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Abstract: Effect of platinum nanoparticle size on catalytic reduction of nitrate in liquid phase was
examined under ambient conditions by using hydrogen as a reducing agent. For the size effect
study, Pt nanoparticles with sizes of 2, 4 and 8 nm were loaded silica support. TEM images of Pt
nanoparticles showed that homogeneous morphologies as well as narrow size distributions were
achieved during the preparation. All three catalysts showed high activity and were able to reduce
nitrate below the recommended limit of 50 mg/L in drinking water. The highest catalytic activity was
seen with 8 nm platinum; however, the product selectivity for N2 was highest with 4 nm platinum.
In addition, the possibility of PVP capping agent acting as a promoter in the reaction is highlighted.
Keywords: nanoparticles; Pt; platinum; nitrate reduction; hydrogenation; wastewater; water treatment;
environmental catalysis
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1. Introduction
Platinum (Pt) is an important catalyst in environmental applications. The recent
advances in nanoparticle synthesis offer new possibilities for utilizing this precious metal
even more atom-efficiently in the future [1]. Lowering the metal loading by using single
atoms as catalytically active sites is an appealing strategy. It is known that adjusting
platinum size and shape can significantly influence the activity and especially the selectivity
of structure sensitive reactions [2,3]. Changes in platinum nanoparticle size can cause
relative shift in the d-band centers with respect to the fermi energy level, and, therefore,
particle size in the nanoscale has a significant role to play in catalytic processes [4–6].
Platinum catalysts are considered very effective in various hydrogenation reactions for
fundamental research and industrial applications [7]; however, most studies are carried
out in gas phase [3]. It is worth examining the size effect of platinum nanoparticles at
the solid–liquid interface, and therefore we chose to study nitrate (NO3− ) reduction in
aqueous phase.
Much is known about nitrate (NO3− ) pollution of surface waters becoming a global
concern due to the excessive use of fertilizers and discharge of nitrate-containing municipal and industrial wastewaters to the neighboring environment [8,9]. As a result, nitrate
contamination of water bodies plays a crucial role in eutrophication process, posing a
major threat to many surface waters bodies [10]. Elevated nitrate concentrations in drinking water can cause health problems among the public such as blue baby syndrome and
stomach cancer [11,12]. In addition, high levels of nitrates in water can adversely affect
marine animals, and, in some cases, acute nitrate poisoning in cattle has been reported [13].
Due to the adverse health effects, the World Health Organization (WHO) has proposed
a limit of 50 mg/L nitrate (NO3− ) in drinking water. Therefore, various physicochemical
and biological treatment methods, such as adsorption [14–16], ion-exchange [17], reverse
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osmosis [18] and biological methods [19], have been used for nitrate removal from water.
However, due to high solubility of nitrate in water, these methods are prone to several limitations, such as secondary waste generation, low removal efficiency, biofouling and high
cost. As an alternative to conventional techniques, catalytic reduction of nitrate has been
studied to some extent. In the late 1980s, pioneering work by Vorlop and coworkers [20]
suggested a nitrate (NO3− ) reduction method based on the use of a bimetallic catalyst and
hydrogen gas as the reductant. Since then, most studies are focused on bimetallic catalytic
systems, as it is assumed that catalytic nitrate reduction is occurring in two steps: first
the reduction of nitrate (NO3− ) to nitrite (NO2− ) and then nitrite (NO2− ) to nitrogen (N2 )
and/or to ammonium (NH4+ ) [21–23]. Some studies have reported nitrate (NO3− ) removal
by using monometallic catalysts, but either the removal efficiencies were very low or the
selectivity was higher towards ammonium (NH4+ ) as a byproduct [24,25]. The influence
of Pt nanoparticle size on the catalyst performance has been observed in various hydrogenation reactions [26–28], but it should be noted that to our knowledge nitrate (NO3− )
hydrogenation in liquid phase by using size-controlled supported Pt monometallic catalyst
has not been studied yet. These facts indicate that there still exists a lack of knowledge how
to make/prepare a monometallic catalyst to be an efficient and cheaper catalyst (compared
to bimetallic catalysts) for the reduction of nitrate (NO3− ).
Thus, in this study, platinum nanoparticles (NPs) with average sizes of 2, 4 and 8 nm
were synthesized by a polyol method with Poly(vinylpyrrolidone) (PVP) as the capping
agent. To study the size effect of Pt NPs properly, the NPs were incorporated into a highsurface-area 3D support. Mesoporous silica (SBA-15) and mesocelluous silica (MCF-17)
were chosen as the catalyst supports and 2 and 4 nm Pt NPs were loaded on SBA-15
(average pore size ~7.4 nm), while 8 nm Pt NPs were loaded on MCF-17 (average pore
size ~40 nm). The effect of nanoparticle size on catalytic activity was studied in nitrate
reduction in an aqueous phase.
2. Materials and Methods
2.1. Catalyst Preparation
During the catalyst syntheses, water purified with a Milli-Q Advantage A10 system
and analytical grade reagents and solvents were used. Poly(vinylpyrrolidone), platinum
(II) acetylacetonate (~0.2 mmol), sodium borohydride (NaBH4 , 98.0%), ethylene glycol
(anhydrous, 99.8%) and hexane (anhydrous, 95.0%), triblock copolymer Pluronic P123,
tetraethoxysilane (TEOS), 1,3,5-trimethylbenzene (TMB), hydrochloric acid (HCl) and
chloroplatinic acid hexahydrate (~0.2 mmol) were purchased from Sigma-Aldrich (Espoo,
Finland). Acetone and ethanol (96%) together with sodium nitrate (NaNO3 , 99.0%) to
prepare the stock solution of nitrate (NO3− ) as a substrate were purchased from VWR
International (Helsinki, Finland).
Platinum (Pt) NPs with the average sizes of 2, 4 and 8 nm were synthesized using the
polyol method described by Wang et al. [3]. Poly(vinylpyrrolidone) (PVP) was used as a
capping agent and ethylene glycol as a solvent. For the 2 nm Pt NPs, 200 mg of NaOH,
160 mg of H2 PtCl6 and 220 mg of PVP (Mw = 29,000) were dissolved into 20 mL of ethylene
glycol and mixed together at 160 ◦ C for 2 h under argon atmosphere. The resulting NPs
were precipitated with 40 mL acetone and centrifuged. Hexane was used for washing
repeatedly and the final product was dispersed in ethanol before use. For the 4 nm Pt NPs,
100 mg of H2 PtCl6 and 440 mg of PVP (Mw = 29,000) were dissolved in 20 mL of ethylene
glycol and mixed at 180 ◦ C for 0.5 h under argon atmosphere. The resulting nanoparticles
were precipitated with 40 mL acetone and centrifuged. Hexane was used for washing
repeatedly and the final product was dispersed in ethanol before use. For the 8 nm Pt NPs,
160 mg of platinum (II) acetylacetonate and 220 mg of PVP (Mw = 29,000) were dissolved
in 20 mL of ethylene glycol and mixed together at 200 ◦ C for 2 h under argon atmosphere.
The resulting nanoparticles were precipitated with 40 mL acetone and centrifuged. Hexane
was used for washing repeatedly and the final product was dispersed in ethanol before
use. Transmission electron microscopy (TEM) images of the prepared Pt NPs and their
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For the size effect study, synthesized Pt NPs were supported on two different types
For the size effect study, synthesized Pt NPs were supported on two different types
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[27]. Pt NPs
the sizes of 2 and 4 nm were loaded on SBA-15 with pore size ~7.4 nm, while 8 nm Pt
NPs were loaded on MCF-17 silica with pore size ~40 nm. Loading of Pt NPs into silica
support was carried out by sonication [30]. Calculated amounts of the colloidal solution
of PVP-capped Pt NPs with targeted loading of 1.5 wt.% were mixed with 1 g of silica
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materials in a mixture (10 mL) 1:1 v/v of water and ethanol. The mixtures were sonicated
for 3 h at room temperature. The precipitates were collected by a centrifuge (3000 rpm,
20 min) and dried at 80 ◦ C for 12 h in oven.
2.2. Characterization
To analyze the shape, size and structure of the Pt NPs and Pt/SiO2 catalysts, transmission electron microscopy (TEM) analysis was performed with a JEM-2200 FS system
operated at 200 kv. Samples were drop-casted on carbon-coated copper grids and subsequently air-dried before TEM analysis. The platinum contents of the prepared catalysts
were analyzed after a microwave assisted sample digestion using an inductively coupled
plasma optical emission spectrometer (ICP-OES, iCAP 6500 Duo, Thermo Fisher Scientific,
Vantaa, Finland).
The specific surface area (SBET ), net pore volume (Vnet ) and pore-size distribution of
catalysts were determined from nitrogen physisorption measurements performed using an
ASAP2020 Micrometrics apparatus. As a pretreatment method before the physisorption
measurements, the samples were degassed at 70 ◦ C under 100 mmHg for 1440 min. Specific
surface area, SBET (m2 g−1 ), was calculated according to the classical Brunauer–Emmett–
Teller (BET) theory for the p/p0 = (0.05–0.20). The pore-size distribution was evaluated
from the adsorption branch of the nitrogen adsorption–desorption isotherm by the Barrett–
Joyner–Halenda (BJH) method via the Roberts algorithm, using the Broekhoff–de Boer
standard isotherm with the Faas correction and the assumption of the cylindrical-pore
geometry (characterized by the diameter dp of the pores). As the specific surface area (SBET )
is not a proper parameter in the case of microporous-mesoporous solids [31], the mesopore
surface area (Smeso in m2 g−1 ) and the micropore volume (Vmicro in cm3 liq g−1 ) were also
evaluated based on the t-plot method using the Broekhoff–de Boer standard isotherm. The
net pore volume, Vnet (cm3 liq g−1 ), was determined from the nitrogen adsorption isotherm
at maximum p/p0 ~0.990.
X-ray photoelectron spectroscopy (XPS) surface analysis was conducted on Thermo
Fisher Scientific ESCALAB 250Xi (East Grinstead, UK) with the settings: X-ray source:
monochromatic Al Kα (1486.6 eV); X-ray power: 300 W; survey scan pass energy: 150 eV;
and high-resolution scan pass energy: 20 eV. Separately, pristine Pt NPs and deposited Pt
NP (Pt/SiO2 ) samples were dissolved in ethanol and dispersed on a gold sheet before the
XPS measurement.
2.3. Activity Experiments
The activity experiments were conducted in an air-tight batch reactor, i.e., 250 mL
three-neck round-bottom flask. In a typical experiment, 100 mL of synthetic solution of
NaNO3 containing 100 mg/L of nitrates (NO3− ) were purged by nitrogen gas at a flow rate
of 100 mL/min for 20 min prior to the test, in order to remove the excess oxygen. Aqueous
solution of (0.01 mM) NaBH4 was prepared in presence of sodium hydroxide (0.2%) and
then 0.1 g of catalyst in a powder form was reduced by adding dropwise followed by
vacuum-filtration [32]. The reduced catalyst was washed with Milli-Q water twice to
remove residual chemicals and immediately transferred to the reactor. Hydrogen gas
was introduced into the catalyst solution through a sintered glass tube at the flow rate
of 100 mL/min to serve as a reductant. The reactor was placed in a water bath and kept
at constant temperature (25 ◦ C), and the reaction mixture was continuously mixed with
a Teflon coated magnetic stir-bar at 400 rpm. To verify the results, second cycle activity
experiment was carried out with the same filtered and dried (overnight in 50 ◦ C) 4 nm
Pt/SiO2 catalyst. This test showed that the catalyst remained active during the tests.
Water sample analyses during the experiments were done every 10 min by an online capillary electrophoresis (CE) Sciex P/ACE MDQ Plus system (Berner Pro, Helsinki,
Finland). Capillary electrophoresis analytical technique separates ions based on their
electrophoretic mobility with the use of an applied voltage [33,34]. The measured species
in water samples were nitrate (NO3− ), nitrite (NO2− ) and ammonium (NH4+ ) concentrations.
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The reactor was connected to the CE system via an on-line functioning apparatus, and it
was programmed to introduce a sample into the instrument every 10 min. The concentration of nitrate and nitrite was determined by using CEofix™ Anions2 kit with anion
buffers and a 75 µm × 50 cm fused silica capillary (Berner Pro, Helsinki, Finland). Samples
were introduced into the capillary by pressure injection. A 10 kV power supply with a
reversible polarity output was employed as a source for the separation. Nitrate and nitrite
were separated below 5 min migration time and detection was achieved with a diode array
detector (DAD) at 214 nm. After each test, the final concentration of ammonium ions was
determined by a CE system by using CEofix™ Cations HR kit with cation buffers and
a 75 µm × 50 cm fused silica capillary (Berner Pro, Helsinki, Finland). A 30 kV voltage
power supply with a normal polarity output was employed as a source for the separation.
The detection of the sample was achieved with a diode array detector (DAD) at 200 nm.
By assuming that only negligible amounts of other intermediate products were formed
(e.g., NO and N2 O) [32], the selectivity to nitrogen (SN2 ) was calculated as follows:
SN2 = 100% − SNH+ − SNO−

(1)

2

4

where the selectivity to ammonium (SNH+ ) and nitrite (SNO− ) are based on the measured
4

NH4+ and NO2− concentrations and calculated as follows:
SNH+ =
4

and
SNO− =
2

CNH+

!

4

C0 − C f
CNO−
2

C0 − C f

2

× 100,

(2)

× 100,

(3)

!

with C0 the measured initial concentration and C f the measured final concentration of
nitrate (NO3− ). The NPs size effect on activity was evaluated by calculating TOF values for
each catalyst. The turnover frequency (TOF) values are based on initial rate of reaction
(first 20 min) and number of active sites were calculated based on TEM (particle size) and
ICP-AES (Pt loading data) data, assuming spherical shape of Pt nanoparticles [3]. Since
inert silica was used as a support in all three catalysts, reactions were assumed to have
taken place on the surface of Pt metal, assuming that all the surface atoms were available
and took part in reduction reaction [35].
3. Results and Discussion
3.1. Characterization of the Prepared Catalysts
The TEM images of pristine Pt NPs are shown in Figure 1 and Pt NPs dispersed
on silica supports are presented in Figure 2. The obtained nanoparticles showed wellcontrolled average diameters with narrow size distributions (Figure 1). Figure 2 shows
that incorporation of Pt NPs in silica support (SBA-15 and MCF-17) was successfully
achieved by the sonication method. Sonication can prevent blockage of the pores by
helping the Pt particles to diffuse into the channels, and surface tension of the inclusion
solvent (water/ethanol mixture) is an important parameter for successful deposition of
Pt NPs into mesoporous supports [2]. Pt NPs with sizes 2 and 4 nm (Figure 2a,b) are
well-dispersed in the entire channel structures of silica (SBA-15), while some aggregation
of 8 nm Pt NPs is visible (Figure 2c) on the surface of MCF-17.
Pt loadings in the catalysts and their textural properties are summarized in Table 1.
Platinum loading (wt.%) varied from 1.2% to 1.8%, and it was taken into consideration
while calculating the TOF values; therefore, comparative difference in Pt loading can
be compensated [36]. The measured nitrogen adsorption–desorption isotherms and the
pore-size distributions (PSDs) of investigated catalysts are shown in Figure 3a–d. The
shape of hysteresis loops of nitrogen adsorption–desorption isotherms of SBA-15 silica-
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based catalysts (Figure 3a) corresponds to the H1 loop type which proves the uniform
narrow cylindrical mesopores with a diameter of ~7.4 nm in the Pt NPs loaded catalysts
as well as the SBA-15 support (Figure 3c). When comparing 2 nm Pt/SBA-15 and 4 nm
Pt/SBA-15 catalysts with the pristine SBA-15 support, it is evident that the different size of
deposited Pt NPs on the SBA-15 support did not affect the pore size of the Pt NPs loaded
catalysts (Figure 3c). This fact indicates that Pt NPs are deposited freely on the internal
and external surfaces of mesopores and do not aggregate significantly. This observation
is in a nice agreement with the TEM images where it is obvious that 2 and 4 nm Pt NPs
are well-dispersed on the SBA-15 support (Figure 2a,b) and as-synthesized PVP-capped
Pt NPs do not aggregate (Figure 1a,b). The decrease in the mesopore surface area and the
net pore volume of the Pt NPs loaded catalysts compared to the pristine SBA-15 support
is caused by the presence of Pt NPs. The shape and width of the hysteresis loop of the
nitrogen adsorption–desorption isotherms concerning 8 nm Pt/MCF-17 and the MCF-17
silica support (Figure 3b) is of the H2b loop type, revealing the existence of more complex
porous structure with a large range of pore sizes in both, which is reflected to their similarly
broad pore-size distributions (Figure 3d). However, while 8 nm Pt/MCF-17 shows PSD
with the pore diameter maximum at ~40 nm (i.e., the most frequent pores of 40 nm diameter
are present), the MCF-17 support shows PSD with the pore diameter maximum at ~65
nm.
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catalysts with the pristine SBA-15 support, it is evident that the different size of deposited
Pt NPs on the SBA-15 support did not affect the pore size of the Pt NPs loaded catalysts
(Figure 3c). This fact indicates that Pt NPs are deposited freely on the internal and external
surfaces of mesopores and do not aggregate significantly. This observation is in a nice
agreement with the TEM images where it is obvious that 2 and 4 nm Pt NPs are welldispersed on the SBA-15 support (Figure 2a,b) and as-synthesized PVP-capped Pt NPs do
not aggregate (Figure 1a,b). The decrease in the mesopore surface area and the net pore
volume of the Pt NPs loaded catalysts compared to the pristine SBA-15 support is caused
by the presence of Pt NPs. The shape and width of the hysteresis loop of the nitrogen
adsorption–desorption isotherms concerning 8 nm Pt/MCF-17 and the MCF-17 silica
support (Figure 3b) is of the H2b loop type, revealing the existence of more complex
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a
as nitrogen (N2 ), nitrite (NO2− ) and ammonium (NH4+ ) on all three catalysts. However, all
monometallic catalyst (Pt/SiO2) in our study, XPS analyses of Pt NPs before and after the
three catalysts showed different selectivity. The product distributions (%) after 120 min
loading of Pt on the silica (SiO2) support were conducted, as presented in Figure 5. The
of reaction time, as shown in Figure 4c, were as follows: 2 nm Pt produced 44% NO2− ,
XPS spectra of both samples exhibited the presence of C, O and N species apart from Pt
[53]. The XPS Pt 4f (Figure 5a) shows that Pt is in the metallic form Pt0 [54]. The peaks look
very symmetric and no assignation to Pt+1 or Pt+2 could be made. Analyzing the C1s
spectrum (Figure 5b), it is possible to observe signals at 248.8 (sp3 C–C), 285.9 (C–N/C–O)
and 287.6 (C=O). It is also possible to distinguish a small signal at 286.5, tentatively
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7% NH4+ and 49% N2 , from the overall conversion of nitrate. The 4 nm Pt shows a higher
selectivity (74%) towards N2 , with only small amount of NO2− (7%) formed, and selectivity
towards NH4+ was 19%. The 8 nm Pt showed high selectivity toward NH4+ (46%) and
only small amount of NO2− was detected. Based on the results, it can be suggested that Pt
NPs with the size of 2 nm become too small to adsorb and activate two N species for the
formation of nitrogen (N2 ). A similar observation was reported by Zhang et al. [42] in the
case of palladium as the active metal. In our study, platinum particles with an average size
of 4 nm were the most selective towards the formation of nitrogen (N2 ). On the other hand,
the selectivity towards ammonium (NH4+ ) is higher over 8 nm Pt NPs when compared to 2
and 4 nm NPs. The size-dependent selectivity suggests that larger Pt NPs are more active
for NH4+ formation. As mentioned by Dong et al. [43], when the size of Pt NPs increases,
the proportion of terrace sites also increases. For example, according to Lundwall et al. [44],
the amount of terrace sites increases by 50% when the Pt particle size is increased from 2.5
to 4.2 nm. The correlation between the selectivity for NH4+ and size of Pt NPs suggests that
terrace sites of Pt NPs are the active sites for NH4+ formation.
It is noteworthy that, in previously reported studies [45–47], monometallic catalysts
were found to be inactive for nitrate (NO3− ) reduction and addition of co-metals, such as
In, Cu and Sn are typically required to reduce the nitrate in an aqueous phase. However,
Huo et al. [48] showed that reduction of aqueous nitrate (NO3− ) was possible by using
monometallic Ru/C catalyst at controlled pH condition (pH 5.0). They showed that the
activity of Ru/C catalyst was due to pretreatment of the catalyst with H2 gas at 350 ◦ C
for 2 h. Nevertheless, for Ru/C catalyst, nitrate was converted to ammonium (NH4+ )
without conversion to harmless nitrogen (N2 ) gas. Similar results were shown by Soares
et al. [21], who used Ru catalyst supported on activated carbon (AC) and almost 15 ppm of
nitrate (NO3− ) converted in 300 min of reaction time. Moreover, Epron et al. [49] reported
the catalytic reduction of nitrate (NO3− ) by using Pd/CeO2 catalyst and highlighted the
promoting effect of ceria support based on its redox properties. Several studies have
documented that activity of supported metal nanoparticles is influenced by nanoparticle
size, metal–support interaction, synthesis method and capping agent [50–52].
Therefore, to gain more understanding on the nitrate reduction reaction with a
monometallic catalyst (Pt/SiO2 ) in our study, XPS analyses of Pt NPs before and after the
loading of Pt on the silica (SiO2 ) support were conducted, as presented in Figure 5. The
XPS spectra of both samples exhibited the presence of C, O and N species apart from Pt [53].
The XPS Pt 4f (Figure 5a) shows that Pt is in the metallic form Pt0 [54]. The peaks look very
symmetric and no assignation to Pt+1 or Pt+2 could be made. Analyzing the C1s spectrum
(Figure 5b), it is possible to observe signals at 248.8 (sp3 C–C), 285.9 (C–N/C–O) and
287.6 (C=O). It is also possible to distinguish a small signal at 286.5, tentatively assigned to
(C–O). The O1s spectrum (Figure 5c) shows signals at 530.9 and 532 assigned to (H)O–C
and C=O. The N1s spectrum (Figure 5d) shows only one signal at 399.6 assigned to N–[C]3 ,
that is, the nitrogen atom bonded to three carbon atoms [55]. The XPS Pt 4f (Figure 5e)
shows two peaks that are not symmetric. These peaks were fitted with two Gaussians each
and are assigned to Pt0 and Pt+2 (PtO). However, most of the Pt is in the metallic form
as Pt0 . These peaks seem broader than the peaks in Figure 5a. Probably, Pt is attached
to the SiO2 surface by Pt–O interactions. Analyzing the C1s spectrum (Figure 5f), it is
possible to observe signals at 248.3 (sp3 C–C), 286.3 (C–N/C–O) and 288.3 (C=O). The ratio
of (C–N/C–O)/(C–C) is higher and the signal for C=O is lower. This could indicate that the
PVP molecule is interacting more with the substrate SiO2 via the O atom. The O1s spectrum
(Figure 5g) shows a major signal that governs the spectrum at 533 assigned to the Si–O
bonding of SiO2 . The N1s spectrum (Figure 5h) shows only one signal at 400.3 assigned to
N–[C]3 , that is, the nitrogen atom bonded to three carbon atoms. There is a small shift in
the N–[C]3 signal that could indicate some variations in the PVP ligands. By comparing
the identified elements and bonding, we conclude that the PVP molecules are partially
modified after the loading of Pt NPs on the silica support.
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O atom in the ring can accompany the charge transfer from PVP to the metal, and the PVP
and the Pt surface [58]. However, the interaction of PVP ligands with the metal via the O
interaction via the N atom in the ring can accompany the charge transfer from the metal
atom in the ring can accompany the charge transfer from PVP to the metal, and the PVP
to PVP [59]. It has also been reported [60] that the nanoparticle size can be a determining
interaction via the N atom in the ring can accompany the charge transfer from the metal
factor in the PVP-stabilized metal surface, serving either as an electron donor or as an
to PVP [59]. It has also been reported [60] that the nanoparticle size can be a determining
electron acceptor. We therefore conceive that this distinct electronic structure property of
factor in the PVP-stabilized metal surface, serving either as an electron donor or as an
Pt–PVP NPs is resulting in higher activity of a monometallic catalyst in our case, and the
electron acceptor. We therefore conceive that this distinct electronic structure property of
PVP ligands apparently work as a promoter in the PVP capped Pt NPs.
Pt–PVP NPs is resulting in higher activity of a monometallic catalyst in our case, and the
PVP
ligands apparently work as a promoter in the PVP capped Pt NPs.
4. Conclusions
The size effect of Pt nanoparticles (NPs) supported on silica in catalytic reduction of
4. Conclusions
nitrates in terms of activity and selectivity was studied. Under the reaction conditions
size study,
effect of
nanoparticles
(NPs)
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in TOF
catalytic
reduction
of
usedThe
in this
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NPs size had
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values
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Under
reaction conditions
reduction,
ascending
in the and
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range of 2–8
nm.
Nitrogen
wasthe
a relatively
dominant
product in all studied catalysts, but 4 nm Pt showed the best selectivity. The size-dependent
selectivity showed that large Pt NPs favored ammonium formation, which can be associated
with increased proportional terrace sites being an active ground for the ammonium ions
formation. In contrast, the smaller 2 nm Pt NPs were found to be too small for nitrogen
formation. The role of the PVP ligands on the Pt NP surfaces was also discussed. Besides
the Pt NP size effect, the interaction of the capping agent with metal particles could be
regarded as an important aspect for the catalytic behavior of size-controlled nanoparticles.
The next step towards developing new technology for catalytic reduction of nitrogen
compounds in wastewater treatment is to study the effect of platinum interactions with
different supports and the effect of different reaction conditions.
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personal grant. Lenka Matějová thanks to the support of EU structural funding in Operational
Programme Research Development and Education, project No. CZ.02.1.01/0.0/0.0/16_019/0000853
“Institute of Environmental Technology—Excellent Research” and Large Research Infrastructure
ENREGAT supported by the Ministry of Education, Youth and Sports of the Czech Republic under
project No. LM2018098.
Data Availability Statement: The data presented in this study are available on request from the
corresponding author. All results have been published in this article and the original data (notebooks,
raw data files from experiments and characterization) have been self-archived according to the
instructions given by University of Oulu.
Acknowledgments: Lic.Sc. (Technology) Kaisu Ainassaari is acknowledged for the practical work
related to physisorption studies of the materials.
Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.

12.
13.
14.
15.

Yan, H.; Lin, Y.; Wu, H.; Zhang, W.; Sun, Z.; Cheng, H.; Liu, W.; Wang, C.; Li, J.; Huang, X.; et al. Bottom-up precise synthesis of
stable platinum dimers on graphene. Nat. Commun. 2017, 8, 1070. [CrossRef] [PubMed]
Rioux, R.M.; Song, H.; Hoefelmeyer, J.D.; Yang, A.P.; Somorjai, G.A. High-surface-area catalyst design: Synthesis, characterization,
and reaction studies of platinum nanoparticles in mesoporous SBA-15 silica. J. Phys. Chem. B 2005, 109, 2192–2202. [CrossRef]
Wang, H.; An, K.; Sápi, A.; Liu, F.; Somorjai, G.A. Effects of nanoparticle size and metal/support interactions in Pt-catalyzed
methanol oxidation reactions in gas and liquid phases. Catal. Lett. 2014, 144, 1930–1938. [CrossRef]
Bai, L.; Wang, X.; Chen, Q.; Ye, Y.; Zheng, H.; Guo, J.; Yin, Y.; Gao, C. Explaining the size dependence in platinum nanoparticle
catalyzed hydrogenation reactions. Angew. Chem. Int. Ed. 2016, 55, 15656–15661. [CrossRef] [PubMed]
Han, B.; Miranda, C.R.; Ceder, G. Effect of particle size and surface structure on adsorption of O and OH on platinum nanoparticles:
A first-principles study. Phys. Rev. B 2008, 77, 075410. [CrossRef]
Mojet, B.; Miller, J.; Ramaker, D.; Koningsberger, D. A new model describing the metal–support interaction in noble metal
catalysts. J. Catal. 1999, 186, 373–386. [CrossRef]
Tsung, C.-K.; Kuhn, J.N.; Huang, W.; Aliaga, C.; Hung, L.-I.; Somorjai, G.A.; Yang, P. Sub-10 nm platinum nanocrystals with size
and shape control: Catalytic study for ethylene and pyrrole hydrogenation. J. Am. Chem. Soc. 2009, 131, 5816–5822. [CrossRef]
Zhang, Y.; Shi, P.; Song, J.; Li, Q. Application of nitrogen and oxygen isotopes for source and fate identification of nitrate pollution
in surface water: A review. Appl. Sci. 2018, 9, 18. [CrossRef]
Singh, J.; Yadav, P.; Pal, A.K.; Mishra, V. Water Pollutants: Origin and Status. In Sensors in Water Pollutants Monitoring: Role of
Material; Springer: Singapore, 2020; pp. 5–20.
European Environment Agency. European Waters—Assessment of Status and Pressures 2018; EEA Report No 7/2018; Publications
Office of the European Union: Luxembourg, 2018; p. 85. [CrossRef]
Jones, R.R.; Weyer, P.J.; Dellavalle, C.T.; Inoue-Choi, M.; Anderson, K.E.; Cantor, K.P.; Krasner, S.; Robien, K.; Freeman, L.E.B.;
Silverman, D.T.; et al. Nitrate from drinking water and diet and bladder cancer among postmenopausal women in Iowa.
Environ. Health Perspect. 2016, 124, 1751–1758. [CrossRef]
Blaisdell, J.; Turyk, M.E.; Almberg, K.S.; Jones, R.M.; Stayner, L. Prenatal exposure to nitrate in drinking water and the risk of
congenital anomalies. Environ. Res. 2019, 176, 108553. [CrossRef]
Islam, M.; Patel, R. Synthesis and physicochemical characterization of Zn/Al chloride layered double hydroxide and evaluation
of its nitrate removal efficiency. Desalination 2010, 256, 120–128. [CrossRef]
Mena-Durán, C.J.; Kou, M.R.S.; Lopez, T.; Azamar-Barrios, J.A.; Aguilar, D.H.; Domínguez, M.I.; Odriozola, J.A.; Quintana, P.
Nitrate removal using natural clays modified by acid thermoactivation. Appl. Surf. Sci. 2007, 253, 5762–5766. [CrossRef]
Loganathan, P.; Vigneswaran, S.; Kandasamy, J. Enhanced removal of nitrate from water using surface modification of adsorbents—
A review. J. Environ. Manag. 2013, 131, 363–374. [CrossRef]

Nanomaterials 2021, 11, 195

16.

17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.

31.
32.
33.
34.
35.
36.
37.
38.
39.

40.
41.
42.
43.
44.

12 of 13

Song, W.; Gao, B.; Xu, X.; Wang, F.; Xue, N.; Sun, S.; Song, W.; Jia, R. Adsorption of nitrate from aqueous solution by magnetic
amine-crosslinked biopolymer based corn stalk and its chemical regeneration property. J. Hazard. Mater. 2016, 304, 280–290.
[CrossRef] [PubMed]
Kalaruban, M.; Loganathan, P.; Kandasamy, J.; Vigneswaran, S. Submerged membrane adsorption hybrid system using four
adsorbents to remove nitrate from water. Environ. Sci. Pollut. Res. 2017, 25, 20328–20335. [CrossRef] [PubMed]
Epsztein, R.; Nir, O.; Lahav, O.; Green, M. Selective nitrate removal from groundwater using a hybrid nanofiltration–reverse
osmosis filtration scheme. Chem. Eng. J. 2015, 279, 372–378. [CrossRef]
Rezvani, F.; Sarrafzadeh, M.; Ebrahimi, S.; Oh, H.-M. Nitrate removal from drinking water with a focus on biological methods:
A review. Environ. Sci. Pollut. Res. 2019, 26, 1124–1141. [CrossRef]
Guy, K.A.; Xu, H.; Yang, J.C.; Werth, C.J.; Shapley, J.R. Catalytic nitrate and nitrite reduction with Pd− Cu/PVP colloids in water:
Composition, structure, and reactivity correlations. J. Phys. Chem. C 2009, 113, 8177–8185. [CrossRef]
Soares, O.S.G.P.; Órfão, J.J.D.M.; Pereira, M.F.R. Activated carbon supported metal catalysts for nitrate and nitrite reduction in
water. Catal. Lett. 2008, 126, 253–260. [CrossRef]
Mendow, G.; Veizaga, N.; Querini, C.; Sánchez, B. A continuous process for the catalytic reduction of water nitrate. J. Environ.
Chem. Eng. 2019, 7, 102808. [CrossRef]
Ruiz-Beviá, F.; Fernández-Torres, M.J. Effective catalytic removal of nitrates from drinking water: An unresolved problem?
J. Clean. Prod. 2019, 217, 398–408. [CrossRef]
Miyazaki, A.; Asakawa, T.; Nakano, Y.; Balint, I. Nitrite reduction on morphologically controlled Pt nanoparticles. Chem. Commun.
2005, 29, 3730–3732. [CrossRef] [PubMed]
Marchesini, F.A.; Aghemo, V.; Moreno, I.; Navascués, N.; Irusta, S.; Gutierrez, L. Pd and Pd, In nanoparticles supported on
polymer fibres as catalysts for the nitrate and nitrite reduction in aqueous media. J. Environ. Chem. Eng. 2020, 8, 103651. [CrossRef]
Verho, O.; Gao, F.; Johnston, E.V.; Wan, W.; Nagendiran, A.; Zheng, H.; Bäckvall, J.-E.; Zou, X. Mesoporous silica nanoparticles
applied as a support for Pd and Au nanocatalysts in cycloisomerization reactions. APL Mater. 2014, 2, 113316. [CrossRef]
Alayoglu, S.; Aliaga, C.; Sprung, C.; Somorjai, G.A. Size and shape dependence on Pt nanoparticles for the methylcyclopentane/hydrogen ring opening/ring enlargement reaction. Catal. Lett. 2011, 141, 914–924. [CrossRef]
Modak, A.; Bhanja, P.; Bhaumik, A. Pt nanoparticles supported over porous porphyrin nanospheres for chemoselective hydrogenation reactions. ChemCatChem 2019, 11, 1977–1985. [CrossRef]
Musselwhite, N.; Na, K.; Sabyrov, K.; Alayoglu, S.; Somorjai, G.A. Mesoporous aluminosilicate catalysts for the selective
isomerization of n-Hexane: The roles of surface acidity and platinum metal. J. Am. Chem. Soc. 2015, 137, 10231–10237. [CrossRef]
An, K.; Musselwhite, N.; Kennedy, G.; Pushkarev, V.V.; Baker, L.R.; Somorjai, G.A. Preparation of mesoporous oxides and their
support effects on Pt nanoparticle catalysts in catalytic hydrogenation of furfural. J. Colloid Interface Sci. 2013, 392, 122–128.
[CrossRef]
Gregg, S.J.; Sing, K.S.W. Adsorption, Surface Area and Porosity; Academic Press: London, UK, 1982; p. 3.
Hamid, S.; Kumar, M.A.; Han, J.-I.; Kim, H.; Lee, W. Nitrate reduction on the surface of bimetallic catalysts supported by
nano-crystalline beta-zeolite (NBeta). Green Chem. 2017, 19, 853–866. [CrossRef]
Kokkonen, R.; Sirén, H.; Kauliomäki, S.; Rovio, S.; Luomanperä, K. On-line process monitoring of water-soluble ions in pulp and
paper machine waters by capillary electrophoresis. J. Chromatogr. A 2004, 1032, 243–252. [CrossRef]
O’Flaherty, B.; Yang, W.-P.; Sengupta, S.; Cholli, A.L. Fast detection of anionic components in sugar and wine samples using a
novel device based on capillary zone electrophoresis. Food Chem. 2001, 74, 111–118. [CrossRef]
Boudart, M. Turnover Rates in Heterogeneous Catalysis. Chem. Rev. 1995, 95, 661–666. [CrossRef]
Umpierre, A.P.; De Jesús, E.; Dupont, J. Turnover numbers and soluble metal nanoparticles. ChemCatChem 2011, 3, 1413–1418.
[CrossRef]
Choi, H.; Oh, S.; Park, J.Y. High methane selective Pt cluster catalyst supported on Ga2 O3 for CO2 hydrogenation. Catal. Today
2020, 352, 212–219. [CrossRef]
Zhang, Z.; Lu, J.; Zhang, B.; Shi, W.; Guo, Y.; Cui, F.; FuYi, C. Insight into the size effect of Pd nanoparticles on the catalytic
reduction of nitrite in water over Pd/C catalysts. Environ. Sci. Nano 2020, 7, 2117–2129. [CrossRef]
Granger, P.; Troncéa, S.; Dacquin, J.; Trentesaux, M.; Parvulescu, V. Support-induced effect on the catalytic properties of Pd
particles in water denitrification: Impact of surface and structural features of mesoporous ceria-zirconia support. Appl. Catal.
B Environ. 2018, 224, 648–659. [CrossRef]
Ebbesen, S.D.; Mojet, B.L.; Lefferts, L. Effect of pH on the nitrite hydrogenation mechanism over Pd/Al2O3 and Pt/Al2O3:
Details obtained with ATR-IR spectroscopy. J. Phys. Chem. C 2010, 115, 1186–1194. [CrossRef]
Liu, Y.; Gong, X.; Yang, W.; Wang, B.; Yang, Z.; Liu, Y. Selective reduction of nitrate into nitrogen using Cu/Fe bimetal combined
with sodium sulfite. Ind. Eng. Chem. Res. 2019, 58, 5175–5185. [CrossRef]
Zhang, F.; Miao, S.; Yang, Y.; Zhang, X.; Chen, J.; Guan, N. Size-dependent hydrogenation selectivity of nitrate on Pd− Cu/TiO2
catalysts. J. Phys. Chem. C 2008, 112, 7665–7671. [CrossRef]
Dong, C.; Lian, C.; Hu, S.; Deng, Z.; Gong, J.; Li, M.; Liu, H.; Xing, M.; Zhang, J. Size-dependent activity and selectivity of carbon
dioxide photocatalytic reduction over platinum nanoparticles. Nat. Commun. 2018, 9, 1252. [CrossRef]
Lundwall, M.J.; McClure, S.M.; Goodman, D.W. Probing terrace and step sites on Pt nanoparticles using CO and ethylene. J. Phys.
Chem. C 2010, 114, 7904–7912. [CrossRef]

Nanomaterials 2021, 11, 195

45.
46.
47.

48.
49.
50.
51.
52.
53.
54.
55.
56.
57.

58.
59.
60.

13 of 13

Deganello, F.; Liotta, L.; Macaluso, A.; Venezia, A. Catalytic reduction of nitrates and nitrites in water solution on pumicesupported Pd–Cu catalysts. Appl. Catal. B Environ. 2000, 24, 265–273. [CrossRef]
Pizarro, A.; Molina, C.; Rodriguez, J.; Epron, F. Catalytic reduction of nitrate and nitrite with mono- and bimetallic catalysts
supported on pillared clays. J. Environ. Chem. Eng. 2015, 3, 2777–2785. [CrossRef]
State, R.; Scurtu, M.; Miyazaki, A.; Papa, F.; Atkinson, I.; Munteanu, C.; Balint, I. Influence of metal-support interaction on
nitrate hydrogenation over Rh and Rh-Cu nanoparticles dispersed on Al2 O3 and TiO2 supports. Arab. J. Chem. 2017, 10, 975–984.
[CrossRef]
Huo, X.; Van Hoomissen, D.J.; Liu, J.; Vyas, S.; Strathmann, T.J. Hydrogenation of aqueous nitrate and nitrite with ruthenium
catalysts. Appl. Catal. B Environ. 2017, 211, 188–198. [CrossRef]
Epron, F.; Gauthard, F.; Barbier, J. Catalytic reduction of nitrate in water on a monometallic Pd/CeO2 catalyst. J. Catal. 2002, 206,
363–367. [CrossRef]
Miyazaki, A.; Matsuda, K.; Papa, F.; Scurtu, M.; Negrila, C.; Dobrescu, G.; Balint, I. Impact of particle size and metal–support
interaction on denitration behavior of well-defined Pt–Cu nanoparticles. Catal. Sci. Technol. 2015, 5, 492–503. [CrossRef]
Seraj, S.; Kunal, P.; Li, H.; Henkelman, G.; Humphrey, S.M.; Werth, C.J. PdAu alloy nanoparticle catalysts: Effective candidates for
nitrite reduction in water. ACS Catal. 2017, 7, 3268–3276. [CrossRef]
Kuhn, J.N.; Tsung, C.-K.; Huang, W.; Somorjai, G.A. Effect of organic capping layers over monodisperse platinum nanoparticles
upon activity for ethylene hydrogenation and carbon monoxide oxidation. J. Catal. 2009, 265, 209–215. [CrossRef]
Sastry, M.; Patil, V.; Mayya, K.; Paranjape, D.; Singh, P.; Sainkar, S. Organization of polymer-capped platinum colloidal particles at
the air–water interface. Thin Solid Film. 1998, 324, 239–244. [CrossRef]
Wang, D.; Zhu, Y. An effective Pt-Cu/SiO2 catalyst for the selective hydrogenation of cinnamaldehyde. J. Chem. 2018, 2018,
5608243. [CrossRef]
Motin, A.; Haunold, T.; Bukhtiyarov, A.V.; Bera, A.; Rameshan, C.; Rupprechter, G. Surface science approach to Pt/carbon model
catalysts: XPS, STM and microreactor studies. Appl. Surf. Sci. 2018, 440, 680–687. [CrossRef]
Koczkur, K.M.; Mourdikoudis, S.; Polavarapu, L.; Skrabalak, S.E. Polyvinylpyrrolidone (PVP) in nanoparticle synthesis.
Dalton Trans. 2015, 44, 17883–17905. [CrossRef] [PubMed]
Umegaki, T.; Yan, J.-M.; Zhang, X.-B.; Shioyama, H.; Kuriyama, N.; Xu, Q. Preparation and catalysis of poly(N-vinyl-2-pyrrolidone)
(PVP) stabilized nickel catalyst for hydrolytic dehydrogenation of ammonia borane. Int. J. Hydrogen Energy 2009, 34, 3816–3822.
[CrossRef]
Safo, I.A.; Dosche, C.; Oezaslan, M. Effects of capping agents on the oxygen reduction reaction activity and shape stability of Pt
nanocubes. ChemPhysChem 2019, 20, 3010–3023. [CrossRef] [PubMed]
Xian, J.; Hua, Q.; Jiang, Z.; Ma, Y.; Huang, W. Size-dependent interaction of the poly (N-vinyl-2-pyrrolidone) capping ligand with
Pd nanocrystals. Langmuir 2012, 28, 6736–6741. [CrossRef]
Qiu, L.; Liu, F.; Zhao, L.; Yang, W.; Yao, J. Evidence of a unique electron donor− acceptor property for platinum nanoparticles as
studied by XPS. Langmuir 2006, 22, 4480–4482. [CrossRef]

