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ABSTRACT

The enhancement of the photodegradation of toxic N-nitrosodimethylamine (NDMA) in water using
amorphous manganese oxide (AMO) and platinum manganese oxide (Pt/Mn3;04) catalysts was investi-
gated. Characterization of the catalysts was carried out using XRD, FESEM, TEM, EDXS, BET, XPS, and AOS.
Pt/Mn304 and its precursor AMO, synthesized by a redox reaction of Mn?* and Mn’*, showed similar mor-
phologies. High surface area AMO was confirmed to be amorphous, whereas Pt/Mn3;04 was a mixture of
two crystalline structures. The optimum catalyst loading was 25 mg per 100 mL NDMA solution for which
the photocatalytic activity was maximized. The average hydrodynamic particle size of a given amount
of catalyst increased due to aggregation as a result of an increase in temperature during UV illumination
(A =254 nm). Photocatalytic studies showed that NDMA degraded according to zero-order kinetics under
air saturation at pH 7.0. AMO and Pt/Mn3;04 showed photostability and comparable activities with pure
TiO; and platinized TiO,. Mixed valencies of Mn and the presence of O, on the surface of the catalysts,
which reacts with photogenerated electrons to form reactive oxygen species (hydroxyl and superoxide
anion radicals), played significant roles in the enhancement of the photodegradation of NDMA in water.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, N-nitrosodimethylamine (NDMA) has become
a priority pollutant under the United States Environmental Protec-
tion Agency (US EPA) and has been classified by the World Health
Organization as a potential carcinogen in humans [1-3]. NDMA
can naturally be formed in the environment as a result of various
chemical and biological processes involving precursor substances
such as tertiary amines, dimethylamine (DMA), and natural organic
matter [4,5]. Anthropogenic sources of NDMA such as release from
agricultural, dye, cosmetic, food processing, polymer, rocket-fuel,
and wastewater industries can largely contribute to the presence
of NDMA in the environment [6-8]. The widespread presence of
its precursors, resistance to biodegradation, high thermal stabil-
ity, and excellent solubility in water make NDMA persistent and
difficult to destroy once formed [5,8,9].

Removal of NDMA in the environment as a chemical con-
taminant [7] remains a challenge. The utilization of natural
light to degrade NDMA is promising due to NDMA’s weak UV
absorption (Amax =332 nm) [10-12], but the rate of photolysis is
slow and limited by the availability of sunlight in some areas.
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Treatment technologies such as direct UV photolysis, advanced
oxidation/photooxidation, and reduction processes have been sug-
gested to degrade NDMA in water. Direct UV photolysis is effective
but is not economical on a large scale due to high intensity
input requirements [11,12]. Advanced oxidation treatments using
UV/pure and surface modified TiO,, UV/O3,and UV/H, 0, producing
hydroxyl radicals (*OH) as primary oxidant may be limited by the
amount of *OH they produce and the presence of *OH scavengers
in water [13-15]. Further, addition of H,O, does not significantly
enhance the performance of medium-pressure UV lamps in NDMA
degradation [16]. Recent studies on reductive destruction of NDMA
in water include the use of bimetallic catalysts such as nickel-boron
[17], nickel-iron [18], and palladium-indium [19]. However, these
catalysts have not been extensively applied to groundwater and
wastewater because of matrix effects associated with the complex-
ity of these samples which could interfere in the determination of
NDMA.

Manganese oxide catalysts are generally known as oxidants
due to the presence of active oxygen species (in the lattice or
adsorbed on the surface) [20] and are proven active for thermally
and photochemically catalyzed reactions. This study describes the
use of two Mn oxide catalysts, AMO and Pt/Mn30y4, to enhance
the photodegradation of NDMA present in high concentrations in
water at neutral pH. AMO catalysts prepared using KMnO,4 and
oxalic acid as a reducing agent are known to demonstrate pho-
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tocatalytic activities for the oxidation of isopropanol to acetone
with excellent selectivity at ambient temperature [21]. AMO has
also been found to be an active photocatalyst in the oxidation
of methyl bromide, methyl chloride, and methyl iodide [22] and
in the decomposition of dimethyl methylphosphonate [23]. AMO
may as well be applicable for the photodegradation of an organic
pollutant such as NDMA. Noble metals such as Au, Ag, Pd, and
Pt are known to enhance the photocatalytic efficiency of TiO, in
degrading pollutants in water by retarding recombination of pho-
togenerated electrons and holes [24]. A number of studies were
conducted using pure and platinized TiO, (Pt/TiO,) for UV degra-
dation of pollutants including NDMA [13,25]. Investigating the
catalytic activity of a platinum-containing Mn oxide with different
properties from AMO toward NDMA photodegradation is therefore
interesting.

The preparation and characterization of AMO and Pt/Mn304 are
described here. Results from spectroscopic, chromatographic, and
voltammetric studies are interpreted to study the role of the cata-
lysts and the reactive oxygen species (*OH and *O, ~) that form, and
the kinetics of catalyzed photodegradation of NDMA. This seems to
be the first time that Mn oxide catalysts have been used to enhance
the photodegradation of NDMA in water. The high photocatalytic
activity, recyclability, hydrophobicity, relatively low cost, and low
toxicity are some of the advantages of Mn oxide catalysts for large-
scale environmental applications.

2. Materials and methods
2.1. Preparation of the catalysts

AMO was synthesized via a redox sol-gel method by
adding 50mL of 1.2M KMnO,4 dropwise to 50mL of 2.55M
Mn(CyH30,),-4H,0. The solution was stirred for 24h and the
black precipitate formed was washed with 1000 mL ultrapure
water, dried in a vacuum at ambient temperature, and ground into
powder. The Pt/Mn304 was synthesized by dissolving 2 g of pre-
pared AMO to a solution made by dissolving 20g of powdered
polyvinylpyrollidone in ultrapure water. K,PtCl4 of 0.6220¢g was
then added to the mixture. The resulting mixture was purged
with Ar gas for 1h and then bubbled with H, gas. The reac-
tion vessel was sealed and kept in an oven at 50°C for 12h and
then washed. Finally, the solid was calcined in air at 150°C for
5h.

2.2. Characterization of the catalysts

Structural characterization of the catalysts was carried out using
powder X-ray diffraction (XRD). The XRD patterns of the catalysts
were recorded on a Scintag 2000 PDS diffractometer using Cu-Koa
radiation (1.5418 A wavelength), a beam voltage of 45kV and a
current of 40 mA. The sample scans were done at 2 degree 20 min~'.

The morphology of the catalysts was studied using field emis-
sion scanning electron microscopy (FESEM) and transmission
electron microscopy (TEM). FESEM images were obtained using
a Zeiss DSM 982 Gemini microscope equipped with a Schot-
tky emitter at a beam current of 1 wA and accelerating voltage
of 10-20kV. Sample suspensions were prepared in ethanol and
applied as a monolayer on gold-coated Si wafers. TEM images
and Selected Area Electron Diffraction (SAED) patterns of the
catalysts were obtained using a JEOL 2010 FasTEM microscope
at an accelerating voltage of 200kV. Sample suspensions were
prepared using 2-propanol and deposited on carbon-coated Cu
grids.

The compositions of the catalysts were determined using an
AMRAY/LICO Model 9800 SEM equipped with an energy dispersive

X-ray spectroscopy (EDXS) analyzer at an accelerating voltage of
20KkV. A standardless EDXS ZAF quantification method was used to
obtain the compositions of the catalysts as atomic % (average value
at three random locations).

The specific surface areas of the catalysts were determined
using the Brunauer-Emmett-Teller (BET) method by acquiring N,
adsorption and desorption isotherms at 77 K using a Micromerit-
ics ASAP 2010 instrument system. The catalysts were pretreated by
degassing them at 120 °C under vacuum for 2 h prior to BET analysis.

APerkinElmer Physical Electronics Model 5300 X-ray photoelec-
tron spectrometer (XPS) equipped with a monochromator Al Ka
X-ray power source (250 W) with a pass energy of 50 eV and hemi-
spherical analyzer was used to study the binding energies (BE) of
Mn in the catalysts. The signal from adventitious carbon with BE of
284.6 eV was used as a reference.

The determination of average oxidation state (AOS) of Mn in the
catalysts was carried out by potentiometric titrations [26]. First,
the total Mn content was determined by digesting the sample with
HCl4q) to form Mn?* in solution. To determine the concentration of
Mn, the Mn?*,) was then titrated with standard MnO4~(,q) con-
taining NasP,07-10H;0(,q) forming Mn(H; P207)3*(aq). The total
MnO, content of the sample was also determined by reacting
the sample with excess Fe[NH4]2(SO4)(aq) under N atmosphere
followed by back-titration of the excess Fez*(aq) with standard
MnO4 ™~ (3q)- The number of moles of oxygen in the form of MnO
was obtained by the difference in the number of moles of Mn2* and
of MnO,. On the basis of the total amount of charge due to oxygen
in the compound, the AOS was then calculated.

2.3. Sample preparation and photocatalytic studies

In a typical experiment, 25 mg of the catalyst was added to a
beaker containing 100 mL of 100 or 1000 wM NDMA solution. High
concentrations of NDMA were used not only to allow better quan-
tification but also to explore the applicability of this study in highly
contaminated water. The heterogeneous mixture was then stirred
for 30 min to attain equilibrium and sonicated for 15 min to uni-
formly disperse the catalyst particles prior to UV illumination. All
mixtures were prepared using ultrapure water buffered with 4 mM
bicarbonate and adjusted to pH 7.04+0.1 by acid dilution using
H,S04. The pH of the mixture was measured using an Accumet
pH meter 25.

Sixteen 15-W UV-C lamps emitting mainly monochromatic light
with 99% emission at A =254 nm installed on the Rayonet® pho-
tochemical reactor were used as the constant UV source. The
prepared mixture was transferred to a quartz cylindrical vessel
with dimensions of 4.5cm i.d. x 24 cm length and positioned at
the center of the photoreactor (~10cm away from the lamps).
The mixture was then purged either with compressed air or Ar
gas (ultra-high purity grades) for 30min through an inlet port
through a removable top. The UV lamps were stabilized for 5 min
prior to illumination. The fan controlled the temperature inside
the photoreactor fairly constant. UV illumination times were at
60 min intervals from 0 to 240 min performed with continuous
stirring of the mixture. NDMA was extracted using continuous
liquid-liquid extraction prior to gas chromatographic analysis
as described in US EPA Method 3520C [27]. In another run, a
desired volume (~10mL) for spectroscopic analysis was with-
drawn through a rubber septum using a glass syringe at various
time intervals. Suspended catalysts were easily recovered from the
mixture by centrifugation of the mixture for 30 min at 8000 rpm,
subsequently washed and filtered through a Millipore filter (pore
size 0.45 pum), and dried under vacuum at ambient temperature.
Reacted catalysts were reused twice and characterized using XRD
and AOS.
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Fig. 1. Powder XRD patterns of sample (A) amorphous manganese oxide (AMO) and (B) platinum manganese oxide (Pt/Mn304) before photocatalytic reaction.

2.4. Analyses of reaction species and products

The analyses of reaction intermediates and products were car-
ried out at pH 7.0 and ambient temperature. The concentrations
of dissolved O, and temperatures of the mixture during UV illu-
mination were measured using a YSI 550A DO instrument meter.
Dynamic light scattering (DLS) experiments were performed using
a Zetasizer Nano ZS90 equipped with 4mW He-Ne ion laser
(A=633nm) at a measurement angle of 90°. This was utilized to
determine the Z-average particle size of AMO suspended in NDMA
solution. The V530 Jasco UV-Vis double-beam spectrophotometer
equipped with silicon photodiode detector was used in the anal-

E—(A;-AMO

(C) PUMn;0,
[
5

*‘ri

ysis of 1000 uM NDMA, NO3;~ and NO,~ by a modified Nessler’s
method [28]. Dimethylamine and formaldehyde were analyzed
using Umbreit [29] and Hantzsch [30] reactions, respectively.
Ferrioxalate actinomety was performed for the determination of
quantum yields for NDMA photolysis by obtaining absorbances of
Fe(Il)-1,10-phenanthroline solutions at 510 nm [31]. The UV-Vis
spectrophotometer was also used in the generation of absorp-
tion spectra of solutions containing 2.2 mM NDMA and 0.24 mM
tetranitromethane (TNM) with and without the catalysts after UV
illumination for the detection of superoxide anion radicals (*O5 ™).
External standard calibration method was used to correlate mea-
sured absorbance to concentration. Hydroxyl radicals produced in

20 1503

Fig. 2. FESEM images of sample (A) AMO and (C) Pt/Mn304. TEM image and SAED pattern (inset) of sample AMO (B). Inset in (C) shows magnified FESEM images of sample

Pt/Mn30y4.
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Fig. 3. Mn 2p;), XPS spectra of sample (A) AMO and (B) Pt/Mn304 before photocatalytic reaction.

water containing the catalysts after UV illumination were detected
using 0.10 mM terephthalic acid solution. The photoluminescence
(PL) spectra were measured on a Cary Eclipse Fluorescence spec-
trophotometer using excitation light of 320 nm.

Gas chromatographic analysis was performed on a Hewlett-
Packard Model 5890A Series II system equipped with a mass
selective detector (Hewlett-Packard Model 5871 Series). The
0.18 mm (i.d.) x 20m (length) x 0.18 wm (film size) Agilent DB-
17MS analytical column on (50%-phenyl)-methylpolysiloxane
support was used for separation. A 1 pL sample was fed into the
column using a 10-wL microsyringe. Helium carrier gas was set
at a flow rate of about 10 cm3 min~'. The injection port tempera-
ture and oven temperature range were set at 200°C and 30-270°C
(rate=10°Cmin~1), respectively. The retention time for NDMA was
about 5.3 min. Quantitative analyses based on peak areas were per-
formed. The concentrations of the NDMA were calculated following
linear least square methods.

Cyclic voltammetric (CV) techniques were optimized and uti-
lized for the oxygen reduction experiments performed on a
computer-controlled CV-50W BAS Model 100B electrochemical
analyzer with and without UV light. A three-electrode cell con-
sisted of a Mn oxide catalyst slurry as the working electrode, a
Ag/AgCl as the reference electrode, and a Pt wire as the counter
electrode. The catalyst slurry was prepared by mixing 10 mg carbon
powder, 10 mg AMO or Pt/Mn304 (10 mg carbon powder as blank),
and 5 drops of polytetraflouroethylene binder solution in 5.0 mL
ultrapure water. The resulting mixture was sonicated for 5 min and
20 p.L of this was applied on the pyrolytic graphite electrode and
dried overnight. A 20mL volume of 1.0M KOH aqueous solution
(electrolyte solution) was purged either with pure O, or N, gas via
aTeflon tube for 15 min. A quartz beaker was used as a cell compart-
ment for experiments performed under UV light for 10-15 min. The
scan ranges and scan rates used were +0.2 to —1.0V and 50mVs~!,
respectively. For CV experiments in non-aqueous aprotic solvents,
saturated calomel electrode (SCE) was used as the reference elec-
trode. A 0.1 M solution of tetrabutylammonium perchlorate (TBAP)
was used as electrolyte solution. This was prepared by dissolv-
ing the proper amount of TBAP in dimethylsulfoxide (DMSO) or
in dimethylformamide (DMF). The scan ranges and scan rates used
were +0.20 to —1.2V or —1.5V and 50 mV s~1, respectively.

3. Results
3.1. Characterization of the catalysts

The XRD patterns of the catalysts before photocatalytic reac-
tion are shown in Fig. 1. The presence of weak and broad peaks at

about 38° and 67° in sample AMO shown in Fig. 1A confirmed that
AMO is almost completely amorphous. This is in agreement with
the SAED pattern of AMO (Fig. 2B inset) where no spot patterns
were observed and with diffraction rings that look fuzzy around the
direct beam. Compared to AMO, Pt/Mn304 has completely different
XRD patterns which show sharp and very intense peaks suggest-
ing well-formed crystalline materials. The XRD pattern of sample
Pt/Mn304 shown in Fig. 1B reveals diffraction peaks corresponding
to Pt (syn) (JCPDS No. 04-802) and Mn30,4 (Hausmannite) (JCPDS
No. 16-0154), thus the formula Pt/Mn30g4.

Fig. 2A presents the FESEM image of AMO which shows a non-
distinct morphology that is composed of small clusters that are
homogeneous throughout the material and with diameters rang-
ing from approximately 50 to 100 nm. To further investigate this
structure, TEM has been employed. The TEM image of AMO in Fig. 2B
shows that these clusters are made up of nanoparticles of 5-15 nm
sizes. A similar morphology to that of AMO is observed in the FESEM
image of Pt/Mn304 shown in Fig. 2C. However, Pt/Mn304 forms
larger aggregated clusters of smaller numerous nanoparticles that
are regular in shape and size due to calcination.

The Mn/K atomic % ratios of AMO and Pt/Mn30O4 are 8.1 and
17.1, respectively. The Mn/Pt atomic % ratio for Pt/Mn30y, is 40.1.
The results of EDXS analyses are precise and are in good agreement
with the expected results.

Fig. 3 shows the Mn 2p spectra for sample AMO and Pt/Mn3O4
before photocatalysis. The photoelectron binding energies (BE) cor-
responding to the Mn 2ps, transitions in AMO and Pt/Mn30y4 are
643.3 eV and 639.6 eV, respectively. These results indicate mixed
valency of Mn (Mn2*, Mn3*, and Mn**) in both catalysts. However, it
is difficult to accurately determine the oxidation state of Mn only by
the BE of Mn 2ps, since the BEs for Mn?*, Mn3*, and Mn** overlap
in the Mn 2ps), region.

The AOS values of Mn in AMO and Pt/Mn304 before photocat-
alytic reaction are 3.65 and 3.87, respectively, suggesting that Mn
exists in mixed oxidation states. AMO has a BET surface area of
312m2 g1, significantly higher than that of Pt/Mn30,4 (97 m2 g~ 1).

3.2. Direct UV illumination

NDMA showed strong (m — 7™ transition) and weak (n— 7*
transition) absorptions in the 210-250 nm and 300-360 nm wave-
length regions, respectively. UV illumination of 1000 uM NDMA
solution using 254 nm UV lamps during the first 180 min decreases
NDMA concentration by 50%. However, the absorbance read-
ings in the weak absorption band centered at 330nm remain
almost unchanged. The irradiance spectrum of natural sunlight
(>~300nm) overlaps within NDMA’s weak absorption range [10]
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Fig. 4. Time course photodegradation of NDMA and formation of products (DMA, formaldehyde, NO,~, and NOs~) using (A) UV alone, and UV with (B) AMO, (C) Pt/Mn3 04,

(D) TiO4, and (E) Pt/TiO; catalysts under air-saturation at pH 7.0.

so a preliminary study using three UV-A/BL lamps (A =350 nm) was
conducted. Results show that after 180 min of UV illumination, the
concentration of NDMA in the weak absorption band decreased by
almost 30%. The uncatalyzed UV illumination of 1000 uM NDMA
targeting either strong or weak absorption bands follows first-order
kinetics. A quantum yield of ~0.30 mol einstein~! was determined
for uncatalyzed NDMA photodegradation under air and Ar condi-
tions at pH 7.0.

3.3. Effect of catalyst loading on NDMA photodegradation and the
Z-average diameter of AMO

The optimum amount of AMO and Pt/Mn3O4 for NDMA
photodegradation is 25 mg per 100 mL NDMA solution. DLS exper-
iments were then performed to determine the Z-average diameter
(intensity weighted average hydrodynamic size) of AMO particles
suspended in NDMA aqueous solution at 25 and 100 mg catalyst
loading. In general, the Z-average diameter of AMO particles in
solution is at least 4x larger compared to its dehydrated particle
size (TEM size). The Z-average diameters also increase with catalyst
loading.

3.4. Enhanced NDMA photodegradation and product formation

The kinetic studies show that catalyzed and uncatalyzed pho-
todegradation of 100 wM NDMA (Fig. 4A) obey zero-order kinetics
consistent with the literature results [11]. The use of AMO (Fig. 4B)
and Pt/Mn304 (Fig. 4C) in the presence of O, from air effectively
enhances the photodegradation of NDMA as a function of time.
Mixed-valent AMO and Pt/Mn304 have a significant difference in
BET surface areas (215m2g-!) and demonstrate photocatalytic
activities. In the first 60 min, 34% of 100 wM NDMA are already
degraded by AMO and 43% by Pt/Mn304, both with UV light.
After 180 min, AMO and Pt/Mn304 achieve 95% and 100% NDMA
photodegradation, respectively. Since both catalysts exhibit pho-
toactivites, TiO, (Fig. 4D) and Pt/TiO, (Fig. 4E) were also tested for
comparison purposes. Commercially available pure TiO, (Degussa
P25)was used as received whereas Pt/TiO, was synthesized follow-
ing the procedure in the literature [32]. Results reveal that Pt/TiO,
is a better catalyst than pure TiO, and AMO but is comparable with
Pt/Mn30,4 toward enhancing photodegradation of NDMA.

Dark experiments involving catalysts with and without O,
showed no significant NDMA degradation. In the presence of UV
light, however, AMO and Pt/Mn30y still showed better photocat-
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alytic activities than UV alone even in the absence of O, from air.

Formaldehyde and NO3~ are the major oxidation photoprod-
ucts formed using AMO and Pt/Mn304. Dimethylamine and NO,~
are also quantified. NO,~ and NO3~ form simultaneously and do
not interfere with NDMA during UV photolysis. In the presence of
AMO or Pt/Mn304, formation of NO3 ~ is faster than NO, . However,
the concentration of NO,~ is 2x higher than NO3~ in the absence
of the catalysts after 240 min UV light illumination. There was no
significant difference in the average concentration of NDMA before
and after the mixture was spiked with 50 and 100 uM of both NO;~
and NO3~ after 180 min of UV illumination.

3.5. 0, generation, oxygen reduction studies, and detection of
*OH and *0,~ species

0, is generated in an Ar-saturated solution of NDMA in the pres-
ence of AMO or Pt/Mn304 catalyst and UV light. However, unlike
in AMO, the concentration of dissolved O, using Pt/Mn304 gradu-
ally decreases upon further reaction for more than 120 min. Dark
experiments and/or absence of the catalysts showed no detectable
dissolved O,.

Parallel studies by electrochemical reduction of O, using CV
were conducted to further investigate the role of the catalysts,
and thus of reactive oxygen species, in the photodegradation of
NDMA. Fig. 5 shows that under O, saturation, both catalysts (fresh)
(A curves) are electroactive in the potential window employed and
have higher O, reduction peaks than the reused catalysts (B curves).
The reduction peak potentials (~—0.30 V) versus Ag/AgCl reference
electrode for both catalysts in alkaline aqueous media are in the
region corresponding to a 2-electron reduction step of O, to singly

protonated peroxide ion, HO,~ (Eq. (1)) [33]:
OZ(g) + HzO(l) +2e” — HOZ_(aq) + OH_(aq) (noUVlight) (1)

Minimal electroactivities are observed when the electrolyte solu-
tion was saturated with N, (C curves) for both catalysts. However,
in the presence of UV light, small increase in the peak currents are
observed (D curves). A much better electroactivity is restored when
the electrolyte solution was repurged with O, indicating stability
of the catalysts toward O, reduction. A significant increase in the
reduction peak current and a shift toward more negative potential
are observed for both catalysts when the solution was repurged
with O, in the presence of UV light (E curves). Curves B and E for
both catalysts fit perfectly from +0.20V to —0.30V suggesting that
a different type of electron-transfer process, in addition to Eq. (1),
occurs in the presence of UV light.

In O, saturated non-aqueous (aprotic) solutions, a 1-electron
reduction of O, to O, is observed using the same Mn oxide cata-
lysts as working electrodes (Eq. (2)) [34]:

0O, +e” < 0, (inaproticmedia, noUVlight) (2)

The CV obtained using electrolyte solutions prepared using DMSO
and DMF solvents, and TBAP for AMO and Pt/Mn304 are shown in
Fig. 5, respectively, showing reduction (~-0.86V) and oxidation
(~—0.65V) peak potentials versus SCE.

An indirect detection of *OH and *0,~ species formed during
UV illumination of water was performed using terephthalic acid
and tetranitromethane (TNM) as chemical indicators, respectively.
Fig. 6 presents the PL spectra of UV illuminated aqueous solutions of
terephthalic acid in the presence of the catalysts. The visible emis-
sions appear as strong and broad peaks with maxima at 427 nm,
similarly observed for AMO and Pt/Mn30g4. The fluorescence inten-
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Fig. 6. Photoluminescence spectra of 0.10 mM terephthalic acid solution (adjusted
to pH 7.0) with the catalysts using 320nm excitation light. UV illumination
(A=254nm) times are 0, 10, 20, 30, and 50 min at pH 7.0 under air saturation.
Excitation and emission slit widths are set at 5 nm.

sities are higher in the presence of the catalysts (higher in AMO
than in Pt/Mn304) and increase with longer UV illumination times.

Fig. 7 shows the variations in the weak absorption band of NDMA
solution centered at 330 nm (A) in the presence of TNM with and
without the catalysts after UV illumination. In the presence of TNM
and UV light for 10 min (optimum time) under Ar saturation, the
NDMA peak shifts from 330 nm to 337 nm and increases absorbance
by 30% (AA339=0.076) (B). However, broad and strong absorption
bands centered at 345 nm are observed in the presence of TNM,
UV light, and catalysts (C and D). Continuous UV illumination up
to 30 min significantly decreases the absorption accompanied by a
slight peak shift to a longer wavelength (350 nm) (E and F).

4. Discussion

In this study, absorption of incident photons by an optimum
amount of suspended catalyst particles appears to enhance the
photodegradation of NDMA. This was observed for both AMO and
Pt/Mn304 even though AMO has much larger surface area (higher
number of active sites) than Pt/Mn30g4. This suggests that there are
other factors that govern the photocatalytic activities of AMO and
Pt/Mn30,4 aside from surface area.

At constant NDMA concentration, excess loading of catalyst
(>25 mg per 100 mL NDMA) generally brought about lower % NDMA
photodegradation as observed for both AMO and Pt/Mn30y4. This
could be due to hindered penetration of UV light by the excess cat-
alyst particles with surfaces unbound to any NDMA molecules and
thus do not take part in the reaction of NDMA, reactive oxygen

A NDMA solution only
10 min UV photolysis:

B no catalyst (under Ar(y)
C AMO

D Pt/Mn;Oy

30 min UV photolysis:

E AMO

F  Pt/Mn;O,

400

350

300

250

200

Molar Absorptivity (M- cm!)

0
280 290 300 310 320 330 340 350 360 370 380 390 400 410

Wavelength (nm)

Fig.7. UV-Vis absorption spectra of 2.2 mM NDMA aqueous solutions with 0.24 mM
tetranitromethane indicator with and without the catalysts. UV illumination
(A=254nm) times are 0, 10, and 30 min at pH 7.0 under air saturation.

species, and photogenerated electrons and holes. Direct UV illumi-
nation of NDMA can also be blocked by excess catalysts through
absorption. For DLS experiments, AMO was tested on the basis of
its high surface area and small particle size compared to Pt/Mn304.
Loadings of AMO greater than 25 mg could also reduce the avail-
ability of free space within which the catalyst particles can move
in NDMA solution. This could be imparted by the tendency of the
particles to aggregate in solution at a high loading (i.e. 100 mg
per 100 mL) during the course of UV illumination as a result of an
increase in temperature. Therefore, restricted diffusion due to AMO
aggregation not only impacts mobility but could also explain why
low percent NDMA degradation was observed for 100 mg AMO.
The combined effect of solvation and the ability of AMO particles
to aggregate with temperature as the catalyst loading is increased
explain why the Z-average diameter of AMO is much larger than its
TEM size. AMO (25 mg) is beneficial for the purpose of photodegrad-
ing thermally stable NDMA in water. Catalyst aggregation will affect
particle transport and could be a crucial factor for catalyst recov-
ery from suspension and recyclability especially when applied in
aquatic environments or in ground and in wastewater.

Mixed valency is very common in Mn oxide materials and an
important property in redox catalysis [35]. The AOS of Mn in AMO
and Pt/Mn30,4 before reaction with NDMA under UV light sug-
gests that the Mn in these samples exists in mixed oxidation states,
most likely a mixture of Mn#*, Mn3*, and possibly Mn2*, produced
from the reduction of MnO,4~ (Mn’*) during synthesis [22]. These
results are in agreement with the Mn 2p3/, XPS spectra of AMO and
Pt/Mn304 (Fig. 3). Potassium ions counterbalance the charge as a
result of the reduction of Mn**. The XRD pattern of Pt/Mn3 04 shows
the existence of Ptand Mn304 (Hausmannite) crystal structures and
also supports mixed valency of Mn in this material. The differences
in the Mn3* to Mn*" ratio of AMO and Pt/Mn304 could enhance
their photocatalytic activities since these Mn species have different
electronic structures that have different effects on the band gaps of
the Mn oxides. The significant increase in the AOS of Mn in AMO
after reaction with NDMA (AOS,er = 3.90) suggests that there is a
re-oxidation of Mn in the lower oxidation states (Mn2* or Mn3*) to
Mn** by some regenerated O, species (Eq. (3)) during UV illumi-
nation. Although the amorphous structure of AMO did not change
after reaction with NDMA and UV light, the significant change in
the AOS of Mn due to re-oxidation of Mn in AMO is an important
contributing factor as to its high activity in enhancing NDMA pho-
todegradation. The XRD patterns of AMO and Pt/Mn30y4, and the
AOS of Mn in Pt/Mn304 after photocatalytic reaction did not sig-
nificantly change which suggest that UV illumination did not cause
change in the original structures and therefore the same numbers of
excited electrons and positive holes are possibly consumed during
reaction and/or recombination. Further, the photocatalytic activi-
ties of AMO and Pt/Mn304 could be mainly due to the presence of
surface adsorbed O,.

When the reaction is carried out in an environment devoid of O,,
0, is evolved from the catalysts themselves to the NDMA solution
containing partially reduced Mn oxide catalyst upon absorption of
UV light. Eq. (3) shows the suggested sequence of O, release from
the catalyst [21]. Surface adsorbed O, can accept electrons from
photogenerated electrons (and/or reduced Mn species) and become
negatively charged, O, ~ (bulk). Upon further absorption of UV light,
0, (bulk) react with electrons to form active oxygen radicals (O~).
O~ species react with electrons to form bulk 02~. Oxygen evolution
may be then due to migration of 02~ (bulk) to the surface of the
catalyst as O, (regenerated) [21]:

hv _ h _ hv _ hv _ hv
0, +e =507 20750 5207 0, (3)
(surface adsorbed) (bulk) €~ e~ (bulk) (on surface,regenerated)

Some regenerated O, could be transformed into reactive oxygen
species as peroxides or as oxygen radicals (*OH and *O,~) which
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Fig. 8. Hypothetical mechanism for the photodegradation of NDMA forming NO3;~ and HCOH as major photoproducts using the Mn oxide catalysts [21,41].

due to instability may remain on the surface for a short period of
time. Regenerated O, can be exhausted which leads to a slower
rate of NDMA photodegradation or loss of activity. Spent catalysts
can easily be rejuvenated in an O, environment which makes them
reusable.

Significant electroactivity of AMO for O, reduction to HO,~
could be associated with high concentrations of lattice defects
and active sites of the amorphous material. Peroxide species can
undergo decomposition to form hydroxide (Eq. (4)) [36] or super-
oxide species using metal oxides [37-39]. To explain the CV curves
D and E in Fig. 4, the HO,~ formed from Mn oxide-catalyzed elec-
trochemical reduction of O, in protic solvent has likely undergone
hydrolysis and decomposition into *OH and *O, ~ through a dispro-
portionation reaction in the presence of UV light. The *OH species
were successfully detected and the visible emissions observed in
the PL studies are attributed to the fluorescent product, monohy-
droxyterephthalate, formed by the reaction between terephthalic
acid and photogenerated *OH (Fig. 6). As expected, the visible emis-
sionincreases as *OH are produced with continued UV illumination.
Considerably lower visible emission for Pt/Mn304 could be due to
less structural defects in crystalline Pt/Mn304 than in AMO:

HOzf(aq) + HzO(l) +2e” — 30H7(aq) (4)

Previous study has shown that *O,~ are formed from UV illu-
mination of alkaline electrolyte solution in the presence of O, [40].
In the present work, *O,~ are also formed in addition to *OH radi-
cals. In the CV experiments using 1.0 M KOH, although *O,~ were
not directly detected due to poor stability of superoxide species in
aqueous solution, reactions in aprotic solvents provided clear evi-
dence that superoxide anions are formed from reduction of O, using
the catalysts. Ultimately, *O,~ were spectroscopically detected
using TNM indicator. Eq. (5) shows the photoreduction of TNM,
C(NO3)g4, in the presence of *O, ~ to form nitroform anion, C(NO; )3~
[41]. C((NO3 )3~ in solution has a strong absorption band centered at
350 nm which explains the observed peak shifts and increase in UV
absorbance of NDMA (Fig. 7). In the absence of any catalyst under
Ar saturation, the slight peak shift and increase in the UV absorp-
tion could be explained by the direct UV illumination of NDMA and
photoreduction of TNM to C(NO, )3~ [41].In the presence of the cat-
alysts, the photoreduction of TNM is altered significantly (increase
or decrease of ¢) which could be due to regeneration of O, from the
catalysts with continuous UV illumination:

(5)

Previous studies showed that NO,~ and NO3~ produced as
NDMA is photodegraded could possibly be competing with NDMA
for absorption of UVlight[11,42]. Here, interference studies suggest
that almost all incident photons of A =254 nm are absorbed by the
NDMA-catalyst mixtures due to low molar absorption coefficients

C(NO2)4(aq) + 02" (aq) = C(NO2)3™ (aq) +NO3(g) + O

of NO,~ and NO3~ compared with that of NDMA and presumably
partly due to their dark colors imparted by the Mn oxide catalysts. A
similar study supported this observation which showed that radical
intermediates that were possibly generated from NO,~ and NO3~
during the complete UV illumination of NDMA at 254 nm did not
interfere in its photodegradation [41].

The enhanced rate of NDMA photodegradation using AMO
and Pt/Mn304 significantly produced HCOH and NOj3~ as the
major oxidation photoproducts. A hypothetical mechanism for the
enhancement of NDMA photodegradation using Mn oxide cata-
lysts has therefore been proposed on the basis of experimental
results and of previous studies suggesting photolytic pathways
for the degradation of N-nitrosamines in water (Fig. 8) [41,43,44].
NDMA is adsorbed at the surface of the Mn oxide catalysts. Upon
absorption of photons by the catalyst bound to NDMA, the elec-
trons are excited from the valence band to their conduction bands
leaving positive holes in the valence band. In Pt/Mn30yg4, the elec-
trons further transfer to Pt and the separation efficiency of the
photoinduced electrons and holes is enhanced. The photogener-
ated electrons in the conduction band of Mn oxide react with
dissolved O, in aerated NDMA solution to form reactive oxygen
species such as *OH and *0, . Under Ar saturation, the source of
reactive oxygen species is UV illumination of regenerated O, (from
physisorbed 0,) from the catalyst as depicted in Eq. (3). Initial
absorption of UV light by NDMA also yields photoexcited NDMA
[41,44]. The N-N bond in the photoexcited NDMA is photocleaved
and in the presence of regenerated O, forms organic fragment as
N-methylidenemethylamine (CH,=NHCH3*) and NO fragment as
*NO. Reactive oxygen species formed further oxidize *NO to pro-
duce a more stable product, NO3~ and then desorbed from catalyst
surface. N-methylidenemethylamine undergoes hydrolysis even-
tually forming formaldehyde and methylamine in 1:1 ratio.

5. Conclusion

Morphologically uniform and nanostructured amorphous man-
ganese oxide (AMO) and crystalline Pt/Mn3O4 have been
successfully synthesized and applied as catalysts for the enhance-
ment of NDMA photodegradation with environmental relevance.
Mixed valency of Mn in the catalysts was observed before pho-
tocatalytic reaction. AMO and Pt/Mn304 have provided significant
improvements for the enhancement of photodegradation of NDMA
in water in high concentrations. These catalysts can be good alter-
natives for established photocalysts such as TiO, and Pt/TiO, since
they have comparable catalytic activities. AMO and Pt/Mn3O04
are stable toward O, reduction and UV light, and are reusable.
Physisorbed O, reacts with photogenerated electrons to form reac-
tive oxygen species and facilitates the trapping of photogenerated
electrons and improves photocatalytic activity. This study provides



292 H.C. Genuino et al. / Journal of Photochemistry and Photobiology A: Chemistry 217 (2011) 284-292

an important groundwork for future investigations of the enhance-
ment of photodegradation of NDMA in water. Future studies should
require experimental data from the application of these Mn oxide
catalysts in the actual removal of NDMA from real and complex
environmental samples.
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