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Tin-palladium supported on alumina as a highly active and 
selective catalyst for hydrogenation of nitrate in actual 
groundwater polluted with nitrate  
Jun Hirayamaa,b and Yuichi Kamiyab* 

We developed Sn0.5Pd/Al2O3 showing high activity and high selectivity to gaseous products towards the hydrogenation of 
NO3– with H2 in aqueous NO3– solutions via precise control of the Sn/Pd molar ratio. For the catalyst with the optimum 
Sn/Pd molar ratio, the surface concentration of adsorbed nitrogen on the Pd sites is thought to be high and that of the 
adsorbed hydrogen on the Pd sites is thought to be low. This is due to the abundant supply of NO2– for the Pd sites and the 
prompt consumption of adsorbed H on the Pd sites for reduction of the oxidized Sn sites formed by the reduction of NO3–, 
respectively, leading to the high selectivity to gaseous products. Although the catalytic performance of Sn0.5Pd/Al2O3, like 
that of Cu0.5Pd/Al2O3, was lower in groundwater, the decrease for Sn0.5Pd/Al2O3 was less than that for Cu0.5Pd/Al2O3. 
Nitrate in the groundwater polluted with 0.4 mmol dm–3 (250 cm3) of NO3– was completely reduced at 298 K in 24 h with a 
selectivity for gaseous products of around 90% in the presence of 10 mg of Sn0.5Pd/Al2O3, whereas it took 60 h in the 
presence of Cu0.5Pd/Al2O3, and the selectivity for gaseous products was around 75%. However, both catalysts showed 
comparable high activity and high selectivity in aqueous NO3– solutions. When reactions were performed in aqueous NO3– 
solutions containing other anions (Cl–, SO42–, and SiOxn–) present in the groundwater, Cl– had the largest negative impact 
but it had a smaller impact in the presence of Sn0.5Pd/Al2O3 than it did in the presence of Cu0.5Pd/Al2O3. On the basis of 
adsorption isotherms for Cl– and kinetics analysis of the hydrogenation of NO3–, it was concluded that Sn0.5Pd/Al2O3 had 
less affinity for Cl– and a strong affinity for NO3– on the Sn sites, leading to its superior catalytic performance in 
groundwater.

Introduction 
Since safe drinking water is necessary for a sustainable society, we 
must ensure a clean, sustainable water supply. Groundwater is one of 
the most important water resources owing to its good quality and 
abundance. However, pollution of groundwater with nitrate (NO3–) 
caused by overuse of agricultural fertilizers, inappropriate disposal 
of livestock excreta, and leakage of industrial and domestic effluents 
is now a serious global problem, making it difficult to maintain safe 
drinking water supplies.1 Nitrate taken by mouth can be reduced into 
nitrite (NO2–) in the human body and may cause various diseases, 
including methemoglobinemia, i.e., blue-baby syndrome.2 Thus, the 
World Health Organization recommends that the concentration of 
NO3– in drinking water should be below 50 mg dm–3, which 
corresponds to 0.8 mmol dm–3.3 

Catalytic hydrogenation of NO3– into harmless nitrogen (eqn (1)) 
in water has been extensively investigated as a promising technology 

to remediate NO3–-polluted groundwater4-42 since Vorlop and Tache 
found that Cu-Pd/Al2O3 showed activity toward the reaction.4 
However, the formation of nitrite (NO2–, eqn (2)) and ammonium ion 
(NH4+, eqn (3)) is a critical problem in the catalytic hydrogenation of 
NO3– and should be suppressed to allowable levels, which are 0.1 
and 0.5 mg dm–3, respectively. 

 

NO3–+ 5/2H2 → 1/2N2 + 2H2O + OH–  (1) 

NO3– + H2 → NO2– + H2O          (2) 

NO3– + 4H2 → NH4+ + H2O + 2OH–       (3) 

 

Many studies have dealt with supported Pd-based bimetallic 
catalysts, on which NO3– is reduced into NO2– on base basic metal 
sites, such as Cu, Sn, and In, and then NO2– is reduced into final 
products on the Pd sites.24,25 Since the Pd sites do not activate NO3–, 
although appropriate base metal ones can, combining Pd with a base 
metal is essential for catalytic activity towards the reaction. Among 
Pd-based bimetallic catalysts, Cu-Pd ones have been the most 
extensively studied because of their high activity and selectivity.6-

18,23,24,27-34 In most studies on Cu-Pd catalysts, the catalytic 
performances were evaluated in distilled or deionized water, in 
which nitrate (MNO3, M = Na or K) was dissolved, and some 
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catalysts with high activity, selectivity, and durability in such 
reaction solutions have been developed. 

Evaluation of the catalytic performances in groundwater is a 
necessary consideration for practical applications of this catalytic 
purification technology because coexisting matter in groundwater, 
including cations, anions, and water-soluble organic compounds, 
affects the catalytic performance. In some studies, Cu-Pd catalysts 
have been used for the reaction in actual groundwater, natural water 
and tap water samples.23,29–31,36 However, substantial decreases in the 
performance of the Cu-Pd catalysts have been observed in those 
water samples, although the catalysts exhibited good performance in 
distilled or deionized water.29,31 Pintar et al. have compared the 
catalytic performance of Cu-Pd/Al2O3 in tap water with that in 
aqueous NO3– solutions and pointed out that hydrogen carbonate 
(HCO3–) in tap water causes a decrease in the catalytic 
performance.29 We have investigated the effects of ions in reaction 
solutions on the catalytic performance of Cu-Pd/activated carbon by 
using aqueous NO3– solutions containing cations or anions present in 
groundwater samples and have shown that Cl– causes a substantial 
decrease in the catalytic activity and selectivity towards harmless 
gaseous products (N2 and N2O) in groundwater.31 Furthermore, we 
have clarified that poisoning of the Cu sites by Cl– leads to catalyst 
deactivation.31 In addition, Chaplin et al. have reported that the 
activity and selectivity towards gaseous products for the 
hydrogenation of NO3– over Cu-Pd/Al2O3 decreases in the presence 
of Cl–.32 Sulfate ion and its reduced products, including SO32– and 
HS–, formed under the reaction conditions, greatly decrease the 
reaction rate for NO3– reduction over supported Cu-Pd catalysts.32,37 

Pd-based bimetallic catalysts, other than Cu-Pd, including Sn-
Pd19-24,27-29,34,35 and In-Pd24-28,34 show activity towards the 
hydrogenation of NO3–. The base metal sites in these catalysts have 
different affinities for coexisting ions in water from those of the Cu 
sites in Cu-Pd catalysts, and thus, the catalysts have strong potential 
to deliver superior performance in groundwater than Cu-Pd catalysts 
do. In fact, Palomares et al. have found that Sn-Pd/Al2O3 has lower 
selectivity for NH4+ in actual groundwater polluted with NO3– than 
Cu-Pd/Al2O3 does (20–40% and 40–60% for Sn-Pd/Al2O3 and Cu-
Pd/Al2O3, respectively), whereas both catalysts had similar 
activities.30,36 Sn-Pd/Al2O3 is applicable to the purification of actual 
groundwater, although the selectivity towards gaseous products is 
still low. In other words, it is too low to meet allowable levels for 
drinking. In addition, the effects of co-existing ions in the water on 
the catalytic performances of Sn-Pd catalysts must be studied in 
detail to develop catalysts with good activity and selectivity in 
groundwater. 

In the present study, we developed highly active and selective 
Sn-Pd bimetal supported on Al2O3 (SnPd/Al2O3) for the 
hydrogenation of NO3– in water by precisely controlling the Sn/Pd 
ratio and used it for the treatment of an actual groundwater sample 
polluted with NO3–. The catalytic performance of SnPd/Al2O3 was 
compared with that of CuPd/Al2O3 in groundwater as well as in 
aqueous NO3– solutions to demonstrate superiority and high 
tolerance of SnPd/Al2O3 in the groundwater sample. In addition, we 
discuss reasons for the superiority and high tolerance of SnPd/Al2O3 

in the groundwater via kinetic analysis and measurements of 

adsorption isotherms for anions present in the groundwater and by 
comparing its abilities with those of CuPd/Al2O3.   

Experimental 
Preparation of catalysts 

Sn and Pd supported on γ-Al2O3 (AEROSIL, Alu C) was prepared 
by using incipient wetness impregnation. Powdered Al2O3 was 
heated in air at 523 K for 4 h before use. An aqueous solution of 
PdCl2 (0.112 mol dm–3, Wako Pure Chemical Industries) was 
dropped onto the Al2O3, and then the resulting wet solid was dried in 
air at 373 K overnight, followed by calcination in air at 523 K for 3 h. 
An aqueous solution of SnCl2 (0.172 mol dm–3), prepared using 
SnCl2·2H2O (Wako Pure Chemical Industries), was dropped onto the 
resulting solid, and then the wet solid was dried in air at 373 K 
overnight, followed by calcination in air at 523 K for 3 h. The total 
loading amount of Sn and Pd was fixed at 6.5 wt% while the Sn/Pd 
molar ratio was changed. The obtained catalysts are denoted as 
SnnPd/Al2O3, where n represents the Sn/Pd ratio. In this study, 
SnnPd/Al2O3 catalysts with n = 0.1, 0.5, 0.75, 1, 2, 3, and 5 were 
prepared. In addition, Sn/Al2O3 (2.3 wt% Sn) and Pd/Al2O3 (4.2 
wt% Pd) were prepared as references.   

CuPd/Al2O3 was prepared by using a procedure similar to that 
for SnPd/Al2O3. An aqueous solution of Cu(NO3)2 (0.161 mol dm–3), 
prepared using Cu(NO3)2·3H2O (Kanto Chemical Industries), was 
dropped onto the Pd/Al2O3, and then the wet solid was dried and 
calcined in air at 523 K for 3 h. The loading amounts of Cu and Pd 
were 1.3 wt% and 4.2 wt%, respectively. The Cu/Pd molar ratio was 
0.5, which is denoted as Cu0.5Pd/Al2O3. 

Just before the catalytic hydrogenation of NO3– in water, the 
catalyst was reduced with NaBH4 (Wako Pure Chemical Industries).  
NaBH4 (molar ratio of NaBH4/(Sn+Pd) = 10) was added to an 
aqueous suspension (30 cm3) in which SnnPd/Al2O3 was dispersed, 
and the suspension was stirred at room temperature for 30 min. The 
catalyst powder was filtered, washed with distilled water (ca. 200 
cm3), and then used in the reactions. The reduction of CuPd/Al2O3 
was performed by using a procedure similar to that for SnPd/Al2O3. 

 

Characterization 

Powder X-ray diffraction (XRD) was performed using an X-ray 
diffractometer (Rigaku Mini Flex) with Cu Kα radiation (λ = 0.154 
nm). The crystallite size of the Pd was determined by using 
Scherrer’s equation with a diffraction line at 2θ = 40°. Transmission 
electron microscopy (TEM) images were obtained with a JEM-
2100F (JEOL). The particle sizes of the Pd metal were estimated 
from the amounts of adsorbed CO at 323 K, which were measured 
on a BEL-CAT instrument (BEL Japan Inc). The stoichiometry of 
CO to metal was assumed to be two.43 

 

Component analysis of groundwater  

Groundwater polluted with NO3– was obtained from a well in 
Sapporo, Hokkaido, Japan (denoted as GW). The concentrations of 
the anions and cations in the GW were determined by using two ion-
chromatographs (Tosoh Co., IC-2001). A column containing an  
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Table 1 Concentrations of the components in the groundwater used 
in this study. 

Component Concentration/mmol dm–3 

NO3– 0.4 

Cl– 1.0 

SO42– 0.5 

SiOxn– 0.3 

Na+ 1.0 

K+ 0.1 

Mg2+ 1.0 

Ca2+ 0.5 

TOCa 1.2 
a Total organic carbon (mg dm–3) 

 

anion-exchange resin (TSK gel Super IC-AZ, Tosoh) and an aqueous 
solution of NaHCO3 (2.9 mmol dm–3) and Na2CO3 (3.1 mmol dm–3) 
were used as stationary and mobile phases, respectively, for anion 
analysis. For cation analysis, a column containing a cation-exchange 
resin (TSK gel IC-Cation 1/2 HR, Tosoh) and an aqueous solution of 
methanesulfonic acid (2.2 mmol dm–3) and 18-crown-6 (1.0 mmol 
dm–3) were used as stationary and mobile phases, respectively. 

The concentrations of the Si species in the GW were measured 
by using inductively coupled plasma atomic emission spectroscopy 
(ICP-AES) on a Shimadzu ICPS-7000. The Si species present in the 
GW were anionic compounds (silicate ion, SiOxn–) because no Si 
was detected in the GW treated with an anion-exchange resin. The 
amounts of organic compounds in the groundwater were measured 
by using a total organic carbon (TOC) analyzer (Shimadzu Inc, 
TOC-5000A). The components contained in the groundwater (GW) 
are listed in Table 1. 

 

Reaction solutions 

Aqueous NO3– solutions with different concentrations (0.4, 0.8, and 
1.6 mmol dm–3) were prepared by dissolving KNO3 (Wako Pure 
Chemical Industries) in distilled water and are denoted as KNO3-
aq(x), where x represents the concentration of NO3– (x = 0.4, 0.8, or 
1.6). KNO3-aq(0.4) and KNO3-aq(0.8) were used for comparison of 
the catalytic performances with that in GW and for optimization of 
the Sn/Pd molar ratio of SnnPd/Al2O3, respectively. For kinetic 
analysis, KNO3-aq(1.6) was used in addition to KNO3-aq(0.4) and 
KNO3-aq(0.8).   

Aqueous NO3– solutions containing Cl–, SO42–, and SiO32– with 
different concentrations were prepared by adding KCl (Wako Pure 
Chemical Industries), K2SO4 (Wako Pure Chemical Industries), and 
K2SiO3 (Wako Pure Chemical Industries), respectively, to KNO3-
aq(0.8).  

 

Catalytic hydrogenation of NO3– with H2 

Catalytic hydrogenation of NO3– in water was carried out in a batch 
reactor at 298 K. The reaction solution (250 cm3) containing 10 mg 
of SnnPd/Al2O3 was purged with a stream of He (30 cm3 min–1) for 
30 min. Then the gas was changed to a mixture of H2 (0.5 atm) and 
CO2 (0.5 atm) to start the reaction. A small portion of the reaction 
solution was periodically withdrawn and analyzed by using ion-
chromatographs to determine the concentrations of NO3–, NO2–, and 
NH4+. 

The reaction rate for NO3– reduction was estimated from the data 
where the decrease in the concentration of NO3– occurred almost 
linearly with the reaction time. The selectivities towards NO2– and 
NH4+ were calculated by using eqn (4). 

 

 𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒 𝐒𝐒𝐭𝐭 𝐍𝐍𝐍𝐍𝟐𝟐
–  (𝐭𝐭𝐨𝐨 𝐍𝐍𝐍𝐍𝟒𝟒

+) =  𝐂𝐂𝐭𝐭𝐂𝐂𝐒𝐒𝐒𝐒𝐂𝐂𝐒𝐒𝐨𝐨𝐂𝐂𝐒𝐒𝐒𝐒𝐭𝐭𝐂𝐂 𝐭𝐭𝐨𝐨 𝐨𝐨𝐭𝐭𝐨𝐨𝐟𝐟𝐒𝐒𝐟𝐟 𝐍𝐍𝐍𝐍𝟐𝟐
–   (𝐭𝐭𝐨𝐨 𝐍𝐍𝐍𝐍𝟒𝟒

+)
𝐂𝐂𝐭𝐭𝐂𝐂𝐒𝐒𝐒𝐒𝐂𝐂𝐒𝐒𝐨𝐨𝐂𝐂𝐒𝐒𝐒𝐒𝐭𝐭𝐂𝐂 𝐭𝐭𝐨𝐨 𝐒𝐒𝐭𝐭𝐂𝐂𝐜𝐜𝐜𝐜𝐟𝐟𝐒𝐒𝐟𝐟 𝐍𝐍𝐍𝐍𝟑𝟑

–    (4) 

 

Because gaseous products were not analyzed in this study, the 
selectivities towards them were calculated by subtracting the 
selectivities to NO2– and NH4+ from 100%.  

 

 Adsorption isotherms of Cl– in water 

Adsorption isotherms of Cl– in water for Al2O3, Sn/Al2O3, and 
Cu/Al2O3 were measured at 303 K as follows. Sample powder (30 
mg) was added to an aqueous Cl– solution (10 cm3) prepared by 
adding different amounts of KCl (concentration range = 0.2 – 3.2 
mmol dm−3), and then the suspension was heated at 303 K with 
stirring. After 24 h, the solid was filtered off, and the concentration 
of Cl– in the filtrate was determined using an ion-chromatograph. 
The amount of adsorbed Cl– was calculated by subtracting the 
concentrations after 24 h from the initial one. 

Results and discussion 
Effects of Sn/Pd ratio on the hydrogenation of NO3– over 
SnnPd/Al2O3 

Figure 1 shows the dependence of NO3–-decomposition rate 
(catalytic activity) and selectivities in the hydrogenation of NO3– 
with H2 in KNO3-aq(0.8) on the Sn/Pd ratio over SnnPd/Al2O3. Since 
the total loading amounts of Sn and Pd were fixed at 6.5 wt%, when 
the Sn/Pd ratio was larger, the loading amount of Pd was lower, 
whereas that of Sn was higher. The catalytic activity of SnnPd/Al2O3 
drastically changed with the Sn/Pd ratio. Pd alone supported on 
Al2O3 showed negligible activity for the reaction. Modification of 
Pd/Al2O3 with a small amount of Sn dramatically enhanced the NO3–

-decomposition rate, and the rate reached a maximum at Sn/Pd = 0.1. 
Excess Sn decreased the catalytic activity, and Sn/Al2O3 was 
completely inactive for the reaction. 

The selectivities changed depending on the Sn/Pd ratio, although 
the changes were not significant. The catalyst with Sn/Pd = 0.5 
(Sn0.5Pd/Al2O3) showed the highest selectivity towards gaseous 
products (> 99%) and the lowest selectivity towards undesirable 
NH4+. Only negligible NO2– formed regardless of the Sn/Pd ratio.  
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Figure 1  Dependences of the NO3– decomposition rate (●) and 
selectivities for gaseous nitrogen compounds (■), NH4+ (), and 
NO2– (△) on the Sn/Pd ratio at around 30% NO3– conversion over 
SnnPd/Al2O3 for the catalytic hydrogenation of NO3– in aqueous 
NO3– solutions (KNO3-aq(0.8)). Reaction conditions: catalyst weight, 
10 mg; reactant NO3– (from KNO3), 0.8 mmol dm–3; volume of 
reaction solution, 250 cm3; gas composition, H2/CO2 = 1/1; gas flow 
rate, 30 cm3 min–1; and reaction temperature, 298 K. 

 

Thus, we concluded that Sn0.5Pd/Al2O3 was the best catalyst in terms 
of activity as well as selectivity. In a separate experiment, we 
conducted the catalytic hydrogenation of NO3– using a physical 
mixture of 10 mg of Sn/Al2O3 (2.3 wt% Sn) and 10 mg of Pd/Al2O3 
(4.2 wt% Pd), in which the amounts of Sn and Pd in the reactor were 
the same as those for the ordinary Sn0.5Pd/Al2O3. The NO3–-
decomposition rate was less than 0.1 mmol h–1 g–1, which was ≤ 1% 
of the rate of the ordinary Sn0.5Pd/Al2O3, indicating that Pd must be 
adjacent to Sn on Al2O3 for the reaction to proceed. 

The changes in the catalytic performance with the Sn/Pd ratio 
suggest that the Sn/Pd ratio affects the structure of the SnPd particles. 
Hence, we examined the structure of the SnPd particles in 
SnnPd/Al2O3 by using powder X-ray diffraction (XRD) and 
transmission electron microscopy (TEM). Figure 2 shows XRD 
patterns of SnnPd/Al2O3 with different Sn/Pd ratios. Since the 
diffraction lines of Pd metal overlapped those of Al2O3 (data not 
shown), the XRD patterns were obtained by subtracting that of 
Al2O3 from that of each SnnPd/Al2O3. Two diffraction lines for 
Pd/Al2O3 were observed at 2θ = 40° and 46°, which represent (111) 
and (200) of crystalline Pd with a face-centered cubic (fcc) structure. 
The diffraction line due to Pd (111) was observed for the catalysts 
with Sn/Pd < 2 (Fig. 2b and c). No diffraction lines were observed 
for the catalysts with a high Sn/Pd ratio due to the low loading  

 

 

 

 

 

 

 

 

 

 

 

Figure 2  Powder XRD patterns of Pd/Al2O3, Sn/Al2O3, and 
SnnPd/Al2O3. The XRD patterns shown in the figure were obtained 
by subtracting that of Al2O3 from that of each catalyst. (a) Pd/Al2O3, 
(b) Sn0.5Pd/Al2O3, (c) Sn2Pd/Al2O3, (d) Sn5Pd/Al2O3, and (e) Sn/Al2O3.  
Figures in parenthesis are crystallite sizes of Pd estimated by 
applying Scherrer’s equation on the Pd(111) diffraction line at 2θ = 
40°.

 

amount of Pd, as mentioned above. In contrast, no diffraction lines 
for crystalline Sn or tin oxides (SnOx) were observed regardless of 
the Sn/Pd ratio. It should be noted that the diffraction lines were not 
shifted due to crystalline Pd for any Sn/Pd ratio, indicating that a 
SnPd alloy did not form. Thus, the absence of diffraction lines for Sn 
and SnOx suggests the formation of fine Sn particles (or SnOx) 
undetectable by using XRD or amorphous Sn (or SnOx). As 
mentioned above, since Sn and Pd must be adjacent on Al2O3 for the 
reaction, Sn (or SnOx) may have deposited on Pd particles, or was 
located very close to the Pd particles on Al2O3. 

The crystallite size of Pd in Pd/Al2O3 was estimated from the Pd 
(111) diffraction line to be 8.0 nm by applying Scherrer’s equation. 
The crystallite size was roughly consistent with the average particle 
size of Pd estimated from the TEM image (Fig. 3(a)) and that from 
CO chemisorption (d = 5.6 nm). The crystallite sizes of Pd were 6.7 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3  TEM images of (a) Pd/Al2O3, (b) Sn0.5Pd/Al2O3, and  

(c) Sn3Pd/Al2O3. 
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and 6.0 nm in Sn0.5Pd/Al2O3 and Sn2Pd/Al2O3, respectively (Fig. 2b 
and 2c). The decrease in the crystallite size of Pd is thought to be 
due to the low amount of Pd. However, the sizes of the metal 
particles observed in the TEM images for Sn0.5Pd/Al2O3 and 
Sn3Pd/Al2O3 were larger than those for Pd/Al2O3. Thus, it is more 
plausible that Sn (or SnOx) deposits on the Pd particles, forming a 
structure with a Pd core and Sn shell in SnnPd/Al2O3.   

The following reaction mechanism for the hydrogenation of 
NO3– over supported SnPd catalysts has been proposed (Scheme 1) 
24,25: The reaction proceeds consecutively through NO2– as an 
intermediate. The conversion of NO3– to NO2– is a rate-determining 
step8,16 and proceeds over SnPd bimetallic sites. Metallic Sn or low-
valent Snn+ reduces NO3– to NO2– and consequently Sn or low-valent 
Snn+ is oxidized. The oxidized Sn species is then reduced with 
hydrogen activated on the Pd sites, affording the original Sn species. 
The intermediate NO2– is then reduced over the Pd site to the final 
products (N2, N2O and NH4+), and Sn is not involved in the reaction. 
Thus, we believe that the high catalytic activity for the catalysts with 
the Sn/Pd ratio in the range of 0.1–0.5 is due to the large number of 
SnPd bimetallic sites on the catalysts. Excess Sn may cover the 
surface of Pd particles, resulting in the decrease in the catalytic 
activity.   

Yoshinaga et al. have shown that the selectivity to gaseous 
products (N2 and N2O) increases with an increase in the size of the 
Pd particles for the hydrogenation of NO2– over Pd/active carbon.12  
On the basis of the results, they propose that the gaseous products 
form mainly on the terrace Pd sites with low hydrogenation-ability 
and that NH4+ forms in the edge and corner Pd sites due to high 
hydrogenation-ability. However, in the present study, the size of the 
Pd particles was not a critical factor for the selectivity. In a separate 
experiment, we prepared 1.0 wt% Sn0.5Pd/Al2O3, for which the total 
metal loading was about one-seventh of that for the ordinary 6.5 
wt% Sn0.5Pd/Al2O3 but the Sn/Pd ratio (Sn/Pd = 0.5) was the same. 
Although it was impossible to determine the Pd particle size for 1.0 
wt% Sn0.5Pd/Al2O3 because no diffraction line due to a fcc Pd 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 1  (a) Reaction pathway for the catalytic hydrogenation of 
NO3– and (b) reaction mechanism over SnPd/Al2O3. 

particle was detected in the XRD pattern, we thought that the particle 
size for 1.0 wt% Sn0.5Pd/Al2O3 was smaller than that for the ordinary 
Sn0.5Pd/Al2O3. However, the selectivity to gaseous products for 1.0 
wt% Sn0.5Pd/Al2O3 was almost the same as that of ordinary 
Sn0.5Pd/Al2O3, whereas the NO3–-decomposition rate was much 
lower than that of the ordinary one (ESI). Therefore, the high 
selectivity to gas products for Sn0.5Pd/Al2O3 was not due to the 
formation of large Pd particles. 

Another reason for the high selectivity over Sn0.5Pd/Al2O3 is the 
concentrations of adsorbed nitrogen ([Nad]) and hydrogen ([Had]) on 
the Pd sites. Since the reaction of Nad with Had affords NH4+, NH4+ 
likely forms when [Nad] is low or [Had] is high under the reaction 
conditions. On the other hand, two Nad are necessary for N2 and thus, 
high [Nad] or low [Had] leads to high selectivity to N2. On 
SnnPd/Al2O3 catalysts with Sn/Pd < 1, which showed a high NO3–-
decomposition rate, [Nad] would be high because the rate of NO3– 
reduction is fast. In other words, the supply of NO2– to the Pd sites 
was high. In addition, [Had] would be low on such catalysts due to 
the prompt consumption of Had on the Pd sites to reduce the oxidized 
Sn species. Therefore, the catalysts with Sn/Pd < 1 showed a high 
selectivity to gaseous products as well as a high catalytic activity. 

 

Catalytic performance of Sn0.5Pd/Al2O3 in actual groundwater and 
a comparison with Cu0.5Pd/Al2O3 

Figure 4a shows time courses for the hydrogenation of NO3– in 
actual groundwater (GW) over Sn0.5Pd/Al2O3 and Cu0.5Pd/Al2O3. As 
a comparison, those in aqueous NO3– solution (KNO3-aq(0.4)) are 
given in Fig. 4b. The concentrations of NO3– in both reaction 
solutions were the same. It is noted that the catalytic activity of 
Sn0.5Pd/Al2O3 is higher than that of Cu0.5Pd/Al2O3 in the aqueous 
NO3– solution (Fig. 4b).  100% conversion was obtained at 2 h over 
Sn0.5Pd/Al2O3, whereas it took 3 h for Cu0.5Pd/Al2O3. 

 

Figure 4  Time courses for conversion of NO3– (●, ○) and selectivities 
for gaseous nitrogen compounds (■, □) and NH4+ (▼, ) over 
Sn0.5Pd/Al2O3 (closed symbol in red) and Cu0.5Pd/Al2O3 (open 
symbol in blue) for catalytic hydrogenation of NO3– in (a) 
groundwater (GW) and (b) an aqueous NO3– solution (KNO3-aq(0.4)). 
Reaction conditions: catalyst weight, 10 mg; reactant NO3–, 0.4 
mmol dm–3; volume of reaction solution, 250 cm3; gas composition, 
H2:CO2 = 1/1; gas flow rate, 30 cm3 min–1; and reaction temperature, 
298 K. 
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For the reactions in GW, NO3– completely decomposed over both 
catalysts, but longer times than those in the aqueous NO3– solution 
were necessary: 24 h and 60 h for Sn0.5Pd/Al2O3 and Cu0.5Pd/Al2O3, 
respectively.  The catalysts were significantly deactivated in GW 
regardless of the base metals. However, Sn0.5Pd/Al2O3 was more 
active in GW than Cu0.5Pd/Al2O3 was. In fact, the NO3–-
decomposition rates in GW were about one-fifth of those in the 
aqueous NO3– solution for Sn0.5Pd/Al2O3, and they were about one-
seventh of those for Cu0.5Pd/Al2O3. In addition, it should be noted 
that the decrease in the NO3–-decomposition rate was quite notable 
when the conversion over Cu0.5Pd/Al2O3 was greater than 80%. The 
concentrations of other ions, like Cl–, SO42–, and SiOxn–, in the 
reaction solution basically did not change under the reaction 
conditions, and their concentrations became high relative to NO3– in 
the high NO3– conversion region. Thus, the adverse effects of the 
other anions became significant.   

As shown in Fig. 4, the selectivity for Sn0.5Pd/Al2O3 to gaseous 
products was about 99% in aqueous NO3– solutions but decreased to 
around 90% in GW. Although Cu0.5Pd/Al2O3 showed high 
selectivity to gaseous products similar to Sn0.5Pd/Al2O3 in the 
aqueous NO3– solution, the selectivity over Cu0.5Pd/Al2O3 in GW 
was 75%. The decrease in the selectivity to gaseous products in GW 
is due to the kinetics involving Nad and Had as with the changes in 
the selectivity with the Sn/Pd ratio. In GW, the NO3–-decomposition 
rate was lower. The decrease in the NO3–-decomposition rate caused 
low [N]ad and high [H]ad, leading to a decrease in the selectivity to 
gaseous products. Since the NO3–-decomposition rate in GW was 
slower for Cu0.5Pd/Al2O3 than it was for Sn0.5Pd/Al2O3, the decrease 
in the selectivity to gaseous products was more significant for the 
catalyst. 

In conclusion, the catalytic performances were lower in GW, but 
the activity and selectivity for Sn0.5Pd/Al2O3 were better than those 
for Cu0.5Pd/Al2O3. In other words, Sn0.5Pd/Al2O3 has a high 
tolerance in GW, which is important for the purification of real 
groundwater. The reason for the high tolerance of Sn0.5Pd/Al2O3 is 
discussed in detail in the following section. 

 

Effects of anions in water samples on the catalytic performance 

Since GW contained various compounds (Table 1), those must have 
a negative impact on the catalytic performances, although the degree 
of their impact depends on the base metals in the Pd-based bimetallic 
catalysts. We have previously reported that coexisting cations in GW, 
including Na+, K+, Ca2+ and Mg2+, do not affect the catalytic 
performance of the supported Cu-Pd catalyst for the hydrogenation 
of NO3–, whereas Cl– decreased the catalytic performance.31 In a 
previous study, we showed that coexisting cations in GW did not 
affect the catalytic performance of Sn-Pd/Al2O3, whereas anions 
decreased it.34 Hence, in this study, we systematically investigated 
the influence of Cl–, SO42–, and SiOxn–, which were the anions 
present in GW, on the catalytic performances of Sn0.5Pd/Al2O3 as 
well as Cu0.5Pd/Al2O3. 

Figure 5 shows the decomposition rate of NO3– and selectivities 
for the hydrogenation of NO3– over Sn0.5Pd/Al2O3 and Cu0.5Pd/Al2O3 
in aqueous NO3– solutions containing different concentrations of Cl–, 
SO42–, or SiO32–. The decrease in the catalytic performance and  

Figure 5  Effects of Cl–, SO42–, and SiO32– in water on the catalytic 
performances of Sn0.5Pd/Al2O3 and Cu0.5Pd/Al2O3 for catalytic 
hydrogenation of NO3– with H2 in water.  (a) and (c) NO3– 
decomposition rate and (b) and (d) selectivities to gas (closed 
symbol) and NH4+ (open symbol) at around 30% NO3– conversion. 
Left and right figures are the data for Sn0.5Pd/Al2O3 and 
Cu0.5Pd/Al2O3, respectively. Reaction conditions: catalyst weight, 
10–50 mg; reactant NO3– (from KNO3), 0.8 mmol dm–3; volume of 
reaction solution, 250 cm3; gas composition, H2/CO2 = 1/1; gas flow 
rate, 30 cm3 min–1; and reaction temperature, 298 K. 

 

changes in the behavior in relation to the concentrations were 
different depending on the anions and the catalysts. In the case of 
Sn0.5Pd/Al2O3 (Fig. 5a and 5b), the NO3–-decomposition rates were 
slower in the presence of SO42– even at low concentration but were 
nearly constant when the concentration was more than 0.8 mmol dm–

3. The presence of SO42– did not change the selectivity even at high 
concentrations. On the other hand, low concentrations of Cl– and 
SiO32– (< 0.8 mmol dm–3) did not affect the decomposition rates of 
NO3– and selectivity. However, the NO3–-decomposition rates 
drastically decreased when the concentrations exceeded 1.6 mmol 
dm–3. In addition, Cl– and SiO32– reduced the NO3–-decomposition 
rates much more than SO42– did. The NO3–-decomposition rate at 
high concentration of Cl– (> 2.4 mmol dm–3) was only half of that 
without any coexisting anions. The adverse effects of SiO32– were 
more severe, and the decomposition rate decreased to 0.8 mmol h–1 
g–1, which was only one-tenth of that without any coexisting anions, 
and the selectivity to gaseous products decreased with an increase in 
the concentration of SiO32–. 

For Cu0.5Pd/Al2O3 (Fig. 5c and 5d), the NO3–-decomposition rate 
decreased in the presence of other anions. The impacts of these 
anions on the catalytic activity of Cu0.5Pd/Al2O3 differed according 
to the kind of anions. The negative impact of Cl– was the largest 
among the three, and a substantial decrease in the NO3–-
decomposition rate was observed even at low concentrations. The 
NO3–-decomposition rate with a concentration of Cl– more than 1.6 
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mmol dm–3 was 1.1 mmol h–1 g–1, which was only one-sixth of that 
without any coexisting anions. In contrast to Sn0.5Pd/Al2O3, SO42– 

had a large negative impact on the NO3–-decomposition rate for 
Cu0.5Pd/Al2O3. The NO3–-decomposition rate was constant (2.2 
mmol h–1 g–1) when the concentration of SO42– was more than 4.8 
mmol dm–3. Low concentrations of SiO32– did not affect the catalytic 
performance of Cu0.5Pd/Al2O3, similar to Sn0.5Pd/Al2O3, whereas the 
activity and selectivity to gaseous products were lower in the 
presence of high concentrations of SiO32–. 

The concentrations of Cl–, SO42–, and SiOxn– in GW were 1.0, 0.5, 
and 0.3 mmol dm–3, respectively (Table 1). Applying these 
concentrations to the catalytic data in Fig. 5 affords two conclusions: 
the adverse impact of Cl– in GW is the largest among the three 
anions, and Cl– has less of an effect on the performance of 
Sn0.5Pd/Al2O3 than it does on that of Cu0.5Pd/Al2O3. Therefore, we 
concluded that the superior catalytic performance of Sn0.5Pd/Al2O3 
in GW was mainly due to the high tolerance to Cl–. 

Since the reduction of NO3– to NO2– on the base metal site (Sn or 
Cu) is the rate-limiting step, as mentioned above, Cl– adsorption on 
these base metal sites probably competes with NO3– adsorption. To 
determine the affinity of the Sn and Cu sites for Cl–, we tried to 
acquire adsorption isotherms of Cl– for Sn0.5Pd/Al2O3 and 
Cu0.5Pd/Al2O3. However, it was impossible because the amount of 
adsorbed Cl– on the Al2O3 support was too large to determine the 
difference in the affinities; i.e., no difference was observed in the 
adsorption isotherms of Cl– between Sn0.5Pd/Al2O3 and 
Cu0.5Pd/Al2O3.  Thus, to determine the adsorption behavior on these 
base metal sites for Cl–, we prepared 30.0 wt% Sn/Al2O3 and 16.1 
wt% Cu/Al2O3, for which the loading amounts in mmol g–1 were the 
same (2.53 mmol g–1), and acquired the adsorption isotherms of Cl–. 
Figure 6 shows the adsorption isotherms of Cl– for Sn/Al2O3, 
Cu/Al2O3, and Al2O3.  Regardless of the samples, the adsorption 
amounts increased with an increase in the equilibrium concentrations 
(Ce). 

 

 

 

 

 

 

 

 

 

 

 

Figure 6  Adsorption isotherms of Cl– for Sn/Al2O3 (●), Cu/Al2O3 (▲), 
and Al2O3 (□). Adsorption conditions: weight of adsorbent, 30 mg; 
temperature, 303 K; volume of solution, 10 cm3; and adsorption 
time, 24 h. 

 

 

Table 2  Langmuir parameters for Cl– adsorptions on Sn/Al2O3, 
Cu/Al2O3, and Al2O3. 

Absorbent 
Qm/ 

μmol g–1 

KL/ 

cm3 μmol–1 
R2 

Sn/Al2O3a  19.8 0.5 0.99 

Cu/Al2O3b  36.0 1.8 1.00 

Al2O3 19.4 1.5 0.98 
Adsorption conditions: weight of adsorbent, 30 mg; temperature, 
303 K; volume of solution, 10 cm3; and adsorption time, 24 h. 
a 30.0 wt% Sn/Al2O3. 
b 16.1 wt% Cu/Al2O3. 

 

To evaluate the affinity for Cl– quantitatively, the Langmuir 
adsorption isotherm equation (eqn (5)) was applied to the isotherms.   

 
𝐂𝐂𝐒𝐒
𝐐𝐐𝐒𝐒

= 𝐂𝐂𝐒𝐒
𝐐𝐐𝐟𝐟

+ 𝟏𝟏
𝐊𝐊𝐋𝐋𝐐𝐐𝐟𝐟

    (5) 

 

In eqn (5), Qe and Qm are adsorption amount of Cl– at each 
equilibrium concentration and the maximum adsorption capacity, 
respectively, and KL is an adsorption constant. In Table 2, Qm and KL 
values are summarized. KL for Sn/Al2O3 (0.5 cm3 μmol–1) was one-
third or less of that for Cu/Al2O3 (1.8 cm3 μmol–1). In addition, Qm 
for Sn/Al2O3 was almost the same as that for the Al2O3 support itself 
and about half of that for Cu/Al2O3 (36.0 μmol g–1). These results 
clearly indicate that the affinity of the Sn sites for Cl– is lower than 
that of the Cu sites. In other words, the weak affinity of the Sn sites 
for Cl– is the reason for the high tolerance of Sn0.5Pd/Al2O3 to Cl– in 
water.   

In addition, the strong affinity of the Sn sites for NO3– is another 
reason for the high tolerance of Sn0.5Pd/Al2O3 against Cl– in the 
hydrogenation of NO3– in GW especially in high conversion regions. 
In Fig. 7, the logarithm of the NO3–-decomposition rates for the 
hydrogenation of NO3– over Cu0.5Pd/Al2O3 and Sn0.5Pd/Al2O3 are 
plotted as a function of the logarithm of the initial NO3– 
concentrations ([NO3–]0 = 0.4–1.6 mmol dm–3). From the slopes, the 
reaction order with respect to NO3– was estimated, and from the 
reaction-order, the affinity for NO3– was estimated. Since the 
reaction order with respect to NO3– was 0.1 for Sn0.5Pd/Al2O3 and 
0.4 for Cu0.5Pd/Al2O3, we concluded that the affinity of the Sn sites 
for NO3– was stronger than that of the Cu ones.  The strong affinity 
of the Sn site for NO3– gives Sn0.5Pd/Al2O3 a high tolerance against 
Cl–, preventing a decrease in the catalytic activity in GW especially 
in the high conversion regions.   
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Figure 7 Dependencies of the NO3– decomposition rate on 
concentrations of NO3– over Sn0.5Pd/Al2O3 (●) and Cu0.5Pd/Al2O3 (○) 
for the catalytic hydrogenation of NO3– with H2 in water. Reaction 
conditions: catalyst weight, 10 mg; reactant NO3– (from KNO3), 0.4–
1.6 mmol dm–3; reaction volume, 250 cm3; gas composition, H2/CO2 
= 1/1; and gas flow rate, 30 cm3 min–1. 

 

Conclusions 
Tin-palladium supported on Al2O3, which had a Sn/Pd molar ratio of 
0.5, showed high activity and high selectivity towards gaseous 
products (99%) for the hydrogenation of NO3– in aqueous NO3– 
solutions. Although the catalytic performances of both Sn0.5Pd/Al2O3 
and Cu0.5Pd/Al2O3 decreased in groundwater, the decrease for 
Sn0.5Pd/Al2O3 was less than that for Cu0.5Pd/Al2O3. Nitrate in 
groundwater with 0.4 mmol dm–3 of NO3– (250 cm3) was completely 
decomposed in 24 h at 298 K with a selectivity to gaseous products 
around 90% in the presence of Sn0.5Pd/Al2O3. On the other hand, it 
took 60 h, and the selectivity to gaseous products was around 75% 
for Cu0.5Pd/Al2O3. The insensitiveness to Cl– and the strong affinity 
for NO3– of the Sn sites, which were estimated from adsorption 
isotherms of Cl– and kinetic analysis of the hydrogenation of NO3–, 
lead to the superior catalytic performance of Sn0.5Pd/Al2O3 in the 
groundwater.   
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