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ARTICLE INFO ABSTRACT
Handling editor: Hafiz M.N. Igbal The presence of various oxyanions in the groundwater could be the main challenge for the successive application
of Cu-Pd-hematite bimetallic catalyst to aqueous NO3~ reduction due to the inhibition of its catalytic reactivity
Keywords: and alteration of product selectivity. The batch experiments showed that the reduction kinetics of NO3~ was
Nitrate remo"al_ strongly suppressed by ClO4~, PO43~, BrO3~ and SO32~ at low concentrations (>5 mg/L) and HCO3~, CO3%",
Groundwater anions S042~ and CI~ at high concentrations (20-500 mg/L). The presence of anions significantly changing the end-
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product selectivities influenced high Ny selectivity. The selectivity toward Ny increased from 55% to 60%,
60%, and 70% as the concentrations of PO4>~, S052~, and S04~ increased, respectively. It decreased from 55%
to 35% in the presence of HCO3™~ and CO3%~ in their concentration range of 0-500 mg/L. The production of NOy~
was generally not detected, while the formation of NH," was observed as the second by-product. It was found
that the presence of oxyanions in the NOs~ reduction influenced the reactivity and selectivity of bimetallic
catalysts by i) competing for active sites (PO43’, 8032’, and BrOs~ cases) due to their similar structure, ii)
blockage of the promoter and/or noble metal (HCO3™, C032’, SO42’, Cl™ and ClO4 cases), and iii) interaction
with the support surface (PO4>~ case). The results can provide a new insight for the successful application of
catalytic NO3~ reduction technology with high N selectivity to the contaminated groundwater system.
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1. Introduction

Groundwater nitrate (NO3 ™) concentrations have been dramatically
increasing due to the excessive use of fertilizers in agriculture and the
continuous discharge of insufficiently treated industrial wastewater.
High concentrations of NO3~ in water bodies have posed severe con-
cerns to ecological systems and human health. Consuming NO3~
polluted water harmfully affects human health, resulting in blue baby
syndrome, methemoglobinemia, and decreased oxygen-carrying capac-
ity of hemoglobin (Keranen et al., 2015). Released nitrate could form
carcinogenic nitrite (NO2 ™) and N-nitrosamine in contaminated aquatic
environments, and therefore, its maximum allowable concentration was
set to 10 mg/L by the United States Environmental Protection Agency
(EPA) for potable water supply (Ahada and Suthar, 2018; Bhatnagar
et al., 2010; Hamid et al., 2020b; Tokazhanov et al., 2020).

Various conventional water purification approaches, e.g., ion ex-
change, biological denitrification, adsorption, and reverse osmosis, have
been investigated to date to treat NOs~ efficiently (Bilidt, 1985; Fux
et al., 2017; Hamid et al., 2020a; Holl6 and Czaké, 1987; Oztiirk and
Bektas, 2005; Rezvani et al., 2019). However, catalytic NO3~ reduction
has emerged as promising technology due to its several salient features,
e.g., fast reduction kinetics, high removal efficiency, no production of
sludge, and selectivity to harmless end-product, nitrogen (Ny),
compared to the conventional technologies (Soares et al., 2011, 2015;
Wada et al., 2012). Experimental results from our recent studies have
shown that NO3 ™ can be reduced by bimetallic catalysts to >90% Ny and
ammonia (NH4") as a negligible by-product (Hamid et al., 2017; Jung
et al., 2012, 2014), and they were also stable and reusable for several
cycles of catalytic NO3 ™~ reduction (Bae et al., 2016; Hamid et al., 2018).
The catalytic NO3~ reduction could fulfill the demand for an economi-
cally viable, eco-friendly, highly efficient, stable, and selective envi-
ronmental technology to solve the impending NO3~ contamination in
natural and engineered water systems.

The application of NOs;~ reduction by bimetallic catalysts to
contaminated groundwaters may have several challenges due to their
inherent compositions, such as particulate matter and dissolved cations
and anions. The threat of physical fouling by the adsorption of partic-
ulate matter on active catalyst sites has been frequently addressed in
activated carbon-supported catalyst systems. Furthermore, soluble ions
could be readily adsorbed on the catalyst surface and cause inhibition of
catalytic reactions via surface poisoning and deactivation, which is
much harder to remove from the catalyst surface. Thus, the real chal-
lenge of catalytic nitrate reduction in the contaminated groundwater
would be the surface adsorption of the dissolved ions, especially anions
(ClO4~, PO437, SO427, BrO3~, SO32~, HCO3~, COs%", and Cl7). How-
ever, no significant research has been conducted to investigate the effect
of co-existing anions on the catalytic NO3™ nitrate removal and their
product selectivities (Soares et al., 2012). Published research papers
mainly focused on the impact of the anions on simple NO3~ removal
efficiency. Still, they did not identify the relevant reaction mechanisms
with groundwater anions, indicating that alterations/tailoring of the
bimetallic catalysts and optimal operating conditions to address the
challenge have not been fully achieved to date. Anions, especially oxy-
anions (ClO4~, PO43~, SO42~, BrO35~, SO527), have been termed water
pollutants just like NO3~ regulated by international environmental
agencies (WHO, 2011), and their concentrations in groundwater range
from a few mg/L to several hundred mg/L (Bae et al., 2020). The proper
removal of oxyanions in groundwater systems has been a key environ-
mental goal to purify and provide high-quality groundwater for various
usages. Therefore, it is vital to investigate the removal of the oxyanions
by bimetallic catalysts and identify their removal mechanism and
by-products during the reaction. The study has been designed to carry
out these experimental investigations to provide a basic understanding
of the potential application of the catalytic nitrate reduction process for
effective, selective, and versatile oxyanion removal in contaminated
groundwater systems.
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Recently, Cu-Pd bimetallic catalysts supported by hematite have
shown an excellent performance in NO3~ reduction due to its remark-
able crystalline structure, uniform distribution of metals, high thermal
stability, and reactivity (Hamid and Lee, 2016; Jung et al., 2014). He-
matite (a- FeHIZOg) is one of the most abundant iron-bearing soil min-
erals capable of removing environmental contaminants (Hashemzadeh
et al., 2019; Liu et al., 2015; Shipley et al., 2013; Wu et al., 2013). The
uniformly distributed metals on the hematite surface can effectively
remove aqueous NO3~ and significantly improve the selectivity of
end-product even in actual groundwater application (Hamid and Lee,
2016). We selected Cu-Pd-hematite catalyst (Cu-Pd-hematite) as a
representative bimetallic catalyst for the current study due to the
properties mentioned above. The specific objectives were 1) to charac-
terize NO3 ™~ reduction and investigate product selectivity in the presence
of dissolved anions (ClO4~, PO43~, S04%~, BrO3~, SO3%~, HCO5~, CO3%™,
and Cl") during the catalytic reaction by the Cu-Pd-hematite, and 2) to
elucidate the primary reaction mechanism of competitive inhibition of
the catalytic reduction during simultaneous removal of the oxyanions
with target NO3~. We have conducted batch kinetic experiments to
characterize the catalytic NO3~ reduction with the high concentration of
each oxyanion, evaluate the effect of oxyanion concentrations on the
catalytic reaction, and investigate their by-product selectivity.

2. Materials and methods
2.1. Chemicals

The precursors for Cu and Pd to synthesize Cu-Pd-hematite were
prepared by copper (II) chloride dihydrate (97.5%, Samchun Pure
Chemical Co., Korea) and palladium (II) chloride (99.9%, Sigma-Aldrich
Inc., USA). Pd precursor was dissolved in 0.5 M HCI (37%, Samchun
Pure Chemical Co., Korea) to enhance its solubility. The prepared
Cu-Pd-hematite was reduced before experimentation by 0.01 M sodium
borohydride (98.0%, Samchun Pure Chemical Co., Korea) solution. The
reagent grade sodium salts of oxyanions (i.e., sodium bicarbonate, so-
dium carbonate, sodium chloride, sodium phosphate, dibasic sodium
sulfate, sodium sulfate, anhydrous sodium bromate, sodium perchlorate,
and sodium sulfite) were used to prepare the stock solution of each
oxyanion. The stock and standard solutions of NO3~, NO,~ and NH4"
were prepared by potassium nitrate (99.0%, Duksan Pure Chemical Co.,
Korea), potassium nitrite (97.0%, Samchun Pure Chemical Co., Korea),
and ammonium chloride (98.5%, Duksan Pure Chemical Co., Korea),
respectively. Sodium bicarbonate (99.7%, Sigma-Aldrich Inc., USA) and
sodium carbonate (99.5%, Sigma-Aldrich Inc., USA), and nitric acid
(60%, Samchun Pure Chemical Co., Korea) were used to prepare an
eluent for NO3~, NO,~ and NH4 " determination via ion chromatography
(IC). Deionized water (DIW) by ELGA PURELAB Classic system was
purged with argon gas overnight to prepare deaerated deionized water
(DDIW). The DDIW was used to prepare all chemical solutions and
standards.

2.2. Catalyst synthesis

A previously optimized 2.2%Cu-1.6%Pd-hematite catalyst was pre-
pared as reported in our previous work (Hamid and Lee, 2016; Jung
et al., 2014). The catalyst was prepared by mixing 1.5 g hematite in 200
mL of DIW and ultra-sonicated for 6 min at room temperature. Next, Cu
precursor solution was added by a drop into hematite solution and
mechanically stirred for 120 min. Next, Pd precursor solution (1.6% Pd
in 0.5 M HCI) was added by a drop into Cu-hematite solution and stirred
for 120 min. Thus, prepared Cu-Pd hematite suspension was put in an
oven at 105 °C for 24 h achieving complete drying. The oven-dried
Cu-Pd-hematite was calcined at 350 °C for 120 min so that Cu and Pd
precursors was stabilized on the hematite surface. The 2.2%Cu-1.6%
Pd-hematite catalyst was added in DDIW and stirred to prepare a ho-
mogeneous mixture and was subsequently reduced by dropwise addition
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of 0.01 M NaBHy solution. The reduced catalyst was filtered by a 0.2 pm
membrane filter (Advantech, Japan), washed several times with DDIW
to remove unwanted impurities, and transferred to the reactor system to
remove nitrate in the catalyst suspension containing various oxyanions.

2.3. Experimental procedure of catalytic nitrate reduction

The batch kinetic experiment for the catalytic removal of NO3 ™ in the
presence of various oxyanions was performed in a 500 mL glass batch
reactor as reported in our previous work (Hamid et al., 2018; Hamid and
Lee, 2015; Jung et al., 2014). An amount of 215 mL DDIW was taken into
the reactor and purged with H; gas to ensure anaerobic conditions. Then
a 0.5 g of previously reduced 2.2%Cu-1.6%Pd—hematite was transferred
to the reactor and dispersed by ultrasonication for 3 min. The respective
amount of nitrate stock solution (20,000 mg/L as NO3-N) and relative
oxyanion stock solution was introduced into the reactor to start the
catalytic reaction with oxyanions. COy (30 mL/min) and Hy (40
mL/min) gases were continuously supplied for buffering and reduction,
respectively. We first characterized the catalytic removal of NO3~ (30
mg/L) at a high concentration (100 mg/L) of each oxyanion (Cl~, BrOs ",
HCO3~, CO32™, SO327, ClO4~, P04~ SO427). Then, the effect of oxy-
anion concentrations (0, 100, 200, and 500 mg/L for Cl~, HCO3,
CO3%~, S04%7) and (0, 0.5, 1, 5 mg/L for SOs2~, BrOs~, ClO,~, and
PO43’) on the catalytic NO3~ (30 mg/L) removal was evaluated, and
their product selectivities were investigated during the reaction.

2.4. Analytical procedure

The concentrations of NO3~, NO,~, NH,4", and all other anions were
determined by IC (883 basic IC plus, Metrohm, U.K.) equipped with a
compact autosampler (863 Compact IC, Metrohm USA), anion columns
(Metrosep A Supp 5-250/4.0 and Metrosep A Supp 7-250/4.0), and
cation column (Metrosep C4-150/4.0) (Hamid et al., 2015, 2019; Hamid
and Lee, 2015). The nitrate removal (Ryo3") and by-products selectivity
(Sby-product) Were calculated on a mass balance basis as given in the
following equations.

[NO;™ — N, — [NO;™ — NJ,

Ryo,~ (%) = No~ N W
_ [NO,™ — NJ;
Sno,~ (%) = [NO;~ — N], — [NO;~ — Nb- )
S %) — [NHs* = N); ,
i ( c)—[Nog’ —N|,—[NO; — NJ, 3)
Su.. () < INOT =Nl = NOs” = N)y = [NO,™ — N, — [NH,* — Ny
Ny [NO;~ — N], = [NO;™ —N|,
4

where initial and final concentrations are denoted by subscripts i and f,
respectively.

3. Results and discussion

3.1. Evaluation of the competitive inhibition of catalytic nitrate reduction
by common groundwater oxyanions

Fig. 1(a) showed that the reaction kinetics of catalytic NO3~ removal
without oxyanions (control) was the fastest (k = 0.05 min’l), and the
catalytic reaction achieved 100% NO3 ™~ removal at the shortest time. In
contrast, the response kinetics by the addition of anions can be divided
into two distinct groups. One group (BrOs ™, SO32~, and PO4>7) strongly
suppressed the catalytic NO3~ reduction, while the other group (HCOs3 ",
Clo,4~, COs%™, 80427, and C17) slightly affected the reaction kinetics but
did not seem to inhibit the catalytic reduction of NOs~. The nitrate
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reduction kinetics by HCO3 ™~ addition was similar to that by the control,
demonstrating a complete NO3~ removal at the same reaction time as
the control. Likewise, the presence of ClO4 CO3%~ and SO4%~ also
moderately decreased the reaction rate, while Cl™ started to inhibit
NO3~ hydrogenation by diminishing the rate relatively much in the
group. We can observe that the PO,>~, BrO3~ and SO5%~ significantly
hindered the NO3™ removal resulting in an incomplete NO3 ™~ removal in
the reaction time. The reaction kinetics for the NO3~ removal by
Cu-Pd—hematite with the anions was negatively influenced in the order
of HCO3™ < Cl04~ < CO3%™ < S04~ < CI~ < P04~ < BrO3~ < SO52™.
To investigate the variations in the reaction kinetics, we monitored the
aqueous concentrations of anions (SO42’, cl, P043’, BrOs™, 8032’) and
their potential by-products as well (Fig. 1(b)). The concentration of
S03%~ decreased from 100 mg/L to ~70 mg/L over 400 min, showing
that it could be adsorbed and slowly reduced as Eq. (5).

2505 +2H,0 + Cuz $,07 +40H™ + Cu** (5)

Thus, the strong influence of SO32_ on the NO3~ removal could be
explained by preferential adsorption of SO3~ or its by-products (Eq. (6))
on the reactive sites of Cu—-Pd—hematite (Chaplin et al., 2006; Zhou
et al., 2020).

SO +3H,0 +3Cuz 8 + 60H + 3Cu™* 6)

Irreversible adsorption of SOs~ or S2~ on Pd could block the
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Fig. 1. The effect of anions (100 mg/L) on NO3~ (30 mg/L) reduction by
Cu-Pd—hematite (a), aqueous anion concentrations during their reduction/
adsorption on the catalyst surface (b).
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activation of Hy and consequently, suppress the rejuvenation of Cu on
the catalyst surface (CuO + 2Hg4 —Cu® + H,0), leading to the inhi-
bition of the continuously promoted NO3~ reduction by Cu. Fig. 1(b)
showed that ClO4~ was slightly reduced to Cl™ as a final by-product (Egs.
(7) and (8)).

ClO; +8H" +4Cu—CIl" + 4H,0 + 4Cu** )

Clo; — ClO; = ClO; =CIlO™=CI~ 8)

The sequential reductions of ClO4  during the NO3~ removal can
slow down the reaction kinetics by interfering with the reaction by its
by-products resulting in 5 mg/L of its final aqueous concentration. The
concentration of PO4>~ decreased from 100 mg/L to ~15 mg/L
throughout the reaction, and white precipitates (potentially FePO,)
were observed in the aqueous phase due probably to the soluble Fe(III)
from the support (Tang et al., 2012; Zhou et al., 2020). This indicates
that PO4>~ could be removed via sequential sorption/precipitation,/re-
duction to PO,®~ and PO33~ during the NO3~ removal, affecting the
stability of the catalyst support (hematite) and interrupting the syner-
gistic catalytic hydrogenation cycle of NOs ™. The impact of PO,>~ on the
NOj3™ reduction could be caused by the formation of complexes at the
hematite-water interface, hindering the contact of NO3~ on the active
catalyst sites. Despite the chemical interaction and electrostatic repul-
sion of NO3~ from the Cu-Pd-hematite surface, BrO3~ (3.51 A) could
compete with nitrate NO3~ (3.35 A) for the active catalytic reduction
sites through the ion-sieve effect due to their similar size of hydrated ion
radii (Nightingale, 1959). From the term of the effect, BrO3~ could reach
the catalyst’s active sites depending on its ability to diffuse into the
pores of the catalyst surface (Eliad et al., 2001; Gonzalez et al., 2014;
Jung et al., 2014). The concentration of BrOs ™~ decreased entirely in 30
min and reduced to Br™, indicating that BrO3~ has a higher affinity to-
wards Cu-Pd-hematite surface than slightly reduced NO3~. The higher
affinity of adsorbed hydrogen (Hags) to Cu(0) could also enhance the
efficient reduction of BrO3~ . Compared to the reduction of other oxy-
anions, BrOs~ could be transformed to Br~ through the sequential re-
actions below.

BrO; +6H" +3Cu’—>Br~ + 3H,0 + 3Cu** 9

BrO; — BrO, =BrO™ —Br~ (10)

It is important to note that NOs~ was not reduced further after the
complete removal of BrO3 , unlike a possible expectation that NO3~
reduction continuously proceeds throughout the reaction time. The
experimental result indicates that the by-product of BrO3~ might also
affect the catalytic NO3~ removal throughout the reaction. According to
the mass balance check by measuring Br~ concentration from BrOs™~
(Fig. 1(b)), it was not fully reduced to Br~ and/or its by-product could be
adsorbed on the surface of Cu-Pd-hematite. A decrease in SO42~ con-
centration of ~20 mg/L during the reaction was observed, indicating a
potential competitive affinity between SO42~ and NO3~ for active cat-
alytic sites of promoter metal (Soares et al., 2012). The results also imply
that excessive SO42~ concentration may also poison noble metal (i.e.,
Pd) sites, thus suppressing Hy activation activity and ultimately the
reduction of NO3 ™. The concentration of Cl~ also decreased slightly to
~85 mg/L with a moderate NO3~ removal, mainly caused by its
adsorption on the Cu-Pd-hematite surface. It has been widely known
that the Cl™ ions could readily erode metals on the catalyst surface
leading to the moderate catalytic reduction kinetics by the decreased
catalytic activity (Shen et al., 2020). Based on the experimental results,
we further evaluated the effect of various groundwater anion concen-
trations on the selectivity of products during the catalytic nitrate
removal.
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3.2. Effect of oxyanion concentrations on the catalytic nitrate removal
kinetics and by-product selectivity

3.2.1. Effect of SO5*

As shown in Fig. 2, the various concentrations of 8032_ (0,0.5,1, and
5 mg/L) demonstrated different effects on the catalytic NO3~ removal by
Cu-Pd—hematite. The inhibitory effect of SO32~ was remarkable at the
highest concentration (5 mg/L), showing the decelerated catalytic NO3~
reduction kinetics (k = 0.04 min’l). At lower Sng’ concentrations
ranging from O to 1 mg/L, only a slight or no influence on the reaction
kinetics can be observed compared to that of control (k = 0.05 min™1).
The catalytic NO3~ removal is a multi-step reaction process. NO3~ was
initially reduced to NO, ™ on the surface of Cu promoter metal, and then
NO,~ was further reduced to NH4" and Ny on the surface of Cu-Pd
bimetallic particles, i.e., 2NOy;~ + 12H,4s-Pd(0) — Pd(0) + 2NH,"
+40H™ and 2NO3~ + 4H,4s-Pd(0) — Pd(0) + N3 + 40H™ [15,29]. The
presence of SO52~ can significantly alter the reaction mechanism by
affecting the reduction of NO3™ to NO;~ (NO3~ + Cu(0) — Cu(I)O +
NO;7) (Hamid et al., 2015). The Cu particles on the catalyst could be
exposed to 5032’ and eroded (Eqgs. (5) and (6)), resulting in an irregular
and insufficient contact of NO3~ with Hygs on the promoter metal sites.
This leads to slow catalytic reaction kinetics and incomplete NO3~
removal in the presence of Sng’. We can observe NH,™ and Ny as
products during the catalytic NO3~ removal but cannot detect NO2™~ in
the catalyst suspension with SO32~. The spillover H,gs from active Pd
sites reduced promoter metal oxides and subsequently NO, ™ to further
reduced species. Because the continuous consumption of Hags by pro-
moter metal oxides and NO,~ could also decrease Hygs supply, the NH; ™
selectivity in the catalyst suspension with SO3%~ decreased as the in-
crease of its concentration, i.e., 55% at 0.5 and 1 mg/L and 40% at 5
mg/L. The limited availability of Hy could enhance the probability of
N-N recombination to form gaseous N,. Thus, the formation of Ny
demonstrated an opposite trend showing its maximum selectivity (60%)
at the highest S03%~ concentration. The effect of SO32~ concentration on
the reaction kinetics and product selectivity can be mainly attributed to
the contents of Cu sites and H,gs affected by the increase of its concen-
tration, resulting in the limiting reaction conditions and leading to the
slow reaction kinetics and high N selectivity.

3.2.2. Effect of SO4

Fig. 3 showed that NO3~ reduction kinetics was more significantly
affected by different SO42’ concentrations (100, 200, and 500 mg/L)
than that by the control. The rate constant of the catalytic reaction
substantially decreased from 0.05 min~" to 0.013 min~' as the SO42~
concentration increased from 0 mg/L to 500 mg/L. The inhibitory ef-
fects of SO4%~ concentration on the reaction kinetics could be explained

[}
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8

1005

- 0.04

- 0.03

k mmf] )

r 0.02

- 0.01

NO3" removal and selectivities (%)

- 0.00

0 0.5 5 1
SO3“ (mgL)

w

Fig. 2. Catalytic nitrate reduction by Cu-Pd-hematite with different concen-
trations of SO32".



N. Nurlan et al.

by the competition between NO3~ and SO42 for the active Cu sites at
the first step of catalytic NO3~ reduction to NOy . The selectivities to-
wards NH4' and N, varied within the range of S042~ concentrations.
The selectivity of NHs" dropped from 55% to ~30% with the increase of
S042~ concentration, whereas Ny selectivity was more enhanced. The
highest Ny formation (70%) was observed at the highest SO42’ con-
centration (500 mg/L), and at lower SO42’ concentrations, it was even
lower than 55%. Therefore, the presence of SO42~ anions has also pro-
moted the formation of Ny with favorable removal efficiency, even
though the kinetic rate has decreased. We cannot detect NO,~ formation
during the reactions at different SO42~ concentrations. It could be
assumed that NOy~ was wholly and instantaneously reduced to Ny and
NH," under the experimental conditions. As discussed above, the S042~
could cause a poor activated hydrogen condition on the catalyst surface,
as shown in the SO~ case, leading to the higher Ny selectivity.
Therefore, SO4%~ might promote the instantaneous NO,~ reduction on
Pd active sites and fast consumption of spillover H,gs for the rejuvena-
tion of Cu(II)O resulting in low Hygs and high N,4s concentrations on the
Cu-Pd-hematite surface.

3.2.3. Effect of CO5*

The influence of different concentrations of CO3>~ on the NO3~
reduction kinetics was demonstrated in Fig. 4. As the loading of CO3?~ in
the suspension increased to 20 mg/L, the kinetic rate constant of NO3™~
reduction abruptly decreased from 0.055 to 0.027 min~?, and its decline
was gradually continued and reached 0.01 min~! at 500 mg/L, which is
six times lower than the rate constant of the control. The catalytic NO3~
reduction kinetic was negatively affected by the increase of CO3%~
concentrations due to the dual inhibitory effect on the promoter and
noble metals during the NO3~ reduction. Carbonate having an identical
planar structure of NO3~ could inhibit the catalytic NO3~ reduction to
NO; ™ on the active surface of Cu. It is noteworthy that the formation of a
negligible amount of NO,~ was observed at the highest CO3%~ concen-
tration, while no NO,~ formation was observed throughout the catalytic
NOj3™ reductions with other oxyanions. It has been widely reported that
CO32~ decelerated the reaction kinetics and ultimately ceased the
reduction of NO, ™~ to Ny and NH,4 " by blocking the active sites of Pd with
hydroxide ions at high pH (Lubphoo et al., 2015; Priisse and Vorlop,
2001). Therefore, the increase of CO3>~ might inhibit the catalytic NOs~
reduction mechanisms and decrease its removal rates to a moderate
extent in general. Fig. 4 also showed that NH4" selectivity increased
gradually from 43% and then saturated to 63% with the increase of
C032_ concentration to 500 mg/L, whereas the N selectivity decreased
accordingly (60%-39%). The excessive amount of accumulated
hydrogen molecules at active sites of Pd led to the formation of NH,;"
rather than N as the main product.

12 0.06
. o,
100 * Bn; L 005
z "\.‘ = T
;.E \, Y
Z 380 \, *« 004
3 N -
[ '=
Ed K E
= 60 \ ooz &
« o
40 A mi N L 0.02
120 L 0.01
0 L 0.00
0) (100) (200) (500)
S04~ (mgl)

Fig. 3. Catalytic nitrate reduction by Cu-Pd-hematite with different concen-
trations of SO42".
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Fig. 4. Catalytic nitrate reduction by Cu-Pd-hematite with different concen-
trations of CO52™.

3.2.4. Effect of HCO3~

Bicarbonate did not demonstrate a strong impact on the catalytic
NO3™~ removal compared to other groundwater oxyanions, as shown in
Fig. 1(a). Fig. 5 showed the effect of HCO3™ concentrations (0-500 mg/
L) on the catalytic NO3~ reduction in the Cu-Pd—hematite suspensions.
As the concentration of HCO3™ increased to 100 mg/L, the kinetic rate
constant of catalytic NO3~ reduction decreased to 0.025 min~' and
further dropped down to 0.012 min~! at 500 mg/L, demonstrating an
inversely-proportional linear relationship throughout the reaction. We
cannot observe NOy ™~ formation in the catalyst suspensions with HCO3™
during the reaction either. Although the catalytic NO3~ reduction sys-
tem was buffered with CO,, we can observe the increase of the sus-
pension pH from 5.5 to 6.5 during the reaction. The competitive
inhibition mechanism by HCO3 ™~ during the catalytic NO3~ removal and
HCO3 " effect on the selectivity of Ny and NH4+ were similar to CO52". As
the concentration of HCO3™ increased (0 mg/L to 500 mg/L), the
selectivity toward Ny proportionally decreased (58%-33%), and NH4 "
selectivity increased (42%-67%), respectively. A similar result has been
reported for the catalytic NO3~ reduction by Pd—Cu bimetallic catalyst
supported on hydrotalcite mineral, showing the decrease in the selec-
tivity towards Ny in the presence of HCO3~ (Wang et al., 2007). The
results indicate that the high concentration of HCO3™ affected both
Cu-Pd-hematite reactivity and its product selectivity. It deactivated the
reactive Cu sites responsible for reducing NO3~ (NO3~ + Cu(0) — Cu(II)
O + NOy"), ultimately causing the deceleration in NO3~ reduction ki-
netics and promoted the formation of harmful NH4" and demoted Ny
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Fig. 5. Catalytic nitrate reduction by Cu-Pd-hematite with different concen-

trations of HCO3 ™.
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formation correspondingly by the increase of the catalyst suspension pH
even under the buffer system.

3.2.5. Effect of ClO4~

Fig. 6 showed catalytic NO3~ removal and product selectivity pro-
files at four different dissolved ClO4  concentrations (0, 0.5, 1, and 5
mg/L). The reaction kinetics demonstrated a slight decrease at the
lowest ClO4~ concentration (0.5 mg/L); however, its decline was
steadily accelerated by higher ClO4  concentrations, i.e., twice higher
(0.03 min~!) at 5 mg/L. To understand the negative effect of ClO4~
concentration on the deteriorated catalytic performance of Cu-Pd-he-
matite, we monitored and analyzed the concentration of Cl™ ions in the
catalyst suspension. Such a drop in the catalytic activity of Cu-Pd-he-
matite could be due mainly to the formation of CI™ resulting from the
ClO4™ reduction (Eq. (7)) during the catalytic NO3~ removal. According
to Fig. 1(b), the formation of Cl~ ions can be confirmed by the con-
centration profile of C1~ from ClO4~ addition. It has been widely known
that Cl™ is one of the common competitive inhibitors for the active
catalyst sites during the catalytic NO3~ reduction. We performed an
additional experiment to investigate the detailed effect of C1™ concen-
tration, which is discussed in the next section (3.2.6). Moreover, NOy ™
was not detected during the reaction and might be continuously and
instantaneously reduced to N, or NH4t. The product selectivities to-
wards N and NH;" did not change much with the increase of ClO4~
concentration. At the highest ClO4~ concentration (5 mg/L), we can
observe a slight decrease in N selectivity and a corresponding minor
increase in NH,4" selectivity by 10% of those from the control experi-
ment, respectively.

3.2.6. Effect of Cl”

The effect of C1™ on the catalytic NO3~ reduction by Cu-Pd-hematite
was demonstrated in Fig. 7. The catalytic NO3~ removal was strongly
affected by C1~ concentration. As the concentration of Cl~ increased to
100 mg/L, the reaction kinetics was significantly decelerated, leading to
a sharp decrease in the rate constant to 0.022 min . Higher concen-
trations of ClI~ (250 and 500 mg/L) further deteriorated the catalytic
NOj3™ reduction kinetics, resulting in 13 times decrease in rate kinetics
(0.005 min~!) at 500 mg/L. The significant decline of NO3~ reduction
could be caused by the substantial inhibition effect of CI~ on the active
Cu sites for the NO3™ reduction to NOy ™. Indeed, the promoter metal can
be eroded from the catalyst surface to bulk solution with Cl~ ions and
decrease Cu content on the Cu-Pd-hematite surface. As shown in Fig. 7,
the formation of NOy~ was not observed throughout the catalytic re-
action. Additionally, an enhancement in Ny selectivity can be noticed
from 60% to ~70% with the increase of C1~ concentration, while NH,; "
selectivity slightly decreased by 5% of the control. The selectivity trend
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Fig. 7. Catalytic nitrate reduction by Cu-Pd-hematite with different concen-
trations of Cl™.

contradicts the experimental result from the literature with the activated
carbon and hydrotalcite supported Pd-Cu catalyst showing ammonium
and nitrite accumulations by Cl~ ions during the catalytic reaction
(Wang et al., 2007, 2009). The enhanced N selectivity is due to the
hematite property, which provides appropriate sites for depositing bi-
metals that possess the closest distance between Pd and Cu sites.

3.2.7. Effect of BrOs~

Fig. 8 demonstrated the catalytic NO3~ removal and product selec-
tivity on Cu-Pd-hematite with different BrO3~ concentrations. The high
concentration of BrOs~ (100 mg/L) significantly inhibited the NO3~
reduction resulting in the considerably deteriorated reaction kinetics
with incomplete removal (Fig. 1(a)); however, when the lower BrO3~
concentrations were introduced to the catalyst suspension, the kinetic
rate constant slightly and gradually decreased to 0.058 min~! by 1 mg/
L. An increase of BrO3~ concentration to 5 mg/L showed a remarkable
decline of the rate constant (0.045 min’l) without NOy~ formation
during the whole reaction period. The results could be attributed to the
competitive inhibition of BrO3~ (Eq. (9)) for the reactive surface sites of
Cu-Pd-hematite due to the structural similarities (ionic radius) between
BrOs~ and NO3 ™. As illustrated in Fig. 1(b), BrO3~ was entirely removed
in the catalyst suspension, and ~42% of it was reduced to Br~ during the
reaction. The product Br™ could competitively and irreversibly inhibit
the catalytic NO3~ reduction to NO,~ demonstrating a strong negative
impact. In addition, the selectivities towards Ny and NH4t did not
change much as the increase of BrO3~ concentration, showing similar
selectivities of the control test. The results also indicate that BrO3™ is a
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Fig. 6. Catalytic nitrate reduction by Cu-Pd-hematite with different concen-
trations of ClO4 .
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potent inhibitor at relatively higher concentrations (e.g., >100 mg/L).

3.2.8. Effect of PO~

The catalytic NO3~ removal was strongly and negatively influenced
by the high PO43_ concentration (100 mg/L), as shown in Fig. 1(a).
Fig. 9 further demonstrated its influence on the reaction at lower PO~
concentrations (0-5 mg/L). The PO, having both symmetric and
asymmetric tetrahedral structures, has been widely known to interact
with metal oxide surfaces readily. Thus, PO43’ adsorbed on the surface
of Cu-Pd-hematite could significantly inhibit the reduction of NO3™ to
NO;™ on the active promoter surface (Kang et al., 2011). The experi-
mental result also showed that the inhibitory effect on the reaction ki-
netics was more significant with increasing the PO4>~ concentration at
the lower level. As the concentration of PO43_ increased to 0.5 mg/L, the
kinetics rate constant decreased considerably from 0.065 to 0.035
min~!, and the subsequent decrease of the rate constant can be contin-
uously observed by 5 mg/L concentration (0.02 min~1). It is suggested
that the PO4>~ could cause permanent surface deactivation of the
catalyst by competitive adsorption on the active surfaces of metallic
catalysts (e.g.) (Priisse and Vorlop, 2001). No NO2~ formation was
observed during the reaction, and selectivities towards NH4" and N,
were similar to those of the control even with the increase of PO~
concentration.

4. Conclusion

In this study, the results from catalytic denitrification experiments at
high oxyanion concentration (100 mg/L) showed that the inhibition
effect of co-existing oxyanions on the catalytic NO3~ removal differed,
and its extent followed the order; HCO3~ < ClO4~ < CO32™ < 804%™ <
Cl~ < PO,3~ < BrO3~ < SO32~. We can also observe that some oxyanions
played a competitive inhibitor role at lower concentration levels, while
others only can do at the higher level. The novel findings suggest that the
inhibitory effect of C1~, PO4%~, BrOs~ and SO32~ on the catalytic NO3~
reduction needs to be seriously considered for its proper application to
catalytic nitrate remediation of anion enriched groundwater and soil to
avoid the slow reaction kinetics and incomplete NO3~ removal. To the
best of our knowledge, this study is the first report revealing the influ-
ence of groundwater oxyanion concentrations on the product selectivity
during the catalytic NO3~ reduction. The results highlight that the
product selectivity during the catalytic NO3~ reduction was also influ-
enced by the variations of oxyanion concentrations. The selectivity to-
wards Nj during the NO3™ reduction decreased significantly as HCO3 ™,
C032_, and ClO4  concentrations increased. However, it increased as
S0327, S042~ and PO4>~ concentrations increased. The Cu-Pd-hematite
showed remarkable continuous NO3 ™ reduction with good selectivities
towards N, and NH4" in the presence of the oxyanions, and the for-
mation of NO,~ can only be observed with CO32~ at 500 mg/L, due
possibly to the poisoning of the Pd catalyst. We identified the subsequent
reaction mechanisms for the catalytic NO3~ reduction and product
selectivity in the presence of the oxyanions, including competitive in-
hibition, blockage of promotor metal, change of reaction condition (i.e.,
suspension pH increase), and reaction with the support surface. The
outcome of this study can improve the fundamental understanding of
catalytic NO3~ reduction technology for the remediation of contami-
nated groundwater and soil with abundant competing anions and help
provide novel solutions for its proper application to the remediation
sites and optimal operation of the catalytic removal system.
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