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Abstract: Volatile organic compounds (VOCs) are the main source influencing the overall air quality
of an environment. It is a well-known fact that coated furniture units, in the form of paints and
varnishes, emit VOCs, reducing the air quality and resulting in significant health problems. Exposure
time to such compounds is also an important parameter regarding their possible health effects. Such
issues also have a greater influence when the exposure period is extended. The main objective
of this study was to review some of the important factors for the emission of VOCs from coated
furniture, from the perspective of material characteristics, as well as health concerns. Some methods
for controlling VOC emissions to improve indoor air quality, from the point of view recent regulations
and suggestions, are also presented in this work.

Keywords: volatile organic compounds (VOCs); air quality; adverse health effects; furniture units;
wood-based panels

1. Introduction

Volatile organic compounds (VOCs) are widely emitted from furniture units coated
with paints, varnishes, waxes, and solvents [1-4]. It was determined that solid wood and
wood composite-based furniture units play an important role in VOC emission, influencing
overall indoor air quality [5]. Emission compounds, testing methods for identifying such
compounds, and their cumulative effects on environmental factors are key factors for
determining limits and protecting human health. It is a fact that the presence of VOCs
in indoor air is directly related to health risks [6]. VOCs have adverse health effects
on the human body and especially children; being a sensitive group since they do not
have completed physical and cognitive development. The systems targeted by VOCs
can vary, depending on acute short-term or chronic long-term exposure. The central
nervous system and respiratory system are the target systems in acute exposure, causing
eye, nose, throat, mucous membrane irritation, headaches, and dizziness. On the other
hand, chronic exposure to such compounds is more serious, effecting different systems
including the immune, hematopoietic, central nervous, and respiratory systems. As a result
of this, immunodeficiency modifies blood chemistry and leukemia, slow reaction times,
concentration and balance problems, memory loss, peripheral neuropathy, and asthma are
negative results of such exposures [7,8]. Generally, VOCs are lipid soluble compounds,
and they can pass the blood-brain barrier causing neurologically adverse health effects,
which are common problems from exposure.

While many new innovative technological developments in wood finishing have
created fashionable furniture units, it is a fact that they can also cause significant indoor
air pollution. Designers, manufacturers, and consumers are mostly concerned with the
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aesthetics, functionality, cost, and durability criteria of furniture products. It is impor-
tant that issues should be considered regarding chronic VOC exposure from furniture.
World Health Organization (WHO) guidelines describe indoor air quality as an essential
determination of a healthy life and people’s well-being, and state that the emission of
hazardous substances such as VOCs in indoor air causes many health problems. The WHO
has published guidelines for implementing the most effective approaches regarding indoor
air quality and public health protection [9]. The United States Environmental Protection
Agency (EPA) published “A Guide to Indoor Air Quality” that underlined that the risk of
polluted indoor air can be more serious than outdoor air [10]. Qualified indoor air quality
has been defined as the concentration of harmful substances below a limit by the institution
of American heating, refrigerating, and air conditioning engineers [11]. A report entitled

“Revision of European Union Ecolabel criteria for furniture products” published in 2017,

stated that VOCs emitted from furniture products are a great concern for indoor air quality.
In this report a flexible approach was provided to ensure that emissions can be minimized
by using low VOC concentrations and coatings, and testing VOC emissions from the fi-
nal product while avoiding expensive tests [12]. Typical VOCs consist of aldehydes and
benzene derivatives such as formaldehyde, toluene, and benzene. Previous studies mainly
focused on VOC emission from building materials [13-15], while furniture has rarely been
investigated as the VOCs emission mechanisms of whole furniture items depend on their
coating and raw materials. Urea formaldehyde resin and paints are still widely used during
the manufacture of furniture, causing the emission of formaldehyde and benzene into
indoor air [16]. Currently, there is very little or no information on indoor air quality as a
function of VOCs from coated furniture units. Therefore, the objective of this study was
to present basic information on the levels of VOCs from different parts of furniture and
the adverse effects of these compounds, raising awareness from the perspective of public
health protection. Some of the health effects of styrene, toluene, p-dichlorobenzene, xylene,
ethyl benzene, benzene, and formaldehyde on human and child health was also reviewed,
and VOC emission reduction approaches are also discussed.

2. Methodology
2.1. Scope

We aimed to review some of the recent studies on the measurement of VOC emissions
from different parts of furniture units. The individual VOCs selected were styrene, toluene,
p-dichlorobenzene, xylene, ethyl benzene, benzene, and formaldehyde, due to their emis-
sion properties from different types of wood-based furniture. Their purpose of use, limit
values, and possible adverse health effects are discussed.

The toxicological profile and public health statements for each individual VOC, consid-
ering the Agency for Toxic Substances and Disease Registry (ATSDR) and US EPA reports,
were also reviewed within the scope of this work.

2.2. Search Strategy

The literature search included the following aspects and disciplines: detection aspects
of monitoring VOC emission, VOC sampling methods, analytical techniques for monitoring
VOC emissions, VOC emissions from different parts of furniture, toxicological profiles and
adverse health effects of the selected individual compounds, and the concentrations of
individual VOCs. The following electronic databases were investigated: Scopus (including
citation reports), Elsevier, Google Scholar, and PubMed. The selected literature were
published in English from 1999-2021. The search strategy is summarized in Figure 1.
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Figure 1. The literature search strategy of the review.

2.3. Analysis of VOCs

Emission sources into indoor air include different parts of furniture. VOC emissions
from different types of furniture unit were investigated by searching VOC sources such as
coatings, adhesives, and extractives individually (Figure 2). The main common ingredients
were noted, along with the range of concentrations and regulation limits. After selecting the
common VOCs that are emitted from both coated solid wood and wood-based composite
furniture units, guideline values of indoor air concentrations and the possible adverse
health effects of these chemicals were summarized regarding short-term and long-term
exposure. The findings of the included studies were grouped to understand their possible
adverse health effects, especially from the point of view of children’s health. Furthermore,
literature regulations that are helpful for controlling indoor air quality, international and
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national standards, and criteria for furniture in terms of managing VOC emissions were
noted in the review. Recent studies about VOC emissions reduction were also investigated
and the use of artificial intelligence for predicting VOC emissions was considered as a
promising method for detecting VOC emission in indoor air. Recent restrictions, alternative
congeners, and detection methods were also analyzed for guiding further studies.

Toulene

Xylene POOR
Benzene - mp INDOOR AIR
Styrene I hi QUALITY

Formaldehyde
vVOocC

Figure 2. Volatile organic compounds (VOCs) from different types of furniture units.

VOC measurement from indoor air can be assessed with sorption tubes, such as dini-
trophenylhydrazine (DNPH) cartridges, Tenax TA sorbent, or air detectors. The VOCs are
adsorbed by these materials and then desorbed by elution (DNPH) or thermally (Tenax
TA), and eventually analyzed by gas chromatography—mass spectrometry (GC-MS), gas
chromatograph - flame ionization detector (GC-FID) or high-performance liquid chro-
matography (HPLC). Reference gas mixtures are needed for the quality control of these
VOC-measurements [17].

The collection of air samples is the first step of VOC monitoring in all techniques,
although there are different accepted methods of VOC sampling in the air [18]. Active
sampling can be carried out by drawing a specified volume of air through an adsorbent
tube at a constant air flow rate using a pump. Sampling can be carried out continuously
for long-term use, as well as intermittently at certain time intervals. Grab sampling is
generally done for very short periods of time, ranging from 10-30 s and using polished
stainless steel or aluminum canisters. However, evacuated canisters can also be used for
time integrated sampling from minutes to days using a suitable flow restricted inlet. The
collected samples are analyzed in the laboratory to determine the overall concentration
levels of the VOCs. Passive sampling, with adsorbents contained in a thin tube, is also
widely used to collect samples. The cross section of the tube and the distance between its
opening and the adsorbent surface is used to determine the rate of the passive sample [19].

e  Gas chromatography (GC) is the most used separation analytical technique for VOCs,
where the target compounds are classified inside a column and a liquid stationary
phase is adsorbed onto the surface and an inert gaseous phase in a mobile condi-
tion. High performance liquid chromatography (HPLC) is also widely used for the
separation, identification, and quantification of each component in a mixture. This
technique is based on the logic of advancing a pressurized liquid solvent as well as a
solid adsorbent at stationary phase at high pressure [20]. Different types of detectors
are used.

e  Flame ionization detector (FID): The flame ionization detector (FID) is an accepted
standard piece of equipment used for measuring hydrocarbon gas concentration. This
equipment has mass rather than concentration sensitivity; therefore, it is preferred
for general hydrocarbon gas analysis with detection ranges within certain levels of
variation [21].

e  Thermal conductivity detector (TCD): A TCD is used to also detect water, air, hydrogen,
carbon monoxide, nitrogen, sulfur dioxide, and other compounds found in VOCs.
Its operating principle depends on the temperature variation of a hot filament when
the gas in the unit is diluted. The flow of helium carrier gas as well as the filament
temperature are kept at a constant level, while compounds with different thermal
conductivities cause heat to be conducted away from the filament, so that the filament
temperature and electrical resistance can be measured [22].



Coatings 2021, 11, 806

50f15

e  Electron capture detector (ECD): An ECD is an ideal method for determining chemicals
from pesticides and industrial compounds in the environment [23].

e Flame photometric detector (FPD): A FPD is used based on measurements of the
intensity of molecular emission of the fluorescence of hetero atoms in the molecules of
organic substances. Low-temperature flames are used for excitation to suitable energy
states. The magnitude of the FPD signal is determined by the intensity of the emitted
light, based on the chemiluminescence process [24].

e  Photo-ionization detector (PID): Ultraviolet light is employed to irradiate the sample
in a photoionization detector [21]. The analysis chamber has two plates, where a
difference of potential is applied. The intensity of the current is a direct measurement
of the number of ionized molecules [25].

Total volatile organic compound (TVOC) emission levels from furniture polishes were
investigated, employing a gas chamber method to develop a double exponential model
for estimating indoor air quality in a past study [26]. Jiang et al. 2018 also studied the
effects of VOCs released by different particleboard panels on indoor air quality [27]. A
1 m? climate chamber was used for collecting gas samples, which included VOCs from
different types of particleboard panels. The climate chamber was based on ISO-16000-9
(2006) and ISO-16000-6 (2011), and the climate chamber parameters were set to the ASTM
D 5116 (2010) standard [27]. Cech and Stadnik used a GC/MS device and CSN EN ISO
16000 part 1, 5, and 9 standards for analyzing VOCs [28]. It was reported that veneered
particleboard painted with polyurethane lacquer had higher TVOC values than those of
other samples.

In another work, Chen et al. (2020) evaluated the effect of surface finishing methods on
particleboard volatile organic compounds and formaldehyde emissions by using a GC/MS
device. In this study the barrier effect of melamine-impregnated paper of 120 g/m? was
found to be better than that of melamine-impregnated paper of 80 g/m? [29].

Sun et al. (2020) analyzed the effect of the manufacturing conditions on the VOCs
emitted from coated particleboard samples using a GC/MS (Trace DSQ II, Thermo Scientific,
Waltham, MA, USA) system consisting of a trace gas chromatographic and a DSQ °C
mass selective detector [30]. Ho et al. (2011) evaluated the emission rates of volatile
organic compounds released from newly produced furniture products using a large-scale
chamber testing method. They used a 5 m3 chamber, and the relative ordering of emission
rates of the units were assessed in terms of total VOC (TVOC) and arranged as follows:
dining table > sofa > desk chair > bedside table > cabinet. The collected sampling tube
was analyzed for VOCs by a gas chromatography/mass spectrometer (GC/MS) system
combined with a thermal desorber [31].

3. VOCs Emission from Different Furniture Products and Materials

Furniture units are mostly manufactured from solid wood and wood-based panels.
Their surface is coated with different types of finishes, including lacquers and varnishes,
stains, resin impregnated papers, overlays, and high-pressured laminates. The majority
of these finishes have terpenes, aromatic hydrocarbons, or aldehydes in their chemical
structure and emit different VOCs [32-35] as displayed in Table 1. As a widely used
coating material, lacquer can improve the smoothness and gloss, the feel of the surface
texture, and the three-dimensional nature, as well as enhancing the natural color wood.
Among the lacquer types, waterborne lacquers and polyurethane (PU) lacquers release
esters, alcohol compounds, and aromatic hydrocarbons. However ultraviolet (UV)-curable
lacquer does not release any esters or other compounds and shows the most inhibitory
effect on aldehydes, alcohols, and ketones.

Finishing products such as solvents, emulsions, and aerosol-based chemicals are
designed to enhance the overall quality and service life of the final product. In the case
of using wood composite panels, including particleboards, medium density fiberboard
(MDF), and oriented strand boards (OSB) in the units, some of the coatings, including but
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not limited to overlays, are also used on the surface of the units and they often reduce the
VOC emissions from the substrate.

The main common ingredients of solvent- and emulsion-type finishes are toluene,
xylene, benzene, and styrene [26]. Ethylbenzene and p-dichlorobenzene are intermediates
of styrene and styrene acrylic, and carboxylate styrene-butadiene polymers are also used
for coating wood substrates [36]. Some of these chemicals are used as solvent cleaning
agents to remove stains on the surface and for preparation for further treatments such as
painting or applying conversion coatings in furniture industry [37]. Moisture content is
also a well-known key parameter influencing overall coating quality and its service life
as a function of species. In a past study, it was found that a lower moisture content of a
unit increased VOCs emission such as aldehydes and methanol, whereas a higher moisture
content resulted in more terpene emissions [38].

Certain treatment chemicals are also used for wood-based furniture units as a preser-
vative to extend their service life against biological degradation or fire. Propiconazole,
tebuconazole, and permethrin are widely used for such a purpose, although they have
low emission properties [39]. Flame retardants are commonly used for different types of
furniture to hinder fire, and these can be emitted from the units into the air. Polybromi-
nated diphenyl ether congeners have been synthesized as flame retardants, and there
are 209 polybrominated diphenyl ethers (PBDEs) compounds called congeners. Three of
these are widely used as flame retardants, namely decabromodiphenyl ether (deca-BDE),
penta-BDE, and octa-BDE. These three substances and mixtures have not been allowed to
be manufactured or sold on the EU market as of March 2019 [40,41].

Table 1. VOC emission characteristics from different furniture units.

Furniture Unit Sampling Apparatus Analyzing Method Reported VOC References
Polished wood Glass chamber chroma tonaS hv-mass Toluene, Xylene, Guo and Murray, 2001
products sraphy Benzene, Styrene [26]

spectroscopy (GC-MS)

Melamine-coated

particleboard,
MDEF panels painted  y- pricyorical Data~ Computer Software TVOC Menghi et al., 2018 [42]
with acrylic finish,
High pressure laminate,
coated particleboard
acd . 1 m3 sized climate Hexanal, Cech and Stadnik, 2017
particleboard, coatings chromatography-mass
. chamber Buthylethanol, [28]
of particleboard spectroscopy (GC-MS)
TVOC
Melamine impregnated
paper, Phthalic acid,
High density Toluene,
polyethylene, 3 ppbRAE Plus handheld Furan Ketone,
Wood veneer, 0.09 m® sized chamber VOC detector Ethyl benzene, Chen et al., 2020 [29]
Water borne painting, Basilene,
coatings of Castor acid,
particleboard
Benzene,
C . Toluene,
Polishing, Xylenes
VarI.ushmg, Portable hand air Gas chromatography Ethibenzene, Tong et al. 2018 [43]
Painting, sampler, EM-500 (GO) Isopropvl benzene
Particleboard Propy ’

Styrene,
n-Hexane
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Table 1. Cont.

Furniture Unit

Sampling Apparatus

Analyzing Method

Reported VOC

References

UF adhesive used
particleboard

Tenax-TA tube

Gas
chromatography-mass
spectroscopy (GC-MS)

Acetic acid,
Butyl ester,
Benzaldehyde,
Ethylbenzene,
Benzyl Alcohol,
Acetophenone,
Tetradecane

Sun et al., 2020 [30]

Dining table,
Sofa,
Desk chair,
Bed side table,
Cabinet

5 mS sized climate
chamber

Gas
chromatography-mass

Butyl ester,
Benzaldehyde,
Ethylbenzene,

Benzyl Alcohol,
Acetophenone
Nonanal,

Ho et al., 2011 [31].

spectroscopy (GC-MS)
Decanal,
Heptane,
Styrene

Scots pine samples
painted with lacquer
coatings

Butyl ester,
Benzaldehyde,
Ethylbenzene,

Benzyl Alcohol,
Acetophenone
Nonanal,
Decanal,
Heptane,
Limonene,
Styrene

Tenax TA tube TD/GC/MS analyses Wencek et al. 2015 [44]

PVC-coated,
melamine-coated,
particleboards

1 m?3 sized climate Gas
chamber—Tenax TA

Esters,
Aldehydes,
Ketones,
Aromatic
Hydrocarbons

chromatography-mass
tube spectroscopy (GC-MS)

Jiang et al., 2018 [27]

4. The Possible Adverse Health Effects of VOCs

Different chemicals used for the finishing of wood-based furniture have been noted as
phthalates, flame retardants, some heavy metals, and VOCs. Phthalate types of plasticizers
and flame retardant compounds are emitted from furniture units [45]. In a previous
study detailed information about the toxic effects of phthalates and flames retardants was
given [41].

In a recent study, dimethyl esters of adipic, glutaric, and succinic acids, namely
dimethyl adipate, dimethyl glutarate, and dimethyl succinate emissions from the coat-
ings of some wooden furniture were detected, and it was concluded that they might be
emerging indoor air pollutants and need further investigation, since the average airborne
concentrations were found to be higher than the 1 ug/m? that was recommended as a
limit value for these esters by the Michigan Department of Environmental Quality, United
States [46]. Subchronic inhalation toxicity studies have shown that these esters induce a
mild degeneration of the olfactory system that affects the sense of smell [47].

Risk characterizations should display the key values of clarity, transparency, reason-
ableness, and consistency. The final step of a risk assessment is the calculation of the
upper-bound excess lifetime cancer risks (risk) and the safe limit values of noncarcinogenic
hazards (hazard). Apart from a few exceptions, it is difficult to calculate safe limit values
for carcinogenic substances, since the smallest amounts of carcinogens can cause cancer
mutations in cells. The slope factor is used in risk assessments to estimate the probability of
developing cancer as a result of exposure to a particular level of a potential carcinogen. For
example, a risk of 1 x 1077 is interpreted to mean that an individual has a one in 100,000
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chance of developing cancer from the exposure being evaluated. For non-carcinogenic
compounds, the first step of the toxicological risk assessment is the dose-result identifica-
tion, here the type of exposure, as either short-term or long-term, has a key importance.
The determination of exposure route is another important step. In terms of VOC exposure,
inhalation can be considered as the primary route. Inhalation exposure is related to ex-
posure frequency and duration. The 8-h average VOC concentrations per day in indoor
environments can be used for risk assessments. The lowest concentration of interest (LCI)
approach is still the most reliable strategy for calculating reference values referring to the
potential health effects of individual compounds emitted from raw materials and finished
products [48].

On the other hand, there are studies that aimed to measure the VOC concentrations
(ng/ m?) emitted from different furniture types [31,49]. The results of one of these studies
indicated that the highest concentration was recorded for toluene (330 + 2.51 pg/m?) for a
sofa, desk chair, bedside table, and cabinet, with the exception of a dining table, in which
ethylbenzene was recorded as the highest compound. In another study, the emissions of
VOCs from two types of furniture, a bedside table and footstool, were measured at three
different loading rates in an environmental chamber. The most dominant VOCs emitted
from the bedside table and footstool were found to be styrene and n-undecane, respectively.
It was also suggested that furniture may reach high loading rates in indoor environment
and could cause a high level of health risk [49]. The adverse effects of VOCs and their limit
values [50] are given in Table 2.

Table 2. Allowable values and health effects of VOCs emitted from furniture.

Limit Values for Indoor

Adverse Health

VOCs Air Effects Adveriirl;le;l::lmEffects References
Concentration * Short Term &
Neurological effects such as slower
3 reaction times, hearing problems,
Styrene ?g (())SH 8/ m) Eli,fli’ go;e,;rfnﬂgtoiat altered hand-eye coordination, [51]
o ppm ation, dertmatitis decreased color discrimination, and
impairment of verbal learning skills
Neurological effects such as reduced
Eyes, nose and throat scores in tests of attention
Toluene 260 ug/m?3 (0.07 ppm) irritation, dizziness, / [52]
short-term memory, and
headaches -
concentration
870 ug /m? Nose, throat and Headache, filzz1ness, confusion,
Xylene S liver and kidney damage, heart [53]
(0.20 ppm) lungs irritation
problems, and coma
Irreversible damage to the inner ear
3 . . . .
Ethyl benzene 3800 pg/m Veljtlgo and 3nd hearl'ng, quney darr}age in [54]
(0.88 ppm) dizziness animals. It is possibly carcinogenic
to humans
Liver, skin, and central nervous
. 240 g/ m? Skin, throat, and system (CNS), such as the cerebellar
Dichlorobenzene (0.04 ppm) eye irritation ataxia, dysarthria, weakness in 531
limbs, and hyporeflexia
Human carcinogen, long-term
No safe level of exposure Classic svmptoms of exposure linked to acute
can be recommended. The ymp myeloid leukemia (AML) in adults
o . CNS depression such . s
Benzene unit risk of leukemia per . . Relative associations have been [56]
3 . . as dizziness, ataxia, .
1 pg/m? air concentration and confusion detected for leukemia
is 6 x 107° and different types of lymphoma
in children
eyes, nose and throat
3 irritation, sneezing, . ~
Formaldehyde 100 g /m lachrymation, Human carcanogen, long-term [57]
(0.08 ppm) . exposure linked to nasal cancer
coughing, nausea, and
dyspnea

*at25°C.
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It appears that the VOCs emitted from furniture units and their possible adverse
health effects on adults and children should be taken into consideration, in terms of raising
awareness and protecting human health, especially in lockdown conditions. Children
are a particularly sensitive group due to their weak immune systems, and they are more
vulnerable to such chemicals for the reasons listed below:

—  Children’s physical and cognitive development is in progress.

— Children have a lower body weight, and they breathe faster than adults, so they are
more affected by chemical substances in the air.

—  Their metabolizing capacity is slow, so some chemicals stay in their bodies for a longer
period.

— Many chemicals can mimic hormones; therefore, they can have a negative effect on
the endocrine and developing systems [58].

In a previous study, the exposure of 65 primary school children to toluene, xylenes,
ethyl benzene, and benzene was investigated by using organic vapor monitors for 24 h,
and all hazard computation values for the non-cancer health effects of these VOCs were
found to be larger than 1, based on calculations form the EPA’s Risk Assessment Guidance
for Superfund (RAGS) part F [59].

5. VOC Emission Reduction and Suggestions

It was measured that the possibility of indoor pollution could be 10 times higher
than outdoor pollution [60]. It is very important for VOC emissions to be controlled by
authorities to protect adult and child health. These regulations are also helpful for the
control of indoor odor problems arising from furniture.

There are national and international regulations for the VOC emissions of furni-
ture [61,62]. Overall, the 2010 WHO Indoor Air Quality Guidelines identified the limit
values of VOCs for different materials [63]. VOC-free flux is water soluble and serves
as a safer alternative tool for furniture. In Europe, the VOC emissions from different
products are standardized by the European Committee for Standardization (CEN) and by
the International Organization for Standardization (ISO).

Coated particle board and fiber boards are widely used in cabinet manufacture.
Formaldehyde emissions and other VOCs are limited by certain criteria, where relevant to
the substances used in such composite furniture products. Formaldehyde emissions from
particleboard and fiberboard panels are classified as E1 (0.1 ppm) or E2 (0.1-0.3 ppm) based
on the EN 13986 standard. Formaldehyde release limits are stated by the EN standards
EN 120 and EN 717-1. An allowance for higher formaldehyde emissions for medium
density fiberboard (MDF) panels of 65% of E1 is permitted due to practical experience
with such panel types [64]. In the USA, the American National Standard Institute limits
(ANSI/BIFMA-M7.1) VOC levels using a reward system for furniture [48]. By testing to
the ISO/IEC 28360 standard, manufacturers can minimize odor complaints and achieve
consumer acceptability, demonstrate compliance with industry requirements, bring prod-
ucts to market that support healthier indoor environments, and use the results as a baseline
testing for regulatory risk assessment [65].

In the USA, some household products are regulated for VOCs by the EPA under the
Clean Air Act (CAA). Sometimes, the Clean Air Act (CAA) causes confusion, as some
products that are labeled as “no VOC” or “low VOC” under the CAA can contain volatile
organic chemicals having a high level of toxicity. It is important that new regulations and
standards protect against the adverse influence of these chemical on human health [66].

Current regulations differ in countries around the world. In Table 3, the limit values
of VOC emissions from wood-based furniture are summarized for different countries.
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Table 3. Different regulations in various countries.

Regulation-Country Substances Limit Values Reference
Carcinogenic compounds (3 days) 0.01 mg/m?3 [48]
Germany . TYOCs (3 days) 10 mg/m?3 ,
Carcinogenic compounds (28 days) 0.001 mg/m
TVOCs (28 days) 1 mg/m3
Formaldehyde (28 days) 0.1 mg/ m3 [48]
Acetaldehyde (28 days) 0.2 mg/m3
Belgium Toluene (28 days) 0.3 mg/m3
TVOCs (28 days) 0.1 mg/m3
Carcinogen substances 0.001 mg/m?
Formaldehyde 0.05 ppm [48]
RAL UZ38 Organic compounds with a boiling point between 50 °C and 250 °C 600 pg/m3
(Northern Europe) Organic compounds with a boiling point higher than 250 °C 100 pg/m?
CMR (carcinogenic, mutagenic, reprotoxic) <1pg/ m3
Formaldehyde emission <0.10 mg/ m3 [67]
Benzene <0.11 mg/m3
China Toluene <0.20 mg/ m3
Xylene <0.20 mg/m?3
TVOC <0.60 mg/m?3
3
ANSI/BIFMA TVOC <0.5mg/m [68]
Formaldehyde <50 ppb
X7.1-2011
(R2016) (US) Toluene <25 ppb
Total aldehyde 100 ppb

Regulations are the primary method for protecting human health. On the other hand, it
is also important to develop awareness about increasing ventilation when using products that
emit VOCs, as this can also be suggested for decreasing VOC levels in indoor air. It is also
recommended to ventilate rooms very often as a primary precaution for reducing VOCs.

It is known that the long-term effects of VOC'’s can result in serious health problems
such as cancer, and respiratory or neurological disorders. As mentioned above, children
can be more susceptible and sensitive to these chemical’s short-term and long-term effects.
There is a great need for overall control of VOCs in indoor environments and having
VOC-free green alternatives [69-71].

An artificial neural network (ANN) was also used to predict VOC emissions from
furniture units in a past work [72]. Four kinds of furniture were tested in a chamber under
different environmental conditions, and the mean absolute percentage error was found to
be within 10% between the predictions and experiments when employing the ANN. It can
be also suggested that this ANN model is superior to the traditional physical models for
predicting VOC concentrations, since the study showed that ANNs in machine learning
are a powerful tool for characterizing furniture emissions [72].

From the point of view of the development of novel coating materials and processes
for reducing VOCs emission, recent studies are promising.

VOC emissions from wood materials can be reduced by applying relevant finishing
materials. However, according to some researchers, the suggested solution could reduce the
emission rate of one chemical, while increasing the emission rate of other chemicals [73,74].
VOC emission reductions from birch plywood glued with phenol formaldehyde resins were
shown in a study that substituted phenol with bio-oil; however, in this study, increased
formaldehyde emissions were recorded, despite a significant decrease of the total emission
of VOCs being detected [75]. VOC emission rates can be decreased by applying the
appropriate resins and pressing parameters in MDF [76]. New solutions for decreasing
formaldehyde emission are a major research interest since formaldehyde is a human
carcinogen. Recently, Bekhta et al. showed that the heat application during the drying
process can reduce the formaldehyde emissions of plywood [77].
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There have also been studies that showed the effects of photocatalytic purifica-
tion, such as with TiO, and Fe/N co-doped TiO,, on indoor formaldehyde removal
efficiency [78].

Another study showed significantly lower emissions of VOCs from lacquer coated
wood products containing inorganic metal nanoparticles such as TiO,, SiO,, and Ag [44].
It was also shown that the VOC emissions from wood-based materials can be decreased by
up to 90% through the application of marketed coatings [79]. The latex paint test results
showed a maximum barrier effect for formaldehyde, whereas a minor barrier effect for
acetaldehyde was recorded [80,81].

The study conducted by Pibiri et al. used EN 717-1 and EN 16516 for emission
testing, and it was concluded that the results for uncoated wood-based material did not
reflect the real behavior in indoor environments under living conditions. When a wood-
based material surface was completely coated, the barrier effect could amount to 75% or
more [64,79,82].

In terms of processes, a hybrid strategy was suggested by Landry and coworkers [83]
to reduce VOC emissions by considering the high molecular weight solvents associated
with water-borne systems and that they may be more stable than solvent-borne systems.

Water based coating techniques, such as water-based varnish and film-forming mate-
rials, use water as the dispersion solvent [84]. Compared with the traditional solvent-borne
paint, waterborne coatings could eliminate more than 80% of VOCs and other harmful
substances (formaldehyde, benzene, and xylene) in the coating [85,86].

In a recent study conducted by Salca et al., alternative ecological products, including
water based and UV varnishes, that are widely used due to their low emissions, rapid
application, and good gloss retention were investigated, and it was concluded that the UV
varnish coated samples exhibited higher gloss values than the water-borne products. [87].

Another approach for reducing VOC emissions is a powder coating that contains no
solvents, and which is usually applied in the form of an electrostatic spray gun coating
or fluidized bed coating [88]. Powder coating without the emission of VOCs is a clean
process, and as such, has attracted increased attention due to its stricter compliance with
environmental regulations and superior performance compared to liquid coatings [89].
Owing to the environmental and economic advantages and excellent coating properties
offered by powder coatings, their use is not limited to metal surfaces, and has expanded to
include wooden furniture, plastics, and paper [88,90].

6. Conclusions

Coated furniture units contain different VOCs, influencing the overall quality of
indoor air. Indoor VOC pollution can create certain health problems. Many countries
have environmental policies for a comfortable, healthy, and green indoor environment.
This study presented a summary of the VOCs emitted from different products from the
perspective of their adverse health effects. Determining the VOC substances emitted and
the emission levels for different type materials and developing standard methods and
techniques for detecting VOC emissions, are critical to control their impact on human
health. Therefore, this study also covered and reviewed the results of some previous
investigations that determined VOC emissions from different types of furniture unit. The
recent studies that aimed to reduce VOC emissions from coated wood-based furniture
were also reviewed, being promising approaches in terms of improving indoor air quality
and protecting human health. One of these approaches, waterborne coating, still needs to
overcome many problems [91-93]. Another environmentally and economically advanta-
geous approach that has become popular in recent years is power coating; however, the
limited electrical conductivity of the surface has been described as the main difficulty for
wood powder coatings. [94,95]. On the other hand, these promising approaches are very
important and should be improved and considered as relevant materials for their VOC-free,
environmentally friendly, and sustainable properties.
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It is also vital that VOC emissions are controlled by the authorities. It is expected
that such regulations will play a significant role in the control of odor problems and in the
indoor air quality associated with coated furniture. In conclusion, regarding the adverse
health effects of VOC emissions from coated wood-based materials, promising coating
approaches and regulations by the authorities will play a critical role in terms of improving
indoor air quality and protecting public health.
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