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Abstract
This research presents a novel, simple and green method for colorimetric determination of As(III) using a digital camera 
as the colorimeter. It is based on chemical hydride generation of arsine  (AsH3) from acidic solution of As(III) by  NaBH4 
as well as the sequential reaction of arsine with Fe(III)-1,10-phenanthroline solution that produces red complex of Fe(II)-
1,10-phenanthroline. The intensity of color red is related to the concentration of As(III) and acquired by image processing—
Image J—software. To achieve the best sensitivity, we investigated the changes of RGB value in terms of red color intensity 
of the complex. Blue was the best as it showed the highest sensitivity. Under optimized conditions, the calibration curve was 
linear in the range of 1–25 µg mL−1 for As(III) and detection limit was 0.392 µg mL−1. The relative standard deviation (RSD) 
for five replicate measurements of 10, 15, 20 µg mL−1 of As(III) were 0.89, 2.43 and 3.08%, respectively. The proposed 
method was successfully used to determine As(III) in the industrial wastewater using standard addition method. The desirable 
recovery values (96–109%) indicate applicability of the proposed method for determination of As(III) in a complex matrix, 
such as industrial samples, in the presence of several unknown interferences without the need for any sample preparation.
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Introduction

Arsenic is a highly toxic element found in ground or 
industrial wastewaters, which has adverse effect on human 
health leading to disease such as bladder illness, lung and 
skin cancer, skin hyperkeratosis, skin pigmentation, etc 
[1, 2]. Arsenic is found in several chemical forms which 
its mobility and toxicity depending on its oxidation states 
[1, 3]. As(III) and As(V) are common forms of inorganic 
arsenic in the natural environments and As(III) is reported 
to be 25–60 times more toxic than As(V) [4]. It indicates 
the vital importance of As(III) determination. Hydride 
generation (HG) is a well-known technique for determi-
nation of As in a wide range of samples [5–8]. There are 
a number of analytical techniques based on the HG for 
As determination, such as atomic absorption spectrom-
etry [9, 10], atomic emission spectrometry [11], atomic 
fluorescence spectrometry [12, 13], ICP—mass spectrom-
etry [14], gas diffusion flow injection with electrochemi-
cal detection [15] and spectrophotometric method [1, 5]. 
There are several combinations of classical spectrophoto-
metric methods and HG for determination of As. Most of 
these methods are based on the reaction of arsine  (AsH3) 
with silver diethyldithiocarbamate (SDDC) in an organic 
base—chloroform (or  CCl4) solution [16–19]. These col-
orimetric methods have a number of advantages such as 
desirable detection limit, common reagents and lack of any 
important challenges, but have some main disadvantages 
including expensive tools, need for an expert operator and 
use of toxic materials like chloroform, SDDC, pyridine 
and so forth as indicator and solvent that can cause disease 
in operators and leave negative effect on the environment.

In recent years, popular communications and IT equip-
ment (mobile phones, digital cameras, scanners, webcams, 
etc.) have been developed as detection devices for colori-
metric analysis [20–28]. A digital image consists of many 
pixels with each pixel being formed by three basic colors 
(red, green, and blue), which are abbreviated as “RGB”. In 
camera-based colorimetric analysis, can apply color inten-
sity instead of absorbance as the analytical signal using 
image processing tools. Image processing software such 
as Image J and Matlab integrated with image processing 
tool box-software [29, 30] can easily extract the intensity 
of basic color (RGB) for desired pixels.

This study explains a novel, simple and green method 
for colorimetric determination of As(III) in a complex 
matrix using a digital camera as the colorimeter. It is 
based on chemical hydride generation of arsine  (AsH3) 
from acidic solution of As(III) by  NaBH4 and sequential 
reaction of arsine with Fe(III)-1,10-phenanthroline solu-
tion that produces red complex of Fe(II)-1,10-phenan-
throline. The intensity of the red color is related to the 

concentration of As(III) and extracted by image process-
ing—Image J—software. To the best of our knowledge, 
it is the first study to apply Fe(III)-1,10-phenanthroline 
solution for determination of As(III) using a combination 
of colorimetric method and hydride generation technique.

The proposed method was successfully applied for deter-
mination of As(III) in industrial wastewaters.

Experimental

Apparatus

Analytical system

A schematic diagram of the analytical system is shown in 
Fig. 1 [5]. This system consists of a hydride generator and 
a simple arsine trapping tube. Arsine gas generated in the 
hydride generator is carried into the indicator solution along 
with nitrogen gas flow. All colorimetric measurements were 
performed with a Canon A2400 IS compact digital camera 
in the colorimetric analyzer box. Image J-software was used 
for image processing.

Colorimetric analyzer box

The colorimetric analyzer box (Fig.  2) was made 
from a polystyrene foam box. Dimensions of the 
box (width × length × height) are as follow: outside 
18 × 28 × 23 cm and inside 17 × 27.5 × 22.5 cm.

The box interior was covered with two layers of white 
paper to enhance image quality and reduce noise. Three blue 
LEDs, as the light sources, were mounted on the box wall on 
the top of camera. A digital camera was installed in front of 
the near the center position of the box.

Reagents and solutions

All chemicals used in the experiments were of the ana-
lytical grade and used without further purification. All 
solutions were prepared by doubly distilled water. Stock 
solution (1000 g/L) of As(III) was prepared by dissolving 
0.1320 g of  As2O3 (Merck) in 10 mL of 1 mol L−1 NaOH 
(Merck) and diluting to 100 mL with doubly distilled 
water. Fe(III) stock solution (0.025 mol L−1) was prepared 
by dissolving 1.2100 g of  NH4Fe(SO4)2·12  H2O in 2 mL 
of concentrated sulfuric acid and diluting to 100 mL with 
doubly distilled water. 1,10-phenanthroline stock solu-
tion (0.1 mol L−1) was prepared by dissolving 0.1982 g of 
1,10-phenanthrolin monohydrate in 10 mL absolute etha-
nol. This solution must be stored in refrigerator at 8 °C. 
The  NaBH4 solution was prepared daily as 0.5% (m/v) 
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solution in 0.05 mol L−1 NaOH. The working solutions 
were prepared freshly by appropriate dilution of the stock 
solutions.

Indicator solution was prepared daily by mixing 15 mL 
absolute ethanol, 2 mL Fe(III) stock solution, 1.6 mL 
1,10-phenanthroline stock solution and 5 mL water in a 
50 mL volumetric flask, which was diluted to 50 mL by 
doubly distilled water after 15 min. This indicator solution 
should be used after 2 h to achieve stable condition.

Procedure

10 mL of sample or standard solution of As(III) containing 
sulfuric acid (1.5 mol L−1) was transferred to the hydride 
generator flask. The absorber tube was filled with 4 mL of 
indicator solution. Then, 4 mL of 0.5% (m/v)  NaBH4 was 
injected into the hydride generator. The arsine derived from 
As(III) was purged by a stream of  N2 gas at a flow rate of 
20 mL/min and transferred to the absorber tube, in which 

Fig. 1  The schematic diagram 
of the analytical system: a 
flow meter; b hydride genera-
tor flask; c three-way valve; d 
absorber tube; e three-way 
valve; f indicator input; g wash-
ing water input

Fig. 2  The schematic diagram 
of the colorimetric analyzer 
box: a sample location; b cam-
era location
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arsine reacted with Fe(III)-1,10-phenanthroline complex 
which produced red complex of Fe(II)-1,10-phenanthro-
line. After 15 min, the indicator solution was transferred 
to the crystal glass bottle (diameter 2 cm) which was then 
placed carefully in the colorimetric analyzer box beside the 
glass bottle containing the blank (4 mL of indicator solution 
without arsine reaction). Images were taken and quantitative 
changes of blue color intensity between the sample and the 
blank were monitored using Image J-software.

Preparation of real sample

A wide range of disturbance can be eliminated with the 
application of hydride generation (HG) technique, but for 
achieve optimum results in analysis of real sample (industrial 
wastewater), following technique is suggested by authors.

A simple paper filtration can be used to remove particu-
late matter and sludge, and Chelex 100 resin can be applied 
to remove transition metal ions [5].

Results and discussion

Chemical hydride generation (HG) technique is widely 
used for determination of As(III) in a variety of matrices, 
especially in water samples [18, 31]. Professional instru-
ments such as atomic absorption spectrometry, atomic 
emission spectrometry and atomic fluorescence spec-
trometry are usually employed as detector, but spectropho-
tometer followed reaction of  AsH3 with proper coloring 
agent provides an appropriate and convenient means for 
colorimetric analysis of Arsenic. This study is based on 
chemical hydride generation of arsine  (AsH3) from acidic 
solution of As(III) by  NaBH4 and subsequent reaction of 
arsine with Fe(III)-1,10-phenanthroline solution, which 
produces red complex of Fe(II)-1,10-phenanthroline. The 

intensity of colored reagent was measured by a colorimet-
ric analyzer applied to the compact digital camera. The 
RGB color system of an image was then investigated for 
colorimetric determination of As(III). Image J-software 
was employed to extract four parameters of R, G, B and 
 RGBaverage from each image.

The effect of various experimental conditions including 
the proposed colorimetric system and hydride generation 
process were studied and optimized.

Evaluation of the basic colors (red or green or blue) 
as analytical signal

For achieve to the best analytical signal with the aim of 
monitoring indicator color conversion, we investigated 
changes of RGB value in terms of red color intensity of 
Fe(II)-1,10-phenanthroline complex under different ambient 
lights where white, red, green, and blue LEDs were used as 
the source of light. As shown in Fig. 3, blue color in the blue 
ambient light reveals the highest response. Additionally, as 
depicted in Fig. 4, blue color yielded the sensitive signal.

Thus, we used three blue LEDs as the source of light 
in subsequent investigations. Three LEDs caused adequate 
intensity of the light in the light box.

Analytical response selection

To obtain the suitable analytical response, some method was 
investigated. The best analytical response (highest and most 
sensitive) was difference between B value derived from indi-
cator solution of sample [containing As(III)] and B value 
derived from indicator solution of control sample (blank).

Response (AU)  =  ∆B = blue  intensity(blank)_blue 
 intensity(sample).

Fig. 3  Monitoring of the indica-
tor color conversion with differ-
ent ambient light. Blue signal in 
the blue ambient light, indicates 
highest response. Conditions: 
As(III), 20 µg mL−1; all other 
conditions are as in Table 1
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Reaction of  AsH3 and coloring agent

The colorimetric methods used for determination of As by 
conventional HG involves the trapping of generated Arsine 
in an absorbing medium containing colorimetric agent (indi-
cator) and other species to increase the efficiency of Arsine 
trapping and/or catalysis of the indicator reaction. Given the 
reduced properties of  AsH3 [5, 16, 18, 19], the reaction of 
Arsine with redox indicators could be used for colorimetric 
determination of As. Fe(III)-1,10-phenanthroline complex is 
an inexpensive, common and rather nontoxic indicator that 
can be used as the redox indicator [32–34]. When Fe(III)-
1,10-phenanthroline complex is completely reduced by Ars-
ine, it becomes red as a result of Fe(II)-1,10-phenanthroline 
generation. The measured complex color intensity is pro-
portional to the concentration of As(III). The preliminary 
examination shows that in low concentration of Fe(III)-
1,10-phenanthroline complex, the color intensity change is 
not desirable and in high concentration of the complex, the 
indicator solution is not stable. Thus,  10−3 mol L−1 concen-
tration of Fe(III)-1,10-phenanthroline complex was selected 
for subsequent studies. Since arsine has low solubility in 
aqueous solution [5, 15], the addition of different surfactants 
such as nonionic surfactant (TritonX-100) and anionic sur-
factant (sodium dodecyl sulfate) to increase the solubility 
of arsine in the aqueous indicator solution did not have any 
positive effects, causing a troublesome foaming and insolu-
ble precipitate. Ethanol can also increase the solubility of 
arsine in the aqueous solution [5, 35]. In this work, after 
addition of ethanol to the indicator solution, a significant 
color change increase was observed. However, there are 
serious limitations about ethanol addition. Large amount of 
ethanol can reduce the Fe(III)-1,10-phenanthroline complex 
to Fe(II)-1,10-phenanthroline red complex.

Effect of ethanol concentration

Ethanol concentration can affect the blank and sample meas-
urements because excessive ethanol can lead to adverse 
reactions between ethanol and Fe(III)-1,10-phenanthroline 
complex and the production of Fe(II)-1,10-phenanthroline 
red complex, so that the indicator solution no longer can 
be used because of its instability over time. We studied the 
effect of ethanol concentration on the stability of indicator 
solution. For this purpose, we made a number of indica-
tor solutions with different ethanol values (v/v) and studied 
spontaneity change of color over time. We observed that 
an indicator solution containing 30% (v/v) of ethanol was 
stable up to 5 h. As shown in Fig. 5, with an increase in 
ethanol volume fraction, the response is increased but for 
amounts greater than 30% (v/v) ethanol, the indicator solu-
tion becomes unstable. Therefore, we used 30% (v/v) ethanol 
in the indicator solution.

Effect of Fe(III)‑1,10‑phenanthroline concentration

Fe(III)-1,10-phenanthroline concentration can affect the 
responses of blank and sample. According to preliminary 
studies, ∆B value for blank analysis was nearly zero up to 
0.001 mol L−1 of Fe(III)-1,10-phenanthroline complex—and 
it soared with an increase in Fe(III)-1,10-phenanthroline 
complex concentration, that indicates ethanol can reduce 
Fe(III)-1,10-phenanthroline to Fe(II)-1,10-phenanthro-
line complex [36–38]. Accordingly, the effect of Fe(III)-
1,10-phenanthroline complex concentration in the range 
of 0.0005–0.002 mol L−1 was studied. According to the 
results, the maximum sensitivity and stability was obtained 
at 0.001 mol L−1 Fe(III)-1,10-phenanthroline complex, so 
this concentration was selected for further studies.

Fig. 4  ∆ Response between tow 
concentration of As(III), 10 and 
20 µg mL−1, as see in the figure 
blue signal in the blue ambient 
light was the best sensitive sig-
nal. Conditions: all conditions 
are as in Table 1
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Effect of sample acidity

Sulfuric acid is generally used for arsine generation in HG 
systems. The effect of sulfuric acid concentration on arsine 
generation in 15 µg mL−1 of As(III) was investigated in the 
range of 0.5–1.8 mol L−1. As show in Fig. 6, the maximum 
sensitivity was obtained at 1.5 mol L−1of  H2SO4. The molar 
fraction of arsine plays an important role in its reaction with 
indicator solution. In lower concentrations of  H2SO4 the rate 
of arsine production was slow with low molar fractional of 
arsine in terms of carrier gas  (N2). Additionally, high con-
centration of  H2SO4 produced excessive amount of  H2 which 
subsequently decreased the molar fraction of arsine.

Effect of carrier gas (nitrogen) flow rate

The effect of  N2 flow rate was investigated in the range of 
10–60 mL/min. The optimum  N2 flow rate was found to be 
20 mL/min (Fig. 7). Since arsine is a highly unstable mol-
ecule, at lower flow rate, it was not fully transferred to the 
absorber tube and at higher flow rate, the reaction between 
arsine and indicator solution remained incomplete.

Effect of  NaBH4 concentration

The effect of  NaBH4 concentration on Arsine generation 
in 15 µg mL−1 of As(III) was investigated in the range of 
0.25–4% (m/v). The maximum response was obtained at 

Table 1  The optimized 
conditions

Parameters Studied range Selected condition

Best signal of light Red, green, blue Blue
Source of light Red, green and blue LED Three blue LED
Ethanol concentration % (v/v) 0–40 30
Fe (III)-1,10-phenanthroline concentration 

(mol L−1)
0.0005–0.002 0.001

Sample acidity  (H2SO4, mol L−1) 0.5–1.8 1.5
Carrier gas flow rate (mL min−1) 10–60 20
NaBH4 concentration, % (m/v) 0.25–4.0 0.5
Indicator volume (mL) 1–5 4
Reaction time (min) 5–20 15
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Fig. 5  Effect of the ethanol concentration on the response. Condi-
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0.5% (m/v)  NaBH4 concentration. At higher concentration, 
a large amount of hydrogen gas was produced, which could 
decrease molar fraction of arsine, and therefore, impair 
the efficiency of reaction between arsine and indicator 
solution. At lower concentrations, HG of arsine remained 
incomplete.

Effect of indicator volume and reaction time

The effect of indicator volume was examined in the range 
of 1–5 mL. The maximum response was obtained at 4 mL. 
The efficiency of arsine trapping declined at low indica-
tor volumes because arsine was rapidly passed through 
the indicator solution. At higher indicator volumes, the 
color intensity of indicator solution was reduced due to 
increased volumes. The effect of reaction time was also 
investigated in the range of 5–20 min, with the results 
suggesting that a reaction time of 15 min was sufficient to 
obtain maximum sensitivity.

Analytical figures of merit

Under optimum condition, as summarized in Table 1, a 
linear calibration graph was obtained over the range of 
1–25 µg mL−1 of As(III). The obtained linear regression 
equation was

Res = 5.6335C + 1.2081 where C represented the 
concentration of As(III) (µg mL−1) and coefficient of 
determination or squared correlation coefficient (R2) 
was 0.9947(Fig. 8). Detection limit based on 3 σ/m was 
0.39 µg mL−1 where σ indicates the standard deviation of 
five measurements of the blank and m is the slope of the 
calibration curve. The relative standard deviation (RSD) 

for five replicate measurements of 10, 15 and 20 µg mL−1 
of As(III) were 0.89, 2.43 and 3.08%, respectively.

Assessment of interference effects

The effects of various ionic species on the determination 
of 15 µg mL−1 As(III) were studied in the presence of 
15 µg mL−1 of foreign ions, as shown in Table 2. Metal 
ions with hydride production ability such as (Bi, Ge, Pb, 
Sb, Se, Sn, Te) have huge impact on HG method. They pro-
duce metal-hydride like arsine in hydride generation pro-
cess, which can produce positive error. Nitrate and nitrite 
have known interferences in hydride generation of As(III) 
[1]. They are powerful oxidizing ion that can oxidize arsine 
derived from hydride generation. The interferences of transi-
tion metal ions with HG based on  NaBH4 reduction is well 
known [7]. The mechanism of most transition metal ions 
interference is due to a preferential reduction of interfering 
ion to the metal under the hydride generation conditions. It 
is possible that the finely dispersed precipitated metal then 
adsorbs and decomposes the gaseous hydride (nickel and 
other group VIII elements are effective hydrogenation cata-
lysts and can absorb hydrogen in large amounts). Insoluble 
nickel arsenide or similar compounds may then be formed 
in a secondary reaction [39–41].

A suitable method for removing interferences of transi-
tion metal ions is separated them before hydride generation 

0

20

40

60

80

100

120

140

160

0 5 10 15 20 25 30

R
es

po
ns

e(
A

.U
)

Concentration of As(µg mL-1 )

Fig. 8  Calibration graph of As(III) with linear regression equa-
tion Res = 5.6335C + 1.2081 where, C is the concentration of As(II) 
(µg mL−1) and squared correlation coefficient R2 = 0.9947

Table 2  Effect of interferences 
on the determination of 
15 µg mL−1 As(III) in the 
presence of 15 µg mL–1 of 
foreign ions

a Recovery As(III) 
(%) = 100 × [response of As(III) 
in the presence of foreign ion/
response of As(III)]

Foreign ion Recovery 
As(III) (%)a

Cl− 96
Br− 94
I− 108
PO4

3− 95
NO3

− 8
NO2

− 11
K+ 103
Ca2+ 102
Mg2+ 102
Al3+ 93
Fe2+ 107
Fe3+ 101
Cu2+ 35
Ag+ 18
Ni2+ 28
Ge4+ 145
Pb4+ 152
Sb3+ 162
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step. The separation of transition metal ions with Chelex100 
resin is well known [5].

Analysis of industrial wastewater

To evaluate the analytical applicability of the proposed 
method, the recommended procedure was used to determine 
As(III) in a sample of industrial wastewater. The proposed 
procedure was then implemented using the standard addition 
calibration method. The results are shown in Table 3. There 
is a good agreement between the results and known values, 
which indicate the successful applicability of the proposed 
method for determination of As(III) in complex industrial 
samples containing many foreign species without any sam-
ple preparation.

Conclusion

For the determination of inorganic As(III) in the industrial 
wastewater, a new green colorimetric method was proposed 
for the analysis of inorganic As(III) in µg level, based on 
hydride generation. This method used a compact digital 
camera as the detector with image processing. The proposed 
method was simple and inexpensive without the need for 
expensive devices and toxic solvents, which allowed it to be 
used everywhere. It is based on arsine generation and color 
reaction with Fe (III)-1,10-phenanthroline complex in the 
presence of ethanol, which could produce deep red color.

It was found that the basic color of blue intensity of 
Fe(II)-1,10-phenanthroline’ complex is related to concen-
tration of As(III), which was extracted by Image J—image 
processing software.

The main advantages of the proposed method are the 
employment of a cheap and available detector (digital com-
pact camera) instead of expensive and professional devices 
such as UV–Vis spectrophotometer, atomic absorption 
spectroscopy (AAS) and atomic fluorescence spectroscopy 
(AFS), and also use of non-toxic indicator based on  Fe3+/
Fe2+ redox system in aqueous solution, compared to com-
mon indicators such as silver diethyldithiocarbamate in 

organic solvent like morpholine—chloroform, as well as fast 
determination of As(III) in complex matrices with unknown 
disturbance. Future studies in this area can concentrate on 
the determination of other heavy metals ion in industrial 
wastewater using methods similar to those utilized in this 
work.
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