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Abstract

A new spectrophotometric method has been developed to determine arsenic in parts-per-million (ppm) level. It is

based on the colour bleaching of methylene blue (MB) in anionic micellar medium. Arsine gas was formed by

borohydride reduction of arsenite/arsenate. Arsine generation and colour bleaching (quantification of arsenic) could be

done in one-pot. The presence of silver or gold nanoparticles makes the determination faster. Different calibration

graphs at the three different ranges of arsenic concentration such as 0�/8.63, 0�/1.11 and 0�/0.11 ppm were constructed

and limit of detection (LODs) were found to be 1.3, 0.53 and 0.03 ppm, respectively. The method is simple, rapid,

reproducible (relative standard deviations lies within 9/5%) and eco-friendly. It is free from phosphate and silicate

interferences and applicable for real sample analysis.
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1. Introduction

Arsenic contamination in drinking water sup-

plies is a world problem. The source of arsenic in

water most often is due to the leaching of

geological materials. Thus, elevated arsenic con-

centrations are more prevalent in ground water

than in surface water. The concentration of arsenic

may range from parts-per-billion (ppb) to parts-

per-million (ppm) levels. The health-based stan-

dard, or primary maximum contaminant level

(MCL), for total arsenic in drinking water as

recently set by the U.S. Environmental Protection
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Agency and the World Health Organization is as
low as 0.01 ppm. Thus to develop methods for

quantification of arsenic in a simple and reprodu-

cible way is always challenging.

Most analytical methods for arsenic determina-

tion in micro levels are based either on the

‘arsenomolybdenum blue’ formation [1] or arsine

(AsH3) generation [2]. Several other approaches

utilize the complexation of arsenate with thiol [3]
or catechol (or its derivatives) [4�/6] followed by

subsequent formation and extraction, in an or-

ganic solvent, of the complex with a coloured [4,5]

or fluorescent dye [6]. The ‘arsenomolybdenum

blue’ method, though sensitive, suffers strong

interferences from phosphates and silicate. As for

the arsine generation either a colorimetric method

using silver diethyldithiocarbamate (SDDC) in
pyridine/chloroform [7] or HgBr2 spot test [8]

could be used or it could be coupled to atomic

absorption spectrophotometry (AAS) [9] or HPLC

[10]. The AAS or HPLC methods are very sensitive

but need sophisticated instrumentation and expert

hands.

The colorimetric/spot test methods, on the other

hand, have to deal with toxic substances such as
lead acetate, HgBr2, pyridine/chloroform etc.

Moreover, AsH3 is a very toxic substance and

better to be avoided. The catechol or thiol

methods, in that respect, are good. They are free

from phosphate and silicate interference and need

eco-friendly chemicals.

A few purely instrument-based methods those

use voltametry [11], neutron activation analysis
[12], X-ray fluorescence [13], differential pulse

polarography [14] etc. are not common for routine

purposes.

Here has been reported a method which is based

on the colour bleaching of methylene blue (MB) in

micellar media by AsH3 produced in-situ (one-pot)

from arsenite and/or arsenate by sodium tetrahy-

droborate (NaBH4). The decrease in colour in-
tensity of MB is a direct measure of the arsenic

concentration. The method is free from phosphate

and silicate interference. It is quick and can

determine arsenic concentration in 10 different

samples in 2 h time. The method can determine

arsenic in sub-parts-per million (ppm) level. The

different calibration curves generated for three

different ranges of arsenic have been reported. The
relative standard deviations (RSD) for all three

curves are within 9/5%.

2. Experimental

2.1. Apparatus

All UV�/visible absorption spectra were re-

corded in a Shimadzu (Kyoto, Japan) UV-160

digital spectrophotometer equipped with 1-cm

quartz cells. Gilson micropipette with disposable

tips was used to add samples.

2.2. Reagents

All chemicals used were of analytical reagent
grade. All aqueous solutions were prepared in

distilled water. Arsenic(III) and arsenic(V) solu-

tions were prepared using As2O3 (S.D. Fine

Chemicals Pvt. Ltd., Bombay, India) and

H3AsO4 (Merck Ltd., Poole, Dorset, UK), respec-

tively, and standardized using the silver arsenate

method [15]. Working solutions of As(III) and

As(V) were prepared by appropriate dilution with
distilled water. MB was purchased from Qualigens

Fine Chemicals India and was used after repeated

crystallization from alcohol. Sodium dodecyl sul-

fate (SDS), cetyl trimethyl ammonium bromide

(CTAB) and poly (oxyethylene) iso -octyl phenyl

ether (Triton X-100 or TX-100) was purchased

from Aldrich. NaBH4 obtained from BDH Che-

mical Company was dissolved in ice-cold water to
get 0.1 M solution and were prepared fresh every-

day. Silver or gold sols were prepared in-situ from

AgNO3 (BDH) or HAuCl4 (Johnson and Mat-

they), respectively by NaBH4 reduction.

2.3. Procedure

In a stoppered cuvette, 3 ml of SDS (10�2 M)
and 50 ml of MB (0.5�/10�3 M) were taken. To

this was added 15�/75 mg of arsenic (either in

arsenate or arsenite state). Finally 100 ml of

NaBH4 (10�1 M) was added to it. After 3 min

the decrease in the absorbance value of the micelle-

stabilized MB was monitored at 660 nm (Fig. 1).
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The colour bleaching of the dye gives a quantita-

tive measure of the arsenic present in the system.

3. Results and discussion

3.1. Micellar catalysis leading to quantitative

colour bleaching of MB by AsH3

MB is a cationic dye blue in colour. When

reduced it becomes colourless (Scheme 1). The

reduction cannot be done either by NaBH4 [16] or

by AsH3 unless all these reagents are placed in

appropriately chosen micelle. Among the various

surfactants (CTAB, TX-100 and SDS) tried, SDS

was found to be the best. MB and SDS are
oppositely charged species. The electrostatic at-

traction between them for an effective reaction is

thus not unexpected. The reduction occurs in a

diffusion space of the micelle of dimension B/3.
Arsine generation from arsenite or arsenate reduc-

tion by NaBH4 is a well-known process [17] and

has been used in this determination. The rate of

reduction of 0.5�/10�3 M MB by arsine has been

observed to be negligibly small in water and thus

takes long time before the observation of an

appreciable change. It is important to mention in

this context that similar observation is obtained in
the case of MB-ascorbate anion reaction [18]. The

reaction between MB and AsH3 is thermodyna-

mically favorable but does not occur appreciably

in water. This may be either due to high energy of

activation or due to the low encounter probability

because of the solvated reactants. The rates of MB

reduction by AsH3 carried out in different micelles

are in the order of:

RateSDS�RateTX-100�RateCTAB�Ratewater

This is due to the fact that MB being a cationic dye

is bound to SDS (Scheme 2) by both electrostatic

and hydrophobic interactions [19] and to TX-100

and CTAB by only hydrophobic forces. In other

words, the negligible colour bleaching is observed

in a cationic or nonionic micellar solution because
of low collision probability between MB (un-

bound) and AsH3. This explains quantitatively

the fastest rate of reduction of MB in SDS micelle.

The sequence of addition of substrates has been

observed to be extremely important for the micel-

lar catalysis. If AsO3�
3 =AsO3�

4 is added prior to

the addition of MB in SDS solution no effective

catalysis is observed. One possible reason for this
is that if AsO3�

3 =AsO3�
4 is added before the

addition of MB (or in other words if MB is added

after the addition of AsO3�
3 =AsO3�

4 ) then MB

forms a complex with it. This has been evidenced

from the slight (�/3 nm) blue shift of the absorp-

tion maximum of MB while present in the SDS

micellar medium in the presence of

AsO3�
3 =AsO3�

4 : Thus chances for MB to be
attached to the micelle and to be reduced by

AsH3 are reduced. Similarly, when NaBH4 is

added prior to the addition of AsO3�
3 =AsO3�

4

but after the addition of MB, the reaction is not

that significant. Thus the best sequence of addition

has been found to be as follows:

Fig. 1. UV�/vis spectra of arsine dependent reduction of MB in

SDS micellar system. Condition: [SDS]�/�/10�2 M, [MB]�/

8.2�/10�6 M. Concentration range (from 1 to 8) of As�/0�/

1.11 ppm.

Scheme 1. Oxidized and reduced form of MB.
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SDS 0 MB 0 As(III)=As(V)0 NaBH4

3.2. Effect of metal nanoparticles on the MB

reduction occurring in micellar medium

The metal particles in the nanometer size range
can serve as efficient catalyst [20,21] in many redox

reactions. The reason for the rate enhancement in

the presence of metal particles is due to the fact

that they posses large surface area which act as

substrates for the electron transfer reaction. The

reduction of MB in the concentration range of 5�/

10�4 by AsO3�
4 in micellar medium was acceler-

ated when silver/gold nanoparticles (prepared in-

situ by adding AgNO3 or HAuCl4 into the system)

were present in the system. Nanoparticles of silver

and gold have their ability for efficient electron

relay for the dye reduction [18] through electron

transfer process. The reason for such rate enhance-

ment is due to the fact that initially, both the

reactants are adsorbed onto the metal surface.

Then the reductant releases an electron to the

surface of the metal particle from where MB gains

an electron and is reduced. Thus the metal

particles act as an efficient catalyst by getting

Scheme 2. Schematic diagram of incorporation of MB and arsine in SDS micellar environment.
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involved in an electron transfer process. Repetitive

kinetic rate measurements (at 25 8C) reveal that

both the nanoparticles (silver and gold) catalyzed

the redox reaction. It has been observed that silver

nanoparticles, however, acted as a better catalyst

than gold. This might be due to the fact that under

the experimental condition described, gold parti-

cles are capped in a better way with sulfur

containing ligands for example MB. Thus gold

surfaces were reserved for the preferential dye

adsorption. Under these circumstances, dye cov-

ered gold particles did not provide reasonable

avenue for AsH3 to be attached onto the gold

surface to serve the purpose of electron relay.

Hence electron transfer was not as efficient as in

the case of silver. The effect of nanoparticle was

significant only in the lower range of arsenic

concentration. In the higher range of arsenic the

catalytic effect was negligible. This is presumably

due to concentration effect of the reducing agent.

3.3. Studies on the two-pot reduction of MB

Almost all methods those involve AsH3 genera-

tion with subsequent complexation with either

SDDC or something else involve two-pot system.

One advantage in this type of system is that here

lot of interferences can be avoided. In our case also

this type of two-pot system was tested for compar-

ing its efficiency with that of the reported one-pot

method. In this case, the AsH3 generation by

NaBH4 and colour bleaching of MB in SDS were

carried out in two different test tubes. The AsH3

gas was carried, through a U-tube, to the MB�/

SDS containing test tube where colour bleaching

occurred. The extent of bleaching in this case was

compared with that obtained in one-pot system

(i.e. the system where all reacting materials were

taken together) keeping all concentrations same. It

was observed that the extent of reduction was

same in both the systems. This also confirms that

the reduction of MB is done by AsH3 and not by

NaBH4. NaBH4 alone can bleach micelle bound

dye in the presence of silver or gold metal

nanoparticles [16]. Under the experimental condi-

tion the extent of reduction of the dye is primarily
due to arsine. However, the effect of NaBH4 on

the dye reduction in the presence of a metal can be

nullified using two-pot method.

3.4. Calibration graph and other statistical

parameters

Three different calibration graphs were obtained

in three different ranges of arsenic concentrations

as shown in Fig. 2. Arsenic quantification could be

done in the range of 0�/8.63 ppm using any one of

the calibration graphs. The concentration of MB
was varied for the three different ranges of arsenic

concentration. MB concentrations used for the

three different calibration graphs are 1.14�/10�5

(Set A for 0�/8.63 ppm of arsenic present as

arsenate), 8.19�/10�6 (Set B for 0�/1.11 ppm of

arsenic present as arsenate) and 6.58�/10�6 M

(Set C for 0�/0.11 ppm of arsenic present as

arsenate). For comparison, the calibration curve
of arsenic present as arsenite is also made in the

range of 0�/8.63 ppm of arsenic (Set A). It is

noticed that calibration curves for As(III) and

As(V) are comparable. This also indicates that

arsenic in both states have similar response. To

further authenticate the statement a series of

mixtures were prepared where the concentration

of As(III) and As(V) were varied. The total
concentration for all mixtures was the same as 8

ppm. Total concentration was then determined

following the described procedure. The results

showed good correlation (Table 1). The statistical

parameters such as linear dynamic range (LDR),

RSD, limit of detection (LOD), correlation coeffi-

cient, slope, intercept are shown in Table 2. The

method can attain lower sensitivity if initial pre-
concentration step is used before the AsH3 gen-

eration and MB bleaching

3.5. Applicability of the method for real sample

analysis

The proposed method has been successfully

applied for total arsenic determination in the

tube-well water samples from arsenic affected

area of West Bengal, India. The results were found
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out by following the described procedure. The
results obtained were compared with the results

obtained using the spectrophotometric method [4]

and fluorimetric method [6] (Table 3). The results

are comparable.

3.6. Interference

The method is free from phosphate and silicate

interference. Apparently they would not interfere

at all as they do not react with NaBH4. But to

retain the micellar structure intact, we used 50-fold

excess of phosphate and 40-fold excess of silicate

in the reaction mixture. Even at these concentra-

tions they do not interfere with the determination

of arsenic. Most metal ions such as Fe2�/Fe3�,
Ca2�, Mg2�, Na�, K� and common halides such

as Cl�, Br�, I� do not interfere in the determina-

tion at least up to 20-fold excess.

3.7. Plausible mechanism for the reaction

The water�/hydrocarbon interactions are mod-

ified in the presence of additives [23]. It is widely
known that larger big-ions such as guanidium and

molecules like urea disrupt hydrophobic interac-

tion. Since these compounds lead to increased

solubility of organic molecules in aqueous med-

ium, they are called ‘salting-in agents’ [22]. Small

ions (Li�, Na�, Cl� etc.) reduce the solubility of

organic compounds in water and hence are called

‘salting-out agents’ [23]. The latter facilitate hy-
drophobic binding.

To have an insight into the mechanism, the effects

of ‘salting-in agent’ [22] and ‘salting-out agent’ [23]

on the MB reduction by AsH3 were studied. It was

observed that ‘salting-in agents’ (1 M) had no effect

on the reaction rate. However, rate deceleration

with NaCl (1 M) was noticed. This strengthens the

contention that it is not the hydrophobic interaction
between MB and SDS that is playing the key role in

this process of reduction rather it is the ionic

Fig. 2 (Continued)

Fig. 2. Plot of absorbance of the dye (at 660 nm) vs.

concentration of As (in ppm). Condition: [SDS]�/�/10�2 M,

[MB]�/1.14�/10�5, 8.19�/10�6 and 6.58�/10�6 M for set A,

B, C, respectively.
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interaction between MB and SDS that is important.

Addition of NaCl to SDS solution causes the rate

deceleration due to the reduction in binding of the

MB on the micelle surface occurring as a con-

sequence of competitive binding by Na�. Once MB

is attached to the micellar Stern layer by electro-

static attraction (i.e. immobilized) AsH3 has the

better chance to react with it. The incorporation of

AsH3 into the micelle (Scheme 2) is well understood

from the dynamic light scattering (DLS) studies

where the size of the micelle is noticed to be

increased by 13-fold on the incorporation of AsH3

into it. The reaction was found to be pseudo-first

order having K�/0.12 min�1 with 50 ppm of

arsenic. The activation energy (13.4 kJ mol�1)

calculated for the reaction speaks for a diffusion

controlled reaction mechanism.

4. Conclusion

The paper describes a method for total arsenic

determination using the reduction and thereby

colour bleaching of MB, a cationic dye, by

AsH3, generated by the NaBH4 reduction of

AsO3�
3 =AsO3�

4 ; in an anionic micelle. The study

reports the catalytic effect offered by the micellar

environments through electrostatic attraction. The

intensity decreased due to the reduction of MB is

inversely proportional to the arsenic concentra-

tion. Hence it is used for the arsenic quantification

in ppm range. The method is simple, rapid,

reproducible, cost effective and environmental-

friendly. The method is free from common inter-

ference and could be recommended for routine

analysis.

Table 1

Determination of total amount of arsenic while present as As(III&V) in different ratio

No. of sets I II III IV V

As(III) (ppm) 1 2 3 4 7

As(V) (ppm) 7 6 5 4 1

Total As(III)�/As(V) (ppm) 8 8 8 8 8

Total As found (ppm) 8.52 7.34 8.29 8.54 7.63

Table 2

Statistical parameters for arsenic determination

LDR (ppm) Slope Intercept Correlation coefficient LODa (ppm)

0�/8.63 �/0.0158�/103 0.5249 0.9892 1.3

0�/1.11 �/0.0393�/103 0.3405 0.9937 0.53

0�/0.11 �/0.0071�/105 0.4682 0.9892 0.03

a All LODs were calculated as LOD�/3SB/m (SB, standard deviation of the blank; m , slope of the calibration graph).

Table 3

Quantification of total arsenic in real sample using spectrophotometric [4], spectrofluorimetric [6] and the present method

Sample Concentration (ppm) determined a by

Spectrophotometric method [4] Fluorimetric method [6] Present method

1 0.269 0.261 0.264

2 0.158 0.152 0.159

a An average of three determinations.
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