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Abstract

Background: Informal sector electronic-waste (e-waste) recovery produces toxic emissions
resulting from burning e-waste to recover valuable metals.

Obijectives: To identify high-risk worker groups by measuring relative levels of personal
inhalation exposure to particulate matter (PM) of fine (2.5 um) and coarse (2.5-10 pm) fractions
(PM25 and PM3 510, respectively) across work activities among e-waste workers, and to assess
how wind conditions modify levels of PM by activity and site location.
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Methods: At the Agbogbloshie e-waste site, 170 partial-shift PM samples and time-activity data
were collected from participants (N=105) enrolled in the GeoHealth cohort study. Personal
sampling included continuous measures of size-specific PM from the worker’s breathing zone and
time-activity derived from wearable cameras. Linear mixed models were used to estimate changes
in personal PM5 5 and PM 5.1¢ associated with activities and evaluate effect modification by wind
conditions.

Results: Mean (+ standard deviation) personal PM, 5 and PM5 5.1 concentrations were 80 ug m
=3 (#81) and 123 pg m=3 (£139), respectively. The adjusted mean PM, 5 concentration for burning
e-waste was 88 (g m~3), a 28% increase above concentrations during non-recovery activities
(e.g., eating). Transportation-related and burning activities were associated with the highest

PM, 510 concentrations. Frequent changes in wind direction were associated with higher PM5 5
concentrations when burning and high wind speeds with higher PM> 5.1 concentrations when
dismantling e-waste downwind of the burning-zone.

Discussion: The greatest reductions in personal exposure for all workers will come from the
replacement of burning practices with safer and more efficient methods of metal extraction viable
in low and middle-income countries.
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1.1 Introduction

The disease burden from ambient particulate matter (PM) pollution disproportionately falls
on individuals in low- and middle-income countries (LMICs) 1. Workers, especially those in
LMICs where enforcement of occupational safety regulations often is minimal, are exposed
to both environmental and occupational sources of PM. The Global Burden of Disease study
estimates that 488,000 deaths were attributable to occupational exposure to “particulate
matter, gases and fumes” in 2017, representing 42% of deaths attributable to a// occupational
risks 2. The actual number of deaths may be higher considering the number of informal
workers worldwide who are unaccounted for and endure high exposures with little to no
protection or regulatory enforcement 3.

The informal electronic-waste (e-waste) recovery sector emits PM from the burning
electronic wastes in open fires in order to extract valuable metals. Sub-Saharan Africa is
home to several of the world’s largest and most studied informal e-waste recovery sites 4. At
the Agbogbloshie e-waste site in Accra, Ghana, unprotected workers and surrounding
populations have high potential for exposure to e-waste associated pollutants (e.g., heavy
metals, organic chemicals, PM, and pollutant mixtures) °. The scope of health effects
associated with exposure to e-waste associated pollutants is extensive; e-waste associated
pollutants and their mixtures can adversely affect the reproductive, endocrine,
cardiovascular, developmental and central nervous systems8. Health effects associated with
e-waste recovery among workers and nearby communities include adverse neonatal
outcomes, reduced pulmonary function, physical injuries, DNA damage, and increased risk
of cancerb-9,
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The main methods used at Agbogbloshie for recovering reusable parts and metals from e-
waste include manual dismantling and burning 19-13. Dismantling methods, including
pounding with hammers or similar devices, release airborne chemical mixtures, potentially
including heavy metals (e.g., Pb, Cd, Cr), organic chemicals (e.g., brominated flame
retardants (BFRs), and polychlorinated biphenyls (PCBs)) contained within electrical and
electronic products. Burning e-waste, a simple and low-cost method for removing plastic
insulation and circuit boards, allowing for copper and other metals to be retrieved, is
performed at relatively low temperatures in open surface fires and often with non-traditional
fuel sources (e.g., Styrofoam, discarded car tires). Particulate and gas-phase emissions from
burning e-waste can include dioxins, furans, polycyclic aromatic hydrocarbons (PAHS),
carbon monoxide, carbon, nitrogen oxides, sulfur dioxide and volatile organic compounds
including formaldehyde 14. PM from e-waste emissions may be of higher toxicity than PM
from biomass fuel emissions and traffic-related emissions due to the high concentrations of
industrial chemicals and metals in e-waste 15,

PM with an aerodynamic diameter < 2.5 um (PM 5) can readily reach the gas-exchange
region of the lungs. Most of the coarse fraction (PMj 5.10: 2.5 - 10 pm in aerodynamic
diameter) is retained and deposited in the lungs’ thoracic region. Health effects associated
with PM sizes < 10 um in diameter include cancer and cardiovascular, respiratory and
cerebrovascular morbidity and mortality 16, Toxic constituents of PM from burning e-waste
include persistent organic pollutants and heavy metals, and include known human
carcinogens or central nervous, endocrine and/or reproductive systems toxicants 6.

Measurements of air pollution at Agbogbloshie or other informal e-waste sites around the
globe are limited. Caravanos et al. (2011) characterized personal inhalation among e-waste
workers (n=5) at Agbogbloshie and found levels of Al (5.5 - 6.5 mg m=3), Cu (1.2 mg m=3),
Fe (5.6 - 17.0 mg m~3) and Pb (0.98 mg m~3) that exceeded the American Conference of
Governmental Industrial Hygienists (ACGIH) Threshold Limit Values (TLVs) of 1.0, 1.0,
5.0 and 0.05 mg/m3, respectively 17. Hogarh et al. (2018) measured atmospheric PCB
concentrations at two Agbogbloshie locations and across 16 other sites throughout Ghana;
PCB concentrations at Agbogbloshie reached 11.1 ng m=3 in comparison to a median
concentration of 0.48 ng m~3 across all other urban sites 18. The authors concluded that
burning practices at Agbogbloshie were a probable source of airborne PCBs across Accra 18.

In China, at the Guiyu informal e-waste site where burning e-waste is also performed, PM; g
concentrations from area sampling ranged from 50 to 62 pug m=3, exceeding concentrations
in reference populations and China’s national recommendations (24-hr mean PM 5 target: <
35 pg m=3) 19-21 pM samples from the Guiyu e-waste site included high concentrations of
heavy metals (including Pb and Cd), PAHSs, and flame retardants 9192225 Syrrounding
illegal e-waste sites in India, the mean PMq concentration averaged over three months was
233 pug m™3 (+ 19); the PM constituents included high concentrations of Pb, Cu, Zn, Ni and
Cr, which were mostly attributed to the burning of printed circuit boards 26. Even in studies
of formal electronic recycling facilities in Europe and the United States, which are typically
licensed operations that should comply with occupational and environmental regulations,
personal and indoor air quality sampling indicated significant exposures to inhalable dust
containing metals, brominated flame retardants and organophosphate esters 27-30,
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In our previous research at Agbogbloshie among the GeoHealth cohort (N=142), continuous
measures of PM5 5 (a total of 32,439 minutes) from the breathing zone of workers during
171 partial-shifts were highest (mean: 203 pg m ~3) among the workers burning e-waste 31.
Non-work-related activities, however, were also associated with exposure to high
concentrations of personal PM, 5. For example, the mean personal PM, 5 measured during
eating and drinking was 80 pg m=3 31, Activity-specific exposure measures and estimates
provide an opportunity for targeted risk-mitigating interventions among highly exposed
worker groups. Characterizing inhalation exposures among workers may also shed light on
potential environmental and health risks among communities living and working nearby,
especially when prevailing wind direction places communities downwind from e-waste
emission sources (e.g., burning).

Our main objective is to compare levels of personal PM, 5 and PM5 5.1 €xposures across
work activities among e-waste recovery workers enrolled in the GeoHealth occupational
cohort study in Accra, Ghana. Using a combination of continuous PM measures taken from
worker breathing zones and time-activity data generated from wearable camera images, we
estimate personal exposure by activity, adjusted for background levels of PM> 5, study Wave,
day of the week, and meteorological variables. A second objective is to examine the
empirical relationship between wind conditions and personal PM inhalation for workers
positioned downwind and at the main source of PM emissions, the e-waste burning zones.
Measures of the joint effects of activity and wind conditions on PM5 5 and PM5 5.1 are
presented. Winds in Accra primarily arise from the S, W and SSW, causing plumes from
burning e-waste to travel across the Agbogbloshie site and along the river where many other
workers and residents are located (see Figure 1). Assuming that plume rise will be low
during conditions of high wind speed, we hypothesized that breathing zone PM
concentrations would be high among dismantlers and other individuals who are frequently
downwind of the emission source. With a shifting and meandering plume caused by low
wind speeds and high variability in wind direction, we hypothesized that breathing zone PM
concentrations would be high among burners who cannot move upwind of the emission
source while tending the fires.

1.2 Methods
1.2.1 Study Sample

The GeoHealth occupational cohort study is an ongoing longitudinal study to assess
environmental and occupational exposures and health effects among workers at the
Agbogbloshie e-waste site. Details on the worker population and recruitment procedure are
presented elsewhere 31, In brief, 142 e-waste workers were enrolled into the GeoHealth
study during the first (March 14 - May 2 2017) or second (August 4 - October 16 2017)
Wave of data collection. Follow-up visits were scheduled for all participants during the
second and third (January 8- April 20 2018) study Waves. All study protocols were approved
by the University of Michigan and University of Ghana Institutional Review Boards.
Informed consent acquisition and data collection were conducted by trained, local
interpreters in the participant’s native or preferred language.
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1.2.2 Background PM5 5

Area monitoring of real-time ambient PM was conducted using a 5-channel optical particle
counter (OPC) (Aerocet 831, Met One Instruments, Inc., OR, USA) at a fixed site
approximately 6.5 meters above ground level and 1.35 km SSE of the Agbogbloshie e-waste
site (see Figure 1). Given the prevailing wind directions, this fixed monitoring site is
primarily upwind of Agbogbloshie, and thus is used to approximate “background” levels of
PM, s, that is, levels unaffected by site activities. The OPC continuously measured per 1-
minute concentrations of PM < 1, 2.5, 4, and 10 um in aerodynamic diameter and total
suspended particulate (TSP) by converting particle counts into size-specific mass
measurements (as ug m=3). Continuous 1-minute data were averaged into hourly and daily
measurements, on 50 days between June 2017 and February 2018. Hourly averages of PM1q
that exceeded 2,000 pug m=3 (<1%) were considered potentially biased due to coincidence
error (i.e., when multiple small particles appear as larger particles resulting in an
overestimate of large-channel particles) and censored. This decision was made based on our
experience with these instruments and a comparison between OPC and gravimetric filter-
based measurements collected at Agbogloshie 32. Area monitoring did not occur during
Wave | (March 2017) due to problems establishing electricity service at the site. The
surrounding land-use includes a four-lane road with intermittent traffic, rubbish collection
and occasional biomass burning. As of mid-October 2017, after the upwind monitoring site
was established, changes in the surrounding land-uses were made, including intermittent
fires and smoldering of dredged materials placed immediately to the SE and W of the
monitoring site 32,

1.2.3 Personal PM

Continuous PM from the breathing zone of participants was measured using the same 5-
channel OPC device as for area monitoring. PM, 5.1¢ is derived by differencing PM4g and
PM, 5 measurements. Measures of PM1 that were potentially biased due to coincidence
error (>2,000 pg m~3) were censored; when aggregated to 15-minute averages, one
observation needed to be censored. Sampling occurred on all days excluding Sundays and
days with heavy precipitation. During Waves | and Il, participants were asked to wear the
backpack for 4 hours between 8 AM and 4 PM, in order to maximize the time during which
workers were engaged in e-waste recovery activities. In Wave 11, the sampling duration was
reduced to two hours to avoid overloading other equipment in the backpack during the
Harmattan season. PM concentrations in Ghana are highest during the Harmattan season
(November-mid-March) when winds off the Saharan desert transport sand and dust across
the region33:34, The sampling period averaged ( standard deviation (SD)) 198 minutes (+
83 minutes) across all three Waves.

1.2.4 Job activities

Participant activities were recorded using a wearable, wide-angle GoPro Hero4® camera.
The camera was attached to the forward-facing shoulder strap of the monitoring backpacks
and, like the personal PM device, set to take one image every minute. Trained reviewers
processed the time-stamped images using a data collection instrument designed specifically
for the GeoHealth study with input from seasoned workers. Details on image processing and
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design of the data collection instrument are described elsewhere3®, In summary, the
instrument records the type and length of each activity which is comprised of one or more
consecutive images and can be categorized either as a work-related (burning, dismantling,
sorting/ loading, buying and selling, transporting and other), non-work-related (not actively
working, smoking), or transportation-related activity (walking, bicycling, motorbike or car).
“Not actively working” includes sub-categories of sitting, eating or drinking, cell phone use,
prayer, and communicating with others. Reviewers identified images as “unusable” if it was
clear from the image that the participant removed the camera and monitoring backpack from
their body. Participant location during sampling was not recorded; however, objects
identified in the images (e.qg., tools, broken electronics, tires) were used to classify whether
the participant was on or off the Agbogbloshie study site.

1.2.5 Meteorological Variables

Meteorological data from the Kotoka International Airport in Accra, located approximately
10.2 km NE of the Agbogbloshie e-waste site, were obtained from the National Oceanic and
Atmospheric Administration’s (NOAA) Integrated Surface Database (ISD) and the Global
Historical Climatology Network (GHCN)32:36, These include hourly temperature, visibility
distance, dew-point, wind speed and direction and daily precipitation. Relative humidity was
calculated from temperature and dew-point. In order to calculate a measure of wind direction
variability (degrees) that corresponded to the hours during which personal monitoring took
place (typically between 8AM and 4PM), the circular SD of the hourly wind direction
measurements, which can assume values between 0 and 360 degrees, was used. Wind speed
(m/s) was defined by averaging the hourly measures of wind speed (m/s) for the same
sampling periods. Two- and three-level categorical variables for both wind speed and wind
direction were created; the two-level variable compared “high” (the upper fourth quartile
(>75™ percentile) with “low-medium” (the bottom three quartiles (< 75™ percentile); the
three-level variable compared tertiles. Meteorological variables were used both as predictors
of background PMj 5 for days with missing measurements and as covariates in adjusted
analyses.

1.2.6 Data management

A minute-by-minute database of image-based and time-specific activity logs for each worker
was merged with the minute-by-minute, continuous PM data by participant 1D, date and
time. This database was used to create a 15-minute averaged database. The 15-minute
averaging period reduced sampling noise and variability associated with 1-minute PM
measurements and aligned with short-term exposure limits used in occupational settings,
typically set at a minimum of 15-minutes. In addition, the average duration for all activity
types exceeded 15 minutes, as described previously 31, Each interval was assigned mean
PM, 5 and PM>, 5.1 concentration for the activity that was performed longest during the
interval. In the rare event of a tie, the activity that occurred first was chosen. Time intervals
during which the camera and monitoring backpack were removed from the participant’s
body for the majority of the interval were excluded.

Am J Ind Med. Author manuscript; available in PMC 2022 May 01.
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1.2.7 Statistical analyses

Descriptive statistics of the type and duration of activities performed by the participants
were calculated. Given missing directly-measured background PM, 5 data on several days
during which personal sampling occurred, background PM, 5 was estimated using a
prediction model based on the observed background PM, 5 data (N=50 days) from the
upwind fixed site (approximately 1 km from Agbogbloshie) and meteorological variables
measured at the airport (approximately 10.2 km from Agbogbloshie). The choice of
predictors was based on a model described by O’Neill et al. (2002) for predicting ambient
PM, 5 in Mexico City using visibility distance and other meteorological variables typically
available from local airports 37. The initial, full prediction model included: the extinction
coefficient, a measure of “the total amount of light attenuated through adsorption and
scattering by particles and gases” derived from visibility distance using the Koschmeider
formula 38; temperature (minimum, maximum, and mean); relative humidity (minimum,
maximum, and mean); dew-point (minimum, maximum, and mean); wind speed; and
interaction terms between the extinction coefficient and temperature, and separately with
relative humidity. Variable selection and predictions were performed using elastic net
penalized linear regression with five-fold cross-validation (“glmnet” package in R).
Predictions were based on the model whose tuning parameters gave a mean squared
prediction error (MSPE) within one standard error of the minimum. Elastic net provides
good prediction accuracy with a parsimonious model in the presence of correlated predictors
and reduces the variance associated with ordinary least squares (OLS) estimators at the cost
of introducing potential bias3.

In two separate linear mixed models (see Equation 1), the changes in personal PM, 5 and
PM5 5.1¢ concentrations associated with image-derived time-activity were estimated. Models
accounted for the repeated measures design of the study and temporal autocorrelation in the
15-minute personal PM measurements by including random intercepts for participant-days
and an auto-regressive (AR1) covariance matrix. A prioriidentified fixed effect covariates
included background PM, 5, study Wave, day-of-week, temperature and relative humidity.
To account for the non-linear relationship between personal inhalation exposure and
temperature and relative humidity, thin-plate regression splines were used. Covariates were
added to the model one at a time in order to examine their effect on the outcome.
Improvements in model fit were assessed using Akaike Information Criterion (AIC),
Bayesian Information Criterion (BIC) and R? calculated for a linear mixed model“°.
Conditional RZ, percent changes in PM, 5 and PMj 5.1 associated with an activity (exp (B)
-1)* 100) and 95% confidence intervals (CIs) are presented. In sensitivity analysis, the final
model was run without the AR(1) covariance matrix to evaluate the extent to which the
association between change in personal PM exposure and change in activity could have been
attenuated by over-controlling for temporal correlation.

Equation 1: Linear mixed model for estimating the association between activity and
personal inhalation exposure to PM; s and PM> 5.1 in the GeoHealth study.
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In(Personal PM)day, participant, time

= ﬁO + ﬁlACtivitYday, participant,time + ﬂZCOUariatesday, participant
+ 6(Background PMZ.S)day, participant T S

(Weatherday, participant, time) + bday + Tparticipant

+ Eday, participatn, time
2
bgay ~ N(0, op) [1]
2
Tparticipant ~ N(0,07)
Eday, participant,time ~ N(0,X)

X =AR() = Cor(gday, participant, time> €day, participant, timez)
— | timep — timeq |

Equation 1 legend: In this model, time is nested within participant, which is nested within
sampling day. Activity includes not actively working (reference category), smoking, burning
e-waste, sorting/loading e-waste, dismantling e-waste, transporting materials, buying/selling
e-waste, and other (work-related) activities. The model is adjusted for covariates (study
Wave and day-of-week), background levels of PM, 5, temperature and relative humidity. S()
refers to a thin-plate smoothing spline, & is a random intercept for day, © is a random
intercept for participant, p and & are regression coefficients, e is a vector of random errors
and AR(1) signifies the specified first order autoregressive covariance structure.

The joint effects of activity and wind conditions (direction and speed) on personal exposure
to PM> 5 and PM, 5.19 were examined for a subset of participants who performed burning or
dismantling activities. These activities were chosen because the locations of both are
consistent over time and dismantling activities are downwind of the two burning zones
(Figure 1). The hypothesized changes in personal PM concentrations among workers
performing dismantling and burning e-waste activities according to different wind conditions
are summarized in Figure 2, which reflect assumptions regarding plume dispersion. Due to
the lack of available data, the influence of other factors that determine plume dispersion and
rise (e.g. emission rate, mixing height, insolation, etc.) were not considered in this analysis.

Two-way interaction terms between activity and wind direction variability (low, medium and
high) and activity and wind speed (low, medium and high) were added to the fully adjusted
models. Although wind speed and direction are typically inversely correlated (i.e., high wind
speeds are correlated with low variability in direction), our data showed only a modest
correlation (correlation =—0.25). Therefore, the joint effects of wind speed and direction
variability on the association between activity and personal inhalation exposure had to be
examined in separate models in order to avoid small cell sizes and conserve statistical power.
Main effects of the interaction model are presented graphically to facilitate their
interpretation*l. Additionally, effect modification results are presented, for two-level
variables only, on the multiplicative and additive scale in a table following the
recommendations provided by Knol and Vanderweele (2012) 42. “Super-additive” and
“positive” multiplicative interaction are defined as changes in personal PM associated with
the combined effect of activity and wind conditions that is larger than the sum and product,
respectively, of changes associated with their individual effects.

Am J Ind Med. Author manuscript; available in PMC 2022 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Laskaris et al.

Page 9

1.3 Results

Among the 142 participants, 105 individuals wore backpacks containing a camera and
personal PM monitoring device. Participants with personal sampling did not differ from the
full cohort across socio-demographic characteristics. During Waves I, Il and 111, 51, 54 and
55 partial work shifts were sampled, respectively (N=160). The average length of shift
samples per participant was 221, 214 and 160 minutes during Waves I, Il and Il11,
respectively. A total of 2,110 15-minute intervals were averaged from a total of 31,650
minutes. Data from three participants collected on a day during Wave | with a large urban
fire adjacent to the Agbogbloshie e-waste site were excluded. No data were collected on the
days immediately following the fire. Descriptive statistics on the GeoHealth cohort have
been presented previously 3L, In brief, the all-male cohort is an average of 27 years old and
reported working 6 to 7 days a week for an average of 10 hours per day (some of which is
spent on-site, but not actively engaged in a work activity 31).

1.3.1 PM and time-activity

Descriptive results of time-activity and their corresponding levels of measured personal
PM, 5 and PM> 5.1, unadjusted for background levels, are shown in Table 1. The most
common work activities were dismantling, sorting/ loading and burning (Table 1). For 50%
of the recorded partial-shifts, workers were categorized as “not-actively working” (i.e.,
sitting, eating or drinking, cell phone use, prayer, and communicating with others). The
average duration of activities ranged from 24 minutes (= 13) for walking to 80 minutes (£
90) for dismantling. Burning activities had the highest measured personal concentrations of
both PM5 5 (mean: 209 pg m~3) and PM5 5.1 (mean: 241 pg m=3). Mean PM5 5.19
concentrations were higher for transportation-related activities (131 pg m=3) than for “other”
activities (98 ug m=3), but similar for PM; 5.

1.3.2 Background PMy 5

Observed background levels of PM, 5 (N=50) from the upwind fixed site between June 2017
and February 2018 had an overall median and mean of 62 and 73 pg m=3 (% 53),
respectively. During June through October (non-Harmattan season) 2017, the median was 34
g m=3 (+ 21); median levels increased to 80 pug m™3 (+ 56) during November 2017 -
February 2018 (Harmattan season). These observed values were used to predict missing
daily averages of background PM, 5 on days during which sampling took place (N=61). The
prediction model with the minimum cross-validated MSE, which included visibility
distance, minimum temperature, wind speed and an interaction between visibility distance
and relative humidity, had an R? of 0.69 (Figure 3). Estimated background PM, 5
concentrations for the study period had an overall median of 68 pg m=3 (+ 112), and median
concentrations were 69 (+ 17), 61 (£ 7), and 76 (= 140) ug m=3 for Waves I, 11 and 111,
respectively. The correlation between observed and fitted values was poorest for low levels
of PM, 5. The poor correlation may be due to: the lack of observed background PM; g
measurements during the non-Harmattan season; lack of measurements during Wave |
(March-April) when visibility distance (the main prediction variable in the model) was high;
and/or that measurements taken after October 27, 2017 were elevated due to local fires near
the monitoring site.
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1.3.3 Personal PM exposure for work and transportation-related activities

Changes in personal inhalation exposure to PM, 5 and PM 5.1 associated with activity are
presented in Table 2. The intercepts (67.3 and 97.4 g m=3, respectively) correspond to a 15-
minute period of “not actively working”, with all other covariates in the model, including
background PM, 5, Wave of data collection, day-of-week, temperature and relative humidity,
set to their reference levels (Table 2). Burning e-waste is associated with an adjusted
personal PM, 5 concentration of 86.3 pg m=3 (95% CI: 61.1, 121.9) or a 28.1% increase
(95% ClI: 10.7%, 48.2%) from levels when workers are not actively working. The presence
of tobacco smoke is also associated with a large percent increase in PM 5 exposure (22.3%,
95% CI: 5.4%, 42.0%). Personal PM5 5 exposures during walking, dismantling, sorting/
loading, transporting materials, and bicycling activities are all moderately higher exposure
than when not actively working (5.4-6.7%), resulting in adjusted mean personal PM
concentrations that ranged from 71.0 to 71.9 pg m=3. For PM 5_10, bicycling followed by
motorbike use and burning are associated with the largest increases in personal exposure
(45.7%, 30.7% and 28.1%, respectively) in comparison to not-actively working. However,
unlike for PM> 5, sharp differences in PM, 5.1 between burning and the other work
activities were not observed. Personal PM; 5 and PM3 5.1 concentrations were lower during
Wave |1l (Harmattan season) in comparison to Wave | (non-Harmattan). Higher personal PM
concentrations during Wave | in comparison to 1l and 111 may be due to the higher number of
burning activities performed by the participants; in Wave I, 50 burning events were recorded
in comparison to 32 during Waves Il and I11 combined. Furthermore, it is unlikely that
Harmattan winds contributed to personal or background PM measurements; out of a total of
27 days during which possible Harmattan dusts were identified using satellite data for the
Dec 2017 — Feb 2018 period32, only 7 overlapped with days of personal sampling. Among
the days of the week, Mondays are associated with the highest, and Thursdays and Fridays
with the lowest, concentrations of PM, 5 and PM5 5.1, although the confidence intervals are
wide. Models run without accounting for temporal autocorrelation had similar results with
respect to the rank order of associations between activities and personal PM exposure.
However, the magnitude of the relative risk associated with each activity was larger, as
expected.

1.3.4 Joint effects of activity and wind conditions on personal inhalation exposure

Figures 4 and 5 show wind conditions and the joint effects of activity and wind conditions
on personal exposure to PM5 s and PM3 5.1, adjusted for background PM, 5, Wave of data
collection, day-of-week, temperature and relative humidity. Based on Kotoka weather station
data from days and hours that coincided with personal monitoring (h=304 h), hourly wind
speeds ranged from 1.0 to 10.3 m/s with an average of 5.2 m/s (+ 1.7), and winds originated
predominantly from the S (25 %), W (24%) and SSW (20%) (Figure 4). Daily variation in
wind direction ranged from 4 to 55 degrees with a mean and median of 26 degrees (+ 12).
Throughout the sampling period, direction shifted from the W to the S and speed increased
by approximately 1 m/s from the morning to late afternoon. Average wind speeds were
highest during Wave 11, and direction variability was highest during Wave I11 (Figure 4).

Wind conditions modified inhalation exposures of dismantlers and burners (Figure 5).
Personal PM5 5 and PM, 5.1 concentrations for burning activities increased with high wind
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direction variability. When plumes meander and their direction is harder to predict, burners
may have greater difficulty avoiding the smoke (Figure 5). Personal PM, 5 exposure for
burners was lowest during high wind speeds (Figure 5); however, a clear downward trend in
PM, 5 or PM; 5.1 exposure associated with increasing wind speeds was not observed
(Figure 5). Personal PM> 5_10, but not PM> 5, for dismantling activities increased with wind
speed (Figure 5); entrainment of surface dust and particles generated during e-waste
dismantling may also contribute to PM> 5_1¢ exposure. Dismantling activities were
associated with higher concentrations of PM> 5.1 than burning activities, except during
periods of high wind variability.

Effect modification by wind conditions on personal PM, 5 and PM, 5.1 for participants
exposed to burning e-waste in comparison to dismantling e-waste is presented in Table 3.
The results provide preliminary evidence that high wind direction variability increases
inhalation hazards among workers who are burning e-waste and high wind speeds increase
inhalation hazards among those dismantling e-waste. For example, burning e-waste during
conditions of high wind direction variability resulted in a 163.1% (95% CI: 81.7, 280.9)
increase in personal PM, 5 concentrations in comparison to a 32.3% (95% Cl: -44.2, -17.9)
decrease during conditions of low-medium wind variability. In other words, burners have
higher PM exposures when the wind direction is variable. Evidence of a positive interactive
relationship between burning e-waste and high wind direction variability was observed on
the additive and multiplicative scales for both PM5 5 and PM, 5.1¢. The alternative negative
interaction between burning e-waste and high wind speeds for PM5 5 and PM 5.1 (i.€., a
decrease in exposure for burners when wind speeds are high) was also observed on both the
additive and multiplicative scales (Table 3). For dismantlers, point estimates of personal
PM, 5 and PM> 5.1 exposure increased by 28.6% (95% ClI: —-13.1, 89.8) and 12.0% (95%
Cl: —25.0, 67.2), respectively, during high wind speeds in comparison to low and medium
speeds; however, the results were not statistically significant at the 0.05 alpha level (Table
3).

1.4 Discussion

1.4.1 Main findings

This study contributes to the limited data on inhalation exposure among e-waste workers,
identifies highly exposed worker groups by work activity, and contributes to our
understanding of sources and causes of exposure among these workers. The mean PM> 5
(80.2 ug m=3) and PM 5.1 (123.2 ug m~3) concentrations measured in the breathing zone
of e-waste workers at the Agbogbloshie site in Accra, Ghana considerably exceed the WHO
PM, 5 and PM1g ambient air quality guidelines. Image-based time-activity data helped
establish differences in personal PM by specific activity; during 15-minutes of burning e-
waste activities, personal PM5 5 and PM> 5.1 concentrations increased from background
levels on the site by 28.1% and 30.7%, respectively. Although burning e-waste exceeded any
other activity’s PM5 5 concentrations, the concentrations of PM5 5.1 during burning were
similar in magnitude to measured concentrations that occurred during transportation-related
activities (bicycling or motorbike and car use). Our analysis of associations between activity
and personal inhalation exposure by wind conditions strongly suggest that, in the setting of
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Agbogbloshie, plumes from burning e-waste are a source of PM exposure for downwind
workers, and that with more variable winds, workers performing burning activities are
unable to avoid smoke exposure, leading to peak exposures among these workers.

1.4.2 PM; 5 and PMs 519 breathing zone concentrations by job activity

Higher personal PM, 5 concentrations during burning activities and higher PM» 519
exposures during transportation-related activities in comparison to periods during which e-
waste workers were not actively working were as expected. Personal PM; 5 concentrations
were similar among walking, transporting, sorting/ loading and dismantling activities,
possibly because these activities occur in close proximity to one another in areas unprotected
from smoke associated with burning. At Agbogbloshie, workers transport materials by foot
between the e-waste processing area and the burning zones using carts and wheelbarrows.
Buying and selling activities were associated with the lowest levels of PM5 5 and PM» 5.10;
buyers and sellers typically have higher incomes and sit in sheds, some of which have fans,
removed from the burning zones. Activities that occur mostly off-site, including bicycling
and motorbike use, were associated with higher levels of PM, 519 concentrations. This
coarse PM fraction likely includes entrained soil, dust and exhaust emissions from vehicles.

1.4.3 Local dispersion from e-waste burn pits

Wind direction and wind speed represent two factors involved in dispersion, transport and
transformation of e-waste emissions. Additional factors influencing plume trajectory, plume
rise and dilution include parameters related to the emission’s source (e.g., type, size,
number, emission rate, heat flux), meteorological and micrometeorological factors (e.g.,
cloud cover, insolation, humidity, mixing height), and orographic and topographical factors
(e.g., surface roughness, and land/water interfaces).

Emissions from open e-waste burning at Agbogbloshie are a ground-level area source.
Considering the S, W and SSW prevailing winds that occurred during sampling hours, most
workers are at a downwind distance of 200 to 400 m and a crosswind distance of less than
300 m from the plume centerline. Other than the location of the emission source, the number
of fires, their size, type of accelerants used and materials burned, much less the emission rate
and temperature, are unknown, and many of these factors will change on a daily or hourly
basis. Agbogbloshie has a relatively flat terrain with the highest structures being small sheds
and mosques (approximately 5 m tall), and the adjoining lagoon, drainage canal and terrain
have limited relief (approximately 10 m). The Gulf of Guinea coastline is approximately 3
km away, far enough to limit some effects associated with land-sea interfaces.

Local exposure to workers downwind of the burning area depends on the fire’s emission
rate, plume rise, dispersion, and other factors, all of which can be affected by winds. As
depicted in Figure 2, with high wind speeds, plume rise may be very limited and the plume
is essentially at or near ground level, thus increasing the potential for exposure among e-
waste workers downwind. High wind speeds and low variability in direction may also
increase the burning rate, potentially increasing emissions, or alternatively diluting the
plume. In any event, workers who are burning waste under such conditions are able to stay
upwind and thus decrease their exposure. Anecdotal and photographic evidence from the
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wearable cameras demonstrates how burners avoid smoke exposure by modifying the
location of their fires on days with steady and strong winds. However, if winds are
meandering and plume rise is limited (likely with low temperature, dispersed or smoldering
open fires), then wind shifts can cause the plume to move in multiple directions, causing
exposures among burners to vary widely. Workers further downwind and over a wide swath
of the e-waste recovery site will also be exposed. Low wind speeds, however, also have
countervailing effects: with a sufficiently large and hot fire, plume rise will increase with
low speeds, and pollutants will be transported well above the breathing zone of workers,
leading to relatively low exposure on-site. At the urban scale, i.e., considering off-site
exposure in Accra, even elevated plumes will contribute to exposure, although the maximum
concentrations may be experienced at a further distance and concentrations will be lower.
Still, e-waste burning may add to the PM exposure experienced by Accra residents.

1.4.4 Toxicity of particulate matter generated from e-waste

145

The concentrations of personal PM5 5 and PM> 5.1 exposure among these e-waste workers
far exceed ambient air quality guidelines. However, they do not exceed the permissible
exposure limit (PEL) for “otherwise unregulated” particulates defined by the U.S.
Occupational Health and Safety Administration (OSHA) (15 mg m~3 for total particulate
and 5 mg m~3 for the respirable fraction)*3. However, personal protective equipment (PPE),
e.g., masks or respirators, would typically be utilized to minimize exposure with such PM
levels. Moreover, PM emissions from burning e-waste are comprised of highly toxic
constituents. In air samples of TSP and PM, 5 from the Guiyu e-waste site in China,
concentrations of PAHSs, dioxins, flame retardants and metals (e.g., Cr, Zn, Cu, Pb, and As)
were higher when compared with urban and rural regions 192544, Cesaro et al. (2019)
modelled the chemical reactions that occur during open e-waste burning and found that the
potential hazards from open burning of cables made of copper, thermoplastic elastomers,
polyvinyl chloride, and polyethylene foils were higher than for computer and mobile printed
circuit boards, and above the threshold limit values 1°. This result was driven by the high
content of chlorine-containing plastics in cables that generate dioxin (specifically, 2,3,7,8-
tetrachlorodibenzo-p-dioxin) 1°. Further research into the severity and range of health effects
from occupational exposure to PM emissions with high concentrations of metals and
persistent organic pollutants is needed.

Implications, interventions, and policy options

A key finding of the current study is that, on a site where open burning is routinely used to
recover metals from e-waste, and other workers dismantling e-waste are typically located
downwind of burning sites given prevailing wind patterns, a combination of wind speed and
variability in wind direction is highly predictive of personal exposures to PM. This finding
reinforces the significance of open burning as a source of potentially toxic exposures to
workers. Thus, interventions aimed at reducing personal inhalation exposures among e-
waste workers should focus on burning activities as a critical PM emission source affecting
essentially all workers on the site. Other activities, such as dismantling of e-waste and
draining of oils, are also problematic and should be addressed by hazard reduction strategies.
Many interventions attempted at informal e-waste sites around the globe, e.g., educational
campaigns, training, and distribution of PPE, have provided minimal protection on their own
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and have not provided economic incentives for the workers. Effective engineering solutions
should be designed with input from the workers, and should simultaneously improve the
efficiency and capture of raw materials. Interventions at Agbogbloshie or other e-waste
recovery sites have the difficult challenge of balancing pollution controls with job
availability. Ongoing monitoring of exposure and worker’s health is recommended to help
validate the effectiveness of an intervention. A hierarchy of strategies aimed at air pollution
prevention, their opportunities and potential challenges specific to Agbogbloshie and other
informal e-waste sites is shown in Table 4.

The creation of informal and formal sector partnerships is a proposed solution to eliminate
environmental exposures from informal e-waste recovery 4°. Under this scenario, informal
recyclers collect, dismantle, and repair e-waste, while formal sector facilities, subject to
occupational and environmental regulations, perform raw material recovery and waste
disposal. Although this model has strong potential to reduce occupational and environmental
exposures in settings like Agbogbloshie, it may not be sustainable if the earnings among
informal workers are reduced through their loss of control of the final product. Strong
regulatory oversight is also needed to ensure safe conditions in the formal facilities.

On a national scale, a variety of Extended Producer Responsibility (EPR) policies for e-
waste management have been implemented in the European Union (EU), Switzerland,
Japan, United States and Canada 4647. An EPR policy approach extends the responsibility to
take back used products to the manufacturer. Different management approaches and take-
back schemes have resulted in varying degrees of compliance and collection efficiency 46. A
2011 EU directive placed further restrictions on use of hazardous substances in the design of
electronic and electrical equipment#®. India and Thailand have also drafted e-waste
management regulations. However, black markets and informal recycling sectors that do not
fall under the regulation’s jurisdiction are limiting factors of such policies that are yet to be
overcome. In countries with large informal economies, a different set of management
principles sensitive to the local social, cultural, political, and economic tapestry are needed.

1.4.6 Strengths and limitations

A strength of this research is the unique and highly time-resolved data on personal
inhalation exposure to PM, 5 and PM5 5.1 in combination with photo-validated time-activity
data among informal e-waste workers. The use of available airport weather data to estimate
background levels of PMs 5 in a place where directly measured concentrations are not
readily available can be replicated in other studies with the same data limitations.
Comparisons of breathing zone PM concentrations by activity helped identify burning e-
waste and transportation-related activities as the greatest sources of personal PM, 5 and
PM, 5.10, respectively. Examining the joint effects of activity and wind conditions on
personal inhalation exposure provided a useful step in understanding whether and how
emissions from burning e-waste contribute to personal inhalation among different groups of
workers. Another strength is that we suggested air pollution control strategies viable in
LMIC settings.

Optical measurements of size-specific personal PM concentrations are limited in that they
can diverge from gravimetric (e.g., filter-based) mass measurements, considered the
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reference approach. Optical measurements can be affected by particle characteristics,
instrument response, inlet and sampling configurations, and humidity, and thus site-specific
correction factors are often recommended. Based on a related study at the Agbogbloshie site
where both optical measurements (using the same instrument as in the present study) and
gravimetric measurements were collected at fixed monitoring sites, optical PM; g
measurements were biased downwards by 21% from gravimetric measurements 32, The
backpack samplers, however, differed from the tested configuration in that the sampling inlet
on the chest strap was connected to the instrument in the backpack using a length of tubing.
Numerical and field experiments conducted to understand penetration through the tubing
indicated losses of up to 19% for PM5 5 and 23% for PM> 5_1¢. These preliminary results
suggest that PM concentrations reported in this paper may be underestimated. However, this
would not change comparisons of relative exposure concentrations by activity since these
biases scale across all measurements in the study, regardless of the activity.

Data screening was used to exclude other biases. Half (n=13) of the observations exceeding
the Aerocet optical device’s maximum concentration range (1000 pug m~3 as stated by the
manufacturer) occurred during burning e-waste activities. By censoring measurements
exceeding 2000 pg/m3, the most severe cases of bias due to coincidence error were avoided.
In a sensitivity analysis, our main results did not differ after censoring values exceeding
1000 pg m=3. The lower cut-off, however, would have the effect of underestimating
concentrations for activities associated with high PM exposures.

Models were adjusted for fitted rather than observed measures of background PM 5.
Unknown measurement error may have resulted in an over- or underestimate of fitted
background PM, 5 values. Overestimates of background PM, s may have occurred due to the
lack of observed background PM, 5 observations from Wave | of the study during the non-
Harmattan season and elevations in observed background PMs 5 concentrations after
October 26, 2017 due to changes in land-use (e.g. smoldering excavation materials) near the
monitoring site. Adjusting for such over- or under-estimates of background PM 5 in the
statistical models might falsely reduce or enlarge, respectively, the estimated proportion of
PM from occupational sources. In a sensitivity analysis stratified by Wave, the moderate
associations between personal PM (both sizes) and background PM 5, was highest during
Wave I, followed by Waves Il and I1; however, when using an interaction term between
background PM, 5 and study Wave, the differences by Wave did not reach statistical
significance. Similarly, in models unadjusted for background PM 5, the associations
between personal PM (both sizes) and activities did not change significantly. Evidence on
the joint effect of wind conditions and activity on personal inhalation exposure relied on
measures of wind speed and direction from the Kotoka International airport, which may not
have accurately represented conditions at Agbogbloshie, where winds are slightly lower in
velocity and more variable in direction32. Lastly, we were unable to account for numerous
potential non-work related sources of personal PM exposure on the site (e.g. nearby cooking
with wood and charcoal, waste burning, unpaved road traffic and diurnal changes).
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1.4.7 Conclusions

The greatest reductions in personal exposures for all e-waste workers will likely come from
the replacement of current burning practices with safer and more efficient methods of metal
extraction viable in low and middle-income countries. Our preliminary evidence suggests
that burning activities not only result in elevated personal PM concentrations for those
performing the activity, but also contribute to elevations in personal PM, 5 and PM> 5.1¢
concentrations among downwind workers who are performing different tasks. Reducing the
amount of time that workers spend on the site without actively working (50% of the
monitored work-shifts in this sample) could reduce unnecessary exposure to occupational
sources of PM, among other pollutants with high toxicity. However, with the knowledge that
many of the workers live on site out of necessity, this is not feasible without substantial,
long-term structural changes in Accra. Development and implementation of air pollution
control strategies requires a collaborative effort among diverse stakeholders, including
workers, engineers, industry, government, academia and local organizations, in order to
overcome challenges in designing effective interventions for an informal site characterized
by a lack of economic capital and technically trained workers. Effective interventions will
balance the reduction of occupational and environmental exposures with the maintenance of
job availability for workers who depend on e-waste recovery for their livelihoods.
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Figure 1: Map of the Agbogbloshie scrap and e-waste recovery site and surrounding area.
The Agbogbloshie site is approximately 0.5 km? in area. The highlighted polygons indicate

the main zones where e-waste burning takes place: “Burning Zone A” and a secondary,
smaller and newer burning zone “Burning Zone B”, and the dismantling zone where most e-
waste processing occurs (e.g., sorting, loading, weighing). Pins indicate locations of the
fixed environmental monitoring station for background levels of PM, 5, and the adjacent
vegetable market. The wind rose (date range: 1/1/2017- 5/1/2018, timeframe: 8AM — 4PM)
shows that prevailing winds during the timeframe of personal sampling originated primarily
from the S, W and SSW. Map created using Google Earth Pro V 7.3., 5776. (10/7/2015). ©
Google 2018. Wind rose created by WRPLOT View (ver. 8.0.2) provided by Lakes
Environmental.
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Figure 2:
Hypothesized effects of wind speed and direction variability on PM exposure among

workers performing dismantling and burning activities at Agbogbloshie electronic waste
recovery site, Accra, Ghana.
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Figure 3: Correlation between fitted and observed background PM» 5 measured between June
2017 and February 2018.

Observed concentrations of background PM> 5 were measured at a fixed site 1.35 km
upwind of the Agbogbloshie e-waste site on 50 days between June 2017 and February 2018.
Variable selection and predictions were performed using elastic-net penalized linear
regression. Models were adjusted for visibility distance, temperature, wind speed and an
interaction term between visibility distance and relative humidity.

Am J Ind Med. Author manuscript; available in PMC 2022 May 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnue Joyiny

Laskaris et al.

A0S
pret

- OCTOBER 16 2017) 08 - APRIL 20 2018)

Figure 4: Wind roses from Kotoka International Airport by Wave of data collection, 2017-2018.
Wind rose were created by WRPLOT View (ver. 8.0.2) provided by Lakes Environmental.
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Figure 5: Predicted means of personal PM> 5 (plots A and B) and PMy 5.1¢ (plots C and D)
exposure associated with changes in activity and wind conditions among e-waste workers,

Agbogbloshie, Accra, Ghana, 2017-2018, (n=381).

Wind speed (plots A and C) cut-points are derived from the 33" (4.6 m/s) and 66t (5.7 m/s)
percentiles. Wind direction variability (plots B and D) cut-points for “Low”, “Medium”, and
“High” are derived from cut-points at the 33 (20.1 degrees) and 66™ (30.2 degrees)
percentiles. Marginal effects represent the expected change in personal exposure to PM5 5
and PM5 5.1 as a function of a change in activity and wind conditions while holding all
other variables constant. Models were adjusted for background PM 5, study Wave, day of
the week, temperature and relative humidity. Error bars represent 95% confidence intervals.
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Time-activity and personal inhalation exposure to particulate matter averaged over fifteen minute intervals
among 105 electronic-waste workers at Agbogbloshie e-waste recovery site, Accra, Ghana, 2017-2018.

Work-Related

Transportation-
Related

Other

Total

Activity Type

Dismantling
Sorting, loading
Transporting
materials
Burning
Buying, selling,
weighing

Other (Work)

Walking
Motorbike or Car
Bicycling

Not actively
.a
working

Smoking

Activity Frequency

Mean
length
of
activity
in
minutes
+

sD
57 + 64
80+ 90

45+ 45
33+25
59 +44
29+18

52 +30
26+ 17

24+13
31+£30
30+11
71+78
74 £ 80

46 £ 48
51 + 62

Total
minutes
during
which
activity
was
performed
(%)

8955 (28)
4485 (14)

1530 (5)

825 (3)

1230 (4)

315 (1)

570 (2)
5655 (18)

4020 (13)
1155 (4)
480 (2)
16980 (54)
15915 (50)

1065 (3)
31590 (100)

PMzs (ug m™3)
Mean + SD

100.1 +130.2
90.0 £81.9

81.4+45.0
71.4+543
208.6 +283.2
58.9 485

59.5+233
72.9+46.0

78.6 £49.6
57.2+335
62.5+27.5
72.2+47.9
71.1+47.4

87.7+52.1
80.2+81.0

Median (Range)

66.1 (12.2, 1150.6)
68.7 (13.4, 683.1)

69.1 (14.4, 312.3)

50.6 (18.2, 271.3)

71.7 (23.7, 1150.6)

58.6 (12.2, 191.0)

58.1 (19.4, 121.1)
62.0 (3.4, 468.0)

66.5 (3.4, 468.0)
50.9 (16.3, 180.1)
54.8 (15.9, 148.6)
64.3 (3.9, 558.2)
63.2 (3.9, 558.2)

78.0 (10.8, 253.1)
64.4 (3.4, 1150.6)

PMz5.10 (Mg m™3)

Mean + SD

166.5 +190.3
145.9+132.9

169.4 + 186.0

160.5+154.4

240.9 +£341.0

161.9 +161.8

1725+ 164.9
130.8 +124.2

126.2 +122.3
145.6 + 143.7
132.9+82.7
97.9 £100.0
99.5+102.5

74.1+4438
123.2+138.8

Median (Range)

105.9 (9.5, 1702.8)

102.9 (17.7,
1101.7)

101.2 (23.7,
1000.8)

105.9 (22.5, 721.2)
104.7 (22.0,
1702.8)

130.0 (9.5, 580.6)

126.5 (14.9, 858.5)
100.0 (9.8, 1173.1)

98.9 (9.8, 1173.1)
100.8 (12.5, 581.9)
124.7 (23.2, 370.0)
71.1 (9.0, 1197.9)
71.1 (9.0, 1197.9)

70.7 (12.9, 238.3)
83.5 (9.0, 1702.8)

Note: Activity type and length were derived from wearable cameras and continuous size-specific personal inhalation concentrations were measured
using an optical device. Summaries are calculated from a grand total of 31,650 minutes (n=2,110 15-minute intervals), 60 minutes were “unusable”
because the participant removed the camera and backpack with optical device for measuring PM during sampling. SD, standard deviation.

a . N o - . L L .
"Not actively working" includes activities of sitting, eating or drinking, cell phone use, prayer, and communicating with others;

Am J Ind Med. Author manuscript; available in PMC 2022 May 01.



Page 26

‘AIpiwny anneal pue ainjeladwsal ‘eam-40-Aep ‘anepn Apnis ‘G CINd punolbixoeq Joy paisnipe S|apow 109448 PaxIw Jeaul| WoJy aJe Saewnss ||y ;810N

Am J Ind Med. Author manuscript; available in PMC 2022 May 01.

Laskaris et al.

(6'€€2 '9°€S) ¥'TTT (s6L'cLz-)evT  (eyT'L0S) 88 (L2zL'T8-) 6'se Kep Aepinjes
(8'68T '€'¥S) 0'TOT (Lsv'e'9e-)9e  (6'€0T '€€y) T'L9 (€92 'v'12-) ¥'0- Kep KepsinyL
(8'5T2 ‘2'29) €611 (999 '65T-) 28T (S'€CT 'L'1S) 6'6L (T05 ‘'e'9-) 98T Kep Kepsaupap
(T'¥72 ‘TT9) 6ETT (ev9'021-) 89T (€9TT'G'8Y) T'SL (r1r'TeT-) 8T Kep Aepsanp
(8292 'L'2)) 8'8ET (§'S0T 'v'1-) ¥'2y  (0°9ST 'L'29) 6'86 (968 'L'€T) 6'9 Kep Kepuon
moau:“_ = 3JUBJ8)31) X33\ 3} 40 Aeq
(L'1TT'8°28) 2°09 (ev1-'s95-) €8s~  (T'SL'L'TE) 8'8Y (L'8-'gzy-) 92—  |udy -uer (UenewreH) 111 9B
(6'¢6 '€'62) 272G (6'L2-'¢09-) G9v—  (6'0L '6'0€) 8'9¥ (6'€T-'0'vp-) 90~  100-Bny (uepeulreH-uou) || anem
(7'16T ‘5'08) €'¢2T ((ueyrewreH-uou) | BABA = 30UB19431) SAEM
(0zeT‘'0vL) €86 (eT'v0)80  (6728°2S8) L'L9 (80°20)50  Jnoy-pg  (Ueaw =dduaiajal) (g-w br) SeNd punoibxoeg
(5261 '6'5) T'€6 (6702 'L've-) 9v—-  (T°06 '7'0Y) ¥'09 (96 '2'92-) ¥'0T—-  @INUIW-GT (suom) J8u10
(T'18T '5'T9) 0'S0T (6€'9'91-) 2L (¥'€0T 'L'v¥) 0'89 (L'G2'6'8T-) 0'T  @INUIW-GT BuiyBram ‘Buijss ‘Buthng
(z'z61 '0'28) 6'V2T (r'etn) T8 (606 '6°LY) 099 (501 ‘2’€T-) 0'Z—  AnuIW-GT 1eD 4o 8410010
(seez 'v'28) TevT (z6L'58T) 'Sy (9°€0T 'L'8¥) 0'TL (62 'L'TT-) ¥'S  @nuIw-GT Bujokorg
(7'S8T 'L'vL) T'LTT (zey'v1)T0Z (2'T0T '8'09) L'TL (Teg'6'L-) v'9  anulw-gT s[eiayew Bunuodsuel |
(zeLt'zyl)gert (62€'90)9sT  (586'T'29) 9'TL (L6T'9°6-) €9 anuIw-GT BuipeoT ‘Buios
(0vLT'v'8L) 2'9TT (Gec'v9)zer (696 'T'€S) ETL (591'8€-) 6'G  ANUIW-GT Buipuewsiqg
(2291 '8'6L) V'ETT (8vc'z8)c9T  (€€6'€'SS) 6'TL (r'€1'€°0) 2’9 @NUIW-GT Bunsirem
(0'2ST '5°09) ¥'S6 (991 '6'21-) T'2- (6'9TT '1'89) ¥'28 (0zv 'v'e) €2z anuIw-GT 8XOLUS 002B](0} JO BIUBSAId
(Tz0z ‘T18) §'L2T (Tg6‘T0T) 20 (6'TCT 'T'T9) €98 (z’8y'L'0T) '8¢  aMuIW-GT Buiuing
NNac_v:o\s A13nnnoe 10N = adualagal) AIANOY
(6621 '0'€L) 116 VIN  (528'6'%9) €29 VIN - sInuiu-gT 1daous

((fo) ((fo] (o

%56) (10 %56) e
uoI1e1IuU3dU0I %56) 84nsodxa uo13eJIuUsdU0d 04G6) a4nsodxa  aunsodxa

payewnsa  Jeuostad ul abueyd on parewnss [euosiad ul abueyd o5  JO poldad Sa1eIIBA0D pue ainsodx3

paisnipy TG0 :zd [eUoRIpUOD paisnlpy  i0 iz [RUOIIIPUOD

oa.m.N_\/_n_ m.N_\/_&

"8T02-/T0Z ‘eueyS ‘e122V ‘a1ysojqboghy ‘siaxom A1an0dal 81SeM-01U0J193]8 GOT WL SYIYS 40M 09T Buowe saiiAIloe pale|al YI0M-Uou 0} uostiedwod
Ul saniAoe pajejal-uoneuodsuen pue yiom Aq 0TS¢ A4 pue SN 4 01 ainsodxa euossad ul abueyd jusaiad pue ainsodxa [euostad paisnipe parewns3

‘¢ dlgeL

Author Manuscript Author Manuscript Author Manuscript Author Manuscript



Page 27

Laskaris et al.

‘Aepuns Buipnjoxa sAep || uo palinddo m:__aEmmu
'S1aylo ynum Bunesiunwiwod pue ‘1akeld ‘asn auoyd (199 ‘Burjurip Jo Bunes ‘Bumis Jo seniAnoe sspnjoul ,Buiiom Ajpanoe Ez..Q
"00T «(T— (g) dxa) Aq payejnajes abueyd Eme&m

Author Manuscript Author Manuscript

Author Manuscript

Author Manuscript

Am J Ind Med. Author manuscript; available in PMC 2022 May 01.



Page 28

Laskaris et al.

“WI8) UONJBISIUL Y} 10 T> HY UR S Paulyap SI UOHEIIHIPOW 108148 ,8A11e6aU,, pue W) UOIIOBISIUI 8U) J0) T < H¥ UE Se pauljap Si 8[eas aAIledl|di|n 8y} UO UOIRIIIPOL 108)J8 NSO,

“UOI0RIBIUI JO YSII SSOXD

AAIIR[R] ‘1YY ‘[eAIBIUI 3DUSPIUOD ‘1D "ANPILINY BAIIR[3] pUB ainjeladwial ‘Yaam-Jo-Aep ‘U0I11031|09 BIep JO SN ‘S CINd punoiByoeg J0) paisnipe S|opoW 108,48 PaXILW Jeaul| WoJy aJe Saewnss ||V 310N

500>
anfea-d (S0T- ‘vvvT-) v LL—

100>
‘anfen-d ‘(Z¥8T ‘9'6€) %6'TTT

(10 %%6) 1434

3|e0s aAllIppe
uo

uomealIpow
109449 JO 8NSEIN

(00>
anfea-d ‘(T°GT- ‘T°G9T-) %1 06—

100°0>
anjea-d ((F'veg ‘€ vS) %E T T

ueo %G6) 1434

nm_mum anilppe
uo

uoIeILIPOL
10049 JO 24NSEaN

10°0> :anfea-d (7'zz- '6'v.-) 6°5—

100> :anjea-d (5265 ‘ 0'89) T'TvC

w9l
uonoeslul JO
(1D 9%G6) abueyd 9

8|e0s aAlrealdnnw
uo

uomeIlIpoOW

108449 JO 3NSBAIN|

100> :anjea-d (1°0€- ‘'9°9.-) 9'65—

100°0> :anfea-d (€29 ‘ ¥°28) 2°082
oc.Cwu

uonoeaslul Jo

(10 9%G6) abueyo 9

2189
aAnedldninw
uo

ooy Ipow

109149 JO 24NSeaN

(9°52- '8°25-) 0'vv—

(e'TV '7'€T-) 9°0T

(r18T '€'TE) 226

(056~ '1°95-) 99—

(1D 9%G6) abueyd 9

PUIM JO e1Ra1S
ulyum
sIapuewsIp
‘Asdauang

(L1-'0°0v-) ez

(988 '8¥T) T'L¥

(6082 ‘2'18) T°€9T

(6°2T- ‘Tvv-) €'2e-

(1D 9%G6) abueyd 9

PUIM JO B1RI1S
um
s1apuewSsIp
‘Asdauang

(zz'6'65-) 09e- G¢

(evL'2'92-) 0ET 1S

(T'€eT '19°6-) TSP G€

(6°22- v
‘0T9-) 0°Ly—

(fo)
9%G6) abueyd %

=z

(zg=u) Jauung

(re'e65-) v'ee- Gz

(82cer'98-) Ley 1S

(r86T'S¥T) 678  GE

(06T- Lt
'8'€G-) 8'86—

(fo)
9%G6) 8bueyd % N

(zg=u) s8uang

(8'68
‘TET-)98C 6.
434
022
(Lve
‘v'8y-) 8'6T- LY
434
[AT4
_o:o

9%G6) abueyd % N

(662=u) J8)3UBWSI]

(z'19
‘062-)0CT 6L
434
02z
(0'sz
‘9'6v-) L'02- LY
434
252
n:o

9%G6) 8bueyd % N

(662=u) J93URWSI]

(syw
€07-2'9) YbIH

(s/w
2'9-0) PaN-MoT]
(:95-7€) UbIH

(o7€-0) PaIN-MO]

paads puipn

Aljgeriea
uondalIp puIim

J9141pow 198443

0T-2)\ 4 03 aunsodx3 (g)

(s/w €0T-2'9) UbIH

(spw
2°9-0) PaIN-MOT]

(-95-7€) YbIH

(svE-0) ;PON-MOT

paads puIpn

UonIRIP PUIA

J9131pow 108443

SN 01 aansodx3 (V)

Author Manuscript

‘€ 9|geL

Author Manuscript

Author Manuscript

8T0Z-2T0Z ‘eUeY9 ‘eJ00y Ul aus alyso|qboqby
3yl 1e s1axIom Alanodal alsem-a T8E Buowe adAl AlIAnoe pue suonipuod puim Jo 19aye Jutol Aq (g) 0T-S¢Nd pue (W) SCIAd 01 ainsodxa ul abueyd Juadiad

Author Manuscript

Am J Ind Med. Author manuscript; available in PMC 2022 May 01.



Page 29

Laskaris et al.

‘(Ajannoadsal ‘s/w z'9 pue saalbap 0'tg) ajiuadlad (G 3w e s1u10d-1N2 WOy panLIdp ase paads puim pue AJjIGeLieA UOII3IIP PUIM 1o} sa1i0bared , ybiH,, pue :nw_>_.>>on_=m

"gyPOUIBW B}[3p Y3 Buisn pajenafed ase sanfen-d pue s[eAsalul 8USPHUOD T+ TOMY — OTHY — TTHY Se pajeInofe si _wm_w_~q

00T «(T- (g) dxa) Ag parejnofes abueyo Emsmau
"[eAJSIUT BDUBPIUOD
‘12 "0 > 143y Ue S paulap SI UOIIeIIIPOW 1938  SAIIPPE-gNS,, PUB 0< (143Y) UOIIJRISIUI JO XSII SS8IX8 dAIe[a) B BUIABY Se paulyap SI 8]eds SAINPPE 8y} UO UOITeIIHIPOW 10819 :m>:_uum¢m%m.d

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Am J Ind Med. Author manuscript; available in PMC 2022 May 01.



Page 30

Laskaris et al.

‘pasodxa aq Aew UBIP|IYO PUB USLLIOM 8I3UM SBWOY 418y} Ul pue (a11s uo Buijuiip 1o Bunes
aliym *69) qof ays uo aj1Iym sainsodxe Alessaoauun aonpal pue SSAJSSWAY) 10} S1eI0APE 0] SISIOM Jamodwia Jayuing ued uoieanp3 'saonoeld AI9A0081 31SeM-3 UM PareIdosse
$S11 83U U0 UoIeaNPa pue Buures) feuonednaoo aiinbas sebueyd [eJ01ARYS] PUB SUOIUBAISIUL [DIULD3) BAINISHT “UONUSAIBIUI JO W0} AU oy sysinbaiaid e si uoieonp3

sabueyd |eiolneyaq
pue uoneanp3

‘[enuassa sl 3dd aoe|dal pue urejurew o0} JuswisaAul [eides wisl-BuoT "soueUsIURW Jdd pue Bunssi-1iy ‘Bulures) ‘sadAy Joresidsal Jo uonos|es Jadoud
Buipnjoul ‘suonusAsIul J8PJ0 JayBIy Yiim pauiquiod aq Isnw Ing ainsodxa pue salinful sonpal djay pjnom siojesidsal pue sanolb ‘s100q Buipnjoul 3dd 21seq 40 UoIsIA0Id

(3dd) wswdinba
aA1109101d [eUOSIad

“gr(UoiTeIBUIDUI B1SEM ‘131p “6°8) $30.NO0S JaY10 WY g PIN0d spuspisal Agteau Buowe A101x01 §2d ybnoylfe ‘ainsodxs

90d 10 Sysu a)qesedwod pey alyso|qBoghy e siaxIom a1sem-a pue sjuapisal AgJeau Jey) punoy yoseasal JoLd "sjooyds Arewrd AgJeau Buipuaie pue 1axJew pooy Jre

-uado aup ye Burddoys sjdoad o1 uonippe ui ‘;¢als a1ysojgbogBy ays 03 wadelpe BulAll sfenpIAIpul 00008 PaTeWIIS auy) Buowe ainsodxa Juanaid PINOM UOIEI0|3Y 'SaINsodxa
Jeuonednago ur uonanpal e aajuesend Jouues Ing ‘suolreindod Agtesu 108104d Aew pawioyiad 8g Ued SBIIARIR JaY10 pue Buiuing Yydiym Buiinp saw Uo SUOIDLIISA) pue HIom
10 sadA} 4810 |[e JO pUIMUMOP SINIJ0 8lSem-a Buluing Jeyl os INoAe| a1isyJom ay Jo uoneziuebloal ‘sasealoul 1ybiay yoels ‘(ajdoad) sioidedal wouy uoneedss o1ydelfioas

noAe| als
10 uoneziuehioal als
pUE UOIJEI0]8) 83IN0S

"PapasU aJe SIIOM paurel) A||eo1uyds) pue aouBUSIUIRW JUBLWIISAAUL [elideD) SaInsodxa [BIUBLLLOIIAUS pue [euoiiednaoo sonpal pinod ubisep ayy ul A1ages pue yijesy
apn[oul ey a1sem-a Buiuing Joy suonnjos BuiiaauiBbus aalreAOUU 03Ul (SBUOJOAD ‘S10108]100 dLIgR) ‘slaquieyd Buimes “68) spoylslu Uo18[109 81ejndred Jo UoISN|oul 8y L

ABojouyoay
]0J1u02 uonnjjod

'sgol a]qe|reAe Jo Jaquinu ay) sonpal Aew sa160]ouy2d) MoN
"palinbal ale sIaxJoMm paule) A|[ea1uyos) pue aoueuUSIuIRW ‘JUBWISaAUI [ellded afise A1an0dal [e1aW pue 011U ssadoid anoiduil pue uonsnguiod 81ajdwodul Jo s1onpoldAg
8onpal pinoMm (Jojesauloul ‘xoq uing 69) a1sem-a Buluing 1oy ABojouydsl sAITRUIB)|Y A1IDIX0) UOISSILIS 9oNPaJ PIN0J SjueIs|adde Se WeojolA1S pue sall) Jo Juswade|dal ay L

uonuanaid uonnjjod

0s'6yRuIyoeW 8y Ag passaooud Apusionys 1ou aem Asyl 1eys Buikes seam 1addoo pareod-onsed pabineb Ajsuij uing o1 panunuod a1ysojqbogby 1e siaxiom
‘|oo} Mau ay3 andsap ‘Butuing Bureuiwia ui sabuajeyd ayr sybiybiy sulyoew Buiddiis aim parewoine ue Buipiaoid Ag saiim Buluing Wouy SUOISSIWS 8onpal 0} yued
aind AQ apew Hoya Uy "alsem-a Buiuing uey Jualdlya alow Jo Ajfenba si Jeyl UOIIBIIXS [BlaW JO Poylaw e aiinbal pjnom aisem-a Buluing ui abebua 01 pasu ay} Buireuiwi|3

uoleUIWI|S 89IN0S

sabuajjeyd pue saniunuoddo

uoljuaAia1u]

‘v algeL

Author Manuscript Author Manuscript Author Manuscript

"9]IS 91SBM-3 [eLIOUI
ue uo Buluing a1sem-a uado wol) suoissiwa Bulonpal 1oy saifiarens j041u0d uonnjjod Jie Jo Ayaselaiy e yum parerdosse sabuajjeyd pue saniunuoddo

Author Manuscript

available in PMC 2022 May 01.

Am J Ind Med. Author manuscript



	Abstract
	Introduction
	Methods
	Study Sample
	Background PM2.5
	Personal PM
	Job activities
	Meteorological Variables
	Data management
	Statistical analyses

	Results
	PM and time-activity
	Background PM2.5
	Personal PM exposure for work and transportation-related activities
	Joint effects of activity and wind conditions on personal inhalation
exposure

	Discussion
	Main findings
	PM2.5 and PM2.5-10 breathing zone concentrations by job
activity
	Local dispersion from e-waste burn pits
	Toxicity of particulate matter generated from e-waste
	Implications, interventions, and policy options
	Strengths and limitations
	Conclusions

	References
	Figure 1:
	Figure 2:
	Figure 3:
	Figure 4:
	Figure 5:
	Table 1:
	Table 2:
	Table 3:
	Table 4:

