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1. Introduction

Nitrates are part of the nitrogen cycle; however, the human activity
unbalances the ecosystem. The increasing use of ammonia-ba;

s. Nitrite is also
o Fe®*, producing

trosamine compounds which are potential caf
responsible for the oxidation of Fe2* in hemog

As a result, oxygen, which is reversible
released to tissues when bonded to
cyanosis, the typical blue color of j
globinemia (known as “blue baby
cation with water contaminated

Physico-chemical method:
have a limited solution to the pr
water to another phase whi

as they transfer nitrate from raw
require further treatment (for

her source of contamination of water
ic reduction of nitrate into nitrogen is
a green alternative for ment of nitrate from water [8], which
is usually carried out with molecular hydrogen [9].
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Some investigations [10-13] stand for the necessary use of a

etallic system to reduce nitrates, which is usually composed of a

cious metal (Pt or Pd) and a promoter (Cu, Ni, Fe, Sn, In, Ag, etc.).

e mechanism for nitrate hydrogenation with bimetallic catalysts was
at first proposed by Tacke and Vorlop [14] and it is still generally ac-
cepted. The proposed mechanism includes a stepwise process which in-
volves adsorption of nitrate on a bimetallic site, reduction to nitrite
through a direct redox mechanism, desorption into the aqueous phase
and re-adsorption to a monometallic site (with noble metal only) where
nitrites are reduced to the end products [15]. Otherwise, the successful
use of monometallic catalysts (usually Pd or Pt, but also Au and Ag)
when partially reducible supports are used, has also been reported
[16,17] In this case, the initial step is believed to be catalyzed by sites
on the support.

One of the main advantages of catalytic reduction is the absence of
solid or liquid residues. However, it is also necessary to make sure that
harmful intermediates or byproducts are avoided [18]. Catalytic reduc-
tion of nitrate with dihydrogen produces nitrite, which is further re-
duced to nitrogen or to ammonium:

NOj3™ + Hy - NOy~ + HyO
NO,™ + 3/2Hy; —» 1/2 Ny + H,O + OH™
NOs~ + 3Hy — NH4+ + 20H~

The efficiency of some studied catalysts is not satisfactory as con-
centrations surpassing the maximum permitted level established by leg-
islation of toxic nitrite or ammonium by-products instead of the desired
nitrogen are obtained [19]. The European legislation [20] has estab-
lished a maximum permitted level of nitrate, nitrite and ammonium
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in water of 50, 0.5 and 0.5 mg-L~, respectively; US legislation is simi-
lar [21].

The selectivity of the reaction is strongly dependent of the pH of the
medium [22-23]. The reactions implied in the reduction of nitrate in
acid and alkaline media are described below:

In acid media:

NOs (aq) + 2H" (aq) + 2e — NO2™ (aq) + H20(1)

2NO2~ (aq) + 8H™ (aq) + 6e — N2 (g) + 4H20(1)

NO2~ (aq) + 8H™ (aq) + 6e — NH4" (aq) + 2H20(1)
In basic media:

NO3™ (aq) + H20 (1) + 2e" — NO2™ (aq) + 20H (aq)

2NO2™ (aq) + 4H20 (1) + 6e” — N2 (g) + 8OH(aq)

2NO2~ (aq) + 6H20 (1) + 6 — NH4" (aq) + 8OH (aq)

In basic media, the formation of hydroxide ions produces an unde-
sired pH increase, which may reach unacceptable values for drinking
water (c.a. 10-11). Besides, a basic pH decreases activity and selectiv-
ity towards nitrogen and increases selectivity towards ammonium
[24,25]. This can be outcome by adding HCl [26] or buffering the so-
lution with a CO2 flow [27] at a pH value which is compatible with
drinking water quality (carbonic acid/bicarbonate buffer pKa; = 6.35).

The main drawbacks concerning the use of hydrogen as reductant
are its potential danger of explosion and its limited solubility in water (
SH}C = 0.84 mM at pu, = 100kPa), which may be insufficient for the
treatment of ground waters and waste effluents from industry. Besides,
introducing gaseous hydrogen in a controlled dose in contaminated
aquifers is not an easy task [18].

The aim of this research work is to determine the ability of a con-
ducting polymer, polypyrrole (PPy), for removing nitrates in wate
adsorption/reduction mechanisms without the need of a metal catalyst

drogen. Furthermore, the reductant activity of pristine
treated PPy will be investigated.

Formic acid is a precursor of Hy and CO,. It has bee
[26] that formic acid decomposition requires a nob,
such as Pt or Pd:

noble metal

HCOOH™ =" H, + CO,

This is actually a three-step reaction, whi ires two adjacent

sites for a dissociative adsorption [28]:
HCOOH +2M,, <> M —H + M — OOCH Fst

M —-OOCH — M —H + CO, Slow, rate detefm

M—H+M - H - H, +2M Fast

it can be introduced into
re it is begnin and no explo-
so it is an interesting alterna-
o) [29]. Therefore, the generated
0O, would neutralize hydroxide ion

As formic acid is highly solubl wat,
aqueous solutions in high doses:
sive especially when dissolved in
tive to gaseous reactants
Hy would serve as red
produced during nitrate re

SHCOOH — 5H, +

2NO; + 5H, — N, +20H" +4H,0
2C0, + 20H" — 2HCO;

2NOj + SHCOOH — N, +3CO, +2HCO;] +4H,0
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Formic acid is interesting not only for the fact of being a precursor
of Hz and COg; it is also highly interesting due its acid and reductant
character [31,32]. Its pKa (HCCOH/COO™) = 3.74, provides an initial
pH in a range of 3-4, instead of the pH of 10-Ll obtained when molec-
ular hydrogen is used as reductant in the reagtion of reduction of aque-
ous nitrate. This would help to increase s
trogen instead of ammonium [33]:

E0  (CO2)/
§teductant by itself:

Besides, formic acid rede
(HCOOH) = -0.199 V/ERH allo

HCOOH — 2H* + CO, + 2¢~

Therefore formic acid might act as precursor of Ha which
could act as reductant, b can actually be the actual reductant of ni-
trate and nitrite in the @ S formic acid might also affect the
redox state of a partially réducible catalyst support, as it is the case of a
conducting polym as polypyrrole (PPy), which is used in this
work.

PPy is cheap, o prepare, and has a very good environmental
stability. It is a conj ed polymer that has switchable oxidation
states. Its syathesis can be carried out by electro-polymerization on a
e (electrode) through the application of an external
ical polymerization in solution with the use of a

S

34,35]. Chemical polymerization is carried out with relatively strong
emical oxidants, such as iron (III) chloride and potassium peroxy-
ulfate, which are able to oxidize the pyrrole monomer. The oxidant
Iso provides a counter-ion (the dopant), which is the oxidant’s anion
or its reduced product [36,37]. Chemical polymerization occurs in the
bulk of the solution, and the resulting polypyrrole precipitates as an in-
soluble solid.

It has been determined [38] that there is one anion for every 3-4
pyrrole units, depending on the type and charge of the anion that is in-
corporated to provide electroneutrality. This represents a level of oxi-
dation of 0.25-0.33 per pyrrole unit. As a result of the simultaneous ox-
idation and polymerization of the pyrrole monomer, a delocalized posi-
tive charge on the r-electron system is produced.

It has been previoulsy reported [39] that polypyrrole can actively
participate in redox processes thanks to its conducting properties. Nev-
ertheless, the n-conjugated structure of polypyrrole is not sufficient to
produce appreciable conductivity on its own; a doping process is neces-
sary, which produces a partial charge extraction from the polymer
chain. PPy chain is simultaneously doped during polymerization.
Counter-ions in the reaction medium incorporate into the growing PPy
chains to maintain the electrical neutrality of the polymer system (Fig.
S.2) [40]. Neutral PPy behaves as a wide band gap semiconductor.
During the oxidative polymerization of pyrrole, upon extraction of a
negative charge from a neutral segment of a PPy chain, a positive
charge is produced. The resulting unpaired spin is referred to as po-
laron. As a result, new intermediate states are introduced within the
band gap. As oxidation continues further, another electron has to be re-
moved from a PPy chain, that already contains a polaron, resulting in
the formation of a bipolaron, which is energetically preferred. As the
degree of oxidation increases, the bipolaronic energy state overlaps, re-
sulting in the formation of narrow intermediate band structures. For-
mation of polarons and bipolarons as charge carriers are responsible for
the increase of electrical conductivity of PPy [34-36].



It has been observed that when the intrinsic conducting polymers as
PPy are put into contact with a gas or a liquid, there is an electron
transfer from or towards the analyte [41]. For instance, when PPy is
exposed to gases that can accept electrons such as NO2 or Io, electrons
from the aromatic rings of PPy are removed. In this case, the doping
level of this p-type conducting polymer as well as its conductivity are
increased. On the contrary, when an electron donor gas as ammonia is
in contact with PPy, the polymer conductivity drastically diminishes.
The redox and ion-exchange properties of PPy make it suitable for its
application in the removal of toxic nitrate contaminants from water,
which is the main goal of this work.

2. Experimental

Although polymerization of pyrrole can be carried out chemicallly
or electrochemically, the chemical oxidative polymerization provides a
greater yield, which is interesting for industrial applications.

Pyrrole (C4HsN) was polymerized using either ferric chloride
(FeCl36H20) or potassium peroxydisulfate (K2S20s) as oxidants. Thus,
chloride or persulfate/sulfate from the oxidants are incorporated during
polymerization to the polypyrrole (PPy) and can be potentially ex-
changed by anions in the aqueous reaction media, such as toxic nitrate
in contaminated water. This ion exchange hardly alters the polymer
structure or morphology, but can alter the polymer doping level [35].

This oxidative chemical polymerization was carried out using an ox-
idant/pyrrole molar ratio of 2.31. The experimental procedure con-
sisted in the drop wise addition of 1 mL of pyrrole (i.e. 0.0144 mol) to
a solution of 9 g of oxidant (i.e. 0.033 mol) in 200 mL of ultrapure wa-
ter. The stirring was maintained for 6 h at room temperature. Th
formed PPy, which exhibited its characteristic black color, was se
rated from the solution by filtration, then washed with deionized er
and dried for 12 h at 80 °C.

In some cases, PPy was impregnated with an aqueous solutio
hexachloroplatinic acid (H2PtClg6H20, Mm = 517.912 g- 1
Aesar). The target platinum loading was 2 wt%. The resu

200 W using an Ar flow
between treatments was
atment. The temperature
ays below 50 °C (measured
r PCE Instruments, model PCE-

batches of 5 min for a total of 1
(0.5 mbar). A manual mixing of
performed for the sake of a hom

888).

For comparison pu
nia and activated carbon
anatase, 20% rutil

also synthesized. Degussa P25 (80%
BET surface area of 53 m?g~!, and
particle size of about as used as the TiO2 support. This was
first calcined in air at 50 for 5 h and then impregnated with an
aqueous solution of H2PtClg'H20 (Alfa Aesar), with the appropriate
concentration to achieve a Pt content of 2 wt%. The slurry was stirred
for 12 h, and the excess of solvent was removed by heating at 90 °C un-
der vacuum in a rotary evaporator. Finally, the catalysts were dried at
110 °C for 24 h.

Activated carbon (AC) Nuchar RGC 30, from Mead-Westvaco Corp.,
with a BET surface area of 1535 m>g~! and a particle size between
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0.1 and 0.3 mm, was used as support. The monometallic Pt/AC catalyst
was prepared by incipient wetness impregnation with an aqueous solu-
tion of H2PtClg'6H20 (Alfa Aesar). The bimetallic Pt-Sn/AC catalysts
were prepared by incipient wetness co-impregaation with aqueous so-
lutions of HaPtCle:6H20 (Alfa Aesar) and S -2H20 (Sigma Aldrich).
The prepared catalysts were dried at room ure for 12 h and fi-
nally dried at 120 °C overnight. A series of ca s was prepared with
a nominal Pt content of 2 wt% and a P jo of 1:1 and 1:5.

=

epared materials was deter-
sistance using a cylindrical
obe connected to a multime-

The electrical conductivity/4e

the outgassed samples
properties of the pr
trogen pressure:
5 °Cmin~L.

a K-Alpha spectrometer (Bhermo-Scientific) in order to study the oxida-
inum loaded to the PPy support and the chemical state

below 510 mbar. The binding energies (B.E.) were
respect to the C 1 s peak (284.6 eV) of C-C and C-H,
acy of + 0.2 eV. Lorentzian (30%) and Gaussian (70%)
was used to estimate the intensities of the peaks in the

smission electron microscopy (TEM) (JEM-2010, JEOL Ltd.,
okyo, Japan) was carried out at 120 kV. The experimental sample
paration procedure consisted on the deposition of a droplet of a sus-
nsion of the grounded sample in ethanol on a holey carbon film sup-
ported on a Cu grid. Elemental analysis of the samples was obtained by
EDX coupled to TEM.

The capability of nitrate removal by the different metal loaded or
metal free materials was assessed in a semi-batch reactor. 550 mL of ul-
trapure water and 500 mg of catalyst were fed to the reactor, which
was maintained under stirring at 700 rpm. Depending on the experi-
ment a flow of CO2 (75 ecm®min~!) and/or Ha (75 cm3min~!) were
passed through the reactor. When formic acid was used as reductant
the reactor was fed with He at a flow rate of 250 cm®min for 30 min,
and then 186 uL of formic acid (FA) (378 mg-L‘l) were added.

Nitrate removal was evaluated in an aqueous solution of NaNOs.
The reaction was initiated by adding 7.5 mL of a NaNO3 solution to the
reactor, so the initial nitrate concentration was 100 mgL!, and the
flow of gases was maintained during the course of the reaction.

The withdrawal of 1 mL aliquots at different times during the
course of the reaction allowed the determination of nitrate, nitrite and
ammonium by ion chromatography (Metrohm 850 ProfIC AnCat-MCS
equipment). Nitrate and nitrite anions were determined in a Metrosep
ASSUPP-7 column (250 mm X 4 mm) and ammonium cation was de-
termined in a Metrosep C3 column (250 mm X 4 mm).

A blank test with ultrapure water were always run for each experi-
ment before the addition of the nitrate solution, so in the case that
there were any detectable nitrate, ammonium or nitrite concentrations
in the blank test, those were always automatically discounted from the
measured concentrations during the course of the reaction.

Nitrate conversion (%) and selectivities to nitrite and ammonium
(%) were calculated as:



_ [vos], - [vos]

NO- L. 100

: [vos],

where [N oy ] , is the initial nitrate concentration (mgL~!) and [N O;]t
the nitrate concentration (mg~L‘1) at time t (min).

("NOE )t

Syo- = ———— 100
" (”NOJ ) - ("NOJ ),
= % 100

(mvo; ), = (),

where (nNO;) is the initial amount of nitrate (mol) and (nNO;)
o

and\ ; SNH;

e
(nNO;)t, ("NHI)t are the amounts of the respective species (mol) at

time t (min).

Metal leaching did not take place. This was checked by the analysis
of aliquots withdrawn from the reactor using Inducted Coupled Plasma
Mass Spectrometry (ICP-MS) (7700x Agilent). Experimental conditions
were: RF power:1150 W; He flow: 0.99 cm®min~! ; liquid flow:

0.3 mL'min~1.

3. Results and discussion

A broad range of conductivity values are reported for PPy fro
1077 Sem™! to 10% Sem™! [34]. Conductivity highly depends on
synthesis conditions, the counterion and the doping level. PPy sy,
sized with FeCls showed an electrical conductivity of 1.3 S.cm™,
considerable diminished after supporting the platinum catalyst
Sem™1). XPS reveals that most platinum ion (Pt**) from
platinic acid suffers a reduction to Pt>* upon anchoring to

that after impregnation with HyPtClg, platinum anchorg

nitrogen of the polypyrrole chain as a chloroplatinum re-
dox potentials of platinum (VI) chlorocomplex (E® [P PtCl,]% =
+0.68 V) and polypyrrole (E° PPy* /PPy = +g able S.1),

8.). Afterwards,

ble to partially re-
e S.3) and produce
ch are detected by
y TEM (Fig. S.4). Forma-
ciation of the platinum
trough the nitrogen func-

XPS (Pt/PPy in Table S.3), and
tion of platinum nanoparticles

tionality (-N*...[PtCl4]%7) (Fig.
The performance of thj i

of nitrate is quite different depending
ig. 1 compares two Pt:Sn catalyst sup-
ported on an activa 1535 m?g1) with a
monometallic Pt catalyst supported on a ceramic (TiOo;
Sger = 53 m%g) and a polymeric (PPy; Sger = 4 m>g) material.

It has been well established that the monometallic catalysts are in
general inactive for nitrate reduction. This is the case of the platinum
catalyst supported on activated carbon, where the presence of a pro-
moter metal is mandatory to obtain significant nitrate conversion
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Fig. 1. (a) Nitrate, (b) nitrite and (c) ammonium concentrations (mg~L’1) as a function of
time, determined by ion chromatography in the presence of platinum catalysts supported
on different materials. Initial nitrate concentration is 100 mg/L.

[44,45]. Fig. 1 shows that the Pt-Sn catalysts supported on activated
carbon are active for nitrate reduction but nitrate abatement is not
enough to fulfill the water regulations, and considerable nitrite an am-
monium production are produced, which surpass the permitted levels.
The selectivity to these undesiderable subproducts is increased with the
increased noble metal concentration in the bimetallic catalyst (1:1Pt-
Sn/C vs 1:5Pt-Sn/C), as reported elsewhere [10]. This can be explained
on the basis that the higher the amount of the noble metal (which is
very active for hydrogenation reactions) the higher number of iso-



lated noble metal surface sites, so the increased production of nitrite
and ammonium.

Although some studies [17] show that Pt/TiO2 is active for nitrate
reduction using Ho as a reducing agent, its activity and selectivity is
highly dependent on the preparation procedure, especially the calcina-
tion/reduction temperatures. In the experimental conditions used in
this study, the activity of Pt supported on PPy is considerable higher
than the platinum catalysts supported on TiO2 or activated carbon.
Only in the case of the polymeric support, there is a considerable abate-
ment of nitrate from the solution in the presence of H> and CO2 and a
Pt catalyst. This can be explained in terms of the polymeric support
getting actively involved in the redox process. In less than 10 min, 56%
nitrate conversion is achieved. Nevertheless, the nitrate concentration
determined by ion chromatography (53.82 mgL~! for Pt/PPy/
FeClz + H2 + CO2 in Table S.4) is still over the maximum permitted
level for drinking water (50 mgL™'). Ammonium concentration
(0.73 mg~L‘1) also exceeds the permitted limits (0.5 mg-L‘l) [1]. It has
not been possible to measure nitrogen released to the atmosphere as a
result of nitrate reduction, but ammonium production evidences that a
redox process is taking place. XPS analysis of the recovered catalyst
support these findings (Fig. 3). After 60 min reaction, there is a de-
crease of the metallic platinum amount (from 61 in Pt/PPy to 43% in
Pt/PPy/H2 + CO2/recovered in Table S.3) and an increase of ionic
platinum (from 39 to 57%, respectively).

The reduction of nitrate might be produced either by dihydrogen
chemisorbed to Pt° or by electrons provided by the conducting polymer
(Fig. 2a). However, the electron transfer from the conducting polymer
to nitrate ions is limited in the Pt/PPy compared to the metal-free PPy.
In the metal-free PPy, chlorine counteranions are exchanged by nitrate,
which adsorbs to PPy. Then the electron transfer from the polymer to
the adsorbed nitrate is produced through the nitrogen functionalities i
the polymeric chain. However, in the Pt/PPy a considerable amount
Cl enters into the coordination sphere of the platinum chlorogom-
plexes, anchored to the N functionalities in the polymer. This re
the number of Cl" available to be exchanged by NO3~ and ther
its the ion exchange process and also limits the electro
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ated in Pt/PPy, as detailed in a previous work [39]. Thus, Fig. 3a
shows a more effective nitrate removal produced by the Pt-free

polypyrrole.

Considering the performance of the aded p er for the abate-
ment of nitrate from water, the redugtant capability of the PPy synthe-
sized with FeCls has been studied in the presencg of several reductants.
Superimposed graphs are obtained action is carried out us-
ing just the polymer (PPy) or reductants as molecular hy-
drogen (PPy + H2 + CO2) or PPy + FA) are added to the
reactor (Fig. 3). This suggests y by itself is capable of pro-
ducing the reduction of ni water, and the presence of any
other reductant is not glecess his can be explained considering
both the polymer ion €&ehange ability and its redox properties, which
provide the polyme e unique capability of reducing nitrate in

of the polymeric chain and nitrate in the aqueous
anged, nitrate is reduced by electrons provided by
with a consequent production of nitrogen (not mea-
ig. 3b) and ammonium (Fig. 3c), which are detected
. The low amount of nitrite and the considerable higher
ammonium suggest that the reduction of nitrate occurs
h nitrite as an intermediate species, but this quickly undergo a
ent reduction to ammonium or nitrogen. On the other hand,
ig. 3a and Table S.5 also show that nitrate abatement is less effective
the presence of FA. This can be explained in terms of the competi-
n between nitrate and formiate anions to exchange chloride anions.
FA in solution is a source of Ha (acts as reductant) and CO2 (acts as a
buffer). However, if some formiate anions exchange chloride anions
and get anchored to the polymeric chain, the H2 production would de-
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Fig. 2. (a) Scheme showing the proposed mechanism of nitrate reduction and (b) Pt 4f and N 1s curve fits (XPS) of the pristine and the recovered platinum catalyst supported on PPy.
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Fig. 3. (a) Nitrate, (b) nitrit (c) nium concentrations (mg-L_l) as a function of
time, determined by ion chroma hy e presence of platinum supported on PPy

and also on metal-free PPy with ent reductants. Initial nitrate concentration is

100 mg/L.

crease. Besides, as formiate compete with nitrate for the available sites
at the polymeric chain, nitrate adsorption would also decrease. As a re-
sult, nitrate removal by PPy in the presence of FA is lowered. Neverthe-
less, those nitrate ions that get to anchor to the polymeric chain (Fig.
5), also suffer further reduction, mainly by the electrons provided
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Fig. 5. Scheme showing the exchange between chlorine counter-ion of the polymeric
chain and nitrate and formiate anions.

by the polymeric chain as the in situ produced Hz is insufficient to re-
duce NO3™ [46].

The ability of PPy to exchange formiate anions was evaluated from
the variations in the concentration of a formic acid solution in contact
with PPy, in the absence of nitrate. An increase of the concentration of
chloride from 0 to 23 mg - L'! and a decrease in the concentration of
formic acid from 378 mg - L'! to 235 mg - L'! is observed in only 5 min,
which demonstrates the ion exchange between the formiate of the solu-
tion and the chloride counter-ions of PPy. However, COO~ and NO3~
species are not detected by XPS in the recovered polymer, so the ex-
changed formiate and nitrate ions are not retained by the polymeric
chain.

The mechanism for nitrate abatement by PPy is produced in a two-
steps pathway. First, ion exchange between PPy counter-ions (Cl" in
PPy/FeCl3) and NOs3™ is produced, and then, electrons are supplied



to nitrate from the semioxidized polymeric chain, which is plausible
from the reduction potentials of nitrate (NO3/NH4*t, E° = 0.875 V;
NO37/N2, E° = 1.246 V) and polypyrrole, (PPy* /PPy, E° = 0.150 V)
(Table S.1). In the presence of formic acid, after the competitive ex-
change of chloride counter-ion by nitrate and formiate from the aque-
ous solution, nitrate could be reduced directly by the electrons supplied
by the polymeric chain, but there is also the possibility that nitrate is
reduced by the H2 evolved from the oxidation of formic acid by the
polymeric chain (E° (CO2/HCOOH) -0.199 V). Thus, the PPy poly-
meric chain could participate either in the nitrate reduction and the
formiate oxidation. This is possible thanks to the unique ability of the
intrinsic conducting polymer to act as a source or a sink of electrons ac-
cording to the nature of the anion anchored to the pyrrolic nitrogen
(nitrate or formiate) (Fig. 5).

The changes produced in the oxidation state of the polymer chain
submitted to these redox processes can be monitored by XPS. N 1s
spectra can be deconvoluted into four contributions corresponding to
four types of nitrogen: neutral imine (-N=) around 397.8 €V, neutral
amine (-NH-) around 399.5 eV, charged amine (-N*) around 401.1 eV
and charged imine (=NH™), around 402.0 eV. Table S.6 shows the
percentages of the different nitrogen species detected on the surface the
pristine polypyrrole (Pristine PPy) and also on the surface of the recov-
ered polypyrrole after 60 min in contact with just the aqueous nitrate
solution (Recovered PPy + NaNOs); the recovered polypyrrole after
contact with the nitrate solution and formic acid (Recovered
PPy + NaNO3 + FA) and the recovered polypyrrole after being in con-
tact with the nitrate solution and Hz and CO2 flows (Recovered
PPy + NaNOs + H2 + CO2).

Pristine PPy shows 75% of neutral amine species and 25% of posi-
tively charged nitrogen (-NT), characteristic of the semi-oxidized state
of the polymeric chain after the oxidative chemical polymerizatio:
with FeCls. After being in contact with the aqueous solution

(a)

Recovered PPy

Pristine PPy
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formic acid and sodium nitrate, a variation of the percentages of the
different N species is in the surface of the recovered
PPy + NaNOs + FA can be noticed: 5% =N-; 86% —-HN-; 9% =N*.
This change of the oxidation state of PPy is a consequence of the partic-
i,e. the oxidation of

ecies detected by
e aqueous nitrate and

and reduction of nitrate) gives rise to
XPS in the surface of the recovered
formiate solution.

It has been reported [26] that

tive polymer can promote the OXi
duction of nitrate (Fig. 6
would be implied in th
chain according to t
chored through the p

d bipolarons in PPy (Fig. S.2),
flow from and towards the polymeric

recovered PPy + NaNO3 + FA and recovered
CO2. However, these species are not detected

presence of formic acid or dihydrogen. This is evi-
ce of oxidized nitrogen moieties (=N7) in the re-
0s3. Furthermore, the absence of nitrate contribu-

itrate is successfully reduced by PPy, however, a pH of 6
this increasing selectivity to ammonium [38,47] (Table
As explained in the Introduction section, the reduction of nitrate
asic conditions produces hydroxide ion. It is crucial to maintain
pH about 4 to assure a low ammonium production. This is can be

ieved by buffering the aqueous solution with CO2. If formic acid

(b)
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Fig. 6. (a) N 1s curve fits (XPS) of the pristine and the recovered polypyrrole by itself and in the presence of formic acid; (b) Scheme showing the proposed mechanism of nitrate reduc-

tion by polypyrrole by itself and in the presence of formic acid.



is used as a COz source (as well as source of Hz), there is a more impor-
tant increase in the concentration of chloride in solution (from 0 to
56.19 mg~L‘1) (Table S.5) compared to the chloride released to the so-
lution when PPy is in the presence of H2 and/or CO2 (48.62 and
49.04 mg-L~1) or just PPy (48.71 mg-L1). This is in agreement with the
fact that part of the chloride ions are being exchanged by both formiate
and nitrate ions (Fig. 5), as mentioned above.

Once the reaction was completed, the polymer was separated from
the solution by centrifugation and introduced in a stirred aqueous NaCl
1 M solution during 30 min in order to produce the desorption of the
anions that could remain adsorbed [48] (nitrate, formiate). Then, two
subsequent runs under identical conditions were carried out. Nitrate
conversions achieved with the regenerated materials were only slightly
lower than those obtained during the first run (Table S.7). Ammonium
and nitrite production was similar in all the three runs. However, the
recycling of PPy would imply not only the regeneration of the original
counterions but also the reduction of the polymeric chain to its redox
state before being in contact with the nitrate solution. This is the aim of
further investigations.

The ion-exchange and the redox properties of PPy are strongly af-
fected by the oxidation state of the polymeric chain. In this study, the
oxidation degree of the polymeric chain has been modified by a treat-
ment in Argon plasma. Table S.2 shows an increase of oxygen func-
tionalities on the surface of the PPy treated in Ar plasma at 300 w for
3 h. Plasma treatment produces the activation of the polymer surface
and its ulterior contact with air results in the introduction of oxygen
moieties. Thus, the XPS high resolution curve fit of the C 1 s leve
shows C-O and C=0 contributions at 287.25 and 288.54 eV, resp
tively, which correspond to the O=C (532.05 eV) and 533.20 eV (@-C)
contributions of the O 1 s level. Besides, analysis of the N 1 s level
(Table S.6) shows a decrease of the percentage of oxidized ami
eties (-N*1) in the plasma-treated PPy (9%) when compared
tine PPy (25%). This is due to the reductant ability of the

number of counter ions anchored to the polymeri
susceptible of being exchanged by nitrate from
nitrate abatement results less effective and the

ture of the counter anions that neutralize t
alities of the polymeric chain detegmine
the reduction of nitrate by t
chain (Fig. 7).

In this study, pyrrole
(FeCl3 and K2S20s), Wi
ing polymers, PPy/FeCl3 a
eas of 4 and 11 m2g;!, and conductivities of 25 and 4.5 Scm™! respec-
tively. XRD diffractio f both materials (Fig. S.5) are similar
and characteristic of amorphous polymers, with a broad peak centered
at 20 = 25.0 ° due to the scattering from PPy chains at the interplanar
spacing.

XPS characterization results can add some light to understand the
different performance of the doped polymers in the abatement of ni-
trate from water. Oxygen is present in both polymers, but in a consider-
able higher amount in PPy/K2S20s (17.97 at.% vs. 6.52 at.% in PPy/
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Fig. 7. Nitrate, nitrite and ammonium concentrations (mg-L’l) as a function of time, de-
termined by ion chromatography. Effect of the dopant/oxidant of PPy. In all cases, a CO2

flow was used. Ha flow was used only when the platinum catalyst was used. Initial nitrate
concentration is 100 mg/L.

FeCl3) (Table S.8). Oxygen moieties are detected in the curve fit of the
C 1s level (Fig. 8) as C-O (286.2 eV) or C=0 (287.6 eV). The binding
energy at which the S 2p peak appears (168.3 eV) in PPy/K2S20s corre-
sponds to sulfur in the sulfate anion, this evidencing the reduction of
S208% to SO4% when it is incorporated as a counter-ion to the poly-
meric chain during the oxidative polymerization. When FeCls is used,
chloride ions are detected (Cl 2ps/2 at 198.5 eV). These results sup-
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Fig. 8. XPS spectra of the C 1s level of PPy synthesized with K2S20. FeClI3:

and 1102 cm™b), out of plane bending (1046 cm~!), N-H bend-
ing (801 cm™'). Charactégistic bands of C=N-C are slightly shifted to-

port the ability of the oxidants to provide counter-ions to neutralize the
yavenumbers in PPy/K2S20g compared to PPy/FeCls: C

positively charged polymeric chain. Some chlorine is also detected in

PPy/K2S20sg (Table S.8), which may come from water contamination,

and this evidences the ion-exchange ability (some SO42 anions re-
placed by some Cl" anions) of counter-ions in the oxidized PPy chain.

Cations from the oxidants do not anchor to the positively charged poly-
meric chain, therefore neither potassium is detected in PPy/K2S20g nor
iron is detected in PPy/FeCls.

PPy synthesized with K2S20s shows 93% of positively charged ni-
trogen at 400.3 eV (Fig. 9, Table S.9), whereas PPy/FeCls results to
be in a less oxidized state (65% of positively charged nitrogen). This re
sults can be correlated with the differences in electrical conductivities

stretching C=0 absorption at 1700-1710 cm! in
ggests the formation of oxygen moieties as a conse
contact of the polymeric chain with the aqueous medium
erization and/or by oxidation in contact with air [43].

om the solution is more effective than that produced by the platinum

(25 and 4.5 Sm™1), found for PPy/K2S20g and PPy/FeCls, respectivt
FTIR spectra of both PPy samples show typical absorption ds ported counterparts (Fig. 7). However, the selectivity of the reac
(Fig. S.6): C=C stretching (1485 cm™!), C-C stretching (1298 n depends on the oxidant/dopant used in the polymerization of pyr-
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Fig. 9. N 1s curve fit of PPy synthesized with K2S20g and FeCls, pristine and recovered after contact with nitrate solution for 300 min.



role. Ammonium is detected in the presence of PPy/K2S20g (Table
S.10), which reveals that nitrate is in fact being reduced. In the case of
PPy/FeCls, neither nitrite nor ammonium ions are detected. Thus, PPy/
FeCl3 is highly selective to nitrogen, whereas selectivity to nitrogen is
considerably decreased in PPy/K2S20g due to the higher production of
ammonium (SNH:' =26.1%).

Recovered polymers were analyzed by XPS. The surface composi-
tion of the recovered PPy/K,S;0g resulted quite similar to that of the
pristine polymer, except for a decrease of the amount of sulfur species
(from 0.38 to 0.16 at.%) (Table S.8). Recovered PPy/FeCl; shows a
more important decrease of the amount of chlorine species (from 2.37
to 0.60 at.%), together with a considerable increase of the surface oxy-
gen concentration (from 6.52 to 14.39 at.%) produced by the contact
with the aqueous solution.

The relative size of the chloride ionic radius (181 pm) and the ther-
mochemical radii of NO3~ (179 pm) and S04 (258 pm) [49] deter-
mine that exchanging of nitrate ion with chloride ion is easier than
with sulfate ion [40,50,51].

Although chloride or sulfate counter-ions of PPy are exchanged by
nitrate this is not detected by XPS in the recovered polymers, as no
contribution to the N 1s peak at 406 eV is observed (Table S.9). This
suggests that after the exchange with the polymer counter-ions, nitrate
is reduced by electrons provided by the conducting polymer. As a con-
sequence, an important oxidation is observed in recovered PPy/FeCls.
Thus, positively charged nitrogen (-N*) and protonated imine (=N*)
species are detected. Although nitrate could be reduced to nitrite in a
first step, XPS analysis of recovered PPy did not show any nitrite con-
tribution (XPS peak at 403.6 eV, Table S.9). A low concentration of ni-
trite was detected in the solution (0.05 mg-L™') when PPy/KyS,0g was
used, being most of it reduced to ammonium (4.09 mgL~!, Table
S.10) or to N5 (not measured).

These results suggest that the initial oxidation degree of the po.
mer imparted by the oxidant (K;S,Og or FeCl3) is determinant i e
ability of the polymer to produce the selective reduction of nitrate by
the electrons provided by the polymeric chain. The more reduced
pristine polymeric chain, the more important the electron
trate. Consequently, as PPy/FeCls is initially in a more r
that PPy/K5S,0g abatement of nitrate in the aqueous soluti
effective with the former.

4, Conclusions

Contamination of water with nitrates is a seri environmental and
health problem that requires an effective and&cong iable solu-

tion. A comprehensive study of nitrate reductio th PPy-based mate-

platinum catalyst
supported on ceramic or carbonaceous 1 d compared to the

abatement of nitrate using a condu

the solution, the reducing
nt used in the synthesis of PPy.

dressed:

1. A metal-free meghod of abatement of nitrates from water without
the risks associated Wi use of gaseous hydrogen has been de-
veloped using a conducting polymer. PPy is able to produce the
abatement of nitrate by an adsorption/reduction mechanism with-
out the need of a metal catalyst or an external reducing agent. This
is due to the redox chemistry and ion exchange properties of the
conducting polymer.

2. Control of pH of the solution is crucial to avoid the formation of am-
monium during the nitrate reduction reaction produced by PPy. This
can be achieved by either using a CO, flow or by using formic

10
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acid as a source of CO2. Although the Hz evolved from formic acid
has reductant ability, however, nitrate is mainly reduced by elec-
trons provided by PPy.

3. The selectivity of nitrate reduction is also
state of the polymeric chain, imparted eit
plasma treatment. Selectivity to ammoni
PPy/FeCls, whereas the reaction is high
with PPy/K5S,0g. When PPy is treatéd
nitrate slightly increases its selecti E.

ected by the oxidation

by,the oxidant or by a
i in the presence of
ctive to ammonium
the reduction of
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