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Characterization of nanoscale zero valent iron modified by nonionic surfactant
for trichloroethylene removal in the presence of humic acid: A research note
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ABSTRACT

Trichloroethylene (TCE) is a common contaminant in water and groundwater, known as suspected
carcinogens, and its presence in the environment is of significant concern. Nano-scale zero-valent
iron (NZVI) has emerged as an excellent reduction catalyst due to fast degradation of chlorinated
solvents. However aggregation of NZVI is a serious limitation. In this study, NZVI was coated
with nonionic surfactant to overcome its aggregation and to enhance its dispersion. The synthe-
sized NZVI using water-based solution method produced nanowire-like structures mostly and a
few portion of NZVI showed a spherical shape. For the modification of NZVI by surfactant, the
amount of Tween 80° used to be adsorbed onto NZVI was ca. 8 mmol/kg of NZVI. The volume
size distribution of the obtained surfactant modified NZVI (SNZVI) increased to d,,, (cumulative
size at 90%) = 2.03 um and at 0.79 um of mean size, while that of bare NZVI had diameter with
d,, (cumulative size at 90%) = 14.12 um and at 4.54 um of mean size. The maximum adsorption
amount of humic acid (HA) onto SNZVIwas 18.70 mg/g and that of NZVIwas 20.05 mg/g. For TCE
removal in the presence of HA, SNZVI was not enhanced for TCE removal efficiency, compared
with NZVIremoval. And TCE removal using SNZVI was inhibited as HA concentration increased,
but TCE degradation efficiency increased at high concentration of HA. Based on reduction of size
and the reactivity of SNZVI, the present results can be applied for in situ groundwater remediation.
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1. Introduction

Human health has been threatened in water and
groundwater contaminated by chlorinated compounds
such as trichloroethylene (TCE), perchloroethylene (PCE)
with a potential to suspect carcinogens [1,2]. For the re-
mediation of groundwater contaminated with chlorinated
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contaminants, microscale zero valent iron (uZVI) has been
investigated to dechlorinate chlorinated compounds. In
case of uZVI, many researches had focused on the en-
hancement of reaction rate by modifying with surfactants
and had observed the effect of natural organic matter
(NOM) of ubiquitous existence in water and groundwater
during carbon tetrachloride (CT) and TCE reaction [3-7].

Since the beginning of 2000, nanoscale zero valent
iron (NZVI) has issued as an excellent catalyst for redox
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reaction and Fenton process due to a large surface area,
a higher reactivity, nontoxicity, and inexpensiveness in
environmental remedy [8-14].

Despite a large surface area of NZVI, these nanopar-
ticles have limitations such as its aggregation and agglom-
eration, which is difficult to transport into porous media
in target contaminated sites [15]. Therefore, hydrophilic
carbon, polyacrylic acid and cellulose coated with NZVI
were tested for the transport in soil and groundwater and
were applied to remove arsenic and chromate [16-21].
Another NZVI modification method was to use cationic
and nonionic surfactants to increase in its surface area
and dispersion. In this study, nonionic surfactant with
a higher HLB value was selected to modify NZVI for a
stable dispersion in water solution. Generally, cationic
surfactants was known as a toxic material among types
of surfactants and adsorbed onto negative charged soil
surfaces easily, while anionic surfactant had a low re-
duction rate [5,22]. From these characteristics, cationic
and anionic surfactants were not suitable as an agent for
the modification of NZVI. The objective of the present
research was to investigate TCE removal by surfactant
modified NZVI (SNZVI) in the presence of HA. The spe-
cific studies of these works were as follows: (1) selection
of NZVI precursors as an electron donor, (2) preparation
and characterization of SNZVI, (3) investigation of the
effect of HA concentration for TCE removal using SNZVI.

2. Experimental
2.1. Chemicals

All chemicals of iron(IIl) chloride hexahydrate
(97%, ACS reagent), sodium borohydride (298.5%, re-
agent grade), trichloroethylene (99.5+%, ACS reagent),
Tween®80 and humic acid (sodium salt) were obtained
from Sigma-Aldrich.

2.2. Preparation of SNZVI

Zero valent iron nanoparticulates were collected
by dropping 1:1 volume ratio of NaBH, (0.25 M) into
FeCl,-6H,0 (0.05 M) solution [11]. The reduction reaction
of ferric ions with borohydride is as follows:

4Fe™ + 3BH; + 9H,0 — 4Fe(0) + 3 H,BO™ + 12 H' + 6H,

1 g of the synthesized NZVI was put into N, purged
of 10 mM Tween® 80 solution in 60 ml bottle and was
mixed continuously in end-over-end shaker during the
night. Black precipitates were separated by centrifuga-
tion, washed twice with deionized water and then dried
in a vacuum oven for 1 day.

2.3. TCE removal with SNZVI

2 mg of SNZVI was put into vials and injected with
20 ml of initial 29.26 mgL™* TCE solution. And then im-

mediately vortexed them at5s, 10s,20 s, and 30 s, and
these samples were filtered and analyzed. In case of above
30 s reaction time, all samples were stirred by end-over
shaker for specified time intervals immediately after 30 s
vortexing. All experiments were performed in triplicate.
To confirm of TCE degradation, chloride ion was
measured with ion chromatograph (IC-Pak anion HR col-
umn, Water 432 conductivity detector) in both NZVIand
SNZVI without HA, whose detection limit is 0.1 mgL™".

2.4. Characterization and analysis

Surface morphology for NZVI was observed with
FE-TEM (model, JEM-2100F HR, 200 kV) and FE-SEM
(Sirion, FEI). The distribution of particle size was ana-
lyzed by a particle size analyzer (Beckman coulter L5230,
Brea, USA). N, sorption/desorption data were obtained
using a gas sorption analyzer (NOVA 4200 Ver. 7.10). The
specific surface area was calculated by the BET equation.
X-ray diffraction (XRD) data were obtained on a Rigaku
D/max IlIC (3 kW) with a 6/0 goniometer equipped with
a CuKa radiation generator at 40 kV and 45 mA and the
scan range was from 10 to 70° (or 80°) 2 © at a rate of 3°
(or 1.2°) 2 B/min.

Tween 80® and HA concentration were measured with
UV-Vis spectroscopy (Hewllet Packard 8452A, USA) at
a wavelength of 230 nm, and 254 nm respectively [22].
HPLC (high performance liquid chromatograph) was
used to analyze TCE concentration. The HPLC was
operated at a wavelength of 214 nm. Elution was per-
formed with acetonitrile/water (80/20, v/v) at a flow rate
of 1.0 ml/min.

3. Results and discussion
3.1. Characteristics of iron nanoparticles by different precursors

TEM image of iron nanoparticles (NZVI) synthesized
by chloride precursor showed numerous nanowire
structures, diameters ranging ca. 20-120 nm, while iron
nanoparticles by nitrate precursor reveals the diameter
of particles, ca. 2-6 nm with individual fiber structures
(data not shown). The average diameter of iron nanopar-
ticles by nitrate precursor (mean 126 nm) is less than the
one by chloride precursor (182 nm) (Table 1). This result
suggests that the particles are easily aggregated and do
not exist in individual forms due to spontaneous ag-
gregation of nanoparticles [16]. The XRD pattern (Fig. 1)
of NZVI by chloride iron precursor matched well with
cubic Fe (0) standard patterns without iron oxide peaks.
Sometimes iron oxide peaks appeared with synthesis
condition [11,25]. However, the XRD pattern (Fig. 1) of
iron nanoparticles by nitrate iron precursor indicates
amorphous iron (III) state. Therefore we concluded that
NZVI by chloride precursor is a proper candidate as
an electron donor to transformation of TCE to nontoxic
products.
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Table 1
The number particle size and its distribution of iron nanoparticles by Cl-and NO,” NZVI precursor (above two lines), the volume
particle size and its distribution of NZVI and SNZVI (below two lines)

d, s, (um) d.,,(um) dgg, (um) Mean SD
Cl-NZzZVI 0.08 0.17 0.30 0.18 0.11
NO,-NZVI 0.06 0.09 0.18 0.13 0.28
NZVI 0.23 2.62 14.12 4.54 5.32
SNZVI 0.18 0.38 2.03 0.79 0.76
Note: d,,, d,, and d,, are the cumulative probability sizes at 10 %, 50 %, and 90%
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Fig. 1. XRD pattern of iron nanoparticles (A) Cl-and (B) NO,™ precursors

3.2. Characteristics of NZVI and SNZVI

Particle size distribution (PSD) of NZVI (chloride
iron precursor reduction) and SNZVI were summarized
in Table 1. The NZVI had a median size of 2.62 um and
a mean size of 4.54 um, distributing within maximum
ca. 27.5 um of diameter. On the other hand, SNZVI had
a median size of 0.38 pm and a mean size of 0.80 um,
distributing within maximum ca. 3 um diameters. Even
though the number size distribution of NZVIand SNZVI
was slightly different (data not shown), their volume
size distribution indicated a significant size reduction
in SNZVI, resulting in the decrease of about one order
magnitude (NZVI <27.5 um, SNZVI <3 um). In addition,
BET surface area of NZVI was 25.01 m%g and that of
SNZVI was 37.07 m?/g. This value of NZVI is less than
the previous result reported in literature, whose surface
area of NZVIwas ca. 33.5 m?/g [8,15]. However, a surface
area of NZVIwas ranged with 10-40 m?/g, depending on
synthesis condition of NZVI [8,25].

3.3. TEM and SEM analysis of SNZV1 and HA adsorbed onto
SNZzZVI

Fig. 2 shows the images by TEM and SEM of SNZVI
and the HA adsorbed SNZVI. The diameter of aggregates
in chains of NZVI was 34-140 nm (Figs. 2A and 2B), which
corresponded with diameter 40-120 nm of SEM image
(Fig. 2C). Inset of Fig. 2a was selected area electron ring
diffraction, revealing polycrystalline structure. In the
case of SEM image of HA adsorbed onto SNZV]I, Fig. 2D
shows a rough and plate-like structure, which was a little
different morphology.

3.4. XRD measurement before/after TCE reaction

Based on XRD data, the sharp peak of Fe (0) disap-
peared and was changed to iron oxide (y-Fe,O,) after TCE
reaction with NZVI and SNZVI (Fig. 3), which showed
that reduction potential of NZVI was almost lost. Com-
paring with NZVI and SNZVI in deionized water, NZVI
was maintained Fe(0) peak and appeared the weak iron
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Fig. 2. TEM image (A) and high resolution TEM images (B) of SNZVI, inset of (A): Selected area electron ring diffraction, SEM

image (C) of SNZVI and (D) of HA adsorbed SNZVI.
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Fig. 3. XRD pattern of NZVI and SNZVI before/after TCE reac-
tion, NZVI and SNZVI in deionized H,O was measured at a
rate of 1.2° 2 ©6/min to see detailed effect of oxidation, others
were measured at a rate of 3° 2 ©/min.

oxide (y-Fe,O,) peak, and also SNZVI showed similar
pattern except distinct iron oxide (y-Fe,O,) peak at ca.

2 0 = 35. Therefore because both NZVI and SNZVI in
water showed iron oxide even though main Fe (0) peak
was retained, reduction of reactivity and control of NZVI
and SNZVI oxidation for TCE might be important for
environmental remediation.

3.5. HA adsorption onto NZVI and SNZVI

Fig. 4 illustrates the adsorption isotherm of NZVI (A)
and SNZVI (B), respectively. Both NZVI and SNZVI were
adsorbed within ca. 20 min (data not shown). In Fig. 4,
adsorption isotherms of NZVIand SNZVI presented an S-
type isotherm, in which the slope initially increased with
adsorptive concentration, but eventually decreased and
became a saturated plateau [24]. The q value of NZVIwas
ca. 20.05 mg/g while that of SNZVI was 18.70 mg/g, these
values were the results from the competitive adsorption
between surfactant and HA on the surface of NZVI [5,22].

3.6. Effect of HA for TCE removal using SNZVI

A hydrophobic TCE was moved onto the surface of
NZVI through the admicelle and the monomers of surfac-
tant onto NZVI [3,6]. Adsorption of TCE by SNZVI was
so fast that TCE was removed from initial 29.26 mg/L to
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Fig. 4. HA adsorption onto NZVI (A) and SNZVI (B).

almost 3 mg/L during 30 s of vortexing, and the removal
ability of SNZVI decreased sharply whose removal were
sorption and degradation due to the detection of less
concentration of chloride ions, based on theoretically,
produced chloride ions during TCE removal (Fig. 5).
Nonionic surfactant monomers coated on the surface of
NZVI, which improved not only mass-transport between
NZVI and TCE molecules but also the size distribution
of NZVI, however, did not decrease the TCE removal
significantly. If we consider increase in the surface area
of SNZVI, surfactants competitively occupied the reac-
tive sites of NZVI surface with TCE. Even though SNZVI
enhanced transportability for porous media, but the re-
moval, especially degradation effect was not improved
when considering the measured chloride ions (Fig. 5B).
In addition, as HA concentration increased, TCE removal
was decreased [6]. However, TCE degradation rather in-
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creased slightly at a higher concentration of HA (50 mg/L)
because of the effect of electron shuttle [5,23].

4. Conclusions

The NZVI synthesized by chloride iron precursor in
this study was an appropriate nanoparticle for TCE re-
moval. The size distribution of NZVI decreased an order
of magnitude by modifying with nonionic surfactant. TCE
removal using SNZVIwas inhibited as HA concentration
increased, while its rate remained still fast at the initial
time. HA was functioned competitively with TCE onto
the surface of SNZVI. As a result, TCE removal decreased
while the quinine compounds in HA enhanced TCE
dechlorination rate by SNZVI at higher HA. However
electron shuttle effect is not important for in-situ reme-
diation due to a low concentration of HA in the nature
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Fig. 5. TCE removal using SNZVI according to HA concentration (A) and initial TCE removal rate of NZVI and SNZVI and

concentration of chloride ions (B).
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environment (< Img/L). As the HA accumulated onto SN-
ZVlfor along time, TCE degradation would be improved
[26]. In conclusion, due to a significant reduction in size,
SNZVI can apply TCE contaminated sites, maintaining a
comparable reactivity as much as pristine NZVI.
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