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Zusammenfassung 

Die Bedeutung hochpotenter Wirkstoffe, die bereits in geringen Mengen pharmakolo-

gisch wirksam sind, hat in den letzten Jahren erheblich zugenommen. Daher sind eine 

sichere Handhabung und Verarbeitung essenziell, um das Personal, die Patienten 

sowie die Umwelt zu schützen. In drei Studien wurden mithilfe des neu entwickelten 

Zwei-Kammer-Systems Strategien zur Reduktion von Staubemissionen bei der Hand-

habung und Verarbeitung pharmazeutischer Pulver untersucht. Das System umfasst 

eine Emissions- und eine Detektionskammer, zwischen denen durch Druckdifferenzen 

verschiedene Strömungsbedingungen simuliert und die Partikelbewegung unter realis-

tischen Bedingungen analysiert werden kann. 

In der ersten Studie diente das Zwei-Kammer-System als Konzeptnachweis zur Unter-

suchung der Beziehung zwischen Staubemissionen und Druckdifferenzen von 

0 - 4 Pa. Hierbei wurde mikronisiertes Paracetamol als Surrogatsubstanz verwendet. 

Eine Erhöhung der Druckdifferenz und der daraus resultierenden Erhöhung der 

Strömungsgeschwindigkeit führte zu einer signifikanten Reduktion der 

Staubemissionen. Allerdings reichten 4 Pa nicht aus, um Staubemissionen vollständig 

zu verhindern. Die Ergebnisse bestätigen die Präzision und Reproduzierbarkeit des 

Systems und zeigen, dass gezielte Strömungsbedingungen die Staubexposition effek-

tiv reduzieren können. 

In der zweiten Studie wurde das System für Druckdifferenzen von bis zu 12 Pa opti-

miert, um die Staubemissionen weiter zu reduzieren. Paracetamol wurde in sechs 

unterschiedlichen Partikelgrößen verwendet, um die Schwellenwerte der Druckdiffe-

renzen zu bestimmen, bei denen Staubemissionen nicht mehr nachweisbar sind. Die 

Untersuchungen zeigten, dass Pulver mit groben Partikeln geringere Staubemissionen 

verursachten als Pulver mit feinen Partikeln. Die Luftgeschwindigkeit, die direkt aus 

der Druckdifferenz resultiert, korrelierte stark mit den Staubemissionen. Diese Erkennt-
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nisse unterstreichen die Effektivität einer gezielten Drucksteuerung und etablieren das 

Zwei-Kammer-System als robustes Werkzeug zur Analyse von 

Strömungsbedingungen und Partikelverhalten. Die Ergebnisse stimmten mit 

etablierten Richtwerten überein und zeigten, dass gezielte Strömungsbedingungen die 

Staubexposition signifikant reduzieren können. 

Die dritte Studie untersuchte binäre Mischungen aus Paracetamol und Laktose-Mono-

hydrat mit unterschiedlichen Partikelgrößen und Mischungsverhältnissen. Die 

Mischungen zeigten im Vergleich zu reinem Paracetamol deutlich reduzierte 

Staubemissionen, insbesondere bei der Kombination von feinem Paracetamol mit 

grobem Laktose-Monohydrat. Diese Ergebnisse verdeutlichen, dass Partikelgröße und 

physikalische Eigenschaften der Hilfsstoffe in Pulvermischungen wesentliche Faktoren 

für die Staubemissionen sind. 

Zusammenfassend liefern die Studien bedeutende Erkenntnisse, indem sie aufzeigen, 

dass durch die gezielte Steuerung von Strömungsbedingungen sowie die systemati-

sche Anpassung von Partikelgrößen und Mischungsverhältnissen Staubemissionen 

signifikant reduziert und der Schutz von Personal, Patienten und Produkten effektiv 

verbessert werden können.  
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Abstract 

The importance of highly potent active pharmaceutical ingredients (HPAPIs), which 

exhibit pharmacological efficacy at low concentrations, has significantly increased in 

recent years. Consequently, safe handling and processing are essential to protect 

personnel, patients, and the environment. In three studies, strategies to reduce dust 

emissions while handling and processing pharmaceutical powders were investigated 

using a newly developed two-chamber setup. The setup comprises an emission 

chamber and a detection chamber, between which pressure differentials simulate 

various flow conditions and allow particle movement to be analysed under realistic 

scenarios. 

In the first study, the two-chamber system was employed as a proof of concept to ex-

amine the relationship between dust emissions and pressure differentials (0 - 4 Pa). 

Micronised acetaminophen was used as a surrogate. An increase in pressure 

differentials and the resulting flow velocity led to a significant reduction in dust 

emissions. However, a pressure differential of 4 Pa was insufficient to prevent dust 

emissions completely. The results validate the precision and reproducibility of the 

system, demonstrating that controlled flow conditions may effectively reduce dust 

exposure. 

The second study optimised the setup for pressure differentials up to 12 Pa. 

Acetaminophen in six particle size distributions was used to determine the pressure 

differential thresholds at which dust emissions are no longer detectable. The 

investigations revealed that powders with larger particles produced lower dust 

emissions than those with finer particles. Air velocity, directly resulting from the 

pressure differential, exhibited a strong correlation with dust emission. These findings 

underscore the efficacy of pressure control and establish the two-chamber system as 

a robust tool for analysing flow conditions and particle behaviour. The results aligned 
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with established benchmarks, confirming that controlled flow conditions can 

significantly reduce dust exposure. 

The third study explored binary blends of acetaminophen and lactose monohydrate 

with varying particle sizes and mixing ratios. Compared to plain acetaminophen, the 

blends demonstrated markedly reduced dust emissions, particularly when fine aceta-

minophen was combined with coarse lactose monohydrate. These findings highlight 

that particle sizes and the physical properties of the components are critical factors 

influencing dust emissions. 

In summary, the studies provide valuable insights, showing that control of flow condi-

tions, along with systematic adjustments of particle sizes and mixing ratios, may sig-

nificantly reduce dust emissions, thereby enhancing the protection of personnel, 

patients, and products. 
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1. Introduction 

1.1 Relevance of highly potent active pharmaceutical ingredients 

1.1.1 Highly potent active pharmaceutical ingredients (HPAPIs) 

In recent years, the application of highly potent active pharmaceutical ingredients 

(HPAPIs) has attracted increasing interest in the pharmaceutical industry. HPAPIs are 

substances which may exert pharmacological effects on the human body because of 

their high potency, even in very small quantities [1–5]. They play an important role in 

modern therapeutic approaches and are applied throughout various therapeutic fields, 

such as oncology, neurology, endocrinology, and immunology. Typical examples are 

cytostatics, hormones, immunomodulators, kinase inhibitors, and antibody-drug 

conjugates (ADCs) [6–11]. Even HPAPIs that are still at the development stage play a 

crucial role in offering new therapeutic options [2,8,12]. 

However, the high pharmacological potential of HPAPIs presents considerable 

challenges. Even very small quantities may already cause unintended pharmacological 

effects and pose a significant health risk to the personnel involved in handling, present 

a hazard to patients because of possible cross-contamination, and negatively impact 

the environment. For this reason, the maximum possible care is required when 

processing HPAPIs and pharmaceutical manufacturing facilities need to be specially 

designed to prevent these hazards [1–3,5,7,13–16]. In addition, maintaining cost-

efficient processes is an important factor. HPAPIs are often very expensive, with the 

loss of small quantities representing significant financial problems for the 

pharmaceutical manufacturer. Thorough manufacturing management and the 

implementation of efficient systems to prevent substance losses are therefore crucial 

for ensuring both product quality and profitability [2,3,5,13,17]. 
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1.1.2 Containment 

The term ‘containment’ refers to measures that reduce the spread of highly potent 

substances like HPAPIs. Special containment systems effectively minimise these risks 

in the event of possible exposure. Containment systems inhibit the release of HPAPIs 

into the surrounding environment, thereby minimising potential hazards associated 

with the health and safety of the operators and personnel [5]. 

Protective measures such as pressure differentials and air filtration systems for 

production processes and access restrictions prioritise safety in the manufacture of 

dosage forms and ensure a safe production environment [6,15,18–22]. The number of 

protective measures and the extent of protection depend on the potency and toxicity 

of the processed active pharmaceutical ingredients (APIs). Highly potent APIs require 

more demanding measures than less potent substances [5]. 

Interestingly, completely closed systems are difficult to realise: with modern analytical 

methods, even very low residues outside the protected areas are detectable [5]. The 

increasing number of HPAPIs underlines the importance of robust containment 

measures and the need for the permanent development of advanced containment 

concepts and improvement of safety standards. Such progress is required to effectively 

address the challenges associated with the handling of these highly potent substances 

[2,5,16,23]. 

1.2 Handling of HPAPIs 

The safe handling of HPAPIs is an essential requirement to minimise the generation 

and spread of airborne particles during manufacturing, processing, or transport. The 

manufacturing of solid dosage forms typically involves the continuous generation of 

dust [16,18,19,24]. A containment system is crucial to maintain a controlled 

environment, preventing particle release and ensuring safe operations [20,21]. 
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1.2.1 Risks of dust containing HPAPIs during manufacturing 

Pharmaceutical dust is typically generated during mechanical processing such as 

transferring, grinding/pulverising, blending, granulating, and tableting of powder 

formulations [3,25–31]. Dust generation is a particularly critical issue with HPAPIs, as 

airborne particles are typically dispersed inadvertently and may enter the respiratory 

tract and thus the human body through inhalation [16,32–34]. In addition to inhalation 

exposure, dermal exposure may occur if HPAPIs are handled, which may also pose a 

hazard risk to the personnel [4,6,18,35,36].  

1.2.2 Dust generation during handling of HPAPIs 

The development of safe manufacturing processes requires special consideration 

when handling HPAPIs [16]. A profound insight into the mechanisms of dust generation 

and their multiple influencing factors is crucial. This knowledge enables a more precise 

risk assessment and the development of effective strategies to reduce dust emissions 

and ensure safe working and production conditions when working with HPAPIs [19]. 

1.3 Fundamentals of containment and exposure control 

Containment is an integral part of quality management, which focuses on the 

systematic identification, control and communication of risks related to product quality 

[5,37–40]. European Union (EU) directives as well as national and international 

regulations, including the recommendations of the International Labour Organization 

(ILO), consider containment as essential for occupational health and safety. Effective 

containment ensures compliance with GMP (Good Manufacturing Practice) and 

consequently the safety of manufactured products [5,39,41,42].  
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1.3.1 Primary and secondary containment 

The manufacturing of dosage forms containing high potency APIs requires coordinated 

strategies and measures to realise the requirements of a safe and effective 

manufacturing environment. These measures may be divided into two categories: 

primary and secondary containment measures [5]. 

Primary containment measures comprise the actual production equipment and include 

isolators, glove boxes and closed reactors that create physical barriers to prevent 

exposure at the source of airborne particles. Secondary containment measures 

provide an additional level of protection by ensuring the safety of the environment, 

implemented by facility pressurisation, single-pass airflow and high efficiency 

particulate air (HEPA) filtration [1,5,39,43–45]. In particular, the progress of isolator 

technologies has improved the precision and safety of such systems, making the 

handling of fine particles which show a high tendency to levitate possible [1]. 

1.3.2 Occupational exposure bands and occupational exposure limits 

The occupational exposure bands (OEBs) and occupational exposure limits (OELs) 

are used to ensure safe handling of HPAPIs [38,46–49]. 

The OEBs characterise the toxicity potential of a drug substance [14]. They enable a 

simplified classification based on drug toxicity and are usually ranked on a scale of 

1 - 5 or 1 - 6 [5,38,46]. OEBs serve as a categorical framework that classifies drug 

substances from low toxicity (OEB 1) to very high toxicity (OEB 5 or 6). The OEB 

classification helps to define appropriate containment measures, from standard 

precautions for low-risk drug substances to completely closed systems for high-risk 

APIs [20,38,39]. 

In contrast, OELs represent specific limit values that indicate which concentration of 

an active airborne API is considered safe over a defined time period, typically over 
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8 hours. These values are derived from toxicological and pharmacokinetic data as well 

as safety aspects and are specified in micrograms per cubic meter (µg/m³) [37].  

OELs may be as low as a few ng/m³ for extremely hazardous APIs, reflecting their 

extreme toxicity and the resulting hazard risk [16,40,42].  

The OEL is defined by the following equation: 

OEL = PoD ∙ BW
UFc ∙ PK	 ∙ 	V (Eq. 1) 

where PoD stands for the point of departure: threshold between no effect and adverse 

effect (µg/kg/d); BW for body weight (kg); UFc is the compound uncertainty factor: 

dimensionless factor incorporating uncertainties and variabilities, including inter- and 

intraspecies differences, extrapolation, and data quality; PK is the pharmacokinetic 

adjustment factor which includes the dosing path and the duration of exposure; and V 

is the volume of inhaled air per one day (m3/d). The equation shows that even the 

smallest quantities of highly potent substances require strict control measures 

[5,11,38,50,51]. 

Because for many newly developed APIs, no specific OEL values exist, they are 

categorised based on OEBs. OEBs allow a classification of APIs into five categories 

which are summarised in Table 1 [5,40,52–54]: 

Table 1: OEB classification system (modified from [5]). 

OEB categories OEL Effect 

OEB 1 

OEB 2 

OEB 3 

OEB 4 

OEB 5 

> 1000 µg/m³ 

100-1000 µg/m³ 

10-100 µg/m³ 

1-10 µg/m³ 

< 1 µg/m³ 

Very low pharmacologic and toxic effect 

Low pharmacologic and toxic effect 

Medium pharmacologic and toxic effect 

High pharmacologic and toxic effect 

Very high pharmacologic and toxic effect 
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APIs classified in OEBs 4 and 5 require the most rigorous protective measures, 

including closed systems and supplementary safety precautions. The concept of OEBs 

facilitates the allocation of safety measures, especially for substances without detailed 

toxicological data [5]. 

Another parameter for evaluating the work with potentially hazardous drug substances 

is the Acceptable Daily Exposure (ADE). The ADE values refer to a drug dose specific 

to an API that poses no significant risk for harmful effects, even with a daily exposure 

over the entire lifetime. In contrast to the OEL, which specifies the highest permitted 

concentration of a drug substance in the air at the workplace, the ADE describes the 

maximum daily dose of a drug substance that a person may absorb without health risk 

[51,55–57]. 

The ADE is calculated as shown below: 

ADE = PoD ∙ BW
UFc ∙ PK  (Eq. 2) 

For the abbreviations, please refer to Equation 1 [55,56,58]. 

In Figure 1, the relationships between the OEB categories and their corresponding 

OELs are illustrated. The ADEs, derived from the OELs, are also included in the figure. 

 
Figure 1: Overview of OEBs, OELs and ADEs and their relationship (modified from 
[59]). 
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1.3.3 Requirements for the design of containment systems 

HPAPIs are accompanied by significant challenges to safety measures and quality 

assurance during production. Their low OELs resulting from their high potency require 

strict containment measures to minimise risks from inhalation, dermal contact or 

accidental ingestion [43,60–64]. Appropriate facility design includes measures such as 

negative pressure systems and advanced cleaning technologies [1,39,65].  

Moreover, cross-contamination is a critical issue in multi-purpose facilities where 

shared equipment and processes increase the risk of exposure. Single-use 

technologies, such as single-use bioreactors and pipework systems, may significantly 

reduce this risk while simplifying cleaning and validation processes [5,39,43,44,66]. 

Additionally, robust ventilation systems need to be integrated in these facilities, as 

airborne particles are a primary concern when handling high-potency powders [39,66]. 

1.3.4 Regulatory and legal requirements for containment systems 

Compliance with the EU GMP guidelines and international standards, such as the ILO 

recommendations, is essential for safe handling of HPAPIs [5,39]. These guidelines 

and standards emphasise a hierarchy of controls, prioritising technical containment 

measures over organisational interventions [1,39,51,65].  

A detailed risk analysis based on toxicity data and exposure limits such as OELs and 

ADEs provides the basis for suitable protective measures (see Chapter 1.3.2). Closed 

systems such as isolators and glove boxes, which create effective physical barriers 

and prevent human contact with hazardous substances, are of high priority [39,43]. 

Validation and testing of these protective systems on a regular basis is crucial to 

guarantee their effectiveness [5,39,42]. Organisational measures, such as employee 

training and standardised work instructions as well as the provision of suitable 

protective equipment for the personnel and clearly defined responsibilities in 
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emergency plans are necessary to be prepared for potential incidents. Careful 

implementation and periodic review of these requirements are needed to ensure 

workplace safety and fulfil the high regulatory standards [5,19,39,43,57]. 

1.4 Mechanisms and influencing factors of dustiness 

Dust generation is a crucial issue in terms of safety, particularly if handling HPAPIs. 

The dustiness (DTS) is the tendency of a powder to generate airborne particles and 

describes their quantity and distribution during handling or processing. As already 

mentioned, DTS poses a risk to the health of personnel, product quality, and the 

environment if the dust contains highly potent ingredients [21,67–69]. It is fundamental 

for the assessment of potential hazards during the manufacturing and development of 

solid dosage forms [69–71]. 

The factors that influence dust generation may be divided into material-related and 

external factors. Material-related factors include particle size and distribution, particle 

shape, cohesiveness, true density, sample mass, and residual moisture content [5,72–

79]. External factors include mechanical stimuli or relative humidity [21,61,76,80,81]. 

An accurate assessment of the DTS is crucial to identify potential hazards during 

manufacturing at an early stage and to develop preventive measures [6]. This includes 

the selection of suitable production processes and manufacturing environments to 

ensure personnel safety and compliance with regulatory requirements [47,51]. 

1.4.1 Material-related factors in dustiness 

The physicochemical properties of pharmaceutical powders are important 

determinants of their DTS. Factors such as particle size, particle size distribution, and 

particle shape significantly contribute to dust generation [67,74–78,80,82–86]. The 

particle size influences both the binding and separating forces that are decisive for the 

release and spread of dust. Binding forces such as capillary and van der Waals forces 
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depend on the particle size. Similarly, the forces required for separation are also 

influenced by the particle size. The particle size distribution is of particular interest as 

it directly affects the tendency to generate dust and to influence the DTS during 

manufacturing [32,61,77,80,87–89]. The shape and surface structure of particles also 

significantly influence DTS and the flowability of a powder. Spherical particles tend to 

generate less dust, while irregular and angular particles may generate more dust due 

to a higher abrasion tendency. At the same time, irregular particles reduce flowability 

and increase friction. Irregular particles often adhere more strongly to each other, 

releasing less dust, while angular particles generate more dust because of weaker 

binding points. Therefore, the combination of size, shape and surface characteristics 

determines the DTS and the flowability of a powder [61,82,84,86,87,90–94].  

The bulk density of a powder also has a significant influence on DTS. Powders with a 

low bulk density have a higher tendency to disperse into the air, which leads to higher 

dust generation. Densified powders show different patterns of dustiness over time, 

which provide clues to the underlying mechanisms of dust generation and are relevant 

for assessing the exposure risk. The true powder density also influences how long 

particles remain airborne. Therefore, the bulk density should be considered as a 

fundamental factor in assessing dust generation [61,95,96]. 

The moisture content of a powder also significantly influences dust generation. Higher 

moisture levels promote the generation of a hydration layer and capillary bridges 

between the particles, which may increase coherence. These hydration layers and 

capillary bridges are much stronger than van der Waals or electrostatic binding forces 

and may thus significantly reduce dust generation. The moisture content is, therefore, 

a critical parameter that should be precisely adjusted to control dust generation 

[32,61,80,97]. 
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Similar to the previously mentioned material-related properties, the sample mass also 

has a significant impact on the generation of dust from pharmaceutical powders. Larger 

sample quantities may initially lead to higher dust release as more particles are brought 

in motion. However, above a certain mass, dust generation often decreases again, 

which may be attributed to the increasing densification of the powder [98]. It has been 

shown that the relationship between sample mass and dust generation is not linear 

and depends on external influencing factors such as the relative humidity, the 

mechanical stimuli, and the material properties [61,99]. These should also be regarded 

as relevant parameters for controlling dust generation and have to be considered when 

assessing exposure risks. 

The cohesiveness of a powder describes the strength of the bonds between particles, 

which are created by mechanisms such as capillary bridges, solid-state bridges, van 

der Waals forces or electrostatic interactions [100–102]. A pronounced cohesiveness 

often leads to less dust generation, as the particles are more strongly bound together 

and have a lower tendency to disperse into the air. This parameter is influenced by 

several material properties including moisture content, particle size, sample mass, and 

melting temperature. Therefore, cohesiveness should be considered as another factor 

influencing dust generation [61,88]. The cohesiveness of a powder is an important 

factor, as it defines the strength of the particle bonds and their stability against external 

influences and thus affects DTS. 

The numerous material-related factors involved in dust generation demonstrate that 

this process is complex. A profound insight into these influencing factors is essential to 

evaluate the risks of dust generation when handling HPAPIs and to develop suitable 

measures for risk reduction [61]. Optimisation of material properties such as adjusting 

the particle size and/or the moisture content, may significantly influence DTS 

[33,80,87,88].  



   
 

  

11 

1.4.2 External factors affecting dustiness 

The generation of dust during the handling of pharmaceutical powders is not only 

influenced by material-related factors but also by external factors [21,61,80,81,88]. 

The transfer of mechanical energy into powders significantly influences dust 

generation. Powders usually consist of primary particles that may aggregate or 

agglomerate [60,61]. The transferred mechanical energy, which exerts forces on the 

primary particles, causes their release from powders, and at higher energy, their 

separation from the powder aggregates and sometimes mechanically weak 

agglomerates, resulting in the generation of dust [61,103]. The separation forces must 

overcome the binding forces present within the powder. The higher the energy input, 

the more particles may be released. Even fragmentation of particles may occur if very 

high mechanical energies are transferred to the powder, potentially leading to the 

crushing of primary particles, which may subsequently result in an altered DTS 

[61,104,105]. 

As mentioned in Chapter 1.4.1, DTS is influenced by van der Waals forces, 

electrostatic interactions, and capillary forces [61]. Under conditions of high humidity, 

capillary forces may become more important as humidity reinforces the coherence 

between the particles [61,106]. Humidity changes may also influence the electrostatic 

charges between the particles by increasing or decreasing their charge, thus changing 

the mutual attraction between the particles [107–109]. The humidity of the environment 

also influences van der Waals forces and contributes to the binding forces within a 

powder and consequently to the DTS [100,110]. The strength of these binding forces 

is determined by properties such as particle size, surface structure and material 

composition. The interplay of mechanical stress and binding forces determines how 

much dust is released when a material is handled [67,94]. 
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Technical measures such as the adjustment of humidity and temperature may also 

allow the management of dust generation in the event of exposure [76,97]. 

1.5 Methods for determination of powder dustiness 

Different devices have been developed to measure the DTS of powders, thereby 

quantifying the dust particles released if powders are exposed to mechanical stress. 

Moreover, these devices allow a simulation of the particle release from powders under 

real conditions during their handling [61,111]. For this purpose, a defined quantity of 

powdery material is subjected to a mechanical force for a specified period [21]. The 

aim is to overcome the binding forces between the particles and to quantify the dust 

released into the air. Particular attention has to be paid to the capture of primary 

particles, even of those that are loosely bound to aggregates and agglomerates, while 

deagglomeration as well as the fragmentation of particles should be avoided 

[21,61,103,112]. For a representative dust measurement, it is important to ensure that 

the amount of transferred energy corresponds to typical industrial processes and that 

it is sufficient to aerosolise the primary particles of the powder [111]. At the same time, 

dustiness tests need to be carried out under controlled environmental conditions to 

minimise external interferences and to guarantee high reproducibility [61,81]. 

In Table 2, a variety of methods and devices for measuring dust emission are listed, 

which may be divided into the following four categories [61,113]. 
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Table 2: Overview of methods and devices for measuring dust emission. 

Method Description Examples 

Mechanical 
dispersion 
[114–116] 

 
Gravity 

dispersion 
[80,117–121] 

 
Gas 

dispersion 
[105,122,123] 

 
Resuspension 

chamber 
[124] 

Particle release occurs through 
mechanical effects (vibration, rotation) 

 
 

Dust release through free fall of powder 
(gravity effects) 

 
 

Particle dispersion by rising air currents 
(suspension, distribution) 

 
 

Release of dust during continuous 
material flow 

 

Rotating drum, (e.g. 
Heubach Dustmeter), 

vortex shaker 
 

Continuous drop tester 
Palas Dustview 

 
 

Venturi dustiness tester 
 
 
 

Special resuspension 
chambers 

 
 

Versatile devices even allow a combination of the listed methods. The choice of the 

most suitable method depends on the material's properties and the type of powder 

processing [61,105]. 

1.5.1 Continuous Drop Test Apparatus 

In the EN 15051 of European Standards, the Continuous Drop Test Apparatus is 

described as a standardised technique under Reference Test Method B [21,24,89,125]. 

In Figure 2, the apparatus is shown in which powder is continuously conveyed from a 

sample tank through a metering device into a vertically oriented drop tube. 
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Figure 2: Schematic illustration of the Continuous Drop Test Apparatus [24]. 

Simultaneously, air is drawn from the bottom of a surrounding back flow pipe, creating 

an upward movement of the powder, thereby carrying the released dust into the 

sampling system. In this back flow pipe, a constant flow velocity of 0.05 m/s is preset 

[89,125]. As the powder falls, it is atomised by the air flow, thereby generating airborne 

particles, which are quantified by analytical methods [24,125]. The released dust is 

separated into two fractions, an inhalable fraction (airborne particles with a mean 

aerodynamic diameter < 100 µm) and a respirable fraction (mean aerodynamic particle 

diameter < 4 µm), each of which being collected by two calibrated pumps and 

subsequently quantified by analytical methods [125,126]. The sampling system 

consists of two different sampling heads, each equipped with a filter, one for the 

inhalable fraction and another one for the respirable fraction [24,89,125]. Each 
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measurement requires approximately 180 g of sample material to ensure a constant 

mass flow between 6 and 10 g/min [24,125]. The process is repeated five times to 

obtain a reliable result [125]. While the Continuous Drop Test offers high reproducibility, 

it requires a high sample quantity and has only limited ability to reflect the real 

conditions during powder processing [24,89]. 

1.5.2 Heubach Dustmeter  

The Heubach Dustmeter is widely used for measuring DTS [24,80,127,128]. The 

Heubach Dustmeter consists of a rotating drum, a particle separator, a sampling unit, 

and a pump. In Figure 3, the Heubach Dustmeter is shown with its main components 

and setup. 

 

Figure 3: Simplified illustration of the Heubach Dustmeter, highlighting its main 
components (modified from [73,90,129]). 

During the test, the drum constantly shakes the powder sample while three small 

hammers tap the outer wall of the drum to prevent possible caking. A 50 g sample is 

placed within the drum, which rotates at 30 rpm for a duration of 300 s [128]. These 

adjustments are controlled by the internal computer of the device [24]. An adjustable 

horizontal airflow transports the released dust through the particle separator into the 

sampling unit, where the inhalable and respirable fractions are collected depending on 
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the filter system used [128]. The Heubach Dustmeter allows precise and selective dust 

fraction measurements but requires substantial sample quantities [24]. 

1.5.3 Palas Dustview  

The Palas Dustview is based on the so-called single-drop method, which is an optical 

method for measuring dust generation [24,85,130]. A small amount of powder (about 

30 g) is filled into a funnel and released through an automatic valve into a measuring 

chamber [24]. In Figure 4, the Palas Dustview is illustrated, showing its design and the 

assembly used for dust measurements. 

 
Figure 4: Illustration of the Palas Dustview with its setup and operational principle [24]. 
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The shutter opens briefly, allowing the sample to drop through a falling tube into a cubic 

dust chamber. Dust generation is measured by the extinction of a laser beam, whereby 

the reduction in laser intensity is a measure of the amount of dust released. By 

positioning the laser beam beside the settling dust stream, only generated dust is 

registered [85]. The intensity of the laser beam may range from 0 % in the case of 

complete extinction to 100 % in the case of total transmission, with the laser 

attenuation being significantly influenced by the refractive index of the particles [24].  

A reduction in laser light intensity for 40 s provides information on the fraction of 

inhalable and respirable particles [85]. Therefore, the DTS is calculated using two 

reference values: the value measured at 0.5 s reflects the total fraction of suspended 

and inhalable dust and at 30 s, the majority of the material has settled to the ground, 

making this time point suitable for analysing the respirable airborne fraction [24]. 

Compared to other methods, there is a tendency of the Palas Dustview to detect lower 

dust emissions depending on the particle properties and handling conditions [24]. 

1.5.4 UNC Dustiness Tester  

The UNC Dustiness Tester was developed by the University of North Carolina for 

testing small sample quantities of 5 ± 0.1 mg under controlled conditions. The device 

consists of a glass container with a wide opening, an aluminium cover plate and a 

powder injector. In Figure 5, the UNC Dustiness Tester is shown with its components 

and main assembly. 
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Figure 5: Schematic illustration of the UNC Dustiness Tester [86,98]. 

The powder is filled into the injector and dispersed by a short air stream for 1.5 s at a 

flow rate of 60 l/min [86,131]. After dispersion, the air with the airborne particles is 

drawn through two filter systems for further analysis. The total suspended particles, 

including the inhalable fraction, are collected in a filter at an air flow rate of 2 l/min, 

while the respirable fraction is collected in a cyclone at a flow rate of 4.2 l/min. This 

method is characterised by its low required sample amount and the controlled 

dispersion process [86,131,132]. 

1.5.5 Pros and cons of the methods for dustiness determination 

Whereas the methods described in Chapters 1.5.1 to 1.5.4 represent significant 

progress in measuring DTS, all of them have limitations. Most methods require large 

sample quantities, are only suitable for the measurement of pharmaceutical powders 

to a limited extent, and only mimic dust generation without adequately representing the 

transport of the generated airborne particles within a closed system. Differences in 
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their operational principles and measurement conditions do not allow direct 

comparisons of dustiness measurements performed with presented devices 

[24,61,85,86,133,134]. 

1.6 Dustiness measurements in the pharmaceutical industry 

In the pharmaceutical industry, the control of dust exposure while handling hazardous 

substances is essential, as even minimum quantities of these compounds may pose 

risks [5,17,64]. For this purpose, IOM (Institute of Occupational Medicine) samplers 

are used to ensure a precise measurement of the inhalable as well as respirable 

fraction of airborne particles in workplaces. They play a crucial role in monitoring dust 

emissions during critical operations, where the risk of exposure to hazardous 

substances is particularly high [5,17,33]. The IOM samplers bring along considerable 

benefits, including their conformity with inhalable dust standards and their robustness 

against changes in air flow direction and velocity [17,33,135]. Investigations have 

shown that the samplers deliver reproducible and reliable results in controlled 

environments and workplaces, enabling a precise exposure assessment by measuring 

dust concentrations in the breathing zone [33,135]. 

1.6.1 Principle of IOM samplers 

The IOM samplers enable a precise detection of the inhalable dust fraction in 

workplaces. They have been designed to measure the concentration of dust that enters 

the respiratory tract, regardless of particle size, air flow direction or velocity 

[17,47,104,135–139]. The IOM samplers mimic the intake of particles by the human 

respiratory tract. The design of an IOM sampler is illustrated in Figure 6. A central 

component of the device is the 15 mm orifice through which air is drawn by a pump at 

a constant flow rate of usually 2 l/min [17,47]. The sampler is made of conductive 

plastic to reduce static charges and is equipped with a reusable filter holding cassette 
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connected to a pump by a flexible plastic tube. The construction of the samplers is 

such that particle collection corresponds to real inhalation conditions [47]. Particles that 

enter through the orifice are collected on a filter placed in the filter holding cassette 

which is positioned directly behind the sampler orifice. This integrated cassette 

minimises typical sources of error, such as particle loss through deposits on the inner 

walls or particles blown off the filter holding cassette [17,47]. The sampler enables a 

standardised collection of airborne particles, even under varying environmental 

conditions such as changing air velocities and particle sizes [5,17].  

 

Figure 6: Design of an IOM sampler. With permission from SKC [140]. 

Compared to existing devices, the IOM sampler provides good precision in measuring 

dust exposure in the breathing zone and is less sensitive to external influences such 

as varying air flow conditions. These characteristics and its easy handling make the 

IOM sampler suitable for the determination of dust exposure in different workplaces 

[5,17,139]. 

1.6.2 IOM samplers in pharmaceutical settings 

In pharmaceutical environments involving the handling of powders with a high potential 

for dust generation, the IOM samplers are essential instruments [5,47]. They accurately 
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monitor dust concentrations during powder processing such as filling, mixing, and 

transporting [78,141]. Especially in scenarios where HPAPIs are processed, IOM 

samplers provide a reliable way to measure the inhalable and respirable fraction and 

to assess potential exposure risks [5,47]. 

Measurements with the IOM samplers are performed by placing the device near the 

emission source, either directly near the breathing zone of the personnel or at the 

personnel's workplace [35,47]. During operation, all airborne particles are collected on 

a filter which is subsequently prepared for further analysis [5,17,47]. The amount of the 

collected particles may be quantified, for instance, by mass determination or by 

dissolution. The quantification is typically carried out by gravimetric or analytical 

methods such as high-performance liquid chromatography (HPLC) or/and mass 

spectrometry [5,47]. The concentration of airborne particles may be calculated 

according to the following equation (Eq. 3). 

c =	m	 ∙ 1000	
t	 ∙ PR  (Eq. 3) 

where c is the concentration of airborne particles (µg/m3); m is the mass of airborne 

particles (µg); t is the test duration (min); and PR is the sample pump rate (l/min) [47]. 

The calculated data allow an accurate assessment of the level of exposure and 

provides a basis for safety measures. It is important to make sure that the 

concentration of airborne particles is within the specified limits or that additional 

measures are required to minimise exposure [36,47]. 

The IOM samplers have been shown to serve as reliable instruments for dustiness 

investigations [47,141,142]. Their standardised design and ease of use make them a 

preferred choice for assessing the inhalable and respirable fraction of dust particles. 

The IOM samplers may be used in combination with other dust measurement methods 
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to perform comprehensive analyses and to characterise the specific properties of 

powders in terms of their dust release [5,47]. 

An accurate measurement of airborne particles allows risk assessment and the 

development of safe working methods. The data obtained with the IOM samplers serve 

as a basis for the optimisation of processes and technologies intended for the reduction 

of dust emissions and for an increase of safety in pharmaceutical manufacturing [5,47]. 

1.7 Surrogate substances for dust analysis and containment validation 
 

1.7.1 Reasons for the application of surrogate substances 

The direct application of HPAPIs for the validation and performance testing of 

containment systems is associated with considerable challenges and thus surrogate 

substances are commonly used for such purposes [5]. Surrogates are expected to 

mimic the physical properties of HPAPI-containing powders such as particle size, flow 

properties, dustiness, and adhesion [36]. Table 3 outlines the challenges associated 

with the use of HPAPIs for the mentioned purposes [5]. 

Table 3: Challenges during handling HPAPIs. 

Challenge Description 

Extremely expensive 
 
 
 

Highly hazardous 
 
 
 

Analytically complex 
 
 
 

Environmental harmful 

Economic costs of using these substances are 
enormous, especially if larger sample quantities are 
required. 
 
Even smallest quantities may pose considerable 
health risks to personnel, necessitating the use of 
additional protective measures. 
 
There is often a lack of highly sensitive analytical 
methods to precisely quantify the concentration of 
released HPAPI. 
 
Incorrect handling might lead to contamination of 
the environment. 
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These problems may be avoided by using suitable surrogate substances. They offer a 

practical and safe alternative for testing the performance of devices and systems under 

realistic conditions [5,143–145]. 

1.7.2 Selection criteria for surrogate substances 

The selection of a suitable surrogate substance is essential for realistically mimicking 

the actual conditions during handling of HPAPIs without encountering the associated 

risks [5,143]. According to the International Society for Pharmaceutical Engineering 

(ISPE), the physicochemical properties of a surrogate substance are supposed to 

match those of the used API as closely as possible [5,36]. The main selection criteria 

are shown in Table 4 [5]: 

Table 4: Criteria for selecting surrogate substances. 

Criteria Description 

Particle size distribution 
and dustiness 

 
 

Analytical sensitivity 
 
 

Pharmacological and 
environmental safety 

 
Availability and cost 

 
 
 

Disposal and cleaning 

Surrogate substances should have a dust 
behaviour similar to that of HPAPIs to provide a 
realistic challenge for the systems. 
 
Surrogates must be easy and precise to analyse, 
ideally with a low limit of detection (LOD). 
 
The substance should not pose a risk to personnel 
or the environment. 
 
The substance should be inexpensive and 
available in sufficient quantity to allow repeated 
testing. 
 
The substance must be easily disposed of and 
completely removed from the tested systems. 

1.7.3 Examples for surrogate substances 

In Table 5 various typical safe surrogate substances recommended by the ISPE and 
used in the pharmaceutical industry are listed [5]. 
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Table 5: Summarised properties of potential surrogate substances [5]. 

Surrogate Properties 

Acetaminophen • Relatively cost-effective 
• Wide range of detection limits (LOD: 0.1 - 40 ng) 
• Low toxicity 
• Highly soluble in water 
• Moderately dusty 

 
Insulin • Highly soluble in water 

• Sensitive analytical technique available 
• Very expensive, only available in small quantities 
• High skin and respiratory sensitisation 

 
Lactose • Available at various particle size distributions 

• Many suitable qualities available 
• No simple analytical method available  
• Very cost effective 
• Low toxicity 
• Highly soluble in water 

 
Mannitol • Available at various particle size distributions 

• Very cost effective 
• No simple analytical method available 
• Low toxicity 
• Highly soluble in water 
• Only few suitable qualities are available 

 
Naproxen sodium • Extremely dusty 

• Low toxicity 
• Simple analytical method with very low detection limit (LOD: 

≤ 0.2 ng) 
• Highly soluble in water 
• Relatively expensive 
• Very useful for testing in systems with highly hazardous or 

dusty materials 
 

Riboflavin • Widely available and cost effective 
• Highly water-soluble as sodium phosphate salt 
• Real-time qualitative surface residue analysis with UV light 
• LOD: 5 ng 
• Widely used for qualitative surface residue analyses 
 

Sucrose • Very cost effective 
• Low toxicity 
• Highly soluble in water 
• Only available in small quantities 
• LOD: 5-10 ng 
• Useful if lactose or mannitol background noise is expected 
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1.7.4 Performance tests with surrogates 

Testing with surrogate substances follows a standardised procedure to ensure reliable 

and meaningful results, as outlined in the ISPE Good Practice Guide: Assessing the 

Particulate Containment Performance of Pharmaceutical Equipment. The process 

begins with the preparation of the surrogate material in a qualified, controlled 

environment to avoid unintended contamination. Surrogate substances are stored 

under recommended conditions to maintain their integrity. In the next step, the 

surrogate substance is introduced into a containment system during the test and 

evaluated under defined conditions. Dust release and the airborne particle 

concentration is measured with devices such as the IOM sampler, thereby capturing 

the inhalable and respirable fraction of particles [47]. 

Testing may take place in the controlled environment of containment system-producing 

suppliers during a Factory Acceptance Test (FAT) or at the user's operational site as 

part of a Site Acceptance Test (SAT) or routine performance test [3,5,47,143]. Supplier 

environments are designed to minimise external influences by maintaining stable 

conditions, including temperature, humidity, and air exchange rates. In contrast, user-

site testing is commonly conducted in less controlled environments, making thorough 

risk assessments essential to minimise potential contamination from surrounding 

processes or environmental factors [5,47]. 

The collected samples are then analysed gravimetrically and chemically to evaluate 

the dustiness and the performance of the tested containment system. This analysis not 

only assesses system effectiveness but also identifies potential weaknesses. To 

ensure valid, reproducible, and consistent results, additional measures may be 

implemented, such as pre-test cleaning of the area, air and surface sampling to 

establish baseline conditions, and adherence to strict gowning and degowning 

protocols [47]. 
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By following the structured methodology provided in the ISPE Good Practice Guide, 

surrogate testing is conducted in a manner that ensures a controlled environment, 

enabling the collection of reliable and comparable data for performance evaluation 

[47]. 

1.7.5 Benefits and limitations of the surrogate substances  

The application of surrogates in the pharmaceutical industry provides numerous 

advantages. Safe surrogate substances are characterised by low LODs [47]. They 

enable the safe and cost-efficient validation of containment systems and processes 

without directly using highly potent or expensive APIs. A safe validation reduces risks 

for personnel and the environment and facilitates the practical application of 

containment systems in early development or optimisation phases [5].  

However, some limitations need to be taken into consideration. Surrogate substances 

may only approximate the physicochemical properties of HPAPIs, which limits their 

informative value [47]. Tests with the actual substances are often essential to verify the 

results and to ensure that the systems work just as reliably under real conditions [5]. 

In addition, the selection of a suitable surrogate requires extensive knowledge of the 

properties of the target substances to ensure the most accurate transmission and to 

obtain reliable results [47]. Despite the mentioned limitations, the application of 

surrogate substances as substitutes for target substances clearly demonstrates their 

relevance for safety assessment and process optimisations. Their importance for the 

pharmaceutical industry is particularly underlined by their versatile application 

potentials under safe conditions [5,47]. 
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1.8 Computational Fluid Dynamics (CFD) 

Computational Fluid Dynamics (CFD) is a numerical simulation method for analysing 

flows of fluids (liquids and gases) and their interrelation with physical variables such 

as particle concentration as well as heat and energy [146,147]. Moreover, fluid-surface 

interactions may be computed numerically by applying boundary conditions that define 

the physical behaviour at solid interfaces [148–150]. CFD is based on the fundamental 

principles of conservation of mass, energy and momentum, which are described by 

partial differential equations [146,147]. Within the pharmaceutical development and 

research, CFD has established itself as an indispensable tool for modelling and 

optimising complex processes to increase their efficiency [151,152]. 

CFD is also used in the field of containment and safe handling of pharmaceutical 

powders to analyse the distribution of airborne particles by simulations [127,152]. This 

method allows a safe and efficient process layout and product design. 

1.8.1 General applications of CFD in the pharmaceutical context 

CFD is used in a variety of manufacturing processes, such as mixing and drying as 

well as in the development of inhalers or nasal sprays [153–163]. In mixers or dryers, 

CFD allows optimal flow conditions to be determined, thereby increasing product 

quality and process efficiency [151,152,164]. In the development of inhalers or nasal 

sprays, CFD may be used to analyse fluid mechanics and spatial particle distribution, 

which enables an improvement of product design and an increase of product efficacy 

[151]. Thereby, CFD offers the possibility to test device variants virtually without having 

to create physical prototypes. This possibility not only saves costs but also significantly 

shortens the required development time [151,152].  

Overall, the potential of CFD in the pharmaceutical industry is widespread. CFD 

simulations allow a detailed analysis of flows, heat and mass transport as well as 
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reaction mechanisms. Thus, they enable both the optimisation of individual processes 

and the development of new technical approaches [151,152,165]. 

The simulation of conditions that are difficult or impractical to implement experimentally 

is also possible by CFD, consequently reducing the need for expensive and time-

consuming experiments [146,147,163]. 

In summary, CFD offers the possibility to improve efficiency and safety in 

pharmaceutical manufacturing in a targeted manner and, therefore, makes an 

important contribution to ensure high-quality standards [146,151,152]. 

1.8.2 Applications of CFD in the context of containment 

CFD has become an important tool in pharmaceutical research and development, used 

in both the development of dosage forms and the planning of manufacturing equipment 

and production facilities. If dosage forms with HPAPIs are manufactured, which require 

special containment measures, CFD may be used for the simulation of the release and 

spread of dust [132,166–168]. For example, CFD is suitable for identifying risk zones 

with high particle concentrations within production facilities and manufacturing 

equipment, which simplifies the development and implementation of specific protective 

measures, such as air flow routing or pressure differentials. These measures not only 

contribute to the compliance with regulatory requirements but also reduce health risks 

for personnel [104,146,147,166,169]. 

 



   
 

  

29 

2. Aim of the work 

Highly potent active pharmaceutical ingredients (HPAPIs) are of increasing interest in 

medicine and pharmacy. Although HPAPIs play an important role in the treatment of 

serious diseases, their high pharmacological and toxicological potency poses 

challenges in terms of safe handling and minimisation of dust emissions during 

processing. Effective containment is not only essential to ensure the safety of 

personnel and products but also to protect against cross-contamination and 

environmental hazards by means of design optimisations. 

The objective of this work was the development of a novel chamber setup to precisely 

and reproducibly analyse the transport of airborne particles released from 

pharmaceutical powders. This novel chamber setup consists of two chambers, an 

emission and a detection chamber. Acetaminophen (ACAM) was used as a surrogate 

substance, which is recommended as a substitute for powders with high toxic potential 

because of its low toxicity, good analytical detectability and high dustiness. So far, no 

device has been developed specifically for analysing airborne particle transport. The 

newly developed two-chamber setup (TCS) is designed to analyse small sample 

quantities of pharmaceutical powders with regard to dustiness and to simulate flow 

conditions as they occur during pharmaceutical processing to investigate their 

influence on dust emissions in detail. 

In the first study, the focus was on the significant reduction of dust emission after a 

controlled atomisation of pharmaceutical powders by generating a convective flow from 

the detection to the emission chamber. In this context, the convective flow is induced 

by a pressure difference between the chambers and is directed against the diffusive 

transport. By this approach, a more precise control of the particle movement was 

possible and important insights into the influence of different flow conditions on the 

resulting dust emissions were provided. To investigate the transport of airborne 
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particles between the two chambers during plain diffusion and during diffusion with an 

oppositely directed convective flow, the pressure difference between the two chambers 

was adjusted suitably. 

The aim of the second study was to further develop the TCS through design 

optimisations to achieve higher pressure differences and thus higher air flows. These 

adjustments allowed a further reduction of the dust emissions to such an extent that 

they are no longer measurable. Moreover, it was analysed whether the particle sizes 

of the surrogate substance ACAM influenced the emission rate, because only one 

uniform particle size was investigated in the first study. 

The third study took into account the industrial practice by investigating powder blends. 

These blends consisted of the surrogate substance ACAM and lactose monohydrate, 

which is frequently used as an excipient in the manufacturing of pharmaceutical solid 

dosage forms. The aim was to analyse the influence of different mixing ratios and 

particle sizes on dust emission. Such powder blends are commonly used in industrial 

production. In terms of minimising dust emissions, the results of this study provided 

new insights into the role of the composition of powder blends and particle size 

distribution. 
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3. Cumulative part of the dissertation 

3.1 A novel two-chamber setup for containment investigations with special 
focus on the dustiness of pharmaceutical powders depending on the airflow 

The present work describes the development of a novel two-chamber system (TCS), 

which was especially designed for analysing the dust generation of pharmaceutical 

powders. This system enables the precise analysis of even small quantities of powder, 

as in the case of the surrogate substance acetaminophen (ACAM) [170]. The TCS 

consists of an emission and a detection chamber, which may be separated by a 

controllable flap. The focus of the study was on dust generation and the investigation 

of the transport of dust within the closed system under different air flow conditions, 

including plain diffusion and an oppositely directed convective flow, to significantly 

reduce dust emission. 

The investigations using the TCS are divided into three phases: atomisation, transport 

and evacuation. After atomisation of the powder by overpressure, the resulting dust 

inside the TCS may either pass from the emission chamber to the detection chamber 

by plain diffusion or a flow may be generated from the detection chamber towards the 

emission chamber by generating a pressure difference of 1 - 4 Pa between the two 

chambers to counteract diffusive transport. The investigation of plain diffusive transport 

resulted in a linear correlation between the quantity of atomised ACAM and the 

measured dust emission up to an atomisation quantity of 400 mg. The results reveal 

that the dust emission measured in the detection chamber was significantly reduced 

by a convective air flow in the opposite direction of the diffusion. 

A precise and reproducible detection of the particles that passed from the emission to 

the detection chamber was achievable. CFD simulations were carried out to simulate 

the evacuation of the detection chamber and to visualise the flow pattern and the 

resulting particle residence time. The simulations, supplemented by smoke and dust 
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tests, showed that an evacuation time of 9 minutes was sufficient to collect most of the 

dispersed ACAM particles. 

In addition to the experimental investigations, the properties of the ACAM powder were 

analysed to characterise the factors that influence dust generation. From the results of 

this study, it may be concluded that the novel TCS enables the investigation of 

dustiness with small powder quantities and that dust emissions may be significantly 

reduced by adjusting the flow conditions. However, a complete elimination of dust 

emissions was not achieved. In Figure 7, an illustrative summary of the methodology 

and key aspects of this study is provided. 

 

Figure 7: Illustrative summary of methodology and main outcomes of the study [170]. 

In a subsequent study, the influence of the particle size and of the increase of the 

pressure difference was investigated.  
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Abstract: In the present study, it was shown that a newly developed two-chamber setup (TCS) for
containment investigations consisting of an emission and a detection chamber may serve to predict
the dustiness of HPAPIs in a sealed system at different flow conditions. These flow conditions include
the plain diffusive transport and the diffusive transport with the oppositely directed convective flow
of airborne particles of the safe surrogate substance acetaminophen (ACAM). A linear correlation was
found between an atomized amount of up to 400 mg of ACAM and the resulting dust emissions. The
dust emission was reduced significantly by an oppositely directed convective flow. The results from
the examinations, using either atomized ACAM or smoke for the determination of the evacuation time
of the detection chamber, indicated that both methods are comparable. Furthermore, computational
fluid dynamics (CFD) simulations were performed to determine the evacuation time. A time period
of 9 min was sufficient for a reproducible evacuation and a reliable detection of most airborne ACAM
particles within the detection chamber. CFD simulations were also carried out to simulate the air
velocity resulting from various pressure differences and to visualize the flow of the airborne particles
within the detection chamber.

Keywords: containment; two-chamber setup; HPAPI; dustiness; dust emission; dust transfer;
evacuation time; smoke; computational fluid dynamics

1. Introduction
In recent years, the number of highly active pharmaceutical ingredients (HPAPIs) has

significantly increased, resulting in a high interest of pharmaceutical companies in the
safe handling of these hazardous compounds [1–3]. For example, in oncological therapy,
HPAPIs are commonly used as cytostatics or peptides. Hormones and antibiotics are other
examples of high potency compounds with a high potential for hazard exposure to the
personnel present in the intermediate environment. Therefore, measures must be taken
regarding the technical design of the facilities and the equipment for handling HPAPIs [3–5].

The potential hazard exposures may lead to a health risk for the operators, as well
as to a contamination of the outdoor environment and to cross-contaminations during
manufacturing or other production processes within the facility. Therefore, the generation
of dust, gases, or vapors is an important issue in the processing of dosage forms containing
HPAPIs. The application of suitable containment equipment and, in some cases, additional
personal protective equipment, is essential to ensure safe handling [6,7]. To guarantee
the safe manufacture of dosage forms containing HPAPIs, special production setups are
applied which are operated at a negative pressure to reduce the risk of potential airborne
transfer to the immediate environment. In addition, barrier isolators, special transfer and
valve systems, and high performance filters are further governance methods to reduce the
risk of hazards [3,8].
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Generally, the dustiness of formulations containing HPAPIs is a major problem con-
cerning potential exposure. Thus, the minimization or elimination of any potential exposure
is a common safety measure in the production of dosage forms containing HPAPIs [3,9,10].

Dustiness is defined as the propensity of a material to generate airborne particles
during its handling [11]. Various processes in pharmaceutical manufacturing, such as
processing, milling, grinding, and mixing, are associated with the generation of dust and,
consequently, dustiness is a major risk of potential hazard exposure. Surprisingly, the
number of studies on the dustiness of pharmaceutical powders is rather low, compared to
that on the dustiness of non-pharmaceutical powders. The dustiness of a pharmaceutical
powder is influenced by many factors, especially by the physicochemical and mechanical
properties of the material and the method of dust determination. Therefore, the mea-
surement of the dustiness of pharmaceutical powders is of particular importance for the
assessment of the hazard exposure in pharmaceutical facilities [9,12–16]. For this reason,
various systems and methods were developed to measure the dustiness of solid substances
in a reproducible manner. Most of these systems are not designed for the measurements of
pharmaceutical powders because the required substance quantities for these measurements
are relatively high. Accordingly, because of the typically scarcely available quantities of
HPAPIs, the measurements are limited and relatively expensive. The compounds used in
the pharmaceutical production are exposed to a wide variety of stresses. Thus, no single
test system may reproduce all conditions during handling [17–23].

The atomization of powders results in an airborne particle distribution and is achieved
by the application of energy. Therefore, atomization may be obtained by using a mechanical
stimulus or by the dispersion of the pharmaceutical powder in the air. The application of
too much energy may result in a fragmentation of single particles and possibly, in a greater
dustiness. Each method for the determination of the dustiness includes a different technique
for atomization. Thus, a comparability of the different methods for determination of the
dustiness is nearly unimaginable because of the complexity of the different measurement
processes. Moreover, an accurate prediction of the dustiness based on material properties
such as particle size and density is not possible. However, the particle size distribution,
particle shape, bulk density, humidity, and the cohesive and adhesive forces of powder
particles have a major influence on the resulting dustiness. A reproducible dust generation
requires a standardized method, and thus detailed specifications, regarding test duration,
type, intensity of the mechanical stimulus, and the amount of test material are necessary.
Therefore, a high standardization with relation to industrial manufacturing processes is
essential for suitable dustiness measurements [9,11,19,24–28].

The assessment of containment equipment and the evaluation of systems and de-
vices for dustiness measurements should be performed using safe surrogate substances.
These substances, such as lactose, naproxen sodium, mannitol, acetaminophen, insulin,
riboflavin, and sucrose, along with additional information regarding such measurements,
are listed in the Good Practice Guide of the International Society for Pharmaceutical
Engineering (ISPE) [6]. The choice of the surrogates should not only depend on the
physicochemical and mechanical substance properties, but also on the conditions of the
analytical quantification [29].

The applications of computational fluid dynamics (CFD) are versatile, and it is cur-
rently used as an efficient tool in the pharmaceutical industry for various purposes, such as
the characterization of dry powder inhalers, the Venturi dustiness tester, and the Heubach
Dustmeter [30–33]. In addition, CFD is commonly applied to assess systems for the measure-
ment of dustiness. In this context, CFD allows a modeling of the aerodynamics within the
systems to assess the homogenous distribution of dust and to identify zones in which dust
accumulates at the end of the sampling process. Furthermore, these simulations are also
appropriate to investigate a possible inhomogeneous or delayed powder atomization [32].
Moreover, CFD is suitable to describe the atomization process of pharmaceutical powders
and to assess their flow behavior within the systems [33,34].



Pharmaceutics 2022, 14, 2387 3 of 19

The number of investigations regarding the dustiness of pharmaceutical powders is rel-
atively low compared to the dustiness investigations of non-pharmaceutical powders [21,35].
In addition, in the literature, the description of the distribution of airborne particles in
a defined environment as a function of various flows is rather vague.

Based on the above-mentioned remarks, further research is needed to expand the
knowledge on the influence of the plain diffusive transport and the diffusive transport with
an oppositely directed convective flow of pharmaceutical airborne particles on the dustiness
of HPAPIs. Therefore, the objective of this work was to develop a novel TCS consisting of
an emission and a detection chamber to investigate the dustiness depending on different
flow conditions. A further aim of this study was to confirm that the newly developed TCS
ensures a reproducible and precise dustiness investigation of pharmaceutical powders.
The different parameters of the atomization phase, transport phase, and detection phase
may influence the investigation of the TCS. In this context, both the reproducible and
precise atomization of small amounts of the surrogate substance ACAM and the accurate
determination of the dust emission by an IOM sampler (Institute of Occupational Medicine)
are the crucial parameters that may significantly influence the dustiness investigations in
terms of the reproducibility and precision of the results.

Modern equipment for the production of dosage forms containing HPAPIs is typically
operated with negative pressure to reduce potential hazard exposure [1]. Consequentially,
another objective of this study was the generation of an adjustable oppositely directed
convective flow from the detection to the emission chamber within the TCS, simulating the
negative pressure for reduction of the potential hazard exposure.

2. Materials and Methods
2.1. Materials

Acetaminophen (ACAM; Caelo, Hilden, Germany), as an industry-accepted safe
surrogate substance, was used to measure dustiness [6]. Furthermore, a Dräger Air Flow
Tester (Dräger, Lübeck, Germany) was used to generate smoke for flow visualization.

2.2. Two-Chamber Setup
2.2.1. Design of the Two-Chamber Setup

In Figure 1, a simplified illustration of the novel two-chamber setup (TCS) is shown.
The setup consists of an emission chamber and a detection chamber, connected by an orifice
with a diameter of 25.4 mm. A flap that is controllable via a double acting pneumatic
cylinder is installed to separate the chambers, depending on the phase of the measurement
course. The emission chamber shows dimensions of 300 mm ⇥ 300 mm ⇥ 300 mm, resulting
in a volume of 27 L. The detection chamber has the same dimensions, but exhibits a smaller
volume of approximately 15 L because of the pyramidal construction in the lower section
of the chamber.

The emission chamber contains an orifice for pressure compensation during the
first phase of the measurement course in which ACAM is atomized (Figure 2). The detec-
tion chamber comprises two orifices for pressure compensation during the second phase
of the measurement course. An IOM sampler is fastened at the bottom of the detection
chamber and is connected to the air sampling pump (AirChek ESSENTIAL Pump, SKC,
Blendfort Forum, UK). The detachable lid allows for cleaning the TCS after each measure-
ment. The lid contains two orifices for the fastening of two pneumatic ball valves and is
attached to the TCS by toggle locks. In addition, a rubber seal is attached to the edges of
the chambers to ensure tightness.

The TCS consists of acrylic glass with a wall thickness of 6 mm. Aluminum B type
profiles were used to fasten measuring the instruments: a pneumatic cylinder, pneumatic
valves and ball valves, as well as a programmable logic controller (PLC). Additionally,
a ground cable was attached to the metal parts to minimize electrostatic charge.
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Figure 2. Schematic illustration of the TCS (a) in the closed state and (b) in the open state. 1: orifice
for pressure compensation of the emission chamber; 2: orifices for the double-acting ball valves;
3: orifice for the connection between the emission and the detection chamber; 4: orifices for pressure
compensation of the detection chamber; 5: orifices for the differential pressure gauge; 6: orifice for
the IOM sampler.

The valve control of the TCS is executed by a PLC (Siemens LOGO! 12/24RC, Munich,
Germany). The input signal for starting the program of the PLC was generated time-
dependently by a single-board microcontroller (Arduino® Uno Rev3, Ivrea, Italy) and
amplified with a DC-to-DC converter to a voltage of 12 V. Resulting from the ability of the
single-board microcontroller to send a punctual input signal to the PLC, all phases of the
measurement course may be controlled as a function of time. Therefore, the air sampling
pump and the PLC were synchronized with the server time of a computer. The PLC allows
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for the generation of various flow conditions within the TCS by controlling the pneumatic
ball valves attached to the detachable lid.

In Figure 3, the pneumatic valves and devices are shown. The pneumatic ball valve
(KH 14 P, Pneumatikatlas, Lübeck, Germany), located above the emission chamber, was
used for the atomization of ACAM. Another identical pneumatic ball valve, positioned
behind a throttle valve, is located above the detection chamber to generate a flow in
the direction of the emission chamber. Both ball valves are controlled pneumatically by
5/2 solenoid valves (VUVS-L25-M52-AD-G14-F8, Festo, Esslingen, Germany). Two 3/2
solenoid valves (VUVS-LK25-M32C-14-B, Festo, Esslingen, Germany) were used to control
3/2 pneumatic valves (SFP4701, YPC, Jeongwang-Dong, South Korea) that manage the
pressure compensations. All four solenoid valves are linked to the four outputs of the
PLC. All pneumatic components and orifices for pressure compensation are attached to
compressed-air tubes (PUN-10X, Festo, Esslingen, Germany). The air sampling pump is
connected to the IOM sampler at the bottom of the detection chamber. A digital paddle
wheel flow meter (35812, ANALYT-MTC Meßtechnik, Mülheim, Germany) was used to
verify the flow rate of the air sampling pump. Additionally, the pressure and temperature
difference between the emission and the detection chamber were measured by a differential
pressure gauge (testo 400, Testo, Titisee Neustadt, Germany).
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2.2.2. Description of the Measurement Course
Three phases may be distinguished during the measurement course of the TCS. The

first phase is defined as the atomization phase, in which 100 mg of ACAM were atomized
through the ball valve above the emission chamber with an overpressure of 50,000 Pa for
a time period of 5 s. The pressure was compensated for by opening the 3/2 pneumatic
valve. The controllable flap was closed for the same time period to obtain a homogeneous
dispersion of airborne particles and to prevent the transport of these particles from the
emission to the detection chamber.

During the second phase, which is called the transport phase of the measurement
course, the transport of airborne particles was investigated, depending on the flow condi-
tions. This phase was intended to examine the plain diffusive and the oppositely directed
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convective transport mechanism of airborne particles in the TCS. In this phase of the mea-
surement course, the controllable flap was opened for 60 s to obtain either a diffusive or
a convective flow between both chambers in order to investigate the transport of airborne
particles. If there is no pressure difference between the chambers (Dp = 0 Pa), the plain
diffusive transport of airborne particles may be investigated. In contrast, a flow from the
emission to the detection chamber was generated by an adjustable pressure difference
between these chambers to investigate the diffusive flow, reduced by an oppositely directed
convective flow, in addition to the plain diffusive transport.

The third phase was defined as the detection phase of the measurement course, during
which the dust emission of ACAM within the detection chamber was determined. The
controllable flap was closed after 60 s to separate both chambers and to quantify the amount
of ACAM transferred from the emission to the detection chamber. The detection chamber
was evacuated using the air sampling pump, with a flow rate of 5.0 L/min for 9 min. The
pump was connected to the IOM sampler located at the bottom of the detection chamber,
which contained a glass microfiber filter (1820–025, Whatman, Little Chalfont, UK), as
recommended by the ISPE [6]. In Figure 4, the three phases of the measurement course are
shown schematically.
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After 9 min, the filter containing the collected dust was transferred to an iodine flask.
A moistened glass microfiber filter was used to swab the inner part of the IOM sampler
and was then transferred to the same iodine flask. The total collected ACAM was extracted
using the mobile phase of the HPLC assay and subsequently quantified (see Section 2.4.).

2.2.3. Investigation of the Atomization Process during the Atomization Phase
This investigation was performed to ensure that small amounts of pharmaceutical

powders may be reproducibly atomized in the TCS. The atomization of the surrogate
powder ACAM within the emission chamber of the TCS was caused by an overpressure of
50,000 Pa. To examine the influence of the amount of ACAM on the extent of dust emission,
the amounts of atomized ACAM were predefined to cover a range between 50 mg and
500 mg, divided into 50 mg portions. The dust emission was measured by evacuating the
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detection chamber through the filter-containing IOM sampler using the air sampling pump
under the above-mentioned conditions. Thereafter, the glass microfiber filters containing
the total collected ACAM were analyzed by HPLC. All measurements were performed
in sextuplicate.

2.2.4. Investigation of the Dustiness during the Transport Phase in Dependence of
the Airflow

In the second phase of the measurement course, the transport of the atomized ACAM
between both chambers resulting from various pressure differences between 0 and 4 Pa
was investigated. For this purpose, computational fluid dynamics (CFD) simulations and
the atomization of ACAM were performed to assess the effect of plain diffusive transport
and diffusive transport with an oppositely directed convective flow of airborne particles.

CFD was performed to simulate the air velocity at the orifice between the emission and
the detection chamber for the determination of the average air velocity. The simulations
were carried out with the SimScale CFD simulator (SimScale, Munich, Germany) using the
k-omega shear stress transport turbulence model (k-!-SST). The initial conditions of the
CFD simulations are shown in Table 1.

Table 1. Initial conditions of the CFD simulations for the investigation of the transport phase of the
measurement course.

Properties Values

Density 1.196 (kg/m3)
Kinematic viscosity 1.529 ⇥ 10�5 (m2/s)

An overview of the airflow properties chosen for the simulations is presented in
Table 2. The boundary conditions were set to a pressure difference of 1–4 Pa between the
inlet and the outlet orifice to simulate the adjustable oppositely directed convective flow
conditions of the TCS. The CFD simulation were performed to assess the flow conditions
within the TCS at the orifice between the emission and the detection chamber. The average
air velocities were also measured, depending on the pressure difference, using a thermal
anemometer (testo 405 i, Testo, Titisee-Neustadt, Germany) at five positions.

Table 2. Airflow properties of the CFD simulations for the investigation of the transport phase of the
measurement course.

Properties Values

Gauge pressure 0 (Pa)
Dp between the inlet and outlet orifice 1, 2, 3, 4 (Pa)

Turbulence kinetic energy [k] 1.297 ⇥ 10�2 (m2/s2)
Specific dissipation rate [!] 12.49 (s�1)

The simulated and measured average air velocities resulting from the applied pressure
differences were used to investigate the effect of the air velocity on dustiness. For this
purpose, the pressure difference between the two chambers was set to values of 0–4 Pa:
At a pressure difference of 0 Pa, the plain diffusive transport of ACAM between the
detection and the emission chamber was examined, whereas an increase in the pressure
difference to 1–4 Pa allowed for the investigation of the diffusive transport of ACAM with
an oppositely directed convective airflow. The pressure differences were set by the throttle
valve positioned in front of the double-acting ball valve above the detection chamber. The
highest achievable pressure difference was 4 Pa. At pressure differences greater than 4 Pa,
there is a risk of the bursting of the chambers. The atomization of 100 mg of ACAM was
performed as previously described. All measurements were carried out in triplicate.
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2.2.5. Determination of the Evacuation Time of the Detection Chamber during the
Detection Phase

The quantification of the emission of ACAM dust was enabled by evacuating the
detection chamber with an air sampling pump via the IOM sampler equipped with a glass
microfiber filter. The determination of the evacuation time is required to ensure a repro-
ducible measurement of the ACAM dust emission within a justifiable time period. For this
reason, three different methods were used to determine the evacuation time. One approach
was the use of smoke to visualize the flow of airborne particles and their behavior during
the evacuation of the detection chamber. Another approach for the determination of the
evacuation time was the CFD simulation. A third approach was based on the number
of evacuation cycles and thus, the resulting evacuation time necessary for the complete
elimination of the dust from the detection chamber.

With the first approach to determine the evacuation time, smoke was generated in
the detection chamber by using an airflow tester to visualize the flow. The tube end of
the airflow tester was connected to the two orifices for 10 s for pressure compensation via
the Y-connector to draw the smoke into the detection chamber. A black background was
placed below the detection chamber to increase the contrast of the white smoke resulting
from a chemical reaction of pyrosulfuric acid present in the filling layer of the airflow
tube with the air humidity. The true flow conditions in the detection chamber during
each measurement were simulated by using an IOM sampler with a glass microfiber filter.
The smoke was evacuated by the air sampling pump, with a flow rate of 5.0 L/min for
15 min. The decrease in the smoke density during the evacuation was monitored using
a digital camera (ZV-1, Sony, Tokyo, Japan) mounted centrally above the detection chamber
to provide square-shaped pictures. A picture of the white smoke was taken automatically
every 5 s. The focus, as well as the ISO value, were adjusted manually to minimize optical
disturbances and remained constant during the measurement. In addition, a cold light
source (CL 1500 ECO, Zeiss, Jena, Germany) was used to ensure a high level of visibility. The
pictures were analyzed with the image processing software ImageJ (US National Institute
of Health (NIH), Bethesda, MD, USA) [36] to determine the time point of complete removal
of the smoke from the detection chamber. In Figure 5, the top view of the detection chamber
is shown with three square fields (200 pixels ⇥ 200 pixels) positioned around the center
point of the chamber. The mean gray value of each picture, as well as of each resulting
square field, was measured. All measurements for determination of the evacuation time
were carried out in triplicate.
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The second approach to investigate the evacuation time of the detection chamber was
the CFD simulation. The same initial conditions were used as in the CFD simulation for
the determination of the air velocity of airborne particles in the transport phase of the
measurement course (Table 1). The boundary condition was set to a normal velocity (Un)
of 0.092 m/s at the outlet, which equals the volumetric flow of the evacuated airborne
particles. The diffusion coefficient was set to 1 ⇥ 10�8 m2/s in order to identify the zones
of airborne particles with a high residence time. Data evaluation of the CFD results was
performed with the data analysis and visualization application ParaView (version 5.10.1,
Kitware, Clifton Park, NY, USA) [37].

For investigation of the evacuation time in the third approach, ACAM was again
atomized in the emission chamber for 5 s, with an overpressure of 50,000 Pa, with the
controllable flap closed. Subsequently, the controllable flap was opened for 60 s. Only the
plain diffusive transport in the detection chamber was considered. The oppositely directed
convective flow was excluded by closing the ball valve located above the detection chamber.
Consequently, the pressure difference between both chambers was 0 Pa. To investigate the
influence of various evacuation times on the measured dust emission of ACAM, evacuation
times of 180, 360, 540, 720, and 900 s were predefined to evacuate the detection chamber
up to five times at a flow rate of 5.0 L/min. Furthermore, dust emissions at an evacuation
time of 3600 s were measured to investigate whether any significant differences existed
in the collected ACAM amounts compared to those collected in the investigations with
shorter evacuation times. A time period of 3600 s, corresponding to a 20-fold evacuation of
the detection chamber, was assumed to be sufficient for the elimination of most airborne
particles from the chamber. All measurements were again performed in triplicate. The
amounts of ACAM collected in the glass microfiber filters were quantified by HPLC.

Finally, the three approaches for determination of the evacuation time of the detec-
tion chamber were compared (see Section 3.3) to ensure a comparability of the dustiness
measurements within a justifiable time period.

2.3. Powder Characterization
2.3.1. Bulk Density and Tapped Density

The bulk density and tapped density of ACAM were measured using a jolting vol-
umeter (STAV 2003, J. Engelsmann, Ludwigshafen, Germany) in accordance with the
monograph 2.9.34, “Bulk Density and Tapped Density of Powders,” in the European
Pharmacopoeia [38]. A 250 mL graduated measuring cylinder was filled with 100 g of
ACAM. The V10–V500 values, the compressibility index (Equation (1)), and the Hausner
ratio (Equation (2)) were calculated using the powder density before (bulk density) and
after 2500 taps (tapped density):

Compressibility index = 100 ⇥
✓

Tapped density � Bulk density
Tapped density

◆
(1)

Hausner factor =
Tapped density

Bulk density
(2)

The bulk density and tapped density of ACAM were measured in triplicate.

2.3.2. Particle Size Distribution
The particle size distribution of ACAM was investigated by laser diffractometry

(Helos KR, Sympatec, Clausthal-Zellerfeld, Germany). A lens with an effective range of
0.5–875.0 µm was used for the measurements, which were performed in triplicate. The
ACAM powder was dispersed by using compressed air with an air pressure of 150,000 Pa.
The evaluation of the particle size distribution was performed with Paqxos software
(Version 2.0.3, Sympatec, Clausthal-Zellerfeld, Germany).
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2.3.3. True Density
The true density of ACAM was determined with a helium pycnometer (Pycnomatic

ACT EVO, Porotec, Hofheim am Taunus, Germany). Approximately 8.0 g of ACAM were
placed in the analysis chamber. The true density value was calculated as the mean of ten
measurements. All determinations of true density were performed in triplicate.

2.3.4. Residual Moisture Content
The residual moisture content of ACAM was investigated using thermal gravimetric

analysis (TG 209 F1 Libra®, Netzsch-Gerätebau, Selb, Germany). The temperature was
increased from 25 �C to 160 �C, with a heat rate of 10 K/min. These measurements were
also performed in triplicate.

2.4. HPLC
The quantification of the collected ACAM in the glass microfiber filter was per-

formed with a VWR-Hitachi Chromaster 5000 (Radnor, IN, USA), equipped with
a 250 mm ⇥ 4 mm column (LiChroCART® 250-4, Merck, Darmstadt, Germany) containing
an RP-18e phase (particle size 5 µm). HPLC measurements were carried out at 22 �C.
A mobile phase consisting of a mixture of acetonitrile and water (75:25 v/v) was adjusted to
a pH of 3.5 with phosphoric acid. The flow rate was set to 1 mL/min. A sample volume of
20 µL was injected, and a quantification of ACAM was performed spectrophotometrically
at 245 nm. The total run time of one sample was 3.00 min. For elution of ACAM, 1.92 min
were required.

The amount of ACAM in each glass microfiber filter was extracted with 2 mL of the
mobile phase by shaking with a shaker (Unimax 1010, Heidolph Instruments, Kelheim,
Germany) at 75 rpm for 20 min. The concentration of ACAM in the sample solutions was
linear in the calibration range between 0.002 µg/mL and 2.212 µg/mL (R2 = 0.999).

3. Results and Discussion
3.1. Validation of the Atomization Process

The two-chamber setup (TCS) was developed for the study of the dustiness of
pharmaceutical powders by atomizing the powders with an overpressure of 50,000 Pa
through the ball valve, centrally located above the emission chamber. The measurement
process may be divided into three phases, the first of which is the atomization phase.
Accordingly, the purpose of this study was to verify whether a reproducible and precise
atomization of pharmaceutical powders is feasible using the TCS. For this purpose,
various amounts of the surrogate substance acetaminophen (ACAM) were atomized in
50 mg portions. The dust emission was determined by the IOM sampler mounted in
the detection chamber and by the subsequent quantification of ACAM with HPLC. In
Figure 6, a linear correlation (R2 = 0.9842) between the dust emission and the atomized
amount of ACAM can be observed within the range of 50 and 400 mg of atomized ACAM.
Within this range, the maximum relative SD is 6.58%. No significant increase in dust
emission (p > 0.05) was observed within the range of 400 and 500 mg of atomized ACAM.
Consequently, a reproducible atomization of ACAM is only possible within the range of
50 and 400 mg.
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3.2. Results of the Dustiness Measurements during the Transport Phase
The TCS was constructed to study the dustiness of pharmaceutical powders affected

by various flow conditions. In this study, four different pressure differences were generated
between the emission and the detection chamber. The flows from the emission to the
detection chamber resulting from the various pressure differences caused a reduction in the
transport of airborne particles and were expected to lower the potential dust transfer from
the emission to the detection chamber. The pressure differences between the chambers
were obtained by compressed air flowing through the ball valve located above the detection
chamber. The pressure difference was maintained for 60 s with the controllable flap open.
By varying the pressure differences, resulting in corresponding flows, it was possible to
determine whether a relationship exists between the air velocity and the decrease in the
transfer of airborne particles from the emission to the detection chamber.

Currently, in the manufacturing of dosage forms containing HPAPIs, pharmaceutical
production facilities commonly use negative pressure to reduce exposure due to potential
leakage. Therefore, a convective flow from the outside to the inside occurs and prevents
this leakage.

CFD was used in this study to simulate the resulting flows and flow velocities within
the TCS. The air velocity within the setup is particularly crucial at the orifice (diameter
25.4 mm) between the emission and the detection chamber. In Figure 7, the CFD simulations
are shown at pressure differences of 1–4 Pa. The four simulations showed that a high air
velocity was observed at the position where the compressed air passes the ball valve. It is
also apparent that the extent of the airflow affected the average air velocity at the orifice
between both chambers, as a function of pressure difference.
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The simulated and measured average air velocities are shown in Table 3. Accordingly,
generating high pressure differences resulted in higher air velocities between both chambers.

Table 3. Simulated average velocity and measured average air velocities (means ± SD, n = 3) at the
orifice between the emission and the detection chamber.

Pressure Difference (Pa) Simulated Average Air
Velocity (m/s)

Measured Average Air
Velocities (m/s)

1 0.081 0.08 ± 0.01
2 0.116 0.12 ± 0.01
3 0.144 0.15 ± 0.00
4 0.166 0.18 ± 0.01

The investigation of the effect of the air flow on dustiness was confirmed by atomizing
ACAM, either with 0 Pa, for the examination of the plain diffusive transport of airborne
particles, or with 1–4 Pa, for the examination of the diffusive transport with an oppositely
directed convective flow. At 1–4 Pa, the oppositely directed convective air flow served
as a measure to minimize dust emission. In Figure 8, the resulting dust emissions from
various flow conditions are presented. The plain diffusive transport of airborne particles
(0 Pa) resulted in the highest dust emission of 1.269 ± 0.091 µg ACAM transported from the
emission to the detection chamber for 60 s. A significant decrease in dust emission (p < 0.05)
was observed during the examination of the diffusive transport of airborne particles with
an oppositely directed convective flow. A pressure difference of 1 Pa between the emission
and the detection chamber resulted in a significant decrease in the dust emission (p < 0.05)
to a value of 0.557 ± 0.042 µg ACAM. Furthermore, a significant reduction in dust emission
(p < 0.05) was observed with increasing the pressure difference between both chambers.
Compared to the examination at a pressure difference of 1 Pa, the dust emission was reduced
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to 0.444 ± 0.029 µg ACAM at a pressure difference of 2 Pa. An increase in the pressure
difference to 3 Pa resulted in a further reduction in the dust emission to 0.342 ± 0.027 µg
ACAM. The maximum pressure difference of 4 Pa showed the highest reduction in the
dust emission to a value of 0.256 ± 0.023 µg ACAM, compared to that of the plain diffusive
transport of airborne particles.
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The results presented in Figure 8 show that the dust emissions of ACAM resulting
from the plain diffusive transport within the TCS may be reduced by an oppositely directed
convective flow. Furthermore, the results also indicate that an increase in the pressure
difference led to a reduction in the dust emissions. Based on the CFD, the increase in the
pressure difference enhanced the airflow velocities at the orifice between the emission and
the detection chamber. Consequently, the higher airflow velocities resulted in a decrease in
the dust emissions. The above-mentioned investigation showed that the pressure difference
set within the TCS as a closed system exerted a substantial effect on the potential transfer
of dust.

CFD enables the simulation of the average air velocity depending on the pressure
difference between the emission and the detection chamber. These simulated average air
velocities appear to be similar to the those found in the measured data, confirming the
results of the CFD simulations (Table 3). However, the accuracy of the thermal anemometer
is specified by the manufacturer with ±0.1 m/s for air velocities between 0 and 2 m/s. This
raises the question of how meaningful the measured values are. In this context, it must
be considered that the accuracy increases with declining air velocities and decreases with
rising air velocities (for example, the accuracy within an air velocity range of 2–15 m/s is
specified with ±0.3 m/s). As the measured average air velocities are very low, with about
0.1 m/s, it is therefore assumed that these values are trustworthy. A further argument
for the relevance of the measured average air velocities is their low standard deviation,
indicating a high reproducibility.
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3.3. Determination of the Evacuation Time during the Detection Phase
The detection chamber is an essential part of the TCS, and it has a major impact on

the detection phase of the measurement course. Because of the pyramidal design and
the diagonal arrangement of the orifices for pressure compensation, most of the airborne
ACAM particles should be detected within a reasonable time period. After the transport
phase of the measuring course, which lasted for 1 min, the controllable flap was closed
to detect the airborne ACAM particles that were transported by plain diffusive transport
or by diffusive transport with oppositely directed convective flow from the emission
to the detection chamber. For this purpose, the detection chamber containing the air
with the airborne particles was evacuated, as previously described. The airborne ACAM
particles were retained in the filter and were quantified by HPLC after extraction with the
mobile phase.

To ensure that the airborne particles are collected in a reasonable time, CFD, flow
visualization using smoke, and dustiness measurements with various evacuation times
were performed. CFD was also used to evaluate the airflow within the detection chamber
during evacuation.

A particle trace analysis was also performed with CFD, and the results are displayed
in Figure 9. The negative pressure generated by the air sampling pump was compensated
for by incoming air flowing through the diagonally arranged orifices (Figure 9a,b). Initially,
the air flows were parallel to the walls of the detection chamber. Because of the diagonal
arrangement of the orifices and the impingement of the airflow onto the walls opposite to
the orifices, a rotation of the airflow occurred. The rotating airflow also shifted downwards
within the detection chamber towards the IOM sampler attached to the bottom of the
chamber (Figure 9c). The highest velocity of the airflow was measured directly at the
orifices. After the incoming air passed the orifices, the velocity of the airflow within the
chamber decreased.
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The residence time of the airborne particles within the detection chamber within
different time periods is presented in Figure 10. The zones of the airborne particles,
with a residence time between 540 and 900 s, are illustrated in Figure 10d. Compared to
Figure 10a–c, which comprised three time periods of 180 s each up to the time point of
540 s, these zones are relatively small. These zones are located exclusively on the walls at
the upper part of the detection chamber.
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In Figure 10a–c, the time course of the evacuation of the detection chamber is shown in
time periods of 180 s. Every 180 s, a 15 L volume was evacuated through the glass microfiber
filter of the detection chamber as a result of the flow rate of 5.0 L/min. Simultaneously, 15 L
of particle-free air were introduced through the diagonally arranged orifices. The residence
times of the airborne particles are shown in Figure 10. They indicate that after a three-fold
evacuation of the detection chamber, which takes 540 s, the majority of the particles were
already collected by the IOM sampler and could be quantified by HPLC.

The data obtained by CFD was analyzed by the ParaView application, and the total
volume of the zones within the different time periods was determined. However, in the
simulations, it should be considered that the diffusion coefficient was set to a low value of
1 ⇥ 10�8 m2/s to accurately determine potential zones of airborne particles with a high
residence time. These zones are especially perceptible at the transition from the upper part
of the detection chamber to the pyramidal part of the chamber. The relative fraction of the
zone within the time interval of 0–180 s was 61.92%. After an additioanl 180 s, 99.87% of the
airborne particles within the TCS passed through the outlet of the detection chamber. As
shown in Figure 10c, the zones for the time interval of 360–540 s are substantially smaller.
After an evacuation time of 540 s, a volume of 99.99% was achieved.

An additional investigation was performed using smoke to visualize the flow within
the detection chamber. For this purpose, smoke was passed through the two orifices for
10 s for pressure compensation to create a homogeneous smoke density. Subsequently,
digital camera images were taken while the air sampling pump removed the smoke from
the detection chamber at a flow rate of 5.0 L/min. The images were then analyzed for
the gray value within the three square fields. The reason for this investigation was to
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quantify the smoke density and thus, the amount of smoke removed based on the gray
value. Therefore, the mean of the gray values of each square field was calculated. The
evacuation time-dependent gray values were converted to relative values by defining the
highest value as 100% and the lowest value of the resulting exponential decrease at the
evacuation time of infinity as 0%. The removal of the smoke from the detection chamber
resulted in a decrease in the relative values of the smoke density, as shown in Figure 11.
Consequently, the obtained relative values of the exponential decrease in the smoke density
were converted into the corresponding values defining the amount of removed smoke.
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After determination of the evacuation times of the detection chamber with both CFD
simulations and smoke visualizations, additional experiments were performed with the
surrogate substance ACAM to investigate whether a significant difference exists between
the two evaluation methods. The results of the two evaluation methods revealed that
within 900 s a large portion of the airborne particles has already passed through the glass
microfiber filter, again in an exponential manner (Figure 11). An exponential decrease in
the amount of tracer particles or surrogate substances over time was also observed using
other devices for dustiness testing [29]. To ensure that most of the airborne particles were
indeed collected within a reasonable time period, the detection chamber was evacuated for
3600 s. The ACAM dust emission measured at this time point was defined as the maximum
achievable emission. The results obtained with this evacuation time were compared to those
obtained with shorter evacuation times of 180, 360, 540, 720, and 900 s. With the data of
the evacuation time-dependent CFD simulations and smoke visualizations, relative values
were again calculated for comparative purposes. In Table 4, an overview of the evacuation
times determined using CFD, smoke visualization, and dustiness measurements, using
ACAM as a surrogate substance, is provided.

Table 4. Results of the three investigated methods for the determination of the evacuation time.

Evacuation Time (s) Numbers of Evacuations
Relative Values ± SD (%)

Smoke Visualization CFD Dustiness Investigation

180 1 75.24 ± 2.93 61.92 74.00 ± 5.40
360 2 96.50 ± 0.62 99.87 92.14 ± 7.35
540 3 99.51 ± 0.13 99.99 99.18 ± 5.13
720 4 99.93 ± 0.02 100.00 99.47 ± 5.97
900 5 100.00 ± 0.00 100.00 99.56 ± 6.36



Pharmaceutics 2022, 14, 2387 17 of 19

For the evacuation time of 180 s, it was observed that the detection of airborne particles
was insufficient using all three methods. Moreover, no significant difference (p > 0.05)
between the relative values obtained by smoke visualization and dustiness measurements
was found. However, a significant increase (p < 0.05) in the relative values obtained with all
three methods was observed by extending the evacuation time to 360 s. The data obtained
within the time period of 0–540 s showed that relative values over 99.00% were reached
with all three methods. Prolonging the evacuation time to 720 or 900 s did not result in
a significant increase (p > 0.05) in the relative values. The relatively large deviation of the
relative values obtained with CFD from those obtained with the other two methods may
likely be explained by the low diffusion coefficient of 1 ⇥ 10�8 m2/s. Therefore, increasing
the evacuation time to 720 or 900 s did not result in the detection of higher amounts of dust.

3.4. Powder Characterization
As shown in previous studies, the dustiness of powders is influenced by various

factors, such as true density, bulk density, and particle size [8,23]. Accordingly, the powder
properties of the investigated ACAM were determined. The resulting values for the
true density, the bulk density, the tapped density, the residual moisture content, and the
particle size, with the respective standard deviations, are listed in Table 5. These values are
comparable to other well-known and frequently used APIs.

Table 5. Physicochemical properties of the investigated ACAM (means ± SD, n = 3).

Properties Values

True density 1.2886 ± 0.0024 (g/cm3)
Bulk density 0.347 ± 0.003 (g/cm3)

Tapped density 0.554 ± 0.008 (g/cm3)
Hausner ratio 1.60 ± 0.03

Compressibility index 37.32 ± 1.13 (%)
Residual moisture content 0.138 ± 0.053 (%)

Particle size
x10 1.67 ± 0.08 (µm)
x50 8.36 ± 0.30 (µm)
x90 24.33 ± 0.90 (µm)

4. Conclusions
The two-chamber setup (TCS) presented in this study is a newly developed contain-

ment system created especially for the examination of the dustiness of pharmaceutical
powders. A reproducible dustiness investigation of even small amounts of pharmaceu-
tical powders is feasible with this setup, as was shown with the surrogate substance
acetaminophen (ACAM). The ACAM used in the dustiness experiments exhibits powder
properties comparable to other commonly used pharmaceutical powders. A high repro-
ducibility of the dust emission was observed, as confirmed by low standard deviations
and a linear correlation found between the atomized amount of up to 400 mg of ACAM
and the resulting dust emissions. The deviation from the linearity for atomized amounts
above 400 mg was possibly caused by a saturation effect within the system. Furthermore,
the TCS was proven to be suitable for the investigation of the dust emission at different
flow conditions (plain diffusive transport and diffusive transport with the oppositely di-
rected convective flow of airborne particles). Particularly, the influence of the oppositely
directed convective flow on the dust emissions was investigated, and the results indicate
that an increase in the pressure difference between the emission and the detection chamber
led to a major reduction in dust emissions. Moreover, a time period of 9 min for the evac-
uation of the detection chamber was sufficient for the detection of most airborne ACAM
particles within the detection chamber. An extension of the evacuation time did not result
in a significant increase in the detected particles. Computational fluid dynamics (CFD)
simulations revealed that the air flowing through the orifices of the detection chamber for
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pressure compensation caused a rotating and downward flow towards an IOM sampler.
The relative values resulting from the examinations using either atomized ACAM or smoke
for the determination of the evacuation time indicate that both methods are comparable.
The deviation from the values simulated with CFD may be explained by the low diffusion
coefficient of the simulation.

From the results of this study, it may be concluded that the presented TCS allowed
for a containment investigation of small amounts of pharmaceutical powders, with regard
to their dustiness, within a justifiable time. In future studies, other powder blends will be
investigated in regards to their dustiness and their particle flow properties. Moreover, it is
of interest to determine whether an additional increase in the pressure difference between
the emission and the detection chamber may finally lead to a complete interruption of
dust emission.
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3.2 An Investigation on the relationship between dust emission and air flow as 
well as particle size with a novel containment two-chamber setup 

In this study, the relationship of particle size, pressure difference, and air velocity with 

the resulting dust emissions were investigated. 

Initially, increased pressure differences between the emission and detection chambers 

of 0 - 12 Pa, which could be achieved by design modifications of the TCS, resulting in 

increased air velocities were examined. For comparative purposes, a CFD was carried 

out to simulate the average air velocities between the two chambers. These simulated 

average air velocities within the TCS provided values between 0.09 and 0.37 m/s and 

matched the experimentally determined values of 0.09 - 0.41 m/s accurately. 

Furthermore, the results confirm that both simulated and experimentally determined air 

velocities increase with increasing pressure difference. 

Subsequently, six different particle size fractions of ACAM were examined at pressure 

differences between 0 and 12 Pa to analyse their influence on the resulting dust 

emissions. In these experiments, fine particles led to higher overall dust emissions than 

coarse particles. An increase of the pressure difference between the two chambers, 

leading to an according increase in air velocity, caused a significant reduction in dust 

emission for all particle size fractions. Depending on the particle size of the surrogate 

substance ACAM, pressure differences of 5 - 8 Pa were sufficient to reduce emissions 

to non-quantifiable levels. With coarse particles, a lower pressure difference and, 

consequently, a lower air velocity is sufficient to decrease dustiness to undetectable 

ACAM quantities. 

In summary, the results of this study show that, depending on the powder dustiness, 

pressure differences and the resulting air flows, which may form flow barriers, 

effectively prevent the leakage of dust particles from a containment system. 
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The overall concept and methodology of the presented study are visually summarised 

in Figure 8. 

 

Figure 8: Comprehensive depiction of the study design and key results [171]. 

Dosage forms containing the plain active ingredient only play a minor role, because 

additional excipients are usually necessary for the manufacture of drug products. 

These excipients might not only affect the physicochemical properties of the APIs 

during processing but may also considerably alter the dust emissions of the active 

ingredients. Based on the results of this study, in which plain ACAM without excipients 

was investigated, in the next study, blends of an API and an excipient of varying particle 

sizes and their influence on DTS were examined. Such investigations of DTS may help 

to better understand and to take into consideration the interactions between active 

ingredients and excipients.  
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Abstract: In the present study with a novel two-chamber setup (TCS) for dustiness investigations, the
relationship between pressure differences as well as air velocities and the resulting dust emissions
is investigated. The dust emissions of six particle size fractions of acetaminophen at pressure
differences between 0 and 12 Pa are examined. The results show that both simulated and measured
air velocities increase with increasing pressure difference. Dust emissions decrease significantly
with increasing pressure difference and air velocity. Fine particles cause higher dust emissions
than coarse particles. A high goodness of fit is obtained with exponential and quadratic functions
to describe the relationship between pressure difference and dust emission, indicating that even
moderate increases in pressure may lead to a reduction in the emission. Average air velocities within
the TCS simulated with Computational Fluid Dynamics are between 0.09 and 0.37 m/s, whereas
those measured experimentally are between 0.09 and 0.41 m/s, both ranges corresponding to the
recommended values for effective particle separation in containment systems. These results underline
the ability of the novel TCS to control pressure and airflow, which is essential for reliable dust emission
measurements and thus provide support for further scientific and industrial applications.

Keywords: containment; HPAPI; two-chamber setup; flow barrier; dustiness; dust emissions

1. Introduction
In recent years, highly potent active pharmaceutical ingredients (HPAPIs) have be-

come more prevalent, making the safe handling of these potentially hazardous substances
increasingly important. HPAPIs not only cause pronounced pharmacological effects but
may also compromise the environment even at very low concentrations [1–6]. They are
used in various therapeutic areas, e.g., oncology, neurology, endocrinology, and in the
treatment of autoimmune diseases. Examples for HPAPIs include cytostatics, hormones,
antibody–drug conjugates, and immunomodulators [7–11]. Because of the high health
risks associated with HPAPIs, appropriate safety measures, including specific plant and
equipment designs, are required. These facilities have to be specifically designed to meet
the unique requirements of HPAPI manufacturing, including complex filtration and ventila-
tion systems with high efficiency regarding the removal of fine airborne particles and thus
enhancing protection against hazardous airborne substances [12–16]. These precautions
include establishing airlocks, maintaining pressure differentials, using high-efficiency fil-
ters, restricting access to areas where HPAPIs are handled, as well as the use of specialized
personnel-protective equipment to reduce health risks [5,17]. Dust collection systems in
milling plants, for example, may also help to minimize airborne exposure and ensure a
safer working environment in pharmaceutical manufacturing [18].

Pharmaceutics 2024, 16, 1088. https://doi.org/10.3390/pharmaceutics16081088 https://www.mdpi.com/journal/pharmaceutics

https://doi.org/10.3390/pharmaceutics16081088
https://doi.org/10.3390/pharmaceutics16081088
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/pharmaceutics
https://www.mdpi.com
https://doi.org/10.3390/pharmaceutics16081088
https://www.mdpi.com/journal/pharmaceutics
https://www.mdpi.com/article/10.3390/pharmaceutics16081088?type=check_update&version=1


Pharmaceutics 2024, 16, 1088 2 of 17

A further important issue in this context is to avoid contamination of the environment
as well as cross-contamination during production and its accompanying manufacturing
processes [3,7,19,20]. As the processing of HPAPIs inevitably generates pharmaceutical
dust, appropriate containment systems and special equipment designs are required to min-
imize potential hazard exposure [1,21–23]. In this regard, dustiness describes the tendency
of powdery material to generate airborne particles during its handling [21,24,25]. Various
processes in pharmaceutical manufacturing, such as material transfer, milling, blending,
and granulation are associated with the generation of dust and therefore pose a risk for a
potential hazard exposure if HPAPIs are used. Dust generation from pharmaceutical pow-
ders is influenced by numerous factors, particularly the physicochemical and mechanical
properties of the powders [1,18,26–31].

The establishment of occupational exposure limits (OELs), detailed hazard and risk
assessments, and a clear understanding and implementation of containment procedures
are necessary for a careful approach to handling HPAPIs [3,8–10,32–34]. The measurement
of dust formation is therefore of crucial importance for assessing the health hazards in
pharmaceutical facilities. For this purpose, various systems and methods have been
developed to reproducibly measure the dust generation of powdery solids. However,
most of these systems and methods are not designed for pharmaceutical applications, as
the material quantities required for these measurements are relatively high. HPAPIs, for
example, are often available only in limited quantities and are relatively expensive [35–40].
In this study, therefore, a novel two-chamber model was used to investigate the dustiness
of powders under different flow conditions.

The atomization of powders is achieved by applying energy to a powder bulk leading
to the distribution of particles in the air. The use of excessive energy may even lead to
fragmentation of single particles and therefore to a potentially higher dust generation. Each
method for the detection of dust generation involves a different technique of atomization,
making a comparison of the different dust detection methods difficult. An exact prediction
of dust generation only based on material properties such as particle size and density
is not yet possible. Nevertheless, particle size distribution, particle shape, bulk density,
residual moisture, as well as cohesive and adhesive forces between powder particles have
a significant influence on dust generation [36,38,41–44].

Reproducible dust generation requires a standardized atomization method with de-
tailed specifications regarding test duration, type and intensity of the mechanical stimulus,
and the amount of test material. A high degree of standardization is also essential for per-
forming appropriate dust measurements to ensure reproducibility and a comparability of
the results with the conditions during industrial manufacturing processes [38,41,45]. Pow-
dery substances are frequently used to assess the containment performance of equipment
by measuring their airborne particle concentration outside of the contained area. The ISPE
(International Society for Pharmaceutical Engineering) recommends various surrogates in
its Good Practice Guide, including acetaminophen, insulin, mannitol, naproxen sodium,
riboflavin, sucrose, and lactose monohydrate [1,46].

Previous studies have shown that Computational Fluid Dynamics (CFD) simulations
are suitable for analyzing the flow behavior during dustiness investigations [47,48]. CFD
comprises the numerical simulation of fluid dynamics in liquids and gases including dust.
By applying numerical models, CFD enables detailed analyses of flow patterns, temperature
distributions, and other physical parameters in complex systems. It is an essential tool in
various engineering disciplines as well as the pharmaceutical area as it provides profound
insights into the behavior of fluids in general. CFD is used to model and optimize a variety
of processes, including the characterization of devices and systems for the measurement of
airborne particles. The numerical models allow a detailed visualization of the aerodynamics
in these devices or systems for investigating the distribution of airborne particles and
identify potential areas of particle accumulation [49]. In addition, CFD simulations may
illustrate the particle flow in complex systems providing profound knowledge on the
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atomization process of pharmaceutical powders and allowing the entire production chain
to be optimized [25,39,50,51].

One strategy for preventing the unwanted emission of airborne substances is the
implementation of a flow barrier, which is described as a displacement concept in EN
ISO 14664-4, among others. In this concept, an air flow is directed from the surrounding
region into the process zone through positive pressure, effectively preventing the reverse
transport of particles. This principle is characterized by the use of a comparatively high
air flow accompanied by relatively low pressure differences between the environment and
the process zone. In the case of leakage, minimum flow velocities of 0.2 m/s are required
for separation of the environment from the process zone. Therefore, flow velocities of
0.4–0.5 m/s are recommended [52,53]. Maintaining a high air flow is necessary to prevent
the emission of harmful particles in the event of leakage.

The main objective of this study is to analyze pressure differences within a newly
developed two-chamber setup (TCS) by applying these pressure differences to generate
both plain diffusive and oppositely directed convective transport of air particles. The
surrogate substance, acetaminophen, was atomized inside the TCS and subsequently
quantified. In a previous study, it was already demonstrated that different flow conditions
within the closed system may be investigated and even small amounts of pharmaceutical
powders may be detected [47]. Based on these findings, the present study focuses on
the influence of the particle size of the airborne particles and their transport at high air
velocities on the resulting dust emissions.

2. Materials and Methods
2.1. Materials

Acetaminophen (ACAM; Caelo, Hilden, Germany and Fagron, Glinde, Germany)
was used as an industry-accepted safe surrogate substance recommended by the ISPE for
dustiness. ACAM from Caelo was micronized, whereas that from Fagron showed a particle
size of about 20 to 500 µm.

2.2. Two-Chamber Setup (TSC)
2.2.1. Design of the TCS

In Figure 1, an illustration of the TCS which was recently described in the literature, is
shown [47]. The TCS used in this study consists of 6 mm acrylic glass panes with external
dimensions of 618 → 312 → 306 mm. The TCS is divided into two chambers, which are
separated by an acrylic glass wall of the same thickness. The two chambers, referred to
as the emission and detection chambers, are connected to each other by an orifice with a
diameter of 25.4 mm. Consequently, the dimensions of both the emission and detection
chambers are 300 → 300 → 300 mm.

The detection chamber has an additional pyramidal construction to improve the
detection of airborne particles. By installing this construction, the volume of the detection
chamber is reduced to about 15 L, while the volume of the emission chamber remains at
27 L. Both chambers are separated at the top by a removable lid, which is also made of
acrylic glass and with dimensions of 630 → 324 → 30 mm. To ensure that the removable
lid is sealed, an adhesive elastic rubber seal is applied to the edges of the chambers. By
means of toggle locks, which press the lid onto the seals of the chambers to hold them
in position, the tightness of the TCS to the environment is ensured. The lid contains two
orifices that are positioned centrally above both the emission and detection chambers and
are required for atomization and the generation of oppositely directed convective flow.
Additional orifices are provided in the lower part of the TCS, being mandatory over the
course of the experiment process: In addition to the orifice that establishes a connection
to the detection chamber in the emission chamber, in addition, there is another orifice
that is necessary for pressure compensation during atomization. Furthermore, there is an
orifice for the attachment of a TPE tube (PUN-10X, Festo, Esslingen, Germany), allowing
a differential pressure gauge (testo 400, Testo, Titisee-Neustadt, Germany) to be directly
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connected to the emission chamber. The differential pressure gauge is also connected to
an orifice in the detection chamber via a TPE tube. Two type-K thermoelectric couples
(thermoelectric couple type-K with TC plug, Testo, Titisee-Neustadt, Germany) are installed
in both chambers to be able to monitor the temperature. In addition, the detection chamber
contains two diagonally arranged orifices for pressure compensation during evacuation
of the chamber. Previous studies have already shown that a diagonal arrangement of the
orifices enables a reproducible collection of airborne particles within reasonable time [47,54].
A further orifice is located at the bottom of the detection chamber, towards which the
pyramidal construction extends. An IOM sampler (Institute of Occupational Medicine;
SKC, Blandford Forum, UK), which is required for the detection of airborne particles, is
attached to this orifice. The IOM sampler is further connected to an air sampling pump
(AirChek ESSENTIAL Pump, SKC, Blandford Forum, UK).
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differential pressure gauge is required, which is attached to the B-type aluminum profiles. 
A digital paddle wheel flow meter (35812, ANALYT-MTC Meßtechnik, Mülheim, Ger-
many) is also fastened to the profiles to monitor the set flow rate during the evacuation of 
the detection chamber. The measurement process is centrally controlled via a program-
mable logic controller (PLC, Siemens LOGO! 12/24RC, Munich, Germany). The PLC is 
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ceives a signal from it, which is amplified by a DC/DC converter to provide a sufficiently 

Figure 1. Simplified illustration of the TCS in a closed state (a) and an open state (b). 1: Orifice for
pressure compensation of the emission chamber; 2: Orifices for the double-acting ball valves for
atomization and oppositely directed convective flow; 3: Orifices for pressure compensation of the
detection chamber during the detection phase; 4: Orifice for the IOM sampler; 5: Orifices for the
attachment of thermal sensors of the differential pressure gauge; 6: Orifices for the measurement
of the differential pressure with the differential pressure gauge; 7: Connection orifice between the
emission and the detection chamber.

In Figure 2, a more detailed illustration of the TCS with further constructive parts is
shown. The TCS is surrounded by a frame of B-type aluminum profiles to which measuring
devices and electronic and pneumatic components for process control are mounted. To
adjust predefined pressure differences and to control the pressure difference during the
possible transport of airborne particles from the emission to the detection chamber, a
differential pressure gauge is required, which is attached to the B-type aluminum profiles.
A digital paddle wheel flow meter (35812, ANALYT-MTC Meßtechnik, Mülheim, Germany)
is also fastened to the profiles to monitor the set flow rate during the evacuation of the
detection chamber. The measurement process is centrally controlled via a programmable
logic controller (PLC, Siemens LOGO! 12/24RC, Munich, Germany). The PLC is controlled
by a single-board microcontroller (Arduino® Uno Rev3, Ivrea, Italy) and receives a signal
from it, which is amplified by a DC/DC converter to provide a sufficiently high input
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signal. The single-board microcontroller is necessary for synchronizing all devices with the
server time and consequently with the measurement phases.
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components: (a) TCS in closed state; (b) TCS in open state.

In Figure 3, the system control of the individual pneumatic components by the PLC
of the TCS is shown in a piping and instrumentation diagram. The different phases of
a measurement are centrally controlled by two 5/2 and two 3/2 solenoid valves. These
valves are connected to the corresponding pneumatic components and ensure that the
signals sent by the PLC trigger the required operations. This configuration allows for
precise control over all phases of the measurement.

In Figure 4, the pneumatic components of the TCS are illustrated. The four output slots
of the PLC are connected to two 5/2 and two 3/2 solenoid valves, which are also attached
to the aluminum profiles. One of the 5/2 solenoid valves is used for the pneumatic control
of the first double-acting ball valve, which is responsible for atomizing the powder samples
in the emission chamber. The other 5/2 solenoid valve is applied for the pneumatic control
of the second double-acting ball valve (inlet orifice), required for the adjustment of plain
diffusion or the generation of an oppositely directed convective flow. The 3/2 solenoid
valves represent the outlet orifice and the opening for pressure control, respectively.
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Two compressors are used in the design of the TCS. The first compressor (Mega 520-
200 D Metabo, Nürtingen, Germany) is required to operate the pneumatic components. By
adjusting the flow regulator of the second compressor (Mega 400–50 W; Metabo, Nürtin-
gen, Germany), it is possible to choose between plain diffusive and oppositely directed
convective transport. In addition, this 5/2 solenoid valve also pneumatically controls a
double-acting cylinder which is connected to the flap required to control the opening or
closing of the orifice between the emission and detection chambers.

2.2.2. TCS Measurement Phases
In general, the dustiness measurements with the TCS are divided into three phases,

as shown in Figure 5. In the first phase, named the atomization phase, 100 mg of ACAM
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with different particle sizes are atomized in the emission chamber with the double-acting
ball valve at an overpressure of 50,000 Pa for 5 s. The pressure is compensated for the
pneumatic control of the 3/2 valve, also for 5 s. During atomization, the double-acting
cylinder is actuated so that the flap separates the emission from the detection chamber. This
measure ensures that the ACAM particles are homogeneously distributed in the emission
chamber without being transferred to the detection chamber.
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In the second phase of the measurement, also referred to as the transport phase,
the transport of the airborne particles from the emission to the detection chamber is
investigated. This phase is intended for analyzing the plain diffusive transport and the
oppositely directed convective transport of the airborne particles within the TCS. By
adjusting the pressure between the two chambers, it is either feasible to investigate a
plain diffusive transport (∆p = 0 Pa) or a convective flow (∆p > 0 Pa). In this phase of the
dustiness measurements, the controllable flap is opened for 60 s to allow either diffusive
or convective flow between the two chambers and to observe the transport of airborne
particles. At the same time, the double-acting ball valve above the detection chamber is
opened and the double-acting cylinder is deactivated, thereby connecting the emission
with the detection chambers. The pressure difference between the two chambers is verified
by the differential pressure gauge.

The third phase, also known as the detection phase, involves the separation of the
two chambers by closing the controllable flap after 60 s, thereby quantifying the amount of
ACAM transferred from the emission to the detection chamber. Directly after the second
measurement phase, the air sampling pump is activated, and the detection chamber is
evacuated at a flow rate of 5.0 L/min for 9 min. Meanwhile, pressure compensation is
ensured by opening the pneumatic 3/2 valve allowing the flow of filtered air through the
diagonally arranged orifices.

2.2.3. Flow Velocities within the TCS
A thermal anemometer (testo 405i, Testo, Titisee-Neustadt, Germany) is used to mea-

sure the flow velocities during the transport phase of the dustiness measurements and
to compare them with calculated values from CFD (Computational Fluid Dynamics) sim-
ulations. In Figure 6, the thermal anemometer is inserted through an acrylic glass plate
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specifically designed for this purpose. Flow velocities are measured at five different points
within the orifice.
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In a previous study, pressure differences of 0–4 Pa were achieved by using one com-
pressor and were compared with resulting dust emissions of ACAM with a defined particle
size [47]. A second compressor, which is required for a separate pressure cycle, enables
higher pressure differences of up to 12 Pa. In addition, ACAM fractions of different particle
sizes are used to investigate the influence on dust generation. CFD is also used to inves-
tigate the flows resulting from the respective pressure differences within the TCS during
the transport phase. Depending on the pressure difference (0–12 Pa), the resulting flow
velocities within the TCS are measured. Subsequently, the mean flow velocities determined
at the five measurement points in triplicate are calculated. The CFD simulations are carried
out with the SimScale software (SimScale, Munich, Germany), applying the k-Omega tur-
bulence model for shear stress transport (k-ω-SST) in a steady-state approach. The initial
conditions of the CFD simulations are shown in Table 1.

Table 1. Initial conditions for CFD simulations.

Properties Values

Kinematic viscosity 1.529 → 10↑5 m2/s
Density 1.196 kg/m3

The flow characteristics for the simulations are shown in Table 2. The boundary
conditions are set to a pressure difference between the inlet and outlet in the range of
1–12 Pa in increments of 1 Pa to only take into account the convective flow.

Table 2. Boundary conditions for CFD simulations.

Properties Values

Gauge pressure 0 Pa
∆p between inlet and outlet orifice 1–12 Pa in 1 Pa increments

Turbulence kinetic energy [k ] 1.297 → 10↑2 m2/s2

Specific dissipation rate [ω ] 12.49 s↑1
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The simulated and measured average air velocities resulting from the pressure differ-
ences are used to investigate the effect of air velocity on dust generation. For this purpose,
the pressure difference between the two chambers is set to values between 0 and 12 Pa: At
a pressure difference of 0 Pa, the plain diffusive transport of ACAM between the detection
and emission chambers is investigated, while increasing the pressure difference from 1
to 12 Pa allows the investigation of the diffusive transport of ACAM with an oppositely
directed convective flow.

2.3. Investigated Powder Fractions
Sieving of the untreated ACAM powders through sieves with mesh sizes of 500, 355,

250, 150, and 63 µm (RETSCH, Haan, Germany) is performed to obtain five different
powder fractions, designated as ACAM 2-6. As the ACAM from Caelo was micronized, the
sieving procedure was not necessary.

2.4. Powder Characterization
2.4.1. True Density

The true density of ACAM is determined with a helium pycnometer (Pycnomatic
ACT EVO, Porotec, Hofheim am Taunus, Germany). Between 6 and 8 g of the powder
fractions are added to the sample chamber. The true density is determined as the constant
value achieved after the samples have reached an equilibrium state. All measurements are
carried out in triplicate to minimize the weighing error.

2.4.2. Bulk and Tapped Density
Following monograph 2.9.34 “Bulk and tapped density of powders” of the European

Pharmacopoeia [55], the bulk and tapped densities of the different ACAM fractions as
well as the micronized ACAM are measured using a vibrating volumeter (STAV 2003, J.
Engelsmann, Ludwigshafen, Germany). The 250 mL measuring cylinder is filled with
100 g of ACAM and subjected to tapping. All bulk and tapped densities are measured in
triplicate.

2.4.3. Laser Diffractometry
The particle size distribution of ACAM is analyzed by laser diffractometry (Helos

KR, Sympatec, Clausthal-Zellerfeld, Germany). A lens with an effective measuring range
from 0.5 to 875 µm is used. Compressed air at a pressure of 150,000 Pa is used to disperse
the powder samples. The particle size distribution is analyzed using Paqxos software
(version 2.0.3, Sympatec, Clausthal-Zellerfeld, Germany). All measurements are carried
out in triplicate.

2.4.4. Residual Moisture Content
The residual moisture content of ACAM fraction as well as the micronized ACAM is

analyzed by thermogravimetric analysis (TGA; TG 209 F1 Libra®, Netzsch-Gerätebau, Selb,
Germany). The samples are heated up from room temperature to 105 ↓C at a heating rate
of 10 K/min and are kept at this temperature for 30 min. Measurements are carried out in
triplicate.

2.5. HPLC Analysis
The quantification of ACAM collected in the glass microfiber filters is performed with

a VWR-Hitachi Chromaster 5000 (VWR International, Radnor, PA, USA), equipped with
a 250 → 4 mm column (LiChroCART® 250-4, Merck, Darmstadt, Germany) containing an
RP-18e phase (particle size 5 µm), as described in a previous study [47]. Briefly, the amount
of ACAM in each glass microfiber filter is extracted with 2 mL of the mobile phase (ace-
tonitrile:water (75:25 v/v)) by shaking with a shaker (Unimax 1010, Heidolph Instruments,
Kelheim, Germany). A sample volume of 20 µL is injected into the chromatograph and
ACAM content is determined at 245 nm (Chromaster 5430 Diode Array Detector, Hitachi,
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Chiyoda, Japan). The concentration of ACAM in the sample solutions is linear in the cali-
bration range between 0.002 µg/mL and 2.212 µg/mL (R2 = 0.999). The high-performance
liquid chromatography (HPLC) assay exhibited reliable analytical performance, with the
limit of detection (LOD) determined to be 0.0064 µg/L, and the limit of quantification
(LOQ) was at 0.0214 µg/L.

3. Results and Discussion
3.1. Air Flow Conditions within the TCS

For investigating the air flow conditions within the TCS, it is essential to obtain
information about the pressure differences during the individual measurement phases. As
already mentioned in Section 2.2.2, the measurement of dust emissions is conducted in
three phases, illustrated in Figure 7: the atomization phase, the transport phase, and the
detection phase.
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Figure 7. (a) Overview of the three measurement phases (red: atomization phase, blue: transport
phase, green: detection phase); (b) pressure differences during the atomization phase; (c) pressure
differences of 0–12 Pa during the transport phase; (d) pressure differences during the detection phase
(means ± SD, n = 3).

In Figure 7a, an overview of all three phases, shown in more detail in Figure 7b–d, is
given. This figure clearly illustrates that the TCS operates satisfactorily. In the atomization
phase (first phase), the powder in the ball valve is atomized by overpressure. For a time
period of 5 s, the pressure in the emission chamber is higher than that in the detection
chamber. During this phase, both chambers are separated from each other by the control-
lable flap. After this time period, the pressure differences decrease to values between 0
and 12 Pa. During this transport phase (second phase), preset pressure differences are
reached by opening the ball valve above the detection chamber. After 60 s, the detection
phase (third phase) starts. The increase in the pressure differences in this phase is caused
by activation of the air sampling pump for 540 s.

The mean values of the pressure differences between the emission and detection
chambers during the atomization phase are shown in more detail in Figure 7b. To ensure
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reproducible and comparable results, the pre-adjusted overpressure is identical for all
measurements. With regard to the results, it is important to consider that the atomization
phase lasts only for 5 s, and the sampling rate of the differential pressure device is 1/s. The
pressure required for atomizing the powder within the emission chamber increases quickly
during the 5 s to reach a constant overpressure.

The mean values of the pressure differences between the two chambers during the
transport phase in Figure 7c are shown. It is noticeable that the pressure differences,
preset between 0 and 12 Pa in clearly distinguished 1 Pa increments, remain constant over
the entire duration of this measurement phase because of the second compressor (see
Section 2.2.1), despite the permanent opening of the controllable flap during this phase.

In Figure 7d, the detection phase is shown, which is designated by reaching constant
pressure difference in a range between 36.1 and 36.7 Pa after a few seconds. This phase
ends after exactly 540 s completing the dust analysis. All dustiness measurements last for
605 s.

Overall, the presented results confirm that the TCS enables precise and reproducible
control of the pressure differences providing reliable information on the air flow conditions.
This is crucial for the consistent measurement of dust emissions and provides a reliable
base for further dustiness investigations in the context of containment.

3.2. Air Velocities Resulting from Different Pressure Differences
The Computational Fluid Dynamics (CFD) simulations were already carried out in a

previous study within a pressure difference range between 1 and 4 Pa [47]. By constructive
changes in the TCS and the addition of a second compressor, pressure differences of up to
12 Pa may be reached. The simulations of the resulting average air velocities at pressure
differences between 1 and 12 Pa are shown in Figure 8. In this context, it has to be mentioned
that pressure difference and air velocity are related to each other.

In Figure 9, a comparison between the simulated and measured average air velocities
is presented as a function of the pressure difference. The simulated average air velocities
range from 0.09 to 0.37 m/s, while the measured average air velocities are between 0.09 and
0.41 m/s. Again, with increasing pressure difference, both the simulated and measured air
velocities increase. However, the measured values are generally slightly higher than the
simulated values, especially at higher pressure differences. Despite the slight differences
between the simulated and measured data, the curved profiles of both are similar.

3.3. Dust Emission Depending on the Pressure Difference/Air Velocity and ACAM Particle Size
In Figure 10, the measured dust emissions at different pressure differences between 0

and 12 Pa are shown. Six different ACAM powder fractions (ACAM 1–ACAM 6) differing
in their particle size are examined. The results show that the dust emissions vary depending
on the particle size: a significant decrease (p < 0.05) in the measured dust emissions is
observed with increasing the particle size of ACAM. As expected, the dust emissions also
decrease with increasing pressure difference between the emission and detection chambers
of the TCS and consequently with higher air velocities. Except for ACAM 6, dust emissions
are no longer quantifiable above a pressure difference of 7 Pa (about 0.2 m/s). With the
coarsest powder fraction (ACAM 6), dust emissions are measurable only up to a pressure
difference of about 4 Pa.

To describe the obtained data series, suitable mathematical functions are used, and
their goodness of fit is evaluated. Three different models are examined for this purpose:
a linear function, an exponential function, and a quadratic function. The results of the
calculations are summarized in Table 3 for the ACAM 1–ACAM 6 samples. The goodness
of fit is evaluated by the coefficient of determination R2. The first model, a linear function
in the form of

y = m·x + b, (1)
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leads to R2 values between 0.674 and 0.882 for the six ACAM fractions, indicating a low
goodness of fit. Thus, the linear function does not describe the data appropriately. The
second model, an exponential function in the form of

y = a·e↑b·x, (2)

results in an R2 values in the range of 0.926 and 0.987 for the investigated ACAM fractions,
providing a considerable goodness of fit. The third model, a quadratic function in the
form of

y = a·x2 + b·x + c, (3)

leads to R2 values of 0.863–0.977, which also represents a good-fitting model, especially for
ACAM 5. Overall, the data are best described by the exponential function, followed by the
quadratic function, and the linear function shows the lowest goodness of fit.

Pharmaceutics 2024, 16, x FOR PEER REVIEW 12 of 18 
 

 

 
Figure 8. Air velocities at pressure differences of 1–12 Pa between the emission chamber (left) and 
the detection chambers (right). Figure 8. Air velocities at pressure differences of 1–12 Pa between the emission chamber (left) and
the detection chambers (right).



Pharmaceutics 2024, 16, 1088 13 of 17
Pharmaceutics 2024, 16, x FOR PEER REVIEW 13 of 18 
 

 

 
Figure 9. Air velocity versus pressure difference (means ± SD, n = 3). 

3.3. Dust Emission Depending on the Pressure Difference/Air Velocity and ACAM Particle Size 
In Figure 10, the measured dust emissions at different pressure differences between 

0 and 12 Pa are shown. Six different ACAM powder fractions (ACAM 1–ACAM 6) differ-
ing in their particle size are examined. The results show that the dust emissions vary de-
pending on the particle size: a significant decrease (p < 0.05) in the measured dust emis-
sions is observed with increasing the particle size of ACAM. As expected, the dust emis-
sions also decrease with increasing pressure difference between the emission and detec-
tion chambers of the TCS and consequently with higher air velocities. Except for ACAM 
6, dust emissions are no longer quantifiable above a pressure difference of 7 Pa (about 0.2 
m/s). With the coarsest powder fraction (ACAM 6), dust emissions are measurable only 
up to a pressure difference of about 4 Pa. 

To describe the obtained data series, suitable mathematical functions are used, and 
their goodness of fit is evaluated. Three different models are examined for this purpose: a 
linear function, an exponential function, and a quadratic function. The results of the cal-
culations are summarized in Table 3 for the ACAM 1–ACAM 6 samples. The goodness of 
fit is evaluated by the coefficient of determination R2. The first model, a linear function in 
the form of 

y = m⋅x + b, (1) 

leads to R2 values between 0.674 and 0.882 for the six ACAM fractions, indicating a 
low goodness of fit. Thus, the linear function does not describe the data appropriately. 
The second model, an exponential function in the form of 

y = a⋅e−b⋅x, (2) 

results in an R2 values in the range of 0.926 and 0.987 for the investigated ACAM 
fractions, providing a considerable goodness of fit. The third model, a quadratic function 
in the form of 

Figure 9. Air velocity versus pressure difference (means ± SD, n = 3).

Pharmaceutics 2024, 16, x FOR PEER REVIEW 14 of 18 
 

 

y = a⋅x2 + b⋅x + c, (3) 

leads to R2 values of 0.863–0.977, which also represents a good-fitting model, espe-
cially for ACAM 5. Overall, the data are best described by the exponential function, fol-
lowed by the quadratic function, and the linear function shows the lowest goodness of fit. 

 
Figure 10. Dust emissions of ACAM 1–ACAM 6 at pressure differences between 0 and 12 Pa (means 
± SD, n = 3). 

Table 3. Results of the linear, exponential, and quadratic functions for mathematical modeling for 
the dust emissions depending on the pressure difference (ACAM 1–ACAM 6). 

Sample 
Linear Parame-
ters 

Linear R2 
Exponential Pa-
rameters 

Exponential R2 
Quadratic Parame-
ters 

Quadratic R2 

ACAM 1 
m = −0.087 Pa−1  
b = 0.820 µg 

0.691 
a = 1.34 µg  
b = 0.444 Pa−1 

0.950 
a = 0.014 µg Pa−2  
b = −0.253 µg Pa−1  
c = 1.124 µg 

0.8804 

ACAM 2 
m = −0.076 Pa−1  
b = 0.714 µg 

0.689 
a = 1.15 µg  
b = 0.431 Pa−1 

0.926 
a = 0.012 µg Pa−2  
b = −0.214 µg Pa−1  
c = 0.967 µg 

0.8630 

ACAM 3 
m = −0.065 Pa−1  
b = 0.595 µg 

0.683 
a = 1.00 µg  
b = 0.472 Pa−1 

0.982 
a = 0.012 µg Pa−2  
b = −0.204 µg Pa−1  
c = 0.850 µg 

0.923 

ACAM 4 
m = −0.044 Pa−1  
b = 0.406 µg 

0.724 
a = 0.65 µg  
b = 0.423 Pa−1 

0.987 
a = 0.008 µg Pa−2  
b = −0.135 µg Pa−1  
c = 0.573 µg 

0.957 

Figure 10. Dust emissions of ACAM 1–ACAM 6 at pressure differences between 0 and 12 Pa (means
± SD, n = 3).



Pharmaceutics 2024, 16, 1088 14 of 17

Table 3. Results of the linear, exponential, and quadratic functions for mathematical modeling for the
dust emissions depending on the pressure difference (ACAM 1–ACAM 6).

Sample Linear Parameters Linear R2 Exponential
Parameters Exponential R2 Quadratic

Parameters Quadratic R2

ACAM 1 m = ↑0.087 Pa↑1

b = 0.820 µg 0.691 a = 1.34 µg
b = 0.444 Pa↑1 0.950

a = 0.014 µg Pa↑2

b = ↑0.253 µg Pa↑1

c = 1.124 µg
0.8804

ACAM 2 m = ↑0.076 Pa↑1

b = 0.714 µg 0.689 a = 1.15 µg
b = 0.431 Pa↑1 0.926

a = 0.012 µg Pa↑2

b = ↑0.214 µg Pa↑1

c = 0.967 µg
0.8630

ACAM 3 m = ↑0.065 Pa↑1

b = 0.595 µg 0.683 a = 1.00 µg
b = 0.472 Pa↑1 0.982

a = 0.012 µg Pa↑2

b = ↑0.204 µg Pa↑1

c = 0.850 µg
0.923

ACAM 4 m = ↑0.044 Pa↑1

b = 0.406 µg 0.724 a = 0.65 µg
b = 0.423 Pa↑1 0.987

a = 0.008 µg Pa↑2

b = ↑0.135 µg Pa↑1

c = 0.573 µg
0.957

ACAM 5 m = ↑0.025 Pa↑1

b = 0.233 µg 0.822 a = 0.324 µg
b = 0.321 Pa↑1 0.958

a = 0.003 µg Pa↑2

b = ↑0.0633 µg Pa↑1

c = 0.304 µg
0.977

ACAM 6 m = ↑0.016 Pa↑1

b = 0.138 µg 0.673 a = 0.234 µg
b = 0.465 Pa↑1 0.982

a = 0.003 µg Pa↑2

b = ↑0.052 µg Pa↑1

c = 0.206 µg
0.963

It should be noted that these findings are transferable to an only limited extent to
the conditions in pharmaceutical manufacturing, as some factors such as the method of
atomization, the energy transfer to the powder, the flow conditions, and the composition of
the investigated powders have a significant influence on the expected dust emission. These
factors may cause a considerable variation in the data, which makes the direct transfer of
the experimental results to industrial processes difficult. In addition, the exact configuration
and specifications of the TCS play a crucial role in the interpretation of the data and the
transferability to other systems and conditions. Overall, the present results illustrate the
versatile interactions between particle size, pressure difference, and dust emission.

3.4. ACAM Powder Characterization
In the present study, six different ACAM particle size fractions are examined, with

ACAM 1 showing the finest and ACAM 6 the coarsest particles. The results of the powder
characterization are summarized in Table 4.

Table 4. Overview of the ACAM powder properties.

Properties ACAM 1 ACAM 2 ACAM 3 ACAM 4 ACAM 5 ACAM 6

x10 (µm) 2.00 ± 0.03 4.87 ± 0.59 11.70 ± 0.02 20.10 ± 1.27 27.98 ± 1.00 58.80 ± 5.49
x50 (µm) 9.91 ± 0.21 21.99 ± 1.82 70.28 ± 0.07 126.85 ± 6.83 218.32 ± 4.02 346.16 ± 7.13
x90 (µm) 29.98 ± 1.78 61.39 ± 3.62 139.24 ± 0.20 250.43 ± 1.64 366.13 ± 2.77 574.84 ± 1.75
True density (g/cm3) 1.300 ± 0.009 1.295 ± 0.002 1.299 ± 0.002 1.289 ± 0.006 1.288 ± 0.005 1.288 ± 0.006
Bulk density (g/cm3) 0.35 ± 0.02 0.46 ± 0.00 0.53 ± 0.00 0.65 ± 0.00 0.67 ± 0.01 0.70 ± 0.00
Tapped density
(g/cm3) 0.57 ± 0.01 0.69 ± 0.00 0.76 ± 0.01 0.78 ± 0.00 0.78 ± 0.01 0.82 ± 0.01

Hausner ratio 1.61 ± 0.08 1.52 ± 0.01 1.43 ± 0.00 1.20 ± 0.00 1.16 ± 0.00 1.16 ± 0.01
Compressibility
index (%) 37.62 ± 3.20 34.09 ± 0.27 29.88 ± 0.21 16.57 ± 0.17 13.95 ± 0.00 13.84 ± 1.09

Residual moisture
content (%) 0.14 ± 0.02 0.14 ± 0.01 0.15 ± 0.02 0.14 ± 0.02 0.14 ± 0.03 0.15 ± 0.04

The particle size distributions of the ACAM fractions show a distinct difference. The
finest ACAM particles (x10) show a size of 2.00 µm, while the coarsest particles reach a size
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of 58.80 µm. The mean particle sizes (x50) increase from 9.91 µm for ACAM 1 to 346.16 µm
for ACAM 6. The x90 values are the lowest for ACAM 1 with 29.98 µm and the highest for
ACAM 6 with 574.84 µm.

The true densities of the particle fractions show only slight differences and are similar
(about 1.29 g/cm3). The bulk and tapped densities of the particle fractions increase from
ACAM 1 to ACAM 6. ACAM 1 shows a bulk density of 0.35 g/cm3 and a tapped density
of 0.57 g/cm3, while with ACAM 6, a bulk density of 0.70 g/cm3 and a tapped density of
0.82 g/cm3 are observed.

The Hausner index, which describes the flow behavior of the powders, decreases from
1.61 for ACAM 1 to 1.16 for ACAM 6. This shows an improvement in flow behavior with
increasing particle size. At the same time, the compressibility index decreases from 37.62%
for ACAM 1 to 13.84% for ACAM 6.

The residual moisture content is similar in all the samples and ranges between 0.14%
and 0.15%.

In summary, the results show that with increasing particle size of the ACAM fractions,
the bulk and tapped densities increase, and the flowability improves (decreased Hausner
index and compressibility index), whereas the true density and the residual moisture
content remain steady.

4. Conclusions
To investigate the dustiness of the surrogate substance acetaminophen at six particle

size fractions, a novel two-chamber setup is employed. The dust emissions show a signifi-
cant dependence on the particle size: Fine particles cause higher dust emissions because of
their better dispersion within the TCS. Where the correlation between dust emissions and
pressure difference or air velocity is concerned, model fitting indicates either an exponential
or quadratic relationship. Even moderate increases in pressure difference lead to significant
reductions in dust emission. Moreover, there is a significant decrease in dust emission with
increasing pressure difference and air velocity.

According to EN ISO 14664-4, one strategy to prevent the undesirable transport of
airborne substances is the implementation of a flow barrier. The simulated as well as mea-
sured air velocities within the TCS are similar in their range of 0.2–0.5 m/s, recommended
in the literature to ensure effective particle separation and control. In fact, depending on the
particle size of ACAM, air flow velocities of around 0.2 m/s within the TCS are sufficient
to ensure that no quantifiable amounts of ACAM are detected. In summary, the results
demonstrate that the investigated TCS enables precise and reliable control of the pressure
conditions, which is crucial for reproducible measurements of dust emissions.

In a future study, a more detailed investigation of the flow conditions within the TCS
should be performed. The change in the diameter of the orifice between the emission and
detection chamber and the resulting change in the cross-section area of the orifice might
also influence the flow conditions within the TCS and thus the potential transportation of
particles.
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3.3 Investigations on the dustiness of binary acetaminophen - lactose 
monohydrate powder blends 

In this third study, the TCS was used to analyse the dust generation of ACAM and 

binary blends of ACAM and lactose monohydrate (LM) at different particle sizes [172]. 

The two previous studies focused on the investigation of plain ACAM. The objective of 

this study was to specifically vary both the particle size and the mixing ratio to analyse 

their influence on dust emission. 

Three different particle size fractions were prepared by sieving: fine, medium-size and 

coarse particles. Subsequently, powder blends with mixing ratios of 20:80, 40:60, 60:40 

and 80:20 (ACAM:LM) were produced. With the TCS, these powder blends were 

examined in comparison to plain ACAM in terms of dust emissions. 

The results show that the dust generation of ACAM and its binary blends with LM 

strongly depends on the particle size. Fine particles of ACAM generate significantly 

higher dust emissions than medium-size and coarse particles. In contrast, blends of 

ACAM and LM show reduced dust emissions, this effect being most pronounced with 

fine and medium-size LM particles, depending on the ACAM particle size. However, in 

the case of coarse LM particles, this reduction in dust emission is less pronounced: 

blends of coarse LM particles with fine ACAM particles led to the comparably lowest 

reduction in dust emission. These results emphasise the importance of particle size 

and mixing ratio for dust generation. 

Thus, this study significantly contributes to the knowledge of dust generation during 

processing of powder blends. It provides information on the influence of excipients and 

their particle sizes on dust emission. The obtained data may be used to optimise 

containment strategies, being particularly important for safely manufacturing dosage 

forms with highly potent active ingredients. 
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In Figure 9, the operational framework and essential features of the presented study 

are highlighted. 

 

Figure 9: Visual representation of the essential features and outcome of the study 
[172]. 
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A B S T R A C T

In this study, binary powder blends of acetaminophen (ACAM) and α-lactose monohydrate (LM) at different 
mixing ratios, with fine, medium-size, and coarse particles are investigated with a new two-chamber setup (TCS) 
to assess dustiness. The TCS consists of an emission and a detection chamber, allowing plain diffusive or 
convective particle transport. The aim is to compare the diffusive transport of ACAM with binary blends of ACAM 
and LM at different particle sizes and similar apparent density. Fine ACAM exhibits significantly higher dust 
emissions compared to medium and coarse ACAM. With increasing LM portion in the blends, ACAM dust 
emissions decrease. The blend of fine ACAM and coarse LM shows the highest dust emission, while the blend of 
coarse ACAM and fine LM reveals the lowest emissions. The TCS offers precise, reproducible measurements with 
good repeatability, making it beneficial for laboratory and industrial applications, even with small powder 
quantities.

1. Introduction

The use of so-called highly potent active pharmaceutical ingredients 
(HPAPIs) has substantially increased in recent years. HPAPIs are 

characterized by their ability to exert a significant pharmacological ef-
fect or environmental exposure even at very low amounts. These HPAPIs 
are increasingly being used in various therapeutic areas including 
oncology, neurology, endocrinology, and the treatment of autoimmune 
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diseases [1]. Common examples of HPAPIs include cytostatics, hor-
mones, antibody-drug conjugates, and immunomodulators [2–6]. 
Consequently, among other considerations, the importance of managing 
HPAPIs properly has also come up in the context of safe handling, pro-
tection of personnel, avoidance of cross-contamination during phar-
maceutical manufacture, and safeguard of the environment [5,7–11]. 
Therefore, containment systems have been developed to increase safety 
and are of crucial importance with regard to the transfer of technologies 
from laboratory to industrial use. There are high demands on both 
technical and measuring equipment to prevent risks concerning the 
health of personnel during manufacturing as well as the patients taking 
medication containing HPAPIs, and the environment [12–14]. As the 
manufacture and handling of HPAPIs inevitably lead to the generation of 
pharmaceutical dust, suitable containment equipment and containment 
strategies as well as specialized facility designs are necessary to mini-
mize potential exposure to HPAPIs [15,16]. These containment mea-
sures involve the use of airlocks, pressure differentials, high 
performance filters, and restricted access to HPAPI-handling areas. 
Furthermore, special personal protective equipment may be required to 
minimize health hazards [2,5,17,18]. The establishment of occupational 
exposure limits (OELs), detailed hazard and risk assessments, and a clear 
understanding and implementation of containment procedures empha-
size the importance of a careful approach to handling HPAPIs 
[2,5,13,19–22].

The dustiness of a powder is described as the tendency of a substance 
to generate airborne particles during handling [14,16]. Processes 
important to the manufacture of dosage forms consistently comprise the 
generation of dust [23]. For instance, operations such as grinding, pul-
verizing, mixing, transferring, or transporting, and drying of powders 
invariably lead to the generation of dust, which represents a potential 
hazard exposure, especially if inhaled [7,24–26]. Inhalable dust includes 
all airborne particles with an aerodynamic diameter of less than 100 μm 
that may be inhaled through the mouth and nose. Thoracic dust refers to 
particles with an aerodynamic diameter of less than 10 μm that pass 
through the larynx into the bronchi. Alveolar dust includes particles 
with an aerodynamic diameter of less than 4 μm that penetrate into the 
non-ciliated respiratory tract and reach the alveoli [27].

The tendency of an HPAPI to generate dust is basically influenced by 
its physicochemical and mechanical characteristics. These properties, 
which have an influence on dustiness, include true density, bulk density, 
particle size and distribution, particle shape, residual moisture content 
as well as cohesiveness and adhesiveness [14,28–34]. Particle motion is 
significantly influenced by parameters such as powder mass and particle 
size, which may provide valuable data for the prediction of dust emis-
sions. Particularly, the particle size distribution at the level of the raw 
materials plays a crucial role, as it directly influences the tendency for 
dust generation and may strongly affect dustiness during the 
manufacturing process [35,36]. In addition, dust emission is not con-
stant and may vary over time, making long-term tests essential to fully 
understand emission behavior, particularly in industrial applications 
[37,38]. However, exclusive analysis of these pharmaceutical powder 
attributes is not sufficient for precise prediction of dust propensity. 
Interestingly, research dedicated to dustiness of non-pharmaceutical 
powders is more extensive than that devoted to pharmaceutical pow-
ders, underscoring a significant gap in the literature and emphasizing 
the urgency for more research and development of standardized testing 
methods in pharmaceutical area [39,40].

Various devices, systems, and methods have already been developed 
for testing the dustiness of powders [41]. Such systems, which investi-
gate dust generation on a laboratory scale, include the Heubach rotating 
method, single drop method, continuous drop method, or the Venturi 
Dustiness Tester. Despite the increasing preference for computer simu-
lations in various fields, it is still essential to perform experimental 
studies on powder characterization to ensure accuracy and reliability 
that simulations alone cannot provide [19,34,42–49]. However, due to 
the usually scarcely available quantities of HPAPIs, measurements are 

limited and relatively expensive, emphasizing the challenges and costs 
associated with dustiness testing in the pharmaceutical industry [12]. 
Furthermore, the energy required for atomization of powders may result 
in high mechanical stress on the powder particles, which may lead to a 
decrease in particle size. The energy required for atomization during 
dustiness tests should therefore be adjusted in such a way that the par-
ticles are separated from each other without being further fragmented 
by mechanical stress. Nevertheless, an influence of atomization on the 
dustiness resulting from a decrease in particle size in these systems 
cannot be ruled out. Other types of particle separation, such as fluid-
ization or vibration, may also influence dust generation [50–52]. To 
ensure comparability of dustiness between laboratory and industrial 
scale, the energy transferred to the investigated powder samples during 
atomization should be similar. For this reason, standardized procedures 
are imperative for the evaluation of powder dustiness. It is essential that 
these procedures allow a correlation between dustiness measurements 
and the actual conditions encountered during manufacture of pharma-
ceutical dosage forms. The atomization method, duration, and intensity 
as well as the selected quantity of the powder samples play an important 
role in this process [16,30,41,47]. A high level of standardization gua-
rantees reproducibility, which is necessary for the evaluation of the 
obtained results and the potential transferability of these results to real 
situations [12,19,40]. The experimental conditions, such as tempera-
ture, humidity, and air flow, are crucial for this reproducibility, as they 
may influence significantly the results.

To ensure that the investigations for equipment testing or the eval-
uation of containment systems are as safe as possible, surrogates are 
used to measure the exposure of airborne particles in containment 
equipment. The ISPE (International Society for Pharmaceutical Engi-
neering) recommends various safe surrogates in the Good Practice 
Guide, including acetaminophen, insulin, mannitol, naproxen sodium, 
riboflavin, sucrose, and lactose monohydrate. The selection of surro-
gates depends on their physicochemical and mechanical properties as 
well as on the possibility of their quantification. Lactose monohydrate 
(LM), for example, is a surrogate that is available in various particle size 
distributions, has distinctive microscopic properties and is frequently 
used in pharmaceutical dosage forms. However, other surrogates such as 
riboflavin and acetaminophen are analytically easier to quantify. The 
high transferability of the surrogate properties to those of HPAPIs and 
their resulting dustiness may also be selection criteria 
[2,12,32,45,53–55].

Previous studies have already shown that a novel two-chamber setup 
(TCS) is suitable for investigating small amounts of pharmaceutical 
powders [53,56,57]. The safe surrogate acetaminophen (ACAM), rec-
ommended by the ISPE, was used in this study. A linear correlation of 
the atomized mass of ACAM with the resulting dust emission at a 
comparatively low standard deviation was found in a range of up to 400 
mg of atomized powder. A plateau effect was observed with this system 
if more than 400 mg of ACAM were used. By adjusting the pressure 
difference between the emission/ atomization chamber and detection 
chamber, it was possible to generate an oppositely directed convective 
flow. If the pressure difference between the two chambers is set to 0 Pa, 
the investigation of plain diffusive transport is also possible with the 
TCS.

Powder blends containing one or more excipients in addition to the 
active ingredient are frequently used in the manufacture of pharma-
ceutical dosage forms. This study therefore investigates the influence of 
the composition of binary powder blends containing ACAM and LM as 
well as of their particle size distribution on the resulting ACAM emis-
sions. ACAM emissions of the binary powder blends were measured in 
comparison to those of plain ACAM at the same amounts. LM was 
selected as a potential filler material, which is commonly used in 
pharmaceutical dosage forms. Fine, medium-size, and coarse particles of 
both ACAM and LM were prepared and blends at the different mixing 
ratios were formulated. In addition, the influence of the particle size on 
the measured dust emission was investigated.
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2. Materials and methods

2.1. Materials

Acetaminophen (ACAM; Caelo, Hilden, Germany and Fagron, 
Glinde, Germany) was used as an industry-accepted safe surrogate 
substance for the measurement of dust emission. α-Lactose monohydrate 
(LM; Tablettose® 70 and Tablettose® 100, Meggle, Wasserburg am Inn, 
Germany) was used as an excipient for the preparation of binary powder 
blends consisting ACAM and LM.

2.2. Methods

2.2.1. Sieving
For sieving, sieves with a mesh size of 355, 250, and 63 μm (RETSCH, 

Haan, Germany) were used. The unprocessed powders were passed 
through the sieves in decreasing order to obtain different sieve fractions. 
In this manner, a total of three fractions with fine particles (ACAM1, 
LM1), medium-size particles (ACAM2,LM2), and coarse particles 
(ACAM3, LM3) were obtained.

2.2.2. Blending
Binary powder blends (100 g) were prepared by addition of ACAM 

and LM to the blender (Turbula T2, Muttenz, Switzerland) at the ratios 
of 20:80, 40:60, 60:40, and 80:20 ACAM:LM (w/w) and mixed for 5 min 
at a blending speed of 96 min↑1. After the blending process, the powders 
were stored in 200 ml screw-top containers.

In Table 1 the compositions of the investigated binary powders are 
shown.

2.2.3. Two-chamber setup (TCS)
In Fig. 1, a simplified version of the TCS already used in previous 

studies [53] for dustiness investigations is shown. The setup consists of 
an emission chamber and a detection chamber. Both chambers are 
connected to each other by an orifice with a diameter of 25.4 mm, which 
may be closed by a flap controllable by a pneumatic cylinder and 
consequently allowing a separation of the two chambers. The di-
mensions of each chamber are of 300 ↓ 300 ↓ 300 mm. Thus, the vol-
ume of each chamber amounts to 27 l. However, the volume of the 
detection chamber is reduced to approximately 15 l caused by the py-
ramidal construction of the lower part of the chamber (see Fig. 1). The 
edges of the chamber are equipped with adhesive tape for sealing pur-
poses and may be closed by a lid which may be fastened by toggle locks.

The TCS is made of acrylic glass with a wall thickness of 6 mm and is 
surrounded by 20 mm aluminum B-type profiles to mount four solenoid 
valves (two 3/2 and two 5/2 valves), a pneumatic cylinder, a pro-
grammable logic controller (PLC; Siemens LOGO! 12/24RC, Munich, 
Germany), and the measuring instruments (e.g. differential pressure 
gauge). Furthermore, a ground wire is attached to the aluminum profile, 
which has a direct connection to all electronic and metallic components 
as well as to the acrylic glass.

The PLC, which controls the solenoid valves, first receives the input 
signal to start the measurement from a single-board microcontroller 
(Arduino® Uno Rev3, Ivrea, Italy). Amplification of the voltage by a DC- 
to-DC converter is required to generate a sufficiently high input signal. 
The use of the single-board microcontroller allows the generation of an 
input signal that can be synchronized with the server time. An air 
sampling pump (AirChek ESSENTIAL Pump, SKC, Blandford Forum, UK) 
connected to an IOM sampler (Institute of Occupational Medicine; SKC, 
Blandford Forum, UK), which is attached to the bottom of the detection 
chamber, can also be synchronized with the server time. This enables all 
phases of a dustiness measurements to be controlled over the time 
course of the experiments. The four output slots of the PLC are connected 
to the four solenoid valves, which are used to control the TCS. In Fig. 2, 
the pneumatic system of the TCS is shown. The two 3/2 solenoid valves 
are used to control 3/2 pneumatic valves to reach a pressure compen-
sation either during atomization by overpressure in the emission 
chamber or during detection of the airborne particles in the detection 
chamber. The two 5/2 solenoid valves are used to control the ball valve 
for atomization of the powder samples and the controllable flap. The 
second ball valve above the detection chamber may serve to generate an 
oppositely directed convective flow. Attachment of a differential pres-
sure gauge (testo 400, Testo, Titisee-Neustadt, Germany) to the orifices 
of the emission and the detection chamber (Fig. 1, digit 4) enables the 
measurement of the pressure and temperature differences between the 
two chambers.

2.2.4. Measurement with the TCS
The measurements with the TCS are characterized by three phases. In 

the first phase (atomization phase), an amount of approximately 250 mg 
of each powder sample, accurately weighed, is atomized under specified 
conditions. For this purpose, the powder samples are first introduced 
into the ball valve above the emission chamber and atomized in this 
chamber by opening the ball valve, using an overpressure of 50,000 Pa 
for 5 s. While the resulting overpressure is compensated for by a 3/2 
pneumatic valve, connected to the emission chamber via a TPE tube 
(PUN-10↓, Festo, Esslingen, Germany). The controllable flap is closed 
during atomization.

In the second phase (transport phase) of the measurement sequence, 
the controllable flap is opened for 60 s to allow for diffusive transport 
from the emission to the detection chamber. To ensure that there is no 
flow between the two chambers caused by pressure differences, the 
pressure difference is measured by the differential pressure gauge during 
the entire measurement sequence.

In the third phase (detection phase), the amount of surrogate that 
diffuses from the emission to the detection chamber during the transport 
phase is determined. For this purpose, the controllable flap is closed and 
a negative pressure is generated by the air sampling pump via an IOM 
sampler. The pressure is compensated for by two orifices arranged 
diagonally to each other. Because of the diagonal arrangement, a 
downward rotating flow is generated in the direction of the IOM 
sampler. A glass microfiber filter (1820–025, Whatman, Little Chalfont, 
UK) with a pore size of 1.6 μm is inserted into the IOM sampler to collect 
the airborne particles. To also capture the particles trapped within the 
IOM sampler, the inner parts of the sampler are swabbed with a further 
moistened glass microfiber filter. Both filters are transferred to an iodine 
flask. The total amount of collected ACAM is quantified by dissolving it 
in 2 ml of the mobile phase of the HPLC assay. In a previous study, it was 
already shown that an evacuation of the detection chamber for 9 min is 
sufficient to detect most of the ACAM particles in the detection chamber 
[53]. The described method in the present TCS is used to characterize 
plain ACAM with fine, medium, and coarse sizes. Similarly, all binary 
powder blends of ACAM and LM, also with fine, medium, and coarse 
particles are measured in the TCS at mixing ratios of 20:80, 40:60, 
60:40, and 80:20 (w/w) to investigate the variations in dust emission 
dependent on particle size and mixing ratio. All measurements are 
conducted in triplicate.

Table 1 
Sieve fractions and mixing ratios of the investigated ACAM:LM powder blends 
(fine particles: ACAM1 and LM2; medium-size particles: ACAM2 and LM2; 
coarse particles: ACAM3 and LM3).

Sieve fraction of powder blends Mixing ratios of ACAM:LM (w/w)

ACAM1:LM1 20:80, 40:60, 60:40, 80:20
ACAM1:LM2 20:80, 40:60, 60:40, 80:20
ACAM1:LM3 20:80, 40:60, 60:40, 80:20
ACAM2:LM1 20:80, 40:60, 60:40, 80:20
ACAM2:LM2 20:80, 40:60, 60:40, 80:20
ACAM2:LM3 20:80, 40:60, 60:40, 80:20
ACAM3:LM1 20:80, 40:60, 60:40, 80:20
ACAM3:LM2 20:80, 40:60, 60:40, 80:20
ACAM3:LM3 20:80, 40:60, 60:40, 80:20
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An important aspect is the proper cleaning of the TCS. Generally, it is 
cleaned with low-lint, chemically inert wipes (Kimtech Science, Dallas, 
USA) by first moistening them with demineralized water and then 
wiping them along the acrylic glass walls of the TCS. This process is 
performed at least three times during each cleaning cycle to ensure that 
all ACAM particles are removed without leaving any residue.

2.2.5. HPLC assay for ACAM
The mobile phase (2 ml) consisting of acetonitrile and water (75:25 

v/v) is added to the glass microfiber filters and shaken for 20 min at 75 
rpm on a shaker (Unimax 1010, Heidolph Instruments, Kelheim, Ger-
many) to retrieve the collected ACAM. The pH of the mobile phase is 
adjusted to 3.5. After ACAM is completely dissolved in the mobile phase, 

Fig. 1. Simplified design of the two-chamber setup: a) overview of the TCS in open state b) overview of the TCS in closed state [53] c) front view, d) back view, e) top 
view, f) bottom view, g) right lateral view, h) left lateral view; I: detachable lid, II: lower part of the setup; 1: orifices for the double-acting ball valves, 2: orifices for 
pressure compensation of the detection chamber, 3: controllable flap, 4: orifices for the differential pressure gauge, 5: orifice for the IOM sampler, 6: orifice for the 
connection between the emission and the detection chamber, 7: orifice for pressure compensation of the emission chamber.
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the solution is filtered (PTFE 13 mm, 0.45 μm, VWR, Radnor, USA) and 
transferred to vials for the HPLC analysis. HPLC is performed with a 
VWR-Hitachi Chromaster 5000 (Radnor, USA) equipped with a 250 ↓ 4 
mm column (LiChroCART® 250–4, Merck, Darmstadt, Germany) with 
an RP-18e phase (particle size 5 μm). The ACAM samples (20 μl) are 
injected into chromatograph and quantified spectrophotometrically at a 
wavelength of 245 nm (Chromaster 5430 Diode Array Detector, Hitachi, 
Chiyoda, Japan). The flow rate is 1 ml/min and the temperature out is 
22 ↔C. ACAM is eluted at 1.92 min, while the total run time for the 
measurement of each sample is 3 min. A calibration curve is created to 
detect ACAM concentrations in the range between 0.002 and 2.212 μg/ 
ml (R2 ↗ 0.9999).

2.2.6. Angle of repose
To determine the angle of repose for ACAM1–3 and LM1–3 according 

to the monograph 2.9.36 “Powder flow”, powder sample quantities 
ranging from 50 to 100 g are dispensed through a conical funnel onto a 
plate of specified diameter. The funnel is aligned to ensure a minimal 
gap between the pike of the resulting pile and the funnel’s outlet. The 
angles of repose for the powder samples are determined by gauging the 
pile’s heights [59]. All measurements were performed in triplicate.

2.2.7. Bulk density and tapped density
In accordance with the monograph 2.9.34 “Bulk and tapped density 

of powders” in the European Pharmacopoeia [59], the bulk and tapped 
densities of the powder samples are measured by using a jolting volu-
meter (Stav 3000; J. Engelsmann AG, Ludwigshafen, Germany). 100 g of 
each powder sample is transferred into a 250 ml graduated measuring 
cylinder and subjected to the corresponding tapped movements. The 
measured values are then used to calculate both the Hausner ratios and 
the compressibility indices.

2.2.8. True density
The true densities of the powder samples are measured with a helium 

pycnometer (Pycnomatic ACT EVO, Porotec, Hofheim am Taunus, 
Germany). For this purpose, between 6 and 8 g of the powders are 
transferred into the analysis chamber of the helium pycnometer. The 
true density is calculated as the mean value of ten measurements. All 
measurements for determination of the true density are carried out in 

triplicate.

2.2.9. Particle size distribution
The particle size distributions of the sieved ACAM and LM powder 

samples are measured with laser diffractometry (Helos KR, Sympatec, 
Clausthal-Zellerfeld, Germany) using a lens with an effective measuring 
range between 0.5 and 875 μm. The dry dispersion method (RODOS, 
Sympatec, Clausthal-Zellerfeld, Germany) is used to introduce the 
sample into the system for particle size measurement. An overpressure 
of 150,000 Pa is used to atomize the powder samples. The Paqxos 
software (version 2.0.3, Sympatec, Clausthal-Zellerfeld, Germany) is 
used to determine the particle size distribution. All measurements are 
performed in triplicate.

2.2.10. Scanning electron microscopy (SEM)
SEM images are taken to determine the exact particle shape. For this 

purpose, the samples are imaged with a scanning electron microscope 
(SEM; LEO 1525; Carl Zeiss, Oberkochen, Germany) at a magnification 
of 250 after coating with a thin carbon layer. The measurements are 
carried out in a high vacuum at an acceleration voltage of 2 kV with a 
7.5 μm aperture.

2.2.11. Loss on drying
All ACAM and LM powder samples are subjected to loss on drying by 

thermal gravimetric analysis (TGA; TG 209 F1 Libra®, Netzsch- 
Ger!atebau, Selb, Germany). The samples are heated up with a heat rate 
of 10 K/min from room temperature to 105 ↔C and kept at that tem-
perature for 30 min.

3. Results and discussion

3.1. Powder characterization

In the present study, ACAM and LM are used as surrogate substances 
recommended by the International Society for Pharmaceutical Engi-
neering (ISPE) to evaluate the impact of binary powder blends on 
dustiness by application of the TCS methodology. As noted in the 
introduction, the physical characteristics of powders may affect dusti-
ness. In this study, binary powder blends were selected to evaluate the 

Fig. 2. Piping and instrumentation diagram of the TCS [58].
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impact of LM on the dustiness of ACAM using the TCS, considering that 
active ingredients are typically combined with other excipients during 
dosage form manufacture. Consequently, it is necessary to characterize 
HPAPIs either as plain powders or powder blends regarding to their 
dustiness.

In Fig. 3 the different particle shapes of ACAM1–3 and LM1–3, with a 
noticeable increase in particle size from ACAM1 to ACAM3 and from 
LM1 to LM3 are shown as SEM images.

Particularly, the particles in ACAM1 exhibit distinct variations in 
particle size. Their shapes range from elongated irregular to angular. In 
contrast, the ACAM2 particles are much more angular, while the parti-
cles of ACAM3 are as significantly more rounded. The particles of LM1 
are characterized by a distinct angular shape and a rough surface 
texture. Interestingly, the sphericity of these particles varies consider-
ably; some show an approximation to a round shape, while others 
deviate significantly from this ideal shape and have a very low sphe-
ricity. In comparison, the particles of LM2 are characterized by larger 
dimensions and share the rough surface features and prominent angu-
larity with LM1, making them similar in shape but different in size. On 
the other hand, LM3 particles stand out resulting from their large size 
and again confirm a strong angularity, a characteristic feature that 
proceeds through the entire series of observations.

The observations regarding the particle sizes of ACAM1, 2, and 3 as 
well as LM1, 2, and 3 are further confirmed by the results obtained 
through laser diffractometry, as presented in Table 2.

ACAM1 shows the smallest particle size with a median value (x50) of 
9.91 ↘ 0.15 μm (n ↗ 3). Significantly larger particles are found with the 

surrogate substance ACAM2 (p ω 0.05) revealing a x50 of 125.86 ↘ 4.13 
μm (n ↗ 3), while ACAM3 shows the highest x50 value of 216.12 ↘ 2.84 
μm. Similarly, LM1–3 illustrate a significant gradual increase in particle 
size (p ω 0.05), starting with LM1, which exhibits an x50 value of 28.96 
↘ 0.21 μm (n ↗ 3), followed by LM2 with 116.83 ↘ 3.22 μm (n ↗ 3) and 
LM3 with 188.31 ↘ 2.04 μm (n ↗ 3). These discrete particle fractions, 
differentiated into fine, medium, and coarse sizes, are also displayed in 
Fig. 4 confirming the fractionation by sieving.

(means ↘ SD, n ↗ 3).
Considering both, particle size and shape, the true densities of the 

samples are determined. The true densities of ACAM (1.2854–1.2942 g/ 
cm3) and of LM (1.5364 and 1.5395 g/cm3) show negligible variation 
and are comparable. Investigation of the bulk densities reveals an in-
crease from ACAM1 (0.34 g/cm3) to ACAM3, with an intermediate value 
of 0.65 g/cm3 for ACAM2. For LM, the bulk densities are determined to 
be 0.57 ↘ 0.01 g/cm3 (LM1), 0.62 ↘ 0.01 g/cm3 (LM2), and 0.56 ↘ 0.0 
g/cm3 (LM3). The Hausner ratios and compressibility indices are then 
calculated by determination of the tapped densities, where an increase 
in particle size is accompanied a decrease of both values, a phenomenon 
that may be explained by a reduction in cohesive forces and a decrease 
in electrostatic charge. These interactions significantly affect the ten-
dency of pharmaceutical powders to become airborne and to form dust 
by altering the adherence of the particles to each other as well as their 
attraction to or repulsion from surfaces, thus indirectly controlling the 
distribution of dust particles in the air.

Fig. 3. SEM images of the fine, medium-size, and coarse fractions of ACAM and LM at a magnification of 250.
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3.2. Dustiness investigation

The investigation on dustiness is performed with binary powder 
blends of an active ingredient or surrogate substance ACAM and the 
excipient LM. For this purpose, the measured dust emissions of plain 
ACAM are compared with those of the binary powder blends. Special 
focus is placed on the adequate atomization of the powder samples to be 
investigated and on the diffusive transport of the airborne particles 
within the closed system of the TCS. In Fig. 5, the measured dust 
emissions of ACAM1, 2, and 3 are shown at amounts of 50, 100, 150, 
200, and 250 mg each to adapt the ACAM fractions in the binary powder 
blends. In a previous study with the TCS, it was shown that there is a 

linear relationship between the measured dust emission of ACAM and 
the atomized mass of ACAM up to a range of 400 mg. As expected, 
linearity is also observed for ACAM1, 2, and 3 in present investigations, 
with a coefficient of determination of 0.9868 for ACAM1, 0.9889 for 
ACAM2, and 0.9252 for ACAM3.

ACAM1 with the finest ACAM particles, shows significantly higher (p 
ω 0.05) dust emissions at all atomized masses. Furthermore, ACAM2 
with medium-size particles reveals a significantly (p ω 0.05) higher dust 
emission than ACAM3 and a significantly lower emission (p ω 0.05) than 
ACAM1. Apparently, differences in dust emission exist within the TCS if 
using ACAM with different particle sizes, with finer particles exhibiting 
a higher dust emission than coarser particles.

Table 2 
Physical properties of ACAM1,2, and 3 as well as LM1,2, and 3 (means ↘ SD, n ↗ 3; n ↗ 10 for the true densities).

Physical properties ACAM1 ACAM2 ACAM3 LM1 LM2 LM3

Particle size x10 (μm) 2.05 ↘ 0.09 20.08 ↘ 0.89 28.03 ↘ 0.70 12.25 ↘ 0.16 27.66 ↘ 0.77 68.98 ↘ 0.95
Particle size x50 (μm) 9.91 ↘ 0.15 125.86 ↘ 4.13 216.12 ↘ 2.84 28.96 ↘ 0.21 116.83 ↘ 3.22 188.31 ↘ 2.04
Particle size x90 (μm) 29.98 ↘ 1.26 248.34 ↘ 1.16 363.32 ↘ 1.96 48.48 ↘ 0.23 250.64 ↘ 6.34 326.25 ↘ 3.92
True density (g/cm3) 1.2854 ↘ 0.0047 1.2942 ↘ 0.0023 1.2921 ↘ 0.0008 1.5364 ↘ 0.0033 1.5395 ↘ 0.0010 1.5392 ↘ 0.0008
Bulk density (g/cm3) 0.34 ↘ 0.02 0.65 ↘ 0.01 0.67 ↘ 0.00 0.57 ↘ 0.01 0.62 ↘ 0.01 0.56 ↘ 0.00
Hausner ratio 1.59 ↘ 0.03 1.21 ↘ 0.01 1.16 ↘ 0.01 1.42 ↘ 0.01 1.24 ↘ 0.01 1.20 ↘ 0.01
Compressibility index (%) 37.30 ↘ 1.67 17.7 ↘ 0.49 14.1 ↘ 0.53 29.34 ↘ 0.47 19.08 ↘ 0.58 16.54 ↘ 0.55
Angle of repose (↔) 49.0 ↘ 0.8 48.6 ↘ 0.8 35.8 ↘ 0.4 41.5 ↘ 0.3 33.6 ↘ 0.0 27.9 ↘ 0.5
Residual moisture content (%) 0.14 ↘ 0.04 0.15 ↘ 0.02 0.14 ↘ 0.04 0.43 ↘ 0.05 0.36 ↘ 0.06 0.37 ↘ 0.03

Fig. 4. Mean particle size distribution of ACAM1,2, and 3 (A) and LM1, 2, and 3 (B).
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The dust emissions of ACAM1 as well as of the binary powder blends 
of ACAM1 and either LM1, 2, or 3 at mixing ratios of 20:80, 40:60, 
60:40, and 80:20 is displayed in Fig. 6. A decrease in dust emissions is 
observed with all examined binary powder blends. The lowest reduction 
in emissions is found with the blends of ACAM1 and LM3, with values 
between 23.0 % and 54.1 %. The highest reduction in emissions is 
observed with the ACAM1-LM1 and ACAM1-LM2 blends, with no sig-
nificant difference (p ε 0.05) between these two blends.

As expected, dust emissions increase with increasing ACAM fractions 
in the blends. The largest reductions in dust emissions are observed with 
blends of ACAM:LM (40:60). In contrast, smaller differences in dust 
emission are found between plain ACAM and its 80:20 binary powder 
blends.

A potential explanation for the relatively high dust emissions of the 
ACAM1-LM3 blend could be the significant differences in particle size 
between fine ACAM1 and coarse LM3. Apparently, blends of fine and 
coarse particles significantly decrease dust emissions under the given 
process parameters of the TCS. Such interactive powder blends are also 
used in powder inhalers to reduce the attraction between the micronized 
active pharmaceutical ingredient (API) and the coarse excipient, 
improving the release of the API during inhalation [60–62]. As 
mentioned in the introduction, other parameters also influence dusti-
ness: Apart from different particle sizes, the type of atomization or the 
mechanism of energy transfer to the powder particles, also have a sig-
nificant impact on dustiness.

In Fig. 7 the dust emissions of ACAM2 and its binary powder blends 
from ACAM2 are illustrated. Dust emissions are reduced by mixing 

ACAM2 with either LM1, 2, or 3, with the blend of ACAM2 and LM3 
showing the highest emissions. Blends of ACAM2 and either LM1 or LM2 
do not show significant differences (p ε 0.05) in dust emission but 
exhibit significantly (p ω 0.05) lower emissions compared to the blends 
of ACAM2 and LM3 at the 60:40 and 80:20 ratios. As already shown in 
Fig. 5, ACAM1 significantly higher dust emissions are obtained with 
ACAM2.

The resulting dust emissions of ACAM3 and its binary powder blends 
are shown in Fig. 8. As expected, all binary blends of ACAM3 also lead to 
a reduction in dust emission. Up to a mixing ratio 60:40 (ACAM:LM), a 
reduction in emissions is observed, but with no significant differences (p 
ε 0.05). Only at a mixing ratio of 80:20, a significant difference in 
emissions is found. At this mixing ratio, the blends of ACAM3 and LM3 
exhibit the highest dustiness, while its binary blends with LM2 or LM1 
show lower emissions.

The results of this study indicate that the dust emission of the plain 
ACAM and its binary powder blends with LM in the closed system of the 
TCS with the selected process parameters were influenced by the particle 
size of the two powders. In particular, if mixing fine ACAM and coarse 
LM comparably high dust emissions are remarkable. Fine and medium- 
size LM particles seem to cause a raise of surface energy by increasing 
the surface area and thus the adsorption the ACAM particles to the LM 
surface area.

Fig. 5. Dust emissions of ACAM1, 2, and 3 (means ↘ SD, n ↗ 3).

Fig. 6. Dust emissions of ACAM1 and binary powder blends of ACAM1 and 
either LM1, 2, or 3 (means ↘ SD, n ↗ 3).

Fig. 7. Dust emissions of ACAM2 and binary powder blends of ACAM2 and 
either LM1, 2, or 3 (means ↘ SD, n ↗ 3).

Fig. 8. Dust emissions of ACAM3 and binary powder blends of ACAM3 and 
either LM1, 2, or 3 (means ↘ SD, n ↗ 3).
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4. Conclusion

The investigation of dust emissions of fine, medium-size, and coarse 
fractions of ACAM (ACAM1, 2, and 3) carried out with a two-chamber 
setup (TCS) reveals statistically significant differences in dust emis-
sions. ACAM1 shows the highest dust emissions, while ACAM2 and 
ACAM3, with increased particle sizes, exhibit significantly lower emis-
sions. In a previous study, a linear correlation between dust emissions 
and an atomized mass threshold of up to 400 mg ACAM was identified. 
Results of the presented investigations of binary powder blends using 
the TCS demonstrate a substantial and reproducible reduction in dust 
emissions when mixing ACAM with LM. The reduction in dust emissions 
is most pronounced at a mixing ratio of 40:60, especially if fine ACAM 
(ACAM1) is mixed with coarse LM (LM3). In contrast, the blend of fine 
ACAM with coarse LM shows the highest dust emission reduction, while 
the lowest reduction is observed with the blend of coarse ACAM and fine 
LM. The investigation of the dustiness of binary powder blends con-
taining ACAM2 results in a significant reduction in dust emissions with 
all powder blends. The blend ACAM2-LM3 exhibits the lowest reduction 
in dust emission. ACAM3 shows the lowest dust emissions in comparison 
to ACAM2 and ACAM1, further reduced by mixing with LM. Significant 
differences in dust emissions are only observed between all binary 
powder blends of ACAM3 at a ratio of 80:20. At this mixing ratio, the 
blends of ACAM3 and LM3 exhibit the highest dust emissions.

In summary, the dust emissions of ACAM in the TCS are influenced 
by the mixing ratio with LM and the particle size. Fine particles exhibit 
higher dust emissions because of their larger specific surface area and 
lower bulk density, which enhance diffusive and convective transport 
within the TCS. Additionally, surface energies, adsorption phenomena, 
and particle shape significantly influence the results. The transport 
mechanisms and energy transfer during atomization also affect the 
dustiness of the binary powder blends.

However, it is important to recognize that while the investigations 
with the TCS provides valuable insights under controlled laboratory 
conditions, the transferability of these findings to industrial settings may 
be limited. The complexity and variability of industrial processes, as 
highlighted in the introduction, may require additional considerations 
and adaptations when transferring these results into practice.

Based on the presented results, it may be concluded that the dusti-
ness of pharmaceutical powders, investigated with the TCS, depends on 
the surrogate and excipient properties. Consideration of other common 
pharmaceutical excipients like mannitol, starch, or microcrystalline 
cellulose may be of interest in this context. Additionally, examining 
β-lactose monohydrate, which differs in surface texture from α-lactose 
monohydrate, may further provide important knowledge. Furthermore, 
analyzing powder mixtures containing more than two components 
would be informative.
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Discussion 

The novel two-chamber system (TCS) developed in this thesis was applied in all three 

studies described in Chapters 3.1 to 3.3. First investigations with the TCS showed that 

by dividing the measuring process into an atomisation, transport, and detection phase, 

an investigation of the dustiness of pharmaceutical powders was possible and led to 

precise and reproducible results. 

During the atomisation phase, the surrogate substance ACAM was atomised at sample 

quantities between 50 and 500 mg. The results revealed a linear correlation between 

the atomised sample quantity of ACAM up to 400 mg and the resulting dust emission. 

While the correlation coefficient of R2 = 0.984 indicates a high reproducibility as well 

as a clear relationship between atomisation sample quantity and dust emission, the 

maximum relative standard deviation of 6.58 % underlines the reliability of the method. 

However, above an atomised sample quantity of 400 mg no further increase in dust 

emission was observed, indicating a saturation effect. This saturation effect may be 

explained by several factors, such as the limited volume of the emission chamber, the 

operational features of the atomisation process and/or the physicochemical properties 

of the surrogate substance ACAM. These factors may interact to create a threshold 

beyond which additional atomised material does not lead to a proportional increase of 

dust emission. However, the saturation effect only plays a minor role in this study, as 

the primary goal was to reproducibly atomise small quantities of pharmaceutical 

powders and to ensure consistent results. This knowledge was subsequently applied 

to further investigations with the TCS using sample masses below 400 mg to ensure 

an optimum reproducibility and compliance with the objectives of the study. 

The transport phase was investigated by generating pressure differences and, thus, 

air flows between the detection and emission chambers. The pressure differences 
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ranged from 0 and 12 Pa, with plain diffusive transport of airborne particles occurring 

at a pressure difference of Δp = 0 Pa and an oppositely directed convective air flow 

taking place at pressure differences between 1 and 12 Pa. As expected, the highest 

dust emissions were measured during plain diffusive transport, as there was no flow 

against the diffusion of the particles. This observation corresponds to the theoretical 

principles according to which particles move independently during diffusion and are 

not influenced by external flow effects. However, the generation of pressure differences 

within the TCS always resulted in reduced dust emissions compared to those 

measured with plain diffusion. In the initial experiments, a pressure difference of 1 to 

4 Pa showed a significant decrease in dust emissions, which further decreased with 

rising pressure difference. By modifications of the TCS, the pressure difference could 

be increased up to 12 Pa. Between 5 and 8 Pa dust emissions were only detected with 

very fine particles, whereas above 8 Pa, no dust emissions were detected at all.  

Pressure differences and the resulting air flows are used in the pharmaceutical industry 

to minimise potential exposure to hazardous dust. The investigations with the TCS 

showed a good correlation with standard values that are established in industrial 

applications. For leaks, a minimum flow rate of 0.2 m/s ensures separation between 

the process zone and the environment. Recommended flow rates are between 0.4 and 

0.5 m/s, comparable to those in the TCS.  

The reduction in dust emissions caused by increasing pressure differences was also 

described using mathematical models. Exponential functions showed the best fit with 

R2 values between 0.926 and 0.987, followed by quadratic functions (R2 = 0.863 - 

0.977). Linear functions showed the lowest fit (R2 = 0.674 - 0.882). These results were 

confirmed by numerical flow simulations. The simulated average air velocities in the 

range of 0.09 to 0.37 m/s corresponded closely with the measured velocities (0.09 to 

0.41 m/s). It may also be concluded from the mathematical functions used to describe 
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the reduction of dust emissions that an increase of the pressure differences is an 

effective means of minimising dust emissions. It is particularly remarkable that even 

low pressure differences with the resulting low average air velocities may lead to 

significant reductions in dust emissions. This emphasises the relevance of the pressure 

differences, even if they are relatively moderate.  

The obtained results show that the TCS may serve as a model for a potential scenario 

in the pharmaceutical industry. However, it is important to note that dust emissions 

depend on a variety of factors that may significantly influence their extent. These 

factors include the material properties of the substances applied, the design of the TCS 

and the type of atomisation. They should be considered when transferring the results 

to industrial applications to implement realistic and effective emission reduction 

measures. 

As already described in numerous studies, the particle size has a significant influence 

on dust emission. Therefore, this influence on dust emission was analysed in more 

detail using the TCS. The influence of particle size on dustiness was also investigated. 

At a pressure difference of 0 Pa, fine ACAM particle fractions exhibited a higher 

dustiness than coarse fractions. As expected, an increase in the pressure difference 

resulting in an oppositely directed convective flow led to a significant reduction in dust 

emissions. Coarse ACAM particle fractions showed no measurable dust emissions 

even at low pressure differences, while fine fractions required higher pressure 

differences. These results of the investigations with the TCS clearly show that the 

particle size has a significant influence on dust generation. Nevertheless, it should be 

noted that dust emissions are influenced by multiple factors. For example, other 

material-related factors, the type and transmission of the mechanical stimulus, or other 

external factors may also have an effect. Therefore, the transferability of the results to 
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other systems or scenarios in the pharmaceutical industry is only possible to a limited 

extent. 

With regard to the investigated ACAM:LM powder blends, the blends of fine (x50 = 9.91 

± 0.15 µm), medium-size (x50 = 125.86 ± 4.13 µm) and coarse (x50 = 216.12 ± 2.84 µm) 

ACAM particle fractions with fine (x50 = 28.96 ± 0.21 µm), medium-size (x50 = 116.83 ± 

3.22 µm) and coarse (x50 = 188.31 ± 2.04 µm) LM particle fractions resulted in a 

significant reduction in dust emissions compared to plain ACAM. Fine particles showed 

higher dust emissions than coarser particles. However, the emissions could be 

reduced by mixing with LM. Particularly fine ACAM in combination with coarse LM led 

to higher dust emissions than blends with fine or medium-size LM. Dust emissions 

increased as the percentage of ACAM in the mixtures increased. Blends of medium-

size and coarse ACAM with LM also showed a reduction in emissions. The dust 

emissions within the TCS appear to depend on the mixing ratio and the particle size of 

the powder blends. The specific surface area as well as the bulk density also have an 

influence on the emissions. Furthermore, the particle shape and surface energies may 

affect the results. Mechanisms such as energy and mass transport during atomisation 

also play a role in dust generation of the powder blends. 

The evacuation time in the detection phase was analysed by three different methods 

to ensure that the particles were detected in a reasonable time. CFD simulations 

showed that the pyramidal design of the detection chamber allows for efficient 

evacuation, with 540 s being sufficient to capture 99.99 % of the particles. These 

results were confirmed by smoke tests in which 99.51 ± 0.13 % of the particles were 

detected after the same time period. In addition, dustiness investigations verified these 

results, as over 99 % of the particles were also detected within 540 s. The results of 

the CFD simulation, smoke and dustiness tests show a high level of conformity, which 
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indicates their good transferability. The pyramidal design of the detection chamber 

contributes significantly to an effective airborne particle detection.  

For all three studies, the investigated powders applied were characterised with regard 

to their material properties. The true density of ACAM was in the range between 1.282 

and 1.301 g/cm³. The residual moisture content amounted to 0.14 - 0.15 %. However, 

parameters such as bulk and tapped density and derived parameters such as the 

Hausner ratio and the compressibility index showed significant differences depending 

on the particle size. The considerable differences in the particle sizes of the ACAM 

fractions allowed an investigation of the influence of the particle size on dustiness. For 

LM, which was used to investigate the dustiness of binary powder blends, the true 

density values were between 1.536 and 1.540 g/cm3. The residual moisture content 

amounted to 0.36 - 0.43 %. The powders were thoroughly characterised to ensure 

reliable and reproducible measurements of their dust emissions. Parameters such as 

particle size, bulk and tapped density, true density and moisture content were analysed 

and revealed significant differences regarding the two powder components. Thus, they 

enabled an accurate investigation of dustiness. 

In summary, the TCS offers a comprehensive and precise way of analysing 

pharmaceutical powders, particularly regarding dust emissions. It allows a detailed 

investigation of influencing factors such as particle size, mixing ratios and pressure 

differences on dust generation. The combination of reproducible results, flexible 

adaptability to different conditions and the ability to simulate industrial scenarios makes 

the TCS a versatile tool.   
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Appendix 

Hazardous materials 
 

 

Substance 
 

Supplier 
 

Danger 
symbol 

 

Hazard 
statements 

 

Precautionary 
statements 

 

Methanol 
 

VRW, 

USA 

 

 

H225, H301, 

H311, H331, 

H370 

 

P210, P233, P260, 

P280, 

P303+P361+P353, 

P304+P340, P310 

 

Acetonitrile 
 

VRW, 

USA 

 

 

H225, H302, 

H312, H332 

 

P210, P280, 

P301+P312, 

P304+P340, 

P403+P233 

 

Acetaminophen 
 

Caelo, 

Germany 

Fagron, 

Germany 
 

 

H373 
 

P260, P314, P501 

 

Lactose 

Monohydrate 

 

Meggle, 

Germany 

 
 

None 
 

P261, P280 

 

Sulfuric Acid 
 

Dräger, 

Germany 

 

 

H290, H314 
 

P260, P280, 

P303+P361+P353, 

P305+P351+P338, 

P310, P405 
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