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Introduction
E-waste, obsolete electrical and electronic products, has become a subject of growing environmental 
concern in Asian developing countries due to a large volume of illegal import from developed nations 
(BAN 2002). Many toxic substances including brominated flame retardants (BFRs), polychlorinated 
biphenyls (PCBs), and heavy metals contained in e-waste can be released into the environment during 
disposal and recycling. Furthermore, the inappropriate thermal treatment and combustion processes 
widely employed by recyclers in developing countries to retrieve valuable metals have been known to 
generate  unintentional  but  more  toxic  chemicals  such  as  polychlorinated  dibenzo-p-dioxins/ 
dibenzofurans  (PCDD/Fs)  and,  in  presence  of  BFRs  as  precursors,  their  brominated  and  mixed 
halogenated  homologues  (PBDD/Fs  and  PXDD/Fs,  Weber  and  Kuch  2003).  The  environmental 
impacts caused by uncontrolled e-waste recycling in China have been well documented for PCBs, 
BFRs and PCDD/Fs (for review see Wong et al. 2007). However very limited data are available on 
PBDD/Fs and PXDD/Fs due to the technical difficulties in analyzing the large number of chemicals 
involved. The lack of data is most glaring with regard to the e-waste recycling sites (EWRS) in other 
Asian developing countries where the pollution has often been overlooked.

This  article  aims  to  provide  an  overview  of  the  on-going  research  on  pollution  by  persistent 
organohalogen compounds in Vietnamese EWRS. Human exposure to polybrominated diphenyl ethers 
(PBDEs) and hexabromocyclododecanes (HBCDs) was investigated using breast milk as bioindicator 
as well as several human exposure media including house dust and air. House dust, potentially the 
major exposure medium of e-waste related contaminants, was also used for determination of newer 
alternative BFRs as well as dioxin-related compounds (DRCs) using a combination of the Dioxin-
Responsive Chemical-Activated LUciferase gene eXpression assay (DR-CALUX, for total dioxin-like 
activity) and chemical analysis (for known active compounds).

Materials and Methods
The study locations were two e-waste recycling areas in the Red River Delta, one in Hai Phong city 
(Trang Minh, EW1) and the other in Hung Yen province (Bui Dau, EW2), as well as a typical urban 
area (Hanoi,  UB) for reference. Human breast milk samples (n = 29) were collected into solvent-
precleaned glass bottles with Teflon-lined caps and frozen within 8 h at –20 °C. Dust samples (n = 21) 



were collected from surfaces such as fans, air conditioning units and furniture. Air samples (n = 9) 
were  collected  using  passive  samplers  with  polyurethane  foam (PUF)  filters.  Dust  and  air  filter 
samples were kept in zip-locked polyethylene bags and covered with aluminum foil. All samples were 
air-transported with gel ice to the Environmental Specimen Bank (Ehime University, Japan) and stored 
at –25 °C until analysis.

The procedures for extraction and clean-up of milk and dust samples, including specific clean-up of 
dust samples for bioassay, have been described previously (Tue et al. 2009, 2010). Air filters were 
extracted with acetone for 40 min at a flow rate of 8 ml/min using a high speed solvent extractor (SE-
100,  Mitsubishi  Chemical  Analytech,  Japan).  Chemical  analysis  of  BFRs consisted  of  PBDE (all 
samples),  1,2-bis(2,4,6-tribromophenoxy)ethane  and  decabromodiphenyl  ethane  (BTBPE  and 
DBDPE, dust samples only) quantification by GC-MS and HBCD (all samples) quantification by LC-
MS-MS according to the method described previously (Tue et  al.  2010).  AhR-mediated luciferase 
activity was measured as dioxin-like activity for house dust samples using DR-CALUX assay with a 
rat  hepatoma  cell  line  with  an  AhR-regulated  luciferase  gene  construct  (H4IIE-luc,  BioDetection 
Systems  B.V.,  The  Netherlands)  according  to  culture  conditions  and  assay  procedures  described 
elsewhere (Suzuki et al. 2007). Extracts with high dioxin-like activity were analyzed for chlorinated 
and brominated dibenzo-p-dioxins/furans and dioxin-like PCBs (DL-PCBs) using HRGC-HRMS.

Results and Discussion
Human exposure to PBDEs and HBCDs
Human exposure to PBDEs was significantly higher in the e-waste sites than in the urban control site. 
PBDE concentrations in human milk were highest in EW2 recyclers (20–250 ng/g lipid), followed by 
EW2 non-recyclers (2.0–4.0 ng/g lipid) and EW1 residents (0.55–13 ng/g lipid), and lowest in urban 
women (0.24–0.80 ng/g lipid). The median level in EW2 recyclers, 84 ng/g lipid wt, was two-order 
higher than the median of the urban site and comparable to the highest reported levels in breast milk 
from non-occupationally exposed populations in the world (Tue et al. 2010). EW2 recycling workers 
were also the only group with higher HBCD levels than the urban populations (2.0 vs 0.3 ng/g lipid 
wt.).

PBDE intake through air inhalation and dust ingestion was estimated using exposure factors by Health 
Canada (1994) and compared with the general dietary intake, calculated from the concentrations in 
food items (Minh et al. 2006). The results indicate dust as an important human exposure pathway of 
PBDEs in e-waste sites (Table 1). This finding also suggests that dust can be a potential carrier of 
other e-waste related pollutants.  In the urban site,  dust  is still  an important  exposure medium for 
highly brominated PBDEs whereas diet is the main pathway for low brominated congeners.

Other contaminants in house dust
Alternative BFRs BTBPE and DBDPE, alternatives for OctaBDE and DecaBDE, were detected in all 
house dust samples. In EW1 and EW2, the levels were in the ranges of 5.3–100 ng/g (median 17 ng/g) 
and 5.4–610 ng/g (median 60 ng/g) for BTBPE and 31–1500 ng/g (median 210 ng/g) and 39–470 ng/g 
(median 220 ng/g)  for  DBDPE.  These levels  were  higher  than those in  UB,  1.3–96 ng/g (median 
7.1 ng/g)  and  18–140 ng/g  (median  39 ng/g,  respectively,  suggesting  that  these  alternative  flame 



retardants can be also released from e-waste during the uncontrolled recycling processes. BTBPE was 
generally  more  abundant  than  octaBDE  congeners  whereas  DBDPE   was  at  lower  levels  than 
BDE209.

Table  1.  PBDE intake (ng/day)  of  adults  living in  UB and EW2 estimated for  different  exposure 
pathways

Exposure 
pathway

PBDE homologues

di tri tetra penta hexa hepta octa nona deca Total

Diet 0 0.10 0.44 0.58 0.11 0 0.06 0 0.35 1.7

UB Dust† 0 0 0.08 0.09 0.04 0.06 0.05 0.24 3.1 3.7

Air† 0.03 0.03 0.21 0.08 0 0 0 0 0.24 0.60

EW2 Dust† 0.08 1.1 8 7.8 3.2 0.9 0.74 3.4 43 68

Air† 0.43 0.68 1.5 1.0 0.28 0.11 0.05 0.22 2.6 6.9
† calculated with a dust ingestion rate of 20 mg/day and an inhalation rate of 20 m3/day

Dioxin-like compounds Dioxin-like activities in house dust samples were detected in a range of 50–
1000 pg CALUX-TEQ/g.  Levels  in  the  EWRS (median 500 pg CALUX-TEQ/g)  were  statistically 
higher than in the urban site (median 190 pg CALUX-TEQ/g). Thus e-waste recycling activities is a 
significant source of DRCs. Toxic equivalent values derived from chemical analysis of PCDD/Fs, DL-
PCBs, PBDD/Fs and monobromo polychlorinated dibenzo-p-dioxins/ dibenzofurans (MBPCDD/Fs) in 
representative  samples,  using  relative  potency  factors  reported  elsewhere  (Behnisch  et  al.  2003, 
Olsman et al. 2007) revealed that PBDD/Fs contributed 13%–20%, comparable to PCDD/Fs, to the 
experimentally  determined  dioxin-
like  activities  in  the  EWRS  (Fig. 1). 
House  dust  samples  from  the  two 
EWRS had distinct patterns of DRCs. 
Samples from EW2 had higher levels 
of  PBDD/Fs  (12–63  vs  16–33 ng/g), 
reflecting  a  greater  abundance  of 
BFRs  as  their  precursors.  On  the 
other  hand,  samples  from  EW1  had 
higher  levels  PCDD/Fs  (1.9–4.6  vs 
1.1–1.8 ng/g)  and  MBPCDD/Fs 
(0.10–0.82  vs  0.40–1.5 ng/g), 
suggesting  that  incomplete 
combustion  processes  of  plastic 
materials  may  be  occurring  more 
prominently in  this  e-waste  site.  It  is 
also  important  to  note  that  the  TEQ     Fig. 1. Contribution of DRCs to the dioxin-like activities  

in house dust determined using DR-CALUX
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values derived from chemical analysis could only explain 25–50% of the values obtained with DR-
CALUX.  The  bioassay  thus  may  provide  more  information  with  regard  to  the  total  dioxin-like 
activities  than  chemical  analysis  of  known  active  compounds.  The  inconsistency  of  the  two 
approaches may arise from many PBDD/Fs and PXDD/Fs unidentified in our chemical analysis and/or 
from those uncharacterised in terms of toxicity. The occurrence of other persistent AhR agonists may 
also contribute to the DR-CALUX response. For a more complete understanding of the contamination 
by e-waste recycling processes, identification of these compounds is necessary.
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