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Zusammenfassung 

Die in den letzten Jahren neu entwickelten Arzneistoffe umfassen einen hohen Anteil an 

hochpotenten Wirkstoffen. Daher gewinnt deren sichere Handhabung immer mehr an 

Bedeutung zum Schutz des Personals in Produktion und Forschung sowie der Patienten. 

Die größte Gefahr geht hierbei von luftgetragenem Staub aus, welcher bei der Handha-

bung des Arzneistoffes entsteht. In der vorliegenden Arbeit wurde in drei Studien mittels 

eines neu entwickelten Messsystems die Staubentstehung sowie die anschließende 

räumliche Ausbreitung des luftgetragenen, wirkstoffhaltigen Staubes untersucht. In der 

Emissionskammer des Messsystems wird eine Pulverprobe zerstäubt, die dann über eine 

definierte Öffnung in eine Detektionskammer übertritt, in der anhand von neun filter-

basierten Messpunkten die räumliche Ausbreitung der Staubemission detektiert werden 

kann. 

Die erste Studie befasste sich mit dem Konzeptnachweis des Messsystems. Versuche 

mit der Surrogatsubstanz Paracetamol zeigten, dass reproduzierbare Messungen der 

Staubemission kleinster Mengen des Arzneistoffes als auch seiner räumlichen Ausbrei-

tung mit dem Messsystem möglich sind. Es konnte ein linearer Zusammenhang zwischen 

Probenmasse und detektiertem Gesamtstaub gezeigt werden. Interessanterweise 

verhielt sich die räumliche Staubausbreitung nicht wie erwartet, also mit der höchsten 

Konzentration in der Nähe des Emissionsortes, sondern umgekehrt. Daher wurde dieses 

Ergebnis mittels Computational Fluid Dynamics-Simulationen überprüft, was ergab, dass 

die Ausbreitung des Aerosols der Luftströmung, welche im Messsystem entsteht, 

entspricht. 

Basierend auf diesen Ergebnissen wurde in einer zweiten Studie der Einfluss der Zer-

stäubungsparameter auf die gemessene Staubemission und die räumliche Staubausbrei-

tung genauer untersucht. Mittels statistischer Versuchsplanung konnte der lineare 

Zusammenhang zwischen Probenmasse und detektierter Staubemission bestätigt und 

eine Interaktion zwischen dem zur Zerstäubung genutzten Druckluft-Volumenstrom und 
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der Zerstäubungsdauer sowohl bezüglich der detektierten Staubemission als auch der 

räumlichen Staubausbreitung festgestellt werden.  Darüber hinaus wurde der Einfluss der 

Partikelgrößenverteilung sowie der Partikelform der Pulverprobe auf die gemessenen 

Staubemissionen deutlich. Anhand dieser Ergebnisse sowie einer Optimierung der Mess-

prozedur, konnte die detektierte Staubemission bei gleichbleibender Probenmasse mehr 

als verzehnfacht und der Einfluss der Zerstäubungsparameter auf die räumliche Ausbrei-

tung charakterisiert werden. 

In einer dritten Studie wurde das entwickelte Messsystem mit laserbasierten optischen 

Sensoren ausgestattet, welche den Feinanteil des Staubes (Partikel < 2,5 µm) 

detektieren können. Dies ermöglichte die zeitlich aufgelöste und sofortige Detektion der 

räumlichen Ausbreitung des Staubes. Die Ergebnisse der Studie bestätigten nicht nur die 

in den ersten beiden Studien beobachtete räumliche Ausbreitung der Staubemission, 

sondern zeigten darüber hinaus, dass die räumliche Staubausbreitung innerhalb der 

ersten Minuten nach Zerstäubung stattfindet und es anschließend zu einem Konzentra-

tionsausgleich im Messsystem kommt. Mit den optischen Sensoren war es möglich die 

Staubemission einer typischen Tablettiermischung aus feinpartikulärem Paracetamol und 

grobkörniger Lactose zu untersuchen. Diese Mischung wies eine reduzierte Staubemis-

sion im Vergleich zu reinem Paracetamol auf. 

Zusammenfassend konnte in den drei Studien gezeigt werden, dass nicht nur die Unter-

suchung der Staubemission, sondern auch die der räumlichen Ausbreitung des Staubes 

mit dem vorgestellten Messsystem möglich ist. Die vorliegende Arbeit liefert somit 

wichtige Erkenntnisse zur Detektion von Kontaminationsquellen einer Produktions-

anlage, welche durch stationäre Messungen lokalisiert werden könnten, sowie über eine 

mögliche Verringerung der Staubexposition durch gezielte Luftführung in Produktions-

räumen zum Schutz von Personal, Produkten und somit letztendlich auch von Patienten.  
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Abstract 

In recent years, the percentage of highly potent active pharmaceutical ingredients among 

the newly developed drugs has increased significantly. Thus, safe handling is becoming 

increasingly important to protect employees as well as patients. The major hazard is 

airborne dust generated during handling of these compounds. In the present work, the 

generation of dust and the subsequent spatial distribution of airborne dust containing 

active pharmaceutical ingredients were investigated in three studies using a newly 

developed chamber setup. With this setup, a powder sample is atomized within an 

emission chamber and then passes through a defined orifice into a detection chamber, in 

which the spatial distribution of the dust emission may be detected using nine filter-based 

measurement spots. 

In a first study, the proof of concept of the chamber setup was focused on. Experiments 

with the surrogate substance acetaminophen showed that reproducible measurements of 

both dust emission of very small quantities of the active pharmaceutical ingredient as well 

as its spatial distribution are possible with the chamber setup. A linear relationship 

between the sample mass and the total dust detected was shown. Interestingly, the 

spatial distribution was not as expected, with the highest concentration close to the 

emission site, but the opposite. This finding was verified by computational fluid dynamics 

simulations and it was demonstrated that the distribution of the aerosol corresponds to 

the airflow generated in the chamber setup. 

Based on these results, the influence of the atomization parameters on the measured 

dust emission and the spatial dust distribution was investigated in detail in a second study. 

With a statistical experimental design, the linear relationship between sample mass and 

detected dust emission was confirmed and an interaction between the compressed air 

volume flow used for atomization and the atomization duration was found with regard to 
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both the detected dust emission and the spatial dust distribution. In addition, there was 

an influence of the particle size distribution and the particle shape of the sample on the 

measured dust emissions. Based on these results and an additional optimization of the 

measurement procedure, the detected dust emission could be increased more than 

tenfold at a constant sample mass and the influence of the atomization parameters on 

the spatial dust distribution was successfully characterized. 

In a third study, the newly developed chamber setup was equipped with laser-based 

optical sensors, which allow the detection of the fine fraction of the dust 

(particles < 2.5 µm). With these sensors, the immediate spatiotemporal detection of the 

dust distribution was possible. The results of the study not only confirmed the spatial dust 

distributions already observed in the first two studies but also showed that the spatial 

distribution occurs within the first few minutes after atomization and that there is a subse-

quent equilibration of the dust concentration in the measuring system. Moreover, the 

optical sensors allowed to investigate the dust emission of a binary powder blend, used 

for direct compression in tableting, consisting of fine particulate acetaminophen and 

coarse lactose. This powder blend showed a decreased dust emission compared to plain 

acetaminophen. 

In summary, the three studies demonstrated that with the novel chamber setup it is not 

only possible to investigate dust emissions, but also the spatial distribution of dust. This 

work thus provides important information on how to localize sources of contamination in 

a production environment using stationary measurements and how to possibly reduce 

dust exposure through directed airflow in production facilities to protect personnel and 

ultimately also patients. 
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1. Introduction 

1.1 Highly potent active pharmaceutical ingredients (HPAPIs) 

1.1.1 Definition of HPAPIs 

HPAPIs are active pharmaceutical ingredients that meet at least one of the following 

criteria [1–4]: 

• A pharmacologically active substance or intermediate that exhibits biological 

activity in humans at a concentration of 150 μg/kg body weight or less. 

• An active pharmaceutical ingredient with a maximum workplace concentration of 

10 μg/m3. 

• A pharmacologically active substance or intermediate with a high selectivity (e.g. 

binding to receptors or inhibition of enzymes) or a substance that can trigger 

cancer or mutations. 

• A new compound whose effects and toxicity are still unknown. 

A broader definition comprises compounds with a therapeutic dose of 1 mg or less [2]. 

1.1.2 Increasing relevance of HPAPIs 

In recent decades, there has been great progress in the field of pharmaceutical drug 

development. An increasing number of innovative and often highly potent active 

pharmaceutical ingredients are being developed with combinatorial chemistry and 

high-throughput screening [2,4–6]. In addition, this developmental progress was further 

accelerated by Artificial Intelligence (AI). For example, the application of AI enables 

scientists to streamline the scientific discovery of drug–target interactions [7–9]. This 

development is of great benefit for patients worldwide as it enables therapies of 

diseases such as cancer, autoimmune diseases, and hormone imbalances [10–12]. In 

the field of tumor therapy, approximately 60 % of approved oncological treatments are 

based on HPAPIs [10]. 
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1.1.3 Risks posed by HPAPIs 

Although beneficial for patients, HPAPIs often pose an increased risk with regard to 

the environment, product quality assurance/cross-contamination, and workers' health 

because of their high pharmacological and toxicological potential [13–16]. 

For environmental protection in the pharmaceutical industry, two aspects have to be 

taken into consideration. 

The first aspect is the management of HPAPI-containing wastewater, which results 

from cleaning of production equipment and facilities [17]. These HPAPIs in wastewater 

represent pharmaceutical pollutants of an emerging class of recalcitrant toxicants 

threatening drinking water and therefore must be eliminated from wastewater [18]. To 

remove these pollutants, several purification methods such as adsorption, biological 

treatments with bacteria or microalgae, membrane bioreactors, microbial electro-

chemical technologies, and advanced oxidation processes were implemented [18–20]. 

The second aspect is the elaborate filtration of exhaust air to protect the environment. 

Therefore, all air released into the environment from potentially hazardous areas 

during normal operation and in the event of disruptions must be appropriately filtered 

[17]. For filtering, different methods are available, such as high efficiency particulate 

air filters (HEPA), cyclones, and electrostatic separators [17,21,22]. 

With regard to product quality and thus patient safety, cross-contamination during 

manufacturing has to be prevented [17,23]. Therefore, the spread of hazardous 

substances on the production equipment and in the production environment must be 

minimized [17]. Also, to protect the personnel, exposure to HPAPIs must not exceed a 

tolerable level. To ensure that the exposure does not exceed this level, so-called 

occupational exposure limits (OELs) are implemented [6,14,15,24–29]. 
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1.1.4 Control of occupational exposure to HPAPIs 

The knowledge of a relationship between health and occupation dates back to the 17th 

century. In his book De Morbis Artificum Diatriba, Bernardino Ramazzini not only 

describes the adverse effects of inhaled mineral dusts on the health of miners and 

stonecutters but also suggests preventive measures such as limiting the exposure to 

hazards to prevent injuries [30]. In modern days, this exposure control is still a sound 

concept, defined as the acceptable daily exposure (ADE), and is controlled by the 

implementation of OELs in the pharmaceutical industry [4,17,27,28,31–34]. The ADE 

is described as follows (modified from [35]): 

ADE=
NOAEL • BW

UF • PK
 (Eq. 1) 

ADE: acceptable daily exposure (mg/day), NOAEL: no observed adverse effect level 

(mg/kg/day), BW: body weight (kg), UF: uncertainty factor accounting for inter-

individual variability and interspecies extrapolation (usually a value of 10 is chosen), 

PK: pharmacokinetic adjustment factor to account for the difference in bioavailability 

between inhaled exposure and intended administration from which the NOAEL is 

derived [4,35,36]. 

An OEL is based on the ADE and is defined as the maximum airborne dust concen-

tration, expressed as the time-weighted average for a conventional 8 h workday and a 

40 h work week, of a substance to which workers may be repeatedly exposed for a 

working lifetime without adverse effects [2,4]. There are different methods to specify 

OELs. One method is the therapeutic dose/safety factor approach. In this approach, 

the lowest recommended therapeutic drug dose is identified and divided by a safety 

factor. Usually, a safety factor of 100 is applied for adjusting a therapeutic effective 

dose to a therapeutically noneffective dose to take into account the individual variability 

in response [27]. Unfortunately, this approach has several drawbacks. The first is a 
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possible difference between the route of administration of an active pharmaceutical 

ingredient (API) for disease treatment and the occupational setting. For example, the 

bioavailability of an API may be much lower if administered orally than via the 

respiratory tract [23,27]. In addition, the exposure pathway in occupational settings is 

not always known [16]. Another drawback represent drugs used for life-threatening 

diseases, where considerable toxicities may be accepted, whereas an exposure of 

employees to these drugs would not [27]. 

Therefore, another method to specify OELs has been introduced, which is based on 

the determination of acceptable daily exposure values and occupational exposure 

limits of HPAPIs, taking toxicokinetic and toxicodynamic data into account [33,37,38]. 

The OEL is described as follows (modified from [36]): 

OEL=
NOAEL • BW

UF • V • PK
 (Eq. 2) 

OEL: occupational exposure limit (mg/m3), V: volume of air (m3/day) inhaled by a 

worker in 8 h (typically 10 m3/day). For the other abbreviations, please refer to 

Equation 1. The NOAEL in Equations 1 and 2 may be replaced by the point of 

departure (PoD) comprising other effect levels such as the no observed effect level 

(NOEL) or the benchmark dose (BMD10), which may represent critical effect levels 

[31,39]. 

The calculated OELs may result in extremely low acceptable airborne dust concen-

trations of less than 1 µg/m3 [4,17,39]. It must be noted that the average level of OELs 

may differ substantially between institutions. For example, exposure limits established 

by the US Occupational Safety and Health Administration (OSHA) are almost 40 % 

higher than those specified in Poland [34]. Whether these differences are scientific or 

policy-related remains to be questioned [34]. 
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If there is no sufficient data available to determine a precise OEL of a substance, it is 

categorized into classes or bands used in different systems, for example the health 

hazard categories (HHC) or the occupational exposure bands (OEB) [17,40]. This 

concept of hazard-based categories to inform employers and workers of the need for 

risk management and exposure control was developed in the pharmaceutical industry 

and has been utilized for decades [3,40]. The categorization systems as well as the 

assignment of substances to specific HHCs or OEBs are not harmonized and therefore 

may differ between organisations and companies [11,17,41]. Usually, such a system 

comprises four to six categories, whereby substances of very low pharmacologic and 

toxic effects are assigned to category one and those with very high effects to the 

highest category number [17,25,42]. In Table 1, the example of an occupational 

exposure band classification system is shown. 

Table 1: Example of an OEB classification system (modified from [4,17]). 

Category OEL range (µg/m³) Effect 

OEB 1 

OEB 2 

OEB 3 

OEB 4 

OEB 5 

> 1,000 

100-1,000 

10-100 

1-10 

< 1 

Very low pharmacologic and/or toxic effect 

Low pharmacologic and/or toxic effect 

Medium pharmacologic and/or toxic effect 

High pharmacologic and/or toxic effect 

Very high pharmacologic and/or toxic effect 

An overview of a classification system, extended by a sixth hazard category and 

presenting the relationship between ADE, OEL, and OEB, is shown in Figure 1. 
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Figure 1: Relationship between ADE, OEL, and OEB [43]. 

1.2 Containment 

1.2.1 General aspects 

As mentioned in Chapter 1.1, HPAPIs pose a risk to the environment, the product 

quality, and workers’ health [13–17]. Therefore, the so-called containment technology 

is implemented in the pharmaceutical industry. The term ‘containment’ refers to all 

measures taken, i.e. methods, procedures, and technologies, to prevent the release of 

a hazardous substance or the contamination of pharmaceuticals during manufacturing 

and handling [17]. As completely closed production units are impossible to realize, an 

effective containment strategy is essential and should include fail-safes in case of a 

manufacturing incident [11,17,44]. 

1.2.2 Primary and secondary containment 

Overall, containment can be divided into primary and secondary containment. Primary 

containment refers to all measures that reduce the spread of a substance from the 

actual production equipment [17]. Among others, these measures include housings for 

tablet presses, isolators, split butterfly valves, and local exhaust systems 
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[6,14,17,25,42,45]. Secondary containment refers to all measures that reduce a further 

spread of substances which were not retained by the primary containment. Examples 

of secondary containment are cleanrooms, airlock systems, pressure differentials 

between production and surrounding rooms, such as corridors as well as high perfor-

mance filter systems [17,45–47]. 

1.2.3 Legal and regulatory framework for containment 

A regulatory framework with basic requirements for health protection at the workplace 

is given by the European Union (EU) in the Directive 89/391/EEC [48]. In this directive, 

it is specified that the employer is obliged to protect the employees from health and 

safety risks. Therefore, appropriate risk assessments must be carried out [17,48]. The 

employees must primarily be protected by ‘collective protective measures’, i.e. 

technical measures, supported by organizational interventions. Personal protective 

equipment (PPE) may only be used as primary protection against any hazard if no 

sufficient technical measures exist [17]. Furthermore, the primary and secondary con-

tainment measures have to be aligned with each other while prioritizing the optimi-

zation of the primary containment [17]. Many countries outside of the EU have similar 

laws in place. For example, the US equivalent of the EU Directive 89/391/EEC is the 

Occupational Safety and Health Act of 1970 (OSH Act) [49]. The International Labour 

Organisation (ILO) has taken up these national directives and combined them in their 

guidelines, which in turn have been ratified by numerous countries [17,50]. A detailed 

description of occupational exposure control based on ADEs, OELs, and OEBs, 

recommended by these guidelines, was presented in Chapter 1.1.4. 

In their Good Manufacturing Practice (GMP) guidelines, the International Council for 

Harmonisation of Technical Requirements for Registration of Pharmaceuticals for 

Human Use (ICH) mentions the requirement of product protection against cross-

contamination [51]. Again, other countries, such as the USA, have their own equivalent 
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guidelines [52]. This cross-contamination protection is especially of interest in multi-

product pharmaceutical manufacturing facilities [53–55]. The guidelines emphasize the 

necessity of separated production areas or production times with adequate cleaning 

procedures in between manufacturing processes [51,53]. A considerable reduction of 

the required cleaning procedures may be achieved by the use of disposable single-

use production equipment, despite raising environmental concerns [56–59]. In addition 

to these international guidelines, the German ‘Arzneimittel- und Wirkstoff-

herstellungsverordnung’ (AMWHV) specifies in § 5 the necessity of suitable production 

rooms to avoid any adverse effects with regard to product quality [60]. The International 

Society for Pharmaceutical Engineering (ISPE) states: ‘This protective goal is all the 

easier to achieve, the less substance escapes from the equipment, i.e. the more 

effective the containment is’ [17]. 

1.2.4 Hierarchy of controls and implementation of containment technologies 

Occupational hygienists use a hierarchy of controls to rank occupational hygiene 

control strategies according to the order in which they should be considered [61,62]. 

The first control strategy taken should be the elimination or reduction of the source of 

hazardous material. In the contained manufacture of pharmaceuticals, this measure is 

impossible, as HPAPIs cannot be exchanged by less hazardous substances. The 

second control strategy is defined as the elimination or reduction of hazardous sub-

stances in production environments by means of engineering controls and administra-

tion procedures. Thus, if a contaminant must be processed, its release has to be 

prevented, for instance by means of containment technology. The last control strategy 

is the exposure reduction at the employees’ site, preventing them from harm with 

personal protective equipment [17,61,62]. 

The implementation of containment technologies starts with the conceptualization of 

production buildings, no matter whether new or existing buildings are chosen for the 
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contained manufacture of pharmaceuticals [17,61,63]. It has to be taken into consider-

ation, that certain pharmaceuticals, such as live vaccines, radiopharmaceuticals or 

highly potent allergens must be produced in dedicated facilities as their production in 

multi-purpose facilities is prohibited by EU GMP guidelines [17,64,65]. In general, 

building concepts must take the flows of personnel and material into consideration and 

planning of all containment measures should always follow an inside-out approach. 

For example, the layout of a clean room should be based on the dimensions of the 

production equipment [17,66]. A description of primary and secondary containment 

equipment and measures may be found in Chapter 1.2.2. The selection of equipment 

and measures is based on risk assessment, taking multiple factors, such as health 

risks for people and the environment, quality risks for the product, and process risks 

into consideration [17,53]. Production equipment should be tested by the supplier in a 

factory acceptance test (FAT) to ensure that all critical functions are working correctly 

before delivering the equipment to the production site. In addition, after the installation 

of the equipment with its containment measures at the production site, a site 

acceptance test (SAT) should be carried out. Following a successful SAT, the 

operation of the production line may be started with a surrogate substance of similar 

characteristics to the intended product [17,67]. During this initial operation, it is recom-

mended to carry out containment measurements in short time intervals to validate that 

the required threshold value of airborne dust, i.e. the containment performance target 

(CPT), is not exceeded [17,68]. These measurements may be performed following the 

Standardized Methodology for the Evaluation of Pharma Airborne Particle Emissions 

from Containment Systems (SMEPAC) [17,29]. Subsequently, the production of 

pharmaceutical dosage forms containing HPAPIs may begin [17]. 
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1.2.5 Validation of containment performance 

In the SMEPAC, the ISPE describes how containment capabilities of production 

equipment may be assessed with regard to the CPT [29]. Therefore, the airborne 

particle concentration during the production process is determined at critical spots, for 

example at the product in- and outlets of a tablet press or the human-machine interface 

(HMI) [29]. The location of these measurement spots is based on the assessment of a 

potential contamination risk. For detection of airborne particles, filter-based IOM 

samplers (Institute of Occupational Medicine), DIS (disposable inhalable samplers) as 

well as CFC (closed-face cassettes) with subsequent gravimetric analysis or wet 

chemical analysis, such as UV/VIS-spectrophotometry or high-performance liquid 

chromatography (HPLC) for substance-specific quantification may be used [29,69–72]. 

Another possibility of airborne dust detection for the validation of containment equip-

ment is real-time monitoring with light-scattering photometers or optical particle 

counters (OPC) [29,73–75]. Substance-specific real-time monitoring with optical 

methods is currently under development [29]. 

1.3 Surrogate substances in pharmaceutical containment 

A surrogate substance in pharmaceutical containment may be defined as an alterna-

tive substance to a hazardous pharmaceutical compound or product. A surrogate 

should be used, if the compound to be processed cannot be used for the validation of 

containment equipment, for example because of its hazardous nature or its high costs 

[24]. 

1.3.1 Reasons for the use of surrogate substances 

The use of surrogate substances offers several advantages, allowing for a safer and 

more cost-effective performance testing of containment systems [24,29,76]. In 

addition, with surrogate substances, an early identification and removal of containment 
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deficiencies is possible. Furthermore, the ISPE recommends surrogate substances for 

pharmaceutical dustiness investigations at laboratory scale [17,24,29,77]. 

1.3.2 Criteria for selecting a surrogate substance 

The choice of a pharmaceutical surrogate substance should be based on multiple 

criteria, including safety considerations, transferability of results to the intended API, 

and analytical limitations. For selection of an appropriate surrogate substance, the 

criteria shown in Table 2 should be taken into consideration [24,29,76]. 

Table 2: Selection criteria for pharmaceutical surrogate substances. 

Powder properties Analytics Safety Other aspects 

Dustiness Detection and 

Quantification Limit 

(DL and QL) 

Pharmacological 

effects (no risk for 

personnel, no 

cross-

contamination) 

Possible 

contamination of 

facility prior to 

testing (e.g. 

lactose or sucrose) 

Particle size 

distribution and 

particle shape 

Complexity and 

cost for analysis 

Ease of disposal 

(environmental 

aspect) 

Cost and 

availability of the 

surrogate 

Powder flow Solubility in water 

and other solvents 

Dust explosion 

risk 

GMP acceptability 

1.3.3 Commonly used surrogate substances 

An overview of commonly used surrogates recommended by the ISPE, their properties 

and typical applications is shown in Table 3. The surrogate Riboflavin was excluded, 

as it is used as an aqueous solution mainly for the evaluation of an equipment-specific 

cleaning system, e.g. clean in place (CIP) systems, but not recommended for airborne 

dust investigations or surface contamination assessments [29]. 
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Table 3: Overview of commonly used pharmaceutical surrogate substances, their 

properties, and typical applications (modified from [29]). 

Surrogate 

substance 
Advantages Disadvantages Typical Application 

Acetaminophen Low toxicity  Relatively poor 

water solubility 

Commonly used 

surrogate 

Inexpensive Material is an API 

(potential GMP 

cleaning issues) 

Largely replaced by 

lactose due to GMP 

concerns  

Reasonably dusty  Easier to analyze 

than lactose 

Multiple analytical 

methods available 

(QL: 0.05 - 

1 ng/sample) 

 Commonly used for 

packaging 

applications in tablet 

form 

Lactose Multiple analytical 

methods available 

(QL: 0.05 - 

5 ng/sample) 

Tendency for 

agglomeration 

(especially if 

micronized) 

Widely used 

surrogate down to 

concentrations of ~ 

0.1 µg/m³ 

Highly water 

soluble 

Common excipient 

(may be present as 

environmental 

background) 

Not as effective as 

extremely dusty 

materials 

Widely available Multiple types may 

influence test results 

Sieved grades 

should be used 

Inexpensive Difficult analysis  

Non-API material   

Low toxicity   

Mannitol Multiple analytical 

methods available 

(QL: 0.5 - 

5 ng/sample) 

Common excipient 

(may be present as 

environmental 

background) 

Less widely used 

than lactose and 

hardly available in 

suitable grades 

 Other advantages 

identical to lactose  

Difficult analysis Useful if a 

considerable lactose 

background is 

expected 
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Surrogate 

substance 
Advantages Disadvantages Typical Application 

Naproxen 

sodium 

Highly water 

soluble at pH > 6 

Relatively expensive  Commonly used 

surrogate 

Low toxicity Material is an API 

(potential GMP 

cleaning issues) 

High dustiness 

presents a challenge  

Simple analytical 

method (low QL: 

0.005 ng/filter) 

Aggregates if 

micronized 

Very useful for 

testing of systems 

for handling highly 

hazardous or dusty 

materials 

Extremely dusty   

Sucrose Widely available Tendency for 

aggregation 

(especially if 

micronized) 

Less widely used 

than lactose and 

hardly available in 

suitable grades 

Highly water 

soluble 

Common excipient 

(may be present as 

environmental 

background) 

Useful if 

considerable lactose 

or mannitol 

background is 

expected 

Low toxicity Difficult analysis  

Inexpensive QL: 10 - 100 ng/filter  

Non-API material   

As an example, acetaminophen (ACAM) is an industry-accepted safe surrogate 

substance because of its low LD50 with 338 mg/kg (mouse, oral) or 1944 mg/kg (rat, 

oral). In human adults, ACAM is used for safe and effective analgesic and antipyretic 

treatment in doses of up to 4 g/day [78,79]. In addition, the spectrophotometrical quan-

tification limit of ACAM is low [24,68,80,81]. Potential disadvantages of ACAM include 

its high tendency for electrostatic interactions with processing vessels or laboratory 

devices and its poor water solubility, resulting in a need of cosolvents for analysis [82–

85]. 
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1.4 Dust and dustiness 

1.4.1 Definition of dust and deposition in the human body 

In 1975, the Inhaled Particles Symposium pointed out the inconsistency of national 

practices for dust monitoring [86]. At this symposium, the necessity for application of 

scientific principles to dust exposure was discussed and resulted in the concept of 

‘inhalable dust’ required for occupational dust monitoring [86]. In the following years, a 

multitude of studies were carried out to determine the size range of airborne particles 

inhalable by humans, the concentration changes of airborne dust in the personal space 

close to workers, and adequate sampling methods for occupational monitoring 

[69,70,87–94]. 

By combining the results of these studies in the mid-1990s, the International Organi-

zation for Standardization (ISO), the American Conference of Governmental Industrial 

Hygienists (ACGIH), and the Comité Européen de Normalisation (CEN) agreed on 

common definitions for size-selective aerosol sampling conventions for three health-

related aerosol fractions, namely the inhalable fraction with the thoracic and the 

respirable subfractions (the latter being deposited in the alveolar/gas-exchange region) 

[29,95–98]. These fractions can further be subdivided by their deposition area in the 

human respiratory tract, as shown in Figure 2. 
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Aerosol within the 

respiratory air

Inhalable part Non-inhalable part

Total deposited part Exhalable part

Thoracic part
Extrathoracic 

deposition

Alveolar deposition
Tracheo-bronchial 

deposition
 

Figure 2: Classification of airborne aerosols according to occupational health criteria, 

modified from [99,100]. 

The World Health Organization (WHO) defines the upper particle size limit for inhalable 

dust particles at an aerodynamic diameter of 100 µm, whereas the ISO defines it at 

75 µm [101–103]. The largest inhalable particles with an aerodynamic diameter of less 

than 100 µm are deposited between the point of entry (mouth or nares) and the larynx. 

Particles with a maximum diameter of 10 µm may be deposited in the thoracic region, 

where only 1 % of them reach the alveolar region. The maximum deposition in the 

alveolar region takes place with particles of an aerodynamic diameter of approximately 

1 to 2 µm. Particles < 0.5 µm are usually exhaled and thus not deposited in the lungs 

[98,101,104–107]. These size limits may vary in the literature as they are dependent 

on the breathing passage, e.g. nasal versus mouth breathing [108]. 
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The ISO, ACGIH, and CEN conventions for airborne dust sampling for occupational 

monitoring are based on the above-mentioned size limits of the particle fractions and 

are defined as follows [29,95–97]: 

• Inhalable fraction: airborne particles that enter the body through the lips and/or 

nares during breathing. The 50 % cutoff for sampler collection efficiency is at 

100 µm. 

• Thoracic fraction: particles that penetrate the respiratory tract below the larynx and 

enter the trachea, bronchi, and even the alveolar region of the lungs. The 50 % 

cutoff for sampler collection efficiency is at 10 µm. 

• Respirable fraction: particles that penetrate the bronchioles and enter the alveolar 

region of the lungs. The 50 % cutoff for sampler collection efficiency is 1 µm. 

Where the 50 % cutoff for sampler collection efficiency indicates that only 50 % of 

particles at that diameter will be collected by the sampler. 

The occupational exposure of a worker to an HPAPI, limited by established OELs, 

comprises the entire inhalable fraction, as every inhaled particle has the potential of 

being absorbed by the human body and may cause adverse effects [29]. The subdivi-

sion into thoracic and respirable dust fractions is especially of interest for occupational 

exposure to particulate matter with no pharmacologic and/or toxicologic potential but 

still causing adverse health effects, e.g. nanoparticles or asbestos fibers 

[104,106,109–111]. 

1.4.2 Definition of dustiness 

Dustiness may be defined as the propensity of a material to generate airborne dust 

during its handling, such as mixing, milling or transferring and/or the tendency of a 

powder to form an aerosol after it receives a given energy input [45,76,101,112–114]. 

Dustiness may be measured as a collected amount of dust under defined conditions 
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and may be determined with dustiness testing devices [76,81,120–

125,99,100,112,115–119]. To compensate for varying defined conditions, dustiness 

indices have been introduced [115,123,126]. These indices usually relate the collected 

dust, i.e. the suspended particulate matter to the total amount of atomized sample 

mass [115,123]. The energy input for atomization must overcome interparticle binding 

forces, such as van der Waals, capillary, and electrostatic forces to generate dust, thus 

releasing loosely bound primary particles and aggregates from the bulk powder without 

decreasing the size of the primary particles [112,114,127,128]. A model of the dust 

generation and quantification processes is shown in Figure 3. 

Energy input

Powder properties

Separation forces

Dust generation

Binding forces

Particle transport

Dust concentration

 

Figure 3: Model of the dust generation and quantification processes, modified from 

[127]. 

1.4.3 Physicochemical powder properties affecting dustiness 

Dustiness is not an intrinsic physical or chemical property of a substance [114,127]. It 

is dependent on various physicochemical powder properties, which include true and 

bulk densities, residual moisture content, sample mass, particle morphology, as well 

as particle size and distribution, as all of these properties influence particle interactions 

[77,99,130–136,100,112–114,122,123,127,129]. 
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The bulk density of a powder has significant influence on dustiness, as it represents 

the powder’s packing state and is dependent on the interparticle distance [114]. If this 

distance is reduced, i.e. the bulk density is increased, the interparticle secondary 

valence forces also increase, leading to a reduction of powder dustiness 

[114,128,137]. This is especially of interest in dustiness tests in which the powder is 

dropped onto a surface for atomization [129]. The bulk density may be affected by 

handling of the powder prior to measurements and thereby directly influences 

dustiness [76]. The true density also affects dustiness, in particular how long particles 

stay airborne, as particles of high true density sediment faster in accordance with 

Stokes’ law of sedimentation [138]. 

The residual moisture content of a powder affects two of the most influential interpar-

ticle binding forces. On the one hand, residual moisture decreases the tendency of a 

powder to be electrostatically charged [139–141]. The resulting decrease leads to less 

interactions between the powder particles and those between powder particles and 

measuring device surfaces, thus increasing dustiness [84,114]. On the other hand, a 

high residual moisture content affects the capillary forces of attraction within the 

powder, such as water sorption and the formation of capillary bridges, thereby signifi-

cantly decreasing its dustiness [112,114,127,142–145]. The residual moisture content 

is directly related to the hygroscopicity of the powders and the relative humidity of the 

surrounding air. An increase in relative humidity and thus an increase in the residual 

moisture content results in a substantial decrease of powder dustiness 

[114,119,134,146,147]. 

The sample mass correlates with the measured dustiness, usually in a linear manner 

[77,81,116,125]. In some studies, the measured dustiness reaches a maximum, some-

times even followed by a decrease of dustiness despite a further increase of the 
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sample mass [81,85,118,129]. This observation is assumed to be caused by the atomi-

zation device geometry limiting the atomization process and/or a powder densification 

decreasing its dustiness [81,85,114,118,129]. 

The particle morphology, i.e. particle shape, surface structure, and resulting specific 

surface area, affects the powder flow and mixing behavior. These powder 

characteristics are caused by adsorption phenomena such as interparticle adherence 

as well as attraction to or repulsion from surfaces, which ultimately influence powder 

dustiness [100,122,129,130,132,148–151]. For example, fibrous elongated particles 

show a lower dustiness in comparison to granular particles [122]. 

The particle size and size distribution are also of major influence on dustiness 

[80,122,127,132,152,153]. The particle size directly affects binding and separation 

forces. In accordance with the Lifshitz theory of van der Waals forces and the mathe-

matical description of rotationally symmetric liquid bridges by Schubert, binding forces 

based on van der Waals attraction and capillary forces are proportional to the particle 

diameter d. The separation forces, such as aggregate impaction, increase with d3 

according to the kinetic energy formula [127,154,155]. Nevertheless, because of 

several overlaying effects of the particle size, i.e. sedimentation of particles > 10 µm 

preventing their transport from the atomization site to the measuring site, the measured 

dustiness of a powder tends to increase with decreasing particle size 

[80,85,127,148,153]. In addition, the particle size distribution affects powder flow and 

powder dustiness, as the polydispersity index (PDI) is negatively correlated with 

dustiness [114,136,142]. 

Another important factor that has to be kept in mind when investigating dustiness, but 

which is not directly related to the powder, is the type and amount of energy introduced 

into the powder sample for atomization [123,127]. An increase in drag force or shear 

energy used for atomization results in higher fractions of atomized powder because of  
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a more effective powder disaggregation [114]. It must be ensured that the energy input 

is sufficient for atomization of the powder sample by disaggregation and separation of 

particles, but not too high to prevent grinding, cutting, or crushing of primary particles 

[112]. 

1.5 Dustiness determination 

As described in Chapters 1.4.2 and 1.4.3, the dustiness of a substance may be 

determined with testing devices by application of a specified type and amount of energy 

to a predefined amount of test material. The resulting atomization of the material leads 

to a release of particles into the air and may be collected for quantification 

[112,114,127]. In an early study on this topic, Heitbrink et al. were able to find a 

significant correlation between worker dust exposure from a bag packing operation and 

the measured dust with two dustiness testers, in particular the Heubach dustmeter and 

the Midwest Research Institute (MRI) dustiness tester [156]. In the following decades, 

further dustiness testers were developed to predict the potential of different materials 

to cause dust exposures of workers in occupational settings [100,114,142,156–158]. 

1.5.1 Mechanisms for atomization 

There are three basic underlying mechanisms for atomization of powder samples in 

dust testing devices [113,159]: 

• Gravity dispersion: A powder sample is dispersed by dropping it into an enclosed 

space, such as a box shaped chamber, for example the Midwest Research Institute 

dustiness tester or the Palas dustview [115,160]. 

• Mechanical dispersion: The powder sample is placed in a drum with baffles and the 

powder is dispersed by rotation of the drum. The resulting aerosol is transported to 

the detection spot via an airflow directed through the longitudinal axis of the drum. 

An example is the Heubach dustmeter [115,127,161]. 
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• Gas dispersion: Powder dispersion is achieved by directing a gas flow through the 

sample, for example in the University of North Carolina (UNC) dustiness tester or 

the Two-chamber setup (TCS) [76,81,126]. 

1.5.2 Sampling of airborne dust 

As described in Chapter 1.4.1, certain particle fractions are of interest with regard to 

occupational exposure, especially the inhalable and respirable fractions [162,163]. For 

the collection of these fractions, different samplers have been designed and investi-

gated for occupational dust monitoring. One of the first samplers was the overall 

respiratory burden (ORB) sampler with a spherical design. At the time of its develop-

ment, no systematic studies of variables affecting particle entry efficiency existed. 

Thus, its design was largely based on trial and error [164]. Further inventions included 

portable rotating samplers to collect coarse particles and different blunt or close/open 

faced samplers as well as isokinetic probes for static or personal use [69,70,165–168]. 

Among other factors, these samplers were investigated and compared based on their 

particle size-specific sampling efficiency, sampling bias, precision, accuracy, and the 

effect of moving air on them [91,166,167,169–172]. So far, there is no ideal, universally 

accepted sampler for dust monitoring in occupational settings available. However, IOM 

samplers are currently the most scientifically well characterized personal dust 

samplers [29,36,173]. Other popular samplers include the DIS as well as CFC 

samplers [29,72]. An overview of the IOM sampler layout in its assembled (a) and dis-

assembled state (b) is shown in Figure 4. 
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Figure 4: The original IOM sampler in its assembled (a) and disassembled (b) state, 

modified from [70]. 

The IOM sampler consists of a housing, into which a filter cassette with a 25 mm round 

filter is placed. The housing is closed with a front plate and O-rings ensure air tightness 

of the cassette. The filter cassette has a 15 mm circular orifice for entry of dust, with a 

protruding lip of 1.5 mm. For sampling, a vacuum pump connected to the outlet of the 

samplers generates an airflow with a volume flow rate of 2 L/min through the filter [70]. 

The sampler design has not changed since its first presentation in the literature in 1986 

[29,70]. For occupational exposure measurements, the samplers are worn at the lapel 

of workers to be as close to their breathing region as possible [70]. In addition, they 

may be used for static sampling in the working environment [69]. The samplers collect 

particles of up to 90 µm corresponding to the inhalable fraction at wind speeds ranging 

from 1 to 3 m/s [69]. Dust detection with dustiness testing devices also follows the 

criteria for inhalable and respirable dust. Therefore, the above-mentioned samplers are 

also used for dust collection in dustiness testers. 
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1.5.3 Laboratory dustiness testers 

A wide variety of devices for dustiness measurements of powders were presented in 

the last decades [99,100,174,118,120,123–125,127,157,158]. Most of these devices 

need a considerable amount of powder sample, up to hundreds of grams, and only a 

few of these systems are suitable for small sample quantities, for example powders of 

limited availability. These powders include APIs with high production costs and/or 

limited quantities [76,77,81,115,120,122,127,156,175]. 

As described in Chapter 1.5.1, there are three underlying mechanisms for atomization 

in dustiness investigations: gravity, mechanical and gas dispersion. These 

mechanisms involve and combine several factors affecting the atomization process, 

such as friction between particles and the atomization device, as well as particle inter-

actions. An overview of forces involved in the atomization process of different dustiness 

testers is given in Table 4. 

Table 4: Atomization forces for different dustiness testing devices, modified and 

extended from [123]. 

Atomization 

force 

UNC 

dustiness 

tester 

Heubach 

dustmeter 

Continuous 

drop test 

apparatus 

MRI 

dustiness 

tester  

Palas 

dust- 

view 

Two-

chamber 

setup 

Gravity + + + ++ ++ + 

Friction 
(device) 

0 ++ 0 0 + 0 

Friction (air) ++ + ++ + + ++ 

Particle 
interactions 

0 ++ 0 0 0 0 

Impaction 0 + 0 ++ ++ + 

Dispersion ++ + + + 0 + 

With 0 = no effect on the powder, + = effect on the powder, and ++ = high effect on the 

powder [123]. 
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A brief introduction to the most commonly used devices and to those specifically 

developed for dustiness investigations of small powder quantities is given in the 

following subchapters. 

1.5.3.1 UNC dustiness tester (Venturi device) 

The UNC dustiness tester, in some references referred to as the Venturi device, is a 

chamber setup, specifically developed by the University of North Carolina for dustiness 

investigations of small pharmaceutical powder samples [76,152]. An illustration of its 

design and function is shown in Figure 5. With this tester, a powder sample of 

5 ± 0.1 mg is turbulently dispersed through the nozzle of an injector into a 5.7 L sealed 

glass jar [76,126]. The device collects the resulting aerosol in a respirable mass 

cyclone with a 50 % cutoff at particles > 4 µm, followed by a filter cassette in which a 

Ø 37 mm filter is placed, collecting the respirable dust with an airflow of 4.2 L/min. A 

second filter cassette in the jar directly collects the total suspended dust with an airflow 

of 2 L/min. Dust is quantified gravimetrically by weighing the filters on which the dust 

had settled [76]. The Venturi device disperses powder samples at significantly higher 

Reynolds numbers than gravity-driven rotating drum or falling powder techniques and 

therefore has a unique ability in simulating high energy dust dispersion operations in 

the workplace [126,152]. 
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Figure 5: Schematic illustration of the UNC dustiness tester, modified from [76]. 

1.5.3.2 Heubach dustmeter (rotating drum tester) 

The Heubach dustmeter is a rotating drum tester for powder samples of 1 up to 100 g, 

depending on the powder density [77,115,127,156]. A simplified scheme of the 

Heubach dustmeter is presented in Figure 6. For dustiness testing, the powder sample 

is placed in a dust-generating drum that rotates at 30 rpm [115,120,127]. Within this 

drum, three baffles are installed at an angle of 45° [113,127]. The baffles repeatedly 

lift the powder from the bottom to the top of the drum, from where the powder falls 
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down 14 cm [127]. An airflow of 2 up to 75 L/min is generated with a vacuum pump 

and the turbulent airflow is led horizontally through the dust-generating drum, carrying 

along airborne particles. 

 

Figure 6: Simplified scheme of the Heubach dustmeter, modified from [115,127]. 

Coarse particles are separated in a dust separator and airborne particles are collected 

by an impactor and a Ø 37 mm glass fiber filter [115,120,127,174,176]. Measured 

dustiness is described by the Heubach dustiness index, which is calculated as follows: 

Dustiness index (%)=
Dust collected on the filter (g)

Sample mass (g)
 • 100 % (Eq. 3) 

1.5.3.3 Continuous drop test apparatus 

The continuous drop test apparatus developed by the ‘Institut für Gefahrstoff-

Forschung’ (IGF) is described in the EN 15051 as reference test method B 

[120,175,177]. A schematic illustration of the apparatus is shown in Figure 7. For 

dustiness investigations, bulk material is transported via a metering device at mass 

flow rates between 6 and 10 g/min from the sample tank towards the drop pipe. 

Subsequently, the powder sample falls through the drop pipe into the airflow of the 

back flow pipe. This airflow is caused by a pump on top of the apparatus, and the air 

enters the device through holes in the collector tank. Simultaneously, sampling pumps 

generate an airflow of 2 L/min through Ø 37 mm glass fiber filters mounted within the 
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inhalable and respirable sampling heads to separate and collect the corresponding 

aerosol fractions [120,177]. 

 

Figure 7: Schematic illustration of the continuous drop test apparatus, modified from 

[120,175]. 

Because of its relatively high feeding rates, the total sample amount may be as high 

as 180 g [120]. 
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1.5.3.4 MRI dustiness tester 

The MRI dustiness tester is a single-drop test apparatus and its design is shown in 

Figure 8. For measurements, a metal beaker with a volume of 270 mL is filled with a 

powder sample and the weight of the sample is noted. Subsequently, the beaker is 

rotated by 180° at a rotating speed of 5.5 rpm, whereby the powder sample is dropped 

out of the beaker and falls down for 25 cm [127,174]. 

 

Figure 8: Schematic diagram of the MRI dustiness tester, modified from [127]. 

A vacuum pump draws an airflow with a rate of 10 L/min through a Ø 47 mm glass fiber 

filter, if necessary with a preconnected impactor positioned at the top of the chamber. 

Thereby, resulting airborne dust is collected for 10 min. The amount of airborne dust 
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is determined gravimetrically [127,156,174]. Dustiness is calculated similarly to the 

Heubach dustiness index (Eq. 3) [174]. 

1.5.3.5 Palas dustview 

The Palas dustview is a commercially available dustiness tester, based on single drop 

atomization. A simplified illustration of the device is shown in Figure 9. 

 

Figure 9: Simplified illustration of the Palas dustview, modified from [120,175]. 

For dustiness measurements, 30 g of a powder sample are transferred into a feed 

funnel. At the beginning of a measurement, the valve positioned underneath the funnel 

opens up automatically and the sample falls into the dust housing. Dustiness measure-

ment is determined based on dust causing attenuation of the laser light. From the laser 
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light intensity detected 30 s after measurement start, as well as from the maximum 

intensity, the respirable and inhalable dust fractions are calculated [120,175]. 

1.5.3.6 Low-mass dustiness tester (LMDT) 

In 2012, O'Shaughnessy et al. presented a low-mass dustiness tester (LMDT) based 

on the single drop method but capable of measurements of only milligram quantities of 

test powders [122]. A diagram of the LMDT is shown in Figure 10. 

 

Figure 10: Diagram of the low-mass dustiness tester, modified from [122]. 

With the LMDT, sample quantities of 15 mg are sufficient to differentiate the respirable 

dustiness of various powder types. For dustiness measurements, the powder sample 

is transferred into a ball valve positioned at the top of the device. This ball valve is then 

opened, the powder falls down the gravity tube and enters a cross-flow section (cross-



  31 

 

fitting tube) in which small particles are captured by the sample airflow of 5 L/min and 

directed to the aerodynamic particle sizer (APS). The APS is an aerodynamic particle 

size spectrometer and determines the aerodynamic size of particles from 0.5 – 20 µm 

based on their time of flight [178]. Larger particles fall down through the cross-fitting 

tube and directly into a collecting jar. The respirable dustiness mass fraction of particles 

< 20 µm, detected with the APS, is calculated by multivariable regression analysis 

[122]. 

1.5.3.7 Two-chamber setup (TCS) 

In recent years, a TCS was presented designed for investigations of the dustiness of 

pharmaceutical powders, for example APIs and binary mixtures of APIs with excipients 

in dependence on an oppositely directed airflow [80,81,148,179]. A simplified illustra-

tion of this setup is presented in Figure 11. 

 

Figure 11: Simplified illustration of the Two-chamber setup, modified from [81]. 
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The setup consists of two chambers, the emission and the detection chamber. Both 

chambers are connected by an orifice that may be opened and closed with a 

controllable flap. For measurements with the TCS, a powder sample between 50 and 

400 mg is transferred into a double-acting ball valve and pneumatically atomized with 

compressed air [81]. After atomization, the controllable flap is opened and depending 

on the pressure difference between both chambers, which is achieved by compressed 

air led through the corresponding ball valve on top of the detection chamber, the 

distribution of dust under diffusive and/or convective conditions may be investigated. 

For dust collection, an airflow of 5 L/min is directed through a glass fiber filter within 

the IOM sampler, which is positioned beneath the detection chamber. The subsequent 

quantification of the collected dust is performed by HPLC analysis [80,81,148]. 

1.5.4 Comparability of the dustiness testers for exposure prediction 

In a study by Carlson et al., the authors state that the results of laboratory dustiness 

measurements of the same substance strongly vary depending on the applied test 

method. If at all, the results may be compared qualitatively, but not quantitatively. The 

authors further postulate that no laboratory dustiness tester provides accurate predic-

tions about workplace exposure [115]. These results are underlined by a comparison 

of dustiness data determined with three dustiness testers (continuous drop test 

apparatus, Heubach dustmeter, and Palas dustview), which did not confirm 

equivalence between the testers [120]. Furthermore, the correlation of laboratory 

dustiness data with dust emissions released by mechanical powder stressing during 

production processes is impossible in most cases [99]. To address these problems, 

dustiness measurements should always be referred to a reference powder. Thereby, 

it should be possible to make ‘informed judgements’ about the dustiness of a powder 

determined with different testing devices [76]. Moreover, the sampling of emitted dust 

has to focus on the health-related aerosol fractions, and the mechanism of atomization 
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must reflect the dust generation by handling of powdery materials at the workplace 

[112]. Even though the transferability of dustiness measurements to occupational 

settings is subject to discussion, with fixed location sampling it should be possible to 

identify areas within the workplace where dust is emitted. [68]. 

1.6 Novel approaches for airborne dust detection 

As the filter-based sampling methods described in Chapter 1.5.2 have major limita-

tions, novel approaches for airborne dust detection have been developed, which are 

based on optical methods. In contrast to sampling methods with subsequent 

gravimetrical or wet chemical analysis, optical detection allows time-resolved investi-

gations of dust concentrations in real-time [180–183]. Furthermore, most of these 

methods allow the detection of size-specific particle concentrations, for example the 

monitoring of the inhalable fraction or of fine particulate matter of airborne dusts 

[181,184]. In the following subchapters, two of today’s most commonly used methods 

for the determination of airborne dust concentrations are presented. 

1.6.1 Aerodynamic particle sizing 

The aerodynamic particle sizer, as part of the LMDT (please refer to Chapter 1.5.3.6), 

is based on time of flight measurements [122,185]. A schematic diagram of the particle 

sizer is displayed in Figure 12. Aerosol particles are accelerated through a nozzle in a 

sonic expansion flow until their velocity temporarily falls behind that of the surrounding 

air molecules (ultra-Stokesian flow) [183,186,187]. 
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Figure 12: Schematic diagram of a time-of-flight aerodynamic particle sizer, modified 

from [185,186]. 

The aerosol particles then pass through two parallel light beams of fixed distance. 

Thereby, the time-of-flight of the particles needed for passing from the first to the 

second light beam is measured. The time-of-flight is dependent on the aerodynamic 

particle size [183,188]. With this method, particles within a range of 0.2 and 700 µm in 

aerodynamic diameter may be detected and the resulting individual particle signals are 

converted into a number-weighted size distribution [183,186]. 

1.6.2 Optical particle counter (OPC) 

As mentioned in Chapter 1.4.1, not only inhalable particles of HPAPIs pose a health 

risk, but also fine particulate matter in general. Because of their ability to reach even 

deep regions of the lungs, particles < 10 µm (PM10) and < 2.5 µm (PM2.5) pose a threat 

to human health [104,109,189,190]. As the monitoring of air pollution, especially of fine 
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particulate matter, is of high priority concern in environmental hygiene, affordable low-

cost particulate matter sensors (PM sensors) have been developed in recent years 

[181,184,191,192]. The majority of these sensors are OPCs and their principle of 

detection is based on light extinction (large particles) and/or on the Mie scattering 

theory (small particles) [74,193–195]. A simplified diagram of an OPC based on light 

scattering is presented in Figure 13. 

 

Figure 13: Simplified diagram of an OPC, modified from [194]. 

In the first step of a measurement, aerosol particles are drawn into a narrow inlet of 

the OPC by a fan. Subsequently, the particles pass through a laser curtain and the 

light scattered by the particles is detected at a perpendicular angle to limit the effects 

of stray light within the device. In accordance with the Mie theory, the pulse height of 

each of the measured signals correlates with the respective particle size [194,196]. 

Particles are counted and tabulated into size categories to determine their number 

concentration [194]. This number concentration may be subsequently converted into a 
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mass concentration as necessary for occupational exposure assessment [197–199]. 

In addition to their use in environmental hygiene, OPCs also play a role in other 

scenarios, for example in monitoring of dust containment at construction sites as well 

as personal dust exposure, and in pharmaceutical contexts such as aerosol 

characterization of single-dose inhalers [75,200,201]. 

1.6.3 Substance-specific real-time monitoring of airborne dust 

As mentioned in Chapter 1.2.5, substance-specific real-time monitoring with optical 

methods is currently under development [29]. Such a monitoring would significantly 

improve the safety in the contained manufacture of pharmaceuticals. There are several 

potential detection methods being investigated for monitoring, including the electronic 

sum frequency scattering, ion mobility spectrometry, photoacoustic spectroscopy, and 

laser-induced breakdown spectroscopy [202–209]. Another promising approach for 

real-time aerosol monitoring has been presented in a study based on a polarized 

optical particle counter combined with deep learning of multi-angle synchronous 

polarization scattering indices [210,211]. 

1.7 Computational Fluid Dynamics (CFD) 

1.7.1 CFD and its application in pharmaceutical contexts 

CFD simulations are a versatile tool for analyzing complex air and fluid flow dynamics 

and are gaining importance in the pharmaceutical field  [212]. The three-dimensional 

mathematical simulation of fluid motion is defined by the Navier-Stokes equation, 

which is based on the conservation of mass, momentum, and energy, whereby several 

physical properties of the fluid, such as pressure, density, and viscosity, have to be 

taken into consideration [212,213]. CFD simulations provide a numerical approxi-

mation to this equation and present the results in a graphical and easy to read format 

[213]. They have been used to characterize particle deposition in human lungs, to 
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simulate the dynamic flow and particle motion in dry powder inhalers as well as air 

movement in the UNC dustiness tester, Heubach dustmeter, and TCS 

[80,81,106,126,176,214]. 

1.7.2 CFD coupled with discrete element modeling (DEM) 

A combined approach for aerosol simulation is CFD-DEM coupling. With this method, 

CFD is again used to simulate the airflow, but is combined with the simulation of indi-

vidual aerosol particles via DEM [215–218]. This combination has been used to 

characterize particle-fluid, particle-particle as well as particle-device interactions in 

rotary drum dustiness testers, providing valuable insights on lift and drag forces caused 

by airflow and device geometry acting on individual particles [219]. Furthermore, the in 

vitro-in vivo correlation of aerosol particle deposition in the human respiratory tract has 

been predicted by the gas-aerosol flow behavior [220]. Additional studies in recent 

years include the investigation of the dispersion mechanism in dry powder inhalers, 

the characterization of fluidized beds, and even the simulation of non-spherical 

particles, emphasizing the increasing importance of CFD-DEM coupling in the pharma-

ceutical field [216–218].
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2. Aim of the work 

In recent years, an increasing number of innovative and highly potent APIs have been 

developed using high-throughput screening, combinatorial chemistry, and Artificial 

Intelligence. Although beneficial for the treatment of millions of patients worldwide, 

HPAPIs pose a major risk because of their high pharmacologic and toxicologic 

potential during handling. Dust emissions caused by handling HPAPIs must be mini-

mized to prevent cross-contamination during the manufacture of pharmaceuticals, 

exposure of personnel, and contamination of the environment. Therefore, the so-called 

containment technology has been implemented in the manufacture of pharma-

ceuticals. However, in practice, dust emissions are still being detected in contained 

production environments and it has not yet been possible to draw conclusions from the 

determined exposure data with regard to the sources of contamination because of a 

lack of knowledge concerning aerosol transport mechanisms. So far, no device has 

been developed to investigate the spatial distribution of pharmaceutical airborne dusts. 

Therefore, the aim of this work was the development of a laboratory scale chamber 

setup to investigate not only dustiness but also the subsequent spatial distribution of 

airborne dust with small amounts of pharmaceutical powders. The newly developed 

chamber setup consists of an emission chamber in which a powder sample is 

atomized. This emission chamber is connected to a larger detection chamber equipped 

with nine measurement spots to determine the spatial distribution of dust. The 

detection chamber itself has a modular design and the emission chamber may be 

connected to the detection chamber at one of nine different positions. This setup allows 

an investigation of the spatial dust distribution in multiple spatial orientations. For the 

experiments, ACAM was used as a safe surrogate substance, as it is a suitable 

surrogate for small chemical compounds and shows low toxicity, a low quantification 

limit as well as high dustiness. 
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The aim of the first study of this work was to prove the functionality of the chamber 

setup with regard to the reproducible atomization of small powder quantities and the 

determination of the spatial distribution of airborne dust. Therefore, small amounts of 

ACAM were atomized in the setup and the spatial ACAM distribution was determined 

in an opposite and an orthogonal arrangement. In this first study, only one combination 

of atomization parameters was used, yet indicating a strong influence of the pneumatic 

atomization on the spatial dust distribution. 

Because the pneumatic atomization of powder samples has not yet been characterized 

in the existing literature, the second study focused on the investigation of the atomi-

zation parameters in more detail by means of statistical design of experiments. 

Moreover, the measurement procedure was evaluated and subsequently optimized to 

increase the amount of detected airborne dust. Based on the results, the influence of 

particle size distribution and particle shape on dustiness and spatial distribution of dust 

was investigated. 

The third study considered technological developments of recent years, and the 

chamber setup was therefore equipped with laser-based low-cost particulate matter 

sensors, originally developed for environmental hygiene scenarios. This modification 

of the chamber setup allowed the detection of the spatiotemporal distribution of 

airborne dust in real time. With this modified setup, it was not only possible to examine 

the plain surrogate ACAM but also the excipient lactose and a binary powder blend of 

both. 
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3. Cumulative part of the dissertation 

3.1 Investigations on the spatial dust distribution for emission site localization 

in containment 

This first study dealt with the development and proof of concept of a novel chamber 

setup designed for the investigation of the spatial distribution of pharmaceutical dusts. 

The setup consists of an emission chamber in which small powder quantities, in the 

case of this study the surrogate substance ACAM, were atomized by compressed air. 

The emission chamber is attached to a detection chamber at one of nine possible 

positions and the atomized sample may pass through a connecting orifice from the 

emission to the detection chamber via convective and diffusive mass transport. The 

detection chamber may be set up in an opposite or orthogonal arrangement and the 

airborne dust eventually settles on the filters located within the nine measurement 

spots. 

The evacuation time required to gather the complete aerosol content of the detection 

chamber filled with the fume of sulfuric acid was determined to be 278 min. Based on 

this result, a subsequent investigation with varying sample amounts of ACAM revealed 

a linear relationship between sample mass and detected dust emission. The 

experiments with ACAM confirmed that with the presented chamber setup, a precise 

and reproducible atomization as well as detection of small amounts of powder samples 

may be realized. 

The spatial dust distribution was expected to show the highest concentration of 

airborne dust close to the emission site, with decreasing concentrations at the more 

distant measurement spots. However, the results with the orthogonal arrangement of 

the detection chamber revealed the opposite. To explain these results, CFD simula-

tions were carried out. The results of these simulations resembled exactly the pattern 

of the spatial dust distribution measurements, indicating a strong influence of the 
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airflow caused by the pressurized air for atomization on the spatial dust distribution. 

The combination of these results allowed an exact three-dimensional localization of 

the emission site within the chamber setup. In addition to the experiments with the 

chamber setup, the powder properties of ACAM were analyzed to identify factors that 

may influence dustiness or spatial dust distribution. 

In Figure 14, a visual summary of the study is shown, pointing out the similarity of the 

spatial dust distributions detected in the chamber setup with both arrangements, and 

the simulated airflows of the computational fluid dynamics. 

 

Figure 14: Visual summary of the study methodology and key results [221]. 

In summary, the first study was a successful proof of concept of the presented chamber 

setup. Because a strong influence of the pneumatic atomization on the detected 

dustiness and the spatial dust distribution became apparent, a subsequent study was 

performed to investigate the atomization process in detail.  
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3.2 Optimization of a newly developed chamber setup for spatial dust 

measurements in the context of containment 

In a second study, the cleaning method of the chamber setup and the effect of particle 

characteristics on the detected dustiness were investigated. In addition, atomization 

parameters ‘volume flow rate for atomization’, ‘atomization duration’ as well as ‘sample 

mass’ were investigated by means of a design of experiments approach. 

Because of the appearance of wipe marks of deposited dust on the panels of the 

emission and detection chamber during the first study, the cleaning method of the 

setup was reviewed. Even though the chamber setup was attached to a grounding 

cable, the wipe marks were assumed to be caused by electrostatic charging resulting 

from friction during the cleaning procedure of the panels with laboratory wipes. This 

assumption was confirmed by measurement of the surface charge of the panels prior 

to and after cleaning. Therefore, the cleaning procedure was modified to achieve a 

friction-free method, leading to higher detectable amounts of airborne dust. 

Two ACAM types, differing in particle size distribution and particle shape, were inves-

tigated to determine the influence of these powder characteristics on the detected 

dustiness. It became evident, that the ACAM type with smaller particles and a more 

granular, almost spherical particle shape exhibited a higher dustiness than ACAM with 

larger, elongated and needle-like particle shape, indicating an influence of the particle 

properties on dust emission. 

To extend the investigated design space of the design of experiments approach for the 

investigation of the atomization parameters, the chamber setup was modified to allow 

higher air pressures and thus higher volume flow rates for atomization. The results 

confirmed the linear relationship of sample mass and detected dust emission of sample 

masses up to 400 mg. In addition, a two-factor interaction of the atomization volume 

flow rate and atomization duration was observed with regard to the detected dustiness. 
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Interestingly, the same two-factor interaction became obvious for the spatial dust dis-

tribution. Thereby, the atomization effectiveness of the chamber setup can be 

predicted and optimized regarding the dustiness and the spatial dust distribution. 

A visual summary of the study results is presented in Figure 15. 

 

Figure 15: Visual description of the main findings and results of the study [85]. 

In summary, multiple strategies for influencing dust emissions on a laboratory scale 

were identified. These strategies may be applied to reduce dust emissions in industrial 

environments. Moreover, the influence of the atomization parameters on the detected 

dustiness and the spatial dust distribution were determined. Based on the obtained 

results, in a further study, the detection chamber was equipped with optical sensors, 

allowing a real-time spatiotemporal detection of airborne dust. 
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3.3 Low-cost particulate matter sensors for real-time spatiotemporal detection of 

pharmaceutical dust in containment 

In the two previous studies, the detection of the atomized powder samples was carried 

out with IOM samplers and subsequent quantification via HPLC. However, this procedure 

requires a considerable amount of time and effort. Furthermore, an instantaneous and 

temporally resolved detection of airborne dust for real-time visualization of spatial dust 

distributions is impossible. To overcome these problems, the IOM samplers were 

exchanged by laser-based low-cost particulate matter sensors for dust detection of 

particles < 2.5 µm. Based on the results of the second study, the atomization parameters 

were customized during a third study and investigated with regard to a reproducible and 

precise spatiotemporal detection of airborne dust by these PM sensors. The measure-

ments with the modified chamber setup demonstrated the ability of the sensors to 

determine the spatiotemporal dust distribution. Moreover, the spatial dust distributions 

detected with PM sensors resembled those of the first two studies carried out with IOM 

samplers. However, it became evident that the spatial distribution of the particle fraction 

< 2.5 µm occurs during the first minutes after atomization until a concentration balance in 

the detection chamber is reached. This observation not only resulted in a significant 

reduction of the experimental runtime but also gave valuable insights into the time-

dependent distribution of airborne dusts. 

The handling and processing of plain APIs only play a minor role in the manufacture of 

pharmaceuticals, such as direct compression tableting. Therefore, the frequently used 

excipient lactose and a binary blend of lactose and ACAM were characterized with regard 

to dustiness and spatial dust distributions. As expected, coarse lactose exhibited a 

significantly lower dustiness in comparison to fine ACAM. The binary blend of the coarse 

and the fine powder showed a reduced, yet higher than expected dustiness, indicating 
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particle interactions of the API particles with those of the excipient which may influence 

dust generation. 

In Figure 16, a simplified illustration of the modified chamber setup and essential 

outcomes of the third study are shown. 

 

Figure 16: Overview of the methodology and the main results of the study [222]. 

In summary, the results of the study not only confirmed the feasibility of low-cost particu-

late matter sensors for dustiness investigations but also suggest a potential application 

for industrial containment monitoring. Moreover, first insights into the detection of airborne 

dust resulting from an API-excipient blend were obtained.
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Discussion 

The newly developed chamber setup for the investigation of spatial dust distributions 

presented in this work is described in three publications. Prior to these studies, the 

conceptualization, the construction of the chamber setup, and preliminary tests were 

performed over a time period of more than 2 years. During conceptualization, 

fundamental aspects had to be specified, such as the type of powder atomization, dust 

detection, and the shape and size of the chamber setup, to allow an investigation of the 

spatial dust distribution. In addition, it had to be tested how to mechanically stabilize the 

setup to ensure its tightness even under overpressure caused by the atomization process. 

All these aspects had to be decided on while keeping the planned modularity of the 

system in mind. In the preliminary tests, the intended functionality of all pneumatic 

components and of the switching sequence, controlled by the programmable logic 

controller (PLC), was confirmed. 

In a first investigation, the necessary evacuation time of the detection chamber was 

determined with the fume of sulfuric acid. To gather 99 % of the fume through IOM 

samplers, 278 min were required, corresponding to a fivefold air exchange. Therefore, 

the detection time in the PLC was set accordingly for each experiment of the first two 

studies. However, the filter-based aerosol detection represents a cumulative method and 

cannot reflect time-resolved spatial dust distributions. Therefore, the chamber setup was 

equipped with low-cost particulate matter sensors which allowed a spatiotemporal 

detection of airborne dust in the third study. The results revealed that the spatial distri-

bution of airborne dust in the detection chamber occurred in the first few minutes. 

Approximately 4-5 minutes after atomization, the airborne dust concentration balanced 

out as a result of diffusive mass transport. Consequently, a significant reduction in the 

runtime of each experiment was possible with these sensors. 
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In the first study, experiments with the surrogate ACAM were initially carried out with the 

opposite arrangement of the chamber setup. It was assumed that with this arrangement, 

higher amounts of airborne dust would be detected, as the airflow after atomization is 

directed towards the measurement spots. Therefore, the opposite arrangement was 

expected to be best suited for a first stage in the proof of concept. This assumption was 

confirmed by the obtained results: With the opposite arrangement, the measured 

dustiness was higher than with the orthogonal arrangement. With both arrangements, a 

linear relationship between sample mass and settled amount of ACAM was evident. A 

detailed examination of the atomization parameters in the second study further confirmed 

this observation. However, a maximum of the measured dustiness was reached at a 

sample mass of about 400 mg. This maximum is presumably caused by the ball-valve 

geometry, which limits the cross-sectional area of the sample exposed to pressurized air 

during atomization. However, this limitation does not represent a disadvantage for 

measurements with the chamber setup, as the sample quantities to be examined in a 

pharmaceutical context should be as small as possible because of high costs and some-

times limited availability. In the experiments of the first study, the percentage of sample 

mass captured by the samplers was less than 0.05 % of the total sample mass applied. 

Therefore, the measurement procedure was optimized in the second study to increase 

this percentage. With a change to a friction-free cleaning method, electrostatic charges 

on the chamber panels were diminished, leading to a tenfold increase of captured 

airborne dust. This cleaning method is particularly recommended if powders with a high 

tendency to become electrostatically charged, such as ACAM, are measured. In addition, 

the influence of the surrogate particle characteristics on dust generation was investigated. 

It became evident that ACAM powder consisting of small, granular, almost spherically 

shaped particles led to higher dust emissions than ACAM powder with elongated, needle-
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like particles. This observation not only allowed a further increase in the percentage of 

captured dust but also gave valuable insights into a potential reduction of the dust emis-

sions in an industrial production environment. 

The main focus of the chamber setup was the determination of spatial dust distributions. 

With the opposite arrangement, the highest amount of ACAM settled on the filter within 

the IOM sampler positioned in the middle of the detection site and directly opposite to the 

emission chamber. In most of the surrounding IOM samplers significantly less airborne 

dust was detected. With the orthogonal arrangement, the highest amount of ACAM was 

detected with IOM samplers positioned on the right-hand side of the detection chamber 

and thus most distant to the emission chamber. The settled amount of ACAM was lower 

on the filters within the IOM samplers positioned in the center column than on those 

positioned on the right-hand side. The lowest settled amount was detected with the 

samplers on the left-hand side, closest to the emission chamber. The combined results 

of both arrangements confirmed the ability of the chamber setup to detect the spatial 

distribution of airborne dust and allow a three-dimensional emission site localization. 

Nevertheless, these results were unexpected, as the highest concentration of airborne 

dust was expected to be close to the emission site with decreasing values at more 

distantly positioned measurement spots. The spatial dust distribution was assumed to be 

caused by a strong convective mass transport of the dust particles resulting from the 

airflow directed through the connecting orifice of the emission chamber to the opposite 

panel of the detection chamber and subsequent lateral distribution. To confirm this 

assumption, CFD simulations were performed to simulate the airflow caused by the atomi-

zation of the samples with pressurized air for both arrangements of the chamber setup. 

The simulations demonstrated that both airflow patterns caused by the atomization 
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process were similar to the observed spatial dust distributions, emphasizing a strong con-

vective mass transport of the airborne dust particles. 

To investigate the influence of the individual atomization parameters on the dust emis-

sions and their spatial distribution in more detail, a DoE approach was applied in the 

second study. As mentioned above, there was a linear relationship between the sample 

mass and the totally settled amount of ACAM. Interestingly, a linear relationship was also 

found between the sample mass and the vertical dust distribution. Between the two other 

atomization parameters, in particular the atomization duration and the atomization volume 

flow rate, a two-factor interaction was evident not only with regard to the amount of dust 

generated but also to its spatial distribution. It became apparent that the combination of 

these two parameters not only determines the amount of energy input into the sample but 

also the convective transport of airborne particles. 

In the third study, the modularity of the chamber setup proved to be beneficial, as prelimi-

nary studies showed that by repositioning the emission chamber closer to the 

orthogonally arranged panel equipped with the optical sensors, a spatiotemporal 

detection of airborne dust was achieved. Furthermore, the influence of the atomization 

duration on the airborne dust concentration and the spatial dust distribution was 

confirmed. An extension of the atomization duration from 1 to 2 s led to a significantly 

increased dust concentration in the detection chamber. In contrast, with a further 

extension from 2 to 3 s, no significantly higher dust concentrations were observed. 

Apparently, an atomization duration of 2 s was sufficient for complete atomization of the 

powder samples and for the convective particle transport from the emission to the 

detection chamber. Furthermore, an incremental increase in the gauge pressure of the 

compressed air used for atomization led to higher airborne dust concentrations detected 

with the PM sensors. 
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Similar to the first two studies, the highest ACAM concentration was detected with the 

sensor positioned on the right-hand side of the center row of measurement spots, being 

most distant to the emission site. From this sensor position the ACAM concentration de-

creased in a circular pattern, as observed in the first two studies based on IOM samplers. 

The processing of plain substances only plays a minor role in the manufacture of oral 

solid dosage forms, as the API is usually processed in blends during manufacturing. 

Therefore, a binary blend of coarse LAC as excipient and fine particulate ACAM as a 

surrogate API was investigated. The results showed a decreased, yet higher than 

expected dust emission of the binary blend compared to plain ACAM, indicating particle 

interactions of both components which may affect the propensity of the blend to generate 

airborne dust. 

In contrast to the filter-based detection with IOM samplers, the optical sensors allow a 

real-time and size-specific detection of airborne dust. However, to date, the fraction of a 

single component in the total dust of an atomized powder blend can only be determined 

by filter-based sampling with subsequent chemical analysis. Therefore, the detection 

method should be selected based on the subject matter to be investigated in the context 

of containment. An optimum sensor should offer real-time monitoring and simultaneous 

analysis of the particle size as well as differentiation between individual substances 

contained in the airborne dust.  

In summary, the successful development of a chamber setup for the investigation of the 

spatial dust distribution of pharmaceutical powders is presented in this work. With this 

setup, valuable insights into physicochemical powder properties as well as atomization 

and detection parameters affecting dust emissions and the spatial dust distribution were 

achieved. Hereby, the safety in the contained manufacture of pharmaceuticals may be 

improved by the spatial detection and localization of leakages in containment systems 
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based on stationary exposure data. Thus, the newly developed chamber setup represents 

a valuable tool for the investigation of dust emissions as well as spatial dust distributions. 

Because of its modularity, it may be adapted to specific technical requirements and even 

allows the implementation of new optical sensor technologies.  
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Appendix 

Hazardous materials 

Substance Supplier Danger 

symbol 

Hazard 

statements 

Precautionary 

statements 

Acetaminophen Caelo, 

Germany 

Fagron, 

Germany 

 

H373 P260, P314, P501 

Acetonitrile VWR, USA 

 

H225, H302, 

H312, H332 

 

 

P210, P280, 

P301+P312, 

P304+P340, 

P403+P233 

Lactose 

Monohydrate 

Meggle, 

Germany 

 None P261, P280 

Methanol VWR, USA 

 

H225, H301, 

H311, H331, 

H370 

 

 

 

 

 

 

P210, P233, P260, 

P280, 

P303+P361+P353, 

P304+P340, P310 

Sulfuric Acid Dräger, 

Germany 

 

H290, H314 P260, P280, 

P303+P361+P353, 

P305+P351+P338, 

P310, P405 
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