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Abstract: A porous silica gel plate impregnated with a colorimetric reagent, 4-amino-3-penten-2-
one (Fluoral-P), has been fabricated for the first time to determinate formaldehyde. The reaction of
formaldehyde and Fluoral-P produced a yellow product 3,5-diacetyl-1,4-dihydrolutidine (DDL),
which was further photographed by a smartphone to get the digital image. A good linear
relationship has been found between the intensity of blue component from the digital image and
formaldehyde concentration in the range of 0-50 mg L' with low detection limit of 2.2 £ 0.1 mg L.
A good precision in the range of 0.59-7.75%RSD and an accuracy with the relative error of +3.7%
from control samples are also obtained. These results demonstrate that our developed low cost
sensor together with digital image colorimetry is potential in sensitively and quickly measuring
formaldehyde.
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1. Introduction

Formaldehyde is a toxic substance, which can cause serious damages to human eyes, skin and
respiratory organs, and even lead to loss of the function of nervous system, as well as ear, nose and
laryngeal cancers [1]. It has been classified as a human carcinogen by International Agency for
Research on Cancer (IARC) in 2006 [2]. Due to its preservative and fresh-keeping properties,
formaldehyde has been inappropriately used in various foods to extend its self-life, which makes the
concentration of formaldehyde in food exceed what is deemed natural (e.g., 3.3-60 mg kg™! in fruits
and vegetables, 1-98 mg kg~ in fish, 8-20 mg kg™ in meat, 1-3.3 mg kg™ in milk) [3]. Therefore,
rapid, convenient and cost-effective determination of formaldehyde is of great significance for
protecting human health.

So far, a large number of techniques have been reported for the determination of formaldehyde
including gas chromatography (GC) [4] and high-performance liquid chromatography (HPLC) [5].
These analytical laboratory methods usually need the large and expensive instruments, which are
not suitable for portable in-field detection of formaldehyde. Colorimetric methods provide a
competitive choice because of their fast response, visual detection, low cost and ease of handling.
These methods are typically based on the entrapment or impregnation of colorimetric reagents within
porous materials, such as porous glass [6], sol-gel matrix [7], or porous silica gel plate [8]. However,
a colorimetric sensor based on spectrophotometric methods usually requires a spectrophotometer for
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the quantitative analysis of formaldehyde, which could limit the field applications of an analytical
method.

Recently, digital image colorimetry (DIC) has attached lots of attention. Based on the analysis of
basic RGB values (Red Green Blue data) obtained from the digital images of colorimetric products,
DIC has shown the advantages of low cost in fast and in-field quantitative determinations [9]. In brief,
the images are taken from a digital camera, such as the build-in digital camera in a mobile phone [10]
or digital single-lens reflex camera [11], and their RGB data will be analyzed by a color analysis
program (e.g., Matlab and Adobe Photoshop) [12]. The individual RGB values can be then inspected
to produce a calibration curve for the quantitative determination of the interested analyte.

In this work, the porous silica gel plates have been used for the first time to determinate
formaldehyde in combination with DIC method. The sensing elements were fabricated by
impregnating the porous silica gel plate with the reagent of 4-amino-3-penten-2-one (Fluoral-P)
which is well known to be sensitive and selective to formaldehyde. By this method, rapid, simple,
wide-range and cost-effective determination of formaldehyde has been achieved, indicating a
promising and practical application for in-field detection of formaldehyde.

2. Materials and Methods

2.1. Materials

All the reagents were used without any further purification. Formaldehyde solution (37%) was
purchased from Macklin Biochemical Co., Ltd. (Shanghai, China). Porous silica gel plates were
purchased from Qingdao Haiyang Chemical Co., Ltd. (Qingdao, China). 4-amino-3-penten-2-one
(Fluoral-P, 98%) was purchased from Aladdin (Shanghai, China).

2.2. Preparation of the Sensing Elements

The porous silica gel plates were cut into 1.5 cm x 1.5 cm chips. The chips were firstly immersed
in the saturated solution of Fluoral-P in acetonitrile, then dried in vacuum oven to remove the
acetonitrile. After cooled to the room temperature, the sensing elements were put into a self-sealing
bag to avoid the contamination, and then stored in a refrigerator at 4 °C for further use.

The morphology of the sensing elements was investigated by using a scanning electron
microscope (SEM) (Phenom G2 Pro, Phenom-World BV).

2.3. Colorimetric Test of Formaldehyde

The standard working solutions with different concentrations from 1 mg L™ to 2500 mg L™*
were prepared from formaldehyde stock solution (37%) in deionized water. 40 pL of each standard
working solution was dripped evenly on the surface of the sensor chips. The resultant yellow
products were then photographed by using the build-in digital camera of HUAWEI P10. Each
colorimetric test was repeated five times across all prepared standard concentrations and each
resultant color was photographed three times by the same digital camera. Finally, the average RGB
values from a total of fifteen images for each standard concentration were analyzed by Matlab.

2.4. Photographic System and Procedure
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Figure 1. Diagram of the home-built photographic system for formaldehyde detection.

A home-built photographic box as shown in Figure 1 was used throughout the experiments [13].
In brief, the box (30 cmx 30 cm X 25 cm) was made of opaque plexiglass plates with a white
background inside in order to get the same light conditions for all tests. Four sets of light emitting
diode arrays were placed around the box as the light sources. The outside of the box was pasted with
a reflective film to reduce any negative effect from environmental light. A small hole (® = 1.5 cm)
was made at the top of box and the RGB values of colorimetric products were detected from the hole
by using the built-in digital camera of HUAWEI P10.

The digital camera was set to automatic white balance and flash off, with high dynamic range
(HDR) off. Each image was about 2.76 MB (5120 x 3840-pixel) in size and saved in the format of
JPEG (24-bits). Then the images were analyzed by Adobe Photoshop and Matlab. The images were
firstly cut into 150 x 150-pixel by Adobe Photoshop, then the RGB values were analyzed by a Matlab
program. The average RGB intensities from all three images for each of five sensors were used as the
single data point to establish the calibration curves.

2.5. Analytical Performance and Method Validation

We have investigated the analytical performance including sensitivity, linearity, linear range,
limit of detection (LOD), limit of quantification (LQD), precision and accuracy. The LOD and LQD
were calculated by using the standard methods (LOD = 3.3 Sp;/k and LQD = 10 Sg,;/k, where Sg; is
the standard deviation of blank from 10 analyses, and k represents the slope of the calibration curve)
[14]. The precision was expressed as percentage of the relative standard deviation for each color from
three images for each of five sensors (n = 15). The accuracy was evaluated as the percentage relative
error by analyzing the known standard formaldehyde concentration (15 mgL™") against the
established standard curve.

3. Results and Discussion

3.1. Characterization of Silica Gel Plates and Preparation of the Sensing Elements
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Figure 2. SEM images of silica gel plates at (a) 10000%, and (b) 25000.

The SEM images of silica gel plates are shown in Figure 2. Large pores with about 2 um average
pore size have been observed in the silica gel plates. It is noticed that the porous structure can help
to entrap the Fluoral-P molecules, and facilitate the penetration of Fluoral-P into the sensing elements,
so that formaldehyde can react with the entrapped Fluoral-P molecules.

The porous silica gel plates were cut into 1.5 cm x 1.5 cm chips and the sensing elements were
prepared by entrapping the colorimetric reagent within the chips. The chips were immersed in the
saturated solution of reagent and then dried in vacuum oven to remove the acetonitrile. By using this
method, a good precision of 0.20-2.10%RSD from five sensor chips has been achieved which shows a
good uniformity of the sensing elements.

3.2. Colorimetric Test of the Sensing Elements

0 1 5 10 25 50 100 250 500

1000 2500 mg L1

Figure 3. Colorimetric products from the reaction between Fluoral-P and various formaldehyde
concentrations (0-2500 mg L™1).

Colorimetric test of formaldehyde is based on the specific reaction between formaldehyde and
Fluoral-P, which has been widely used in formaldehyde sensors [15]. A yellow product, named 3,5-
diacetyl-1,4-dihydrolutidine (DDL), is produced by this reaction. With the increase of formaldehyde
concentration, the color of yellow products becomes darker as shown in Figure 3.

3.3. Digital Image Analysis for Quantification of Formaldehyde
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Figure 4. Plots of (a) intensities and (b) blank-subtracted intensities of RGB components vs.
formaldehyde concentrations. The relationship between (c) intensity/(d) blank-subtracted intensity of
blue component and formaldehyde concentration in the range of 0-50 mg L™2.

The images of the colorimetric products from the reaction between formaldehyde and Fluoral-P
were obtained by using the built-in digital camera of HUAWEI P10. The RGB data were then
analyzed by a Matlab program. The relationship between the intensities of RGB components and
formaldehyde concentrations has been shown in Figure 4a.

The intensity of blue component decreases gradually with formaldehyde increasing, while the
intensities of red and green components have a trend to be constant. These results indicate that the
yellow products absorb light in the blue channel (400-500 nm), which is in accordance with the
absorption peak of DDL around 412 nm [16]. With the increase of formaldehyde concentration, more
yellow products are generated while more blue light are absorbed, which provides less intensities.

The blank-subtracted intensities of RGB components vs. formaldehyde concentrations is shown
in Figure 4b. The intensity of blue component increases with formaldehyde concentration, while
those are nearly constant for the red and green components. These results indicate that the blue light
causes the greatest difference between the color of the products and the blank. The blank-subtracted
intensity of blue component may be more suitable for the condition that the color of the samples can
interfere the observation of the colored products [17].

Figure 4c illustrates a good linear relationship between the intensity of blue component and
formaldehyde concentration in the range of 0-50 mg L™, as well as blank-subtracted intensity of blue
component illustrated in Figure 4d, whose range is much wider than previously reported (0-25
mg L™1) [12], showing a good performance in formaldehyde determination.

The RGB distance, ARGB, is also calculated using the following equation [18] :

2 2 2

ARGB = \/(IR —1Iz,) + (I —1,)" + Iz — Is,)
where I, I; and Iy represent the average intensities of red, green and blue components,
respectively. I, Iz, and Iz, is the RGB values of initial background images. As shown in Figure

5a, the ARGB increases dramatically with increasing formaldehyde concentration in the range of 0—
250 mg L™, and then saturated at higher concentrations. At the formaldehyde concentrations below
50 mg L™, a good linear relationship between ARGB and formaldehyde concentration has also been
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found as shown in Figure 5b, which means ARGB can also been used for the detection of
formaldehyde.
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Figure 5. (a) Plot of ARGB vs. formaldehyde concentration. (b) The relationship between ARGB and
formaldehyde concentration in the range of 0-50 mg L™1.

3.4. Analytical Performance and Method Validation

Table 1. Calibration equations and analytical performance of the developed method in formaldehyde

determination.
Relationship Calibration equation Linearity Linearrange LOD Lap
Y=a.u., x=mgL™! (R?) (mgL™") (mgL™") (mgL™h)
Ig y =—(1.09 £ 0.05)x + (165.6 £ 0.7)  0.9892 0-50 2.240.1 6.740.3
|Ig — Igglank|] ¥ = (1.03+0.03)x + (1.57 +0.74) 0.9952 0-50 2.340.1 7.1+0.2
ARGB vy =(0.90+ 0.03)x + (19.78 £ 0.56)  0.9926 0-50 2.740.1 8.240.3

The calibration equations, linearity, linear range, LOD and LQD are summarized in Table 1. I,
[Ig — Igplank| and ARGB vs. formaldehyde concentrations are all found to be linear in the low
concentration range (0-50 mg L"), which is much wider than previously reported [12]. The good
linearity (R? > 0.9892) means that all these curves can be used for the quantification of formaldehyde.

All these analytical methods show a good LOD (< 2.7 mg L) and LQD (< 8.2 mg L™!), which
can be estimated to be about 0.7 mg kg™ and 2.0 mgkg™" in food respectively by using the reported
method [12]. These analytical characteristics show a potential in sensitive detection of formaldehyde
in food. Good precisions (n=>5) are obtained in the range of 0.59-7.75%RSD. When the control samples
of 15 mg L™ are tested, the formaldehyde concentrations of 15.56 mg L™, 16.95 mgL™! and 12.66
mg L' with the relative errors of +3.7%, +13.0% and 15.6% are obtained by using the calibration
curves Ig, |Ig — Igplank|, and ARGB, respectively, indicating the method of using calibration curve I
has the best detection performance.

4. Conclusions

A colorimetric sensor for formaldehyde detection has been successfully developed. The sensor
element was fabricated by impregnating a porous silica gel plate with 4-amino-3-penten-2-one
(Fluoral-P), which makes the preparation of the sensor element pretty simple and easy. When the
sensor is used in conjunction with digital image colorimetry (DIC), rapid, sensitive and cost-effective
determination of formaldehyde can be achieved. Different from the spectrophotometric methods
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which usually need a spectrophotometer, the DIC method needs only a digital camera, here one in
daily used mobile phone, which makes formaldehyde detection very convenient. By using the
developed method, a linear relationship has been obtained with a wide linear range (0-50 mgL™)
and low detection limit (2.240.1-2.740.1 mg L™?). This method also provides a good precision in the
range of 0.59-7.75%RSD with the relative error of +3.7%. These results indicate that the developed
method can be an effective alternative for formaldehyde detection in fruits, vegetables, etc.
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