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Keywords: efficient exposure management while control band¢@B) allows an appropriate level
ENM, Exposure Assessment, of risk control that could be established and camdassessed according to developing
Traditional IH Assessment method, CB scientific and technical knowledge of the produantsl processes involved. The article
method discusses the method for both types of assessmesitg previously published

scientific literature.

INTRODUCTION

Engineered Nanomaterials (ENM) are currently beirsed in numerous electronic, pharmaceutical,
automotive, aerospace, and other applications (&adk., 2008). An estimated $1 trillion worth of prodsict
worldwide will incorporate nanotechnology and itsnponents by 2015. The industry would employ altwot
million workers in nanotechnology. These estimaies based on a broad industry survey conductetiein t
United States, Europe, Asia, and Australia (Stwtlat., 2015). Research in nanoscale technologies isigg
rapidly worldwide. Lux Research has projected thewv emerging nanotechnology applications will &ffec
nearly every type of manufactured product through middle of the next decade, becoming incorporatex
15% of global manufacturing output, totaling $2r8lion in 2014 (“Approaches to Safe Nanotechnology
Managing the Health and Safety Concerns Associat#dEngineered Nanomaterials — NIOSH,” 2009).

There are various means by which humans could pesexl to these ENM, but exposure possibilities
during particle manufacturing and handling processe among the most important as the concentsatiay
potentially be the highest (Brouwetral., 2009)(Bujak-Pietrek, 2010). The exposures can involvede range
of sizes, shapes, concentrations and exposureeineggs and durations. The surface properties (sugiace
potential, particle size, and surface area) plapminating factor in determining the toxicity of EN(Pompe,
2007). Based on their surface properties, nanomatgetan cause reactions in the body, stay inewd/ca
interact with the body. ENMs generated in workirgnditions can reach high exposure concentratiopgpu
several hundred micrograms per cubic meter (Obstel@ al., 2005).

The skin has a surface area of 1.3 the digestive system is of 20¢ and the respiratory system is of a
total surface area of 140°rtStuderet al., 2015). In occupational working conditions thgesure to ENM can
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reach high exposure concentrations, up to sevenadidfed micrograms per cubic meter (Nikodinovskal.,
2015). In the workplace, airborne particles in thiege of microscale to nanoscale can be inhalecdtliet body.
ENM which are suspended in the air pose the bighesat to the body’s respiratory system becausg ¢an be
broken down into respirable sized particles (Pon}@)7). The size of ENM was confirmed as the key
parameter in the deposition of ENM into the lunbeTmaller the particles, the deeper they can Itiatethe
lung (Methneret al., 2009).

Due to their unique size and characteristics, ENMetraised a concern for their influence on hunmeaith
and ecological systems (Nikodinovs#taal., 2015). Anticipating, recognizing, evaluatingdarontrolling those
exposures are the key challenges for an indudtyigienist. Categorization strategies are necedsagnable
government regulatory bodies and industries toebgitedict the risks posed by the ENM. This wiiaabllow
the prioritization that is (hazard, exposure andase properties) required to estimate their paénisk while
minimizing time consuming and expensive in vivodédg or traditional risk assessments (Mettetet., 2009),
(Peterst al., 2008).

Currently, very few tools and methods are availafide regulatory authorities to allow material
categorization according to potential human headth (Bujak-Pietrek, 2010), (Methnet al., 2009). The high
risk materials should be targeted for additionaliBey and material categories that pose the leaktcan
receive expedited review. NIOSH has presented la Mamoparticle Emission Assessment Technique (NEAT
which allows a semi-quantitative evaluation of @meses and tasks in the workplace where releadeldidfare
possible (Brouweet al., 2009), (Methneet al., 2009)(Methneret al., 2010).

With the high level of uncertainty about the rigissociated and non-availability of Occupationalosxpe
limits (OELs) for the major number of ENM, the CaitBanding (CB) method presents an alternativatsmi.
CB is based on simple input information regardiagdrds and exposure to processes and the maisvialeed
(Paiket al., 2008) (Methneet al., 2009),(Liu et al., 2014)(Riedikeret al., 2012). An industrial hygienist can
provide a detailed evaluation of the hazard clasgibn based on published literature and toxicici@gdata
provided by the manufacturers of the materialshSutull hazard assessment can be fed into a Qddireding
process in order to provide a hazard band (basetsktevels) for substances. This allows quickisieas by
non-technical staff. It is therefore designed todt¢owards elevated protection levels (Brouwieal., 2009),
(Riedikeret al., 2012), (“Synergist - Control Banding & Nanoteology,” 2010).

Traditional Industrial Hygiene Methods For Determining Exposure, Risk And Health Assessment Of Enms
At Workplace:

Nanomaterials have the greatest potential to ahierbody through the respiratory system if they are
airborne and in the form of respirable-sized plti¢nanoparticles). They may also come into cantétt the
skin or be ingested. Most workplace air monitorstigdies are focused on activities, tasks, and psaserelated
to production, operation and/or use of ENM (“Appbes to Safe Nanotechnology Managing the Health and
Safety Concerns Associated with Engineered Nanaraite- NIOSH,” 2009).

Exposure to airborne ENM via inhalation route ledolsdeposition in the various compartments of the
respiratory tract according to three important pater groups: aerodynamic and thermodynamic natiolear
properties, breathing pattern, and the three-dimneat geometry and structure of the respiratorycttra
Deposition probability of nanoparticles below arihodynamic diameter of 500 nm increases with deing
size because of the increasing diffusion velo@gding to an increased deposition in the smallaisaand the
alveoli, in particular. Below 20 nm, the locatiohd®eposition of nanoparticles changes to the upgspiratory
tract because of their even higher diffusion vajo¢Riedikeret al., 2012), (Luoet al., 2015), (Oberdorsteat
al., 2005)(Peterst al., 2006).

Quantitative Measurement (Personal Exposure) Using Traditional |h Methods:

For sampling exposures to ENM, the samples ardraatavith an air sample from the worker’s breathing
zone using a sampling pump (Brouwetral., 2009), (Albuquerquet al., 2015). Respirable samplers allow
mass-based exposure measurements to be made uawigairic and/or chemical analysis. Currently no
commercially available personal samplers are design measure the particle number, surface aremass
concentration parameters. Low-pressure cascadectorgahat can measure particles to 50 nm and dangs
be used for static sampling since their size andhptexity prohibit their use as personal samplers
(“Occupational Exposure to Titanium Dioxide - NIOSI2009).

But still, for ENM an appropriate quantitative meses of exposure has not yet been established by any
international scientific community on what the rkelat index of exposure is (NIOSH, 2006; 1SO, 2007),
(Brouweret al., 2009). NIOSH recommends airborne exposure liofi8.4 mg/ni for fine TiO, and 0.3 mg/mh
for ultrafine (including engineered nanoscale) J& TWA concentrations for up to 10 hr/day durirgDahour
work week and the NIOSH Method 0600 for samplindb@ine respirable particles [NIOSH 1998]. It has
determined that ultrafine Tids a potential occupational carcinogen but thatahare insufficient data at this
time to classify fine Ti@as a potential occupational carcinogen (“Interimdance for Medical Screening and
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Hazard Surveillance for Workers Potentially Expose&ngineered Nanoparticles - NIOSH,” 2009), (“Gext
Safe Practices for Working with Engineered Nanonmtein Research Laboratories - NIOSH,” 2012).

Real Life Scenario Of Traditional Ih Method Application For Tio, Enm:

Brian Curwinet al., for NIOSH, collected area samples and personat damples for titanium dioxide
TiO, (“Occupational Exposure to Titanium Dioxide - NIBS 2009) The samples were collected from seven
facilities which included small, medium and larg&le ENM production facilities during different jaasks of
production and handling. There were no statistjcsiljnificant differences between facilities andgasses. But
when they analysed, a pattern was formed on howdhespecific metrics might relate to the amourpanticle
collected. For example, the total particle numbmncentration and surface area concentration weteehifor
production than handling. The higher potential éaposure to workers occurred during the handliracgss.
However in this study, the sample size was smalli there was no clear method for determining person
exposure and therefore, most of the samples cetlestre area samples (“Occupational Exposure tmilitn
Dioxide - NIOSH,” 2009), (“Interim Guidance for M@l Screening and Hazard Surveillance for Workers
Potentially Exposed to Engineered Nanoparticle$O$H,” 2009).

A study that was done by Ji Jun ldbal. in a laboratory at Korea which was used to mastufa TiG
nanoparticles using various real-time aerosol detsc(Jiet al., 2015). The monitors were set up in two
locations to differentiate task or process basegosure from background measurements. The, TiO
nanoparticles were produced through a flame syisth@ecess and collected by a bag filter system tand
measurements were made sequentially at both teedand outlet using real time detectors. The sitiauiaof
this release was done using a commercial computtituid dynamics (CFD) software FLUENT. The rédsul
showed that during the manufacturing process, bigttentrations of Tighanoparticles were measured mainly
as a result of low collection efficiency of the bfilter and low flow rate of the receiving extramti hood. The
results were confirmed by the CFD simulation, whirkdicted that large amounts of nanoparticles d/dod
released from the bag filter system. For this stutty personal samples were taken and real timectdese
should not be considered as a substitute for toadit sampling. They can be used but as a surrpgapecially
when sampling nuisance dusts or well characterizestt or when monitoring for time varying levelsdfsts to
detect peaks or point sources and cannot be cothpaganingfully against exposure limits (Plog andngun,
2002).

Another research study in Korea was done on expasssessment of workplaces manufacturing nanosized
TiO, and nano silver (Leet al., 2011). Personal sampling, area monitoring, &ad-time monitoring using a
scanning mobility particle sizer (SMPS) and dustitoy were conducted at workplaces where the warker
handled these nanomaterials. The results were fowure below the Korean OEL and ACGIH values. The
results from the Ti@operation exceeded NIOSH REL for ultrafine paescand it did not exceed REL in terms
of an 8 h time-weighted average.

One other exposure study was conducted by Heinzim&kinet al in eight industrial work areas in
production plants of Ti@and AbO; nanoparticles (Kaminski, 2015). This was done tyaio examine the
correlation between the existing background measeng strategies and to derive a first assessmemissible
exposure to workers. The results from this study ima used to validate the fact that a second measant
location to calculate the background particle cotegion is necessary, in addition to the persarahrea
sample at the work area (over a period of 8 holis@oretically measurements at the background messunt
location should mirror the area surrounding the knarea to be investigated and ‘no work activityrtjzde
concentrations (size distributions) at work areas be calculated from those at the background messunt
location. However, based on the results obtaingtimstudy, the measured results were above dwdlically
calculated results which suggest that there coealohterferences from an auxiliary process locatatloy to the
background particle measurement location (Kamiriaki,5).

Qualitative Measurement of Potential Exposure To Enm Developed By Niosh:

Currently, there are very few sampling methods ¢laat be used to characterize exposure to ENM. NIOSH
has developed the Nanoparticle Emission Assessiresfitnique (NEAT) to qualitatively determine theeiede
of engineered nanomaterials in the workplace. &bjsroach may be helpful to others for the initizlaation
of workplaces where ENM are manufactured or uséis method compares particle number concentratdods
relative particle size at the potential emissionrse to background particle number concentratiows particle
size, providing a semi-quantitative means for daieing the effectiveness of existing control measum
reducing engineered nanoparticle exposures. Sthdies been performed using this method and thisephare
utilizes portable direct-reading instrumentatiopglemented by filter-based air samples. Howeveattwiracy
of the results was found to vary with the accuraicthese direct-reading instruments (Metheteal ., 2010).

Control Banding (Cb) Method of Enm Banding At Workplace:
Control banding is a qualitative or semi-quanttatapproach for managing health and safety risksas
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developed by professionals in the pharmaceutichlstry for evaluating the risk of contaminants with an
OEL or for which there are few toxicological daRaik et al., 2008), (Sargent and Kirk, 1988), (Flewtyal.,
2013), (Zalk and Heussen, 2011). These new produets classified to ‘bands’ (Zalk and Heussen, 2011
(Roseet al., 2011). These bands were then defined accordiniget hazard level of known products similar to
those used, taking into account the assessmenpofare at the work station (Flewsyal., 2013), (Roset al.,
2011).

Traditionally, particles concentration in the warkeeathing zone is measured by using a samplimgppu
which uses forces such as patrticle inertia andityréav order to force nanoparticles to follow thenspled air
into the sampler line. However, the gravitationeld is considerably weak for ENM (Albuquergeteal., 2015).
Although some studies suggest that total surfaea @oncentration may be a better exposure index tha
traditional mass concentration for ENM, no inteimadl scientific community has reached consensus
(Albuquerquest al., 2015), (NIOSH, 2006}Guseva Canet al., 2015).

CB takes into account the procedures implemented gtiantities handled, the duration and frequerficy o
operations performed, and the intrinsic properti€she materials involved, particularly their phyesi form.
Hazard and toxicological data of ENM are still kelsgunavailable and it currently appears to be issjie to
perform tests on a case-by-case basis for a widetyaf nanomaterials (Albuquerqeeal., 2015), (Schultet
al., 2008).

In addition to this, a large part of the toxicolcayi effects of both the physical and chemical prige of
ENM were not only unknown but were also changirgptithmically (Fleuryet al., 2013), (Albuquerquet al.,
2015),(Schulteet al., 2008). Given the limited amount of informatianout health risks that may be associated
with nanomaterials, taking measures to minimizekepoexposures is deemed necessary. In this casesth
assessment is even more difficult due to the marentainties related to both the identificationpoftential
hazards and the characterisation of exposure (Mikodkaet al., 2015), (Oberddrsteat al., 2005),(Zalk and
Heussen, 2011)Albuquerqueet al., 2015). These uncertainties have led to the useoatrol banding
approaches to assessing risk levels and guidanceiidrols for nanomaterials in workplaces.

Application of Control Banding For Measurement of Nanoparticles At Workplace:

Precautionary Matrix, Stoffenmanager Nano, Nana$Sdfee ANSES, ISO 12901-2 approach and the
Guidance are the tools which are available pregeéattharacterise nanomaterial using CB methoddjRée et
al.,, 2012), (“Synergist - Control Banding & Nanoteotogy,” 2010). The risk evaluation principle of the
control banding model is based on simplified maddglitechniques and methods for calculating weighted
scores. This evaluation includes three main asg&symergist - Control Banding & Nanotechnology(J1D):

1. Classification of substances according to thelaskl.

2. Assessment of workers' exposure: potential expcmudeisk assessment.

3. Selection of the control and prevention approagebtan a risk score calculated by combining tHe ris
and exposure indexes

Control banding and other risk banding approactaes grovide structured frameworks for evaluating
nanomaterial exposure risks and making risk managéntecisions in the absence of OELs or other ataisq
however, recommended outcomes may differ depenaliinthe model (Michele N, 2014). CB strategies offer
simplified solutions for controlling worker expossrto constituents that are found in the workpliacéhe
absence of firm toxicological and exposure datauplet al., 2013), (Juriet al., 2015).

Real Life Scenario of Cb Nanotool Method Application

The CB nanotool developed by Paik and Zalk haveaitgtive risk assessment with CB method which is
simple, affordable and is also a comprehensive fwayisk assessment of ENM (Pagk al., 2008). The tool
uses most easily accessible parameters, such ascethdorm, particle size/dimensions, particle shagurface
reactivity, solubility, aggregation or agglomeratigpotential, dustiness potential, purity of materia
flammability, flash point, substrate toxicity, L§ mutagenicity, carcinogenicity, reproductive tmtagy,
dermal effects, bioaccumulation potential and othmited available data on the toxicity of ENM. Thesults
were found to be in agreement with findings of oteeidies on effective role of size, shape, soitybdnd
surface area of ENM on toxicity level of ENM (Pagk al., 2008). In addition to this the CB Nano Tool
outcomes have been compared with occupational higgé evaluations and show a good agreement (&aik
al., 2008),(Fleuryet al., 2013). However, much of the initial research degielopment (R&D) in ENM were
still performed in academic research laboratorfesthe quantity of ENMs used tends to be less thase used
in industry (Paiket al., 2008). Furthermore, academic practices tend edelss standardized than typical
industrial processes. This means that engineeimgrals which are commonly used in industry may bet
practical to apply in academic laboratory reseaettings.

A study was conducted to evaluate six task bas@bsexe samples in a semiconductor manufacturing
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environment. Data on the material hazard and expémmission potential that were available onsitegewe
collected from a review of documentation and tmforimation was subjected to ANSES, CB nanotool, ISO
12901-2 and Precautionary Matrix tools. There wdifferences in the specific input parameters usgdhie
four approaches, as well as how the same propeatyapplied or measured and its relative importamdbe
tools. Application of the ANSES approach resultedtie lowest control level for all six scenarioslenated,
while CB nanotool indicated a risk level of eitdeor 2 out of 4 tasks evaluated. The controls renended by
the ISO 12901-2 approach were more conservatirg@se of at least one band) than the other twiradon
banding models for five of the six tasks evaluatetecautionary Matrix recommended a review of exist
measures for all exposure scenarios evaluated efmepne task. However for this study, comparisénsn
model application were based on a small sampleasidea narrow scope and the results did not compfis
consensus outcome among multiple users (Miche20ii4).

Another study was done in 2014 to assess and d¢omtpmsure of nanoparticles emitted during MAG
(Metal Active Gas) welding operations by using Cahatool. Risk assessment was mainly based on cakmic
composition of the filler material, shielding gaslebase material to be welded. The results fronsthéy show
that the recommended protection measures weredmasi adequate (engineering control which compriged
local exhaust ventilation) (Albuquerqee al., 2015), (Jodo Gomes al., 2014). However, this approach is
qualitative and somewhat general as only a fewrpaters were considered for evaluation.

Conclusion:

The absence of well defined OELs as well as a ldaknderstanding of available monitoring equipment
and analytical methods hinder exposure monitorifigrts (Methneret al., 2009), (Methnert al., 2010),
(“Synergist - Control Banding & Nanotechnology,” ). The methods of protection used for chemicals
include some that are suitable for the handlingasfomaterials (Pai# al., 2008), (Brouweet al., 2009)(Zalk
and Heussen, 2011). Industrial hygienists must adagnservative approach and not assume thathhaadt
safety data for a non-nanomaterial would also tild for its nanoscale version, until an OEL isabkshed
(Methneret al., 2009) (Methneret al., 2010). When all the required data become auailabe control banding
approach can be viewed on the same platform aditpateve risk assessment (Paikal., 2008), (Nikodinovska
et al., 2015). Control banding is not intended to replé@ditional risk evaluation methods, but is iaste
complement to them (“Synergist - Control BandingN&notechnology,” 2010). Additional studies are rezktb
investigate potential adverse health effects froqposures to ENM, the ranges of associated dosesthen
scenarios where such exposures may occur in thkpleme. Complementing this, the CB methods was also
found to be consistent with industrial hygiene pssional judgment (Paié al., 2008), (Zalk and Heussen,
2011). The exposure assessment, risks and hesiltbsipresented in this review study indicate thptesent, a
few ENM can be approached as a logical subsetdftibnal exposure assessment and CB approachm#ihre
challenge for both the methods is to provide a isteist and effective exposure assessment.
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