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Abstract To probe the effect of common coexist sub-
stances on the nitrate removal by polymeric resin sup-
ported nanoscale zero-valent iron composite (D201-
nZVI), humic acid (HA) was added into the nitrate
removal system to elaborate the different interactions
between each two and among all in the system including
HA, nitrate, and D201-nZVI. The results showed that
the effect of HA on the reduction of nitrate by D201-
nZVI was concentration-dependent. At low HA concen-
tration (<5 mg/L), HA coating formed by the HA ad-
sorption on the surface of the nZVI particles enhanced
the dispersion of the particles, which led to a more
evenly distribution of nZVI particles in the solution,
and thus a higher nitrate reduction activity. When HA
concentration was increased to 5 mg/L or more, the
competitive adsorption of HA and NOs ™ on the surfaces
of the D201-nZVI dominated, and the nitrate removal
rate and ammonia nitrogen production were decreased.
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When the HA concentration reached to a further high
level (>20 mg/L), HA acted as an electron shuttle to
accelerate the reduction of Fe(IlI) to Fe(Il) in the D201-
nZV], and thus the nitrate reduction rate was according-
ly enhanced. The ammonia production increased by
24.8% at HA concentration of 40 mg/L as compared
with that of the control (without addition of HA). This
research elucidated the interaction of HA within differ-
ent HA concentration in the complicate system of anions
removal by organic support-nanoscale metal particle
composite, which may shade some new light on the
potential application of nanoscale zero-valent materials
in the practical remediation of natural water.
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1 Introduction

Since the 1990s, nanoscale zero-valent iron (nZVI) has
been widely applied in water/soil remediation (Li et al.
2006; Crane and Scott 2012) due to its outstanding char-
acteristic such as large specific surface area and strong
reducing activity. The nZVI materials were applied in the
reduction of NO;  (Hwang et al. 2011; Jiang et al. 2011;
Ryu et al. 2011), Cr(IV) (Lv et al. 2012; Zhang et al.
2018), Pb(Il) (Kim et al. 2013; Shi et al. 2013), and As
(Klas and Kirk 2013; Neumann et al. 2013) and
dehalogenation of organic contaminants such as
chloroethenes (Liu et al. 2005a), trichloroethene (Liu
et al. 2005b), azo-dyes (Luo et al. 2013), phenol
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(Shimizu et al. 2012), polycyclic aromatic hydrocarbons
(PAHs) (Chang et al. 2005), herbicides (Joo et al. 2004),
etc. The increasing discharges of nitrate from various
sources, such as agricultural fertilizers, septic-tank sys-
tems, animal wastes, industrial processes, and atmospher-
ic deposition, led to high nitrate concentration in the
surface water and groundwater (Xu et al. 2012; Song
et al. 2013). Excessive nitrate concentrations in drinking
water sources may bring some potential risks to the
environment and public health, including methemoglobi-
nemia, liver damage, and even cancer (Bhatnagar and
Sillanpéa 2011). Many technologies have been developed
to remove nitrate effectively, such as adsorption, ion
exchange, electrodialysis, reverse osmosis, chemical
treatment (Song et al. 2013), etc.

In recent decades, the application of nZVI to remove
nitrate from water has been intensively addressed. The
factors controlling nitrate removal efficiency by nZVI
were the main focuses, such as the dosage of nZVI,
experimental conditions (temperature and pH) (Liao
Dijie 2009; Song et al. 2013), size of ZVI particles,
passivation process of nZVI (Sohn et al. 2006), addition
of inorganic and organic matters (CI, SO,* (Su and
Puls 2004, Zhang et al. 2013a, 2013b, Zhang et al.
2017), propanol (Liao et al. 2003), etc.). It is worth
noting that the geochemical characteristics of water
solution (e.g., ionic strength, humic substances (HS))
(Manciulea et al. 2009) play an important role in the
stability of nZVI, which would determine its chemical
activity to a great extent. Particularly, as the most widely
existed natural organic matter (NOM) on the earth,
humic acids (HAs) play important roles both in control-
ling the environmental behaviors of pollutants (Buffle
2006; Chen et al. 2011) and in affecting the water
treatment efficiency due to their abundant functional
groups and high reactivity. Recent reports have shown
that NOM can stabilize suspensions of iron oxide nano-
particles by changing the surface charges, then influenc-
ing its aggregation and sticking, which is related to
solution pH and the concentration of HA (Baalousha
2009, Yang et al. 2009), and therefore affects its in situ
mobility. Richard et al. proved that the mobility of nZVI
through granular media is greatly increased when NOM
(Johnson et al. 2009) was added. Complexation between
HA and iron oxides may alter the properties of the
composite and thus its ability to reduce nitrate, which
is also pH-dependent. Seunghun Kang et al. (Kang and
Xing 2008) demonstrated that goethite had a strong
adsorption on HA, and the adsorption rate decreased

@ Springer

with the increase of pH values due to the changes of
electrostatic interaction and complexation between the
acidic functional group of HA and the surface of the
goethite. However, there is no report currently available
concerning the effect of HA on the reduction capacity of
nitrate by nZV1, nor does the polymeric resin supported
nanocomposites.

In our previous research (Jiang et al. 2011),
polymerstyrene anion exchange resin was adopted to
be the organic support of nZVI. The internal network
structure of polymeric resin provided sufficient sites for
the immobilized nZ VI particles; and its inherent charged
functional groups can make nZVI particles disperse
evenly and keep them in smaller size and a higher
activity (Zhang etal. 2013a, 2013b). When HA emerged
as a coexisting matter with nitrate in the removal system
by this composite, HA may influence the electrostatic
attraction of the nitrate and quaternary ammonium
group of the resins, and meanwhile the reduction of
nitrate by nZVI. Consequently, the main objective of
the current study is to elucidate the effects and mecha-
nism of HA on the support resin and nZVI in the
complicated system. Firstly, we compared the HA ad-
sorption behaviors on polymer and D201-nZVI with
and without nitrate, respectively, to explain the exact
interaction between HA and polymer/nZVI. Afterward,
some structural characterizations during these interac-
tions were offered to demonstrate these interactions and
the structure changes of nZVI. The results of this study
may shade new light on the potential application of
nZVI composite in the practical remediation of natural
water.

2 Materials and Methods
2.1 Materials

All chemicals used in this study were of analytical
reagent grade. The support material D201 macroporous
anionic exchanger, a polystyrene-divinylbenzene poly-
mer matrix with tetra amine as functional groups, was
purchased from Zhejiang Zhengguang Industrial Co.,
Ltd., China. Prior to use, it was rinsed in turn with
NaOH (5 wt%), HCI (5 wt%), and finally distilled water
to a neutral pH, and dried at 40 °C for 24 h. All solutions
were prepared by ultrapure water with resistivity of
18.25 M. Humic acid was bought from Tianjin
Guangfu Technology Development Co., Ltd. which
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was extracted from weathered coal. HA sample was
firstly dissolved by ultrapure water, then adjusted the
solution pH to about 10 with 0.1 M NaOH. Afterward,
HA solution was ultrasonic shocked for 2 h to let it fully
dissolve, then adjust the pH to 7 with 0.1 M HCI. At last,
HA solution was filtered through 0.45-um membranes
after being shocked for 24 h at room temperature. All
prepared solutions were stored at 4 °C in the dark for
use.

2.2 Preparation of D201-nZVlIs

The ultrapure water with resistivity of 18.25 M) was
kept at room temperature under N, gas purging for at
least 1 h, then it was used for preparation of nZVI to
avoid its oxidation during the modification process.
Preparation of the polymer-supported nZVI has been
described in detail in our previous study (Jiang et al.
2011). In brief, 1.0 g of dry D201 resin beads were
added into 100 mL FeCl; solution that consists of
2.0 M FeCl;, 2.0 M HCI, and 10% ecthanol. As the
precursor of nZVI, the anionic FeCl, was ion-
exchanged with the counter Cl ions of D201. After
12 h rotation in an end-over-end shaker, the solid beads
were obtained by filtration and rinsed five times with
ethanol, and then introduced into NaBHj, solutions with
mass concentrations of 3%. After 15 min, the preloaded
FeCl, ions could be reduced into ZVI. The composites
were freshly prepared before each experiment, and the
materials used for structural characterization were dried
in a vacuum oven at 40 °C for 24 h.

2.3 HA Adsorption

Each of 0.1 g D201 or the new synthesized D201-nZVI
with the same amount of D201 was added into 50 mL
mixed solution of different concentrations (0, 1.0, 2.0,
5.0, 7.5, 10, 15, 20, 30, 40 mg/L) of HA and 50 mg/L
NO; -N, respectively. Then shaken at a constant tem-
perature of 298 K for 12 h at 120 rpm in a thermostatic
water bath shaking bed. The HA contents in the solu-
tions before and after the reaction were measured.

2.4 Nitrate Reduction

In all batch experiments, the dosages of the resin (D201)
were set as 2.0 g/L. To investigate the performance of
nitrate removal by nanocomposites, its beads were in-
troduced into 50 mL solution containing 50 mg N/L

nitrate and different concentration (0, 1.0, 2.0, 5.0, 7.5,
10, 15, 20, 30, 40 mg/L) of HA. The suspension was
stirred for 8 h at 120 rpm at constant temperature of
298 K and initial pH 7.0 + 0.1, then followed by filtering
through 0.45-um membranes. Afterward, 10 mL HCI
was added to dissolve the precipitate on the membranes
to determine its Fe amount. At last, 2.0 mL solution after
nitrate reduction was sampled for analyzing the remain-
ing concentration of nitrate, nitrite, and ammonium,
respectively.

Kinetic tests were carried out to establish the effect of
contact time on the reduction process and to quantify the
reduction rate. Two grams of D201 after loaded on nZVI
was added to a flask containing 1000 mL solution mixed
together with 50 mg/L NO; -N and different concentra-
tion of HA (1, 5, 15, 40 mg/L) at 298 K with the stirring
rate at 120 rpm. Meanwhile, NO3 -N removal by com-
posites in the absence of HA was conducted as a control.
Then, the concentration of residual nitrate, nitrite, and
ammonium in the solution was determined at regular
time intervals by the methods described in the following
section.

2.5 Characterization

Fourier transform infrared (FT-IR) spectra of D201 resin
and D201-nZVI before and after adsorption or reduction
were recorded at room temperature on a Spectrum GX
spectrophotometer (Nicolet IS10). The morphology and
interaction of nitrate and HA on the inner surface of
nanocomposites were probed by a transmission electron
microscope (TEM, JEM 1200EX, Japan) and X-ray
photoelectron spectrometer (XPS, ESCALAB-2, UK)
equipped with an A1 KD anode as the excitation source.
The binding energies were corrected using Cls calibra-
tion energy of 285 eV. The XPS results were collected in
binding energy forms and fitted using the software of
XPSPEAK 41. Transmission electron microscopy
(TEM) images and electron diffraction pattern of the
nanoparticles were obtained with JEM1200 and
GAF20, respectively.

2.6 Analyses

Ammonia concentrations in the solutions were deter-
mined by Nessler’s reagent colorimetry (Eaton et al.
1995) with a UV-Vis spectrophotometer (Model 722,
Shanghai Xianke Spectral instrument Industrial Co.,
Ltd., China). The resin surface area and pore structure
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characterization of D201 and D201-nZVI were deter-
mined by N, adsorption instrument (Nova 3000
Quantachrome Instruments American). The concentra-
tions of nitrate and nitrite were determined by ion chro-
matography (DIONEX DX-120) with a column of
ionPAC AS14, and the mobile phase was 0.3 M
NaCO05/0.1 M NaHCO;3 with 1.0 mL/s flow rate. Humic
acid was determined spectrophotometrically by measur-
ing the absorbance at Amax =254 nm (Horiba JY
Aqualog), and the standard curve was made to deter-
mine the residual concentration (Fig. S1).

3 Results and Discussion
3.1 HA Adsorption on D201 and D201-nZVI

The electrostatic interaction between HA and D201 and
complexation between HA and iron oxides on nZVI
may occur in the coexistence system of HA, NO;z -N,
and D201-nZ VI, which may affect the nitrate reduction
processes. Therefore, we first discuss HA adsorption on
D201/D201-nZVI to further explore the mechanism of
the HA effect on the nitrate reduction by D201-nZV1.

The adsorption of HA on D201 resin is showed in
Fig. 1a. When the initial concentration of HA is in the
range of 0~40 mg/L, the adsorption capacities of HA
were decreased with the increase of NO5; -N concentra-
tion, which indicated that there was a competitive ad-
sorption between HA and NO;3; on the single resin
system.

Figure 1b shows the adsorption of HA on D201-
nZVI. It was shown that HA adsorption was about
2 mg/g at HA concentration of 40 mg/L, even slightly
lower than that on the D201 resin (4.3 mg/g). However,
the HA adsorptions were dramatically increased when
the target pollutant NO; -N was added to the D201-
nZVI system, which can be caused by both pore size and
limited iron oxide content. Data in Table A1 shows that
the specific pore size of D201-nZVI was lower than that
of the support resin, indicating that nZVI occupied a
small amount of active sites on the carrier. Then, HA
with larger molecular weight will be blocked when it is
entering the resin channel. It has been reported that
Fe(0) particles are mainly composed of inner Fe(0) core
and outside Fe(II)/Fe(IIl) oxide shell in water environ-
ment (Kumar et al. 2014). XPS analysis of the new
synthesized D201-nZVI (Fig. S2) shows that the peak
of 707.4 ¢V and 710.6 eV represented Fe(0) and iron
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Fig. 1 Adsorption of different concentration of HA on D201 (a)
and D201-nZVI (b)

oxide, respectively, and the surface of D201-nZVI is
mostly characterized by the peak of iron oxide peak,
and the peak of Fe(0) is weak. After Ar* sputtering of
D201-nZVI for 1 min, there is a significant Fe(0) signal,
accounting for 51.34%, which confirmed that the pres-
ence of nZVI surface oxide shell exerts a certain protec-
tive effect on the internal Fe(0). The interaction between
HA and iron oxides was limited, and related reactions
will be described below.

3.2 Effect of pH

In addition to the above two reasons, pH also plays an
important role, which will directly influence the type of
action between HA and iron oxide. The initial pH of all
the reaction systems was 7.2, and as shown in Fig. 2, pH
increased to above 8 because of the following reactions
(Su and Puls 2004; Li et al. 2006; Calderon and Fullana
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Fig. 2 Solution pH of the two systems under different concentra-
tions of HA

2015):

) _
Fe(()s) + 2H20<aq>—>Fe(;]) + Hyg) + ZOH(aq) (1)

2Fel) + 2H,0(4y) + 0,—2Fe] +40H ) (2)

The initial pH (7.2) of the HA and D201-nZVI
mixed solution was slightly lower than the isoelectric
point of iron oxide (Illés and Tombacz 2006) (pH =
7.9 +£0.1). The electrostatic attraction existed between
iron oxides on the surface of D201-nZVI and HA due
to their positive and negative charges at their surfaces
at pH 7.2 (Illés and Tombacz 2004), respectively.
However, Fe(0) will be impeded to be continuously
oxidized due to the protection of nZVI oxides, and
with the pH increase, the electrostatic adsorption was
very limited.

Meanwhile, it has been found that when the system
pH was getting higher, ligand exchange-surface com-
plexation between HA and iron oxides on the surface
of nZVI (Vindedahl et al. 2016) would dominate.
Tombacz (Tombacz et al. 2013) and Seunghun
(Kang and Xing 2008) found that carboxylic acid
groups or hydroxyl groups in organic acids and hy-
droxyl groups on Fe—~OH may form iron-carboxylate
complexes, and the amount of complex bond is pro-
portional to the content of carboxylic acid, as depicted
in the following reaction:

Fe~OH + R-COO «>Fe-OOC-R + OH™ (3)

This was also confirmed by infrared spectroscopy
analysis as shown in Fig. 3. The major bands of HA

are exhibited as follows: 1049 cm ' (C-O stretching of
primary alcohol), 1380.23 cm_l, and 1568.55 ¢m™!
(symmetric stretching of COO—, C-OH stretching of
phenolic OH) (Li and Shang 2005). The vibration of
C—H (1331.00 cm ") and the bending vibration of C=C
(1586.71 cm ') in quaternary ammonium of composites
were shifted to 1337.96 cm™' and 1584.57 cm ' after
HA adsorption, respectively. These findings explained
that carboxylic or phenolic functional groups of HA
might be attracted through electrostatic by the surface
quaternary ammonium groups of composite or be com-
plexed with iron oxides (Kang and Xing 2008). There
was a strong peak (1584.63 cm', N-H) after nitrate
addition into the system that consisted of D201-nZVI
and HA, which indicated that nitrate was reduced by
nZVI, and the displacement of peaks (C—H, C=C) also
proved that there was adsorption or/and complexation
between HA and iron oxides.

Therefore, when the target pollutant NO3; -N was
added to the system, iron oxides will be produced con-
tinuously due to the reaction between nZVI and NO; -
N. With the increase of HA concentration, the adsorp-
tion of HA on D201 increased, and the complexation
reaction with iron oxides was enhanced, which resulted
in a significant increase of HA adsorption.

Itis commonly known that the size and morphology
of nZVI particles will affect its reactivity. It can be
observed from the TEM images of the original D201-
nZVIand that with HA absorbed (Fig. 4a, b), and nZVI
particles were distributed evenly on the original D201-
nZVI, which existed as approximately spherical parti-
cles with the size of about 20 nm. After the adsorption
of HA, the nZ VI particles were more evenly distributed
on the surface, and the particle size was about
10~15 nm. It can be deduced that the activity of nZVI
may be enhanced upon addition of HA at concentration
of 20 mg/L.

Besides, it was also found that iron precipitate was
formed in the reaction system of nitrate, HA, and D201-
nZVI, which was attributed to the following reactions in
the alkaline system:

Fe** + OH —Fe(OH), (4)

4Fe(OH),(5) + Oz + 2H,0—4Fe(OH) 4 (5)

The iron precipitate produced was HA-
concentration relevant. When the addition of HA was
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Fig. 3 FT-IR spectra of D201-
nZVI before and after it reacted
with HA or/and NO3 -N
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lower than 20 mg/L, the electrostatic interaction be-
tween HA and iron oxides on the surface of nZVI
dominated, causing evenly HA coating on the nZVI
particles, and thus impeding the iron precipitation (as
shown in Fig. S3). The similar phenomena were also
found for nano-metal oxide such as nano-TiO, (Zhang
et al. 2008) and silver nanoparticles (Delay et al.
2011). With the increase of HA concentration, the
complexation between HA and iron oxides was en-
hanced, and the solution pH was increased (as shown
in Fig. 2) and accordingly more iron precipitation was
also formed (as shown in Fig. S3). The addition of the
target contaminant NO; -N in the system resulted in a
significant increase in pH and iron precipitation (as
shown in Fig. 2 and Fig. S3).

. . . . : .
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3.3 Effect of HA on the Reduction of Nitrate
by D201-nZVI

Following the discussion of the interaction between
HA and D201-nZVI in the experimental system, we
focused on the static removal of NO; -N by D201-
nZVI at different HA concentrations. The possible
pathways for nitrate removal in the reaction system
included both adsorption by support carrier D201 resin
through electrostatic attraction and reduction reaction
by nZVI. The production of ammonia, the main reduc-
tion products of nitrate, is often used to evaluate the
reduction activity of nZVI. The overall reaction of
nitrate reduction by nZVI can be represented as follows
(Su and Puls 2004; Sohn et al. 2006):

Fig. 4 TEM images of a D201-nZVI and b D201-nZVI with HA absorbed at HA concentration of 20 mg/L
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equation to the following:

NO; + 4Fe 4+ TH,0-NH] + 4Fe*" + 100H (7)

Figure 5 combines the ammonia production and ni-
trate removal rate at HA concentration of 0-40 mg/L,
from which the reduction activity of nitrate by nZVI as
influenced by HA can be analyzed. It can be seen that the
average yield of ammonia was 14.21 mg/L in the ab-
sence of HA, and the removal rate of nitrate in the
solution was 97.3%. When 5 mg/L of HA was added,
the production of ammonia was increased to 17.33 mg/L,
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which is due to the well dispersion of the nZVI particles,
and thus the better performance in the reduction of
nitrate. When the HA concentration was increased to
20 mg/L, the competitive adsorption of HA and NO; -
N on D201-nZVI gradually dominated, which resulted in
a decreased removal rate of NO5 -N and ammonia pro-
duction. With the further increase of HA concentration
(2040 mg/L), the complexation between HA and iron
oxides on the surface of nZVI enhanced. Through the
electron diffraction analysis of D201-nZVI after
adsorbed HA (without nitrate), it is found that there
was Fe;0,4 on the surface of the particles (Fig. S4), it
could be inferred that Fe(Ill) was reduced to Fe(I) by
HA, thus improving the NO3 -N reduction ability of
D201-nZVI, which was also confirmed by XPS analysis.
When the concentration of HA is 0, 2, and 40 mg/L, the
Fe(Il) contents of nanocomposites were 6.84%, 4.40%,
and 4.57%, respectively (Fig. S5). The above findings
may be due to the participation of Fe’™ in the redox
reaction after HA added. And it is worth noticing that
other scholars have come to the same conclusion. Li Xie
(2005) pointed out that the redox-active functional
groups in humic acid can reduce Fe(Ill) to Fe(Il), and
the oxidized functional groups in the humic acid may
also be reduced by Fe(0), then electrons are given to the
electron acceptor to improve the removal of contami-
nants rate. Jiang Xu (Xu et al. 2012) proved that NO; -N
reduction by Fe(0) on the metal surface usually depends
on the electron transfer efficiency of the oxide surface
from Fe(0) to the active site, and the addition of a certain
amount of Fe** to the reaction system can increase the
removal rate of NO5; -N.
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3.4 Effect of HA on the Nitrate Removal Kinetics

The effect of HA on the kinetics of nitrate reduction by
D201-nZVI is another important aspect concerning its
application for environmental remediation. As shown in
Fig. 6, the ammonia production kinetics at different HA
concentration were well fitted by traditional pseudo-
first-order kinetic model expressed as follows:

d[C],
dt

where £, (min~') and [C], represent the pseudo-first-
order rate constant and the ammonium concentration at
time ¢, respectively. The following equation can be
obtained by integrating

= kons ([C]7(C),) (8)

[C], = [C],(1—e7*") 9)

Figure 6 shows that the k,;, of NH;*-N production
was 0.00577, 0.0088, 0.00615, and 0.0068 min~" when
the HA concentration was 0, 1, 15, and 40 mg/L respec-
tively. The adsorption kinetics usually depend on three
main steps, namely, external diffusion, intra-particle dif-
fusion, and the interaction between the adsorbate and the
adsorbent (Shuang et al. 2013). Since the concentration of
target pollutant NO; -N is fixed, its external diffusion rate
remains unchanged, basically. When HA concentration
was 1 mg/L, nZVI particles were distributed more evenly,
and the internal diffusion rate of NO; -N also increased.
Therefore, the reaction rate increased. Due to the com-
petitive adsorption between HA and NO; -N, the inter-
action between D201-nZVI and NO5 -N decreased after
HA addition, which reflected a slight decrease in the
reaction rate at HA concentration of 15 mg/L. When
HA concentration was increased to 40 mg/L, the above
two factors balanced, and the electron transfer of HA
could promote the reaction rate.

When the reaction reached equilibrium, the concen-
tration of ammonia nitrogen is consistent with the result
of 3.2 following the similar reasons described thereby.

4 Conclusions

The present study demonstrated that the concentration
of HA brought various influences to the capacity of
D201-nZVI. In general, the results suggest three mech-
anisms: (1) the competitive adsorption between HA and
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NO;5; -N on D201 resin; (2) the electrostatic of HA and
iron oxide on nZVI surface below the iron oxide iso-
electric point and the complexation of both two at high
pH; (3) the electron transfer of HA. The predominant
mechanism for nitrate reduction by D201-nZVI varies
with the HA concentrations.

When the HA concentration is low (<5 mg/L), HA
coating formed due to a small amount of HA adsorbed on
the surface of nZVI particles caused a well dispersion of
nZVI particles in the solution, thereby enhancing its
nitrate reduction performance. When the concentration
of HA increased to 5 mg/L or more, the competitive
adsorption of HA and NO; -N was dominant, and the
removal rate of NO3; -N and ammonia production de-
creased. When HA is further improved to more than
20 mg/L, Fe(Il) is reduced to Fe(Il) by the electron
transfer of HA, and the reduction of NO; -N is improved.
The results show that it is necessary to consider the
presence of HA in waters when using nanocomposites
to remove nitrate, and the behavior of nanocomposites in
natural systems needs more attention. Further studies
should be extended to a wider and more representative
range of conditions, such as HA of different origins or
molecular weight and other constituents in groundwater.
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