
Advances in Standards & Applied Sciences ,1 (1), 18-24 (2022)

18

* e-mail: laleh_adlnasab@yahoo.com

Introduction
Formaldehyde is known as a natural organic compound 
and used as a precursor  many materials and chemical 
compounds in industrial operations. Formaldehyde is 
used in different formulations, such as shampoo, condi-
tioner, liquid hand washes, cosmetic products, and pre-
servatives [1, 2]. Despite its widespread applications, it 
is known as a toxic substance with adverse effects on 
human health such as destruction of the central nervous 
system and disorders in the immune system [2, 3]. The 
World Health Organization (WHO) has declared lim-
its of exposure to formaldehyde at a maximum of 0.08 
mg L−1 for 30 min [4]. Also, the toxicology studies of 
formaldehyde show a risk of detergents and cosmetic 
formulations with a minimum concentration of 0.05% 
free formaldehyde [2]. Therefore, there is a great deal of 
interest in detecting free/emitted formaldehyde. Some 
studies for the determination of formaldehyde have 
been achieved based on analytical methods including 
gas chromatography [5, 6], high-performance liquid 
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chromatography [7-10], and capillary electrophoresis 
[11]. However, these instruments  are  time-consuming 
along with high cost.  Recently, colorimetric sensors 
have given significant attention due to selective and 
efficient naked-eye detection of different compounds. 
They indicate advantages including fast detection, as-
say of multiple analytes in a single experiment, low-
cost and easy operation [12-16]. These sensors are 
designed based on the entrapment of colorimetric re-
agents within various supports, such as sol-gel matrices 
[4,17] , porous glass [18,19], and molecularly imprint-
ed polymer [20, 21]. However, some of these supports 
are non-degradable and expensive and can also pro-
vide environmental concerns [22]. To eliminate these 
drawbacks, biodegradable films based on natural poly-
mers are applied to obtain simple colorimetric sensors. 
Starch is the most abundant polymeric carbohydrate 
composed of numerous glucose units that is considered 
as biodegradable support due to its non-toxic nature, 
high biodegradability, and cost-effectiveness [22-24]. 
Given the functional groups on the starch molecule, it 
can increase the number of available active sites for ad-
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sorption [25, 26]. In the present work, we developed a 
green sensor based on the incorporation of alizarin red 
S (ARS) into the thin film of starch to detect the form-
aldehyde in hair care products (hair shampoo and con-
ditioner samples) by the naked eye or the spectropho-
tometer. ARS as an anthraquinone dye with hydroxyl 
groups was introduced as a colorimetric reagent and 
provided a color change at different pH levels. The re-
sults showed that the synthesized sensor is suitable for 
the quantitative detection of formaldehyde, as its color 
changes are easily distinguished by the naked eye. The 
proposed biodegradable colorimetric sensor has high 
selectivity and sensitivity, cost-effective and portable 
detection in real samples.

Experimental
Materials
All reagents used were analytical purity. Tapioca starch 
was purchased from a local supermarket in Tehran-Iran. 
ARS, glycerol, formaldehyde solution (37 %), NaCl, 
NaOH, and HCl were obtained from Merck (Darmstadt, 
Germany). In order to prepare water for the solutions, 
a Milli-Q purification system was applied. The work-
ing solutions of formaldehyde were made by a proper 
diluting of the stock solution in ultrapure water daily.
Instruments
Formaldehyde detection was performed by a UV-Vis 
spectrophotometer (PerkinElmer Lambda 35: USA). A 
digital pH meter (Mettler Toledo, M225, Switzerland) 
was used for the pH measurements. Fourier-transform 
infrared (FT-IR) spectroscopy of Bruker Vertex 70 
spectrometer (Germany) was used to study the func-
tional groups of the sensor in the frequency range of 
400–4000 cm-1 by pelletizing a homogenized film. The 
morphology of the sensor was performed by field emis-
sion scanning electron microscope (FE-SEM) (MIRA3 
TESCAN) along with energy-dispersive X-ray spec-
troscopy (EDX) to obtain elemental compositions. 
Preparation of the biodegradable starch/ ARS    sen-
sor 
First, 0.5 g of tapioca starch was taken into a beaker 
and dispersed in 10 mL of ultrapure water. Then, 0.2 g 
of glycerol was dissolved into the mixture and heated 
at 100 °C along with stirring to gelatinize the starch. 
After that, a clear viscous solution was obtained. To 
prepare the films containing the reagent, 0.02 g of ARS 
was added to 8 mL of the prepared starch and a few 
drops of 1 mol L−1 NaOH was added to the mixture. 
Then, the mixture was stirred for 15 min to obtain a 
homogeneous solution. Subsequently, one drop of this 
mixture was transferred into the microtube lid to make 
a thin film. The microtube lid was dried in an oven at 
30 °C for 1 h. 
Sample preparation 

Two commercial hair care products containing hair 
shampoo and conditioner samples were purchased 
from a local market (Tehran, Iran). The labels of these 
hair care products showed the presence of formalde-
hyde. A portion of 1 g of each sample (hair shampoo 
or conditioner samples) was taken into a 100 mL volu-
metric flask and diluted with deionized water to a final 
volume. After shaking, 2 mL of the samples with pH 
adjusted were transferred to the test microtube.
Evaluation of the sensor for formaldehyde 
determination 
To evaluate the sensor, 2 mL of the standard solution 
of formaldehyde in the concentration range of 0.15 to 
10 mg L−1 was added to the microtube and the cap 
was quickly closed onto the tube. After shaking for 15 
min, a color change was observed due to the reaction 
of the formaldehyde with ARS under basic conditions. 
Finally, the absorbance of formaldehyde in the solution 
was determined by the UV–Vis spectrophotometer at 
the wavelength of 425 nm.

Result and discussion
Characterization of sensor
The FE-SEM images of the colorimetric sensor before 
and after the addition of the reagent into the film are 
shown in Figure 1 (a-b) at 10000 magnification. As 
seen in Fig.1a, a smooth surface was found in the film 
without ARS, while the starch film incorporated with 
ARS had a heterogonous structure (Figure 1b). Thus, 
the differences observed in the morphology between 
the two images can be attributed to the presence of the 
reagent in the sensor structure. 
The IR spectra of pure starch, ARS, and sensor were as-
sessed by FTIR analysis and shown in Figure 2. A broad 
peak centered at 3000–3500 cm−1 was attributed to the 
stretching vibration of free, inter, and intra-molecular 
bound hydroxyl groups in the starch, ARS, and sen-
sor. The broad band of the O–H stretching band in the 
native starch, decreased after the reaction with ARS. 
The shape changes occurring in the –OH stretching 
band showed that the ARS was attached to the starch 
and replaced with the water molecules. Some peaks at 
1350-1550 cm−1 were related to stretching vibrations 
of multiple bonded C=O and aromatic C=C bonds in 
the ARS. The absorption intensities of peaks attributed 
to the C=O and C=C groups in ARS were significantly 
decreased in the synthesized sensor. All of these results 
confirmed a successful reaction of ARS with the film. 
The absorption peaks from 1149 to 934 cm−1 were re-
lated to C–O vibrations of amylopectin from the starch 
and ARS. The peaks at 857 and 759 cm−1 were attrib-
uted to the skeletal stretching of the starch. In the FT-
IR spectrum of sensor other peaks were observed due 
to the interaction ARS and the starch. Several peaks 
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at 1420-1500 cm−1 in ARS and sensor can be assigned 
to the combination of vibrations of ether C–C, C–OH, 
C–O, or C–H groups in ARS. The broad peak around 
1000-1400 cm−1 ascribed to the vibration of S–O groups 
in ARS, and also observed in the FT-IR spectrum of the 
sensor, but in lower transmittance.
Elemental mapping and EDX analysis were employed 
to verify the composition of the sensor.(Fig.3). The 
mapping image and EDX spectrum in Fig.3a shows the 
presence of carbon and oxygen percentages originated 
from the starch. An EDX spectrum of the sensor and 
the mapping image were shown in Fig.3b in which C 
(71.12%), O (26.19%), and S (1.67%) elements present 
in the sensor structure. The presence of sulfur and an 
increase in the amount of carbon  in the sensor structure 
confirmed the interaction of ARS with the starch.
Effect of pH
The pH-dependent experiments for the adsorption of 
formaldehyde on the sensor were adjusted at different 
pH levels. As the sensor was exposed to different pH 
levels (1-12), color changes were observed from dark 
purple to yellow (Figure 4). With increasing pH up to 
12, the intensification of the yellow color and the ab-
sorbance values increased. It can be attributed to the 

Figure 2- FT-IR spectra of pure starch, ARS, and Starch/
ARS samples

Figure 1- FE-SEM images of the biodegradable colorimetric film (a) without reagent at 10,000X and (b) with reagent at 10,000X

Figure 3- Typical EDX images on (a) film without reagent 
and (b) sensor

adsorption of formaldehyde on the sensor due to the 
hemiacetal and acetal formation between formaldehyde 
and the functional groups of the ARS (Figure 5). The 
reaction of formaldehyde with ARS under the basic 
conditions is based on the nucleophilic addition of the 
hydroxyl group of ARS to the carbonyl group of form-
aldehyde followed by hydrogen transfer from oxygen 
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to oxygen. In this sense, the hemiacetal is formed while 
the other hydroxyl groups in ARS cause the formation 
of acetal by removing the water formed during the re-
action. As a result, the reaction can proceed toward the 
formation of a five-membered acetal ring, fused to the 
main skeleton of the ARS resulting in the color change 
of the sensor. Therefore, pH 12 was selected for all fur-
ther experiments.
Effect of initial formaldehyde concentration 
and naked-eye detection
The effects of initial formaldehyde concentrations on 
the colorimetric sensitivity of the sensor were tested in 
the range from 0 to 5 mg L-1. As shown in Figure 6, 
significant color changes were easily observed by the 
naked eye detection. It was obvious that the absorbance 
increased with increasing the initial formaldehyde con-
centration up to 1.5 mg L-1 using a constant amount 
of ARS (1 drop of the sensor). At high concentrations 
of formaldehyde (1.5-5 mg L-1) and a constant amount 
of the ARS (1 drop of the sensor), the color intensity 
gradually decreased in line due to the shortage of the 
reagent diminishing the reaction with formaldehyde. 
In order to use high concentrations of formaldehyde 2 
drops of the sensor were required. 
Effect of reaction time
In order to achieve maximum adsorption, the effect of 
reaction time was also investigated. It indicated that 

Figure 4- Effect of pH on the adsorption of formaldehyde 
on the sensor

Figure 5- Mechanism of the interaction between ARS and 
formaldehyde

with increasing the reaction time up to 5 min, the ab-
sorbance value of formaldehyde increased and approx-
imately 50% of formaldehyde was reacted. The fast 
reaction rate during the initial times can be attributed 
to the fast diffusion of formaldehyde from the solution 
into the sensor due to the presence of many unloaded 
active sites, which gradually saturated up to 15 min, 
followed by a steady state. Therefore, equilibrium time 
was obtained in 15 min.
Effect of ionic strength on formaldehyde                  
adsorption
The effect of ionic strength on formaldehyde adsorp-
tion was studied with the addition of 0-10% of NaCl 
salt. The results demonstrated that an increase in the 
ionic strength decreased the adsorption efficiency. It 
can be attributed to the decrease in the formaldehyde 
aggregation as a result of the salt effect and the com-
petition of Cl- with the formaldehyde for the ion ex-
change over the sensor. Therefore, the strategy of no 
salt addition was used.
Analytical performance and method 
validation
The validation of the method was performed against 
UV–Vis measurements in the presence of different 
concentrations of formaldehyde (Table.1). The linear 
range of formaldehyde concentration was 0.15-10 mg 
L-1 with the determination coefficient (R2) of 0.9906. 
The limit of detection (LOD) and limit of quantifica-
tion (LOQ) were obtained based on 3 and 10 Sd/m, 
respectively, where Sd and m were the standard devia-
tions of the blank signal (n = 10) and the slope of the 
calibration plot respectively. The LOD and LOQ were 
determined to be 0.05 mg L-1 and 0.15 mg L-1, respec-
tively. The reproducibility sensor based on the relative 
standard deviation (RSD %, n=5) of the spiked sample 
containing 5 mgL-1 of formaldehyde was calculated to 
be 1.2 %
Real sample analysis
The performance of the sensor was evaluated for de-
termination of the formaldehyde concentration in the 
shampoo and conditioner samples. According to the 

Figure 6- Effects of initial formaldehyde concentrations on 
the colorimetric sensitivity of sensor
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obtained results in Table.2, the average concentrations 
of formaldehyde in hair shampoo and conditioner sam-
ples were acquired to be 13.3 and 20.5 µg kg-1, respec-
tively. Also, all the samples were spiked at different 
concentrations of the formaldehyde (10-50 µg kg-1) to 
assess the accuracy based on the recovery. The relative 
recovery values obtained were determined as follows;

Where Cfound, Creal, and Cadded demonstrate the found con-
centration of the formaldehyde after adding a known 
amount of standard to real samples, the concentration 
of the formaldehyde in the real sample, and a standard 

solution spiked in the real sample, respectively. Ac-
cording to the results in Table.2, RR% was found to be 
94.0% to 98.6% with RSD values between 1.1% and 
2.1% (n = 5).

Comparison of the proposed method with other 
methods
A comparison of the proposed method with different 
methods for formaldehyde detection indicated in Table 
3. In comparison with other methods, it has a short re-
action time, low LOD and LOQ along with low RSD. 
In brief, the proposed sensor is fast and economical 
with simple synthesis, which can be applied success-
fully to determine formaldehyde in different matrices.

Analyte Detection LOD
( mg L-1)

LOQ
( mg L-1)

LR
( mg L-1) R2 RSD (n=5)

(%)

Formaldehyde UV-Vis 0.05 0.15 0.15-10 0.9906 1.2

Naked eye 0.5 1.5 - - 1.4

Table 1- Analytical performance of the proposed sensor for the detection of formaldehyde

Added formaldehyde (µg g-1) Found (µg g-1) RR (%)

Tap water
0
10
50

-
9.6 (2.1)a

48.7 (1.2)

-
96.0
97.4

Hair shampoo
0
10
50

13.3 (1.6)
22.7 (1.4)
62.6 (1.1)

-
94.0
98.6

Conditioner
0
10
50

20.5 (1.4)
30.1 (1.3)
68.9 (1.1)

-
96.0
96.8

Table 2- Concentration of formaldehyde in hair shampoo and conditioner samples with spectrophotometer

aRSD%(n=3)

Method Detection LOD
(mg L-1)

LOQ
(mg L-1) RSD (%) Reaction time

(min) Reference

Colorimetric sensor Spectrophotometer 
/Naked eye 0.05-0.5 0.15-1.5 1.2 15 This work

Sol-gel-sensor Spectrophotometer 0.03 - 4.6-6.3 360 [4]

Gas diffusion microextraction Spectrophotometer 0.15 0.5 1.7-5.60 4 [27]

Colorimetric film DIC 0.7 2.3 <4.2 - [22]

S p e c t r o p h o t o m e t r i c 
method(colored reaction) Spectrophotometer 0.290 0.88 1.02-2.73 35 [28]

Colorimetric film Spectrophotometer 5 16.8 0.12–1.21 5 [29]

Table.3. Comparison of the proposed method with different methods for the detection of formaldehyde
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Conclusion
A biodegradable sensor was developed by incorpora-
tion of ARS into a starch thin film for the colorimetric 
determination of the concentration of formaldehyde in 
hair care products. The sensor obtained onto the micro-
tube lid showed to be cost-effective and portable along 
with in-tube detection by adding the sample solutions 
directly. This sensor exhibited a naked-eye detectable 
color response from purple to yellow at a basic me-
dia through the reaction ARS and formaldehyde. A 
low detection limit (0.05 mg L-1) along with the wide 
linear range in the calibration curve was constructed. 
The proposed method has benefits including simplic-
ity, low toxicity, and low consumption of the reagent 
along with a short response time (within 15 min) for 
the application as biosensing. Also, the combination of 
this sensor with a spectrometer can provide a powerful 
method for the sampling and analysis of formaldehyde 
in different matrices.
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