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ABSTRACT

Humic acid (HA) comprises a significant fraction of natural organic matter (NOM), greatly
influencing the performance of water and wastewater treatment processes. HA is expected to
significantly affect the reactivity of nano-scale zero-valent iron (NZVI), which is receiving
increasing attention due to its high reactivity. The effects of HA on nitrate reduction by NZVI
were investigated to evaluate the potential of NZVI in practical applications. HA was charac-
terized to identify the mechanism whereby HA affects. Nitrate reduction was enhanced at low
HA concentration, but inhibited as HA concentration increased. HA decreased to reach a pla-
teau and considerable amount of Fe>* was detected when HA was present in dissolved phase.
The increase in the degree of condensation of HA was verified by UV-vis spectroscopy, fluo-
rescence spectroscopy, and size exclusion chromatography. Fourier transform infrared spectra
confirmed that the Fe®**~HA complexes were formed in both the dissolved and solid fractions,
without coexisting metal ions. The HA aggregation on NZVI and discrete HA macroaggregates
were observed by transmission electron microscopy. The results suggest that HA induces com-
plex effects on NZVI reactivity by improving iron dissolution, inhibiting readsorption of
released iron, enhancing electron transfer, and inhibiting nitrate mass transfer via forming HA
accumulation. It indicates that the clogging by aggregated NOM should be considered when
NZVI is used for groundwater treatment or in combination with porous materials.

Keywords: Nano-scale zero valent iron; Nitrate; Humic acid; Aggregation; Iron-humic acid
complex

1. Introduction chemical reduction of nitrate by metal nanoparticles,
especially by nano-scale zero-valent iron (NZVI), has
attracted a great attention due to high reaction rate
and efficiency [2,3]. The reductive removal and
adsorption of organic compounds, heavy metals, and
disinfection by-products by NZVI has also been inves-
tigated [4-6].

Despite the great potential of NZVI, little atten-
tion has been paid to practical applications for
*Corresponding author. water and wastewater treatment, although many

Nitrate generally exists in ground water, surface
water, wastewater, wastewater treatment effluents,
and membrane retentates. Nitrate is regulated in
many countries because it causes blue baby syndrome,
by decreasing the oxygen transport potential of blood
when introduced into the human gut [1]. Recently, the
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factors affecting NZVI reactivity, such as precursor
concentration, particle size, pH, etc., have been stud-
ied [2-4,7]. Especially, the effects of coexisting pollu-
tants, such as humic substances (HS), on nitrate
removal by NZVI have seldom been investigated.
HS, mainly humic acid (HA), are the most widely
distributed type of organic matter, found in natural
water, wastewater treatment effluent, and membrane
retentates together with nitrate [8,9]. HS are hetero-
geneous mixtures of acidic, randomly polymerized,
polydispersed, high-molecular-weight organic macro-
molecules, with widely differing chemical functional
groups. HS play an important role in the fate, reac-
tivity, and transport of pollutants by hydrophobic
interactions, electrostatic  interactions, hydrogen
bonding, and coordinate bonding [10,11].

It is known that HA adversely affects the reactivity
of heterogeneous catalysts, including NZVI. It was
reported that the reactivity of Pd-Cu/y-Al,O; catalyst
and photocatalyst was reduced by HA [12,13], and the
NZVI toxicity to Escherichia coli and to Bacillus subtilis
decreased in the presence of HA [14]. In addition, it
was observed by the authors that nitrate removal by
NZVI and Cu/NZVI was significantly inhibited when
they were used for the treatment of reverse osmosis (R/
O) membrane retentates, which have high dissolved
organic content (not shown here). However, there are
researches reporting on the different effects of HA.
Doong and Lai [15] showed that perchloroethylene
(PCE) reduction rate by Pd/zero-valent iron (ZVI) cata-
lyst decreased as HA concentration increased. How-
ever, when HA adsorption onto Pd/ZVI catalyst was
equlibrated after 24 h before PCE injection, PCE reduc-
tion rate increased at 20 mgL_1 HA, decreased at
40mgL "' HA, and again increased at 80mgL ™' HA.
Feng et al. [16] reported that carbon tetrachloride reduc-
tion rate decreased as HA concentration increased from
0 to 1,000mg L~ L however, chloroform reduction rate
increased in the presence of HA. Lee et al. [4] also
observed that trichloroethylene (TCE) reduction by
NZVI was significantly inhibited at 1-30mgL~" HA,
but it was enhanced at 50mg L' HA.

Although the effects of HA on pollutants removal
kinetics and efficiency of NZVI or other catalysts have
been studied, there are only limited studies about the
interactions between HA and NZVI, which affect the
reactivity of NZVIL It necessitates the investigation on
the change of HA property during reaction between
pollutants and NZVI In this study, the effects of HA
on nitrate reduction by NZVI were examined. The
characteristics of HA were also investigate extensively
by using UV-vis spectrophotometry, fluorescence
spectrophotometry, size exclusion chromatography

(SEC), Fourier transform infrared (FTIR) spectroscopy,
and transmission electron microscopy (TEM).

2. Materials and methods
2.1. Materials

NZVI was prepared by chemical reduction of ferric
ion [3]. Two hundred milliliters of 223.83 mM NaBH,
solution were introduced dropwise at a flow rate
of 5mLmin" to 150mL 59.69mM Fe’* solution
(FeCl;-6H,0). The NZVI particles were aged for 20 min,
collected by filtration with a 0.45um cellulose acetate
membrane filter, and washed with a large volume of
deoxygenated deionized water (DDIW). The average
diameter of NZVI was measured to be 16.70nm using a
laser scattering device (ZetaPlus, Brookhaven Instru-
ments Corporation) and the Brunauer-Emmett-Teller
surface area was found to be 17.62+0.04m?g " (Sorp-
tomatic 1990, Thermo Electron Corporation). Nitrate
stock solution was prepared with KNO; and HA was
prepared by purifying Aldrich HA powder by repeated
pH adjustment, precipitation, and centrifugation [17].
The HA was freeze-dried and stored in a refrigerator at
4°C. All reagents were obtained from the Sigma-Aldrich.

2.2. Batch experiments

Batch experiments were conducted using a 1L
Schlenk flask at room temperature (20 +2°C) with con-
tinuous stirring. Nitrate and HA solution was pre-
pared with DDIW and purged again with N, gas for
2h before the injection of NZVI. The openings of the
flask were sealed with stoppers and N, gas was bub-
bled during the reaction to prevent dissolution of
ambient oxygen. Samples were taken periodically
throughout the reaction period of 3h and filtered with
0.45 um cellulose acetate membrane filters for immedi-
ate analysis. The initial nitrate concentration and
NZVI dose were 50mgNL ™" and 05gL"', respec-
tively. The initial HA concentration was varied from
6.25 to 100mgL~', corresponding to 1.49-30.81mg
dissolved organic carbon (DOC)L™'. To obtain the
maximum HA adsorption capacity, DOC after a 3h
reaction at initial HA concentrations of 150 and
200mgL~" (48.32 and 62.29mg DOCL™") was addi-
tionally analyzed. A wide range of initial HA concen-
tration was examined to investigate the effects of
natural organic matter (NOM) when NZVI is applied
to a variety of waters, i.e. natural water, wastewater
treatment effluent, and R/O retentates [18,19], and to
characterize the dissolved HA because high HA
adsorption capacity of NZVI was reported [4]. All
experiments were conducted in duplicate or triplicate.
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2.3. Analytical methods

Concentrations of nitrate and nitrite were analyzed
by ion chromatography (DX-120, Dionex). The sam-
ples for ammonia analysis were taken separately, acid-
ified with 1N HCI for short-term storage, and
analyzed according to Standard Methods [20]. DOC in
HA solutions was measured by a total organic carbon
(TOC) analyzer (TOC-V CPH, Shimadzu). Total dis-
solved iron and ferrous iron were analyzed according
to Standard Methods [20], and ferric iron concentra-
tion was obtained by subtracting ferrous iron concen-
tration from total iron concentration.

UV-vis spectra, synchronous fluorescence (SF)
spectra, and molecular weight distribution were
obtained and analyzed for the dissolved HA fraction
when the initial HA concentration was 100mgL .
UV-vis spectra were obtained with a UV-vis spectro-
photometer (UV mini 1240, Shimadzu) at wave-
lengths from 800 to 200nm. The absorbance at 254,
280, 465, 600, and 665nm was recorded. SF spectra
were collected using a spectrofluorometer (RF5301PC,
Shimadzu), with a 10mm cuvette at room tempera-
ture [21,22]. The excitation wavelengths in the SF
spectra were 240-700nm and the offsets between
excitation and emission wavelengths (AZ) were 21, 32,
44, 55, 66, and 77nm. The effects of ferric iron on
UV-vis spectra and SF spectra were not considered,
because Fe’* concentration did not vary notably in
the reaction period of 75-180min. In addition, the
intrinsic dimensionality of fluorophores is not
affected by metal ions, although the intensity
decreases [23].

Molecular weight distribution was analyzed with
SEC using an absorbance detector (UV 730 D, Young-
lin), solvent degasser, valve module (SDV 30 Plus,
Younglin), column oven (CTS 30, Younglin), auto sam-
pler (MIDAS, Spark Holland), and a Protein Pak 125
column (Waters). The flow rate of the mobile phase
was 0.8mLmin ' and the pH of the mobile phase
was maintained at 6.8 by adding phosphate (2mM
NaH,PO,H,0 and 2mM Na,HPO,) to a 0.1M NaCl
solution. Sodium polystyrene sulfonate (PSS) stan-
dards of nominal molecular weights of 18, 8, 4.6, and
1.8kDa were purchased from Polysciences, Inc. The
four PSS samples and acetone (58 Da, HPLC grade,
Aldrich) were used as standards. All standards and
samples were measured at a detection wavelength of
254nm. A calibration curve was established with the
linear relationship between the retention time of corre-
sponding peaks and the logarithm of actual weight-
average molecular weight (MW,). The MW,, and
number average molecular weight (MW,) were deter-
mined by Egs. (1) and (2):

MW,, = Zﬁll\(]hiMWi) (1)
> i (hi)
MW, = NZiil (hi) (2)
>ic1 (hi/MW;)

where h; and MW, represent signal height and molec-
ular weight, respectively [24].

The solid phase mixture of NZVI and HA aggre-
gates was collected by 0.45um cellulose acetate filter
after a 3 h reaction, when initial HA concentration was
100 and 150 mg L. The solid phase mixture and the fil-
trate were freeze-dried separately for FTIR analysis of
the solid phase and the dissolved phase, respectively.
The FTIR spectra were obtained with KBr disks made
of the sample containing 1 mg DOC and 200 mg FTIR
grade KBr (Sigma-Aldrich), by an FTIR spectrometer
(Spectrum One System, Perkin Elmer). The amount of
the mixture was calculated based on the removed DOC
and NZVI concentration. The solid phase mixture was
further investigated using TEM (Tecnai F20, Philips)
with energy dispersive X-ray (EDX) analysis.

3. Results and discussion

3.1. Effect of HA on nitrate removal and ammonia
generation

The concentrations of nitrate and ammonia are
illustrated in Fig. 1, while the concentrations of DOC
and Fe’* concentration are provided in Fig. 2. Nitrate
removal and ammonia generation were promoted
when the initial HA concentrations were 6.25 and
125mgL !, but were inhibited at higher than
50mgL ' HA (Fig. 1). DOC was almost completely
removed within 30 min at initial HA concentrations of
6.25-50mgL "' and trace amounts of organic carbon
were detected (Fig. 2). The maximum adsorption
amount at 100-200mgL~' HA was 37.20+1.51mg
DOCg NZVI'', which corresponds to 113.074=
2.327mg HAg NZVI"'. The results demonstrate that
nitrate reduction was enhanced at low HA concentra-
tion, but the enhancement of the reaction turned into
inhibition as the HA accumulation on the NZVI
surface increased.

Meanwhile, two distinct regions were observed in
the profiles of nitrate and ammonia at 12.5-100mgL ™"
HA. The first region (0-30 min of reaction time) corre-
sponds to the period before the DOC reached an equi-
librium concentration, i.e. when HA accumulation on
NZVI was in progress. The second region (60-180 min
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Fig. 2. Concentrations of DOC and ferric iron during
nitrate reduction by NZVI at various initial HA
concentrations.

of reaction time) corresponds to the period when HA
mass on NZVI was constant (Fig. 2). A similar nitrate
profile has also been observed by Hwang et al. [25],
when an organic buffer 4-(2-hydroxyethyl)-1-piperazi-
neethanesulfonic acid (HEPES) was used for pH buffer
during nitrate reduction by NZVI. The variation of
nitrate removal rate during the first region may be
attributed to the enhanced electron transfer by HA at
the iron-water interface and by the competition of
nitrate with HA. The NOM and hydroquinone/qui-
nine type couples are efficient electron transfer media-
tors between the Fe’ and target compounds [15,26]. On
the other hand, nitrate is in competition with organic
components and other anions, i.e. phosphate and sul-
fate [27]. Nitrate removal rate in the second region was
lower than the first region because HA accumulation
on NZVI surface was at the maximum for each batch
experiment. It indicates nitrate mass transfer can be

inhibited by the accumulated HA or other organic
compounds on NZVI. It was also reported that the
reactivity of microscale ZVI was affected by the
amount of HEPES added for pH control [28].

3.2. HA removal and iron release

As shown in Fig. 2, DOC reached equilibrium dur-
ing the 3h reaction. The adsorption kinetic behavior
was fitted to the pseudo first-order adsorption kinetic
equation. The pseudo first-order adsorption rate con-
stants for 6.25, 12.5, 50, and 100mg L' HA were
0.402, 0.400, 0.196, and 0.091 minfl, respectively. The
rate constant decreased significantly as the initial HA
concentration increased to higher than 50mgL ™.
Fig. 2 also shows that Fe’* is present only when HA
is present in dissolved phase, i.e. when initial HA
concentration was 50 or 100mgL~". Fe®* concentration
was negligible throughout the reaction period when
initial HA concentration was 0-12.5mgL~". Ferric iron
was dominant for all samples (98.60+2.07 % of total
dissolved iron).

Based on the results in Fig. 2, it is regarded that the
removal of dissolved HA is not only by the adsorption
but also by aggregation induced by the complexation
of HA with Fe®*. At initial HA concentration of
50mg L}, Fe®* concentration was at its maximum of
12.00mgL " at 5min. Then it decreased rapidly to be
negligible after 30 min, when HA concentration also
became negligible. This implies that Fe®* formed com-
plexes with HA molecules so that Fe’* and HA were
removed simultaneously from the dissolved phase.
The aggregation and adsorption of NOM onto solid
surfaces can be promoted by charge neutralization,
coprecipitation, and the binding of multivalent cations,
such as Fe’* and Ca”*. The binding of metal ions with
functional groups of NOM results in the formation of
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a more condensed NOM structure [29,30]. In addition,
the iron release from Fe” can be enhanced in the pres-
ence of HA by the ligand-promoted iron dissolution
[31] and it is known that Fe?", released as the result of
the reduction of nitrate or nitrite, is subsequently oxi-
dized to Fe®* [32]. Liu et al. [27] reported that, in a sys-
tem of 20mg L' Cr®*, 0.8 mM Ca®* or Mg**, 10.53gL~"
ZV], and 20mg L~! HA as DOC, dissolved iron con-
centration increased to 5-10mgL~' when DOC
decrease was not significant. Then both the iron and
DOC  concentrations decreased rapidly possibly
because of the Fe-humate complexes formation
encouraged by coexisting Ca®* or Mg?*. However, the
results presented in Fig. 2 indicate that iron dissolution
and Fe’*-HA complex formation are promoted in the
presence of NZVI, without coexsting metal ions. It also
implies that the pores in soil or subsequent sand filters
or membranes can be blocked when NZVI is used for
the treatment of water with high HA content.
Meanwhile, at 100 mngl HA, Fe** concentration
increased drastically in the early reaction period of 0-
45min and was maintained at 21.45+0.57 mgL "' dur-
ing 45-180min (Fig. 2). It strongly indicates that the
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Fe>*~HA complexes exist not only in the solid phase,
either on the NZVI surface or suspended in solution,
but also in the dissolved phase. The existence of Fe**
in dissolved phase at 50-100mgL~" HA also implies
that the readsorption of released iron and the subse-
quent formation of iron hydroxy oxide shell on NZVI
surface [32] can be inhibited by HA. Thus nitrate
reduction can be promoted when HA concentration is
lower, so that the inhibition of nitrate mass transfer
was not inhibited by the significant HA accumulation
on NZVI (Fig. 1).

3.3. UV-vis spectroscopy of dissolved HA fraction after
reaction with NZV1

The results of UV-vis spectroscopy at 100mgL ™"
HA are presented in Fig. 3. UV-vis absorbance
increased at all wavelengths throughout the reaction
period (Fig. 3(a)). The DOC specific UV-vis absor-
bance such as the ratio between UV-vis absorbance at
254nm and DOC (SUVAjss), between UV-vis absor-
bance at 280nm and DOC (SUVA,gy), and between
UV-vis absorbance at 600nm and DOC (SVISAgo),
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Fig. 3. UV-vis spectra (a), SUVAzs4 and UVysy (b), and SUVAzgy, SVISA ¢oo, and E4/Ee (c) during nitrate reduction by

NZVI at initial HA concentration of 100mgL".
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was investigated. The absorbance at 254nm (UVjs54)
and the ratio of UV-vis absorbance at 465nm to
665nm (E4Es) were also investigated. UVps4 and
SUVAys, are known to be proportional to apparent
molecular weight and aromaticity because aromatic
rings and conjugated double bonds absorb UV at
254nm [24,32]. SUV Aygp represents the total aromatic-
ity, because the m-n" electron transition for phenolic
arenes, benzoic acids, aniline derivatives, polyenes,
and polycyclic aromatic hydrocarbons occur at the
270-280nm. SVISAgqy is positively correlated with the
degree of aromaticity of HS of aquatic origin [33]. E4/
E¢ is inversely proportional to the molecular size of
dissolved organic matter and the degree of condensa-
tion of aromatic groups [23].

UV3s4 and SUVAjsy increased continuously (Fig. 3
(b)) although DOC decreased (Fig. 2). UV,54 has been
adopted as the indicator of HA concentration in an
aqueous solution, even after undergoing a reaction in
the presence of NZVI [4,34]. However, UV354 did not
show a correlation with DOC in this study possibly
because of a significant change in HA structure.
SUV Ay and SVISAgy also increased, while E4/Eg
decreased after 45min (Fig. 3(c)). The increase of
SUVA254, SUVAzgo, and SVISAéOO (Flg 3(b)) and the
decrease of E4/Es after 45min (Fig. 3(c)) indicate the
increase of aromaticity and of the degree of condensa-
tion of HA during reaction with NZVI. The increase
of E4/E¢ in 0-30 min might be due to the increase of
Fe®* (Fig. 2). The condensation of HA molecules can
occur by oxidative coupling reaction [35]. However,
under the reductive condition in this study, the
increase of the degree of condensation of HA would
be the result of the complexation of HA with Fe**
released as a result of nitrate reduction, as indicated
in Fig. 2 [17,29].

(@) | —— omin(x4)
---- 10 min (x4)
.............. 30 min (x4)
75 min (x4)
= = 120 min (x4)
------- 180 min (x4)
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3.4. Fluorescence spectroscopy of dissolved HA fraction
after reaction with NZVI

The SF spectra at 100mg L' HA show a continuous
shift of a peak at 450-600 nm to longer emission wave-
length, during reaction with NZVI (Fig. 4(a)). The “red
shift” indicates the increase in higher molecular weight
fractions of HA, which is consistent with the results of
UV-vis spectroscopy (Fig. 3). The peaks at higher emis-
sion wavelengths generally indicate an increase in aro-
matic structure of a higher degree of condensation with
more aromatic rings and the increasing hydrophobicity
[36,37]. The increase of the degree of conjugation could
be more significant than observed in Fig. 4, because
aromatic and/or polyphenolic contents with mostly
high molecular weight do not show fluorescence inten-
sity around 550 nm in SF spectra [33].

Fig. 4(b) illustrates the SF spectra at 50mgL ™" HA.
The “red shift” is also observed after 10 min, but the
fluorescence intensity at 450-600 nm decreased rapidly
as DOC decreased. However, the relative intensity in
the regions less than 400nm increased after 30min,
when DOC decreased to 0.73+0.15mgL~'. The
increase of peak intensity at lower emission wave-
lengths is associated with the increase of lower molec-
ular weight compounds such as alcohols, aldehydes,
ketones, and carboxylic acids [23,38]. It indicates that
higher molecular weight fraction of HA was precipi-
tated or adsorbed on NZVI prior to the lower molecu-
lar weight fraction.

3.5. SEC of dissolved HA fraction

The increase of the relatively high-molecular-
weight domain in SEC chromatographs are observed
when the initial HA concentration was 100mgL ™"
(Fig. 5(a)). The fact that MW,, and MW, increase

(b)
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= = 60 min
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Fig. 4. SF spectra at 4A=44nm during nitrate reduction by NZVI at initial HA concentration of 100mg L! (@) and of

50mgL " (b).
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similarly as time indicates the aggregation formation
of HA (Fig. 5(b)). Polydispersity, the ratio of MW, to
MW,,, increased as the reaction started. It implies that
the structure of the dissolved organic fraction become
less rigid and has wider size distribution [10,38].
Meanwhile, when the initial HA concentration was
50mgL~", the peak in SEC chromatograph was also
shifted to a higher average molecular weight domain
in 5-15min, indicating that the higher molecular
weight fraction increased. However, no signal was
detected after 30min because DOC decreased to a
negligible value (not shown here).

The results in Fig. 5 confirm the formation of the
condensed HA structure by the reaction with NZVI.
The increase of the degree of conjugation of HA is
known to be the result of the oxidative coupling of
phenolic monomers, such as catechol and pyrogallol,
in the presence of redox active oxides or oxidative
enzymes, such as birnessite or horseradish peroxidase
[39,40]. However, the formation of radial coupling
products of TCE in anoxic condition in the presence
of NZVI was also reported [41].

3.6. FTIR spectra and TEM

The FTIR spectra of HA showed typical bands for
HA as presented in Fig. 6(a) [8]. After 3h reaction of
100mgL~" HA, 50mgL ™" nitrate, and 0.5gL"" NZVI,
there were clear changes in the characteristic bands
(Fig. 6(b) and (c)). The intensity of the bands assigned
to O-H stretchings (3,400-3,300 ecm™Y) and to aromatic
C=C and COO- symmetric stretching (1,600-1,575
cm ') decreased significantly. The bands assigned to
aliphatic C-H, C-H,, and C-Hj stretching (2,940-
2900cm™ ') and to carboxylate ion stretching
(2,870cm ") disappeared both from the solid fraction

@| —mna
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Fig. 6. FTIR spectra of the HA (a); of the solid fraction (b),
of the dissolved organic fraction (c) after a 3h reaction at
initial HA concentration of 100 mg L% of the solid fraction
(d), and the dissolved organic fraction (e) after a 3h
reaction at initial HA concentration of 150 mgL .

and dissolved fraction. Instead, a strong peak at
1,835cm™}, assigned to the -COO-metal stretching
[42], appeared in the spectra of both the solid fraction
and the dissolved fraction (Fig. 6(b) and (c)). The band
assigned to phenolic OH, C-H deformation of CH,
and CHj groups, and COO- antisymmetric stretching
(1,400-1,390cm™ ') was overlapped by the band at
1,385cm ™.

The FTIR spectra presented in Fig. 6(b) and (c) and
the Fe>* concentration presented in Fig. 2 confirm that
Fe>*~HA complexes can be formed by NZVI in the

(b) 1.5 r3.5
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Fig. 5. Molecular weight distribution (a) and average molecular weight and polydispersity (b) during reaction with NZVI,

at initial HA concentration of 100mgL".
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Fig. 7. TEM image of NZVI before reaction (a); TEM image of solid fraction collected after 3h reaction with initial HA
concentration of 100mgL~" (b); and EDX analysis of (b) (c); TEM image of organic aggregates observed in the solid
fraction collected after 3 h reaction at initial HA concentration of 100mgL ™" (d); and EDX analysis of (d) (e).

absence of coexisting metal ions, such as Ca** and
Mg”*. Tsang et al. [42] showed the increase of average
molecular weight of HA’s of various origins, includ-
ing purified Aldrich HA, by reaction with ZVI in a
background solution of 5mM NaCl and 0.8 mM CaCl,.
However, it was also shown that HA aggregation was
negligible without the background ions [42].

Similar FTIR spectra were obtained when the ini-
tial HA concentration was 100 and 150mgL~" (Fig. 6

(b) and (d)) for solid phase. However, at 150 mgL ™"
HA, the band intensity at 1,385 cm ™! for dissolved
fraction was not as strong as observed at 100mgL ™"
HA (Fig. 6(e)). It indicates that the fraction of Fe®'-
HA complexes from the total dissolved HA is lower
because of the existence of more unreacted HA at
higher initial HA concentration. Meanwhile, the band
at 1,170-950cm ' is observed only for the solid frac-
tion (Fig. 6(b) and (d)), implying that carbohydrates
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and polysaccharide-like substances, which are high-
molecular-weight fraction of HA and cause fouling of
UF membranes [43], are readily adsorbed onto NZVI
or aggregated.

TEM image of fresh NZVI is presented in Fig. 7(a).
The mixture of organic aggregates and NZVI was
observed by TEM and EDX analysis as shown in
Fig. 7(b) and (c). It verifies that the decrease of DOC
during the reaction was attributed to both adsorption
onto NZVI surfaces and aggregation of HA. In
addition, discrete organic aggregates, not attached to
NZVI surface, were also observed (Fig. 7(d) and (e)).
It is regarded that the organic aggregates are formed
around NZVI and then separated by agitation because
Fe>*~HA complexes can promote the HA aggregation
and serve as the nuclei for macroaggregate
formation [44].

4. Conclusions

In this study, effects of HA on nitrate reduction by
NZVI were evaluated and the properties of HA were
investigated extensively to understand the affecting
mechanism by HA. Nitrate reduction by NZVI was
enhanced with 12.5mgL ™" HA or less, but it was
inhibited as initial HA concentration increased. HA
decreased to reach an equilibrium concentration and
significant amount of Fe** was observed at high initial
HA concentration. The formation of a more condensed
HA structure in dissolved HA fraction was verified by
UV-vis spectra, SF spectra, and SEC chromatography.
TEM analysis of the solid fraction after a 3h reaction
confirmed the HA aggregation around NZVI and HA
aggregates, which exist out of NZVI surface. The for-
mation of the complexes of Fe** and the COOH group
of HA was verified by FTIR spectra in both the dis-
solved phase and solid phase. It indicates that Fe -
HA complexation is greatly promoted by NZVI, even
in the absence of coexisting metal ions. It also indi-
cates that the Fe>’~HA complex formation contributes
to the HA removal from dissolved phase and to the
decrease of readsorption of released iron and the for-
mation of iron hydroxy oxide shell.

According to the results presented, it can be con-
cluded that HA induces complex effects on NZVI by
enhancing of electron transfer, competing with reac-
tants, promoting iron dissolution, inhibiting iron
hydroxy oxide shell formation, being accumulated on
NZVI surface via forming aggregates encouraged by
complexation with Fe3+, and inhibiting mass transfer
of reactants to NZVI surface. Therefore, it is suggested
that the organic compounds should be removed to a
certain level, when NZVI is applied for water or
wastewater with high organic content, because it can

cause the decrease of NZVI reactivity and the clog-
ging of membranes or filters.
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