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Abstract. 
This study was conducted for the qualitative and quantitative determination of volatile organic compounds (VOCs) and total volatile organic compounds (TVOC) from polymeric foam materials used in upholstered furniture. Six different types of foams viz. Highly elastic foam K5040, standard PU foam N5063, bonded polyurethane foam R100, viscoelastic foam V5020, self-extinguishing foam KF5560, and foam rubber were used. Short-term and long-term (24, 48, 72, 672 hours (28 day)) measurements were done to differentiate the role of primary emissions (present in new products) and secondary emissions (due to chemical reactions in material or slowly released due to the porous structure of material). The samples were collected using a small-space sampling chamber at a temperature of 23°C and a humidity of 50% depending on the aspect of time. The concentrations of VOC and TVOC were identified and quantified using a Gas chromatography–Mass spectroscopy (GC-MS) based method. Based on the VOC measurements, the standard room concentrations were simulated to estimate the human health risk assessment for all six types of foams. The results of simulations suggest no possibility of human health risk for the very long period (28 days), as the estimated values were found to be much below the prescribed limits.

1. Introduction
Today’s society spends the majority of their time in confined spaces, mostly in their homes, up to 95% and about 6% of their time in vehicles [1]. The indoor environment is, therefore, an important aspect of human life, and it is essential that its quality—health safety—is at the highest level. Air quality can be measured and analyzed by taking an air sample, which is evaluated by the appropriate method for the amount of volatile organic substances (VOC) and total volatile organic compounds (TVOC) ranging from hexane to hexadecane (C6–C16) which is an indicator of ambient air cleanliness. The primary sources of emissions in the interior are furniture materials like the wood used in furniture [2, 3], foams, and human activities. The most widespread compounds are formaldehyde and acetaldehyde. The reason for their wide occurrence is their volatile character and the fact that they are widely used in the production of a large number of household products such as paints, lacquers, waxes, solvents, and detergents. They have also been shown to be emitted during the use of electronic devices such as printers, copiers, and others [4]. Concerns about consumer safety are a reason to control airborne pollutants like VOCs, and these undesirable substances are released from the materials used in indoor products manufacturing [5]. Several technologies have been developed to address this issue [6]. There are several other polymers like lignin and cellulose (in wood), and their derivatives present in different indoor product formulations that can adsorb and retain the VOCs, but this study is more focused on upholstered furniture [7–10].
On average, one-third life of a person is spent by sleeping [11]. This is the time spent not only in bed but also on resting furniture such as upholstered sofas, where the lying area (seating area) is composed of foamed materials (called as polyurethane foams (PU) or foam rubber (LATEX name). These polymer-based materials have a cellular structure and are therefore porous and hence, to a certain extent, breathable. It performs the softening function of the touch surfaces with the body of the user, and at the same time, it can behave as a carrier of VOCs. Generally, VOCs can be controlled at source (during the manufacturing of the indoor product), ventilation, and air-cleaning [12]. The reported methods for air-cleaning include botanical purification, Catalytic combustion, Membrane Separation, Zeolite based adsorption, Bio-filtration, Absorption, and activated carbon-based adsorption [13–15]. Every method has its advantages and disadvantages, and the best suitable method can vary from site to site. In the context of upholstered furniture, properties of foam can be modified by additives, novel blowing agents and new biobased polymers or at least minimised within prescribed limits [16, 17].
In a previous study, the potential risks of VOCs released from five types of polyurethane foams by simulating the scenario of a man lying on a soft foam mattress for 8 h/day were estimated [18], in which, the measurements for very long-term intervals were missing that limited the data availability about passive emissions. In this study, six commonly used foams in upholstered furniture (commercially available) were characterized for their permeability and emitted VOCs. Measurements were done at the interval of 24, 48, 72, and 672 h (28 days) intervals. Long-term measurements (28 days) were done to differentiate the primary emissions (physically released compounds present in new products) and secondary emissions (compounds produced by a chemical reaction in a product or in the microstructure and are released gradually). This study aims to provide the missing data about secondary emissions that take relatively long time to be emitted. Based on VOC values from our experiment, the concentration of VOCs in a standard room was modeled to assess Human health risk for all six types of materials.
2. Materials
The internal used standards were from ethylacetate, toluene, hexanal, n-butyl acetate, ethylbenzene, m,p-xylene, styrene, o-xylene, α-pinene, 3-ethyltoluene, D-10-o-xylene, 1,2,4-trimethylbenzene (Supelco, Sigma Aldrich), 3-δ-carene and butoxyethanol (Fluka). The parameters of samples tested for VOC content can be found in Table 1. The size of the measured sample was 0.65 m × 0.65 m × 0.05 m, .
Table 1: Parameters of various samples used in the study.
	

	Material	Density (kg m−3)	Cell diameter	Manufacturer and supplier
	

	Highly elastic foam K5040	46.5–51.5	3 mm	Eurofoam GmbH (Austria) and BPP spol s.r.o, Czech Republic
	Standard PU foam N5063	46.5–51.5	0.8–1.5 mm	Eurofoam GmbH (Austria) and BPP spol s.r.o., Czech Republic
	Bonded polyurethane foam R 100	90–120	—	Eurofoam GmbH (Austria) and BPP spol s.r.o, Czech Republic
	Viscoelastic foam V5020	45–55	—	Eurofoam GmbH (Austria) and BPP spol s.r.o, Czech Republic
	Self-extinguishing foam KF5560	51.5–59.5	—	Eurofoam GmbH (Austria) and BPP spol s.r.o, Czech Republic
	Foam rubber	—	—	Eurofoam GmbH (Austria) and BPP spol s.r.o., Czech Republic
	



3. Methodology
3.1. Sampling of Released VOCs
Prior to VOC measurement, each sample was air-conditioned for 72 h by placing it in a small-space emission chamber. The concentration of VOCs released was assessed at different intervals of time using ISO 16000-9, (2006) standards [19]. Foam samples were placed in a hermetically sealed space of defined temperature 23°C, relative atmospheric humidity of 50%, and air velocity of 0.1 to 0.3 ms−1. Sampling for analysis was collected using a small volume space chamber VOC TEST 1000 with a volume of 1 m3. The sampling was carried out via a splitter by pumping air through two pumps with an airflow of 12 l .h−1 through two sorption tubes with Tenax TA sorbent, where the organic components were adsorbed on the sorbent. The time of one sampling was 180 min. Measurement of the individual polymeric foam materials loaded with emissions for the analysis of TVOC and VOC was performed by a 24 h, 48 h, 72 h, and 672 h (28 days) intervals.
3.2. GC-MS System and Analysis of Samples
The samples collected in Tenax Tube were subjected to thermal desorption system, from where they were injected into Gas Chromatography with a mass spectrometry system equipped with the ChemStation program. The content of the sorption sampling tube is desorbed using thermal desorption from the tube into a column of capillary column gas-chromatograph and a mass-spectrometer detector (Figure 1). Subsequently, qualitative and quantitative data are evaluated using ChemStation software. The internal standard D10-o-xylene method is used for evaluation according to ISO 16000-6, (2011) [20]. The MS‒SPL–BOTH method (MS‒mass spectrometry, SPL‒Splitless Injection Method; BOTH‒collection of all ions SCAN (scanning all ions within a given weight range) and selected ions SIM (single for selected ion monitoring) in the spectrum), which works in two modes simultaneously SCAN and SIM, was used to analyze samples of air samples of tested materials (Table 2). The RT retention time, target ion Tg and control ions Q1, Q2, and Q3 in SIM mode are used to identify individual VOCs. The target ion peak areas (Tg) are designed to evaluate the concentration of individual VOCs. The peak areas in the total ionic ion chromatogram (TIC) are used to evaluate the TVOC. Calculate the content of VOCs and TVOC first by using ChemStation software, where we obtain the amount of analyte in ng per tube. Conversion to weight concentration is performed in Excel. The SCAN mode serves to evaluate the TVOC parameter. TVOC is the sum of all VOC compounds that are eluted from the chromatographic column between n-hexane and n-hexadecane including these.



	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
	



	
	
	
	



	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	
	
	
	
	
	



	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


	
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	



Figure 1: Flow chart of the various steps in VOC measurements.


Table 2: Thermal desorption and GC-MS parameters used in the study.
	

	Thermal desorption	Short Path Thermal Desorption Controller model TD–4, Serial J210
	

	Temperature and time conditions of thermal desorption
	Operation	Time (s)	Temperature [°C]
	Gas purge time	300	–
	Injection time	30	–
	Desorption time	180	200 (initial)–250 (final)
	GC start delay	30	
	Gas chromatograph	Agilent Technologies GC 6890 Network GC System
	Mass spectrometry	Agilent Technologies GC 6890 Network GC System
	

	Thermostat
	Initial temp [°C]	40
	Initial time [min]	2
		Temperature rise rate [°C.min−1]	Final temp [°C]	Final time [min]
	Ramp	8	240	20
	Run time [min]	47	47	47
	

	Front Inlet
	Mode	Split
	Temp [°C]	250
	Pressure [kPa]	62,9
	Split ratio	40:1
	Split flow [mL.min−1]	47,9
	Total flow [mL.min−1]	52,6
	Gas type	Helium
	

	Column
	Capillary column type:	AGILENT HP–5MS (5% Phenyl methyl siloxane)
	Max. temperature [°C]	325
	Nominal length [m]	30
	Nominal diameter [µm]	250
	Nominal film thickness [µm]	1
	Initial flow [mL.min−1]	1,2
	Average velocity [cm.sec-1]	40
	Nominal init pressure [kPa]	63
	Outlet	MSD
	Outlet pressure	vacuum
	

	Zone MS
	MS Quad–temp [°C]	150 (max 200)
	MS Source–temp [°C]	230 (max 250)
	Acquisition Mode	SCAN/SIM
	Low mass	25
	High mass	500
	Threshold	50
	



3.3. Estimations of Human Health Risk
To assess human health risk, the worst scenario was modeled using the measured values of VOCs. The worst scenario was based on the maximum measured concentration of the compound irrespective of the time. Previously reported equations and methodology were used to assess the health risk in s standard room. These estimated values were then compared with the value of the NOAEL and PEL (if available). This gave an idea of health risk possibilities in a standard room. Upholstered furniture (modular sofa) with total surface area 12.81 m2 was assumed to be placed in a standard room of volume 30 m3. All surfaces were assumed to be emitting the VOCs to model the worst scenario. Following equations were used for modeling purpose as reported by Hillier et al. [18].
: area of sample in standard room and chamber, 12.81 m2−0.98 m2
: volume of standard room and chamber, 30 m3−1 m3
: air change in standard room and chamber, 0.5 h−1−1 h−1
: area specific volume flow in a standard room and chamber, 
 calculated the concentration of the volatile chemical in a standard room
 measured the concentration of a volatile chemical in the test chamber
Thus, the concentration of volatile chemical in a standard room is the product of concentration of volatile chemical in the test chamber multiplied by 0.87.
4. Results and Discussions
The sources of VOCs in the indoor environment can be paints, furniture, appliances and decorative item. There are three levels of this problem handling source, ventilation, and air cleaning. Several methods have been reported to control VOCs in the indoor environment such as toluene adsorption using activated carbon [15, 23], catalytic or UV methods [22], an additive in foam formulation [17], thermal oxidation, and bio-treatment [13, 14] methods. Every method comes with its advantages and limitations that should be considered based on individual indoor conditions. However, this manuscript is focused on polymeric foams and health risk assessment in indoor condition by their emitted VOCs. The measured TVOC values for individual materials are presented in Figure 2. It can be seen in Figure 2 that the TVOC values were observed to be relatively high for K5040, V5020, and foam rubber materials as compared to the others. However, a time-dependent decrease in TVOC content was not observed in all materials. It also suggests the role of secondary emission and its variation based on the material properties (porosity and permeability). Additionally, the presented results indicate that the values of TVOC for K5040, N5063, and foam rubber decreased over time. While, KF 5560, R100, and V5020 behaved differently over time and did not confirm a decrease in TVOC over time. In KF5560, we can see a gradual small increase in TVOC over time, up to 72 h (241 µg m−3), which after 672 h dropped sharply to 109 µg m−3. Similarly, the TVOC values for V5020 gradually increased to the 326 µg m−3 in 48 h, followed by a negligible decrease to 323 µg m−3 in 72 and ultimately decreasing to 138 µg m−3 in 672 h. The R100 material showed a decrease in TVOC values upto 102 µg m−3 in 72 h. However, post 672 h, the value is increased to 148 µg m−3. It is where the role of secondary emissions can be assumed to cause anomalous behaviour.








	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	







































	
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
		
	


	
		
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
		
	
	
		
			
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
	



	
		
			
			
			
			
			
			
		
	



	
		
			
			
			
			
			
		
	



	
		
			
			
			
			
			
			
			
			
			
			
		
	



	
		
			
			
			
			
		
	



	
		
			
			
			
			
			
		
	



	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	


	
	
	
	


	
	
	

Figure 2: Measured TVOC concentrations for different foams with respect to time. (standard limits as per [21, 22], limits for 48 h not available)


In post-24-hour measurements, all materials showed TVOC above 300 µg m−3, except for KF5560 at 180 µg m−3. The highest concentrations were measured after 24 h for K5040, N5063, foam rubber and R100 foamed polyurethane foams. The viscoelastic foam V5020 reached the highest concentration of 323 µg m−3 and the polyurethane foam with flame-retardants KF5560 reached the highest concentration of 216 µg m−3 for 48 h measurements. The highest concentration after 72 h was observed for viscoelastic foam V5020 (323 µg m−3). For K5040, KF5560, foam rubber, the concentration for 72 h ranged from 211 to 256 µg m−3. The lowest concentration values after 72 h were measured in the bound polyurethane foam R100 102 µg m−3 and polyurethane foam N5063 124 µg m−3. The lowest concentration of 97 µg m−3 after 672 h was found in N5063. The highest concentration of 229 µg m−3 after 672 h was detected in K5040. In the case of the arithmetic mean of the TVOCs found over a total period of measurement time for the materials, we can divide these materials into three groups according to the average result value. The first group is materials that released over time over 100 µg m−3 TVOC is K5040 and R100. The second group is materials that have released TVOC over 90 µg m−3, is foam rubber, N5063 and V5020 over time. Moreover, the third group is materials that released TVOC below 90 µg m−3 is KF5560 over time.
In the analysis of the identified VOCs, 13 significant substances were measured as presented in Figure 3. The highest concentration of the monitored determinant was observed for toluene (26.6 µg m−3) in the bound polyurethane foam R100 for 24 h measurements. Significant concentrations of 18 µg m−3 were also measured with foam rubber for 24 h. The toluene was found to be in a higher concentration for all materials as compared to other substances. The lowest concentration of 3 µg m−3 after 24 h was detected in the viscoelastic foam V5020. The least loaded material with toluene is the viscoelastic foam V5020. The most burdened material with toluene is the bonded polyurethane foam R100. Individual concentrations of toluene gradually decrease concerning time for all measured materials.
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(f)
Figure 3: Concentration of Different VOCs emitted by different foams with time.


Another compound that showed a high concentration of 19.3 µg m−3 in foam rubber and 17.8 µg m−3 in the bound polyurethane foam R100 after 24 h was m,p-xylene. The lowest concentration of 8.9 µg m−3 over 24 h was detected in the viscoelastic foam V5020. Although m,p-xylene has not reached as high concentrations as toluene in the individual foam analysis, it has, compared to other high concentrations over time, individual materials over time. The m-p-xylene was released in minimum quantity by the V5020 viscoelastic foam. The most releasing material for p-xylene was a bonded polyurethane foam R100. Concentrations of m,p-xylene gradually decrease over time in all measured materials. The substance ethyl acetate was detected in a higher concentration above 1 µg m−3 only in the bound R100 foam polyurethane foam. Hexanal was the most representative of K5040 polyurethane foam over time; the highest concentration reached 672 h. Hexanal not only reduces but also increases as observed in K5040 polyurethane foam, foam rubber, and bonded R100 polyurethane foam.
N-Butyl acetate showed the highest concentrations in foam rubber and the R100 polyurethane foam after 672 h and therefore did not decrease with time; this also can be attributed to secondary emissions. Ethylbenzene reached the highest concentration of 10.7 µg m−3 in the N5063 polyurethane foam after 24 h, with concentrations lower than 1 µg m−3 after 48 h–672 h. It was significantly accentuated with time for K5040 polyurethane foam, foam rubber and bonded R100 polyurethane foam. The concentration of styrene was observed to be decreasing with time for K5040 polyurethane foam, foam rubber, and bonded R100 polyurethane foam. O-xylene showed the highest concentration of 8.3 µg m−3 in foam rubber after 24 h. It was followed by a decrease with time. A similar trend was observed in all other samples too, except viscoelastic foam V5020. O-xylene concentration showed a decrease over time for all types of tested samples. For butoxyethanol, the highest concentration reached 3.6 µg m−3 in foam rubber for 672 h. No decrease in concentration was observed with time. 3-δ-Caren at was measured above 1 µg m−3 after 24 h, 48 h, 72 h, and 672 h in foam rubber only. The highest concentration was reached after 72 h.
None of the measured TVOC values of individual materials exceeded the Ecolabel and CertiPUR label requirements, where the concentration of volatile organic compounds should not exceed 500 µg m−3. In the simulated health risk assessment, none of the compounds showed a value higher than prescribed limits; thereby no health risk could be suggested (Table 3). The maximum simulated value was observed for Toluene in R100 with 23.14 µg/m3 that too was much below the prescribed values by NOEL.
Table 3: The measured and simulated concentrations of VOCs and limits.
	

	Volatile	Test chamber highest conc K5040	Standard room highest conc K5040	Test chamber highest conc KF5560	Standard room highest conc KF5560	Test chamber highest conc N5063	Standard room highest conc N5063	Test chamber highest conc foam rubber	Standard room highest conc foam rubber	Test chamber highest conc R100	Standard room highest conc R100	Test chamber highest conc V5020	Standard room highest conc V5020	Limit	Source of limit
	[µg/m3]
	

	Ethylacetate	0,10	0,09	0,30	0,26	0,20	0,17	0,20	0,17	2,50	2,18	0,00	0,00	70 000	PEL/10
	Toluene	13,00	11,31	7,50	6,53	10,70	9,31	18,00	15,66	26,60	23,14	3,00	2,61	191	NOAEL
	Hexanal	1,90	1,65	0,50	0,44	2,00	1,74	1,70	1,48	1,20	1,04	0,60	0,52	394	NOAEL
	n-Butyl acetate	2,60	2,26	1,20	1,04	1,10	0,96	6,40	5,57	5,20	4,52	1,10	0,96	–	–
	Ethylbenzene	3,10	2,70	3,70	3,22	10,70	9,31	4,80	4,18	5,10	4,44	2,40	2,09	20 000	PEL/10
	m,p-Xylene	11,00	9,57	14,10	12,27	12,90	11,22	19,30	16,79	17,80	15,49	8,90	7,74	20 000 (all xylene)	PEL/10
	Styrene	2,20	1,91	1,80	1,57	2,00	1,74	3,00	2,61	2,20	1,91	1,10	0,96	85 000	NOAEL
	o-Xylene	4,70	4,09	6,40	5,57	5,80	5,05	8,30	7,22	7,00	6,09	4,50	3,92	20 000 (all xylene)	PEL/10
	Butoxyethanol	2,30	2,00	1,60	1,39	0,40	0,35	3,60	3,13	0,80	0,70	1,50	1,31	10 000	PEL/10
	α-Pinene	0,20	0,17	0,10	0,09	0,10	0,09	1,10	0,96	0,50	0,44	0,10	0,09	–	–
	3-Ethyltoluene	1,10	0,96	0,70	0,61	0,40	0,35	1,10	0,96	0,20	0,17	1,10	0,96	–	–
	1,2,4-Trimethylbenzene	0,50	0,44	0,50	0,44	0,70	0,61	1,00	0,87	0,30	0,26	0,40	0,35	10 000	PEL/10
	3-δ-Carene	1,10	0,96	1,20	1,04	1,40	1,22	2,90	2,52	1,40	1,22	0,80	0,70	–	–
	


The NOAEL is defined as “no observed adverse effect level”. PEL is defined as Acceptable Exposure Limits in Working Environment according to Government Decree no. 361/2007 Coll.


5. Conclusion
VOCs are released from materials in different ways over time. Therefore, we can not say that in time the concentration decreases if we take the order of the individual measurements after 24 h, 48 h, 72 h,and 672 h in the determined VOCs or the peak area decreases for the identified VOCs. As a result, the values after 672 h are much lower than after 24 h. However, not for all measured materials, we can see that the concentration of the VOC peak would be lower than the initial 24-hour measured concentration. Thus, over a longer period, the concentration or peak area decreases compared to the initial measurement. In the case of individual polymeric foam materials, the comparison of the concentrations in the decreasing order, ethylacetate, toluene, hexanal, n-butylacetate, ethylbenzene, m,p-xylene, styrene, o-xylene, butoxyethanol, 3-ethyltoluene, 1,2,4-trimethylbenzene, 3-δ-carene. As observed, the comparison of the peak area, the decreasing order follows as, 1,4-dimethylpiperazine, 4-ethylmorpholine, triethylenediamine, N,N-dimethylbenzene-methanamine, undecane, 2-ethylhexanoic acid, decamethylcyclo-pentasiloxane, dodecane, tridecane, and dodecamethylcyclohexasiloxane.
It can be concluded that it is difficult to generalize the time-dependent decrease in VOC release with time for all kind of polymers as these values vary on time, material, and individual VOC basis. However, in simulated values, it can be seen that none of the studied VOCs was observed to be even near the prescribed limit. Hence zero health risk can be suggested. Considering the variation in source dependent nature and quantity of TVOC cocktail and in toxicity level of individual compound, it is suggested to minimise their content at different possible levels. Various formulation strategies for foams with functional additives in addition to the modified fabrics should be utilised to minimise VOC emissions.
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