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A B S T R A C T

A mech a nism for the re duc tion of aque ous ni trate with metal-free polypyr role (PPy) is pro posed. The ac tiv ity
and se lec tiv ity of the poly mer has been com pared to those of metal cat a lysts sup ported on polypyr role, ac ti‐
vated car bon or ti ta nia (TiO ). The role of formic acid (FA) and hy dro gen (H ) as re duc tants, and car bon diox‐

ide (CO ) as buffer of the aque ous ni trate so lu tion is dis cussed and com pared to the per for mance of PPy by it‐
self. The ion-ex change and the re dox prop er ties of PPy are strongly af fected by the ox i da tion state of the ni tro‐

gen moi eties in the poly meric chain. This is de ter mined by the ox i dant/ dopant used in the poly mer syn the sis
(FeCl  or K S O ). The de gree of ox i da tion of PPy can also be mod i fied by a plasma treat ment of the poly mer,
which de ter mines the abil ity of PPy to carry out the re duc tion of ni trate by the elec trons pro vided by the poly‐

meric chain and also af fects the se lec tiv ity of the ni trate re duc tion.

1. Introduction

Ni trates are part of the ni tro gen cy cle; how ever, the hu man ac tiv ity
un bal ances the ecosys tem. The in creas ing use of am mo nia-based fer til‐
iz ers re sults in the con t a m i na tion of ground wa ters and aquifers [1,2].
Eu troph i ca tion, that is, the al gae bloom re sult ing from the in creased
phy to planc ton pro duced by the ex cess of ni tro genated nu tri ents in wa‐

ter, blocks sun light. Be sides, when al gae die, there is an in creased oxy‐

gen con sump tion that re sults lethal for fishes. Ni trate can be re duced to
ni trite in the gas troin stesti nal track [3], but ni trites are also added as
preser v a tives to meat prod ucts, mainly char cutery [4]. The com bi na‐

tion of ni trites with amines and amides re sults in ni trosamide and ni‐
trosamine com pounds which are po ten tial car cino gens. Ni trite is also
re spon si ble for the ox i da tion of Fe  in he mo glo bin to Fe , pro duc ing
methe mo glo bin, which has an in creased affin ity for oxy gen in blood.
As a re sult, oxy gen, which is re versible bonded to he mo glo bin, is not
re leased to tis sues when bonded to methe mo glo bin. This causes
cyanosis, the typ i cal blue color of in fants which suf fer from methe mo‐

glo bine mia (known as “blue baby syn drome“) pro duced by their in tox i‐
ca tion with wa ter con t a m i nated with ni trate and ni trite [1,5].

Physico-chem i cal meth ods as re verse os mo sis and elec tro dial y sis
have a lim ited so lu tion to the prob lem as they trans fer ni trate from raw
wa ter to an other phase which would also re quire fur ther treat ment (for
in stance a brine) or dis posal [6,7]. Al though bilo log i cal den i tri fi ca tion
trans forms ni trate into mol e c u lar ni tro gen, it is a slow and low ef fi cient
process which turns out in an other source of con t a m i na tion of wa ter
with bac te ria. Oth er wise, cat alytic re duc tion of ni trate into ni tro gen is
a green al ter na tive for the abate ment of ni trate from wa ter [8], which
is usu ally car ried out with mol e c u lar hy dro gen [9].

Some in ves ti ga tions [10–13] stand for the nec es sary use of a
bimetal lic sys tem to re duce ni trates, which is usu ally com posed of a
pre cious metal (Pt or Pd) and a pro moter (Cu, Ni, Fe, Sn, In, Ag, etc.).
The mech a nism for ni trate hy dro gena tion with bimetal lic cat a lysts was
at first pro posed by Tacke and Vor lop [14] and it is still gen er ally ac‐

cepted. The pro posed mech a nism in cludes a step wise process which in‐

volves ad sorp tion of ni trate on a bimetal lic site, re duc tion to ni trite
through a di rect re dox mech a nism, des orp tion into the aque ous phase
and re-ad sorp tion to a monometal lic site (with no ble metal only) where
ni trites are re duced to the end prod ucts [15]. Oth er wise, the suc cess ful
use of monometal lic cat a lysts (usu ally Pd or Pt, but also Au and Ag)
when par tially re ducible sup ports are used, has also been re ported
[16,17] In this case, the ini tial step is be lieved to be cat alyzed by sites
on the sup port.

One of the main ad van tages of cat alytic re duc tion is the ab sence of
solid or liq uid residues. How ever, it is also nec es sary to make sure that
harm ful in ter me di ates or byprod ucts are avoided [18]. Cat alytic re duc‐

tion of ni trate with di hy dro gen pro duces ni trite, which is fur ther re‐

duced to ni tro gen or to am mo nium:

NO  + H  → NO  + H O

NO  + 3/2 H  → 1/2 N  + H O + OH

NO  + 3H  → NH + 2OH

The ef fi ciency of some stud ied cat a lysts is not sat is fac tory as con‐

cen tra tions sur pass ing the max i mum per mit ted level es tab lished by leg‐

is la tion of toxic ni trite or am mo nium by-prod ucts in stead of the de sired
ni tro gen are ob tained [19]. The Eu ro pean leg is la tion [20] has es tab‐

lished a max i mum per mit ted level of ni trate, ni trite and am mo nium
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in wa ter of 50, 0.5 and 0.5 mg·L , re spec tively; US leg is la tion is sim i‐
lar [21].

The se lec tiv ity of the re ac tion is strongly de pen dent of the pH of the
medium [22–23]. The re ac tions im plied in the re duc tion of ni trate in
acid and al ka line me dia are de scribed be low:

In acid me dia:

NO  (aq) + 2H  (aq) + 2e  → NO  (aq) + H O(l)

2NO  (aq) + 8H  (aq) + 6e  → N  (g) + 4H O(l)

NO  (aq) + 8H  (aq) + 6e  → NH  (aq) + 2H O(l)

In ba sic me dia:

NO  (aq) + H O (l) + 2e  → NO  (aq) + 2OH (aq)

2NO  (aq) + 4H O (l) + 6e  → N  (g) + 8OH (aq)

2NO  (aq) + 6H O (l) + 6e  → NH  (aq) + 8OH (aq)

In ba sic me dia, the for ma tion of hy drox ide ions pro duces an un de‐

sired pH in crease, which may reach un ac cept able val ues for drink ing
wa ter (c.a. 10–11). Be sides, a ba sic pH de creases ac tiv ity and se lec tiv‐

ity to wards ni tro gen and in creases se lec tiv ity to wards am mo nium
[24,25]. This can be out come by adding HCl [26] or buffer ing the so‐

lu tion with a CO  flow [27] at a pH value which is com pat i ble with
drink ing wa ter qual ity (car bonic acid/ bi car bon ate buffer pKa  = 6.35).

The main draw backs con cern ing the use of hy dro gen as re duc tant
are its po ten tial dan ger of ex plo sion and its lim ited sol u bil ity in wa ter (

at ), which may be in suf fi cient for the
treat ment of ground wa ters and waste ef flu ents from in dus try. Be sides,
in tro duc ing gaseous hy dro gen in a con trolled dose in con t a m i nated
aquifers is not an easy task [18].

The aim of this re search work is to de ter mine the abil ity of a con‐

duct ing poly mer, polypyr role (PPy), for re mov ing ni trates in wa ter by
ad sorp tion/ re duc tion mech a nisms with out the need of a metal cat a lyst
and pro duc ing mol e c u lar ni tro gen as the only prod uct. Sev eral re duc‐

tants for aque ous ni trate will be con sid ered as an al ter na tive to di hy‐

dro gen. Fur ther more, the re duc tant ac tiv ity of pris tine and plasma
treated PPy will be in ves ti gated.

Formic acid is a pre cur sor of H  and CO . It has been widely held
[26] that formic acid de com po si tion re quires a no ble metal cat a lyst,
such as Pt or Pd:

This is ac tu ally a three-step re ac tion, which re quires two ad ja cent
sites for a dis so cia tive ad sorp tion [28]:

As formic acid is highly sol u ble in wa ter, it can be in tro duced into
aque ous so lu tions in high doses. Fur ther more it is beg nin and no ex plo‐

sive es pe cially when dis solved in wa ter, so it is an in ter est ing al ter na‐

tive to gaseous re ac tants (H  and CO ) [29]. There fore, the gen er ated
H  would serve as re duc tant and CO  would neu tral ize hy drox ide ion
pro duced dur ing ni trate re duc tion [30]:

Formic acid is in ter est ing not only for the fact of be ing a pre cur sor
of H  and CO  it is also highly in ter est ing due its acid and re duc tant
char ac ter [31,32]. Its pKa (HC COH/ COO ) = 3.74, pro vides an ini tial
pH in a range of 3–4, in stead of the pH of 10–11 ob tained when mol e c‐

u lar hy dro gen is used as re duc tant in the re ac tion of re duc tion of aque‐

ous ni trate. This would help to in crease se lec tiv ity to wards gaseous ni‐
tro gen in stead of am mo nium [33]:

Be sides, formic acid re dox po ten tial E  (CO )/
(HCOOH) = -0.199 V/ ERH al lows to use it as re duc tant by it self:

There fore formic acid might not only act as pre cur sor of H  which
could act as re duc tant, but it can ac tu ally be the ac tual re duc tant of ni‐
trate and ni trite in the wa ter. Be sides, formic acid might also af fect the
re dox state of a par tially re ducible cat a lyst sup port, as it is the case of a
con duct ing poly mer such as polypyr role (PPy), which is used in this
work.

PPy is cheap, easy to pre pare, and has a very good en vi ron men tal
sta bil ity. It is a con ju gated poly mer that has switch able ox i da tion
states. Its syn the sis can be car ried out by elec tro-poly mer iza tion on a
con duc tive sub strate (elec trode) through the ap pli ca tion of an ex ter nal
po ten tial, or by chem i cal poly mer iza tion in so lu tion with the use of a
chem i cal ox i dant. The poly mer iza tion re ac tion of pyr role is shown in
Fig. S.1. In a first step, a neu tral pyr role monomer (Fig. S.1a) ox i dizes
and yields a cation rad i cal (Fig. S.1b), which can re com bine to form a
bypyr role (di ca tion) (Fig. S.1c). Then, the bypyr role suf fers de pro to na‐

tion pro duc ing a neu tral mol e cule (Fig. S.1d) which un der goes fur ther
ox i da tion (Fig. S.1e), re com bi na tion and de pro to na tion steps un til
neu tral polypyr role (Fig. S.1f) is ob tained as the fi nal prod uct
[34,35]. Chem i cal poly mer iza tion is car ried out with rel a tively strong
chem i cal ox i dants, such as iron (III) chlo ride and potas sium per ox y‐

disul fate, which are able to ox i dize the pyr role monomer. The ox i dant
also pro vides a counter-ion (the dopant), which is the ox i dant’s an ion
or its re duced prod uct [36,37]. Chem i cal poly mer iza tion oc curs in the
bulk of the so lu tion, and the re sult ing polypyr role pre cip i tates as an in‐

sol u ble solid.
It has been de ter mined [38] that there is one an ion for every 3–4

pyr role units, de pend ing on the type and charge of the an ion that is in‐

cor po rated to pro vide elec troneu tral ity. This rep re sents a level of ox i‐
da tion of 0.25–0.33 per pyr role unit. As a re sult of the si mul ta ne ous ox‐

i da tion and poly mer iza tion of the pyr role monomer, a de lo cal ized pos i‐
tive charge on the π-elec tron sys tem is pro duced.

It has been pre vi oulsy re ported [39] that polypyr role can ac tively
par tic i pate in re dox processes thanks to its con duct ing prop er ties. Nev‐

er the less, the π-con ju gated struc ture of polypyr role is not suf fi cient to
pro duce ap pre cia ble con duc tiv ity on its own; a dop ing process is nec es‐

sary, which pro duces a par tial charge ex trac tion from the poly mer
chain. PPy chain is si mul ta ne ously doped dur ing poly mer iza tion.
Counter-ions in the re ac tion medium in cor po rate into the grow ing PPy
chains to main tain the elec tri cal neu tral ity of the poly mer sys tem (Fig.
S.2) [40]. Neu tral PPy be haves as a wide band gap semi con duc tor.
Dur ing the ox ida tive poly mer iza tion of pyr role, upon ex trac tion of a
neg a tive charge from a neu tral seg ment of a PPy chain, a pos i tive
charge is pro duced. The re sult ing un paired spin is re ferred to as po‐

laron. As a re sult, new in ter me di ate states are in tro duced within the
band gap. As ox i da tion con tin ues fur ther, an other elec tron has to be re‐

moved from a PPy chain, that al ready con tains a po laron, re sult ing in
the for ma tion of a bipo laron, which is en er get i cally pre ferred. As the
de gree of ox i da tion in creases, the bipo la ronic en ergy state over laps, re‐

sult ing in the for ma tion of nar row in ter me di ate band struc tures. For‐
ma tion of po larons and bipo larons as charge car ri ers are re spon si ble for
the in crease of elec tri cal con duc tiv ity of PPy [34–36].
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It has been ob served that when the in trin sic con duct ing poly mers as
PPy are put into con tact with a gas or a liq uid, there is an elec tron
trans fer from or to wards the an a lyte [41]. For in stance, when PPy is
ex posed to gases that can ac cept elec trons such as NO  or I , elec trons
from the aro matic rings of PPy are re moved. In this case, the dop ing
level of this p-type con duct ing poly mer as well as its con duc tiv ity are
in creased. On the con trary, when an elec tron donor gas as am mo nia is
in con tact with PPy, the poly mer con duc tiv ity dras ti cally di min ishes.
The re dox and ion-ex change prop er ties of PPy make it suit able for its
ap pli ca tion in the re moval of toxic ni trate con t a m i nants from wa ter,
which is the main goal of this work.

2. Experimental

Al though poly mer iza tion of pyr role can be car ried out chem i cal lly
or elec tro chem i cally, the chem i cal ox ida tive poly mer iza tion pro vides a
greater yield, which is in ter est ing for in dus trial ap pli ca tions.

Pyr role (C H N) was poly mer ized us ing ei ther fer ric chlo ride
(FeCl ·6H O) or potas sium per ox y disul fate (K S O ) as ox i dants. Thus,
chlo ride or per sul fate/ sul fate from the ox i dants are in cor po rated dur ing
poly mer iza tion to the polypyr role (PPy) and can be po ten tially ex‐

changed by an ions in the aque ous re ac tion me dia, such as toxic ni trate
in con t a m i nated wa ter. This ion ex change hardly al ters the poly mer
struc ture or mor phol ogy, but can al ter the poly mer dop ing level [35].

This ox ida tive chem i cal poly mer iza tion was car ried out us ing an ox‐

i dant/ pyr role mo lar ra tio of 2.31. The ex per i men tal pro ce dure con‐

sisted in the drop wise ad di tion of 1 mL of pyr role (i.e. 0.0144 mol) to
a so lu tion of 9 g of ox i dant (i.e. 0.033 mol) in 200 mL of ul tra pure wa‐

ter. The stir ring was main tained for 6  h at room tem per a ture. The
formed PPy, which ex hib ited its char ac ter is tic black color, was sep a‐

rated from the so lu tion by fil tra tion, then washed with deion ized wa ter
and dried for 12 h at 80 °C.

In some cases, PPy was im preg nated with an aque ous so lu tion of
hexa chloro pla tinic acid (H PtCl ·6H O, M   =  517.912  g·mol  Alfa-
Ae sar). The tar get plat inum load ing was 2 wt%. The re sult ing sus pen‐

sion (25 mL so lu tion·g ) was main tained un der stir ring at room
tem per a ture for 12 h. Af ter wards, the sol vent was re moved in a ro tary
evap o ra tor (Fig. S.3b), and the plat inum-im preg nated PPy was dried
in an oven (80 °C, 12 h). In or der to pro duce metal plat inum nanopar ti‐
cles dis persed on PPy, a re duc tive treat ment with Ar plasma was car‐
ried out (Fig. S.3c)  The en er getic elec trons pre sent in the plasma act
as re duc ing agents of the plat inum ions an chored to the im preg nated
PPy. This cold plasma ra dio fre quency (RF) treat ment (13.56 MHz) is a
green and low-tem per a ture al ter na tive to the widely used treat ment
with H  at high tem per a ture, which is not suit able in this case be cause
of the lim ited ther mal sta bil ity of PPy. The sam ples were re peat edly
treated in a Tu cano plasma sys tem (Gam betti Kenolo gia, Italy) in
batches of 5 min for a to tal of 180  min, at 200  W us ing an Ar flow
(0.5 mbar). A man ual mix ing of the sam ples be tween treat ments was
per formed for the sake of a ho mo ge neous treat ment. The tem per a ture
of the plasma treated sam ples re mained al ways be low 50 °C (mea sured
us ing a non-con tact in frared ther mome ter PCE In stru ments, model PCE-
888).

For com par i son pur poses, plat inum nanopar ti cles sup ported on ti ta‐

nia and ac ti vated car bon were also syn the sized. De gussa P25 (80%
anatase, 20% ru tile) [42] with a BET sur face area of 53  m ·g , and
par ti cle size of about 100 nm, was used as the TiO  sup port. This was
first cal cined in air at 500  °C for 5  h and then im preg nated with an
aque ous so lu tion of H PtCl ·H O (Alfa Ae sar), with the ap pro pri ate
con cen tra tion to achieve a Pt con tent of 2 wt%. The slurry was stirred
for 12 h, and the ex cess of sol vent was re moved by heat ing at 90 °C un‐

der vac uum in a ro tary evap o ra tor. Fi nally, the cat a lysts were dried at
110 °C for 24 h.

Ac ti vated car bon (AC) Nuchar RGC 30, from Mead-West vaco Corp.,
with a BET sur face area of 1535  m ·g  and a par ti cle size be tween

0.1 and 0.3 mm, was used as sup port. The monometal lic Pt/ AC cat a lyst
was pre pared by in cip i ent wet ness im preg na tion with an aque ous so lu‐

tion of H PtCl ·6H O (Alfa Ae sar). The bimetal lic Pt–Sn/ AC cat a lysts
were pre pared by in cip i ent wet ness co-im preg na tion with aque ous so‐

lu tions of H PtCl ·6H O (Alfa Ae sar) and SnCl ·2H O (Sigma Aldrich).
The pre pared cat a lysts were dried at room tem per a ture for 12 h and fi‐
nally dried at 120 °C overnight. A se ries of cat a lysts was pre pared with
a nom i nal Pt con tent of 2 wt% and a Pt:Sn atomic ra tio of 1:1 and 1:5.

The elec tri cal con duc tiv ity of the pre pared ma te ri als was de ter‐
mined by mea sur ing their elec tri cal re sis tance us ing a cylin dri cal
Teflon sam ple holder and a four-points probe con nected to a mul ti me‐

ter.
N  ad sorp tion (Coul ter Om nisorp 100CX equip ment) at −196 °C of

the out gassed sam ples (150 °C, 4 h) was use ful to de ter mine tex tural
prop er ties of the pre pared ma te ri als. Ex per i men tal con di tions were: Ni‐
tro gen pres sure: 15  Torr; equi lib rium time: 120  s; heat ing rate:
5 °C·min .

X-ray pho to elec tron spec troscopy (XPS) analy ses were car ried out in
a K-Al pha spec trom e ter (Thermo-Sci en tific) in or der to study the ox i da‐

tion state of plat inum loaded to the PPy sup port and the chem i cal state
of ni tro gen in PPy. An Al K  achro matic X-ray source (1486.6 eV) was
used and the ex per i men tal con di tions were: 50 keV pass en ergy, 300 W
and a take-off an gle of 45°. The pres sure in side the analy sis cham ber
re mained al ways be low 5·10  mbar. The bind ing en er gies (B.E.) were
cal i brated with re spect to the C 1 s peak (284.6 eV) of C–C and C–H,
with an ac cu racy of ± 0.2 eV. Lorentz ian (30%) and Gauss ian (70%)
com bi na tion was used to es ti mate the in ten si ties of the peaks in the
spec tra.

Trans mis sion elec tron mi croscopy (TEM) (JEM-2010, JEOL Ltd.,
Tokyo, Japan) was car ried out at 120  kV. The ex per i men tal sam ple
prepa ra tion pro ce dure con sisted on the de po si tion of a droplet of a sus‐

pen sion of the grounded sam ple in ethanol on a ho ley car bon film sup‐

ported on a Cu grid. El e men tal analy sis of the sam ples was ob tained by
EDX cou pled to TEM.

The ca pa bil ity of ni trate re moval by the dif fer ent metal loaded or
metal free ma te ri als was as sessed in a semi-batch re ac tor. 550 mL of ul‐
tra pure wa ter and 500 mg of cat a lyst were fed to the re ac tor, which
was main tained un der stir ring at 700  rpm. De pend ing on the ex per i‐
ment a flow of CO  (75  cm ·min ) and/ or H  (75  cm ·min ) were
passed through the re ac tor. When formic acid was used as re duc tant
the re ac tor was fed with He at a flow rate of 250 cm ·min for 30 min,
and then 186 µL of formic acid (FA) (378 mg·L ) were added.

Ni trate re moval was eval u ated in an aque ous so lu tion of NaNO .
The re ac tion was ini ti ated by adding 7.5 mL of a NaNO  so lu tion to the
re ac tor, so the ini tial ni trate con cen tra tion was 100  mg·L , and the
flow of gases was main tained dur ing the course of the re ac tion.

The with drawal of 1  mL aliquots at dif fer ent times dur ing the
course of the re ac tion al lowed the de ter mi na tion of ni trate, ni trite and
am mo nium by ion chro matog ra phy (Metrohm 850 ProfIC An Cat-MCS
equip ment). Ni trate and ni trite an ions were de ter mined in a Met rosep
AS SUPP-7 col umn (250 mm × 4 mm) and am mo nium cation was de‐

ter mined in a Met rosep C3 col umn (250 mm × 4 mm).
A blank test with ul tra pure wa ter were al ways run for each ex per i‐

ment be fore the ad di tion of the ni trate so lu tion, so in the case that
there were any de tectable ni trate, am mo nium or ni trite con cen tra tions
in the blank test, those were al ways au to mat i cally dis counted from the
mea sured con cen tra tions dur ing the course of the re ac tion.

Ni trate con ver sion (%) and se lec tiv i ties to ni trite and am mo nium
(%) were cal cu lated as:
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where  is the ini tial ni trate con cen tra tion (mg·L ) and 
the ni trate con cen tra tion (mg·L ) at time t (min).

where  is the ini tial amount of ni trate (mol) and ,

,  are the amounts of the re spec tive species (mol) at

time t (min).

Metal leach ing did not take place. This was checked by the analy sis
of aliquots with drawn from the re ac tor us ing In ducted Cou pled Plasma
Mass Spec trom e try (ICP-MS) (7700x Ag i lent). Ex per i men tal con di tions
were: RF power:1150  W; He flow: 0.99  cm ·min  ; liq uid flow:
0.3 mL·min .

3. Results and discussion

A broad range of con duc tiv ity val ues are re ported for PPy from
10  S·cm  to 10  S·cm  [34]. Con duc tiv ity highly de pends on the
syn the sis con di tions, the coun te rion and the dop ing level. PPy syn the‐

sized with FeCl  showed an elec tri cal con duc tiv ity of 1.3 S·cm , which
con sid er able di min ished af ter sup port ing the plat inum cat a lyst (3.4·10
S·cm ). XPS re veals that most plat inum ion (Pt ) from hexa chloro‐

pla tinic acid suf fers a re duc tion to Pt  upon an chor ing to the polypyr‐
role chain (H PtCl /PPy) (Fig. 1). Pre vi ous stud ies [43] have shown
that af ter im preg na tion with H PtCl , plat inum an chors to the pyrrolic
ni tro gen of the polypyr role chain as a chloro plat inum com plex. The re‐

dox po ten tials of plat inum (VI) chloro com plex (E  [PtCl ] /[PtCl ]  =
+0.68 V) and polypyr role (E  PPy /PPy = +0.15  V) (Table S.1),
sup port a pos si ble elec tron trans fer be tween PPy and plat inum ion
[39], which re sults in the par tial re duc tion of Pt  to Pt  and the ox‐

i da tion of the neu tral amine (–NH–) func tion al i ties to ox i dized amine
(–N ), as as sessed by XPS (Fig. S.4, Ta bles S.2 and S.3.). Af ter wards,
the high en ergy elec trons pre sent in the plasma are able to par tially re‐

duce plat inum (II) ion pre sent in H PtCl /PPy (Table S.3) and pro duce
well dis persed metal plat inum nanopar ti cles, which are de tected by
XPS (Pt/ PPy in Table S.3), and ev i denced by TEM (Fig. S.4). For ma‐

tion of plat inum nanopar ti cles im plies dis so ci a tion of the plat inum
com plexes an chored to the poly meric chain trough the ni tro gen func‐

tion al ity (–N …[PtCl ] ) (Fig. S.3).
The per for mance of this plat inum cat a lyst sup ported on polypyr role

(Pt/ PPy) will be eval u ated and com pared with other cat a lysts in the re‐

ac tion of re duc tion of ni trate from wa ter with mol e c u lar hy dro gen.
The cat alytic hy dro gena tion of ni trate is quite dif fer ent de pend ing

on the metal and the sup port. Fig. 1 com pares two Pt:Sn cat a lyst sup‐

ported on an ac ti vated car bon (S   =  1535  m ·g ) with a
monometal lic Pt cat a lyst sup ported on a ce ramic (TiO ;
S  = 53 m ·g) and a poly meric (PPy; S  = 4 m ·g) ma te r ial.

It has been well es tab lished that the monometal lic cat a lysts are in
gen eral in ac tive for ni trate re duc tion. This is the case of the plat inum
cat a lyst sup ported on ac ti vated car bon, where the pres ence of a pro‐

moter metal is manda tory to ob tain sig nif i cant ni trate con ver sion

Fig. 1. (a) Ni trate, (b) ni trite and (c) am mo nium con cen tra tions (mg·L ) as a func tion of
time, de ter mined by ion chro matog ra phy in the pres ence of plat inum cat a lysts sup ported
on dif fer ent ma te ri als. Ini tial ni trate con cen tra tion is 100 mg/ L.

[44,45]. Fig. 1 shows that the Pt-Sn cat a lysts sup ported on ac ti vated
car bon are ac tive for ni trate re duc tion but ni trate abate ment is not
enough to ful fill the wa ter reg u la tions, and con sid er able ni trite an am‐

mo nium pro duc tion are pro duced, which sur pass the per mit ted lev els.
The se lec tiv ity to these un desider able sub prod ucts is in creased with the
in creased no ble metal con cen tra tion in the bimetal lic cat a lyst (1:1Pt-
Sn/ C vs 1:5Pt-Sn/ C), as re ported else where [10]. This can be ex plained
on the ba sis that the higher the amount of the no ble metal (which is
very ac tive for hy dro gena tion re ac tions) the higher num ber of iso
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lated no ble metal sur face sites, so the in creased pro duc tion of ni trite
and am mo nium.

Al though some stud ies [17] show that Pt/ TiO  is ac tive for ni trate
re duc tion us ing H  as a re duc ing agent, its ac tiv ity and se lec tiv ity is
highly de pen dent on the prepa ra tion pro ce dure, es pe cially the cal ci na‐

tion/ re duc tion tem per a tures. In the ex per i men tal con di tions used in
this study, the ac tiv ity of Pt sup ported on PPy is con sid er able higher
than the plat inum cat a lysts sup ported on TiO  or ac ti vated car bon.
Only in the case of the poly meric sup port, there is a con sid er able abate‐

ment of ni trate from the so lu tion in the pres ence of H  and CO  and a
Pt cat a lyst. This can be ex plained in terms of the poly meric sup port
get ting ac tively in volved in the re dox process. In less than 10 min, 56%
ni trate con ver sion is achieved. Nev er the less, the ni trate con cen tra tion
de ter mined by ion chro matog ra phy (53.82  mg·L  for Pt/ PPy/
FeCl  + H  + CO  in Table S.4) is still over the max i mum per mit ted
level for drink ing wa ter (50  mg·L ). Am mo nium con cen tra tion
(0.73 mg·L ) also ex ceeds the per mit ted lim its (0.5 mg·L ) [1]. It has
not been pos si ble to mea sure ni tro gen re leased to the at mos phere as a
re sult of ni trate re duc tion, but am mo nium pro duc tion ev i dences that a
re dox process is tak ing place. XPS analy sis of the re cov ered cat a lyst
sup port these find ings (Fig. 3). Af ter 60  min re ac tion, there is a de‐

crease of the metal lic plat inum amount (from 61 in Pt/ PPy to 43% in
Pt/ PPy/ H  + CO /re cov ered in Table S.3) and an in crease of ionic
plat inum (from 39 to 57%, re spec tively).

The re duc tion of ni trate might be pro duced ei ther by di hy dro gen
chemisorbed to Pt  or by elec trons pro vided by the con duct ing poly mer
(Fig. 2a). How ever, the elec tron trans fer from the con duct ing poly mer
to ni trate ions is lim ited in the Pt/ PPy com pared to the metal-free PPy.
In the metal-free PPy, chlo rine coun teran ions are ex changed by ni trate,
which ad sorbs to PPy. Then the elec tron trans fer from the poly mer to
the ad sorbed ni trate is pro duced through the ni tro gen func tion al i ties in
the poly meric chain. How ever, in the Pt/ PPy a con sid er able amount of
Cl  en ters into the co or di na tion sphere of the plat inum chloro com‐

plexes, an chored to the N func tion al i ties in the poly mer. This re duces
the num ber of Cl  avail able to be ex changed by NO  and there fore lim‐

its the ion ex change process and also lim its the elec tron trans fer
process, that is di rect in the metal-free PPy, but it is plat inum-me di

ated in Pt/ PPy, as de tailed in a pre vi ous work [39]. Thus, Fig. 3a
shows a more ef fec tive ni trate re moval pro duced by the Pt-free
polypyr role.

Con sid er ing the per for mance of the un loaded poly mer for the abate‐

ment of ni trate from wa ter, the re duc tant ca pa bil ity of the PPy syn the‐

sized with FeCl  has been stud ied in the pres ence of sev eral re duc tants.
Su per im posed graphs are ob tained when the re ac tion is car ried out us‐

ing just the poly mer (PPy) or when other re duc tants as mol e c u lar hy‐

dro gen (PPy + H  + CO ) or formic acid (PPy + FA) are added to the
re ac tor (Fig. 3). This sug gests that the PPy by it self is ca pa ble of pro‐

duc ing the re duc tion of ni trate in the wa ter, and the pres ence of any
other re duc tant is not nec es sary. This can be ex plained con sid er ing
both the poly mer ion ex change abil ity and its re dox prop er ties, which
pro vide the poly mer with the unique ca pa bil ity of re duc ing ni trate in
the wa ter, un likely to other sup ports stud ied in the lit er a ture, which
nec es sar ily re quire the pres ence of a re duc tant (such as hy dro gen), as
well as a metal cat a lyst.

Fig. 4 shows that the de crease in the con cen tra tion of ni trate de ter‐
mined by ion chro matog ra phy in the aque ous so lu tion is ac com pa nied
by the in crease of chlo ride. This is due to the ion ex change be tween the
chlo ride counter-ion of the poly meric chain and ni trate in the aque ous
so lu tion. Once ex changed, ni trate is re duced by elec trons pro vided by
the poly mer chain with a con se quent pro duc tion of ni tro gen (not mea‐

sured), ni trite (Fig. 3b) and am mo nium (Fig. 3c), which are de tected
in the so lu tion. The low amount of ni trite and the con sid er able higher
amount of am mo nium sug gest that the re duc tion of ni trate oc curs
through ni trite as an in ter me di ate species, but this quickly un dergo a
sub se quent re duc tion to am mo nium or ni tro gen. On the other hand,
Fig. 3a and Table S.5 also show that ni trate abate ment is less ef fec tive
in the pres ence of FA. This can be ex plained in terms of the com pe ti‐
tion be tween ni trate and formi ate an ions to ex change chlo ride an ions.
FA in so lu tion is a source of H  (acts as re duc tant) and CO  (acts as a
buffer). How ever, if some formi ate an ions ex change chlo ride an ions
and get an chored to the poly meric chain, the H  pro duc tion would de

Fig. 2. (a) Scheme show ing the pro posed mech a nism of ni trate re duc tion and (b) Pt 4f and N 1s curve fits (XPS) of the pris tine and the re cov ered plat inum cat a lyst sup ported on PPy.
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Fig. 3. (a) Ni trate, (b) ni trite and (c) am mo nium con cen tra tions (mg·L ) as a func tion of
time, de ter mined by ion chro matog ra phy in the pres ence of plat inum sup ported on PPy
and also on metal-free PPy with dif fer ent re duc tants. Ini tial ni trate con cen tra tion is
100 mg/ L.

crease. Be sides, as formi ate com pete with ni trate for the avail able sites
at the poly meric chain, ni trate ad sorp tion would also de crease. As a re‐

sult, ni trate re moval by PPy in the pres ence of FA is low ered. Nev er the‐

less, those ni trate ions that get to an chor to the poly meric chain (Fig.
5), also suf fer fur ther re duc tion, mainly by the elec trons pro vided

Fig. 4. Ni trate and chlo ride con cen tra tions (mg·L ) as a func tion of time, de ter mined by
ion chro matog ra phy us ing PPy in ab sence of any other re duc tant.

Fig. 5. Scheme show ing the ex change be tween chlo rine counter-ion of the poly meric
chain and ni trate and formi ate an ions.

by the poly meric chain as the in situ pro duced H  is in suf fi cient to re‐

duce NO  [46].
The abil ity of PPy to ex change formi ate an ions was eval u ated from

the vari a tions in the con cen tra tion of a formic acid so lu tion in con tact
with PPy, in the ab sence of ni trate. An in crease of the con cen tra tion of
chlo ride from 0 to 23 mg · L  and a de crease in the con cen tra tion of
formic acid from 378 mg · L  to 235 mg · L  is ob served in only 5 min,
which demon strates the ion ex change be tween the formi ate of the so lu‐

tion and the chlo ride counter-ions of PPy. How ever, COO  and NO
species are not de tected by XPS in the re cov ered poly mer, so the ex‐

changed formi ate and ni trate ions are not re tained by the poly meric
chain.

The mech a nism for ni trate abate ment by PPy is pro duced in a two-
steps path way. First, ion ex change be tween PPy counter-ions (Cl  in
PPy/ FeCl ) and NO  is pro duced, and then, elec trons are sup plied

6

−1

−1

2

3–

-1

-1 -1

– 3–

-

3 3–

Edit Proof PDF



/

UN
CO

RR
EC

TE
D 

PR
OOF

J.J. Villora-Picó et al. Chemical Engineering Journal xxx (xxxx) xxx-xxx

to ni trate from the semi ox i dized poly meric chain, which is plau si ble
from the re duc tion po ten tials of ni trate (NO /NH , E° = 0.875  V;
NO /N , E° = 1.246 V) and polypyr role, (PPy /PPy, E° = 0.150  V)
(Table S.1). In the pres ence of formic acid, af ter the com pet i tive ex‐

change of chlo ride counter-ion by ni trate and formi ate from the aque‐

ous so lu tion, ni trate could be re duced di rectly by the elec trons sup plied
by the poly meric chain, but there is also the pos si bil ity that ni trate is
re duced by the H  evolved from the ox i da tion of formic acid by the
poly meric chain (E° (CO /HCOOH)  =  -0.199  V). Thus, the PPy poly‐

meric chain could par tic i pate ei ther in the ni trate re duc tion and the
formi ate ox i da tion. This is pos si ble thanks to the unique abil ity of the
in trin sic con duct ing poly mer to act as a source or a sink of elec trons ac‐

cord ing to the na ture of the an ion an chored to the pyrrolic ni tro gen
(ni trate or formi ate) (Fig. 5).

The changes pro duced in the ox i da tion state of the poly mer chain
sub mit ted to these re dox processes can be mon i tored by XPS. N 1s
spec tra can be de con vo luted into four con tri bu tions cor re spond ing to
four types of ni tro gen: neu tral imine (–N ) around 397.8 eV, neu tral
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
per cent ages of the dif fer ent ni tro gen species de tected on the sur face the
pris tine polypyr role (Pris tine PPy) and also on the sur face of the re cov‐

ered polypyr role af ter 60 min in con tact with just the aque ous ni trate
so lu tion (Recov ered PPy  +  NaNO ); the re cov ered polypyr role af ter
con tact with the ni trate so lu tion and formic acid (Re cov ered
PPy + NaNO  + FA) and the re cov ered polypyr role af ter be ing in con‐

tact with the ni trate so lu tion and H  and CO  flows (Re cov ered
PPy + NaNO  + H  + CO ).

Pris tine PPy shows 75% of neu tral amine species and 25% of pos i‐
tively charged ni tro gen (-N ), char ac ter is tic of the semi-ox i dized state
of the poly meric chain af ter the ox ida tive chem i cal poly mer iza tion
with FeCl . Af ter be ing in con tact with the aque ous so lu tion of

formic acid and sodium ni trate, a vari a tion of the per cent ages of the
dif fer ent N species is in the sur face of the re cov ered
PPy + NaNO  + FA can be no ticed: 5% =N-; 86% –HN-; 9% =N .
This change of the ox i da tion state of PPy is a con se quence of the par tic‐

i pa tion of the poly meric chain in both processes, i.e. the ox i da tion of
formi ate and the re duc tion of ni trate ions an chored to the poly meric
chain. The net bal ance of these two processes (ox i da tion of formic acid
and re duc tion of ni trate) gives rise to the ni tro gen species de tected by
XPS in the sur face of the re cov ered PPy from the aque ous ni trate and
formi ate so lu tion.

It has been re ported [26] that the ox i da tion of formic acid in aque‐

ous so lu tion re quires the pres ence of a cat a lyst, which is usu ally a no‐

ble metal. How ever, in this work, it has been shown that the con duc‐

tive poly mer can pro mote the ox i da tion of formic acid as well as the re‐

duc tion of ni trate (Fig. 6). Po larons and bipo larons in PPy (Fig. S.2),
would be im plied in the elec tron flow from and to wards the poly meric
chain ac cord ing to the na ture of the an ion (ni trate or formi ate) an‐

chored through the pyrrolic ni tro gen.
Table S.6 shows re duced ni tro gen moi eties ( N–) at bind ing en‐

er gies of 398.5 eV in the re cov ered PPy + NaNO  + FA and re cov ered
PPy + NaNO  + H  + CO . How ever, these species are not de tected
in the re cov ered PPy + NaNO . In this later case, the poly meric chain
is the only re duc tant of ni trate and con se quently, it gets more read ily
ox i dized than in the pres ence of formic acid or di hy dro gen. This is ev i‐
denced by the pres ence of ox i dized ni tro gen moi eties ( N ) in the re‐

cov ered PPy + NaNO . Fur ther more, the ab sence of ni trate con tri bu‐

tion at higher bind ing en er gies con firms that ni trate is not re tained by
ad sorp tion on PPy.

Al though ni trate is suc cess fully re duced by PPy, how ever, a pH of 6
is ob tained, this in creas ing se lec tiv ity to am mo nium [38,47] (Table
S.4). As ex plained in the In tro duc tion sec tion, the re duc tion of ni trate
un der ba sic con di tions pro duces hy drox ide ion. It is cru cial to main tain
a pH about 4 to as sure a low am mo nium pro duc tion. This is can be
achieved by buffer ing the aque ous so lu tion with CO  If formic acid

Fig. 6. (a) N 1s curve fits (XPS) of the pris tine and the re cov ered polypyr role by it self and in the pres ence of formic acid; (b) Scheme show ing the pro posed mech a nism of ni trate re duc‐

tion by polypyr role by it self and in the pres ence of formic acid.
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is used as a CO  source (as well as source of H ), there is a more im por‐

tant in crease in the con cen tra tion of chlo ride in so lu tion (from 0 to
56.19 mg·L ) (Table S.5) com pared to the chlo ride re leased to the so‐

lu tion when PPy is in the pres ence of H  and/ or CO  (48.62 and
49.04 mg·L ) or just PPy (48.71 mg·L ). This is in agree ment with the
fact that part of the chlo ride ions are be ing ex changed by both formi ate
and ni trate ions (Fig. 5), as men tioned above.

Once the re ac tion was com pleted, the poly mer was sep a rated from
the so lu tion by cen trifu ga tion and in tro duced in a stirred aque ous NaCl
1 M so lu tion dur ing 30 min in or der to pro duce the des orp tion of the
an ions that could re main ad sorbed [48] (ni trate, formi ate). Then, two
sub se quent runs un der iden ti cal con di tions were car ried out. Ni trate
con ver sions achieved with the re gen er ated ma te ri als were only slightly
lower than those ob tained dur ing the first run (Table S.7). Am mo nium
and ni trite pro duc tion was sim i lar in all the three runs. How ever, the
re cy cling of PPy would im ply not only the re gen er a tion of the orig i nal
coun te ri ons but also the re duc tion of the poly meric chain to its re dox
state be fore be ing in con tact with the ni trate so lu tion. This is the aim of
fur ther in ves ti ga tions.

The ion-ex change and the re dox prop er ties of PPy are strongly af‐
fected by the ox i da tion state of the poly meric chain. In this study, the
ox i da tion de gree of the poly meric chain has been mod i fied by a treat‐
ment in Ar gon plasma. Table S.2 shows an in crease of oxy gen func‐

tion al i ties on the sur face of the PPy treated in Ar plasma at 300 w for
3 h. Plasma treat ment pro duces the ac ti va tion of the poly mer sur face
and its ul te rior con tact with air re sults in the in tro duc tion of oxy gen
moi eties. Thus, the XPS high res o lu tion curve fit of the C 1  s level
shows C-O and C=O con tri bu tions at 287.25 and 288.54  eV, re spec‐

tively, which cor re spond to the O=C (532.05 eV) and 533.20 eV (O-C)
con tri bu tions of the O 1  s level. Be sides, analy sis of the N 1  s level
(Table S.6) shows a de crease of the per cent age of ox i dized amine moi‐
eties (-N ) in the plasma-treated PPy (9%) when com pared to the pris‐

tine PPy (25%). This is due to the re duc tant abil ity of the high en ergy
elec trons in the plasma [43]. The de crease of N  func tion al i ties pro‐

duces a con sid er able de crease of chlo rine counter ions: 0.47% Cl in
plasma treated PPy vs 2.37% Cl in pris tine PPy (Table S.2). As the
num ber of counter ions an chored to the poly meric chain, which are
sus cep ti ble of be ing ex changed by ni trate from the so lu tion de creases,
ni trate abate ment re sults less ef fec tive and the re duc tion of ni trate be‐

comes slightly more se lec tive to ni trite, which is fur ther more re leased
to the so lu tion and can be de tected by ion chro matog ra phy (Fig. 3).

Not only the ox i da tion de gree of the pris tine PPy, but also the na‐

ture of the counter an ions that neu tral ize the ox i dized amine func tion‐

al i ties of the poly meric chain de ter mine the ac tiv ity and se lec tiv ity of
the re duc tion of ni trate by the elec trons pro vided by the poly meric
chain (Fig. 7).

In this study, pyr role was poly mer ized us ing two dif fer ent ox i dants
(FeCl  and K S O ), which pro vide dif fer ent counter an ions. The re sult‐
ing poly mers, PPy/ FeCl  and PPy/ K S O , showed low BET sur face ar‐

eas of 4 and 11 m ·g , and con duc tiv i ties of 25 and 4.5 S·cm  re spec‐

tively. XRD dif frac tion pat terns of both ma te ri als (Fig. S.5) are sim i lar
and char ac ter is tic of amor phous poly mers, with a broad peak cen tered
at 2θ = 25.0 ° due to the scat ter ing from PPy chains at the in ter pla nar
spac ing.

XPS char ac ter i za tion re sults can add some light to un der stand the
dif fer ent per for mance of the doped poly mers in the abate ment of ni‐
trate from wa ter. Oxy gen is pre sent in both poly mers, but in a con sid er‐
able higher amount in PPy/ K S O  (17.97 at.% vs. 6.52 at.% in PPy/

Fig. 7. Ni trate, ni trite and am mo nium con cen tra tions (mg·L ) as a func tion of time, de‐

ter mined by ion chro matog ra phy. Ef fect of the dopant/ ox i dant of PPy. In all cases, a CO
flow was used. H  flow was used only when the plat inum cat a lyst was used. Ini tial ni trate
con cen tra tion is 100 mg/ L.

 FeCl ) (Table S.8). Oxy gen moi eties are de tected in the curve fit of the
C 1s level (Fig. 8) as C–O (286.2 eV) or C O (287.6 eV). The bind ing
en ergy at which the S 2p peak ap pears (168.3 eV) in PPy/ K S O  cor re‐

sponds to sul fur in the sul fate an ion, this ev i denc ing the re duc tion of
S O  to SO  when it is in cor po rated as a counter-ion to the poly‐

meric chain dur ing the ox ida tive poly mer iza tion. When FeCl  is used,
chlo ride ions are de tected (Cl 2p  at 198.5  eV). These re sults sup
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Fig. 8. XPS spec tra of the C 1s level of PPy syn the sized with K S O  and with FeCl .

port the abil ity of the ox i dants to pro vide counter-ions to neu tral ize the
pos i tively charged poly meric chain. Some chlo rine is also de tected in
PPy/ K S O  (Table S.8), which may come from wa ter con t a m i na tion,
and this ev i dences the ion-ex change abil ity (some SO  an ions re‐

placed by some Cl  an ions) of counter-ions in the ox i dized PPy chain.
Cations from the ox i dants do not an chor to the pos i tively charged poly‐

meric chain, there fore nei ther potas sium is de tected in PPy/ K S O  nor
iron is de tected in PPy/ FeCl .

PPy syn the sized with K S O  shows 93% of pos i tively charged ni‐
tro gen at 400.3 eV (Fig. 9, Table S.9), whereas PPy/ FeCl  re sults to
be in a less ox i dized state (65% of pos i tively charged ni tro gen). This re‐

sults can be cor re lated with the dif fer ences in elec tri cal con duc tiv i ties,
(25 and 4.5 S·m ), found for PPy/ K S O  and PPy/ FeCl , re spec tively.

FTIR spec tra of both PPy sam ples show typ i cal ab sorp tion bands
(Fig. S.6): C C stretch ing (1485  cm ), C–C stretch ing (1298

and 1102 cm ), C–H out of plane bend ing (1046 cm ), N–H bend‐

ing (801 cm ). Char ac ter is tic bands of C N–C are slightly shifted to‐

wards higher wavenum bers in PPy/ K S O  com pared to PPy/ FeCl : C
N stretch ing (1565 vs. 1540  cm ), C-N stretch ing (1202 vs.

1183 cm ) and C N–C bend ing (922 vs. 915 cm ). These bands are
at trib uted in the lit er a ture to the bipo laron bands char ac ter is tics of the
dop ing. Be sides, stretch ing C O ab sorp tion at 1700–1710  cm  in
both spec tra sug gests the for ma tion of oxy gen moi eties as a con se‐

quence of the con tact of the poly meric chain with the aque ous medium
dur ing poly mer iza tion and/ or by ox i da tion in con tact with air [43].

When the metal-free poly mers are put into con tact with the aque ous
ni trate so lu tion in the pres ence of a CO  flow, the abate ment of ni trate
from the so lu tion is more ef fec tive than that pro duced by the plat inum
sup ported coun ter parts (Fig. 7). How ever, the se lec tiv ity of the re ac‐

tion de pends on the ox i dant/ dopant used in the poly mer iza tion of pyr

Fig. 9. N 1s curve fit of PPy syn the sized with K S O  and FeCl , pris tine and re cov ered af ter con tact with ni trate so lu tion for 300 min.
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role. Am mo nium is de tected in the pres ence of PPy/ K S O  (Table
S.10), which re veals that ni trate is in fact be ing re duced. In the case of
PPy/ FeCl , nei ther ni trite nor am mo nium ions are de tected. Thus, PPy/
FeCl  is highly se lec tive to ni tro gen, whereas se lec tiv ity to ni tro gen is
con sid er ably de creased in PPy/ K S O  due to the higher pro duc tion of
am mo nium ( =26.1%).

Re cov ered poly mers were an a lyzed by XPS. The sur face com po si‐
tion of the re cov ered PPy/ K S O  re sulted quite sim i lar to that of the
pris tine poly mer, ex cept for a de crease of the amount of sul fur species
(from 0.38 to 0.16 at.%) (Table S.8). Re cov ered PPy/ FeCl  shows a
more im por tant de crease of the amount of chlo rine species (from 2.37
to 0.60 at.%), to gether with a con sid er able in crease of the sur face oxy‐

gen con cen tra tion (from 6.52 to 14.39 at.%) pro duced by the con tact
with the aque ous so lu tion.

The rel a tive size of the chlo ride ionic ra dius (181 pm) and the ther‐

mo chem i cal radii of NO  (179  pm) and SO  (258  pm) [49] de ter‐
mine that ex chang ing of ni trate ion with chlo ride ion is eas ier than
with sul fate ion [40,50,51].

Al though chlo ride or sul fate counter-ions of PPy are ex changed by
ni trate this is not de tected by XPS in the re cov ered poly mers, as no
con tri bu tion to the N 1s peak at 406 eV is ob served (Table S.9). This
sug gests that af ter the ex change with the poly mer counter-ions, ni trate
is re duced by elec trons pro vided by the con duct ing poly mer. As a con‐

se quence, an im por tant ox i da tion is ob served in re cov ered PPy/ FeCl .
Thus, pos i tively charged ni tro gen (-N ) and pro to nated imine (=N )
species are de tected. Al though ni trate could be re duced to ni trite in a
first step, XPS analy sis of re cov ered PPy did not show any ni trite con‐

tri bu tion (XPS peak at 403.6 eV, Table S.9). A low con cen tra tion of ni‐
trite was de tected in the so lu tion (0.05 mg·L ) when PPy/ K S O  was
used, be ing most of it re duced to am mo nium (4.09  mg·L , Table
S.10) or to N  (not mea sured).

These re sults sug gest that the ini tial ox i da tion de gree of the poly‐

mer im parted by the ox i dant (K S O  or FeCl ) is de ter mi nant in the
abil ity of the poly mer to pro duce the se lec tive re duc tion of ni trate by
the elec trons pro vided by the poly meric chain. The more re duced the
pris tine poly meric chain, the more im por tant the elec tron flow to ni‐
trate. Con se quently, as PPy/ FeCl  is ini tially in a more re duced state
that PPy/ K S O  abate ment of ni trate in the aque ous so lu tion is more
ef fec tive with the for mer.

4. Conclusions

Con t a m i na tion of wa ter with ni trates is a se ri ous en vi ron men tal and
health prob lem that re quires an ef fec tive and eco nom i cally vi able so lu‐

tion. A com pre hen sive study of ni trate re duc tion with PPy-based ma te‐

ri als has been ac com plished. First, the cat alytic re duc tion of ni trate
with gaseous hy dro gen has been car ried out us ing a plat inum cat a lyst
sup ported on ce ramic or car bona ceous ma te ri als and com pared to the
abate ment of ni trate us ing a con duc tive poly mer (PPy). Then, formic
acid has been used as an al ter na tive re duc ing agent to H  gas. The
mech a nism of ni trate re moval from wa ter un der dif fer ent ex per i men tal
con di tions has been stud ied, in clud ing the pres ence or ab sence of a Pt
cat a lyst sup ported on the PPy, the pH of the so lu tion, the re duc ing
agent, a plasma treat ment and the ox i dant used in the syn the sis of PPy.

From the ob tained re sults, the fol low ing con clu sions have been ad‐

dressed:

1.  A metal-free method of abate ment of ni trates from wa ter with out
the risks as so ci ated with the use of gaseous hy dro gen has been de‐

vel oped us ing a con duct ing poly mer. PPy is able to pro duce the
abate ment of ni trate by an ad sorp tion/ re duc tion mech a nism with‐

out the need of a metal cat a lyst or an ex ter nal re duc ing agent. This
is due to the re dox chem istry and ion ex change prop er ties of the
con duct ing poly mer.

2.  Con trol of pH of the so lu tion is cru cial to avoid the for ma tion of am‐

mo nium dur ing the ni trate re duc tion re ac tion pro duced by PPy. This
can be achieved by ei ther us ing a CO  flow or by us ing formic

acid as a source of CO . Al though the H  evolved from formic acid
has re duc tant abil ity, how ever, ni trate is mainly re duced by elec‐

trons pro vided by PPy.
3.  The se lec tiv ity of ni trate re duc tion is also af fected by the ox i da tion

state of the poly meric chain, im parted ei ther by the ox i dant or by a
plasma treat ment. Se lec tiv ity to am mo nium is low in the pres ence of
PPy/ FeCl , whereas the re ac tion is highly se lec tive to am mo nium
with PPy/ K S O . When PPy is treated in plasma, the re duc tion of
ni trate slightly in creases its se lec tiv ity to ni trite.

Author contributions

The man u script was writ ten through con tri bu tions of all au thors.
All au thors have given ap proval to the fi nal ver sion of the man u script.
‡These au thors con tributed equally.

Declaration of Competing Interest

The au thors de clare that they have no known com pet ing fi nan cial
in ter ests or per sonal re la tion ships that could have ap peared to in flu‐

ence the work re ported in this pa per.

Acknowledgment

Fi nan cial sup port from Gen er al i tat Va len ciana, Spain (PROM E‐

TEOII/ 2014/ 004) and Min istry of Econ omy and Com pet i tive ness
(MAT2016-80285-P) is grate fully ac knowl edged.

Appendix A. Supplementary data

Sup ple men tary data to this ar ti cle can be found on line at https: //
doi. org/ 10. 1016/ j. cej. 2020. 126228.

References

[1] WHO. Am mo nia in Drink ing-wa ter, Back ground Doc u ment for De vel op ment of
WHO Guide lines for Drink ing-Wa ter Qual ity. 2003;2:4.

[2] K R Burow, B T Nolan, M G Rupert, N M Dubrovsky, Nitrate in groundwater of
the United States, 1991–2003, Environ. Sci Technol. 44 (13) (2010) 4988–4997,
doi:10.1021/ es100546y.

[3] I Mikami, Y Sakamoto, Y Yoshinaga, T Okuhara, Kinetic and adsorption studies on
the hydrogenation of nitrate and nitrite in water using Pd-Cu on active carbon
support, Appl. Catal. B Environ. 44 (1) (2003) 79–86, doi:10.1016/ S0926-
3373(03)00021-3.

[4] V Bouvard, D Loomis, K Z Guyton, et al., Carcinogenicity of consumption of red
and processed meat, Lancet Oncol. 16 (December) (2015) 1599–1600,
doi:10.1016/ S1470-2045(15)00444-1.

[5] N. Gra ham, Guide lines for Drink ing-Wa ter Qual ity, 4th Ed. Who. 1999;1(2):183.
doi:10.1016/ S1462-0758(00)00006-6.

[6] V B Jensen, J L Darby, C Seidel, C Gorman, Nitrate in potable water supplies:
alternative management strategies, Crit. Rev. Environ. Sci. Technol. 44 (20)
(2014), doi:10.1080/ 10643389.2013.828272.

[7] A Bhatnagar, M Sillanpää, A review of emerging adsorbents for nitrate removal
from water, Chem. Eng. J. 168 (2) (2011) 493–504, doi:10.1016/
j.cej.2011.01.103.

[8] K.N. Heck, S. Gar cia-Se gura, P. West er hoff, M.S. Wong, Cat alytic Con vert ers for
Wa ter Treat ment. Acc. Chem. Res. 2019;52(4). doi: 10.1021/ acs.ac‐

counts.8b00642
[9] M. Hu, Y. Liu, Z. Yao, L. Ma, X. Wang, Cat alytic re duc tion for wa ter treat ment.

2018;12(1):1-18. doi: 10.1007/ s11783-017-0972-0.
[10] O S G P Soares, J J M Órfão, J Ruiz-Martínez, J Silvestre-Albero, A Sepúlveda-

Escribano, M F R Pereira, Pd-Cu/ AC and Pt-Cu/ AC catalysts for nitrate reduction
with hydrogen: influence of calcination and reduction temperatures, Chem. Eng.
J. 165 (1) (2010) 78–88, doi:10.1016/ j.cej.2010.08.065.

[11] I Dodouche, D P Barbosa, M do C Rangel, F Epron, Palladium-tin catalysts on
conducting polymers for nitrate removal, Appl. Cata..l B Environ. 93 (1–2) (2009)
50–55, doi:10.1016/ j.apcatb.2009.09.011.

[12] U Prüsse, K D Vorlop, Supported bimetallic palladium catalysts for water-phase
nitrate reduction, J. Mol. Catal. A Chem. 173 (1–2) (2001) 313–328, doi:10.1016/
S1381-1169(01)00156-X.

[13] G Mendow, N S Veizaga, C A Querini, B S Sánchez, A continuous process for the
catalytic reduction of water nitrate, J. Environ. Chem. Eng. 7 (1) (2019),
doi:10.1016/ j.jece.2018.11.052.

[14] S Hörold, T Tacke, K Vorlop, Catalytical removal of nitrate and nitrite from
drinking water: 1. Screening for hydrogenation catalysts and influence of

10

2 2 8

3

3

2 2 8

2 2 8

3

3
–

4
2-

3
+ +

-1
2 2 8
−1

2

2 2 8 3

3

2 2 8

2

2

2 2

3

2 2 8

Edit Proof PDF

https://doi.org/10.1016/j.cej.2020.126228


/

UN
CO

RR
EC

TE
D 

PR
OOF

J.J. Villora-Picó et al. Chemical Engineering Journal xxx (xxxx) xxx-xxx

reaction conditions on activity and selectivity, Environ Technol. 14 (10) (1993)
931–939, doi:10.1080/ 09593339309385367.

[15] R Zhang, D Shuai, K A Guy, J R Shapley, T J Strathmann, Werth CJ. Elucidation
of nitrate reduction mechanisms on a Pd-In bimetallic catalyst using isotope
labeled nitrogen species, ChemCatChem. 5 (1) (2013), doi:10.1002/
cctc.201200457.

[16] M.J. Gar cía-Fer nán dez, R. Buitrago-Sierra, M.M. Pas tor-Blas, O.S.G.P. Soares,
M.F.R. Pereira, A. Sepúlveda-Es crib ano, Green syn the sis of polypyr role-sup ported
metal cat a lysts: Ap pli ca tion to ni trate re moval in wa ter. RSC Adv. 2015;5(41).
doi: 10.1039/ c5ra03441h.

[17] O.S.G.P. Soares, E.O. Jardim, Reyes-Car mona ??lvaro, et al. Ef fect of sup port and
pre-treat ment con di tions on Pt-Sn cat a lysts: Ap pli ca tion to ni trate re duc tion in
wa ter. J Col loid In ter face Sci. 2012;369(1):294-301. doi: 10.1016/
j.jcis.2011.11.059.

[18] M Bertoch, A M Bergquist, G Gildert, T J Strathmann, C J Werth, Catalytic nitrate
removal in a trickle bed reactor: direct drinking water treatment, J. Am. Water
Works Assoc. 109 (5) (2017) E144–E157, doi:10.5942/ jawwa.2017.109.0056.

[19] F Ruiz-Beviá, M J Fernández-Torres, Effective catalytic removal of nitrates from
drinking water: an unresolved problem? J Clean, Prod. (2019) 217, doi:10.1016/
j.jclepro.2019.01.261.

[20] ECE TOC Ni trate and drink ing wa ter. Eur Chem Ind Ecol Tox i col Cen tre Brus sels,
Bel gium. Pub lished on line doi: ISSN 1988: 19. 0773-8072-27.

[21] USEPA (United State En vi ron men tal Pro tec tion Agency), Na tional Pri mary Drink‐

ing Wa ter Reg u la tions, Wash ing ton, DC, 2008, Ti tle 40, Part 141.; 2008. https://
www.epa.gov/ sites/ pro duc tion/ files/ 2015-11/ doc u ments/ howepar gu lates_cfr-
2003-ti tle40-vol20-part141_0.pdf.

[22] O S G P Soares, M F R Pereira, J J M Órfão, J L Faria, C G Silva, Photocatalytic
nitrate reduction over Pd-Cu/ TiO2, Chem. Eng. J. 251 (2014) 123–130,
doi:10.1016/ j.cej.2014.04.030.

[23] J Shi, C Long, A Li, Selective reduction of nitrate into nitrogen using Fe-Pd
bimetallic nanoparticle supported on chelating resin at near-neutral pH, Chem.
Eng. J. 286 (2016) 408–415, doi:10.1016/ j.cej.2015.10.054.

[24] U Prüsse, M Hähnlein, J Daum, K-D Vorlop, Improving the catalytic nitrate
reduction, Catal. Today 55 (2) (2000) 79–90, doi:10.1016/ S0920-5861(99)00228-
X.

[25] K.D. Vor lop, U. Prüsse, Cat alyt i cal re mov ing ni trate from wa ter. In: Jansen, F.J.,
van San ten RA, ed. Cat alytic Sci ence Se ries, vl. 1. En vi ron men tal Catal y sis. ven
Uni ver sity of Tech nol ogy; 1999:195-207.

[26] A Garron, F Epron, Use of formic acid as reducing agent for application in
catalytic reduction of nitrate in water, Water Res. 39 (13) (2005) 3073–3081,
doi:10.1016/ j.watres.2005.05.012.

[27] R Gavagnin, L Biasetto, F Pinna, G Strukul, Nitrate removal in drinking waters:
The effect of tin oxides in the catalytic hydrogenation of nitrate by Pd/ SnO2
catalysts, Appl. Catal. B-Environ. 38 (2002) 91–99, doi:10.1016/ S0926-
3373(02)00032-2.

[28] D M Ruthven, R S Upadhye, The catalytic decomposition of aqueous formic acid
over suspended palladium catalysts, J Catal. 21 (1) (1971) 39–47, doi:10.1016/
0021-9517(71)90118-7.

[29] Y Ding, W Sun, W Yang, Q Li, Formic acid as the in-situ hydrogen source for
catalytic reduction of nitrate in water by PdAg alloy nanoparticles supported on
amine-functionalized SiO2, Appl. Catal. B Environ. (2017) 203, doi:10.1016/
j.apcatb.2016.10.048.

[30] E Choi, K Park, H Lee, M Cho, S Ahn, Formic acid as an alternative reducing agent
for the catalytic nitrate reduction in aqueous media, J. Environ. Sci. 25 (8) (2013)
1696–1702, doi:10.1016/ S1001-0742(12)60226-5.

[31] R B Moghaddam, P G Pickup, Oxidation of formic acid at polycarbazole-supported
Pt nanoparticles, Electrochim. Acta. 97 (2013) 326–332, doi:10.1016/
j.electacta.2013.02.133.

[32] J C Fanning, The chemical reduction of nitrate in aqueous solution, Coord. Chem.
Rev. 199 (May) (2000) 159–179, doi:10.1016/ S0010-8545(99)00143-5.

[33] Meth ods E. No ble Metal-Cat alyzed Am mo nia Gen er a tion by Formic Acid Re duc‐

tion of Ni trate in Sim u lated Nu clear Waste Me dia. 1997;31(4):984-992.

[34] T.A. Skotheim, Light sense Tech nol ogy I, Reynolds J, Uni ver sity of Florida,
Gainesville U, Thomp son BC, Uni ver sity of South ern Cal i for nia, De part ment of
Chem istry U. Hand book of Con duct ing Poly mers: The ory, Syn the sis, Prop er ties,
and Char ac ter i za tion. 4 th. (John R. Reynolds, Barry C. Thomp son TAS, ed.). CRC
Press; 2019. https:// www.cr c press.com/ Hand book-of-Con duct ing-Poly mers-
Fourth-Edi tion---2-Vol ume-Set/ Reynolds-Thomp son-Skotheim/ p/book/
9781138065512.

[35] Ma lin auskas a. Chem i cal de po si tion of con duct ing poly mers. 2001;42.
[36] R.A. Khalkhali, Elec tro chem i cal syn the sis and char ac ter i za tion of elec troac tive

con duct ing polypyr role poly mers. Russ J Elec trochem. 2005;41(9):950-955. doi:
10.1007/ s11175-005-0162-4.

[37] R Ansari, Polypyrrole conducting electroactive polymers: synthesis and stability
studies, J. Chem. 3 (13) (2006) 186–201. http: // www. hindawi. com/ journals/
chem/ 2006/ 860413/ abs/.

[38] R Ansari, N Khoshbakht Fahim, A Fallah Delavar, Removal of nitrite ions from
aqueous solutions using conducting electroactive polymers, Open Process Chem.
J. 2 (2013) 1–5, doi:10.2174/ 1875180601002010001.

[39] M J García-Fernández, M M Pastor-Blas, F Epron, A Sepúlveda-Escribano,
Proposed mechanisms for the removal of nitrate from water by platinum catalysts
supported on polyaniline and polypyrrole, Appl. Catal. B Environ. 2018 (225)
(November 2017) 162–171, doi:10.1016/ j.apcatb.2017.11.064.

[40] M Hojjat Ansari, J Basiri Parsa, Removal of nitrate from water by conducting
polyaniline via electrically switching ion exchange method in a dual cell reactor:
optimizing and modeling, Sep Purif Technol. 169 (2016) 158–170, doi:10.1016/
j.seppur.2016.06.013.

[41] H K Chitte, G N Shinde, N V Bhat, V E Walunj, Synthesis of polypyrrole using
ferric chloride (FeCl<sub>3</ sub>) as oxidant together with some dopants for
use in gas sensors, J. Sens. Technol. 1 (2) (2011) 47–56, doi:10.4236/
jst.2011.12007.

[42] B Ohtani, O O Prieto-Mahaney, D Li, R Abe, What is Degussa (Evonic) P25?
Crystalline composition analysis, reconstruction from isolated pure particles and
photocatalytic activity test, J. Photochem. Photobiol. A Chem. 216 (2–3) (2010)
179–182, doi:10.1016/ j.jphotochem.2010.07.024.

[43] R Buitrago-Sierra, M J J García-Fernández, M M M Pastor-Blas, et al.,
Environmentally friendly reduction of a platinum catalyst precursor supported on
polypyrrole, Green Chem. 15 (7) (2013) 1981, doi:10.1039/ c3gc40346g.

[44] O S G P Soares, J J M Órfão, M F R Pereira, Activated carbon supported metal
catalysts for nitrate and nitrite reduction in water, Catal. Lett. 126 (3) (2008)
253–260, doi:10.1007/ s10562-008-9612-4.

[45] G P Soares, M F R Pereira, Pd – Cu and Pt – Cu catalysts supported on carbon
nanotubes for nitrate, Ind. Eng. Chem. Res. 49 (2010) 7183–7192, doi:10.1021/
ie1001907.

[46] S Challagulla, K Tarafder, R Ganesan, S Roy, All that glitters is not gold: a probe
into photocatalytic nitrate reduction mechanism over noble metal doped and
undoped TiO 2, J. Phys. Chem. C 121 (49) (2017) 27406–27416, doi:10.1021/
acs.jpcc.7b07973.

[47] A Garron, K Lázár, F Epron, Effect of the support on tin distribution in Pd-Sn/
Al2O 3 and Pd-Sn/ SiO2 catalysts for application in water denitration, Appl. Catal.
B Environ. 59 (1–2) (2005) 57–69, doi:10.1016/ j.apcatb.2005.01.002.

[48] I Dodouche, D P Barbosa, M do C Rangel, F Epron, Promoting effect of
electroactive polymer supports on the catalytic performances of palladium-based
catalysts for nitrite reduction in water, Appl. Catal. B Environ. 76 (1–2) (2009)
291–299, doi:10.1016/ j.apcatb.2007.06.002.

[49] Mark Weller, Tina Over ton, Jonathan Rourke and FA. In or ganic Chem istry. 7th
ed. Ox ford uni ver sity Press; 2018. https:// global.oup.com/ ukhe/ prod uct/ in or‐
ganic-chem istry-9780198768128?cc=es&lang=en&.

[50] H Ge, G G Wallace, Ion exchange properties of polypyrrole, React. Polym. 18 (2)
(1992) 133–140, doi:10.1016/ 0923-1137(92)90251-V.

[51] I Dodouche, F Epron, Promoting effect of electroactive polymer supports on the
catalytic performances of palladium-based catalysts for nitrite reduction in water,
Appl. Catal. B Environ. 76 (3–4) (2007) 291–299, doi:10.1016/
j.apcatb.2007.06.002.

11

Edit Proof PDF


