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Abstract 

Currently, popular packages, containers and packaging made of biological materials can be a source of undesirable 

organic contaminants such as total volatile organic compounds (TVOC) and carcinogenic formaldehyde (HCHO). 

These compounds can easily get into food. The paper presents a proposal to use an original measuring device 

based on electrochemical sensors DFR-08605 and SGP30 to determine the content of TVOC and HCHO released 

during heating of the above-mentioned materials. The proposed device was used to monitor HCHO during heating 

of food contact materials: bio-PET (bio-polyethylene terephthalate), bio-PE (bio-ethylene), EPP (expanded 

polypropylene) and PLA (polylactide). The obtained results were compared with the results of precise GC-ECD 

(gas chromatography with electron capture detector) analyses. The possibility of using electrochemical sensors for 

preliminary analyses of packaging materials was confirmed. 
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1. Introduction 

Petrochemical-derived plastics have gained global popularity due to their unique 

performance characteristics, which include lightness, transparency, gloss, water barrier, and 

ease of forming suitable shapes [1]. However, depleting resources of fossil raw materials and 

global environmental pollution by plastics and microplastics [2, 3] make it necessary to search 

for alternative sources to produce the desired materials. 

Currently, an important criterion for the selection of raw materials is to increase the 

susceptibility of the final product to biodegradation [4, 5], i.e. decomposition under 

environmental conditions to simple chemical compounds. Various procedures are used for this 

purpose: modification of the plastic structure by introducing more reactive functional groups 

into the chain (chemical degradation), adding substances that accelerate photochemical 

decomposition (photodegradation), or using plant products such as starch and cellulose (can 

provide a breeding ground for bacteria and fungi – microbial degradation) [6, 7]. New plastics 

that are more environmentally friendly are called bio-based plastics. These include: bio-

polyethylene terephthalate (bio-PET), bio-ethylene (bio-PE), expanded polypropylene (EPP), 

and polylactide (PLA). The raw material for the production of bio-based plastics is mainly 

plants, e.g. bio-PE and bio-PP are made of alcohol extracted from sugar cane, PLA is obtained 

by bacterial fermentation of starch from corn, beets or potatoes [8, 9]. 

The global use of plant raw materials for the production of food contact materials (FCMs) 

can be serious food and environment contamination problem. These materials can be 

contaminated with various undesirable chemical compounds, which can be easily sorbed by 

plants from the environment (from soil, water and air). Plant materials can also affect the quality 
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and sensory properties of served/packed food, as plants contain many volatile, odour-active 

compounds (such as aldehydes) that shape their specific aroma. 

Formaldehyde (chemical structure HCHO) is one of the common volatile organic 

compounds (VOC) and polar environmental contaminants [10], which can be easily released 

from bio-based plastic packaging into food due to its low molecular weight (30 g/mol). This 

compound is susceptible to thermal degradation over time and at elevated temperatures (about 

50-60 °C) [11]. HCHO is characterized by unpleasant, pungent odour, and has an airborne 

detection threshold of 1 mg/m3 [12]. 

HCHO is the simplest aldehyde and its identification in a sample can indicate the presence 

of other odour-active aldehydes, with a more complex structure (Fig. 1). The presence of 

a mixture of aldehydes in food is not desirable, as they can specifically change the sensory 

qualities of food, such as coffee [11]. Therefore, HCHO can be a marker of the degree of 

environmental and the raw material contamination. Its presence allows for a preliminary 

assessment of the safety of FCMs from the production batch. 
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Fig. 1. Semi-structural formulas of formaldehyde (a) and an example of other carbonyl compounds, which 

belong to volatile organic compounds (VOCs): b) acetaldehyde, c) acetone, d) propanal. 

Many methods are popularly used for measuring the concentration of volatile compounds, 

including HCHO [13]. The chemical reactivity of this compound has influenced the 

development of a wide range of electrochemical sensors, which are promising solution for quick 

determination of bio-based plastic contaminants. Three main types of HCHO sensors can be 

distinguished upon their electrode reaction mechanisms. The first category includes enzymatic 

sensors, which use biological enzymes to detect HCHO. They based on the highly specific 

catalytic activity of enzymes. These sensors mainly consist of a working electrode modified 

with a special enzyme, usually formaldehyde dehydrogenase (FDH), which specializes in 

catalyzing the oxidation of HCHO. During the oxidation process, electron transfer generates an 

electric current that is correlated with the concentration of HCHO and can be measured to 

quantify its presence. The second category includes electrochemical sensors that use 

electrocatalysts (i.e., metals, oxides, hydroxides, heterogeneous materials) to catalyse the 

oxidation of HCHO. These sensors are based on the direct oxidation of the target analyte, but 

the presence of other readily reducible substances can have the effect of introducing 

interference into the measurement results. Therefore, very important is precise control of the 

course of the reaction. The third category of HCHO sensors includes electrochemical sensors 

specific to certain molecules. 

In recent years, electrochemical sensors have been widely used in environmental quality 

control (mainly air) [10, 14-17]. This is due to a number of their advantages, including: real 

time measurements, simple operation, small size, low energy consumption and costs, easy 

availability and no preparation of samples for testing. Electrochemical sensors react 

electrochemically inside the cell, drawing a current proportional to the concentration of the 

analyte. Modern electrochemical sensors have a high sensitivity (ppb), enabling real-time 

detection of sensitive pollutants. However, the accurate calibration of such sensors poses 

significant technical challenges. These include sensor sensitivity to environmental conditions 

(temperature and relative humidity) [14], moreover cross-sensitivity to other (sometimes 

unknown or unmeasured) atmospheric factors [14-17] and long-term loss of sensitivity (drift) 

associated with evaporation of the electrolyte solution.  
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These limitations make it necessary to calibrate electrochemical sensors before 

measurements [18-21]. One approach to this issue is to calibrate the electrochemical sensor in 

the laboratory under a controlled and well-defined range of conditions [22]. Chromatographic 

techniques, e.g. gas chromatography with electron capture detector (GC-ECD), have been 

widely used for the identification and quantification of HCHO [10, 11]. It allows identification 

of HCHO at low concentration levels (ng/l). For this reason, it can be successfully used as 

a reference method for calibrating the readings of electrochemical sensors specific for HCHO. 

This paper proposes new applications of commercially available electrochemical sensors for 

rapid identification and preliminary safety assessment of popular FCMs. A suitable 

electrochemical device was constructed to measure the concentration of organic contaminants 

that can be released into food during heating popularly bio-based plastics FCMs, such as: bio-

PET, bio-PE, EPP, and PLA. The levels of total volatile organic compound (TVOC) and 

formaldehyde (HCHO as a VOC marker) concentrations were monitored using suitably specific 

electrochemical sensors. An additional function of the device is to collect air samples for 

verification using a reference chromatographic method: GC-ECD. The proposed experiment 

allowed to evaluate the impact of new bio-based plastics FCMs on the quality, stability and 

sensory properties of food products. 

2. Construction of the measuring device 

Based on the properties of volatile organic compounds (e.g. HCHO), the characteristics of 

the tested FCMs, and according to the experience from our previous work [22], the following 

assumptions were made for the constructed measuring device: 

1) the tested sample after grinding will be heated in a closed jar, and the amount of HCHO 

and TVOC released will be measured inside the jar to avoid temperature degradation of 

formaldehyde 

2) air from the jar will be passed through electrochemical sensors specific for selected organic 

pollutants and sorption tubes with XAD-2 insert 

3) the validation of the electrochemical sensor readings will be carried out using the reference 

chromatographic method (GC-ECD) for air samples adsorbed into the sorption tubes 

4) 3 identical electrochemical HCHO sensors and 3 identical sorption tubes will be used to 

determine the accuracy of the electrochemical sensor readings 

5) using the device to perform other environmental measurements will be possible. 

DFRobot DFR-08605 sensors dedicated to measure HCHO, and SGP30 sensors dedicated 

to measure TVOCs were used in the designed device [23, 24]. The proposed device consists of 

two parts: measuring probe and the main module. These components additionally control the 

operation of an external heater for heating the jar with the tested sample. The general diagram 

of the device construction is presented in Fig. 2. and the view of the final device is shown in 

Fig. 3. 

2.1. Measuring probe 

The measuring probe (no. 1 in Fig. 3a) is mounted on the measuring jar and connected to the 

main module using electrical wires (no. 2 in Fig. 3a). The jar is closed with a cap (no. 3 in Fig. 

3a). The probe contains three HCHO DFR-08605 (no. 4 in Fig. 3a) sensors and two TVOC 

sensors (below them). Additionally, a DHT22 temperature and humidity sensor (no. 5 in Fig. 

3a) is installed, which enabled to control the temperature of the tested sample. There are also 

three connectors (no. 1 in Fig. 3b) for standard sorption tubes (no. 2 in Fig. 3b) with a diameter 

of 8 mm and length of approx. 100 mm each on the back of the probe. A polyurethane 

pneumatic hose with an external diameter of 4 mm (no. 6 in Fig. 3a) is connected to each of the 
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connectors. Fourth hose (no. 3 in Fig. 3b) allows the air to circulate in the jar (when air is not 

pumped through the sorption tubes). 

The probe and the main module were 3D printed from PET-G. This material does not release 

any substances or emit any odour, so it should not affect the quality of the obtained 

measurement results. 

 

 

Fig. 2. Construction diagram of the measuring device. 

 

a) b) 

  

Fig. 3. Measuring device: a) overall view, b) bottom of the measuring probe. 

2.2. Main module 

The main module is powered by 230 V from the mains socket (no. 7 in Fig. 3a) or by a built-

in Akyga 3.7 V, 4 Ah Li-Pol battery (for measurements performed outside the laboratory). The 

module is turned on by the switch marked no. 8 in Fig. 3a. The air flow through the sorption 

tubes and the circulation tube is provided by 4 separate mini vacuum pumps SC301P switched 

by relays. The circulation pump provides an air flow of 355 ml/min through the circulation 

hose. Three regulated step-two converters supply the remaining sorption pumps. Thanks to this, 

each sorption pump provides an air flow equal to 1/3 of the flow of the circulation pump (i.e. 

118.3 ml/min). Therefore, switching the circulation pump to the sorption pumps does not affect 

the air circulation in the measuring jar and the sensor readings. The main module is controlled 

by the ESP32-DevKitC development board. Several elements are connected directly to it: 

1) OLED screen (to view measurement data and device settings – no. 9 in Fig. 3a) 
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2) 2 momentary buttons to control the device (no. 10 in Fig. 3a) 

3) reader of popular SD memory cards for recording measurement data (no. 11 in Fig. 3a) 

4) 4-channel relay module; three relays were used: 1 – to control the heater of the measuring 

jar, 2 – to control the circulation pump, 3 – to control the sorption pumps 

5) one of the TVOC sensors 

6) Arduino Nano development board, connected to: 

a) 3 HCHO sensors  

b) the second of the TVOC sensors  

c) DHT22 sensor measuring temperature and relative humidity. 

In addition, 2 analogue inputs of the Arduino Nano were used to measure the battery voltage 

and check the connection of the 230 V mains voltage. Measurements are performed every 

4 seconds (in each measurement cycle, 10 HCHO sensor readings are averaged). 

2.3. External heater 

The main module is designed to control an external heater powered by 230 V mains voltage. 

The heater is connected to the socket (no. 12 in Fig. 3a) and left in the on position. A heater 

with a maximum power of about 2 kW can be used due to the load capacity of the contacts of 

the applied relay of 10 A. During the experiments, an 800 W heater was used. 

2.4. Device functionality  

The view of the designed device at the laboratory stand is shown in Fig. 4a. The ESP32 and 

Arduino Nano software was developed in a dedicated Arduino development environment. 

Communication with the user is carried out using the two buttons and the screen. The 

information shown in Fig. 4b is displayed, after switching-on the device. The right part shows 

the readings from the sensors. Formaldehyde and TVOC concentrations are given in ppb. 

 

a) b) 

  

Fig. 4. a) Our device at the laboratory stand: 1 – measuring device, 2 – measuring jar, 3 – measuring probe, 

4 – tested material, 5 – heater, b) Information displayed on the main module screen. 

The current measurement series number displays on the upper left corner and the mains 

power icon and battery voltage on the right side, respectively. There are 5 functions selected in 

sequence with the left button below it. The first one is the heating temperature selection. It can 

be changed with the right button in the range of 25~50 °C in 5 °C steps. The second function is 

to turn-on the heating mode. The “Heater icon” on the right indicates that the heater is turned-

on. Below it is the “Achievement of the set temperature” icon. The third function is to turn-on 

the circulation pump. Its use is necessary for conducted the measurements when the probe is 
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placed in a closed measuring jar. The fourth function starts the recording of the measurement 

data onto the memory card. The time of data recording in minutes and seconds is shown with 

the time counter on the right. The moment of recording is indicated by the upper icon “Data 

saving icon”. In addition, the lower icon “Measurement moment” indicates the reading of data 

from the sensors. The fifth function is to start the sorption pumps. Their operating time in 

minutes and seconds is shown with the timer on the right. 

The first two functions (related to the heater operation) are available only when the main 

module is connected to the mains power supply. Otherwise, the message “No AC power” is 

displayed in their places. Similarly, the last two functions are available only when a writable 

SD card is detected in the card reader. The lack of the card is indicated by the message “No SD 

card” displayed in their places. 

2.5. Saving measurement data  

Measurement data is saved on the SD card in CSV text files. Each line contains data from 

the next reading separated by semicolons. File names are in the form 'data-xx.csv', where xx is 

the two-digit number of the measurement series started in the next step. This number is 

displayed in the upper left corner of the screen. The following parameters are saved in each line 

of data: measurement series number, connecting or not connecting to the mains power, value 

of the set heating temperature, turning-on or -off the heating mode, turning-on or -off the heater, 

pump status, current measurement recording and pumping times, temperature and relative 

humidity, readings from HCHO DFR-08605 sensors, readings from SGP30 sensors. 

2.6. Heating algorithm  

Quickly achieving and precisely maintaining the set temperature (ts) in the jar is a difficult 

task. It is related to the following reasons:  

1) placement the heater at a certain distance from the jar to prevent from cracking it  

2) the high thermal capacity of the glass jar  

3) slow heating of the air in the jar from its heated walls  

4) operation (or not) of pumps cooling the air in the jar.  

For this purpose, an algorithm was developed that minimizes the time required to establish 

the set temperature, prevents its overshoot and maintains it as precisely as possible for the 

duration of the measurements. For the two-level control of the heater using relay no. 1, we use 

the current temperature (tc) read from the DHT22 sensor and analyse its changes in 30-second 

intervals (tp – previous temperature). The algorithm's flow chart is shown in Fig. 5. 

The effectiveness of the proposed algorithm was confirmed in the experiments presented in 

the next section. In all cases, the temperature was maintained within 2 °C of the set 

temperature. 

3. Experiment based on proposed measuring device 

3.1. Determination of volatile markers by electrochemical sensors 

The proposed device was used to monitor the concentration of TVOCs and HCHO that can 

be released during heating of the popularly used bio-based plastic FCMs: bio-PET, bio-PE, 

EPP, and PLA. The measuring device was heated for 4 hours to release HCHO and other 

TVOCs from the jar cap and the elements used to build the measuring probe, before starting the 

actual measurements. A blank test (heating an empty jar) was also carried out. In order to 

monitor the concentration of TVOCs and HCHO released from the currently popular bio-based 
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plastics, the analysed FCMs were cut and introduced into the jar in the following amounts: bio-

PET – 30 g, bio-PE – 10 g, EPP – 30 g and PLA – 60 g. Then the device was turned-on with 

the following settings: heating temperature: 50 °C, circulation pump on and recording of 

measurement data from the beginning of the experiment. Data from electrochemical sensors 

were collected for about 40 min. For the air sorption time, the average HCHO concentration 

measurements were determined and compared with the results obtained using the reference 

chromatographic method.  

 

 

Fig. 5. Heater control algorithm. 

3.2. Determination of volatile markers by chromatography (reference method)  

In order to assess the accuracy of the readings of the electrochemical sensors specific for 

HCHO, samples were collected for the reference GC-ECD analysis. Three replaceable sorption 

tubes with XAD-2 bed (three replicates for each sample) were placed in the device for this 

purpose. After stabilizing the temperature (50 °C), the vapours emitted from the heated FCMs 

were sorbed into the sorption tubes at a flow rate of 118.3 ml/min (per tube) for 5 min.  

Sample preparation for GC-ECD chromatographic analysis includes several steps: 

desorption of gas samples from the sorption tube bed using 2 ml of methanol; derivatization 

process using 2,3,4,5,6-pentafluorobenzylhydroxylamine (PFBOA) at a concentration of 

2 mg/ml; Liquid-Liquid Extraction (LLE) with hexane and purification. A detailed description 

of sample preparation for GC-ECD analysis can be found in our previous works [10, 11, 22]. 

Low-molecular weight carbonyl compounds (e.g. HCHO and others) were analysed using 

the Fisons Instruments 8000 equipped with 63Ni electron capture detector (GC-ECD). Injections 

of 0.5 μl of the extract were introduced via “on column” injector into chromatographic column. 

A Rtx-5MS (Restek) fused silica capillary column (30 m × 0.25 mm × 0.25 µm film thickness) 

was employed for analysis, and a Rtx-1301 (Restek) fused silica capillary column 

(30 m × 0.32 mm × 0.5 µm film thickness) was used as a confirmation column. Injector 

temperature was set at 80 °C. Gas flow was set at 80 kPa. Helium was used as carrier gas and 

nitrogen was used as make-up gas for the detector. Analysis was carried out on a temperature 

program starting at 80 °C for 4 min, then increasing the temperature to 240 °C with an increase 

of 7 °C/min, and then to 290 °C with an increase of 20 °C/min. DataApex, Clarity 6.2, Czech 

Republic software was used to collect and process chromatographic data. 
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Quantification of contaminants was carried out using an external standard calibration curve. 

All standards were prepared gravimetrically with a concentration range of 4-100 µg/l. The 

precision of the method was evaluated in terms of repeatability and expressed as relative 

standard deviation (RSD %). The analytical parameters for HCHO are shown in Table 1. 

 

Table 1. Chromatographic parameters for HCHO. 

Retention time (min) 5.82 

Standard curve equation y=38(±2)x + 2011(±185) 

Limit of detection (LOD) (µg/l) 0.003 

Limit of quantification (LOQ) (µg/l) 0.009 

Relative standard deviation (%) 1.7 

4. Results and discussion 

4.1. Electrochemical approach 

The proposed measuring device allows rapid electrochemical determination of TVOCs and 

HCHO released from bio-based plastics. Fig. 6 compare the concentrations of TVOCs and 

HCHO released over time (for about 40 min) from bio-PET, bio-PE, EPP and PLA at increasing 

temperature (to 50 °C). Based on the conducted study, it was observed that all analysed bio-

based plastic FCMs can be a source of TVOCs and HCHO release into heated food. The use of 

an electrochemical sensor allowed to determine the trends of release of these organic pollutants. 

Thermal degradation reactions of bio-based plastics or additives stabilizing packaging occur 

during heating of materials. TVOCs and HCHO can be reaction products. However, simple 

organic compounds are also thermally unstable and can decompose at elevated temperatures. 

These two processes occur simultaneously and have a significant impact on the final 

concentration of TVOCs and HCHO, which are detected by electrochemical sensors. 

An increase in the concentration of TVOCs and HCHO is observed at the beginning of 

heating. It means that the thermal decomposition processes of bio-based plastics and additives 

occur faster than the degradation of analytes. This is particularly clearly visible in Fig. 6a. For 

the first approx. 18 min of heating bio-PET, an increase in the HCHO concentration to approx. 

750 ppb was noted. The HCHO concentration stabilizes with further heating of this biomaterial 

(from 18 min to approx. 22 min). It may indicate that an equilibrium has been established 

between the rate of the degradation reaction of bio-based material and additives and the 

decomposition of HCHO. Longer heating (over 22 min) may lead to a decrease in the HCHO 

concentration (to approx. 200 ppb). Probably only the degradation processes of the 

formaldehyde produced occur at this stage. Similar trends can be observed for TVOCs (Figs. 

6b, 6d, 6f and 6h). 

The trends of increase, stabilization and decrease of TVOCs and HCHO concentrations may 

occur at different times, temperature and concentration levels, depending on the materials. In 

general, the highest concentrations of HCHO can be released from bio-PET at 43-48 °C 

(>700 ppb), from bio-PE from 22-28 °C (>150 ppb), from EPP from 24-30 °C (>200 ppb) and 

from PLA from 34-40 °C (>400 ppb). The source of carcinogenic formaldehyde may be the 

thermal degradation process of polymers [25-27]. 
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a) b) 

  
c) d) 

  
e) f) 

  
g) h) 

  

Fig. 6. Results of determination of volatile markers using electrochemical sensors (expressed in µg/kg of 

material): a) HCHO from bio-PET, b) TVOC from bio-PET, c) HCHO from bio-PE, d) TVOC from bio-PE,  

e) HCHO from EPP, f) TVOC from EPP, g) HCHO from PLA, h) TVOC from PLA. 

In contrast, the highest concentrations of TVOCs can be released from PLA at 48-52 °C 

(~15000 ppb). For the other materials, comparable highest concentrations of TVOCs were 

recorded at about 28 °C (~6000 ppb). The odour active compounds include aldehydes, ketones, 

carboxylic acids, alcohols and lactones, which are probably detected by the applied 

electrochemical sensor [28]. The amount of TVOCs released is strongly correlated with 

temperature. PLA is classified as a heat-shrinkable material and melts at an elevated 

temperature (50 °C). Therefore, the thermal degradation processes of the polymer occurred 

faster for this sample, which could have influenced the higher concentration of TVOCs released 

from this material. Characteristic TVOCs for PLA include mainly compounds from the 

aldehyde group (e.g. octanal, 3-nonenal, 3,6-nonadienal, nonanal, citronellal, (E)-2-nonenal, 

dodecanal) and ketones (e.g. 1-octen-3-one, 3,5-octanedione, sotolon) [28]. In turn, VOCs 

specific to EPP material may include 2,2-dimethylpentane, 1,1,3-trimethylcyclopentane, 2-

methyl-2,3-hexadiene, 3,6-dimethyldecane, glycerine, 2-chlorophenyloxirane, diethyl 
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phthalate, benzophenone and docosane [29]. In turn, acetaldehyde, glycol, nonanal and 2-

methyl-1,3 dioxolane was noted as TVOCs characteristic for bio-PET and bio-PE material [30, 

31]. 

4.2. Reference (chromatography) approach 

HCHO concentration values obtained by electrochemical and chromatographic (GC-ECD) 

methods were compared to determine the accuracy of the electrochemical sensors used. Table 2 

shows the average values of HCHO concentrations that were measured by the two methods 

(under the same measurement conditions). In the case of the chromatographic analysis, the 

calculations took into account the flow of gaseous samples through the sorption tubes 

(118.3 ml/min), the sorption time (5 min), the sample enrichment due to the desorption of 2 ml 

of methanol (295.75 times), the recovery (98 % for HCHO) and the weight of the sample FCMs. 

The results obtained take into account blank samples. 

In turn, Table 3 shows the mean values and variances of TVOC concentrations obtained 

from SGP30 sensors over the same time ranges. 

 

Table 2. Average formaldehyde concentrations (µg/kg of material) from individual HCHO sensors and from GC-

ECD analysis. 

Sensor bio-PET bio-PE EPP PLA 

HCHO 1 619 278 307 373 

HCHO 2 411 156 256 204 

HCHO 3 415 169 198 196 

HCHO sensors averaged 482 201 254 258 

variance of HCHO sensors 9427 2988 1954 6677 

GC-ECD averaged 258 268 209 118 

 

Table 3. Average TVOC concentrations (µg/kg of material) obtained from individual electrochemical sensors. 

Sensor bio-PET bio-PE EPP PLA 

TVOC 1 3050 3187 2832 8094 

TVOC 2 2869 2624 3236 7623 

TVOC sensors averaged 2959 2905 3034 7858 

variance of TVOC sensors 8176 79276 94287 55448 

 

Based on the obtained results (Table 2), it can be seen that the average readings of the 

electrochemical sensors are higher than the HCHO concentrations determined by the reference 

method (GC-ECD). The differences in the readings are significant, especially for bio-PET and 

PLA. The electrochemical sensors overestimate the concentrations of released HCHO by 

almost two times for this samples. The reason for the discrepancy may be the presence of other 

carbonyl compounds in the analysed samples, with a structure similar to HCHO. This means 

that the DFRobot DFR-08605 sensors are characterized by cross sensitivity and misread other 

compounds as HCHO. Chromatographic analysis confirmed this suspicion, as other low 

molecular weight aldehydes and ketones were identified in the analysed samples (including 

acetaldehyde, acetone, propanal, butanal, pentanal and benzaldehyde) (Fig. 7). 

Lower readings of HCHO concentration recorded by electrochemical sensors than by the 

reference method were observed only for bio-PE. This may probably be related to the 

particularly rapidly increasing values of the released HCHO, which resulted in exceeding the 

maximum increases recorded by the sensors. 
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a) b) 

  
c) d) 

  

Fig. 7. GC-ECD chromatograms obtained for the analysed bio-based plastic FCMs: a) bio-PET, b) bio-PE,  

c) EPP, d) PLA. Identification of carbonyl compounds: 1 – formaldehyde, 2 – acetaldehyde, 3 – acetone, 

4 – propanal, 5 – butanal, 6 – pentanal and 7 – benzaldehyde. 

For these reasons, the DFRobot DFR-08605 sensors can be used for the determination of 

total carbonyl compounds, rather than for specific HCHO analysis. They can be used as 

a preliminary method for assessing the safety of bio-based materials, since HCHO can be 

treated as a marker for the presence of other, low-molecular-weight carbonyl compounds. In 

addition, the use of TVOCs sensors provides a preliminary estimate of the amount of volatile 

odour compounds released from heated bio-based plastics FCMs. In addition, low variance 

values were obtained for most of the results, as can be seen from Tables 2 and 3. This 

demonstrates the consistency and similar quality of the readings of the electrochemical sensors 

used. 

Pearson correlation coefficients were calculated to determine the consistency of HCHO and 

TVOC sensor readings. They were calculated for values recorded by the sensors during the 

entire duration of individual measurements. The obtained results are summarized in Table 4. 

Additionally, Pearson correlation coefficients were calculated between the averaged readings 

of the HCHO and TVOC sensors. They are placed in the last row of Table 4. 

 

Table 4. Pearson correlation coefficients for HCHO 1-3 and TVOC 1-2 sensors and between averaged HCHO 

and TVOC sensor readings. 

Sensors bio-PET bio-PE EPP PLA 

HCHO 1-2 0.942 0.708 0.957 0.841 

HCHO 1-3 0.940 0.806 0.959 0.891 

HCHO 2-3 0.997 0.968 0.979 0.986 

TVOC 1-2 0.989 0.996 0.984 0.998 

HCHO-TVOC 0.957 0.219 0.774 0.977 

Obtaining Pearson correlation coefficient values close to 1, especially for HCHO 2 and 

HCHO 3 sensors and TVOC 1 and TVOC 2 under the same, controlled conditions, proves their 

precise design and similar sensitivity and accuracy for the tested formaldehyde. It also indicates 

that in further studies of a similar nature there is no need to multiply the electrochemical sensors 

of the same type. The differences in the readings obtained (visible between HCHO 1 and HCHO 

2 sensors) may be the result of the non-uniformity of the distribution of the samples of the tested 

material, which requires further analysis. The demonstrated differences in the readings of 

HCHO sensors and GC-ECD analysis prove that such sensors require calibration before use. 

5. Conclusions  

The global popularization of new, bio-based plastics food contact materials (FCMs) makes 

it necessary to search for methods to assess their safety. This paper presents the design and 

operation of a measuring device based on electrochemical sensors (e.g. DFRobot DFR-08605), 

which can be used as a fast, low-cost, easily accessible and environmentally friendly method 
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for pre-testing the safety of FCMs to confirm or exclude health and environmental risks. In 

order to determine the accuracy of the electrochemical sensor readings, the results obtained by 

the electrochemical method were compared with the reference chromatographic method (GC-

ECD). Based on the study, it was observed that some FCM bioplastics can be a source of release 

of carcinogenic formaldehyde (HCHO) and volatile organic compounds (TVOC) into food 

when heated (up to 50 °C). The type of FCMs and the heating temperature have a strong 

influence on the amount of organic contaminants released. Some simple chemical compounds 

are susceptible to thermal degradation. Furthermore, it was observed that the readings from the 

DFRobot DFR-08605 sensor were overestimated compared to the reference method (GC-ECD), 

which is probably due to the cross-sensitivity of this sensor. Pearson correlation analysis 

showed high agreement between readings from the same type of sensor, indicating good 

reproducibility of the results obtained. In summary, presented sensors can be used in “screening 

measurements” that will allow for the fast determination of contamination markers 

characteristic for specific materials. They can also be used in more advanced devices designed 

to assess the safety of other environmental matrices (soil, water, plants) in the future. 

Acknowledgements 

The research was financed by research grant 0211/SBAD/0224.  

References 

[1] Leszczyński, K., & Żbikowska, A. (2016). Opakowania i pakowanie żywności. Wybrane zagadnienia, 

Wydawnictwo SGGW 

[2] Yoon, J., Kim, B., & Kim, K. (2024). Distribution of microplastics in soil by types of land use in metropolitan 

area of Seoul. Applied Biological Chemistry, 67(1). https://doi.org/10.1186/s13765-024-00869-8 

[3] Li, K., Du, L., Qin, C., Bolan, N., Wang, H., & Wang, H. (2024). Microplastic pollution as an environmental 

risk exacerbating the greenhouse effect and climate change: a review. Carbon Research, 3(1). 

https://doi.org/10.1007/s44246-023-00097-7 

[4] European Commission. (2021). Commission Regulation (EU) No 1119/2021 of 30 June 2021 establishing 

the framework for achieving climate neutrality and amending Regulations (EC) No 401/2009 and (EU) 

2018/1999 (‘European Climate Law’). Official Journal of the European Union, L 243, 1-17. https://eur-

lex.europa.eu/eli/reg/2021/1119/oj 

[5] European Commission. (2019). Directive (EU) No 904/2019 of 5 June 2019 on the reduction of the impact 

of certain plastic products on the environment. Official Journal of the European Union, L 155, 1-19. 

https://eur-lex.europa.eu/eli/dir/2019/904/oj 

[6] Malinowski, R. (2015). Biotworzywa jako nowe materiały przyjazne środowisku naturalnemu. Inżynieria 

i Ochrona Środowiska, 18, 215-231. 

[7] Mościcki, L., Janssen, L. P. B. M., & Mitrus, M. (2006). Przetwórstwo skrobi termoplastycznej na cele 

opakowaniowe. Inżynieria Rolnicza, 6, 65-72. 

[8] Latos, M., & Masek, A. (2017). Biodegradowalne poliestry. Przetwórstwo Tworzyw, 4, 351-357. 

[9] Picotti, F., Fabbian, M., Gianni, R., Sechi, A., Stucchi, L., & Bosco, M. (2012). Hyaluronic acid lipoate: 

Synthesis and physicochemical properties. Carbohydrate Polymers, 93(1), 273–278. 

https://doi.org/10.1016/j.carbpol.2012.04.009 

[10] Brończyk, K., Adamski, M., Dąbrowska A., Konieczka A. & Dąbrowski A. (2023). Two approaches (GC-

ECD and electrochemical sensors signals processing) to the determination of carbonyl compounds as markers 

of air pollution. In Proceedings of the 2023 Signal Processing Algorithms, Architectures, Arrangements, and 

Applications (SPA), 102-107. https://doi.org/10.23919/spa59660.2023.10274453 

[11] Brończyk, K., Dąbrowska, A., & Majcher, M. (2023). Carbonyl compounds as contaminants migrating from 

the ecological vessels to food. Food Packaging and Shelf Life, 39, 101139. 

https://doi.org/10.1016/j.fpsl.2023.101139 

https://doi.org/10.1186/s13765-024-00869-8
https://doi.org/10.1007/s44246-023-00097-7
https://eur-lex.europa.eu/eli/reg/2021/1119/oj
https://eur-lex.europa.eu/eli/reg/2021/1119/oj
https://eur-lex.europa.eu/eli/dir/2019/904/oj
https://doi.org/10.1016/j.carbpol.2012.04.009
https://doi.org/10.23919/spa59660.2023.10274453
https://doi.org/10.1016/j.fpsl.2023.101139


Metrol. Meas. Syst., Vol. 32 (2025), No. 2 

DOI: 10.24425/mms.2025.154335 

 

[12] Centralny Instytut Ochrony Pracy – Państwowy Instytut Badawczy, Karta Charakterystyki Formaldehydu, 

https://www.ciop.pl/CIOPPortalWAR/appmanager/ciop/pl?_nfpb=true&_pageL-bel=P2760022440141043 

1343241&id_czynn_chem=255 (accessed: 05.04.2024) 

[13] Kukkar, D., Vellingiri, K., Kaur, R., Bhardwaj, S. K., Deep, A., & Kim, K. (2018). Nanomaterials for sensing 

of formaldehyde in air: Principles, applications, and performance evaluation. Nano Research, 12(2), 225–

246. https://doi.org/10.1007/s12274-018-2207-5 

[14] Lewis, A. C., Lee, J. D., Edwards, P. M., Shaw, M. D., Evans, M. J., Moller, S. J., Smith, K. R., Buckley, 

J. W., Ellis, M., Gillot, S. R., & White, A. (2015). Evaluating the performance of low cost chemical sensors 

for air pollution research. Faraday Discussions, 189, 85–103. https://doi.org/10.1039/c5fd00201j 

[15] Lewis, A., & Edwards, P. (2016). Validate personal air-pollution sensors. Nature, 535(7610), 29–31. 

https://doi.org/10.1038/535029a 

[16] Cross, E. S., Williams, L. R., Lewis, D. K., Magoon, G. R., Onasch, T. B., Kaminsky, M. L., Worsnop, D. R., 

& Jayne, J. T. (2017). Use of electrochemical sensors for measurement of air pollution: correcting 

interference response and validating measurements. Atmospheric Measurement Techniques, 10(9), 3575–

3588. https://doi.org/10.5194/amt-10-3575-2017 

[17] Jiao, W., Hagler, G., Williams, R., Sharpe, R., Brown, R., Garver, D., Judge, R., Caudill, M., Rickard, J., 

Davis, M., Weinstock, L., Zimmer-Dauphinee, S., & Buckley, K. (2016). Community Air Sensor Network 

(CAIRSENSE) project: evaluation of low-cost sensor performance in a suburban environment in the 

southeastern United States. Atmospheric Measurement Techniques, 9(11), 5281–5292. 

https://doi.org/10.5194/amt-9-5281-2016 

[18] Hagan, D. H., Isaacman-VanWertz, G., Franklin, J. P., Wallace, L. M. M., Kocar, B. D., Heald, C. L., 

& Kroll, J. H. (2018). Calibration and assessment of electrochemical air quality sensors by co-location with 

regulatory-grade instruments. Atmospheric Measurement Techniques, 11(1), 315–328. 

https://doi.org/10.5194/amt-11-315-2018 

[19] Tianliang, F., Xingchuang, X., & Shangzhong, J. (2023). The development of a meta-learning calibration 

network for low-cost sensors across domains. Metrology and Measurement Systems, 617–635. 

https://doi.org/10.24425/mms.2023.147957 

[20] Chludziński, T., & Kwiatkowski, A. (2020). Exhaled breath analysis by resistive gas sensors. Metrology and 

Measurement Systems, 81–89. https://doi.org/10.24425/mms.2020.131718 

[21] Babaelahi, M., & Sadri, S. (2021). Analysis, evaluation, and optimization of bio-medical thermo-resistive 

micro-calorimetric flow sensor using an analytical approach. Metrology and Measurement Systems, 109–

125. https://doi.org/10.24425/mms.2022.138545 

[22] Brończyk, K., Adamski, M., Dąbrowska, A., Konieczka, A., & Dąbrowski, A. (2024). Accuracy and cross-

sensitivity analysis of the PMS5003 formaldehyde sensor. Proceedings of the SPA 2024 Signal Processing: 

Algorithms, Architectures, Arrangements, and Applications, Poznan, 25th-27th September 2024/IEEE, 2023, 

200-2004. https://doi.org/10.23919/SPA61993.2024.10715610 

[23] DFRobot. (n.d.). Gravity: Formaldehyde (HCHO) Sensor. https://www.dfrobot.com/product-1574.html 

[24] Sensirion. (2020, May). Datasheet SGP30. Indoor Air Quality Sensor for TVOC and CO2eq Measurements. 

https://sensirion.com/media/documents/984E0DD5/61644B8B/Sensirion_Gas_Sensors_Datasheet_SGP30.

pdf 

[25] Abe, Y., Kobayashi, N., Yamaguchi, M., Mutsuga, M., Ozaki, A., Kishi, E., & Sato, K. (2021). Determination 

of formaldehyde and acetaldehyde levels in poly(ethylene terephthalate) (PET) bottled mineral water using 

a simple and rapid analytical method. Food Chemistry, 344, Article 128708. 

https://doi.org/10.1016/j.foodchem.2020.128708 

[26] Cardozo, I. M. M., Anjos, J. P. D., Da Rocha, F. O. C., & De Andrade, J. B. (2021). Exploratory analysis of 

the presence of 14 carbonyl compounds in bottled mineral water in polyethylene terephthalate (PET) 

containers. Food Chemistry, 365, 130475. https://doi.org/10.1016/j.foodchem.2021.130475 

[27] Dehghani, M. H., Farhang, M., & Zarei, A. (2018). Investigation of carbonyl compounds (acetaldehyde and 

formaldehyde) in bottled waters in Iranian markets. International Food Research Journal, 25, 876-879. 

http://www.ifrj.upm.edu.my/25%20(02)%202018/(59).pdf 

https://www.ciop.pl/CIOPPortalWAR/appmanager/ciop/pl?_nfpb=true&_pageL-bel=P2760022440141043
https://www.ciop.pl/CIOPPortalWAR/appmanager/ciop/pl?_nfpb=true&_pageL-bel=P2760022440141043
https://doi.org/10.1007/s12274-018-2207-5
https://doi.org/10.1039/c5fd00201j
https://doi.org/10.1038/535029a
https://doi.org/10.5194/amt-10-3575-2017
https://doi.org/10.5194/amt-9-5281-2016
https://doi.org/10.5194/amt-11-315-2018
https://doi.org/10.24425/mms.2023.147957
https://doi.org/10.24425/mms.2020.131718
https://doi.org/10.24425/mms.2022.138545
https://doi.org/10.23919/SPA61993.2024.10715610
https://www.dfrobot.com/product-1574.html
https://sensirion.com/media/documents/984E0DD5/61644B8B/Sensirion_Gas_Sensors_Datasheet_SGP30.pdf
https://sensirion.com/media/documents/984E0DD5/61644B8B/Sensirion_Gas_Sensors_Datasheet_SGP30.pdf
https://doi.org/10.1016/j.foodchem.2020.128708
https://doi.org/10.1016/j.foodchem.2021.130475
http://www.ifrj.upm.edu.my/25%20(02)%202018/(59).pdf


A. Konieczka et. al.: ELECTROCHEMICAL DETERMINATION OF VOLATILE MARKERS OF BIO-BASED PLASTICS CONTAMINANTS 

 

[28] Ubeda, S., Aznar, M., & Nerín, C. (2019). Determination of volatile compounds and their sensory impact in 

a biopolymer based on polylactic acid (PLA) and polyester. Food Chemistry, 294, 171–178. 

https://doi.org/10.1016/j.foodchem.2019.05.069 

[29] Hopfer, H., Haar, N., Stockreiter, W., Sauer, C., & Leitner, E. (2011). Combining different analytical 

approaches to identify odor formation mechanisms in polyethylene and polypropylene. Analytical and 

Bioanalytical Chemistry, 402(2), 903–919. https://doi.org/10.1007/s00216-011-5463-8 

[30] Paiva, R., Wrona, M., Nerín, C., Veroneze, I. B., Gavril, G., & Cruz, S. A. (2021). Importance of profile of 

volatile and off-odors compounds from different recycled polypropylene used for food applications. Food 

Chemistry, 350, 129250. https://doi.org/10.1016/j.foodchem.2021.129250 

[31] Zeng, Y., Jin, L., Zhu, L., Wu, Y., Luo, S., Shang, G., Wang, Z., Liu, G., & Hu, C. (2023). Physical 

characterization and volatile organic compound monitoring of recycled polyethylene terephthalate under 

mechanical recycling. Food Science, 44(24), 306-315. https://doi.org/10.7506/spkx1002-6630-20221011-

100 

https://doi.org/10.1016/j.foodchem.2019.05.069
https://doi.org/10.1007/s00216-011-5463-8
https://doi.org/10.1016/j.foodchem.2021.129250
https://doi.org/10.7506/spkx1002-6630-20221011-100
https://doi.org/10.7506/spkx1002-6630-20221011-100

