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ABSTRACT

In this study, iron oxide nanomaterials with urchin-like and cubic shapes
were synthesized by microwave-assisted hydrothermal method with and
without ethylene glycol surfactant. The produced materials were then
characterized by X-ray diffraction, transmission electron microscopy, and
Fourier-transform infrared spectroscopy. The arsenic adsorption efficiency
and capacity were employed as indicators for evaluating the applicability of
the products and the effect of their morphology. Results showed that
appropriate adsorption conditions for urchin-like and cubic iron oxides
were pH 6 - 7 and pH 8, respectively, with high adsorption capacities of
11.7 and 11.1 mg/g, indicating that these materials are very potential for

arsenic removal in groundwater and wastewater.

1. INTRODUCTION

Arsenic pollution of groundwater is a serious
problem of drinking water supply in many areas
of Vietnam (Berg et al., 2001), especially in the
Mekong delta region (Buschmann et al., 2008).
Since arsenic  compounds cannot be
decomposed, the removal of arsenic mainly
focuses on the oxidation of As(lll) to As(V)
followed by phase separation of As(V)
precipitate. Practically, As(l11) can be oxidized
by natural air or strong oxidants such as ozone,
potassium permanganate, or hydrogen peroxide
to form As(V). After that, phase separation can
be done by traditional chemical water treatment
(e.g. coagulation, precipitation, sand filtration,
and ion exchange), electrocoagulation,
membrane technology (e.g., nanofiltration,
reverse osmosis, and electrodialysis), and
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adsorption by nanomaterials (Nidheesh and
Singh, 2017; Bissen and Frimmel, 2003;
Kowalski, 2014; Shih, 2005; Jiang, 2001; Vu et
al., 2003; Ning, 2002). Among them,
adsorption emerges as one of the most effective
methods for the removal of arsenic in drinking
water (Chiban et al., 2012; Baig et al., 2015;
Mohan and Pittman Jr, 2007; Lata and
Samadder, 2016). Recently, iron oxide
nanomaterial has attracted considerable
attention for arsenic removal due to its various
morphologies, large surface area, high amount
of active sites, and magnetic property
(Gallegos-Garcia et al., 2012; Siddiqui and
Chaudhry, 2017; Luong et al., 2018). However,
there has been very limited information on the
effect of morphology on the adsorption capacity
of iron oxide for arsenic removal.
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In this work, we aimed to synthesize two types
of iron oxide and applied them for arsenic
removal in groundwater. The objectives of this
study include to (1) determine the
morphological characteristics of iron oxide
nanomaterials synthesized in the presence and
absence of ethylene glycol surfactant; (2)
evaluate the effect of morphology of iron oxide
nanomaterials on arsenic adsorption efficiency
in actual groundwater sample through two
experimental factors: contact time and initial
solution pH.

2. MATERIALS AND METHODS

Chemicals such as HNO3s, HCI, urea, ethylene
glycol, and NaOH were from China. The stock
arsenic solution, KBr, and iron precursor (i.e.
FeCl; and Fe(NOs)s) were from Merck
(Germany). The water used in this study was
double distilled water. Samples of arsenic
contaminated groundwater were actually taken
from An Phu district, An Giang province. The
sample was pretreated by aerating with air for
15 minutes to oxidize iron and transform As
(1 to As (V). The average arsenic
concentration was determined to be 50 ppb and
used directly in adsorption experiments.

Iron oxide nanomaterials were synthesized by
microwave-assisted hydrothermal method with
and without using surfactant of ethylene glycol
(EG). In a typical procedure, 6 mmol of urea
and 6 mmol of FeCl3.H,O were dissolved in a
beaker containing 45 mL of water and 15 mL of
EG (or 60 mL of water without EG), followed
by stirring until transparent color appeared and
treating in a microwave for 30 min. The
materials were then rinsed and centrifuged
twice, and finally dried at 80 °C for 4 h and
named as EG-FexOy (with EG) and W-Fe Oy
(without EG). The materials were then
characterized by Fourier-transform infrared
spectroscopy (FTIR), X-ray diffraction (XRD),
and transmission electron microscopy (TEM).
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Arsenic removal was conducted using batch
adsorption tests. The effects of environmental
factors on the arsenic removal were
investigated, including pH (4 8) and
adsorption time (15 — 75 min). Arsenic
concentration in the supernatant was measured
by an atomic absorption spectrophotometer
(ZEEnit 700, Analytik Tena, Germany) or ICP-
AES. The arsenic adsorption capacity of iron
oxide is calculated by Equation 1.

— (Ci_cej XV
m

M)

Where g (mg/g) is the adsorption capacity; Ci
and C. (mg/L) the initial and equilibrium
concentrations of arsenic; V (L) adsorption
volume; and m (g) amount of adsorbent.

3. RESULTS AND DISCUSSION

Figure 1 presents the FTIR spectra of iron oxide
synthesized with and without EG. It can be
observed that the FTIR spectra of both
materials were similar and characteristic for Fe-
O vibration of iron oxide with a band from 575
to 707 cm (Zhou et al., 2012) and 1650 cm*
(Aswin Kumar and Viswanathan, 2018). The
bands from 3434 to 3424 cm™ are OH groups
on the surface of the material (Aswin Kumar
and Viswanathan, 2018). These clear and sharp
peaks indicate the abundance of surface OH
group, which is favorable for adsorption and
ion exchange.

As seen in Figure 2, both materials have a
crystalline phase of Fe;Os (Du et al., 2009).
Besides that, the peaks at 20 of 35.28, 36.18,
43.3, and 54.48° on both materials are assigned
for a-Fe;O3 and y-Fe,O3 phases simultaneously
(Ning et al., 2017), where the highest intensity
peak at 20 of 36.18° is attributed to (311) plane
(Wu et al, 2015). The crystalline sizes
calculated from XRD results using the Scherer
equation were 36.18 and 32.4 nm for iron
oxides synthesized with and without EG,
respectively. Moreover, both FTIR and XRD
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results confirmed the high purity of iron oxide

in these two materials without impurity peaks.
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Figure 1. FTIR spectra of iron oxide synthesized with

and without EG

TEM images of iron oxides synthesized with
and without EG are displayed in Figure 3. With
highly dispersed particles, the TEM revealed
the remarkable difference between the two
materials. While W-FexOy had a cubic shape
with a size of 10 nm, EG-FexOy showed urchin-
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Figure 2. XRD pattern of iron oxide synthesized
with and without EG
like shape, symmetric nanostructure, and
relative uniform particle size of 30 nm, which is
consistent with XRD results. This could be
explained by the micelle structure created by
water — ethylene glycol mixture during the
synthesis of EG-Fe,Oy.

Figure 3. TEM images of (a) EG-FexOy and (b) W-FexOy

The effects of pH and adsorption time on the
adsorption capacity of iron oxides for arsenic
removal are illustrated in Figure 4. For EG-
FexOy, the appropriate pH range for adsorption
was found to be 6 — 7 with an efficiency of over
86%, as in Figure 4(a). Lower or higher pH
values decreased the adsorption efficiency since
the surface of iron oxide is protonated at highly
acidic conditions while formed hydrated
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complex at the highly basic condition. For W-
FexOy, the appropriate pH was found at pH 8
due to its flat surface, which could produce
more surface OH group at higher pH value.
Figure 4(b) demonstrates the effect of
adsorption time on arsenic removal, indicating
that 15 min is sufficient equilibrium time for
the adsorption with high asenic removal
efficiency of 88%. The arsenic adsorption
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capacity of EG-FexOy and W-FeOy were
calculated to be 11.7 mg/g at pH 6-7 and 11.1
mg/g at pH 8, respectively. Therefore, EG-

FexOy is suitable for arsenic removal in
groundwater at low pH while W-Fe,Oy for
wastewater at high pH value.

Arsenic removal percentage (%)

pH

(b)

Arsenic removal percentage (%)

0 15 30 45
Time (min)

Figure 4. Effect of (a) pH and (b) adsorption time on arsenic adsorption efficiency

The used EG-FexOy adsorbent was collected,
dried at 105 °C, and characterized by FTIR in
order to find the structural change and propose
the adsorption mechanism. The FTIR spectra of
fresh and used materials are plotted in Figure 5.
There was a significant change in the surface of
adsorbent with the decrease of OH group at
wavenumber of 3434 and 712 cm? and the

appearance of peaks at 865 cm? of As-O
(Goldberg and Johnston, 2001) and 1384 c¢cm'?
of O-N vibrations (Smidt et al., 2011; Song et
al., 2012), proving the adsorption of arsenic and
nitrate from groundwater. These also implies
that the chemical adsorption of arsenic by
surface OH group is the main mechanism for
arsenic removal.
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Figure 5. FTIR of fresh and used iron oxide

4. CONCLUSIONS

Iron oxide nanomaterials were successfully
synthesized by microwave-assisted
hydrothermal method. The morphology of the
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product strongly depended on the use of
ethylene glycol surfactants. Urchin-like shape
with a size of 30 nm and cubic shape with a size
of 10 nm were obtained in the presence and
absence of the surfactant, respectively. In the
arsenic removal test, the adsorption capacities
of urchin-like and cubic iron oxides were 11.7
mg/g at pH 6 — 7 and 11.1 mg/g at pH 8,
respectively, after 15 min of adsorption. The
adsorption mechanism was found to be the
exchange of hydroxide groups on the surface of
iron oxide with As cations.
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