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INTRODUCTION

Nowadays, people in modern societies spend 
from 80% to 95% of their time in indoor environ-
ments [Schweizer et al., 2007]. According to the 
World Health Organization [2014], the indoor air 
quality has a greater impact on the health, well-
being and productivity of occupants than the out-
door air pollution. Moreover, occupants of indoor 
environments are often exposed to chemicals that 
can be mostly attributed to indoor sources such as 
furnishing, upholstery, electronic devices, clean-
ing or cooking [Tham, 2016]. Newly constructed 
buildings must obey strict demands of energy loss 
and become more and more airtight, which leads 
to the reduction of natural infiltration and, in con-
sequence, may cause an increase in contaminant 
levels. One of the most frequently detected group 
of indoor semivolatile organic pollutants are 
polybrominated diphenyl ethers (PBDEs). They 
are a class of additive brominated flame retar-

dants (BFRs), extensively used in a wide range of 
polymer consumer products [Alaee and Wenning, 
2002]. From the chemical point of view, PBDEs 
are synthetic aromatic compounds, diaryl ethers 
wherein one to ten hydrogen atoms have been 
replaced by atom/atoms of bromine in the posi-
tions from 2 to 6, which finally gives 209 different 
congeners divided into ten groups of homologues 
(with an equal number of bromine substituents). 
PBDEs with one to five bromine atoms in a mol-
ecule are named lower or lighter BDEs, and those 
with six to ten bromines – higher BDEs, respec-
tively [Alaee et al., 2003]. PBDEs were manufac-
tured as three commercial mixtures called Penta-
BDE, Octa-BDE, and Deca-BDE. Congeners are 
not chemically bound to the polymer matrix but 
only physically mixed into it during manufactur-
ing. The amount of PBDEs in the final product can 
reach 10 to 30% of weight loadings [EHC 162, 
1994]. Because of the economic reasons and high 
flame retardancy properties, PBDEs have found 
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application mostly in plastic used for electronic 
and electric appliances (computer casings, circuit 
boards, TV-sets), furnishing, upholstery, building 
materials, and even textiles [Allen et al., 2007].

The chemical and toxicological PBDE prop-
erties vary in respect to the degree of bromination. 
Lower PBDE congeners, especially with 2.2’, 4.4’ 
– bromine position, are the most toxic and charac-
terized by the greatest bioaccumulation [Darnerud 
et al., 2007]. They can disrupt endocrine system, 
cause neurotoxic and cancerogenic health effects. 
In 2009, congeners which are components of Pen-
ta-BDE and Octa-BDE mixtures were added to 
the Annex A of the Stockholm Convention dedi-
cated to Persistent Organic Pollutants. Although, 
the production of PBDEs has been ceased in the 
beginning of XXI century, significant volumes 
of these chemicals are still present in consumer 
products. International scientific data show that 
this class of BFRs became ubiquitous in wildlife 
and abiotic compartments of the environment all 
over the world, even in remote polar regions. The 
highest PBDE concentrations were found indoors 
[Butt et al., 2004; Harrad et al., 2006]. 

PBDEs may enter indoor air via a number 
of pathways, but the most important are evapo-
ration (for lower BDE congeners) and abrasion 
(for heavy BDE congeners) of the goods during 
their service life. Many halogenated polycyclic 
organic compounds (polychloryniated biphenyls, 
polychlorinared and polybrominated dioxins and 
furans, perfluorinated compounds) are prone to 
undergo abiotic transformations in the environ-
ment [Bezarez-Cruz et al., 2004]. One of the 
possible pathways is the direct photolysis which 
leads to dehalogenation of irradiated chemical. 
PBDE phototransformation (mainly debromina-
tion) was confirmed in various abiotic media, 
predominantly in organic solvents [Barcellos 
da Rosa et al., 2003; Christiansson et al., 2009; 
Fang et al., 2008] and on mineral surfaces [Ahn 
et al., 2006; Kajiwara et al., 2008]. Peterman et al. 
[2003] reported on sunlight photolysis of a mix-
ture of 39 PBDE congeners in triolein. Reductive 
debromination of five individual PBDE conge-
ners was examined by Sanchez-Prado et al. [2005] 
using solid-phase microextraction fibres. Granneli 
et al. [2011] reported reductive photodebromi-
nation of nonabrominated BDE congeners and 
analyzed the octabrominated products. Another 
study on photolysis of PBDEs was performed by 
Eriksson et al. [2004]. They measured photodeg-
radation rate of 15 individual PBDE congeners in 

methanol/ water (8:2) solution, four congeners in 
tetrahydrofuran and nine congeners in methanol. 
Photodegradation of decabromodiphenyl ether in 
house dust under natural sunlight was described 
by Stapleton et al. [2008]. 

In indoor environments, PBDEs can be found 
in gas phase or sorbed on solid particles such as 
settled dust, particulate matter, and on impervi-
ous surfaces (windows, furniture, interior walls) 
[Cetin and Odobasi, 2011]. White light and UV 
light are intentionally applied by the user. Opti-
cal radiation is used for lighting. UV radiation 
has been found applications to improve indoor air 
quality in the process of air duct disinfection and 
to remove odors from the air. 

The aim of the paper was to investigate the 
debromination of five individual lower PBDE 
congeners (BDE-28, BDE-47, BDE-99, BDE-
100, BDE-101) under different light ranges (UV-
A, UV-B, UV-C and sun light). In the course of 
this study the photoproducts of debromination 
were identified, but results of these measurements 
are not included in this paper. The selected con-
geners are the main components of commercial 
mixtures Penta, and have the internal arrange-
ment of the atoms of bromine in position 2.2”, 
4.4’ which results in their high toxicity with re-
spect to living organisms.

MATERIALS AND METHODS

Chemicals

All chemicals used for PBDE analysis were 
of high purity. Organic solvents (GC and HPLC 
grade) were purchased from T.J. Baker (POCH, 
Poland). PBDE analytical mixture standards se-
ries BDE-CVS-F containing BDE 28, 47, 85, 99, 
100, 101 congeners, as well as mass labeled (13C) 
PBDE recovery solution BDE-MFX containing 
BDE 77L and 138L were obtained from Welling-
ton Laboratories (Tusnovics, Poland). Additional 
standard solutions of native and mass labeled 
(13C) PBDE individual BDE 28, 47, 85, 99, 100, 
101 congeners were obtained from Wellington 
Laboratories and from AccuStandards (mixture 
M-527 BDE) (Tusnovics, Poland). 

Irradiation experiments

The experimental set-up comprised a cham-
ber with the outer and internal walls made from 
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stainless steel. Between the walls, the active 
carbon filter was provided. The UV-lamp and 
white light lamp irradiation experiments were 
performed with lamps that can typically be em-
ployed in room lightening or indoor air cleaning 
devices. Lamps for exposures were placed on a 
movable grate. Three different UV irradiation 
light sources representing the wavelengths of 
UV-A, UV-B, and UV-C were used in this inves-
tigation. For UV-A range, 15W linear fluorescent 
lamp was used (Philips, 365 nm). The UV-B 
light source was medical lamp 01 PL-S, 15W/01 
(Philips, 311 nm) and UV-C irradiation tests were 
made with HNS bactericidal (254 nm, 15W) lamp 
(Philips). White light was simulated by MASTER 
TL-D Super 80, lamp (15W, Philips). During all 
irradiation experiments temperature and relative 
humidity were controlled and established to 22 ± 
0.20C and 50±5%, respectively. 

Studies of the effect of UV-A, UV-B, UV-C 
and white light irradiation on PBDE debromina-
tion were started by the PBDE degradation model 
system which mimics the organic window film. 
The deposited PBDE individual congeners (in the 
amount of 2500 ng) were subjected to irradiation 
for 5, 15, 30, 45, and 60 minutes, respectively. 
At the same time, a similarly prepared reference 
sample (sample ”0“) – not exposed to irradiation 
– was kept in the dark, under the same conditions 
of temperature and relative humidity conditions 
as experiment ones). Three replicates for all indi-
vidual irradiated PBDE congeners were made to 
check the reproducibility of each photodegrada-
tion experiment and to obtain more reliable results. 

Analytical procedure

After irradiation, slides with PBDEs were 
rinsed with organic solvent mixture in dark room 
conditions. There was no need to perform any ad-
ditional purification step. Next, the extract vol-
ume was reduced to 100µL under gentle nitrogen 
stream. Identification and quantification of irradi-
ated individual PBDE congeners were performed 
by means of a Trace Ultra gas chromatograph 
(Thermo, USA) coupled with PolarisQ (Thermo, 
USA) mass detector (ion trap) operating in elec-
tron impact ionization (70 eV) and selected ion 
monitoring mode (SIM). Chromatographic sepa-
ration was conducted on 60 m RTx-5ms (Restek, 
USA) capillary column, 0.25 mm i.d.; 0.18 μm 
film thickness. Helium 5N (Linde GAZ, Poland) 
was used as a carry gas (constant velocity 40 cm·s-

1). Oven temperature programming was as follow: 
from 850C (0.5 min hold) with ramp 150C·min-1 
to 2100C, then ramp 50C·min-1 to 3200C (20 min 
hold). Injector (PTV, splitless mode) temperature 
was set at 3200C. Transfer line, ion source tem-
perature were kept constant at 2750C and 2500C, 
respectively. A total of 5 (tri- to pentaBDE) con-
geners (BDE-28, BDE-47, BDE-99, BDE-100 
and BDE-101) were measured in extracts and 
quantified using the internal standard method. 

The identification of photoirradiated PBDE 
congeners and their photoproducts was based on 
the comparison of their mass spectra and reten-
tion times with reference native and 13C-labbeled 
PBDE standards. The resulting mass spectra 
were analyzed using the Xcalibur software and 
databases of mass spectra from NIST.05 library 
and Wiley 8th edition.

GC detection limits were estimated at 0.5 
ng·L-1 (S / N≥3) and the extract (from 17 to 
BDE-BDE-153). The limit of quantification was 
determined to be 10 pg per dosing (S/N≥5). Lin-
earity of the method was better than of 10–500 
to all congeners except BDE-153 (better than 
10–200). The relative standard deviation (RSD) 
of the 5 samples analysis was less than 16% for 
the congeners from BDE-17 to BDE-101. In 
model studies at concentrations above 500 ng·g-

1, RSD was less than 10% in the assays GC/MS 
for analyzed congeners.

Quality assurance and quality control

Taking into account that PBDEs can undergo 
of phototransformation under light, a special care 
was given to prevent any possibilities of artificial 
or natural light exposure during their storage and 
analysis. All glassware used during the experi-
ments was pre-washed with mixture of organic 
solutions (GC and HPLC grade), rinsed with wa-
ter and redistilled water (MiliQ), baked at 450 0C 
and finally wrapped in aluminum foil to protect 
from possible secondary contamination. 

The nomenclature for PBDE congeners used 
in this study is in analogy to the polychlorinat-
ed biphenyl numbering system established by 
Ballschmiter and Zell in 1980. 

RESULTS

During the irradiation of model systems, indi-
vidual PBDE congeners deposited on the surface 
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of a glass slide, changes in the irradiated mass 
congeners were observed, which was the evi-
dence of degradation.

Dark control experiments (called sample ”0“) 
for each congener showed no disappearance of the 
congener or appearance of photodebromination 
products. In addition, no potential debromination 
was observed in the starting (0 min) film systems. 

Figures 1 to 5 report changes in mass of in-
dividual PBDE congeners during irradiation with 
different light sources.

BDE-28 (2,4,4’-tribromodiphenyl ether)

After the first 5 minutes of exposure, a slight 
weight loss of BDE-28 was observed only for the 
samples irradiated UV-C, it amounted to 6%. Af-
ter 15 minutes of exposure, degradation BDE-28 
for all ranges of irradiation was confirmed. It was 
the greatest for a range of UV-C (15%), while for 
the other UV ranges, it approximated 6%. After 
30 minutes of exposure to UV-C, the degrada-
tion reached 20%, whereas for the UV-A, UV-B 
and white light, it amounted only to 9%, 12% and 

16%, respectively. In 45 minutes of exposure with 
UV-C, the degradation was assumed as 28%, and 
20% for UV-B and white light, and 12% for UV-
A. After 60 minutes of the experiment, the degra-
dation of BDE-28 reached 38% for UV-C, 25% 
for UV-B and white light, and 20% for UV-A.

The obtained results confirm that the BDE-
28 containing 3 bromine atoms in molecule un-
derwent photodegradation and the most effective 
range of radiation was UV-C. Similar results of 
BDE-28 debromination were found for UV-B and 
white light. The smallest impact on the debromi-
nation of BDE-28 showed a UV-A range.

BDE-47 (2,2’,4,4’-tetrabromodiphenyl ether)

The decay of BDE-47 during irradia-
tion occurred more rapidly than in the case 
of BDE-28 (Figure 2).

After the first 5 minutes of exposure, BDE-
47 debromination for all types of radiation was 
observed. The biggest change in the mass of the 
treated congener, amounting to 87%, was de-
termined for the UV-C radiation. Then BDE-47 

Figure 1. The influence of optical radiation on the degradation of BDE-28

Figure 2. The influence of optical radiation on the degradation of BDE-47
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mass was decreasing subsequently and finally 
reached 94% decay in 60 min of experiment. 
The observed BDE-47 degradation under UV-
B, UV-C and white light was not as rapid as for 
UV-A. The influence of UV-A and white light 
was similar. After 15 minutes of exposure, BDE-
47 degradation of initial mass was calculated as 
33% for UV-A, 25% for UV-B, 89% for UV-C 
and 28% for white light, respectively. After 30 
minutes the experiment, UV-B achieved 33% 
degradation, UV-A – 52% , UV-C – 92% and 
white light – 50%. An increase in the degrada-
tion of BDE-47 was observed in 45 minutes, 
which reached 64% (UV-A) and, similarly, 67% 
for white light. For UV-C, the irradiated congener 
weight loss was calculated as 93%. The lowest 
degradation was observed after 45 minutes for the 
UV-B – only 57%. After 60 minutes of the experi-
ment, the weight loss of the treated congener was 
similar for all analyzed ranges of radiation. For 
UV-A it amounted to 87%, for UV-B – 94%, for 
UV-C – 94%, and white light – 86%. Thus, BDE-
47, just as the BDE-28, degrade the most rapidly 
under the influence of UV-C, but after 60 minutes 
of exposure degradation, BDE-47 for UV-B and 
UV-C has reached the same value as for the UV-A 
and white light.

BDE-99 (2,2’,4,4’,5-pentabromodiphenyl 
ether)

Similarly to the BDE28 and BDE-47, the ir-
radiation of UV-C range was most effective in the 
initial period (Figure 3).

After 5 minutes of the experiment, the UV-C 
caused a 62% decay of BDE-99, while the UV-A 
was only 27%, UV-B – 19%, and white light – 
28%. After next 15, 30 and 45 minutes, a con-

tinuing degradation of BDE-99 was observed; 
after 45 minutes it amounted 82% for UV-C, 
71% for UV-B radiation, 76% for UV-A and 78% 
for white light. After 60 minutes, the final deg-
radation of BDE-99 reached over 80% for all 
light sources. In summary, the BDE-99 degrades 
quickly under the influence of UV-C. The biggest 
change in the weight of the treated congener was 
observed after the first 5 minutes of the experi-
ment. Then the process of degradation congener 
occurred much milder. A similar pattern of deg-
radation of BDE-99 could be observed for the 
UV-A and white light. 

BDE-100 (2,2’,4,4’,6-pentabromodiphenyl 
ether) 

The congeners BDE-100 and BDE-101 
are homologues of BDE-99. For any of them, 
no such rapid degradation occurred in the first 
minutes of the experiment, as in the case of 
BDE-99 (Figure 4). 

After the first five minutes of the experiment, 
the largest degradation BDE-100 was obtained 
for UV-A – 24%. A similar value was recorded 
also for UV-B – 22% and white light 20%. Af-
ter 15 minutes the degradation of BDE-100 took 
place for the UV-B and UV-A, reaching 38% and 
39%, respectively, whereas in the case of white 
light – 34%. After 30 minutes, the decay of BDE-
100 initial mass under UV was detected. After 45 
minutes of exposure, the UV-A degradation was 
the highest, but similar to the UV-B and white 
light. The lowest degradation of BDE-100 after 
45 minutes was observed for UV-C radiation, al-
though it has reached 57%. After 60 minutes of 
exposure, the weight loss of BDE-100 was simi-
lar to the UV-A and UV-B and stood at 78% and 

Figure 3. The influence of optical radiation on the degradation of BDE-99



185

Journal of Ecological Engineering  Vol. 18(3), 2017

77%, respectively. The differences between the 
UV-C light and white or longer were not as large 
as for shorter exposure times and amounted to 
72% for UV-C and 76% for white light.

In summary, the initial degradation of BDE-
100 was the highest for UV-A and UV-B, but 
as the exposure time of BDE-100 congener in-
creased, the differences in the degradation of 
BDE-100 under the influence of various ranges of 
optical radiation decreased. As a result, after 60 
minutes of exposure, BDE-100 has degraded in 
more than 70% for all ranges of radiation.

BDE-101 (2,2’,4,5,5’- pentabromodiphenyl 
ether)

In the first 5 minutes of experiment, the deg-
radation of BDE-101 was reported only for UV-B 
(16%). After another 15 minutes, BDE-101 start-
ed to decay for all ranges of radiation and was 
at a level of 6% for UV-A, 26% for UV-B ,12% 
for UV-C, and 11% for white light. At the half of 
experiment, the largest degradation of BDE-101 
was detected for UV-B, reaching 40%. For the 

other ranges, it was approximately 20% lower. 
After next 15 minutes, BDE-100 decayed at 60% 
for UV-B, 34% for UV-A, 25% for UV-C and 32% 
for white light, respectively. At the end of irra-
diation, the largest degradation of BDE-101 was 
achieved by UV-B radiation – 78%. In contrast, 
for the UV-A it amounted to 68%, for the UV-C – 
33% and for white light – 65%. Thus, in the case 
of BDE-101, the greatest decay effect was ob-
served for UV-B and the least for UV-C which is 
different from the BDE-99 and BDE-100 results.

CONCLUSIONS

This study indicates that lower PBDE conge-
ners can undergo room-light-induced debromi-
nation in indoor air. The results showed that (1) 
the efficiency of photodegradation varied and de-
pended on amount of bromine atoms in congener 
and light source (2) the photodegradation of high-
ly bromo-substitued PBDEs was faster than with 
smaller amount of bromines (3) the photodegra-
dation conversion of BDE-28, BDE-47, BDE-99, 

Figure 4. The influence of optical radiation on the degradation of BDE-100

Figure 5. The influence of optical radiation on the degradation of BDE-101
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and BDE-101 was mostly affected by UV-C (4) 
the slowest degradation of lower PBDE conge-
ners was observed for white light and UV-B rang-
es (for most of BDEs) (5) white light and UV-A 
showed similar pattern of effectiveness in degra-
dation for analyzed PBDEs. The understanding of 
indoor air chemistry of lower PBDEs can be valu-
able for the exposure evaluation and searching for 
new effective remediation methods.
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