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A B S T R A C T   

This work studies the reduction of NO3
- in water using a catalytic membrane reactor in flow-through configu-

ration (FTCMR) for enhanced control of H2 availability and generation of NH4
+. The catalytic membrane was 

prepared with metal catalysts supported on carbon materials with different structural and physicochemical 
properties (graphite, carbon nanofibers, reduced graphene oxide, activated carbon and carbon black). The cat-
alysts were firstly tested in a batch reactor for screening and assessing influence of regime control on activity and 
selectivity. Pd-Sn catalysts showed higher production of NH4

+ under chemical control than Pd-Cu ones, but 
equivalent performance was reached for Pd-Sn supported on carbon nanofibers and carbon black in conditions of 
H2 mass transfer control. Catalytic membranes were prepared with Pd-Sn catalyst according to higher impact of 
H2 availability in NH4

+ generation. FTCMR was less selective to NH4
+ compared to the batch reactor due to better 

control of H2 mass transfer. Reduction of NH4
+ generation was achieved at the expense of activity due to lower 

availability of H2. However, membranes based on Pd-Sn supported on carbon nanofibers and carbon black were 
able to operate at higher H2 concentration with low selectivity to NH4

+, making possible the use of membrane 
reactors at advantageous conditions.   

1. Introduction 

Water pollution by NO3
- represents an important issue for human 

health and the environment. NO3
- is reduced to NO2

- in the human body, 
being a precursor of carcinogenic nitrosamines and the cause of blue- 
baby syndrome. Moreover, NO3

- is also responsible for the eutrophica-
tion of rivers and lakes [1]. NO3

- is released to water from multiple 
sources, including fertilizers, manure, soil, urban sewage and industrial 
effluents. Dissolved N-compounds percolate soil, reaching groundwater 
and causing pollution [2]. Currently, catalytic reduction via hydroge-
nation over noble-metal catalysts stands out for being an effective 
technique for water denitrification. This process was firstly described by 
Vorlop et al. [3]. It was reported that the first step in NO3

- reduction is 
the conversion to NO2

- . Then, NO2
- is reduced to N2 or the undesired NH4

+

according to the following reaction scheme [4]: 

2 NO−
3 + 2 H2 ̅̅→

Pd− Cu2 NO−
2 + 2 H2O  

2 NO−
2 + 3 H2→

Pd N2 + 2 H2O+ 2 OH−

2 NO−
2 + 6 H2→

Pd 2 NH+
4 + 4 OH−

In most of the studies on NO3
- catalytic reduction, NH4

+ concentration 
reaches values above standards in legislation. Therefore, the develop-
ment of new strategies to reduce selectivity to NH4

+ is still a challenge. 
European legislation (98/83/CE) has established the limit concentra-
tions for NO3

- , NO2
- and NH4

+ at 50, 0.1 and 0.5 mg/L, respectively, in 
water for human consumption [5,6]. World Health Organisation (WHO) 
recommended concentrations of 50 and 3 of NO3

- , NO2
- mg/L, respec-

tively, and a NH4
+ suggested taste threshold of 35 mg/L [7]. 

Since successful NO3
- reduction was first reported using a Pd-Cu 

catalyst [3], numerous studies using bimetallic catalysts have been 
published. In them, metallic phases are commonly composed by Pd, Pt 
or Rh as noble metal and transition/post transition metals (M) such as 
Cu, Sn, In or Ni as a promoter, which enhances the conversion of NO3

- to 
NO2

- by promoting the redox cycle involving the noble metal and H2. 
Moreover, a variety of materials, such as alumina, silica, ceria, titania or 
activated carbon (AC) have been used as supports [8–14]. Pd is the noble 
metal leading to better reported results, with Pd-Cu, Pd-Sn and Pd-In as 
the bimetallic pairs achieving the best performances in the catalytic 
reduction of NO3

- [15]. Different studies have been carried out to 
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compare Cu and Sn as promoting metals, but no clear trends have been 
observed in terms of activity or selectivity to NH4

+, although Pd-Sn have 
been found to be less prone to leaching. The discrepancies in literature 
may result from the role that the support, the reaction medium and the 
type of reactor have in catalysts performance. Pintar et al. [16] reported 
that Pd-Cu catalysts supported on alumina spheres had higher activity 
and less selectivity to NH4

+ than Pd-Sn catalysts in the reduction of NO3
- 

in synthetic waters. However, other authors reported that Pd-Sn catalyst 
supported on alumina had higher activity and lower selectivity to NH4

+

in the reduction of NO3
- in natural groundwater because this metallic 

pair was less affected by water conductivity and hardness [17,18]. 
Lemaignen et al. [19] assayed the reduction of NO3

- in synthetic water 
using Pd-Cu/AC and Pd-Sn/AC catalysts in semi-batch stirred reactor 
and achieved higher reaction rates for Pd-Cu/AC catalyst, but similar 
NH4

+ production for both catalysts. On the other hand, Yuranova et al. 
[20] reported that high catalytic activity was observed for both Pd-Cu 
and Pd-Sn nanoparticles working in semi-batch and continuous 
reactor, but lower selectivity to NH4

+ was achieved for the Pd-Sn cata-
lysts, especially when supported on carbon nanofibers (CNF). 

In the last years, catalytic membrane reactors (CMR) have been 
developed as an alternative to conventional reactors, such as batch or 
fixed beds. They can overcome transport limitations, which in the 
reduction of NO3

- is an important aspect due to the low solubility and 
accessibility of H2 to the catalyst surface [15]. CMR in flow-through 
configuration (FTCMR), where the liquid phase is first saturated in H2 
and then pumped through the catalytic membrane, and CMR in inter-
facial configuration, where the gas/liquid interface is located inside the 
catalytic membrane, have been proven to achieve the best NO3

- reduc-
tion rates. Ilinitch et al. [21] reported an improvement in NO3

- reduction 
when Pd-Cu/γ-Al2O3 membranes were used in flow-through configura-
tion, suggesting that internal diffusion limitations were diminished. On 
the other hand, Chen et al. [22] reported that NO3

- conversion was 
enhanced when Pd-Cu/γ-Al2O3 particles were supported on tubular 
ceramic membranes and the reaction was carried out in interfacial 
configuration, ascribing this improvement to a better gas-liquid-solid 
contact. 

In the present work, catalysts supported on carbon materials with 
different structural and physicochemical properties have been studied 
for NO3

- reduction in a membrane reactor with FTCMR configuration for 
enhanced control of H2 at the catalyst. A study of H2 mass transfer and its 
influence in activity and selectivity to NH4

+ was conducted in a batch 
reactor with Pd-Sn catalysts and comparison to previous results with Pd- 
Cu pair was carried out to select the most suitable catalysts for catalytic 
membranes. The control of H2 availability was explored as a strategy to 
limit the selectivity to NH4

+ in the FTCMR. 

2. Experimental 

2.1. Materials 

PdCl2 (≥ 99.999%), SnCl2 (≥ 99.99%), NaHCO3 (≥ 99.5%), graphite 
powder < 20 µm (G), graphitized CNF and 2,6-Pyridinedicarboxylic 
acid (≥ 99.5%) were supplied by Sigma-Aldrich. Panreac provided 
Na2HCO3 (≥ 99.5%), NaNO2 (≥ 99%), NaNO3 (≥ 99%), NH4Cl (≥

99.5%), HCl (37%) and H2SO4 (≥ 98%). Nippon gases supplied H2 (≥
99.999%) and CO2 (≥ 99.99%). Reduced graphene oxide (rGO) was 
provided by Applynano Solutions S.L., AC by Norit and HNO3 (≥ 65%) 
by Honeywell. Timcal supplied ENSACO250G (ENS250) and ENSA-
CO350G (ENS350) carbon blacks. 

2.2. Catalyst preparation and characterization 

Bimetallic (5 wt%) catalysts with 2:1 Pd-Sn mass ratio were pre-
pared by wet impregnation of G, CNF, rGO, AC ENS250 and ENS350. 
PdCl2 and SnCl2 were dissolved in 4 mL of 0.1 M HCl and stirred for 24 h 
at room temperature. Then, Pd solution was added to 1 g of carbon 
support and vacuum dried at 70 ºC, 150 mbar and 200 rpm. After that, it 
was dried at 60 ºC for 24 h. Then, Sn solution was impregnated, 
following the same methodology for drying. The catalyst was calcined in 
an oven at 200 ºC for 2 h with a 10 ºC/min ramp and reduced at 200 ºC, 
using 25 N mL/min of H2 for 2 h. 

Catalysts were characterized by X-ray Photoelectron Spectroscopy 
(XPS), X-Ray Diffraction (XRD) and Transmission Electron Microscope 
(TEM). Both, the extent of Pd and Sn reduction and oxidation state were 
characterized using XPS (K-Alpha Thermo Scientific equipped with an 
AlKα X-Ray excitation source, 1486.68 eV). Zerovalent and electro- 
deficient metal species were calculated from deconvoluted signals 
using XPSPEAK v4.1 software. Crystalline structure characterization 
was carried out by XRD (X-pert PRO Theta/2Theta from Panalytical). 
Characteristic peaks (002) and (100) were determined to calculate 
stacking height (Lc) and crystallite size (La) using Scherrer equation 
according to Eqs. 1 and 2, respectively: 

Lc =
K.λ

FWHM.cosθ
(1)  

Where K is the Scherrer parameter (0.94), λ is the X-Ray wavelength 
(0.154051 nm), FWHM (rad) is the full width at half maximum of the 
diffraction peak (002) and θ (rad) is the Bragg angle corresponding to 
the diffraction peak (002). 

La =
K.λ

FWHM.cosθ
(2)  

Where K is the Scherrer parameter (1.84), λ is the X-Ray wavelength 
(0.154051 nm), FWHM (rad) is the full width at half maximum of the 
diffraction peak (100) and θ (rad) is the Bragg angle corresponding to 
the diffraction peak (100). Support morphology and metal nanoparticle 
size were characterized by TEM (JEOL JEM 2100 with EDS from Oxford 
99 instruments). 150–200 metal particles were counted from represen-
tative images to calculate mean nanoparticle size and standard 
deviation. 

BET specific surface area (SSABET) and porosity were characterized 
for all the tested supports in a previous study [23]. AC (1210 m2/g) and 
ENS350 (720 m2/g) were the supports with highest surface area, fol-
lowed by rGO (86 m2/g) and ENS250 (65 m2/g). CNF (4 m2/g) and G 
(2 m2/g) were the supports with lowest specific area. AC (0.38 cm3/g), 
rGO (0.59 cm3/g) and ENS350 (0.74 cm3/g) were the supports with 
highest mesopore volume, in contrast to CNF (0.06 cm3/g), G 
(0.04 cm3/g) and ENS250 (0.09 cm3/g). The supports with highest 

Fig. 1. Scheme of (a) batch reactor and (b) FTCMR systems.  
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micropore volume were AC (0.53 cm3/g), rGO (0.12 cm3/g) and 
ENS350 (0.12 cm3/g). CNF (0.005 cm3/g), G (0.003 cm3/g) and 
ENS250 (< 0.001 cm3/g) exhibited much lower microporosity. 

Electrical conductivity was also characterized in a previous work 
[23] for all the supports tested: G (0.9 S/cm), CNF (3.6 S/cm), rGO 
(0.5 S/cm), AC (1.2 S/cm), ENS250 (0.9 S/cm) and ENS350 (4.8 S/Cm). 

Carberry number for the study of gas-liquid (CaG-L) and liquid-solid 
(CaL-S) mass transfer and Weisz-Prater modules for the study of the in-
ternal intraparticle diffusion were calculated according to the method-
ology described in our previous work [23]. 

2.3. Catalytic runs 

NO3
- reduction was carried out in two different reaction systems: 

batch reactor (Fig. 1a) and FTCMR (Fig. 1b) with recirculation from H2 
saturation tank. Experimental procedure in the batch reactor was 
described elsewhere [23]. Regarding the FTCMR, catalytic membranes 
32 mm in diameter and containing 60 mg of catalyst were prepared from 
1 g/L catalyst suspension, sonicated for 30 min and vacuum filtered in a 
47 mm support (polypropylene, 0.22 µm pore size, Filter-Lab) to form 
the membrane. The FTCMR was 30 mm in diameter and 30 mm in 
length. 

Catalytic reduction tests were performed at room temperature (25 
± 5 ºC) with 60 mL of a 30 mg/L NO3

- solution. A typical essay started 
with the solubilization of H2 in 58.5 mL of pure water under 1–50 N mL/ 
min of H2 and 50 N mL/min CO2 flow and stirring at 600 rpm for 
30 min. Meanwhile, the FTCMR was assembled with the catalytic 
membrane supported on the mid-point of the cell. Subsequently, the 
FTCMR water was pumped from the H2 solubilization tank to the FTCMR 
at 3.6 mL/min flow and recirculated to the H2 solubilization tank again. 
Once the system was filled and gas retained was purged, a pulse of 
1.5 mL of concentrated NO3

- solution was fed to the stirring tank 
(t = 0 min). Experiments were carried out for 4 h and successive sam-
ples (1.5 mL) were taken every hour. 

Table 1 summarizes the experimental conditions: volume of reaction, 
pollutant concentration, metal (M) concentration and metal-pollutant 
ratios (w/w). 

Ion chromatography (Metrohm 882 Compact IC plus anion and 
cation) was used to determine NO3

- , NO2
- and NH4

+ concentration 
throughout the catalytic runs. NO3

- , NO2
- and other anions were sepa-

rated using Metrosep A Supp 5 column and 0.7 mL/min of 1 mM 
NaHCO3 and 3.7 mM Na2CO3 eluent. NH4

+ and other cations were 
separated using a Metrosep C 6 column and 0.9 mL/min of 1.7 mM 2,6- 
Pyridinedicarboxylic acid and 1.7 mM HNO3 eluent. 

NO3
- conversion was calculated according to Eq. (3). Selectivity to 

NO2
- and NH4

+ were calculated according to Eqs. (4) and (5), 
respectively: 

XNO−
3
(%) =

nNO−
3, t=0

− nNO−
3, t

nNO−
3, t=0

⋅100 (3)  

SNO−
2
(%) =

nNO−
2, t

nNO−
3, t=0

− nNO−
3, t

⋅100 (4)  

SNH+
4
(%) =

nNH+
4, t

nNO−
3, t=0

− nNO−
3, t

⋅100 (5)  

Where ni,t=0 is the initial amount of compound i (mol) and ni,t is the 
amount of compound i (mol) at time t (min). 

3. Results and discussion 

3.1. Support and catalyst characterization 

TEM images showing the metallic phase dispersion and particle 
frequency histograms for the Pd-Sn catalysts tested are given in Fig. 2. 
Metallic nanoparticles mean size and standard deviation were in a range 
from 2.4 to 6.3 nm and 0.6–2.6 nm, respectively. Pd-Sn/G and Pd-Sn/ 
rGO were the catalysts exhibiting the smaller nanoparticle mean size 
(< 3 nm) and greater particle dispersion, although the largest nano-
particles did not exceed 6 nm for those catalysts. Pd-Sn/AC, Pd-Sn/ 
ENS250 and Pd-Sn/ENS350 were catalysts with intermediate nano-
particle mean size (from 3.1 to 4.7 nm). They exhibited good dispersion 
as well, although some nanoparticle agglomerations were observed. Pd- 
Sn/CNF was the catalyst with a largest nanoparticle mean size, with 
nanoparticle sizes up to 18 nm. Small agglomerations of metallic 
nanoparticles were observed as well for this catalyst. 

Fig. 3 shows XRD diffraction spectra for three Pd-Sn/G, Pd-Sn/CNF 
and Pd-ENS250 representative catalysts and AC, ENS350 and rGO sup-
ports. A peak at 26º is observed in all the patterns, which corresponds to 
the (002) reflection plane of carbon and it is related to the stacking of 
aromatic layers [24,25]. Broad peaks may be attributed to the small size 
of the crystallites perpendicular to the aromatic layers in both rGO and 
ENS350 supports and Pd-Sn/ENS250 catalyst. In addition, 2θ angle is 
shifted to higher values as the carbon content and graphitization of the 
supports increase, being higher for G, CNF and AC. Another peak was 
exhibited at 42º, although in the diffractograms with very narrow and 
intense peaks at 26º it is barely visible. This peak corresponds to the 
reflection in the (100) plane of aromatic layers and is attributed to the 
degree of condensation of the aromatic rings, becoming narrower and 
higher as the size of the aromatic layer increases [25]. The peak at 40º 
corresponds to the (111) reflection plane of Pd [26,27]. 

Lc and La values for the catalysts tested are given in Table 2. Lc value 
indicates the thickness of the stacked structure [24] and, in agreement 
with the XRD patterns previously discussed, G, CNF and AC were the 
carbon materials with higher stacking height as their diffraction patterns 
exhibited a very narrow and intense (002) peak. rGO, ENS250 and 
ENS350 showed relatively low stacking height and small crystallite size. 
G and CNF were the carbon supports with larger crystallite sizes. 

XPS was used to determine the oxidation state of Pd and Sn in the Pd- 
Sn catalysts tested, spectra can be seen in supplementary material 
(Figure I and II, respectively). In Table 3, the zerovalent (M0) and 
electro-deficient (Mn+) percentages of Pd and Sn in each catalyst are 
given. Deconvoluted peaks showed binding energies that can be attrib-
uted to metallic Pd (Pd0) in the range from 335.6 to 335.9 eV for Pd 3d5/ 

2 and 340.9–341.2 eV for Pd 3d3/2; to electro-deficient Pd (Pdn+) in the 
range from 336.2 to 337.7 eV and 341.7–343.1 eV for Pd 3d5/2 and Pd 
3d3/2, respectively; to metallic Sn (Sn0) in the range from 485.2 to 
486.5 eV for Sn 3d5/2 and from 493.7 to 495.4 eV for Sn 3d3/2; and to 
electro-deficient Sn (Snn+) in the range from 486.7 to 487.4 eV and 
495.1–496.0 eV for Sn 3d5/2 and Sn 3d3/2, respectively. These data are 
in good agreement with data reported in NIST X-ray Photoelectron 
Spectroscopy Database [28]. Percentages of Pd0 higher than 60% were 
observed for the Pd-Sn/G, Pd-Sn/CNF, Pd-Sn/ENS250 and 
Pd-Sn/ENS350 catalysts. A lower reduction degree of Pd-Sn/rGO and 
Pd-Sn/AC is noticeable, but no direct correlation with the properties or 
supports and metal phase can be assessed. Commonly reasons for high 
electro-deficient to zerovalent species ratios, such as small nanoparticle 
size (higher prevalence of low coordination sites) or/and high micro-
porosity contribution as preferent nanoparticle allocation with mass 
transfer limitations do not apply to these catalysts. Regarding Sn, all the 
catalysts showed a lower reduction than for Pd in general, because 
transition metals species have lower reduction potential [29]. Thus, 

Table 1 
Reaction conditions and metal and pollutant concentrations.  

Reactor Volume 
(mL) 

mcatalyst 

(mg) 
[NO3

- ] 
(mg/L) 

[MPd-Sn] 
(mg/L) 

[MPd-Sn]/ 
[NO3

- ] 

Batch (1)  150  60  100  20  0.2 
Batch (2)  150  60  20  20  1.0 
FTCMR  60  60  30  50  1.7  

A. Marí et al.                                                                                                                                                                                                                                    
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Fig. 2. TEM images and nanoparticle size histograms for the Pd-Sn catalysts tested.  
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percentages of Sn0 were in the range from 10% to 30% for all the cat-
alysts studied. With regards to the Pd/Sn atomic and mass ratios on the 
catalyst surface, all the catalysts exhibited lower content of Pd than that 
expected from the nominal ratio (69.5% and 66.7%, respectively). This 
difference is mainly observed in the catalysts with high porosity, espe-
cially Pd-Sn/AC, suggesting preferent allocation of Pd metallic phase 
into pores. Pd-Sn/rGO, Pd-Sn/ENS250 and Pd-Sn/ENS350 also exhibi-
ted significant segregation of Pd but in a lower extent. 

3.2. Reaction tests in batch reactor 

Fig. 4 shows NO3
- conversion vs reaction time and selectivity to NH4

+

vs NO3
- conversion for the Pd-Sn catalyst tested in the batch reactor. A 

wide activity range, from 40% to 100%, and selectivity to NH4
+, from 

15% to 70%, can be observed. Pd-Sn/AC, Pd-Sn/ENS250 and Pd-Sn/ 
ENS350 were the most active catalysts, achieving complete conversion 
after 4 h of reaction. Partial conversion of NO3

- (< 70%) was achieved for 
the catalysts supported on CNF, G and rGO. Similar trends regarding the 
influence of the support were observed in a previous work [23] using 
Pd-Cu catalysts supported on carbon materials at the same reaction 
conditions. In general terms, the catalysts with higher surface area and 
more developed porosity (Pd-Sn/AC and Pd-Sn/ENS350) were found to 
exhibit higher activity, most probably because they allow for better 
dispersion of the metal phase [30–32]. However, Pd-Sn/ENS250 cata-
lyst, which has both low specific surface area and micropore volume, 
showed similar activity and even better results in terms of NH4

+

selectivity. 
Pd-Sn/ENS250 was the catalyst with lower NH4

+ production, while 
Pd-Sn/AC and Pd-Sn/ENS350 showed higher selectivity to NH4

+ (>
50%). For the catalysts with lower activity (Pd-Sn/CNF, Pd-Sn/G and 
Pd-Sn/rGO), additional tests with a NO3

- initial concentration of 20 mg/ 
L were carried out to study the selectivity at higher conversions. In these 
tests, Pd-Sn/CNF showed very low selectivity to NH4

+, with a behaviour 
well differentiated from Pd-Sn/G and Pd-Sn/rGO. In general, the cata-
lysts with higher microporosity led to greater production of NH4

+ (Pd- 
Sn/AC, Pd-Sn/rGO and Pd-Sn/ENS350), in contrast with Pd-Sn/CNF and 
Pd-Sn/ENS250. In literature, this behaviour is ascribed to OH- mass 
transfer limitations from the micropores to the bulk solution that hinder 
their neutralisation in the acidified medium [33,34]. 

In our previous work based on Pd-Cu catalysts supported on carbon 
materials [23], a lower selectivity to NH4

+ was also ascribed to higher 
conductivity of supports due to better charge transfer from metal to 
support. However, although similar trends were observed, Pd-Sn cata-
lysts showed a higher production of NH4

+. It has to be noted that Pd-Sn 
catalysts show in general terms smaller nanoparticles, resulting in 
higher prevalence of low coordination atoms [35,36]. Yoshinaga et al. 
[37] reported that low coordination sites such as edges or corners pro-
mote the hydrogenation of NO2

- increasing NH4
+ production, whereas in 

terraces sites mild hydrogenation is produced. Chinthaginjala et al. [35] 
also concluded that selectivity to NH4

+ in the reduction of NO2
- increased 

when metallic Pd particle sizes were decreased. However, in the current 
work, catalysts with larger nanoparticles (Pd-Sn/AC and 
Pd-Sn/ENS350) showed higher selectivity to NH4

+, suggesting that 
over-reduction is favoured when bimetallic pair Pd-Sn is used. 

In the literature, no conclusive results have been found enabling NH4
+

selectivity comparison for Pd-Cu and Pd-Sn pairs. Al Bahri et al. [38] 
reported that Cu was the most adequate promoting metal when selec-
tivity to NH4

+ was considered for Pd-M catalysts supported on AC. 
Chollier-Brym et al. [39] also reported Pd-Cu catalyst was more active 
and less selective to NH4

+ than Pd-Sn catalyst when supported on zir-
conia. On the other hand, Pizarro et al. [40] reported in their study 
higher conversion and lower selectivity to NH4

+ for the Pd-Sn and Pd-In 
catalysts supported on pillared-clays. 

The diversity of trends in literature may be related to the role of the 
support in some of the catalysts studied, which may comprise both ac-
tivity and mass transfer. To address these effects, batch tests were car-
ried out reducing H2 flow in batch reactor. CO2 flow was maintained at 
50 N mL/min, which results in lower availably of H2 due to lower partial 
pressure. The results for Pd-Sn/CNF, Pd-Sn/rGO, Pd-Sn/ENS250 and Pd- 
Sn/ENS350 can be observed in Fig. 5. The catalysts exhibited different 
behaviour although catalytic activity was decreased as a general trend 
when H2 flow was reduced from 50 to 1 N mL/min. This trend was 
particularly evident in the case of Pd-Sn/rGO and Pd-Sn/ENS250 cata-
lysts. However, in the case of Pd-Sn/ENS350 the decrease in activity was 
very low and for Pd-Sn/CNF it was not clearly observed until H2 flow 

Fig. 3. X-ray diffractograms for the Pd-Sn catalysts tested.  

Table 2 
Lc and La values for the Pd-Sn catalysts tested.  

Catalyst Lc (nm) La (nm) 

Pd-Sn/G  42.7  102.8 
Pd-Sn/CNF  19.9  43.9 
Pd-Sn/rGO  1.4  3.1 
Pd-Sn/AC  89.4  3.6 
Pd-Sn/ENS250  1.9  2.9 
Pd-Sn/ENS350  1.0  3.3  

Table 3 
Percentages M0 and Mn+ for the Pd-Sn catalysts tested as determined by XPS.  

Catalyst Pd0 

(%) 
Pdnþ

(%) 
Sn0 

(%) 
Snnþ

(%) 
Pd/Sn 
(at/at%) 

Pd/Sn 
(w/w %) 

Pd-Sn/G  72.9  27.1  11.5  88.5  62.8  60.2 
Pd-Sn/CNF  92.5  7.5  29.9  70.1  60.6  58.0 
Pd-Sn/rGO  42.1  57.9  15.7  84.3  52.9  50.1 
Pd-Sn/AC  12.6  87.4  19.2  80.8  28.9  26.7 
Pd-Sn/ 

ENS250  
77.9  22.1  20.9  79.1  53.6  50.8 

Pd-Sn/ 
ENS350  

62.3  37.7  12.3  87.7  49.1  46.4  
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was reduced to 5 N mL/min. The structure these catalysts seems to 
favour H2 transport, making them less sensitive to the decrease in flow. 

The decrease in H2 flow also resulted in an important reduction in 
selectivity to NH4

+ (Fig. 6), which can be related to the lower availability 
of H2, diminishing the H/N ratio and thus limiting the over-reduction of 
N-species to NH4

+. Therefore, availability of H2 together with the 
structure of the catalyst support is relevant for activity and selectivity 
and can lead to substantially different results for a given bimetallic pair. 
This may be one of the reasons for the disparity of results in relation to 
the comparison of Pd-Sn and Pd-Cu pairs behaviour. The direct com-
parison of Pd-Sn and Pd-Cu pairs for batch reactions at low H2 flow can 
be found in supplementary material (Figure III, IV, V and VI). As a 
general trend, Pd-Cu catalysts exhibit a lower selectivity to NH4

+ than Pd- 

Sn ones. However, for Pd-Sn-ENS250 and Pd-Sn-CNF the sensitivities to 
H2 flow is higher and show a selectivity to NH4

+ very close to Pd-Cu 
catalysts at low H2 flows, even lower in the case of Pd-Sn/CNF. 

A mass transfer regime study was conducted to assess control regime 
in the batch reactions at H2 flow, being the results in terms of Carberry 
number and Weisz-Prater module given in Table 4. According to the 
criterion stablished by Carberry et al. [41], mass transfer limitations 
cannot be ruled out when Ca > 0.05. This is the case for CaG-L in re-
actions with Pd-Sn/ENS250 and Pd-Sn/ENS350 when H2 flow is lower 
than 25 N mL/min and Pd-Sn/CNF at the lowest H2 flow (1 N mL/min). 
In addition, CaG-L values close to the limit were observed for 
Pd-Sn/ENS250 and Pd-Sn/ENS350 (0.043 and 0.029) at 50 N mL/min 
and for Pd-Sn/CNF at 5 N mL/min. In these cases, mass transfer could 

Fig. 4. Batch reactor tests at [NO3
- ]0 = 100 mg/L for the Pd-Sn catalysts tested: (a) NO3

- conversion vs reaction time and (b) selectivity to NH4
+ vs NO3

- conversion at 
[NO3

- ]0 = 20 mg/L for Pd-Sn/CNF, Pd-Sn/G and Pd-Sn/rGO (H2 flow = 50 N mL/min, CO2 flow = 50 N mL/min, 0.4 g/L catalyst). 

Fig. 5. NO3
- conversion vs reaction time for the (a) Pd-Sn/CNF, (b) Pd-Sn/rGO, (c) Pd-Sn/ENS250 and (d) Pd-Sn/ENS350 catalysts in batch reactor at different H2 

flows ([NO3
- ]0 = 20 mg/L for Pd-Sn/CNF and Pd-Sn/rGO, [NO3

- ]0 = 100 mg/L for Pd-Sn/ENS250 and Pd-Sn/ENS350, CO2 flow = 50 N mL/min, 0.4 g/L of catalyst). 

A. Marí et al.                                                                                                                                                                                                                                    



Journal of Environmental Chemical Engineering 10 (2022) 108011

7

not be rigorously ruled out because of the proximity of the estimated 
values obtained to the limit of the Carberry criterion. Therefore, 
reduction of activity and selectivity to NH4

+ could be ascribed to external 
gas-liquid mass transfer limitations and lower availability of H2. 
Regarding CaL-S and Weisz-Prater modules, calculated values did not 
show external liquid-gas mass transfer nor internal intraparticle diffu-
sion constraints. The experiments at low H2 flow achieving mass transfer 
control are indicative of the high potential of Pd-Sn catalysts, particu-
larly Pd-Sn/CNF in reaction systems where H2 availability is controlled. 

3.3. Reaction tests in FTCMR 

Enhanced control of H2 availability was addressed by means of the 
FTCMR reaction system (Fig. 1b). In addition to the control of H2 con-
centration in the saturation tank, concentration gradients across the 
catalytic membrane are minimized and gas- solid transport due to 
deficient wetting is avoided. Different consistency of the membranes 
was observed depending on the carbon support used. Thus, poor con-
sistency was observed for Pd-Sn/CNF and Pd-Sn/rGO membranes. On 
the other hand, Pd-Sn/ENS350 membranes showed an uneven covering 
of the support. Membranes formed by Pd-Sn/AC, Pd-Sn/G and Pd-Sn/ 
ENS250 showed a homogeneous covering and mechanical stability. 

Fig. 7 shows NO3
- conversion vs reaction time and selectivity to NH4

+

vs NO3
- conversion for Pd-Sn catalysts tested in the FTCMR. In terms of 

activity, similar behaviour was observed for all the catalysts, achieving 
complete NO3

- reduction after 4 h of reaction, but the reaction rate was 
especially higher for those which exhibited better performance in terms 
of membrane formation (Pd-Sn/AC, Pd-Sn/G and Pd-Sn/ENS250) 
probably because channelling is avoided. With regards to selectivity to 
NH4

+, a wide range of values was observed (from 15% to 95%) at com-
plete NO3

- conversion. Low production of NH4
+ was observed for catalysts 

supported on CNF and ENS250 (< 20%), followed by AC and CB350G (<
40%). Higher NH4

+ production was observed for G and especially for rGO 
(close to 100%). These results may support the importance of nano-
particle size in NH4

+ selectivity, as it was previously discussed. It was also 
observed that catalysts supported on carbon materials with high or 
moderate electrical conductivity exhibited lower selectivity to NH4

+ (Pd- 
Sn/CNF, Pd-Sn/AC and Pd-Sn/ENS350). 

Although direct comparison between the batch reactor and FTCMR 
cannot be carried out strictly due to evident differences between both 

Fig. 6. Selectivity to NH4
+ vs NO3

- conversion for the (a) Pd-Sn/CNF, (b) Pd-Sn/rGO, (c) Pd-Sn/ENS250 and (d) Pd-Sn/ENS350 catalysts in batch reactor at different 
H2 flows ([NO3

- ]0 = 20 mg/L for Pd-Sn/CNF and Pd-Sn/rGO, [NO3
- ]0 = 100 mg/L for Pd-Sn/ENS250 and Pd-Sn/ENS350, CO2 flow = 50 N mL/min, 0.4 g/L 

of catalyst). 

Table 4 
CaG-L, CaL-S, (Фs)H2 

and (Фs)NO−
3 

for the Pd-Sn/CNF, Pd-Sn/rGO, Pd-Sn/ENS250 
and Pd-Sn/ENS350 catalysts at different H2 flows.  

Catalyst Flow 
(N mL/ 
min) 

CaG-L 

(⋅10-2) 
CaL-S, H2 

(⋅10-6) 
CaL-S, 

NO3- 

(⋅10-7) 

(ФS)H2 

(⋅10-4) 
(ФS)NO3- 

(⋅10-4) 

Pd-Sn/ 
CNF 

50  0.46  0.12  1.93  0.88  1.60 
25  0.83  0.18  1.92  1.31  1.59 
5  2.15  0.30  0.86  2.15  0.71 
1  5.90  0.52  0.30  3.76  0.25 

Pd-Sn/rGO 50  0.47  0.12  1.96  0.89  1.62 
25  0.73  0.16  1.74  1.14  1.44 
5  2.93  0.40  1.30  2.94  1.08 
1  3.94  0.35  0.20  2.51  0.17 

Pd-Sn/ 
ENS250 

50  4.27  1.12  3.53  8.15  2.92 
25  7.13  1.55  3.25  11.2  2.69 
5  20.0  2.76  1.59  20.0  1.31 
1  97.9  8.61  1.09  62.5  0.90 

Pd-Sn/ 
ENS350 

50  2.90  0.76  2.53  5.53  2.09 
25  6.71  1.45  3.47  10.5  2.87 
5  40.0  5.53  3.45  40.1  2.85 
1  264  23.2  3.16  168  2.61  
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reaction systems, lower selectivity to NH4
+ was observed for catalysts 

supported on CNF, AC and ENS350 in FTCMR despite the fact that 
higher M/NO3

- ratio was used (Table 5), which may lead to enhanced 
hydrogenation of N-species promoting the over-reduction to NH4

+. The 
lower production of NH4

+ may be due to a better control of the H2 
reaching the catalytic sites. 

Fig. 8 shows NO3
- conversion vs reaction time for the Pd-Sn/CNF, Pd- 

Sn/G, Pd-Sn/rGO and Pd-Sn/ENS250 catalysts in the FTCMR system for 
experiments carried out using H2 flows of 50, 25 and 10 N mL/min, 
which resulted in estimated hydrogen concentration in water of 0.78, 
0.52 and 0.26 mg/L, respectively. Complete conversion after 4 h of re-
action was achieved for Pd-Sn/CNF, Pd-Sn/G and Pd-Sn/ENS250 cata-
lysts when 25 and 50 N mL/min of H2 were used, showing a low 
decrease of activity and suggesting shift to mass transfer control. 

Fig. 7. FTCMR tests at [NO3
- ]0 = 30 mg/L for the Pd-Sn catalysts tested: (a) NO3

- conversion vs reaction time and (b) selectivity to NH4
+ vs NO3

- conversion (H2 flow =
50 N mL/min, CO2 flow = 50 N mL/min, 60 mg of catalyst, 30 mm in diameter FTCMR). 

Table 5 
Selectivity to NH4

+ at 70% conversion rate for slurry and FTCMR reaction 
systems.  

Catalyst Slurry FTCMR 

[MPd-Sn]/ 
[NO3

- ] 
Selectivity to 
NH4
þ (%) 

[MPd-Sn]/ 
[NO3

- ] 
Selectivity to 
NH4
þ (%) 

Pd-Sn/G  1.0  65  1.7 60 
Pd-Sn/CNF  1.0  25  1.7 5 
Pd-Sn/rGO  1.0  45  1.7 90 
Pd-Sn/AC  0.2  45  1.7 20 
Pd-Sn/ENS250  0.2  12  1.7 10 
Pd-Sn/ENS350  0.2  50  1.7 30  

Fig. 8. NO3
- conversion vs reaction time for the (a) Pd-Sn/CNF, (b) Pd-Sn/G, (c) Pd-Sn/rGO and (d) Pd-Sn/ENS250 catalysts in FTCMR at different H2 flows ([NO3

- ]0 
= 30 mg/L, CO2 flow = 50 N mL/min, 60 mg of catalyst, 30 mm in diameter FTCMR). 
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However, the activity diminished drastically for those catalysts when H2 
flow was reduced from 25 N mL/min to 10 N mL/min, especially for Pd- 
Sn/CNF and Pd-Sn/G. Regarding Pd-Sn/rGO, the activity reduction was 
progressive when H2 flow was reduced from 50 N mL/min to 25 N mL/ 
min and 10 N mL/min. 

Fig. 9 depicts selectivity to NH4
+ vs NO3

- conversion for the Pd-Sn/ 
CNF, Pd-Sn/G, Pd-Sn/rGO and Pd-Sn/ENS250 catalysts in the FTCMR. 
H2 flow decrease did not affect the selectivity to NH4

+ for Pd-Sn/CNF and 
Pd-Sn/G catalysts. In contrast, H2 flow reduction led to a high decrease 
in selectivity to NH4

+, especially when H2 flow was reduced from 
50 N mL/min to 25 N mL/min for the Pd-Sn/rGO catalyst. Low decrease 
in selectivity to NH4

+ was observed for the Pd-Sn/ENS250 catalyst. The 
results indicate that catalysts such as Pd-Sn/CNF and Pd-Sn/ENS250 
have a larger operation window as they can be used with higher H2 
flow with low impact on selectivity to NH4

+. 

4. Conclusions 

Carbon materials studied in this work as support for Pd-Sn catalysts 
have shown different physicochemical properties, resulting in diverse 
performances for NO3

- reduction and selectivity to NH4
+. 

In batch reactor tests, catalyst specific surface area cannot be 
correlated directly to activity nor selectivity. In this sense, Pd-Sn cata-
lysts with a higher surface area, such as Pd-Sn/AC and Pd-Sn/ENS350, 
exhibited higher activity in NO3

- reduction. However, low specific area 
Pd-Sn/ENS250 catalyst was also very active. In the case of selectivity to 
NH4

+, low specific surface area Pd-Sn/CNF and Pd-Sn/ENS250 catalysts 
were less selective to NH4

+, but low specific surface area Pd-Sn/G had a 
high selectivity to NH4

+. Regarding the promoter metal, Pd-Sn catalysts 
supported on carbon materials showed similar activity but higher 
selectivity to NH4

+ than Pd-Cu catalysts when availability of H2 was high. 
However, Pd-Sn catalysts supported on CNF and ENS250 exhibited 

selectivity to NH4
+ closer and lower than Pd-Cu ones when H2 flow was 

decreased, suggesting that Pd-Sn performs better when operating at 
conditions of gas-liquid mass transfer control. 

Lower selectivity to NH4
+ was achieved in the FTCMR for Pd-Sn/CNF, 

Pd-Sn/AC and Pd-Sn/ENS350 catalysts despite working with higher M/ 
NO3

- ratio, confirming that FTCMR system allows a better control of H2 
concentration in the catalytic sites, and that H2 control approach is a 
feasible way to limit the NH4

+ production of catalysts. The decrease of H2 
implies lower conversion, but Pd-Sn/CNF and Pd-Sn/ENS250 where 
able to work with relatively high H2 flow while maintaining low selec-
tivity to NH4

+. 
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