
The elevated concentration of arsenic in drinking water is a global

health hazard. Due to its highly toxic effects such as heart

disorders and neurological diseases, it is the 6th non-accidental

leading cause of death in the world. Current arsenic detection

systems require complex instrumentation and hazardous chemicals

that are used within a laboratory environment. Moreover, visual

detection techniques cannot detect arsenic concentrations below

the 250 ppb level, well above the EPA water action level of 10

ppb. Therefore, a sensitive, easy to use, and accurate visual arsenic

detector, that can provide immediate results, is highly needed.

Concurrently, self-assembly of superparamagnetic Fe3O4 colloidal

nanocrystal clusters (CNC's) has gained particular interest as of

late. In this colloidal photonic crystalline lattice system, a photonic

band gap is produced as a result of cooperative scattering of light

from an ordered array of dielectric particles. The visible color that

is reflected by these colloidal photonic crystals can be controlled

via magnetic stimuli that is able to alter the refractive indices of

the colloids or surrounding matrix. When functionalized with

polyacrylic acid (PAA) & SiO2, these superparamagnetic Fe3O4

nanocrystal clusters exhibit both a magnetic, inter-cluster

attraction, and simultaneous electrostatic repulsion when

immersed in an aqueous solution. As a result, the reflected color of

the solution containing sufficient Fe3O4 nanocrystal clusters varies

from red to blue, based on the application of an external magnetic

field.

Coincidentally, arsenic contaminants in solution will integrate, or

bind to the SiO2-coating these same Fe3O4 CNC’s, altering their

magnetic response behavior, thus creating a color change scheme

that is selective to the contaminant metal. In particular, As+3

exhibits an ion-dipole interaction on the surface of the SiO2-coated

Fe3O4 nanoparticle, altering the size of the photonic band gap, and

creating a color change that varies with the arsenic concentration.

All other heavy metal water contaminants in water have no affinity

towards the CNC’s, providing an opportunity for rapid, easy, and

interference-free detection of arsenic in water using Fe3O4 color

change.

Introduction

Engineering Goal
The goal of this experiment is to create a low cost, accurate,

immediate, and visual detection system for arsenic contamination

in water. Superparamagnetic Fe3O4 nanocrystal clusters will be

used to construct a simple and easy-to-use color-change indicator

to reveal the presence of ppb-ppm concentrations of arsenic in

drinking water. Through the interaction of the SiO2-PAA-

electrostatically coated Fe3O4 nanoclusters with arsenic in

solution, the magnetically-induced color change will vary with

increasing arsenic content, so that a simple color-coding scheme

can be used to predict as little as 10ppb As instantly, in the field,

thus eliminating the cost and delay of laboratory analysis.

Synthesis of Polyacrylate-

Coated Fe3O4 Colloidal 

Nanoclusters (CNC’s)
2.0g NaOH were dissolved in 20ml DEG, and heated to 120oC for

1 hour under N2. Simultaneously, 0.8 mmol of FeCl3 precursor

was combined with 8 mmol polyacrylic acid in 34 ml of DEG, and

heated/stirred at 220oC for 30 min under N2 (Fig. 1). 1.8 ml of the

NaOH stock solution was quickly added to the hot

FeCl3/PAA/DEG solution, and stirred for 1 hour at 220oC. The

resulting blackened solution (Figure 1b) was cooled to room

temperature, and the solids were separated & washed with 50:50

di-H2O:EtOH (3x).
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Figure 1. Schematic Illustration of the Synthesis of

Polyacrylate-Capped Fe3O4 CNC's. Synthesis was

confirmed by ATR-FTIR, with peaks indicative of

Polyacrylate COO- groups at 1731, 1562, and 1451

cm-1.

Synthesis of SiO2-Coated 

Fe3O4 CNC’s

Surface modification of the PAA-Fe3O4 CNC's is achieved by

hydrolyzing TEOS (tetraethoxysilane) in a mixture of ethanol and

concentrated ammonium hydroxide, as per Figure 2. below.

Confirmation of successful SiO2 surface modification was

achieved via ATR-FTIR and EDS.

Magnetically Induced, Visual Detection of 

Trace Arsenic Contaminants in Water Using 

Fe3O4 Photonic Crystal Structures
SEM  & EDS Evaluation of SiO2-Fe3O4 CNC’s

The SEM images displayed in Figure 3-4

demonstrate that the SiO2-Fe3O4 CNC's

are evenly dispersed in a single layer on

the sample platform, as the solvent dries

(Figure 4). The size the SiO2-Fe3O4

CNC's is determined to be 180 nm,

including the SiO2 coating. From these

images, it is difficult to determine the

spacing between the individual colloid

nanoclusters. As the solvent evaporates,

the colloid clusters are drawn to each

other by magnetic attractive forces,

which predominate in the absence of

ethanol.

Fig 3a-b. (a, left) SEM Image (at 4k mag. & 5 kV) of the SiO2-Fe3O4 CNC's, dried down from 8 mg/ml Ethanol solution. Inset: EDS analysis of the Fe3O4

CNC's provide additional evidence that the CNC's are covered by SiO2, as both silicon and iron predominate the EDS spectrum; (b, right) SiO2-Fe3O4 CNC

SEM at 35k mag. & 5 kV), dried down from 8 mg/ml Ethanol solution. Inset of single CNC is measured at 300k magnification) .

Visible Response of SiO2-Fe3O4 CNC’s to a Magnetic Field
The response (change in visible color) of the SiO2-Fe3O4 CNC's were evaluated as a function of applied magnetic field. Initial evaluations

included simply placing a 500 Gauss Neodymium magnet below a 3 ml sample of SiO2-Fe3O4 CNC's in ethanol (8 mg/ml concentration),

at varying distances and positions, so that the applied magnetic field is varied. The brown color of the solution absent of a magnetic field

(Fig. 5a) is turned to orange with minimal magnetic field applied (Fig 5b), and later green, then blue, as the magnetic field is increased

(Figs 5c-d). Unique vertical positioning of the magnet at the rear of the sample container provides varied magnetic field within the sample

bottle, so that all visible colors are realized (Fig 5e).

Figs 5a-e (above). Visible changes in color of the SiO2-Fe3O4 CNC's in response

to applied magnetic field, which is increased from left to right from Figs b-e.

Fig 6 (right). Illustration of Bragg's Law (n = 2d sin) for the determination of

inter-CNC surface-to-surface spacing. The reflected wavelength decreases as the

Applied Magnetic Field is increased and surface to surface spacing is reduced (left

to right).

Under an increasing magnetic field, the SiO2-Fe3O4 CNC's in ethanol begin to form ordered structures (i.e.

the colloid solution turns an orange color) when dss ≈ 130 nm, and reaches a maximum intensity soon after at

a spacing is decreased to 125 nm. The reflected intensity then slowly fades as the magnetic field is increased

until it reaches a minimum of 54% of its original intensity at 521 nm, and a spacing of 80 nm.

Spectral Response of SiO2-Fe3O4 CNC’s to a Magnetic Field 
Experiments to determine changes in spectral reflectivity within the visible region for the SiO2-Capped Fe3O4 CNC's were carried out with

constant illumination of 1.2E5 Lux, so that the relative spectral intensity and changes in wavelength maxima are easily interpreted. The

applied magnetic field was varied from 78-140 Gauss, producing a wavelength shift from 621-521 nm (Fig 8).

Fig 7. Test Fixture for measure of the spectral reflectivity of

SiO2-Fe3O4 CNC's in response to variable magnetic field

applied. Spectral data is collected on an Ocean Optics HR2000

spectrometer, with constant illumination.

The relative color intensity of the 180 nm SiO2-Fe3O4 CNC's in EtOH is bright throughout the visible spectrum (i.e. from 570-

620 nm), where the relative intensity of the blue region (Fig 9, inset) decreases by only 46% of the maximum intensity. This is

especially important, so that all colors are evident when the CNC’s are used as a visible color detection system. Fig 10. describes

the relation between Reflectance (Color) of 180 nm SiO2-Fe3O4 CNC's in EtOH vs. Magnetic Field.

Spectral Response of Arsenic-adsorbed SiO2-Fe3O4 CNC’s

Fig 11. Spectral Reflectivity of the SiO2-Fe3O4 CNC’s with 10ppb Arsenic added, in 

response to 60-90 Gauss applied  magnetic field. The wavelength of the reflected 

color increases slightly with increased magnetic field.

Based on the EPA water action level of Arsenic, 10ppb of As+3 (as As2O3 in 2. % HNO3, Sigma

Aldrich) was added to 1ml of 8mg/ml SiO2-Fe3O4-CNC’s in water, and similarly, the spectral

response (color) was measured as a function of magnetic field applied. Unlike the native CNC’s,

where the reflected wavelength (color) decrease with applied magnetic field (Fig. 10), the addition of

As+3 alters the photonic behavior so that the opposite is true. Addition of 10 ppm As+3 causes what

may be an aggregation of the CNC’s so that the application of similar (to the above work) magnetic

field causes only slight color change to slightly longer wavelengths, as demonstrated in Fig. 11. It is

this phenomenon that will form the basis for the As+3 test; i.e. when “no arsenic” is present in water,

application of a small magnet to a 2ml vial of SiO2-PAA-CNC’s will cause the normal color change.

When as little as 10ppb As+3 is present, only a change from brown to orange is visualized.

To better understand the unique change in reflective properties of the photonic SiO2-Fe3O4 CNC’s

when 10ppb Arsenic is added, SEM analysis was performed. Figures 12 and 13 (left) highlight

significant disruption of the electrostatic forces that provide repulsion between the colloidal

nanoclusters.

All graphs and images were created by the student researcher.

Fig 12. 30kV, 600x magnification SEM of the 10ppb As-added SiO2-Fe3O4 CNC’s is 

highlighted by significant disruption of the colloidal forces, and  aggregation of 

CNC’s.

Fig 13. 30kV, 900x magnification SEM of the 10ppb As-added SiO2-Fe3O4 CNC’s 

highlights aggregation of CNC’s.

SEM & FTIR Analyses of As-Adsorbed SiO2-Fe3O4 CNC’s
Disruption of these repulsive forces allows the clusters to draw together, as the magnetic attractive forces predominate. The aggregation/clustering of the

CNC’s, with Arsenic added, is immediately evident as seen in Figs. 12 & 13. An Attenuated Total Reflectance (ATR) FTIR spectrum of a thin film of the

10ppm SiO2-Fe3O4-CNC’s in water is highlighted by the presence of a spectral band at ~800cm-1 (Fig. 14, top), which is representative of an As-O bond.

This provides evidence for complexing of the Arsenic contaminant to the CNC outer SiO2 shell, when compared to the FTIR of the SiO2-Fe3O4 CNC’s

(Fig 14, bottom).

Fig 14. ATR-FTIR spectrum of 10ppb As added to the SiO2-Fe3O4 CNC’s (upper,

red) highlights the presence of an As-O bond at 800cm-1, when compared to the

spectrum of the CNC’s (lower, blue).

10ppb As & CNC’s

SiO2-Fe3O4 CNC’s

Future work involves the creation of a “universal” heavy metal water

assay, requiring investigation of (i) the CNC spectral reflectivity

after addition of individual metals, (ii) affinity of each metal towards

the photonic crystal, and (iii) the interference of external stimuli on

the color of the solution in the application of a magnetic field.

Discussion & Conclusions

Future Work

PAA-Fe3O4 CNC's were synthesized via the high temperature (220oC)

hydrolysis of anhydrous FeCl3 with 2.5M NaOH, and then mixed with

polyacrylic acid in diethylene glycol (DEG). Once synthesized, the

surface of the PAA-Fe3O4 CNC’s were modified by hydrolyzing TEOS in

a mixture of ethanol and concentrated ammonium hydroxide, resulting in

photonic SiO2-PAA-Fe3O4 CNC’s. The photonic crystal structures exhibit

an instantly reversible and tunable photonic response to an applied

magnetic field; from the native brown solution, colors of decreasing

wavelength and decreasing intensity were produced as the magnetic field

was increased.

Introduction of 10ppb Arsenic to 2ml of 8mg/ml CNC’s disrupt the

electrostatic repulsive forces that balance the intrinsic magnetic

attractions, so that CNC’s no longer exhibit their colloidal, photonic

properties. Instead, from the native brown solution color, reflected

wavelength and color intensity both increase with an applied magnetic

field, due to binding/integration of the arsenic metal with the SiO2 CNC

coating, verified by FTIR. Due to this specific As-O binding at the CNC

surface, the change in photonic properties was found to be specific to

arsenic content in water, as the addition of 10ppb lead, 10ppb iron, or

10ppb phosphorus (from phosphates) produced little/no change in color

change, in response to an applied magnetic field. SEM analysis confirmed

aggregation of CNC’s, with the addition of as little as 10ppb arsenic.

The long-wavelength color response of the SiO2-Fe3O4 CNC’s was found

to be dependent on the concentration of arsenic in water, so that the

addition of 10 through 100ppb arsenic produced a predictable color

change, in response ~78 Gauss magnetic field from a 3mm neodymium

magnet. When interpreted via the solutions’ RGB values, a “Detection of

Arsenic in Water Color Code” was created. This color code is the basis for

a new, inexpensive, rapid, and visual test for Arsenic contamination in

water, consisting of a 3mm neodymium magnet, and 2ml of SiO2-Fe3O4

CNC’s in a small glass bottle. In the newly engineered assay, which is the

first visual, rapid, and simple test that can detect arsenic in water at the

EPA’s water action level, ~1ml of contaminated water is added to 2ml of

the CNC solution. The 3mm neodymium magnet is applied, and the color

code is used to interpret arsenic contamination.

>

Fig. 20. Color Coding of Arsenic Detection in Water using 2ml of 8mg/ml SiO2-Fe3O4 CNC’s 

Fig. 21. Proposed Arsenic-in-Water Color Test

The spectral response of SiO2-Fe3O4

CNC’s were measured as a function of

increasing concentration of As

contaminant. In addition to the

disruption of usual color change from

red to blue with increasing magnetic

field applied, the new, As-driven color

change from native brown to orange

was dependent on As solution

concentration. At ~78 Gauss, the color

change from brown to orange is

evident for 10ppb As (Fig. 18); at

100ppb As, the color change from

native brown is less dramatic (Fig.

19). This would form the basis for the

coding of As-CNC solution color

versus As concentration, with

~78Gauss applied with a portable

3mm (diameter) neodymium magnet.

The SiO2-Fe3O4 CNC color response

was measured for 0-100ppb As; the

RGB values of the solutions were used

Variation of Color with As 

Water Content

to create a “DetectedArsenic Concentration” color code (Fig. 20).

Fig. 16

Fig. 15

An Interference-free Arsenic 

Assay
To demonstrate that the newly proposed

Arsenic-in-water CNC visual assay is

free of interference from other

contaminants that may also be present in

drinking water, two typical metal

contaminants (lead and iron), as well as

phosphorus (from phosphates) were

selected as sample candidates.

Phosphorus from phosphates was chosen

because of its possible presence in water

as fertilizer runoff, and also because it

shares similar chemical properties to

arsenic (both Group 5A elements).

First, to mimic lead co-contamination,

10ppb of arsenic and 10ppb of lead were

added to 2ml of the 8mg/ml SiO2-Fe3O4

CNC's in water. Like previous

experiments, the spectral reflectivity of

the solution was determined as a

function of applied magnetic field. A

similar experiment was performed for

10ppb As/Fe, as well as 10ppb As/PO4
3-;

the results are illustrated in Figs. 15-17

for 10ppb As/Pb, 10ppb As/Fe, and

10ppb As/PO4
3- respectively. The

spectral response curves for the mixtures

are nearly identical to each other, and

that of 10ppb As in the SiO2-Fe3O4

CNC’s. This provides evidence that the

reduced color change tendencies caused

by the addition (and detection) of the

arsenic contaminant is unaffected by the

presence of the additional contaminants.
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Fig. 17
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