(Qmax = 0.004 mg/g, k = 6.78 × 102). Even though all
substrates can be surface adsorbed due to hydrophobic
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Fig. 1 UV–vis diffuse absorption
spectra of Zn-salen with the inset
of the optical bandgap obtained
from the plots of (αhν)1/2 versus
the photon energy (hν) of the Zn-
salen
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interactions (Pinholt et al. 2013), Zn-salen adsorbs cat-
ionic dyes better than the anionic dyes. These results
show that adsorption of substrate by Zn-salen is con-
trolled mainly by surface charge interactions, which in
turn will lead to the selective degradation of electropos-
itive substrates.

3.3 Photocatalytic Degradation of Dyes and Colorless
Organic Molecules by Zn-Salen

The photocatalytic degradation rates of RhB, SRB, MB,
andOrg II with Zn-salen under visible light irradiation at
pH = 6.8 were measured to characterize the photocata-
lytic activity of Zn-salen (Fig. 3). MB (97.9 % after
180 min) exhibits the highest degradation rate, and
RhB was also effectively degraded (97.1 % after
240 min) over Zn-salen. This is consistent with the
observed degree of adsorption by Zn-salen. Neither

SRB nor Org II shows an appreciable degradation over
4 h of light irradiation compared to MB and RhB which
is attributed to their weaken adsorptions on Zn-salen.
The results indicate the selective adsorption and subse-
quent photodegradation of target pollutants by Zn-salen.

To further understand the selectivity of the cata-
lyst, zeta potential of the catalyst was measured. As
can be seen from the online resource (Fig. S2), the
point of zero charge (pzc) occurs at pH 4.75, indi-
cating that the catalyst possesses a negative surface

Fig. 2 SEM images of Zn-salen

Table 2 The adsorption data of dyes with Zn-salen
([Zn-salen] = 0.1 g/L; pH = 6.8)

Qmax (mg/g) k R2

RhB 0.023 2.01*103 0.998

MB 0.025 1.13*103 0.993

Org II 0.004 6.78*102 0.965

SRB 0.002 3.46*102 0.984

0 30 60 90 120 150 180 210 240

0.0

0.2

0.4

0.6

0.8

1.0

C
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 SRB

 Org II

 OPD

 RhB
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Fig. 3 Photocatalytic degradation of organic substrates over Zn-
s a l en [Zn - s a l en ] = 0 . 1 g /L ; i n i t i a l c oncen t r a t i on
C0 = 1.0 × 10

−5 mol/L; pH = 6.8
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charge at higher pH values. As depicted in Table 2,
cationic pollutants are selectively adsorbed over the
catalyst surface, suggesting that columbic interac-
tions are crucial in the adsorption process. Subse-
quently, surface adsorbed pollutants are preferential-
ly degraded by photogenerated ROS (Fig. 3). Gen-
erally, the observed selectivity is mainly due to the
adsorption pattern which is attributed to the charge
interactions which allow pollutants to be in close
vicinity with surface-generated ROS during light
irradiation leading to selective photocatalytic
degradation.

The photocatalytic degradation of colorless small
molecules was also used to evaluate the characteristics
and efficiency of a catalytic system (Wang et al. 2011).
Moreover, to confirm the selective degradation of elec-
tropositive organic pollutants by Zn-salen, the degrada-
tion of SA and OPD, which do not absorb light in the
visible region, were investigated under the same condi-
tions (Fig. 3). The degradation result of OPD (96.5 %
after 240 min) was similar to that obtained for MB and
RhB, suggesting that the photocatalytic system is effi-
cient in selectively degrading electropositive organic
pollutants by photoexcitation of Zn-salen not photosen-
sitization of substrates.

To further understand the selectivity of the catalyst,
photocatalytic degradation of RhB in the presence of
two surfactants was compared (Fig. 4). The addition of
CTAB, a well-known cationic surfactant, inhibited RhB

degradation (K = 0.0014min−1), while SRB degradation
was enhanced (K = 0.0137 min−1). The positive charge
on quaternary ammonium of CTAB will interact with
the negative charge of the sulfonyl group in SRB, ex-
posing the positive charge of amino nitrogen in SRB
molecule. Meanwhile, the addition of SDS, a well-
known anionic surfactant, shows no significant effect
on the degradation of RhB. These results imply that the
electronegativity of the Zn-salen catalyst leads to selec-
tive adsorption and photocatalytic activity.

3.4 Effect of pH

The pH of the solution significantly affects the photo-
catalytic degradation of pollutants by changing the sur-
face charge of the photocatalyst and substrate. To exam-
ine the effect of pH, photocatalytic degradation of RhB
by Zn-salen was conducted at pH values of 3.05, 4.95,
6.88, 8.95, and 11.10. The results presented in Fig. 5
show that the pH has a significant effect on the degra-
dation. Degradation rates of RhB increase with increas-
ing pH from 3.05 to 11.10. The degradation of RhB is
suppressed under acid conditions. Moreover, as can be
seen from the online resource (Fig. S2), the zeta poten-
tial of Zn-salen varies with pH. The pzc occurs at pH =
4.75, indicating that the catalyst surface is negatively
charged in neutral solution and the selectivity of the
catalyst towards cationic substrates can be attributed to
the electrostatic interactions that result in selective
adsorption.
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Fig. 4 Kinetic study for the effect of surfactant on the photocat-
alytic degradation of RhB over Zn-salen. [CTAB] = 0.2 g/L;
[SDS] = 0.2 g/L; [Zn-salen] = 0.1 g/L; initial concentration of
RhB C0 = 1.0 × 10

−5 mol/L; pH = 6.8
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3.5 IR Spectra Analysis of Intermediate
in Photocatalytic Degradation of RhB

Changes in the structure of RhB caused by photo-
catalytic degradation were monitored by FT-IR spec-
troscopy, and the results are displayed in the online
resource (Fig. S3). The characteristic absorption
bands at 1340, 1180, and 1079 cm−1, representing
the methyl group ν(C–CH3), aryl nitrogen ν(Ar–N),
and ether linkage ν(–C–O–C–), respectively, are not
present in the spectra of degradation products after
3, 9, and 15 h, which indicated that the primary
groups, l ike (NEt2) and (–C–O–C– ) , were
decomposed during degradation. The new bands at
1630 and 1120 cm−1, attributed to δ(NH2) and ν(C–
N), respectively, appeared in the spectra of products
at 3, 9, and 15 h. It can be concluded that Ar–N and
–C–O–C– in the RhB molecule are converted to
primary amines, water, and carbon dioxide in the
process of photocatalytic degradation.

3.6 Effect of Wavelength on the Photocatalytic
Degradation

The response of Zn-salen to light was investigated by
comparing the degradation rate of RhB over Zn-salen
under different irradiation wavelengths (Fig. 6). No
significant degradation occurs in the dark with the cat-
alyst, indicating that light is necessary for the formation

of ROS. The extent of RhB degradation was the highest
(97.9 % after 300 min) under visible light irradiation at
420 nm. In contrast, the percentage of RhB degradation
decreases when irradiated with light with a wavelength
of 365 or 450 nm (42.8 and 73.4 %, respectively, after
300 min).

Based on the observed results, we postulate that
light-activated Zn-salen undergoes a series of energy
transfer and electron transfer reactions that generate
singlet oxygen (1O2) and superoxide ion radical
(O2·

−). The ESR technology is an effective method
to monitor the existence of these short-lived radi-
cals. Figure 7 shows the characteristic signals of
TEMP-1O2 adducts (A) and DMPO-O2

·− adducts
(B) at different times. It can be seen that character-
istic triplet peaks of TEMP-1O2 adducts with an
intensity ratio of 1:1:1 were detected during visible
light irradiation and dark reaction condition, indicat-
ing that 1O2 is not the main reactive oxygen species
generated by the photoexcitation of Zn-salen. The
ESR signals of DMPO-O2·

− adduct were also ob-
served in the system under visible light irradiation
only. It suggests that the catalytic mechanism mainly
involves the O2·

− oxidation mechanism. The same
results were detected in the degradation of both SRB
and RhB by Zn-salen in the presence of CTAB. It
indicates that the surfactant has no effect on the
generation of reactive oxygen species.

Appropriate scavengers for 1O2, O2·
−, and ·OH (hy-

droxyl radical) were used to identify the ROS involved
in the photodegradation of RhB over Zn-salen, and the
results are presented in the online resource (Fig. S4).
The addition of tert-butanol, a well-known ·OH quench-
er, showed no significant effect on degradation of RhB.
The addition of sodium azide (NaN3), an

1O2 quencher,
slightly decreases the degradation rate of RhB. More-
over, the addition of p-benzoquinone, an O2·

− quencher,
clearly suppresses the degradation of RhB (Fig. S4).
This demonstrates that both 1O2 and O2·

− are involved
in the photocatalytic degradation, but O2·

− appears to be
the primary ROS.

To further understand the photocatalytic mecha-
nism, the catalyst bandgap was estimated from a plot
of the transformed Kubelka–Munk function versus
the energy of absorbed light (Fig. 1). The optical
bandgap is calculated to be 2.4 eV. The conduction
band (CB) edge position of a semiconductor at the
point of zero charge was evaluated at −0.78 eV
when using the empirical formula expressed by
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Fig. 6 Effect of wavelength on photocatalytic degradation of RhB
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(c), and λ = 420 nm (d). [Zn-salen] = 0.1 g/L; initial concentration
of RhB C0 = 1.5 × 10
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ECB = X − Ee − 0.5Eg, where ECB was the CB edge
potential, X is the geometric mean of the electroneg-
ativity of the constituent atoms, Ee is the energy of
free electrons on the hydrogen scale (≈4.5 eV), and
Eg is the bandgap energy of the semiconductor.
Correspondingly, the valence band potential was
calculated at about 1.62 eV.

Under visible light irradiation, the Zn-salen can ad-
sorb incident photons leading to the formation of charge
carriers. Then, the photogenerated electrons and positive
holes migrate to the surface of the Zn-salen and partic-
ipate in the redox reaction. Since the conduction band of
Zn-salen (−0.78 V vs. normal hydrogen electrode
(NHE)) is more negative than the redox potential of
O2/

·O2
− (−0.33 V vs. NHE), it is energetically permis-

sible for the photogenerated electron to transfer from the
catalyst to the adsorbed molecular oxygen. In contrast,
the valence band (VB) of Zn-salen (1.62 V vs. NHE) is
higher than the redox potential of ·OH/OH− (2.38 V vs.
NHE) which makes the formation of hydroxyl radical
difficult. On the contrary, the redox potential of dyes
such as RhB and MB is significantly lower than the VB
level of Zn-salen, suggesting that direct hole oxidation
of pollutants is also energetically favorable. This is in
agreement with the observed results in quenching and
ESR experiments.

Based on the above results, Eqs. 2 to 9 present the
general mechanism for the photoexcitation and electron
transfer properties of the Zn-salen for the photocatalytic
degradation of pollutants under visible light irradiation
(Marais et al. 2007; Zhang et al. 2013).

Zn‐salen þ hv→1Zn‐salen* →3Zn‐salen* ð2Þ

3Zn‐salen* þ O2→ Zn‐salen�þ þ O2�− ð3Þ

3Zn‐salen* þ3O2→ Zn‐salen þ1O2 ð4Þ

3Zn‐salen* þ Subs → Zn‐salen�‐ þ Subs�þ ð5Þ

Zn‐salen�− þ O2→ Zn‐salen þ O2�− ð6Þ

Zn‐salen�− þ Zn‐salen�þ→ 2Zn‐salen ð7Þ

O2�− þ Subs→ oxidation products ð8Þ

1O2 þ Subs→ oxidation products ð9Þ
Light-activated Zn-salen leads to the formation of the

singlet state (1Zn-salen*) which then relaxes to the
triplet state (3Zn-salen*). The 3Zn-salen* interacts with
ground-state molecular oxygen generating O2·

− and
1O2, which subsequently degrades the substrate. More-
over, the absence of O2 restrains the degradation process
based on the cyclic reaction (Fig. S4).
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Fig. 7 ESR signals of the TEMP-1O2 adducts (A) and DMPO-O2·
− adducts (B)
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3.7 Stability and Reusability of the Zn-Salen
Photocatalyst

The stability of heterogeneous photocatalysts such as
Zn-salen is important in the treatment of water and
wastewater. To test the stability of the Zn-salen catalyst,
photocatalytic degradation of RhB was repeated 11
times with the same catalyst. After each run, the solution
residue was filtered, washed and dried, and used again
under identical conditions. The degradation data (Fig. 8)
confirm that the catalytic activity of Zn-salen was main-
tained after recycling the catalyst 11 times; degradation
ratios remained near 95 %. The Zn-salen catalyst is an
effective and stable catalyst, activated by visible light
with good potential for application in the degradation of
organic pollutants in water.

4 Conclusions

In summary, this study demonstrates a promising ap-
proach for the activation of molecular oxygen by a
newly developed heterogeneous photocatalyst. Water-
insoluble Schiff base complex (Zn-salen) with strong
visible light absorption was employed successfully as a
heterogeneous photocatalyst to degrade organic pollut-
ants in aqueous solution at a wide range of pH (>3). Zn-
salen displays selective adsorption and degradation of
electropositive organic substrates due to its electroneg-
ative surface. Under visible light irradiation, Zn-salen

interacts with O2 to produce O2·
− and 1O2 and can

abstract electrons from the substrate. Zn-salen demon-
strates high stability, selectivity, recyclability, and the
ability to work over a wide range of pH.
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