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ABSTRACT  

Title: Particle emissions and exposure to hazardous chemical agents during binder jetting utilising 

a silica sand 

Background: There are research gaps in additive manufacturing (AM) concerning particle 

number concentrations, particle emission rates, area concentrations, and personal respiratory 

exposure in real-world workplaces. Binder jetting (BJ) machines, have the potential to release 

particles, including ultrafine particles, into the air. AM operators might be exposed to particle 

emissions and hazardous chemical agents (HCAs) namely, respirable crystalline silica, and 

respirable particulates not otherwise specified (PNOS) during the pre-processing phase, 

processing phase, and post-processing phase when using silica sand. More research is needed 

regarding particle number concentrations, particle emissions, area concentrations and respiratory 

exposure of AM operators to respirable crystalline silica and respirable PNOS during BJ utilising 

a silica sand. 

Aims and objectives: The research aim of this dissertation was to determine the powder 

characteristics and chemical composition of uncoated, coated and used silica sand and to quantify 

particle number concentrations, particle emission rates, area concentrations, and personal 

respiratory exposure of the AM operator to respirable crystalline silica and respirable PNOS 

during the three AM phases at a South African AM research facility. The research objectives were: 

(i) To determine the powder characteristics and chemical composition of uncoated, coated, and 

used silica sands during BJ; (ii) To quantify particle number concentrations and to determine 

emission rates (ERs) of particles released during BJ, and (iii) to assess area concentrations and 

personal respiratory exposure of the AM operator to respirable crystalline silica and respirable 

PNOS during BJ.  

Methodology: Powder characterisation of uncoated, coated, and used silica sand was 

determined through particle size distribution (PSD) and shape analysis using a Malvern 

Morphologi particle analyser and scanning electron microscopy (SEM), while the and wavelength 

dispersive X-ray fluorescence (WD-XRF) was used to determine chemical composition. Direct-

reading instruments including, a Grimm-Portable Laser Aerosol Spectrometer model 11-A and a 

Nanozen DustCount® 9000 Z1 optical particle counter, were used to quantify particle number 

concentrations and emission rates of particles released during the three AM phases. Both area 
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monitoring and personal exposure monitoring were conducted during the AM operator’s full shift 

to determine area concentrations and personal respiratory exposure to respirable crystalline silica 

and respirable PNOS in the AM research facility. This was conducted by means of time-integrated 

sampling (GilAir Plus pump with a 2-piece cassette and aluminium cyclone) and real-time 

monitoring (DustCount® used to obtain real-time data and filter analysis results). This study was 

conducted over six days: four days were allocated for printing parts, while two days were allocated 

for the carbon dioxide (CO2) decay method (as part of the air exchange rate (AER) and ER 

calculations).  

Results: The PSD and SEM results could not be compared to the safety data sheet (SDS) since 

the particle size distribution and shape of silica sand were not stated in the SDS. PSD results 

indicated that uncoated, coated and used silica sand fell into the inhalable size fraction 

(< 100 µm). PSD analysis indicated that 10% of particles [d(0.1)] in uncoated (0.58 ± 0.03 µm), 

coated0.61 ± 0.08 µm), and used silica sand (0.58 ± 0.04 µm) were respirable sized particles. 

PSD analysis indicated that 50% [d(0.5)] of uncoated, coated, and used silica sand particles were 

smaller than 1.29 ± 0.36 µm, 4.27 ± 0.08 µm and 2.42 ± 0.04 µm respectively. Statistically 

significant differences was found for particles [d(0.5)]. PSD analysis indicated that 90% [d(0.9)] of 

uncoated, coated, and used silica sand particles were smaller than 42.21 ± 29.96, 104.7 ± 

23.33 µm and 54.9 ± 49.93 µm respectively.SEM images and PSD results supported these 

findings since particles < 100 µm in size were detected. PSD analysis and SEM images confirmed 

that silica sand particles were smooth and non-spherical in shape. All three silica sand samples 

contained high crystalline silica content, ranging from 96.83 to 98.20%, which corresponded with 

the >90% stated in the SDS. The highest peak particle number concentration and particle ER 

were 680.51 p/cm3 and 3.06 × 105 p/min respectively for particles < 1 µm in size. Real-time 

monitoring using the DustCount® indicated that particles sized 0.375 µm in size were the most 

prevalent during the AM process with detectable respirable crystalline silica and respirable PNOS 

during the AM phases. Personal exposure 8-hour Time Weighted Average (TWA) concentrations 

were measured at 0.01 ± 0.00 mg/m3 for respirable crystalline silica and 0.04 ± 0.03 mg/m3 for 

respirable PNOS. It was found that respirable crystalline silica measured during printing was equal 

to 10% of the Time-weighted Average-Occupational Exposure Limit-Maximum limit (TWA-OEL-

ML) of 0.1 mg/m3. 

Conclusion: PSD analysis and SEM images of uncoated, coated and used silica sand indicated 

particles in the inhalable fraction (< 100 μm). Particles < 1 µm in size were emitted during the 

three AM phases, indicating that BJ using silica sand are a high emitter of submicron particles. A 
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statistically significant difference was found between the uncoated, coated, and used silica sand 

particle according to the d(0.5) PSD results. There was a notable difference in the particle number 

concentrations and particle ERs measured by the direct-reading instruments, with the DustCount® 

yielding much lower particle number concentrations and particle ERs. When comparing the 

particle number concentrations measured by the DustCount® in area one (in front of AM machine) 

and area two (back of AM machine), higher particle number concentrations were measured in 

area two. Time-integrated sampling and real-time monitoring of respirable crystalline silica and 

respirable PNOS indicated that all 8-hour TWA personal exposures complied with their respective 

TWA-OELs. However. It’s important to note that the respirable crystalline silica concentrations 

during personal monitoring was equal 10% of the TWA-OEL-ML. 
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PREFACE 

This dissertation was written in article format and written according to the requirements of the 

North-West University‘s Manual for Postgraduate Studies (2020). Chapter 3 is the manuscript that 

is to be submitted for publication to an accredited journal and conforms to the requirements 

preferred by the journal Annals of Work Exposures and Health. The literature in Chapter 3 is 

referenced according to the style required by Annals of Work Exposures and Health. The 

dissertation is written according to the United Kingdom English spelling, except for direct quotes, 

titles of articles or journals, and names of organisations that use United States spelling. For a 

detailed description, of the guidelines for authors and referencing style, see Chapter 3. 

The outline of this dissertation is as follows: 

➢ Chapter 1: Introduction proposing the study and the problem statement, research aim, 

objectives, and hypotheses. 

➢ Chapter 2: A literature study on topics relevant to this dissertation.  

➢ Chapter 3: A manuscript entitled: “Particle emissions and exposure to hazardous chemical 

agents during binder jetting utilising a silica sand”, written in a format that meets specifications 

of the journal Annals of Work Exposure and Health.  

➢ Chapter 4: Concluding chapter providing the main findings, recommendations, study 

limitations, and future research suggestions. 

➢ Annexure A: Ethics approval letter. 

➢ Annexure B: Declaration of language editing. 
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CHAPTER 1 INTRODUCTION 

1.1 Introduction 

Additive manufacturing (AM) processes and materials emerged in the early 1980s (Sun and 

Shang, 2021:194). During the process of AM, layers of materials are joined together to produce 

physical objects utilising three-dimensional (3D) model data (ISO/ASTM 52900:2022). Hence AM 

entails geometric shapes made of lines and points to produce physical objects utilising 3D 

computer aided design (CAD) (Gibson et al., 2015:16). AM enables designers and engineers to 

fabricate complex geometric parts not attainable using traditional methods of subtractive 

manufacturing (Caiazzo et al., 2017: 4023-4031; Gibson et al., 2015:2). AM is being applied in a 

broad range of industries such as automobile manufacturing, medical devices, and aerospace, to 

name a few (Sun and Shang, 2021:194). 

The two main techniques for producing sand moulds are binder jetting (BJ) and powder bed fusion 

selective laser sintering (PBF-SLS) (Le Néel et al., 2018:1325-1336). This study focused on BJ, 

which is a process where a print head is used to deposit a liquid bonding agent onto the surface 

of the powder bed to selectively join powder particles together (Afshar-Mohajer et al., 2015:293-

301).  

BJ of sand moulds consists of coating the uncoated (virgin) silica sand particles followed by the 

three AM phases (Nyembwe et al., 2016:230-237). During the coating process, the uncoated silica 

sand particles are treated with liquid sulphonic acid, prior to the pre-processing phase, thereafter 

a furan binder is applied to the silica sand particles. The sulphonic acid acts as an acid catalyst. 

When the furan binder is catalysed, it forms a cross-linked polymer structure. As a result, the 

resin's ability to bind particles together to form a sand mould is enhanced (Zhang et al., 2014:373-

381). It should be noted that the coating process of uncoated silica sand particles was not 

investigated during this study. 

The three AM phases differ depending on the AM technology being utilised and the part design 

(Gibson et al., 2015:66). The three AM phases of BJ were investigated in this study (Meiring, 

2024), namely the pre-processing phase, followed by the processing phase, and the post-

processing phase. The pre-processing phase involves the use of CAD software to generate a 3D 

surface presentation. The data describing the part geometries is stored in standard tessellation 
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language (STL) file format and transferred to an AM machine. Thereafter the AM machine is 

programmed to fabricate a part and the powder is loaded into the feedstock bin of the AM 

machine. The processing phase involves the printing of the desired part. During the post-

processing phase, the part is brushed to remove the loose powder, and the AM machine is 

cleaned with a vacuum cleaner (Elliot et al., 2016:1890-1899; Zhang and LeBlanc, 2018:89-118). 

Following the post-processing phase, the unfused powder can be disposed of or reused (Meera 

et al., 2017:86-91). 

The powder characteristics of AM feedstock material are of significance when considering the 

respiratory health of AM operators (Du Preez et al., 2018). The size of the particle determines 

where the particle settles in the respiratory tract (Thomas, 2013:847-858). Particles are 

categorised in size fractions depending on the place of deposition in the respiratory system 

namely, inhalable (< 100 μm, 50% cut-point), thoracic (< 10 μm, 50% cut-point), and respirable 

(< 4 μm, 50% cut-point) particles (Brown et al., 2013:1-12). Ultrafine particles (UFPs) are defined 

as particles with a particle diameter of less than 100 nm (U.S. EPA, 2009). BJ machines can 

release particles, including UFPs into the workplace air during the three AM phases (Afshar-

Mohajer et al., 2015:293-301; Lewinski et al., 2019:1-7; Matlhatsi, 2021:1-133).  

A hazardous chemical agent (HCA) is defined as a Globally Harmonized System (GHS) aligned 

chemical agent as listed in Annexure 1 of the Regulations for Hazardous Chemical Agents 

(RHCA), where an HCA is considered as a physical, health and/or environmental hazard (DoEL, 

2021:1-98). The AM operators are at risk of exposure to HCAs namely, respirable crystalline silica 

and respirable particulates not otherwise specified (PNOS) during the three AM phases, which 

may pose a risk to human health (Adams, 2016:1-84; Matlhatsi, 2021:1-133).  

Silica or silicon dioxide is present as amorphous silica or in crystalline form (such as quarts, 

tridymite, and cristobalite). Amorphous silica does not cause fibrosis and is not classified as 

carcinogenic to humans (IARC, 2023; Merget et al., 2002:625-635). The most common natural 

form of silica is found in crystalline silica (quarts) which is the most well-known and one of the 

most abundant minerals in the earth’s crust (NIOSH, 2002:1-145). Inhalation of respirable 

crystalline silica, otherwise known as silica dust, in the form of cristobalite or quarts, impairs the 

clearance of particles, activates macrophages, and results in continuous inflammation and 

irritation of the lungs (Guha et al., 2011:310-320). Respiratory adverse health effects from 

exposure to respirable crystalline silica include silicosis, chronic obstructive pulmonary disease 
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including bronchitis and emphysema as well as lung cancer (IARC, 2023; NIOSH, 2004; OSHA, 

2021). 

PNOS are also known as particulates not otherwise regulated, particulates not otherwise 

classified, nuisance dust, and biologically inert dust (DoEL, 2021:1-98; Hearl, 2011:608-612; 

NIOSH, 2019; NIOSH method 0600, 1998:1-6;). PNOS are dust particles (< 100 µm) generated 

from solid materials without component-specific occupational exposure limits (Hearl, 2011:608-

612). PNOS contains < 1% quarts and any reaction that occurs from exposure to PNOS is 

reversible (Cherrie et al., 2013:685-691; NIOSH method 0600, 1998:1-6). 

1.2 Problem statement 

In 1999, it was stated that safe working practices were necessary in AM laboratories to safeguard 

the health and welfare of the employees (Deak, 1999:161-166). The author found that prolonged 

chemical exposure in AM laboratories is likely to lead to chemical sensitivity, which might result 

in allergic reactions (Deak, 1999:161-166). Twenty years later Petretta et al. (2019:891-912) 

developed a risk evaluation framework for all AM process categories excluding sheet lamination. 

AM could potentiality pose a risk to the AM operator due to the presence of particles (including 

UFPs) and chemical substances either used   or released during the AM process (Dobrzyńska et 

al., 2022:40273-40278). According to Stephens et al. (2013:334-339) exposure to UFPs during 

the three AM phases has become both an environmental and occupational health concern 

(Stephens et al., 2013:334-339). 

Two unpublished studies investigated particle emissions and/or respiratory exposure to HCAs 

during AM of sand moulds, namely Adams (2016:1-84) and Matlhatsi (2021:1-133). Adams 

(2016:1-84) and Matlhatsi (2021:1-133) determined both the powder characterisations and 

chemical composition of silica sand during PBF-SLS and BJ, respectively. Adams (2016:1-84) 

stated that the AM sand casting process did not change the size of the uncoated, coated, and 

used silica sand particles. Matlhatsi (2021:1-133) found that the coated silica sand contained 

larger particles when compared to uncoated and used silica sand when using particle size 

distribution (PSD). In this study (Meiring, 2024), the results of the size, shape, and chemical 

composition were determined, similar to Adams (2016:1-84) and Matlhatsi (2021:1-133) to verify 

their results. This study builds on that of Adams (2016:1-84) and Matlhatsi (2021:1-133) to assess 

area concentrations and personal respiratory exposure to HCAs (respirable crystalline silica and 

respirable PNOS). In this study (Meiring, 2024), a window period of 24-hours (one day) was 
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allocated between sampling to prevent particle build-up in the AM research facility and to ensure 

that background airborne particle concentrations were as low as possible. Matlhatsi (2021:1-133) 

calculated emission rates (ERs) of particles released during the three AM phases by using a 

provided air exchange rate (AER) of 0.22. The author found that the pre-processing phase 

3.14 × 106 p/cm3 (3.14 × 1012 p/m3) had a mean particle number concentration that was 

significantly higher than the processing phase 2.17 × 106 p/cm3 (2.17 × 1012 p/m3) and the post-

processing phase 1.98 × 106 p/cm3 (1.98 × 1012 p/m3) for particles 0.01 to 1.0 µm in size. In this 

study (Meiring, 2024), AER was calculated in the same AM research facility using a carbon dioxide 

decay method, and the ERs of the particles were calculated using the calculated AER. In this 

study (Meiring, 2024), particle number concentrations were assessed for particles > 1.0 µm in 

size, which was not investigated by Matlhatsi (2021:1-133). Time-integrated sampling is a 

gravimetric filter analysis method that provides data on the elements that were collected on filters 

(Stefaniak et al., 2021:1-51). Adams (2016:1-84) and Matlhatsi (2021:1-133) assessed personal 

respiratory exposure to respirable crystalline silica and PNOS of sand moulds utilising time-

integrated sampling and stated that the AM operators were exposed to respirable crystalline silica 

and respirable PNOS at concentrations below the respective South African TWA-OELs in the 

Regulations for Hazardous Chemical Agents (RHCA). In this study (Meiring, 2024) personal 

exposure monitoring was conducted using real-time monitoring and time-integrated sampling. 

This study differs from Adams (2016:1-84) and Matlhatsi (2021:1-133), because the full shift of 

the AM operator was monitored in real-time at 1-minute intervals for direct reading of particulate 

matter with particle aerodynamic diameter of equal to or less than 4 micrometres (PM 4) using 

Nanozen Dustcount 9000 (Nanozen Industries Inc., British Columbia Canada).  

Stefaniak et al. (2021:1-51) conducted a review of emissions and exposures for all AM process 

categories. A total of forty-six publications matched the inclusion criteria, but only two of the 

publications applied to BJ (Stefaniak et al., 2021:1-51). Afshar-Mohajer et al. (2015:293-301) 

utilised gypsum (calcium sulphate) as AM feedstock material and stated that particles with a size 

between 205 and 255 nm were found to have the highest particle number concentration 

throughout the printing process (0.9 to 1.16 × 104 p/cm3). The authors stated that the ER peaked 

at 4.4 x 104 p/min for particles 352 to 407 nm in size during the post-processing phase (Afshar-

Mohajer et al., 2015:293-301). Lewinski et al. (2019:1-7) reported the highest mean particle 

number concentration during the processing phase (3.8 × 104 p/cm3), then the pre-processing 

phase (3.5 × 104 p/cm3) and post-processing phase (3.3 × 104 p/cm3) for particles 0.3 to 10 μm in 
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size. Despite measuring peak particle number concentrations, the authors reported no statistically 

significant differences between the three AM phases (Lewinski et al. 2019:1-7).  

Du Plessis et al. (2022:1-40) conducted a review study on the efficacy of the hierarchy of controls 

for all AM process categories. Only one of the forty-two publications included by the authors that 

matched the inclusion criteria focused on BJ, namely Lewinski et al., (2019:1-7). Lewinski et al., 

(2019:1-7) provided administrative controls relevant to the specifications of the workplace. The 

authors stated that data on the effectiveness of controls for particle emissions for all AM process 

categories are required. There are limited publications on particle emissions during BJ (Lewinski 

et al., 2019:1-7).  

According to Dobrzyńska et al. (2021:1733-1758) research in AM is needed to promote 

awareness and understanding of particle emissions and exposures to HCAs related to the AM 

process. To protect worker health and safety, occupational hygienists (as well as AM operators 

and management at AM facilities) must have a clear understanding of the particle emissions and 

HCA exposures related to the AM process. Toxicologists must also have this knowledge to 

develop experimental protocols that mimic the conditions of the real-world workplace environment 

(Stefaniak et al., 2021:1-51). 

The lack of information about the health risk posed to the AM operator necessitates a study 

evaluating AM operator particle exposure and emissions during BJ in order to establish the 

urgency of implementing control measures. 

1.3 Research aim and objectives 

1.3.1 Research aim  

To determine the powder characteristics and chemical composition of uncoated, coated, and used 

silica sand and to assess particle number concentrations, particle ERs, area concentrations, and 

personal respiratory exposure of AM operators to HCAs (respirable crystalline silica and 

respirable PNOS) during the three AM phases of BJ at a South African AM research facility. 

1.3.2 Research objectives  

1. To determine the powder characteristics and chemical composition of uncoated, coated, and 

used silica sand during BJ. These were evaluated through PSD and shape analysis, scanning 

electron microscopy (SEM), and wavelength dispersive X-ray fluorescence (WD-XRF). 
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2. To quantify particle number concentrations and to determine ERs of particles released during 

BJ by means of direct-reading instruments during the pre-processing phase, processing 

phase, and post-processing phase of AM.  

3. To assess area concentrations and personal respiratory exposure of the AM operators to 

HCAs (respirable crystalline silica and respirable PNOS) during BJ utilising silica sand by 

means of area monitoring and personal exposure monitoring during the full duration of the 

shift. This was done through real-time monitoring and time-integrated sampling. 

1.4 Hypothesis  

Afshar-Mohajer et al. (2015:293-301) and Lewinski et al., (2019:1-7) investigated particle 

emissions during BJ (not during sand moulding). According to Afshar-Mohajer et al. (2015:293-

301) particles with a size between 205 and 255 nm were found to have the highest particle 

number concentration throughout the printing process (0.9 to 1.16 × 104 p/cm3). The authors 

stated that ER peaked at 4.4 x 104 p/min for particle sizes of 352 to 407 nm when the BJ machine 

was switched off and the printed part was ejected (Afshar-Mohajer et al., 2015:293-301). Lewinski 

et al. (2019:1-7) did not observe statistically significant differences in mean particle number 

concentrations between the pre-processing (3.5 × 104 p/cm3), processing (3.8 × 104 p/cm3), and 

post-processing (3.3 × 104 p/cm3) for particles 0.3 to 10 µm in size when compared to the 

background particle number concentration (3.3 × 104 p/cm3). Matlhatsi (2021:1-133), used an 

AER (0.22) provided by the AM research facility to calculate the ERs of particles. He found that 

with each printing day, the background airborne particle number concentration increased, on day 

one of printing the background airborne concentration was 7.62 × 105 p/cm3 (7.62 × 1011 p/m3) 

and on day five of printing the background airborne concentration was 4.74 × 106 p/cm3 

(4.74 × 1012 p/m3). In some instances, the background airborne concentrations were higher than 

those during the AM phases, causing the calculated ERs to be negative.  However, since negative 

ERs are not possible, these results were excluded in the study (Afshar-Mohajer et al., 2015:293-

301).  

The author stated that the mean ERs were the highest for particle sizes 0.01 to 1.0 µm during the 

pre-processing phase (1.2 × 109 p/min), followed by the post-processing phase (7.74 × 108 p/min) 

and processing phase (5.27 × 108 p/min). 
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1. The correct AER is crucial for calculating an accurate ER. Matlhatsi (2021:1-133) did not 

calculate the AER but used a provided AER. It is hypothesised that the calculated AER is 

higher than that provided by Matlhatsi (2021:1-133). 

Adams (2016:1-84) and Matlhatsi (2021:1-133) investigated the personal respiratory exposure of 

AM operators to respirable crystalline silica and PNOS and stated that the respirable crystalline 

silica (≤ 0.07 mg/m3) complied with the South African TWA-OEL-CL of 0.1 mg/m3 and respirable 

PNOS concentrations (≤ 0.60 mg/m3) complied with the South African TWA-OEL-RL of 5 mg/m3 

in the RHCS, 1995. 

2. It is hypothesised that the AM operator is exposed to respirable crystalline silica and 

respirable PNOS at concentrations below the respective South African TWA-OELs in the 

RHCA for time-integrated sampling. 
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CHAPTER 2 LITERATURE STUDY 

2.1 Introduction  

The chapter discusses sand moulding, additive manufacturing (AM), AM phases, AM process 

categories used in sand moulding, binder jetting (BJ), silica sand as AM feedstock material, and 

the furan binder system. In addition, the respiratory system and the health effects associated with 

silica sand are discussed. Finally, occupational exposure in AM and casting foundries and 

relevant occupational exposure limits (OELs) of hazardous chemical agents (HCAs) are shortly 

discussed. 

2.2  Sand moulding (sand casting) 

Casting is one of the oldest techniques of producing metal components in the machine industry 

and automobile industry (Pandey, 2015:477-483; Sahoo et al., 2019:9805-9835). The first 

evidence of casting dates as far back as 3200 before Common Era (BCE) when a copper frog 

was fabricated in Mesopotamia. Other castings such as cult artifacts and weapons dating back to 

3000 BCE have been discovered in India and the Middle East. The earliest evidence of a sand 

mould dates from 645 BCE in China (Pandey, 2015:477-483).  

Vannoccio Biringuccio was the author of De la Pirotechnia (first edition Venice, 1540). His 

comprehensive work was dedicated to the traditional sand moulding process (Biringuccio, 1540; 

Stefanescu, 2017:1-745). Traditional sand moulding is used in various industries to produce metal 

parts. The manufacturing of sand moulds through traditional sand moulding involves three 

fundamental steps. The first step in traditional sand moulding is to design a pattern out of a 

material such as metal, wood, or plastic. The pattern is used to create a cavity (out of the sand) 

surrounded by sand (Le Néel et al., 2018:1325-1336). The mould cavity is a replica of the shape 

of the desired part (Hawaldar and Zhang, 2018:1037-1045). The second step is to pour molten 

material into the cavity of the mould. After the molten material has solidified, the part is removed 

from the mould. Lastly, the excess material is removed from the part and the surface is cleaned 

(Le Néel et al., 2018:1325-1336).  

The foundry industry contributes significantly to global economic growth (Shi et al., 2021:286-

295). Foundries worldwide have found AM to be advantageous and have implemented this 

method into their foundry processes. In sand moulding foundries, AM is used to create sand 

moulds or sand moulding patterns (Adefuye et al., 2020:55-63). The process of manufacturing 
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sand moulds using AM is referred to as an indirect AM process (Le Néel et al., 2018:1325-1336). 

The absence of sand compaction and wet-mixing steps distinguishes indirect AM from traditional 

sand moulding and core-making procedures (Nyembwe et al., 2016:230-237).  

The process of manufacturing sand moulds using AM has advantages over traditional sand 

moulding in terms of cost, production rate, surface roughness, defect control, part consolidation, 

weight reduction, reduced material waste, functional performance, geometry, and process 

complexity (Adefuye et al., 2020:55-63; Blakey-Milner et al., 2021:1-33; ExOne, 2016; Gebhardt 

and Hötter, 2016; Gibson et al., 2021:9; Shah et al. 2021:1-5; Yang and Zhao, 2015:444-449). 

Some of the limitations and challenges of manufacturing sand moulds using AM include the initial 

cost of an AM machine, the requirement for qualified AM operators to design sand moulds, and 

the identification and implementation of binders that are not environmentally harmful (Sivarupan 

et al., 2021:1-17).  

A variety of AM feedstock sands (such as plaster-ceramic composites, ceramic beads, chromite, 

olivine, zircon, or silica) and binder systems (phenol or furan) in BJ. Collectively these materials 

are used to create three-dimensional (3D) printed sand moulds with the required characteristics 

(Nyembwe et al., 2016:230-237; Upadhyay et al., 2017:211-220). The fabrication of manifolds is 

an example of a sand mould application utilising silica sand (Sivarupan et al., 2021:1-17). 

2.3 AM overview 

AM processes and materials emerged in the early 1980s (Sun and Shang, 2021:194). The terms 

habitually used in conjunction with AM are additive processes, additive layer manufacturing, 3D 

printing, freeform fabrication, additive processes, rapid prototyping, direct digital manufacturing, 

additive fabrication, additive techniques, and generative manufacturing (Cozmei and Caloian, 

2012:457-462; ISO/ASTM 52900:2021). AM is defined as a process in which AM feedstock 

material is joined in a layered manner to create parts from 3D model data (ISO/ASTM 

52900:2021).  

The International Organisation for Standardisation and the American Society for Testing and 

Materials (ISO/ASTM) devised a set of standards that categorise AM into seven distinctive 

process categories, namely, binder jetting (BJ), directed energy deposition (DED), material 

extrusion (MEX) material jetting (MJT), powder bed fusion (PBF), sheet lamination (SHL) and vat 

photopolymerisation (VPP) (ISO/ASTM 52900:2021). Each AM process category can further be 

categorised into the machine technologies and AM feedstock materials used (ASTM 
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F2792:2013). A variety of AM feedstock materials are available on the market. The general 

material types include metals, sand, composites, ceramics, and polymers (Anderson et al., 

2018:8-15; Le Néel et al., 2018:1325-1336).  

2.3.1 AM process categories used in sand moulding  

Two main AM process categories are adopted to manufacture sand moulds and cores in 

compliance with the computer aided design (CAD) data, namely BJ and PBF-selective laser 

sintering (PBF-SLS) (Le Néel et al., 2018:1325-1336; Shi et al., 2021: 286-295; Snelling et al., 

2013: 827-845). In the following section both BJ and PBF-SLS are discussed in further detail. The 

primary focus of this study, however, is on BJ as the facility which was investigated during this 

study uses the process of BJ. 

2.3.2 Binder Jetting  

BJ is based on an ink-jet printing technology and was originally referred to as the 3D printing 

technique or ProMetal3D technique or 3D printing (Mostafaei et al., 2021:1-138; Sen et al., 

2021:1-12). Sachs et al (1993:1-14) received the first patent for BJ at the Massachusetts Institute 

of Technology, Thereafter, Z-Corporation (Burlington, Massachusetts) obtained its license to use 

BJ in 1995 (Gibson et al., 2021:239). BJ is compatible with a wide range of powdered materials 

such as sand, polymers, ceramics, and metals (Le Néel et al., 2018:1325-1336). The applications 

of BJ are dependent upon the part being manufactured and its purpose (Chua and Leong, 

2017:247; Gibson et al., 2021:247). BJ is particularly used in applications including, cores and 

moulds, cosmetics industry, electro-chemical, bone scaffolds, plastic surgery and electronic 

components (Ziaee and Crane, 2019:781-801; Zhou et al., 2014:1-10). Examples of 3D sand 

moulding machines that use foundry or silica sand include Voxeljet (Augsburg, Germany) and 

ExOne (Irwin, Pennsylvania) (ExOne, 2020; Voxeljet, 2020). BJ utilises a drop-on-demand 

printing process in which individual drops are generated on demand using drop-on-demand (DoD) 

printheads through thermal or piezoelectric action. Piezoelectric printheads contain piezoelectric 

(quasi-adiabatic) elements. The physical dimension of the piezoelectric element changes when 

an electrical current is received. As a result, a certain amount of binder droplets is ejected through 

the printhead onto the powder bed. The thermal printhead consists of heating elements. The 

heating elements cause evaporation and bubble formation of the binder. The binder droplets are 

ejected through the printhead due to a pressure difference formed inside and outside the 

printhead (Sen et al., 2021:1-12). Continuous-jet printheads produce liquid droplets continuously 
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and can print at higher speeds than DoD printheads (Utela et al., 2008:96-104). The formation of 

drops is caused by the fluid's jet breakup behaviour, which was first investigated by Leonardo da 

Vinci in the Codex Leicester (Maccurdy, 1955). The jet breakup behaviour of fluid is not affected 

by perturbation and nozzle length acting on the jet, whereas the breakup behaviour is affected by 

viscosity, surface tension, and droplet velocity. A stable drop is created when the satellite droplets 

and main droplets merge before they reach the powder bed, hence increasing the print 

resolution (Eggers and Villermaux, 2008:1-78).  

BJ consists of three main manufacturing phases, namely a pre-processing phase, followed by a 

processing phase, and then a post-processing phase (Gibson et al., 2021:53-60). The pre-

processing phase requires the use of a hopper dispensing system to supply the job box of the 

AM machine with the AM feedstock material (Wei et al., 2021:106-112). The pre-processing 

phase also makes use of CAD software to produce a digital model (Sarvankar and Yewale, 

2019:1-10). After the model has been designed, the next step is to export the files to 

stereolithography or standard tessellation language (STL) file format and transfer them to the AM 

machine. STL file format describes an object's surfaces using polygons or triangles (Sarvankar 

and Yewale, 2019:1-10). Even though the conversion from CAD programs to STL file format is 

automated, there is a risk for errors to occur during this phase. As a result, a variety of software 

tools have been created to identify and, if possible, correct such issues (Gibson et al., 2021:56). 

The STL file format is converted to a G-code file by the slicing software. A G-code file consists of 

commands in G-code, a programming language used to describe how an AM machine should 

print a part. The AM operator can also control the process parameters like part orientation and 

layer thickness using the slicer software (Sarvankar and Yewale, 2019:1-10). The software 

parameters of the AM machine are then programmed to fabricate a part. The drawback of AM is 

that each part has its own set of specifications; therefore, it is challenging to choose optimal 

process parameters for instance layer thickness, scanning speed, and hatch spacing (Yakout et 

al., 2017:2081-2098). Thereafter the powder is sifted, loaded, and levelled in the AM machine. A 

build plate must be fitted and levelled in relation to the axes of the AM machine for AM processes 

that use them. These setup processes can either be done automatically or manually by skilled 

AM operators (Gibson et al., 2021:58). 

The AM machines operate automatically once the printing process has started. The automated 

printing process of BJ includes dispensing powder, powder spreading, and binder dispensing 

(Sen et al., 2021:1-12). The powder is discharged from the powder reservoir onto the build 

platform. A counter-rotating roller is used to disperse a thin layer of powder evenly throughout a 
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build platform. A print head contains one or multiple ejection nozzles that move along the x- and 

y-directions and deposits binder droplets (5 to 80 μm in size) at designated places on the powder 

bed (Adefuye et al., 2020:55-63; Afshar-Mohajer et al., 2015:293-301; Sachs et al., 1993:1-14). 

The powder particles interact with the binder droplets to generate primitives, which bind together 

to form a cross-sectional layer. The parts in the powder bed are self-supporting, thus no support 

structures are required (Gibson et al., 2021:249). The build platform moves down (z-direction) as 

soon as a layer has been completed. The distance that the build platform moves down is 

equivalent to a layer thickness (100 to 200 μm) to guarantee that the working plane remains the 

same. This process is repeated until a complete part is built (Afshar-Mohajer et al., 2015:293-301; 

Sachs et al., 1993:1-14). 

After the part has been successfully printed it will go through the post-processing phase (Ziaee 

and Crane, 2019:781-801). The post-processing phase is the process of finalising a part for 

specific use (Gibson et al., 2021:59). The BJ's post-processing phase can be divided into three 

steps namely, curing (drying), de-powdering, and densification (sintering and infiltration) 

(Mostafaei, 2021:1-138). Curing is a process in which a printed part is cured in an oven for 2 to 4 

°hours at 180°C to allow a binder to dry completely and to prevent the formation of irregular 

cracks, especially at sharp edges (Hackney and Wooldridge, 2017a:7-15; Mostafaei, 2021:1-138; 

Ziaee and Crane, 2019:781-801). When using furan resin and sulphonic acid, the part can be 

cured without the use of heat (Sivarupan et al., 2021:1-17, Ziaee and Crane, 2019:781-801). Once 

curing and de-powdering are completed, the final part's relative density is between 50 to 60% 

(Mostafaei et al., 2021:1-138). Near full densification of the part can be achieved through sintering 

and infiltration in a furnace (Mostafaei, 2021:1-138; Nandwana et al., 2017:207-218). The porosity 

of the binder jetted part is removed due to sintering and infiltration which results in the part 

shrinking (Lucas, 2017: 233-255; Mostafaei, 2021:1-138).  When a part is sintered, its shrinks as 

a result of material diffusing from grain boundaries or bulk particles into pore openings, 

whereas infiltration causes less shrinkage of the part because the pore openings are filled with 

more infiltrated material (such as polyurethane, molten wax, and cyanoacrylate) by capillary 

action, resulting in less distortion than sintering. In this study (Meiring, 2024) curing using heat, 

de-powdering, and densification activities were not conducted during the post-processing phase. 

2.3.3 PBF-SLS 

PBF was one of the first commercially available AM processes and it is suitable for a variety of 

materials, including sand, polymers, ceramics, metals, and composites (Gibson et al., 2021:125-
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126). PBF consists of four distinct technologies namely, direct metal laser sintering (DMLS), 

electron beam melting (EBM), selective laser melting (SLM), and SLS. Although PBF is divided 

into separate technologies, they all share the same printing process, whereby a high-energy 

source such as a laser or electron beam is used as a heating source to selectively bind a thin 

layer of deposited powder particles together layer-by-layer in compliance with the CAD data 

(ASTM: F2792:2013). PBF can further be divided into four mechanisms of fusion, namely 

chemically induced binding, full melting, liquid-phase sintering, and solid-state sintering (Gibson 

et al., 2021:130).  

SLS was the first PBF process to be commercialised (Gibson et al., 2021:125). PBF-SLS 

technology sinters specific regions of the top layer of the powder bed by means of a laser beam 

that adheres to the digital 3D design pattern (ASTM F2792:2013; Kruth et al., 2003:357). In PBF-

SLS, a carbon dioxide laser or a neodymium-doped yttrium aluminium garnet can be utilised as 

a heat source, either separately or in a dual-beam technique (Abe et al., 2001:210-213; 

Birmingham et al., 1992:147-153). Diode lasers can also be used to sinter metals, polymers, and 

sand (Casalino et al., 2002:100-106; Gueche et al., 2021:1-26).  

The pre-processing phase of PBF involves the use of CAD software or reverse-engineering 

apparatus to generate a 3D surface presentation. The data describing a part is stored in STL and 

transferred to an AM machine to be programmed to manufacture the desired part. Thereafter, the 

powder is loaded into the AM feedstock bin of the AM machine. The processing phase requires 

the use of a counter-rotating roller to disperse a layer of powder evenly across a build platform 

within an enclosed chamber. Nitrogen gas is present in the build chamber to reduce the decay 

and oxidation of the powder. The powder must first be heated to prevent thermal distortion and 

allow fusion in the previous layer before being sintered by a laser beam. Infrared radiation 

preheats powder inside the build platform to a uniform temperature slightly lower than the melting 

(sintering) point before the powder is spread over the build area (Gibson et al., 2021, 126). Two 

mirrors are used to selectively melt the powder by reflecting the laser onto the powder (Stefaniak 

et al., 2021:173-222). The unfused powder gives support for successive layers, thereby 

eliminating the necessity for a secondary support structure (Chua and Leong, 2017:141; Zhang 

and LeBlanc, 2018:869-870). The lack of support structures allows for the printing of extremely 

complicated geometries, including moving and interlocking parts (Zhang and Jung, 2018:8). As 

soon as a layer has been completed, the build platform lowers, and a new powder layer is 

deposited. This procedure is repeated from the bottom to the top until a complete part is built. 
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Following the completion of the final layer, the fully formed part remains in the AM machine until 

the part is cooled down completely, where after the part is taken out of the powder.  

The post-processing involves brushing off loose powder and applying supplementary treatment if 

necessary to create a final product (Chua and Leong, 2017:141; Gibson et al., 2021:59; Zhang 

and LeBlanc, 2018:869-870). The powder that has not been fused after the AM process can be 

reused (Zhang and Jung, 2018:81). 

2.4 Silica sand as AM feedstock material  

AM feedstock material refers to the raw material utilised in the building process of AM (ISO/ASTM 

52900:2021). During this study, silica sand was used as the AM feedstock material. Silica is a 

mineral often found in crystalline form and seldom in amorphous form. Silica occurs in nine 

different crystalline or polymorphic forms. However, quarts, cristobalite, and tridymite are the most 

prevalent polymorphic forms. Sand is composed of fine particles of rock fragments and minerals. 

However, the dominant mineral in the sand is quarts (NIOSH: 2002:1-145). Silica sand is used as 

an AM feedstock material due to its low cost and global availability (Svidrό et al., 2020:1-6). Silica 

sand is odourless and yellowish, and it has a density of 1.32 to 1.37 g/ml. Silica sand is insoluble 

in aqueous solutions and it is stable at normal ambient temperatures (Voxeljet, 2014b:1-7). Silica 

is inert and is a hard mineral listed as seven out of ten on the Mohs scale of hardness (Ahmed, 

2013:1-38). Pure silica has a high melting point of 1760°C. However, silica-containing impurities 

have a lower melting point. Silica's drawbacks include low thermal conductivity and high thermal 

expansion. Foundry workers are also at risk of developing silicosis due to the cumulative 

inhalation of silica particle (Rosenman et al., 1996:1-12). 

2.4.1 Characteristics of an AM feedstock material 

The particle size of the AM feedstock material is one of the most important control parameters in 

the AM process. The density and flowability of the AM feedstock material are both affected by 

particle size distribution. This has an impact on the quantity of energy required to process the 

powder and the surface finish (Micromeritics, 2017:1-5). Lu et al. (2008:178-183) observed that 

smaller particles (< 20 µm) promoted a lower porosity bed and a higher packing density resulted 

in a part with a smoother surface and higher mechanical strength. However, smaller particles 

displayed poor flowability and a greater propensity to agglomerate due to their larger surface area, 

ability to rapidly absorb moisture, and higher Van der Waals interaction forces. The density and 

flow properties of the AM feedstock are influenced by the particles' shape. Spherical shape 
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particles promote flowability and packing density. Particles with an irregular shape reduce the 

density and increase the porosity of the final part (Micromeritics, 2017:1-5). 

2.5 Furan binder system 

The furan no-bake binder system was established in 1958 and gained popularity in the 1980s 

(Carey and Lott, 2022:1-10). The furan no-bake binder system is a popular binder system due to 

its ease of use, sand reusability, and high mechanical strength (Hackney and Wooldridge, 

2017b:457-465). The furan binder system is compatible with chromite, silica, and zircon sand 

(Carey and Lott, 2022:1-10). 

In the furan no-bake binder system, a catalyst catalyses the polymerisation of furan resin, which 

results in a remarkable colour shift, turning green and then black as it polymerises (Carey and 

Lott, 2022:1-10). During the process of curing, chromophoric chemicals develop, which causes 

the colour shift. The chromophoric conjugation is broken down by ultraviolet light, allowing the 

pigment to revert to its brownish colour. The colour shift does not affect the properties of coated 

sand (Carey and Lott, 2022:1-10). 

The furan resin-to-catalyst ratio and the sequence in which the catalyst is added, are important. 

The mixing ratio of furan resin is dependent on the mass of the sand, and it typically ranges from 

0.9 to 2.0%. The quantity of catalyst ranges between 20 to 50% and it is determined by the mass 

of the furan resin (Carey and Lott, 2022:1-10). With regard to the sequence of catalyst addition, 

the sand should be treated with an acid catalyst first followed by furan binder. If the sand is coated 

with furan resin first, it will be over-catalysed, resulting in a considerable loss of mechanical 

strength. Under no circumstances can the catalyst and furan resin be added at the same time or 

mixed beforehand. An explosion can happen as a result of an uncontrolled exothermic poly-

condensation chemical reaction that occurs once the liquids are mixed (Carey and Lott, 2022:1-

10). 

Furan resin is a polymer that contains furfuryl alcohol (> 80%) (Voxeljet, 2014a:1-13; Xuhai et al, 

2022:1-15). The part's strength increases as the binder content increases, but this can cause the 

part's precision to diminish (Hu and Du, 2018:1-6). During the casting process, a substantial 

amount of gas is created as the binder content is increased (Sivarupan et al., 2021:1-17). The 

resin's viscosity decreases as the contained amount of furfuryl alcohol increases (Holtzer et al., 

2013:1-9). Chemical compounds such as phenol, urea, furfuryl, formaldehyde, and their 
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derivatives can also be found in furan resin (Xuhai et al, 2022:1-15). The commercial classification 

of furan resins relies on their water and nitrogen content.  

The water content varies from 0 to 30%, while the nitrogen content ranges from 0 to 11%. A high 

furan binder grade can be obtained by utilising a low content of water and 

nitrogen (Carey and Lott, 2022:1-10). 

Furan resin must meet certain requirements to be utilised in/as a furan binder system. The 

viscosity and surface tension of the furan resin must be tailored to fit within a particular range, 

and it must have sufficient stability and rheology to be deposited by an inkjet printhead. The furan 

resin needs to be stable to preclude solidifying in the printhead. The powder bed must be wetted 

adequately by the furan resin for optimal diffusion. On the other hand, the powder bed must not 

be wetted to the point that the furan resin migrates far beyond the impact site. The binding strength 

must be sufficient to ensure that the part maintains its structural integrity. Lastly, the burning of 

the furan resin must be conducted in such a way that minimizes hazardous chemical traces (Utela 

et al., 2008:96-104). 

Furan resins are a potential human carcinogen, posing a health concern to AM operators (Bakhiya 

and Appel, 2010:84:563-578; Voxeljet, 2014a:1-13). Furthermore, it has been found that furan 

resin is not environmentally friendly and must be substituted with less hazardous binders 

(Sivarupan et al., 2021:1-17). Many AM companies, including Voxeljet, are still in search for more 

environmentally friendly binders, such as acrylic-epoxy/SO2 (Carey, 2012:1-10; Sivarupan et al., 

2021:1-17).  

2.6 Respiratory tract anatomy 

The respiratory tract is anatomically divided into two compartments based on function. 

Compartment one consists of the upper respiratory tract and tracheobronchial tree, which 

conducts air from the surrounding environment to the gas exchange sites. The second 

compartment consists of the pulmonary regions (bronchiole and alveoli), which engage in gas 

exchange (Hall and Guyton, 2016:497-557).  

2.6.1 Particle deposition in the respiratory tract 

The main route of particle exposure is inhalation through the mouth and/or nose (Geraets et al., 

2014:54-64). The respiratory tract of adult humans is exposed to inhaled air of more than 
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10 000 litres daily, which may contain hazardous chemical agents (HCAs) (Tsuda et al., 

2013:1437-1471). Particles are categorised in size fractions depending on the place of deposition 

in the respiratory tract (Klaassen and Watkins, 2015:228-229). Inhalable particles (50% 

penetration of particles with an aerodynamic diameter of < 100 μm) are breathed in through the 

mouth and nose and can access the nasopharyngeal region. Extra thoracic particles are inhaled 

but cannot deposit further than the larynx. Thoracic particles (< 10 μm, 50% cut-point) can deposit 

past the larynx, while respirable particles (< 4 μm, 50% cut-point) can penetrate the alveolar 

region of the lungs (Brown et al., 2013:1-12).  

The deposition of particles in the respiratory tract determines the respiratory defence (clearance) 

mechanism and the toxicity of the inhaled particles. The deposition of particles in the respiratory 

tract is influenced by factors such as the powder characteristics and chemical composition of the 

particle, the anatomy of the respiratory tract, and the physiological characteristics (such as 

breathing and airflow patterns) of the respiratory tract (Yeh et al., 1976:147-156).  

Particles that are inhaled follow a complicated route through the respiratory system, where they 

are deposited by different mechanisms (Darquenne, 2020:181-185). According to Scheckman 

and McMurry (2011:508-516) particle deposition in the respiratory tract can occur through five 

mechanisms, namely diffusion, impaction, interception, electrostatic deposition, and 

sedimentation. Diffusion is the random movement of particles (0.5 to 1 µm) caused by collisions 

with surrounding molecules (CCOHS, 2022; Fröhlich and Salar-Behzadi, 2014:4795-4822). As 

the particle size decreases, the movement becomes more vigorous. The deposition of particles 

in the bronchiole and the alveoli is primarily caused by diffusion (CCOHS, 2022a). Another 

mechanism is impaction, and it is governed by Newton's first law of motion also known as inertia. 

This law states that once an object begins moving, it will resist changing its direction or velocity 

unless it is acted upon by an external force (Wijesuriya, 2015:2723-2732). As a result, when the 

airway system suddenly curves, particles (> 2 µm) collide or stick to the airway system's surface 

(Salar-Behzadi, 2014:4795-4822). These particles deposit in the upper respiratory tract (CCOHS, 

2022a; Heyder, 2004:315-320). Deposition by interception occurs when a particle moves close to 

the wall of the airway passages, it can intercept or deposit onto the wall of the airways (CCOHS, 

2022a). Elongated particles (for example fibres) with a large length-to-diameter ratio are 

subjected to interception (Darquenne, 2020:181-185). The particle's length influences where it 

will intercept. For example, a particle with a length of 200 µm and a diameter of 1 µm will intercept 

within the bronchial tree (CCOHS, 2022a). Electrostatic deposition occurs when particles deposit 
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on the walls of the airway passages due to their electrostatic charge. Electrostatic deposition 

contributes the least to particle deposition in the respiratory tract (Darquenne, 2020: 181–185). 

Sedimentation occurs when particles (> 1 µm) settle on the lung's surface (CCOHS, 2022a; 

Fröhlich and Salar-Behzadi, 2014:4795-4822). This happens when the particle's buoyancy is 

exceeded by air resistance and gravitational forces. The bronchi and bronchioles are the most 

prevalent sites for this sort of deposition (CCOHS, 2022a). 

In an experimental study, it was found that particles that are spherical-shaped and rod-shaped 

resulted in less cytotoxicity compared to needle-shaped and plate-shaped particles (Zhao et al., 

2013:87:1037-1052). Particle size should be considered because larger particles have a greater 

settling rate in still air than smaller particles and are less likely to be inhaled. However, in turbulent 

air, as is common in the foundry environment, small particles may remain suspended for days 

(Scholz et al., 2007:1-82; Wang et al., 2017:100-108). 

2.6.2 Clearance mechanisms 

Particles larger than 5 µm that enter the nose (upper respiratory tract) are cleared by blowing, 

wiping, or sneezing. The upper respiratory tract and tracheobronchial tree are lined by cilia and 

epithelial cells are protected by mucus (Fröhlich and Salar-Behzadi, 2014:4795-4822). Dust and 

other particles captured in mucus are transported to the pharynx, where they can be swallowed 

into the gastrointestinal tract (mucociliary escalator) or expectorated. To execute this role, cilia 

beat in synchronised metachronal waves at a fixed frequency (Bustamante-Marin and Ostrowski, 

2017:1-17). Both ultrafine particles (UFP) and respirable particles (< 4 μm, 50% cut-point) can 

penetrate the lung's alveolar region and come into touch with the air-blood barrier (Brown et al., 

2013:1-12; Fröhlich and Salar-Behzadi, 2014:4795-4822). The lung alveoli are not protected by 

cilia or mucus due to the need for gas exchange. In the alveoli of the lungs, macrophages are 

found. The primary function of macrophages is the detection and phagocytosis of harmful or 

foreign substances (Saldana, 2022). The macrophage system does not work effectively for quarts. 

The enzymes released by macrophages are unable to clear quarts, and as a result, macrophages 

are eventually destroyed, causing damage to the lung's surface and the formation of scar tissue. 

The area available for gas exchange reduces as more of the surface of the lung is scarred over 

time (Scholz et al., 2007:1-82). 
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2.7 Health effects associated with respirable crystalline silica 

Silica or silicon dioxide is present as amorphous silica or as crystalline silica. Amorphous silica 

has a random orientation, while crystalline silica has a definite repeating pattern of silicon-oxygen 

tetrahedra (Technology Planning and Management Corporation, 1998:1-54). Natural amorphous 

silica is generally contaminated with crystalline silica, but synthetic amorphous silica is free of 

crystalline silica contamination. The health effects of amorphous silica are difficult to determine 

since it might be contaminated with crystalline silica (Merget et al., 2002). The toxicity of 

amorphous silica is lower than that of crystalline silica. However, there is a paucity of data that 

indicates negative health effects, especially with regard to amorphous silica UFPs. In terms of 

overall lung cytotoxicity, the cytotoxic events seen with respirable crystalline silica, which led to 

permanent fibrotic alterations, are not apparent with the amorphous silica (McLaughlin et al., 

1997: 553-566). 

The accumulation of respirable crystalline silica in the alveoli is associated with adverse health 

effects. The health effects are silicosis, bacterial infections (non-tuberculosis and tuberculosis), 

fungal infections, autoimmune diseases, chronic obstructive pulmonary disease (COPD), renal 

diseases, and lung cancer (NIOSH: 2002:1-145). Only silicosis, COPD, and lung cancer will be 

discussed in further detail because the study's focus is on respiratory health effects. 

The primary concern of inhaling respirable crystalline silica is silicosis (Rosental, 2017:106). 

Silicosis is a lung disease first described by Hippocrates in the year 430 before Christ (BC). 

In 1713, Bernadino Ramazani observed silicotic nodules in post-mortems of stone cutters with 

respiratory symptoms. The advent of machine tools in the mining industry in the 1800s raised 

silica concentrations in the workplace, leading to a rise in cases and a better understanding of 

silicosis (Barnes et al., 2019:1165-1175). Workers in a wide range of industries around the world 

are now affected by silicosis. In the early twentieth century, South Africa became the pioneering 

country for silicosis in institutional, medical, and legislative aspects. Many countries throughout 

the world had implemented a compensation system to deal with work-related injuries by the end 

of the nineteenth century. Occupational diseases like silicosis were added to these systems later 

(Rosental, 2017:5;108;207). Respirable silica settles in the alveoli of the lungs, causing 

inflammation, formation of silicotic nodules, and scarring of the lung’s alveoli. As a result, the gas 

exchange (oxygen and carbon dioxide) between the bloodstream and the air is inhibited. 

Prolonged inhalation of silica particles can cause nodules to develop and grow, making breathing 

difficult (Scholz et al., 2007:1-82). 
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Other symptoms of silicosis may include fever, fatigue, chest pain, severe cough, and loss of 

appetite (Scholz et al., 2007:1-82). However, in the early stages of silicosis, there are no 

symptoms (Workplace Health and Safety Queensland, 2020:1-4). The respirable crystalline 

concentration, particle size, and cumulative exposure to respirable crystalline silica are the 

principal factors that determine the severity of silicosis (Scholz et al., 2007:1-82). Chronic, 

accelerated, and acute silicosis (silicolipoproteinosis, silicoproteinosis) are the three kinds of 

silicosis classified by the National Institute for Occupational Safety and Health (NIOSH) (NIOSH: 

2002:1-145). The most common classification of this disease is chronic silicosis (Wisconsin 

Department of Health Services: 2008:1-2). After 10 years or more of low-moderate exposure, 

chronic silicosis develops (NIOSH: 2002:1-145). Chronic silicosis can have a wide range of 

symptoms, from mild to fatal (Scholz et al., 2007:1-82). Accelerated silicosis develops within 

5 to 10 years of moderate-high level exposure (NIOSH: 2002:1-145). The symptoms of 

accelerated silicosis are similar to symptoms of chronic silicosis; however, they occur sooner and 

progress more rapidly. After a few years of onset, accelerated silicosis can result in death (Scholz 

et al., 2007:1-82). A rare classification of this disease is acute silicosis (Wisconsin Department of 

Health Services: 2008:1-2). This disease is caused by high concentration exposure 

(about 100 mg/m3) and can develop anywhere from weeks to 5 years after the first exposure 

(NIOSH: 2002:1-145; Scholz et al., 2007:1-82). Again, the symptoms are similar to chronic 

silicosis; however, they occur sooner, progress more rapidly, and always result in death (Scholz 

et al., 2007:1-82). When silicotic nodules develop in organs other than the lungs (spleen, bone 

marrow, liver, pancreas, or bone marrow), it is referred to as systemic silicosis. These changes 

can be caused by respirable crystalline silica being transferred outside the respiratory system via 

the lymph and/or bloodstream. Other contributing factors, like immune responses, could also play 

a role in these changes (Slavin et al., 1985:393-412; Papachristou et al., 2006: 170-172).  

Inhaling respirable crystalline silica increases the incidence of COPD (NIOSH, 2002:1-145). 

COPD refers to a treatable group of non-cancerous respiratory diseases, which are characterised 

by the narrowing of the lungs' airways, leading to airflow limitation. Chronic bronchitis and 

emphysema contribute to COPD. Chronic bronchitis is a condition characterised by a chronic 

cough sputum production caused by inflammation of the lining of the airways. Emphysema is a 

lung condition in which the alveoli at the end of the bronchioles are destroyed. The symptoms of 

COPD may include chest tightness, shortness of breath, tiredness, chronic cough, and sputum 

production, (WHO, 2021). 
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 The International Agency for Research on Cancer (IARC) (2021) classified respirable crystalline 

silica exposure as a Group 1 confirmed human carcinogen. Crystalline silica's mechanism of 

carcinogenicity is not well explained in the literature (ATSDR, 2019:183). Borm et al.  (2011:756-

70) completed a review on crystalline silica's mechanism of carcinogenicity and concluded that 

crystalline silica's carcinogenicity is likely owed to the secondary genotoxic effect caused by silica-

induced inflammation. Lung cancers such as adenocarcinoma, small-cell carcinoma, and 

squamous cell carcinoma may occur as a result of exposure to respirable crystalline silica 

(Cassidy et al., 2007:36-43). 

2.7.1 Health effects associated with particulates not otherwise specified (PNOS) 

PNOS are defined as particles that do not typically cause adverse health effects (CCOHS, 2015). 

However, significantly high concentrations of PNOS can impair vision, cause unpleasant deposits 

in nasal passages, ears, and eyes, and irritate the mucous membranes and skin (Cherrie et al., 

2013:685-691). Furthermore, the results from three studies showed a correlation between the 

inhalation of PNOS and respiratory disorders and lung function impairment among foundry 

workers (Kayhan et al., 2013:1-5; Kuo et al., 2018:1-15; Saraei et al., 2018:285-290). In addition, 

even minor increases in PNOS concentrations can aggravate the symptoms of those with pre-

existing respiratory disorders such as chronic obstructive pulmonary disease (Department of 

Health, 2022). 

2.7.2 Health effects associated with UFPs 

UFPs emitted from 3D machines are potentially harmful to human health due to their small size 

and large surface area (Bharti and Singh, 2017, 94:879-885). The toxicity of UFPs is significantly 

higher when compared to larger particles consisting of the same elements in the same ratio or 

proportion (Da et al., 2019:73-81; Cena et al., 2011; HEI, 2013; Kittelson, 1998:575-588; 

Oberdӧrster et al., 1992:193-199; Seaton et al., 1995:176-178). UFPs deposit effectively in both 

the alveolar and pulmonary regions of the lung (Deng et al., 2016:11:1-18). UFPs are retained in 

the lung for a longer period compared to larger particles and can efficiently move from the lungs 

into the bloodstream and to organs such as the brain and heart (Cena et al., 2011; HEI, 2013; 

Schraufnagel, 2020:311-317). They can translocate from the nasal regions through the olfactory 

neurons and into the brain tissue, causing neurodegenerative disorders (Oberdörster et al., 

2005:823-839). UFPs can also be transported from the respiratory epithelium to the circulation 

system causing toxicity in the vascular endothelium, which leads to an inflammatory response 
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and cardiovascular diseases (Du et al., 2016:8-19). It is challenging to compare and interpret the 

health effects across UFP health studies since the definition of UFPs is not standardised 

(Kittelson et al., 2022:1-31). 

2.8 Occupational exposure in AM 

Adams (2016:1-84) investigated the respiratory exposure of AM operators during the casting of 

moulds with PBF-SLS utilising silica sand. The particle size distribution and shape analysis and 

scanning electron microscopy (SEM) images of the uncoated, coated and used sand were similar, 

indicating that the particle size did not change during PBF-SLS. The author stated that the 

chemical composition of respirable crystalline silica (98.6 to 100%) of uncoated, coated 

silica sand was very similar. Adams (2016:1-84) stated that the area concentration and the 

personal respiratory exposure of the AM operators to respirable crystalline silica (≤ 0.06 mg/m3) 

and respirable PNOS (≤  0.06 mg/m3) did not exceed their respective South African time-weighted 

average occupational exposure limit - control limit (TWA-OEL-CL) (0.1 mg/m3) and time-weighted 

average occupational exposure limit - recommended limit (TWA-OEL-RL) (5 mg/m3).  

Matlhatsi (2021:1-133) investigated particle emissions and respiratory exposure during the BJ 

printing of sand moulds. The SEM images illustrated that the coated sand contained larger 

particles than the uncoated and used silica sand. He stated that uncoated and used silica sand 

contained mainly respirable particles, while coated silica sand predominantly contained inhalable 

particles. The peak particle number concentrations during the pre-processing (1.43 × 101 p/cm3 

to 5.98 × 106 p/cm3), processing phase (1.45 × 101 p/cm3 to 7.76 × 106 p/cm3) and post-

processing phase (1.19 × 101 to 3.74 × 106 p/cm3) for particles 0.3, 0.5, 1.0 and 0.01 to 1.0 µm in 

size. Matlhatsi (2021:1-133) reported statistically significant differences in the particle number 

concentrations among the three repetitions of the same AM phase. He stated that it is not possible 

to confirm if the particle emissions were mostly due to the pre-processing due to the phases being 

performed successively. Therefore, it is possible that particle emissions during the pre-processing 

phase can result in high particle number concentrations during the next phase. The author stated 

that the mean ERs for particles 0.3 µm and 0.01 to 1.0 µm in size were higher during the pre-

processing phase (1.62 × 104 and 1.2 × 109 p/min) compared to the processing phase (1.53 × 104 

and 5.27 × 108 p/min) and post-processing phase (1.13 × 104 and 7.74 × 108 p/min). Matlhatsi 

(2021:1-133) stated that there were no statistically significant differences between the particle AM 

phases. The respirable crystalline silica concentrations (≤  0.07 mg/m3) and respirable PNOS 

concentrations (≤  0.266 mg/m3) during cleaning and printing complied with the South African 
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TWA-OEL-CL. Matlhatsi (2021:1-133) used a provided air exchange rate (AER) to calculate 

particle ERs. In this study (Meiring, 2024), the AER was calculated using a carbon dioxide decay 

method.  

Adams (2016:1-84) and Matlhatsi (2021:1-133) both determined the size, shape, and chemical 

composition of silica sand and assessed area concentrations and personal respiratory exposure 

of the AM operators to HCAs (respirable crystalline silica and respirable PNOS) during the AM 

process by means of time-integrated sampling. Matlhatsi (2021:1-133) quantified particle number 

concentrations and used a provided air exchange rate (AER) to calculate particle ERs for particles 

0.01 to 1.0 µm in size during the three AM phases. Adams (2016:1-84) did not investigate particle 

number concentrations emitted and did not calculate ERs. In this study (Meiring, 2024), the size, 

shape, and chemical composition of silica sand were determined to verify the results of Adams 

(2016:1-84) and Matlhatsi (2021:1-133). In this study (Meiring, 2024) the AER was calculated, a 

window period of 24-hours was allocated between sampling and particle number concentrations, 

and ERs were determined for particles > 1 µm, < 1 to > 4 µm, > 4 to < 10 µm and > 10 µm in size 

at different locations in the AM research facility (area one and area two) and for the operator 

during the three AM phases. In this study (Meiring, 2024), particle number concentrations of 

particulate matter with aerodynamic diameters of ≤ 4 µm (real-time monitoring) versus TWA data 

(time-integrated sampling) were used to assess area concentrations and personal respiratory 

exposure of the AM operators to HCAs (respirable crystalline silica and respirable PNOS) during 

BJ utilising silica sand and to determine the dominant particle size fraction. 

Two published studies investigated particle emissions during BJ, although, not during sand 

moulding. The first study by Afshar-Mohajer et al. (2015:293-301) used gypsum as AM feedstock 

material and Lewinski et al. (2019:1-7) utilised stainless-steel powder as AM feedstock material 

during BJ. According to Afshar-Mohajer et al. (2015:293-301) BJ machines utilising gypsum 

powder as AM feedstock material are a possible source of volatile organic compounds and fine 

particulate matter because of the constant movement of AM feedstock material within BJ machine 

chambers and injection of resin binder. According to Afshar-Mohajer et al. (2015: 293-301) 

background airborne particle number concentrations for particles 10.4 nm to 407 nm in size, 

ranged between 1.0 × 102 and 1.2 x 103 p/cm3 and reached a peak of 8.0 × 101 p/cm3 for particles 

0.45 µm to 8.75 µm in size. They detected the highest particle number concentrations of 

0.9 to 1.16 × 104 p/cm3, during the printing period for particles 205 and 255 nm in size. However, 

from the start of printing, the particle number concentration for particles 54.3 nm in size was higher 

than other particle sizes and reached a steady state after 70 min (9.0 × 103 p/cm3). They reported 
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the peak ER during the post-processing phase (4.4 x 104 p/min) when the BJ machine lid was 

opened and the unfused powder around the printed part was brushed off. Lewinski et al. (2019:1-

7) reported a mean background airborne particle number concentration of 3.3 × 104 p/cm3 for 

particles 0.3 to 10 µm in size and a mean background airborne particle number concentration of 

5.9 × 103 p/cm3 for particles 10 to 400 nm in size. They found that the mean particle number 

concentration was the highest during the processing phase (3.8 × 104 p/cm3), then the pre-

processing phase (3.5 × 104 p/cm3) and post-processing phase (3.3 × 104 p/cm3) for particles 

0.3 to 10 µm in size. Lewinski et al. (2019:1-7) did not calculate the particle ERs. 

2.8.1 Occupational exposure in sand moulding foundries 

There are similarities between AM of sand moulds and sand moulding foundries. These 

similarities include the presence of heat, exposure to respirable crystalline silica, PNOS, and 

resins (Adefuye et al., 2020:55-63; Envirocare, 2021). PNOS are released during most casting 

process stages, such as when dry sands are mixed and shaken for mould production (Vu, 2020). 

These activities can be extrapolated to the loading of the AM machine during the pre-processing 

phase. According to studies performed by NIOSH, high concentrations of respirable 

crystalline silica are generated when sand mould castings are cleaned (NIOSH, 1998). Therefore, 

the concentration of crystalline silica is expected to be higher during the post-processing phase 

than during the pre-processing phase and processing phase of AM. 

2.9 Relevant occupational exposure limits 

OELs play a vital role in regulating exposure to HCA at work to protect workers' health and safety 

(Adkins et al., 2009:1-11). A country's OELs are influenced by its health and socioeconomic 

aspects. As a result, an OEL can differ from one country to the next (Deveau, 2015: S127-S144). 

Respirable crystalline silica is listed under the RHCA with a TWA-OEL-ML of 0.1 mg/m3, while 

international organisations such as the NIOSH, the American Conference of Governmental 

Industrial Hygienists (ACGIH), and the Occupational Safety and Health Administration (OSHA) 

list it with a TWA-OELs of 0.05 mg/m3, 0.025 mg/m3 and 0.05 mg/m3 respectively (CCOHS, 

2022b; DoEL, 2021:1-98; NIOSH, 2014; OSHA, 2022). Respirable PNOS have an OEL-RL of 

5 mg/m3 under the RHCA, and international organisations such as the NIOSH, the ACGIH, and 

the OSHA have TWA-OELs of 5 mg/m3, 3 mg/m3, and 5 mg/m3 respectively (CCOHS, 2018; 

DoEL, 2021:1-98; NIOSH, 2019). 
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2.10 Conclusion 

The application of AM technologies in various industries is constantly increasing. However, the 

occupational hazards associated with all AM processes are still not well-understood for all AM 

process categories, including the BJ of sand moulds. According to Stefaniak et al. (2021:1-51) 

there is a total of forty-six publications related to particle emissions and exposure for all 

AM process categories; but only two of the studies (Afshar-Mohajer et al., 2015:293-301 and 

Lewinski et al., 2019:1-7) applied to BJ. Publications on foundry sand are available, however, the 

only study that uses silica sand during BJ is unpublished (mini-dissertations) (Matlhatsi, 2016:1-

84).  
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Abstract  

Background: Studies on human health risks and exposure associated with additive 

manufacturing (AM) of sand moulds in real-world workplaces remains limited. An AM operator 

might be exposed to particle emissions and hazardous chemical agents (HCAs), namely 

respirable crystalline silica, and respirable particulates not otherwise specified (PNOS) during the 

pre-processing, processing, and post-processing activities when using silica sand during binder 

jetting (BJ). More research is needed regarding particle emissions, area concentrations and 

respiratory exposure of AM operators to respirable crystalline silica and respirable PNOS during 

BJ utilising silica. 

Aims: (i) Firstly to determine the powder characteristics and chemical composition of uncoated, 

coated, and used silica sand; (ii) secondly, to quantify particle number concentrations and particle 

emission rates released during the different phases of the AM process; (iii) finally to assess area 

concentrations and personal respiratory exposure of AM operators to respirable crystalline silica 

and respirable PNOS during BJ. 

Methodology: Particle size distribution (PSD) and shape analysis, as well as scanning electron 

microscopy (SEM) was performed to determine the physical characteristics of the uncoated, 

coated, and used silica sand powder, while wavelength dispersive X-ray fluorescence (WD-XRF) 

was utilised to determine chemical composition of all three powders. Direct-reading instruments 

were used to quantify particle number concentrations and emission rates of particles released 

during the AM phases. Area monitoring and personal exposure monitoring using time-integrated 

sampling and real-time monitoring were conducted during the operator’s full shift to determine 

area concentrations and personal respiratory exposure to respirable crystalline silica and 

respirable PNOS. 

Results: The PSD and SEM results could not be compared to the safety data sheet (SDS) since 

the physical characteristics (particle size distribution and shape) of silica sand were not declared 

on the manufacturer's SDS. PSD results indicated that uncoated, coated and used silica sand fell 

into the inhalable size fraction (< 100 µm), which were supported by SEM images. Silica sand 

particles were shown to be smooth and non-spherical in shape by PSD analysis and SEM images. 

Statistically significant differences was only found for particles size [d(0.5)]. PSD analysis 

indicated that 90% [d(0.9)] of uncoated, coated, and used silica sand particles were smaller than 

42.21 ± 29.96, 104.7 ± 23.33 µm and 54.9 ± 49.93 µm respectively.The quartz content of the silica 
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sand, as determined by WD-XRF, ranged from 96.83 to 98.20%, which corresponded with the 

manufacturer's SDS. Increased particle number concentrations were observed during specific 

activities conducted in each AM phase. The Grimm and a DustCount® displayed peak particle 

number concentrations of 680.51 and 37.10 p/cm3 (respectively) during the post-processing 

phase for particle < 1 µm in size. The peak particles ERs in this study (Meiring, 2024) for particles 

< 1 µm in size was 3.06 × 105 and 12.09 × 100 p/min for a Grimm and a DustCount®. The 

DustCount® indicated that particles sized 0.375 µm in size were the most prevalent emitted during 

the AM phases. The personal exposure 8-hour Time Weighted Average (TWA) concentrations 

were measured at 0.01 ± 0.00 mg/m3 for respirable crystalline silica and 0.04 ± 0.03 mg/m3 for 

respirable PNOS. All 8-hour TWA personal exposures complied with their respective TWA-OELs. 

However, it was found that respirable crystalline silica measured during BJ was equal to 10% of 

the TWA-OEL-ML (0.1 mg/m3). 

Conclusion: PSD analysis and SEM images indicated that uncoated, coated and used silica 

sand fell into the inhalable size fraction (< 100 µm), indicating that the particles are small enough 

to be inhaled and potentially pose a risk to human health. The d(0.5) result, indicated a statistical 

significant difference between uncoated, coated, and used silica sand particle. The particle 

number concentrations and particle ERs obtained by the direct-reading instruments differed 

significantly, with the DustCount® yielding significantly lower particle number concentrations and 

particle ERs. When comparing the particle number concentrations measured by the DustCount® 

in area one (in front of the AM machine) and area two (back of the AM machine), higher particle 

number concentration was measured in area two at the back of the AM machine. All 8-hour TWA 

personal exposures were below the respective TWA-OELS. However, during BJ, respirable 

crystalline silica was equal to 10% of the TWA-OEL-ML indicating a potential health concern to 

the AM operator.  
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Introduction  

Additive manufacturing (AM) is the process of combining AM feedstock materials to create parts 

from three dimensional (3D) model data, layer by layer, as opposed to formative and subtractive 

manufacturing techniques (ISO/ASTM 52900:2021). The term AM encompasses seven distinct 

process categories, which are used in a wide range of industries such as automotive production, 

manufacturing of medical devices, and aerospace (ISO/ASTM 52900:2021; Sun and Shang, 

2021:194).  

AM processes, such as binder jetting (BJ) and powder bed fusion selective laser sintering (PBF-

SLS) can successfully make sand moulds and cores (Le Néel et al., 2018). BJ is a process that 

deposits a liquid bonding agent to selectively bind the AM feedstock material together, whereas 

PBF-SLS is a process that uses one or more lasers as a heating source to selectively melt or fuse 

surface particles (ASTM F2792, 2013; ISO/ASTM 52900:2021).  

As AM is expanding rapidly, it is crucial to recognize that new approaches could present new 

health concerns for the AM operator (Manoj et al., 2020; Ljunggren et al., 2021). For this reason, 

every advancing and evolving AM technology needs to constantly assess the variables related to 

AM technology that could contribute particle emissions, exposure to hazardous chemicals 

(HCAs), and potential health hazards (Zisook et al., 2020). BJ consists of three phases, namely 

the pre-processing, processing, and post-processing phase. In the pre-processing phase, 

computer aided design (CAD) software is used to create a 3D presentation of the surface. 

Stratified tessellation language (STL) files are used to describe part geometry and are transferred 

to an AM machine. (Gibson et al., 2015). Once the AM machine is programmed, the powder is 

loaded into the feedstock bin. In the processing phase, the desired part is printed. During the post-

processing phase, the part is brushed to remove the loose powder, and the AM machine is 

cleaned with a vacuum cleaner (Elliot and Love, 2016; Zhang and LeBlanc, 2018). After post-

processing, the unfused powder can be disposed of or reused (Meera et al., 2017:86-91). AM 

operators handling silica sand and using the BJ machine may be exposed to respirable crystalline 

silica and respirable particulates not otherwise specified (PNOS). PNOS is defined as dust that 

contain < 1% quartz (NIOSH method 0600, 1998). Low exposure to PNOS have a negligible 

harmful impact on the body and any changes to the airways that occur from exposure to PNOS 

are potentially reversible. However, when PNOS are inhaled in sufficient quantity, PNOS particles 

accumulate and damage the proximal alveoli and terminal airways, causing inflammation that 

eventually results in the development of pneumoconiosis and COPD (Cherrie et al., 2013). 
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Inhalation of respirable crystalline silica, in the form of cristobalite or quartz, impairs particle 

clearance, activates macrophages, and causes continuous lung inflammation and irritation. The 

primary concern with inhaling respirable crystalline silica is silicosis, but respirable crystalline 

silica is also classified as a Group 1 confirmed human lung carcinogen (IARC, 2021; Rosental, 

2017). 

The powder characteristics and chemical composition of particles should be considered when 

investigating the potential health effects of AM. The physical characteristics refer to the size and 

shape of particles, while the chemical composition refer to its elemental composition. The site of 

deposition of particles within the respiratory tract is determined by the physical characteristics and 

chemical composition of the particles (Thomas, 2013; McClellan, 2002). Particles are categorised 

in three size fractions depending on the place of deposition in the respiratory system namely an 

inhalable fraction (< 100 μm, 50% cut-point) representing particles reaching the nasopharyngeal 

region, a thoracic fraction (< 10 μm,  50% cut-point) representing particles that deposit beyond 

the larynx, and a respirable fraction (< 4 μm, 50% cut-point) representing particles that reach the 

alveolar region of the lung (Brown et al., 2013). In addition, ultrafine particles (UFPs) represents 

particles with a particle diameter of less than 100 nm in size (U.S. EPA, 2009). Inhaled UFPs 

deposit effectively in the alveolar and pulmonary regions of the lung (Deng et al., 2016). UFPs 

may be released into the air by BJ machines (Afshar-Mohajer et al., 2015; Lewinski et al., 2019; 

Oberdörster et al., 2005). In general, inhalation in UFPs is associated with adverse health effects 

such as respiratory system inflammation, neurodegenerative disorders, and cardiovascular 

diseases (Du et al., 2016; Oberdörster et al., 2005).  

In the South African context, there have been only two postgraduate studies conducted on human 

health risks and exposure during the AM of sand moulds (Adams, 2016; Matlhatsi, 2021). These 

studies found that silica sand as AM feedstock contains inhalable sized particles, however, 

Matlhatsi (2021:1-133) also found that silica sand contains thoracic and respirable sized particles. 

Particle emissions in the size range of 0.01 to 1 μm peaked at a number concentration of 

5.98 × 106 p/cm3 during the pre-processing phase, 7.76 × 106 p/cm3 during the processing phase 

and 3.74 × 106 p/cm3 during the post-processing phase (Matlhatsi, 2021). Time-integrated 

sampling indicated the exposure to concentrations of respirable crystalline silica (≤ 0.07 mg/m3) 

and respirable PNOS (≤ 0.60 mg/m3) that complied with their respective South African 

occupational exposure limits (OELs) (Adams, 2016; Matlhatsi, 2021). 
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Apart from these two postgraduate studies, two other studies have been conducted on human 

health risks and exposure during BJ. Afshar-Mohajer et al. (2015) utilised gypsum as AM 

feedstock, while the other study used stainless-steel powder as AM feedstock material (Afshar-

Mohajer et al., 2015; Lewinski et al., 2019). Afshar-Mohajer et al. (2015), detected the highest 

particle number concentrations (0.9 to 1.16 × 104 p/cm3) during the printing phase (processing 

phase) for particles 205 and 255 nm in size. Lewinski et al. (2019), reported a peak number 

concentration during the processing phase (1.2 × 104 p/cm3) for particles 10 to 400 nm in size and 

an approximate peak particle number concentration of 6 × 104 p/cm3 during the pre-processing 

phase for particles 0.3 to 10 µm in size. 

Firstly, our study aimed to determine the physical characteristics and chemical composition of 

uncoated, coated, and used silica sand powder. Secondly, it quantified the particle number 

concentrations released and particle emission rates of particles released during the different 

phases of the AM process using direct-reading instruments. Finally, area monitoring and personal 

exposure monitoring were conducted by means of time-integrated sampling and real-time 

monitoring to establish area concentrations and personal respiratory exposure to respirable 

crystalline silica and respirable PNOS. 

Methodology  

This quantitative study was conducted at an AM research facility located at a tertiary education 

institution in South Africa. 

Facility description  

The AM process was conducted in an AM research facility with the following dimensions:                     

length = 11.50 m, width = 5.90 m, height (sloped ceiling) = 2.50 m (lower sloped side), and 4.60 m 

(higher inclined side) with a calculated room volume of 240.87 m3. The layout of the AM research 

facility was as follows: one door in the front, a large roll-up door at the back that was kept closed, 

and no windows that were opened. The AM machine was situated in the centre of the AM research 

facility (Supplementary material: Figure S1). There was an unpacking station with a local 

extraction ventilation system (not in a working condition), however, the AM operator did not make 

use of the unpacking station. There was a hopper located at the back of the room. Area monitoring 

was conducted at two areas in the AM research facility. Area one was in front of the AM machine 

and area two was behind the AM machine and in front of the hopper (Supplementary material: 

Figure S1). The door was left open on the first day of printing and kept closed on the second, 
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third, and fourth days of printing. There was an extraction ventilation system directly connected 

to the AM machine, which ventilated the AM machine’s build envelope. The AM research facility 

had an air conditioner both in the front and at the back. However, the air conditioner in the front 

was not switched on or not operational at the time of the study and therefore not used to regulate 

indoor air conditions. The split-level air conditioner at the back of the AM research facility was set 

to a constant temperature of 22°C on each sampling day (Supplementary material: Figure S1) 

The facility used an industrial scale BJ machine, namely a Voxeljet VX1000 (Voxeljet, Germany), 

Premixed quartz sand Type GS14/GS14/GS19 was used (Voxeljet - Pre-mixed quartz-sand type, 

2014:1-7). Prior to the pre-processing phase, uncoated silica sand was coated with liquid 

sulphonic acid and furan binder in the coating room by coating operators (Voxeljet - Activator VX-

2C/8, 2014:1-9; Voxeljet - Binder VX-2C Type B, 2014: 1-13). Emissions and exposure associated 

with coating are described by Matlhatsi (2021). A detailed description of the activities performed 

during the AM process is provided in Supplementary Material Table S1. In short, the pre-

processing phase was initiated by the AM operator by setting up the software for producing the 

part. The AM operator would leave the AM research facility during the processing phase and 

periodically return to check on the part. In addition to performing BJ tasks, the operator also 

engaged in office work and operated other AM machines outside the room, potentially exposing 

him to HCAs. During both the pre-processing and processing phases, the AM operator manually 

loaded coated silica sand in the hopper and used a rod to level the loaded silica sand. For this 

study, parts with dimensions of height (h) 20 mm, width (w) 20 mm, and length (l) 200 mm under 

the same manufacturing conditions were produced. Upon completion of the processing phase, 

the part was kept inside the job box of the AM machine for 24 hours to cure (without the use of 

heat) at room temperature. Therefore, a one-day window was implemented between the 

processing and post-processing phases to allow particle number concentrations to recover to 

background concentrations. The post-processing phase entailed removing the job box of the AM 

machine using a hydraulic trolley jack, cleaning the printed parts, and vacuuming the AM machine. 

Only one AM operator conducted the printing of sand moulds at the AM machine during a full 

shift.  

Powder characteristics and chemical composition of silica sand  

Bulk samples of uncoated, coated, and used silica sand samples were collected from the AM 

research facility to establish the physical characteristics and chemical composition of the 

powders. Particle size distribution (PSD) and shape analysis were based on the methodology 
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described by Du Preez et al. (2018). PSD and shape analysis were performed using an automated 

Malvern Morphologi G3 microscope (Malvern Instruments Ltd, United Kingdom). Samples 

(10 mm3) were placed in the dispersion chamber of the instrument, where after each sample was 

dispersed and scanned. The magnification scale was set at 20x (1.8 µm to 100 µm) and 

2.5x (13 µm to 1000 µm). An image of the individual particles was captured for all three powders 

and the analysis was repeated three times for each sample of uncoated, coated, and used silica 

sand.  

The scanning electron microscopy (SEM) (Phenom-World B., Eindhoven, Netherlands) was used 

for further analysis of particle shape and size. The samples (5 mm3) were placed separately on 

double-sided adhesive carbon strips. The samples were placed in a sputter holder and covered 

with an SPI module sputter coater (SPI-ModuleTM. Sputter Coater, SPI Supplies, United States) 

equipped with a source of gold-palladium alloy. Each sample of uncoated, coated, and used silica 

sand was examined by placing the sample in the sampling chamber of the SEM microscope at a 

power of 5 kV and magnification scale at approximately 3000x to observe respirable particles. 

PSD and SEM analyses were conducted at the North-West University Potchefstroom Campus, 

South Africa. 

The chemical composition of uncoated, coated, and used silica sand was determined using an 

Applied Research Laboratories 9800XP Sequential X-ray fluorescence (Thermo Scientific™, 

United States). The test of major and minor elements (16 elements) by wavelength dispersive X-

ray fluorescence (WD-XRF) was conducted by a South African National Accreditation System 

(SANAS) accredited laboratory using an in-house method in accordance with the following 

procedures: Sample preparation for X-ray fluorescence analysis and procedure for X-ray 

fluorescence analysis (TWS-ESS-DP-52, R2, 1989; TWS-ESS-DP-111 R1,1989).  

Particle emissions  

A Grimm-Portable Laser Aerosol Spectrometer model 11-A (GRIMM, Aerosol Technik GmbH & 

Co., Germany) was used to measure real-time particle emissions ranging from 0.25 µm to 32 µm 

in 31 size channels and two Nanozen DustCount® 9000 Z1 optical particle counters (Nanozen 

Industries Inc., Vancouver, Canada) were utilised to measure particles 0.30 µm to 20.82 µm in 

size. Grimm and DustCount® measured the particle number concentrations in respectively 

31 and 20 size channels and data were grouped into size four fractions (< 1 µm, > 1 to < 4 µm, 

> 4 to < 10 µm and ≥ 10 µm), which were calculated by summing the data from the different 
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channels. The direct-reading instruments were placed at a height of 1.5 m and as near as possible 

to the AM machine, within 1.5 m. The direct-reading instruments collects particles and reports the 

particle number concentration (p/cm3) emitted during BJ. The Grimm and a DustCount® were 

placed in front of the AM machine on the workbench in area one. A DustCount® was also placed 

directly behind the AM machine in front of the hopper in area two (Supplementary material: Figure 

S1). Prior to conducting any sampling, the indoor background particle number concentration was 

monitored on each sampling day for at least 10 minutes in the AM research facility before any 

activity was performed (Van der Walt et al., 2022). The background particle number 

concentrations were required to calculate the particle emission rate (ER) (He et al., 2004). Particle 

number concentration of each AM phase was monitored at intervals of one minute.  

Air exchange rate calculations  

The air exchange rate (AER) was calculated using a carbon dioxide decay method, based on the 

American Society for Testing and Materials (ASTM) Standard 62.2 (2016), ASTM E741-11 (2017) 

method, and ASTM D6245-07 (2012) method (ASTM Standard 62.2, 2016, Batterman, 2017; 

Haung et al., 2021). Four Onset Hobo mx1102A (Cape Cod, Massachusetts) indoor air quality 

data loggers were placed in various representative areas in the AM research facility to measure 

the CO2 concentrations (ppm) inside the AM research facility. A data logger was placed outside 

the AM research facility to measure the outdoor CO2 concentration. Four portable fans were 

utilised throughout the decay method to mix the indoor air. CO2 was released from a CO2 cylinder 

into the vacated AM research facility and left to increase and stabilise at 1000 ppm above ambient 

CO2 concentration for 10 minutes, thereafter the CO2 decay method commenced. The decay of 

CO2 was measured at intervals of one minute until the ambient concentration was reached. The 

AER was measured with the door both open and closed and repeated three times for both 

scenarios. 

The AER (1/h) was calculated using the following equation (Batterman, 2017): 

 

AER = 1/Δt ln {(C1 − CR)/(C0 − CR)}             Equation 1 

 

Where Δt represents the time (h) between the measurements, C0 was the initial CO2 concentration 

(ppm) at the start of the decay period, C1 was the CO2 concentration (ppm) at the end of the decay 

period, and CR the CO2 concentration (ppm) in the outdoor air (Batterman, 2017:1-22). 
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Particle emissions rate calculations  

The particle ER was calculated by making use of the methodology specified 

in He et al. (2004: 3405-3415). 

ER = V × [ 
Cpeak ‒Cout

∆𝚝 
+ (𝙰𝙴𝚁 + 𝚔)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ × 𝙲𝚒𝚗

̅̅ ̅̅ ̅  −  𝙰𝙴𝚁 × 𝙲𝗈𝗎𝗍 ]          Equation 2 

Where V is the volume of the AM research facility (m3), Cpeak the peak particle concentration 

(p/cm3), Cout is the initial indoor particle concentration at time zero (background particle 

concentration) (p/cm3) which is assumed to be equal to the outdoor particle concentration, Cin the 

mean particle concentration (p/cm3), and ∆t the time (min) between the Cpeak and Cout. The 

average particle removal rate was represented by (𝙰𝙴𝚁 + 𝚔)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ , where the AER was calculated using 

Equation 1 and k was the contaminant loss due to surface deposition and taken as 1/h in an 

indoor environment (Stefaniak et al., 2019:19-30). The equation does not account for the impact 

of particle dynamics including evaporation, condensation, and coagulation. (Stabile et al., 2017; 

Stefaniak et al., 2019). 

Area monitoring and personal exposure monitoring  

A GilAir Plus pump (Gilian GilAir Plus Sensidyne, Inc., LP, United States) with a 2-piece cassette 

and aluminium cyclone (SKC, Inc., PA, United States) was used for time-integrated sampling to 

establish exposure to respirable crystalline silica and respirable PNOS. The 2-piece cassette 

containing a support pad and a 37 mm polyvinyl chloride (PVC) filter with a 5.0 µm pore size were 

used. The flow rate was set at 2.5 ℓ/min in accordance with the National Institute for Occupational 

Safety and Health (NIOSH) method 7602 and NIOSH method 0600 (NIOSH method 0600, 1998; 

NIOSH method 7602, 2017). Field calibration was conducted before and after use with a Gillian 

Gilibrator-2 (Gillian Gilibrator-2, Sensidyne Inc. United States). The flow rate deviation of the 

samples was less than 5%, therefore none of the samples were discarded (Sensidyne, 2011).  

a Nanozen DustCount® 9000 Z1 optical particle counters (Nanozen Industries Inc., Vancouver, 

Canada) was used as a gravimetric sampling pump (time-integrated sampling) to establish 

exposure to respirable crystalline silica and respirable PNOS. For the DustCount®, a prepared 

DustCount® cassette was used that contained a support pad and a 25 mm PVC filter with of 

5.0 µm pore size. The DustCount® was and fitted with a < 4 µm particle aerodynamic diameter 

impactor (PM4). The flow rate of the DustCount® was kept within 5% of the factory setting of 

1.0 ℓ/min. The flow rate deviation of the DustCount® samples was less than 5%, therefore none 
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of the samples were discarded (Sensidyne, 2011). a DustCount® was also used for real-time 

monitoring.  DustCount® monitored particle number concentrations at intervals of one minute 

throughout the AM phases. 

For personal exposure monitoring both samplers (GilAir Plus pump with a 2-piece cassette and 

aluminium cyclone as well as DustCount®) were attached to the collar in the breathing zone of the 

AM operator. 

Area monitoring was conducted by placing the GilAir Plus pump with a 2-piece cassette and 

aluminium cyclone as well as the DustCount® at a height of 1.5 m and as close as possible to the 

AM machine. A GilAir Plus pump with a 2-piece cassette and aluminium cyclone along with the 

DustCount® were both placed in area one and area two (Supplementary Figure S1).  

 A field blank was collected for every sample of each sampling day. The field blanks were loaded 

and handled in a similar way as samplers used for personal exposure monitoring and area 

monitoring. However, the air was not drawn through the field blanks. Field blanks are unused 

sample media that are opened at the sampling site in an area that is not anticipated to be 

contaminated. Field blanks are analysed together with the samples to determine whether 

contamination occurred during the handling of samples (OSHA, 2023). 

The mean (± standard deviation, SD) sampling time for the entire shift over four days was 

150.25 ± 75.59 minutes.  The mass collected on the filters during the AM phases was utilised to 

calculate the 8-hour time-weighted average (TWA) exposure concentrations for respirable 

crystalline silica and respirable PNOS by using Equation 3. For calculating the mean TWA 

exposure, the measured mass below the analytical limit of detection (LOD) was substituted by 

using the analytical LOD divided by the square root of two (LOD/√2) substitution method (Glass 

and Gray, 2001; Made and Utembe: 2019; Hornung and Reed, 1990). The small number of 

samples prevented the use of other substitution methods. The 8-hour TWAs were calculated from 

the measured concentrations (for each HCA measured in (mg/m3) and the time duration of 

exposure (hours) for the entire AM process.  

TWA =
[(C1×t1 ) + (C2 ×t2) + (Cn × tn)]

t8
                                                                                    Equation 3 

Where, C = concentration (mg/m3) of HCA measuring during the AM phase, t = time (hours) of the 

exposure period, and t8 = hours in the workday (8 hours) (Schoeman and van den Heever, 2015). 
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Analyses of the area monitoring and personal exposure monitoring samples collected were 

performed by a SANAS-accredited laboratory. The 37 mm PVC filters of the 2-piece cassette and 

aluminium cyclone, as well as the 25 mm PVC filters of the DustCount® were analysed for 

respirable crystalline silica in accordance with NIOSH Method 7602 (NIOSH method 7602, 2017) 

and respirable PNOS were based on MDHS 14/4 and analysed in accordance with NIOSH 

method 0600 (MDHS 14/4, 2016; NIOSH method 0600, 1998). The LOD for gravimetric weighing 

was < 0.030 mg for respirable PNOS and < 0.010 mg for respirable crystalline silica.  

Data analysis of results  

Statistical analyses were performed using GraphPad version 9.01 (GraphPad Software, Inc., 

USA). Basic descriptive statistics were used to calculate the mean and SD of the PSD of the 

uncoated, coated, and used silica sand. Statistically significant difference of the uncoated, coated, 

and used silica sand was performed in using a t-test.  The mean, SD and peak for the measured 

particle number concentrations, and the mean and peak for particle ERs during BJ were obtained 

using descriptive statistics. GraphPad version 9.01 was also used to provide graphical 

representations of the particle number concentrations and particle emission rates during BJ. 

Legal exposure compliance was determined by comparing the 8-Hour TWA exposure of the 

respirable crystalline silica and respirable PNOS of the AM operator to the respective South 

African TWA-OELs stated in the Regulations for HCAs (2021). 

Ethical considerations 

All AM operators at the facility were invited to take part in this study (Meiring, 2024), participation 

was therefore voluntary and participants provided informed consent. This study was approved by 

the Health Research Ethics Committee of North-West University (approval number: NWU-00027-

22-A1).  

Results 

Physical characteristics and chemical composition of silica sand 

PSD analysis indicated that 50% [d(0.5)] of uncoated, coated, and used silica sand particles were 

smaller than 1.29 ± 0.36 µm, 4.27 ± 0.08 µm and 2.42 ± 0.04 µm respectively. Additionally, a 

statistically significant difference in d(0.5), was observed between uncoated, coated, and used 

silica sand particle sizes (Table 1). PSD analysis indicated that 90% [d(0.9)] of uncoated, coated, 
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and used silica sand particles were smaller than 42.21 ± 29.96 µm, 104.7 ± 23.33 µm and 54.9 ± 

49.93 µm respectively. The measured powder particle sizes could not be compared to the safety 

data sheet (SDS) for silica sand since it was not stated in the obtainable SDS (Voxeljet, 2014). 

SEM images of uncoated, coated and used silica sand indicated particles in the inhalable fraction 

(< 100 μm). The PSD results confirmed the presence of respirable sized particles and indicated 

that silica sand particles were smooth surfaced (convexity) and non-spherical in shape (circularity) 

(Table 1), which was confirmed by SEM images (Figure 1). Furthermore, the WD-XRF analysis 

revealed the presence of quartz in the uncoated, coated, and used silica sand from the AM 

research facility, with crystalline silica content ranging from 96.83 to 98.20% which corresponded 

with the manufacturer's SDS (> 90%) (Table 1). 
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Table 1: PSD (mean ± SD), shape, and chemical composition of silica sand compared to the SDS 

Sand type n SDS (μm) Particle size distribution (μm) Particle shape  Chemical Composition (quartz) 

   
d(0.1) d(0.5) d(0.9) Circularity  Convexity  SDS (%) WD-XRD (%) 

Uncoated 3 n.s 0.58 ± 0.03 1.29 ± 0.36a 42.21 ± 29.96 0.70 ± 0.07 0.97 ± 0.01 > 90% 98.20 

Coated 3 n.s 0.61 ± 0.08 4.27 ± 0.08a 104.7 ± 23.33 0.65 ± 0.03 0.95 ± 0.01 n.a 96.83 

Used 3 n.s 0.58 ± 0.04 2.42 ± 0.04a 54.9 ± 49.93 0.64 ± 0.03 0.96 ± 0.01 n.a 97.28 

Legend: Uncoated silica sand: collected from the AM feedstock provided by the manufacturer; Coated silica sand: collected after the coating process; Used silica sand: reused sand gathered during the post-processing phase; mean : measure 

central tendency of a probability distribution along median and mode ; SD: standard deviation is a measure of how dispersed data is in relation to the mean; peak: peak(maximum) is the largest value in the data set; n: number of repeated 

measurements; n.s: not stated; d(0.1): 10% of the particles are smaller than the stated diameter; d(0.5): 50% of the particles are smaller than the stated diameter; d(0.9): 90% of the particles are smaller than the stated diameter; a: Statistically 

significant differences (p ≤ 0.05); Circularity: The ratio of the perimeter of a circle with the same area as the particle divided by the perimeter of the actual particle image. Circularity values range from 0 - 1, a perfect circle will have a circularity of 

1; Convexity: The measurement of the edge roughness of a particle. A smooth particle will have a convexity value of 1 and an irregular particle will have a convexity value of 0 (Malvern Instruments Ltd, 2007).n.a: not applicable.  

Uncoated silica sand Coated silica sand Used silica sand  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

Figure 1: SEM images of (a) uncoated, (b) coated and (c) used silica sand 

a b c 
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Particle emissions 

The particle number concentrations measured using Grimm and DustCount® were predominately < 1 µm in size (Table 2). There was 

a notable difference in the particle number concentrations in the particle size ranges measured by the two direct-reading instruments, 

with the DustCount® yielding much lower particle number concentrations. The Grimm and DustCount® displayed peak particle number 

concentrations of 680.51 and 37.10 p/cm3 during the post-processing phase for particle < 1 µm in size. The mean particle number 

concentrations for particles sizes > 1 µm were in most instances only slightly above the background particle number concentration. 

The peak particle number concentration for particles > 1 µm in size was 16.31 p/cm3 during the processing phase when using a Grimm, 

while DustCount® measured a peak particle number concentration of 6.80 p/cm3 during the pre-processing phase (Table 2). 

Table 2: Mean particle number concentration as measured with Grimm and DustCount® over four printing days  

Phase Particle Size Rage 

< 1 µm > 1 to < 4 µm > 4 to < 10 µm ≥ 10 µm 

Grimm 

(A1) 

Dustcount 

(A1) 

DustCount 

(A2) 

Grimm 

(A1) 

Dustcount 

(A1) 

DustCount 

(A2) 

Grimm 

(A1) 

Dustcount 

(A1) 

DustCount 

(A2) 

Grimm 

(A1) 

Dustcount 

(A1) 

DustCount 

(A2) 

Background 

 

Mean 332.92 1.32 18.67 1.05 0.03 1.37 0.05 < 0.01 0.02 < 0.01 < 0.01 < 0.01 

SD 4.00 0.84 0.27 0.11 0.01 0.04 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 

Peak 640.92 10.03 35.22 1.78 0.18 2.23 0.12 < 0.01 0.06 0.03 < 0.01 0.01 

Pre-

processing 

 

Mean 403.15 0.02 23.27 3.18 0.02 2.17 0.16 < 0.01 0.04 < 0.01 < 0.01 < 0.01 

SD 15.79 2.2 1.96 1.02 0.04 0.51 0.08 < 0.01 0.01 < 0.01 < 0.01 < 0.01 

Peak 590.85 12.93 33.24 11.34 0.27 6.80 0.75 < 0.01 0.11 0.07 < 0.01 < 0.01 

Processing 

 

Mean 366.96 0.01 21.29 3.76 < 0.01 1.97 0.18 < 0.01 0.04 < 0.01 < 0.01 < 0.01 

SD 8.79 < 0.01 0.62 1.83 < 0.01 0.34 0.12 < 0.01 0.01 < 0.01 < 0.01 < 0.01 

Peak 590.65 0.09 33.66 16.31 0.14 4.66 0.98 < 0.01 0.12 0.01 < 0.01 0.01 

Post-

processing 

 

Mean 421.44 0.01 23.48 3.36 < 0.01 1.90 0.20 < 0.01 0.04 0.01 < 0.01 < 0.01 

SD 5.55 0.01 0.22 1.07 0.01 0.21 0.08 < 0.01 0.02 < 0.01 < 0.01 < 0.01 

Peak 680.51 0.07 37.10 13.46 0.07 2.56 0.96 < 0.01 0.12 0.07 < 0.01 < 0.01 

Legend: A1: area one (in front of AM machine; A2: area two (back of the AM machine); mean(average): measure central tendency of a probability distribution along median and mode; SD: standard deviation is a measure of how dispersed data 

is in relation to the mean; peak(maximum): largest value in the data set.
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Figure 2a shows two distinct peaks in particle number concentrations occurred during the pre-

processing phase in area one for day one of printing which were due to the AM operator that 

configured the software and levelled silica sand in the hopper. During the processing phase 

particle number concentration gradually decreased towards the phase's end (Figure 2a). The 

most prevalent particle fraction size for the DustCount® for day one of printing for area two was 

predominantly 0.375 µm in size compared to other size fractions throughout the AM process 

(Supplementary material: Figure S2). 

Figure 2b illustrates that the particle number concentration during the post-processing phase 

in area one for day four of printing, was lower than the background particle number 

concentrations. The particle number concentrations for particles < 1 µm in size increased 

during the post-processing phase when the AM operator switched on the AM machine, 

unlocked the job box, and cleaned the part and AM machine. Particles sizes > 1 µm to < 4 µm 

were not significant during the post-processing phase. 

Several peaks can be observed in Figure 3a during the pre-processing phase in area two on 

day one of printing. The particle number concentration increased at the start of the pre-

processing phase when the AM operator configured the software. The highest peak on day 

one occurred when the AM operator levelled silica sand in the hopper, followed by two smaller 

peaks. These smaller peaks likely resulted from particle emissions from the hopper during 

software configuration. A peak particle concentration occurred at the start of the processing 

phase when printing commenced and gradually decreased towards the end of the phase.  

Figure 3b illustrates the particle number concentrations in area two on day two of printing 

using a DustCount® to monitor particles of sizes < 1 µm and > 1 µm to < 4 µm. Particle number 

concentrations during BJ were slightly above the background particle number concentration. 

Particle number concentrations in these size ranges peaked a few times during the post-

processing phase when the AM operator took out the job box and cleaned the part and AM 

machine. An increase in particle concentration occurred during the pre-processing phase 

when the software was configured and then AM machine was loaded. The particle number 

concentration peaked at when silica sand was levelled and loaded in the hopper and 

decreased towards the end of the phase.  
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Figure 2: Total particle number concentrations during the entire BJ process when 

using a DustCount® in area one for day one (a) and (b) day four of printing.   
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Figure 3: Total particle number concentrations during the entire BJ process 

when using a DustCount® in area two for day one (a) and (b) day two 

of printing.  
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The AER was calculated using a carbon dioxide decay method (Supplementary material: 

Table S2). The calculated AER in this study (Meiring, 2024) was higher than the AER (0.22) 

used by Matlhatsi (2021:1-133). The AER in the AM research facility with the door open and 

air conditioner switched on was 3.58 air changes/hour, while the AER was 2.93 air 

changes/hour with the door closed (Supplementary material: Table S2). The calculated AER 

(Supplementary material: Table S2) was used to calculate the mean particle ERSs during the 

three AM phases of BJ (Figure 4a). 

Figure 4a illustrates the mean particle ERs during the three AM phases of BJ with silica sand 

at area one utilising a Grimm, focusing on particles < 1 µm to < 10 µm in size. On day four of 

monitoring, high background particle number concentration prevented the calculation of mean 

particle ER. There was a notable difference in the mean particle ERs between the particle 

sizes. The mean particle ERs of particles < 1 µm in size were higher across the three AM 

phases of BJ compared to particles > 1 µm to < 4 µm and > 4 µm to < 10 µm in size. The 

mean particle ER was the highest during the post-processing phase (2.15 × 105 p/min) for 

particles < 1 µm in size. For the larger particle range, from > 1 to < 4 µm in size, the overall 

highest mean particle emission rate was during processing phase (2.47 × 103 p/min) 

(Supplementary material: Table S3).  

In Figure 4b the mean particle ERs were examined across three AM phases of BJ with silica 

sand for particles < 1 µm and > 1 µm to < 4 µm at area one when utilising a DustCount®. High 

background particle number concentration prevented the calculation of mean particle ERs of 

some particle size ranges (Supplementary material: Table S3). The mean particle ER was the 

highest during the pre-processing phase (10.16 p/min) for particles < 1 µm in size. Particles 

> 1 µm to < 4 µm in size had mean particle ERs of 1.44 p/min during processing phase and 

1.46 p/min during the post-processing phase that were lower compared to particles < 1 µm in 

size. The mean and peak particle ERs are summarised in supplementary Table S3. 
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Figure 4: The mean particle ERs at area one for (a) Grimm and (b) Dustcount® . 
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Area monitoring and personal exposure monitoring  

Figure 5 displays the particle number concentrations of the AM operator on days one, three, 

and four of printing using a DustCount®. During the pre-processing phase a few peaks in 

particle number concentrations can be observed which was likely due to the operator setting 

up the AM machine, loading and levelling of silica sand in the hopper (Figure 5a and 5b). An 

increase in particle concentrations occurred at the start of the processing phase as printing 

commenced. During the processing phase, the AM operator left the AM research facility and 

returned in between the print to check the progress of the print. Peak particle number 

concentrations were observed during the processing phase when the AM operator conducted 

activities outside the AM research facility. (Figure 5a and 5b). The particle number 

concentrations peaked during the post-processing phase when the AM operator took out the 

job box, cleaned the part and the AM machine (Figure 5b and 5c). However, on the fourth day 

of printing peak particle number concentration occurred during the post-processing phase 

when the AM operator conducted work outside the AM research facility not related to the BJ 

process (Figure 5c). The most prevalent particle fraction size for the DustCount® for personal 

exposure monitoring was predominantly 0.375 µm in size compared to other size fractions 

throughout the AM process (Supplementary material: Figure S2). 

Table 3 displays the 8-hour TWA for both area monitoring and personal exposure monitoring 

over four printing days. The personal exposure monitoring measurements were below the 

South African respirable crystalline silica Time-Weighted Average-Occupational Exposure 

Limit-Maximum Limit (TWA-OEL-ML) of 0.1 mg/m3 and respirable PNOS TWA-OEL-

Restricted Limit (TWA-OEL-RL) of 5 mg/m3. Both time-integrated sampling and real-time 

monitoring indicated that the 8-hour TWA for area monitoring and personal exposure 

monitoring to respirable crystalline silica was 0.01 ± 0.00 mg/m3. The 8-hour TWA for 

respirable PNOS at areas one and two were ≤ 0.04 mg/m3. The 8-hour TWA of the AM 

operator to respirable PNOS ranged from 0.01 mg/m3 to 0.07 mg/m3 for (time-integrated 

sampling). The 8-hour TWA for respirable PNOS at area one and area two were ≤ 0.11 mg/m3. 

The 8-hour TWA of the AM operator to respirable PNOS ranged from 

0.07 mg/m3 to 0.15 mg/m3 for real-time monitoring (Table 3). 
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Figure 5: Particle number concentration for the AM operator on day one (a), 

three (b), and four (c) of printing using DustCount®. 
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Table 3: Summary of respirable crystalline silica and respirable PNOS TWA 

results during the entire BJ process using silica sand as AM feedstock 

material. 

 8-hour TWA (mg/m3) 

Time-integrated sampling Real-time monitoring 

Respirable 
crystalline silica 

Respirable 
PNOS 

Respirable 
crystalline silica 

Respirable 
PNOS 

Area one  
(In front of the AM 
machine) 

0.01 ± 0.00 0.01 ± 0.01 0.01 ± 0.00 0.07 ± 0.03 

Area two   
(Back of the AM 
machine) 

0.01 ± 0.00 0.02 ± 0.02 0.01 ± 0.00 0.08 ± 0.03 

Personal 
exposure 
monitoring 

0.01 ± 0.00 0.04 ± 0.03 0.01 ± 0.00 0.11 ± 0.04 

Legend: mg/m
3

 = milligram per cubic meter; Respirable crystalline silica: TWA-OEL-ML = 0.1 mg/m
3

; PNOS TWA-OEL-RL) = 5 mg/m
3

.  

Discussion 

This study investigated the physical characteristics and chemical composition of uncoated, 

coated, and used silica sand utilised during BJ and particle number concentrations, particle 

ERs, area concentrations, and personal respiratory exposure of AM operators to HCAs 

(respirable crystalline silica and respirable PNOS) during the three AM phases of BJ at an AM 

research facility located at a tertiary education institution in South Africa. 

Powder characteristics and chemical composition of silica sand  

When assessing the potential health risks associated with the AM process, the 

characterisation of powder is essential. Powder characteristics includes PSD and particle 

shape analysis as this has a significant impact on the exposure route and where particles may 

be deposited in the respiratory tract (Andi et al., 2022; Thomas, 2013).  

PSD analysis (Table 1) was in agreement with Matlhatsi’s (2021) findings that 10% of particles 

[d(0.1)] in uncoated, coated, and used silica sand were respirable sized particles. However, 

Adams (2016) reported significantly larger particles within the inhalable sized fraction. PSD 

analysis found that 50% of particles [d(0.5)] were in the respirable size fraction (Table 1), which 

was confirmed by SEM images (Figure 1). The d(0.5) result, indicated a statistically significant 

difference between uncoated, coated, and used silica sand particle size, as previously 

reported by Matlhatsi (2021). Statistically significant differences were not found between 

uncoated, coated, and used silica sand for particles [d(0.1)] and [d(0.9)], which was supported 

by Adams (2016). The PSD analysis (Table 1), indicated that 90% of particles [d(0.9)] for 
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uncoated, coated and used silica sand were respectively smaller than 42.21 ± 29.96 µm, 

104.7 ± 23.33 µm and 54.9 ± 49.93 μm and fell in the inhalable fraction (Table 1). These 

findings differed significantly from Adams (2016:1-84) which reported larger particles 

(> 100 µm). Matlhatsi (2021), found particles smaller than 3.98 ± 0.72 µm, 6.51 ± 2.71 µm, 

and 115.00 ± 95.15 µm for uncoated, coated, and used silica sand. In this study (Meiring, 

2024) both PSD analysis (Table 1) and SEM images (Figure 1) confirmed that silica sand 

particles were smooth (convexity) and non-spherical in shape (circularity), in agreement with 

Matlhatsi’s findings (2021:1-133). Adams (2016:1-84), did not investigate the convexity and 

circularity of silica sand particles. This study found no statistically significant differences in 

edge roughness (convexity) and particle shape (circularity) among uncoated, coated, and 

used silica sand particles, in line with Matlhatsi's findings (2021). The WD-XRF results (Table 

1), confirmed that all collected silica sand samples (uncoated, coated, and used) had a high 

crystalline silica content, ranging from 96.83 to 98.20%. The uncoated silica sand contained 

98.20% crystalline silica content corresponding with the manufacturer's SDS (> 90%) 

(Table 1). The X-ray Diffraction (XRD) findings of Adams (2016:1-84), showed the presence 

of crystalline silica for uncoated, coated, and used silica sand respectively with a range of 

between 3.8 and 4.3% at Facility A and a range of between 98.6 and 100% at Facility B. 

Matlhatsi (2021:1-133), indicated that uncoated, coated and used silica sand consisted of a 

high percentage of crystalline silica that ranged between 92.6 and 97.3%. Comparison of this 

study’s findings (Table 1), with that of Adams (2016:1-84), Matlhatsi (2021:1-133), and Afshar-

Mohajer et al. (2015:293-301), found that the chemical composition of the AM feedstock was 

not affected during the BJ process.  

Particle emissions  

It was found that the particle number concentrations increased to above the background 

particle mainly for particles < 1 µm and > 1 to < 4 um in size, even with the enclosed BJ 

machine, as reported in previous studies (Afshar-Mohajer et al., 2015; Lewinski et al., 2019; 

Matlhatsi, 2021). The mean particle number concentrations measured in the AM facility for 

particles < 1 µm in size during the BJ process when using a Grimm ranged between 

366.96 and 421.44 p/cm3 (Table 2). The mean particle number concentrations ranged from 

0.01 to 0.02 p/cm3 in area one and 21.29 to 23.48 p/cm3 when using a DustCount® for 

particles < 1 µm in size (Table 2). The peak particle number concentration for particles < 1 µm 

in size was 680.51 p/cm3 when using a Grimm, while DustCount® measured a peak particle 

number concentration of 37.10 p/cm3 during the post-processing phase (Table 2). The mean 

particle number concentrations measured in the AM facility for particles sizes 

> 1 µm to ≥ 10 µm ranged from < 0.01 to 3.76 p/cm3 for Grimm, and ranged between 
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< 0.01 and 2.17 p/cm3 for DustCount® (Table 2). When comparing the median particle sizes 

for uncoated, coated, and used silica sand of 1 29 ± 0.36 µm, 4.27 ± 0.08 µm, and 

2.42 ± 0.04 µm (Table 1), the emitted particles throughout the AM process were predominantly 

0.375 µm in size based on the Dustcount® (Supplementary material: Figure S2), similar to 

findings by Matlhatsi (2021), who reported a predominant particle size of 0.3 µm when using 

an OPC. In contrast, Afshar-Mohajer et al. (2015) and Lewinski et al. (2019) reported smaller 

particles of 205 to 255 nm and 87 nm in size respectively during the BJ process when gypsum 

was used as the AM feedstock material. Lewinski et al. (2019), reported higher particle number 

concentrations of 2.0 × 104 p/cm3 and 6.0 × 104 p/cm3 for particles 0.3 μm to 10 μm in size with 

the OPS (model 3330; TSI), with stainless-steel powder as AM feedstock material. 

The Grimm data indicated an overall higher particle number concentrations during the three 

AM phases while lower concentrations were observed from the DustCount®, and this is due to 

the smaller detection sizes of the Grimm. Matlhatsi (2021), reported significantly higher mean 

particle number concentrations (1.98 × 106 p/cm3 to 3.14 × 106 p/cm3) for particles 

0.01 µm to 1 µm during the three AM phases when utilising a Condensation Particle Counter 

(CPC model 3007 TSI Inc., MN, USA). with a peak particle number concentration of 

7.76 × 106 p/cm3 during the processing phase. The DustCount® results of this study cannot be 

compared to those of Matlhatsi (2021:1–133), as this real-time instrument to measure particle 

number concentrations was not used in that study. Differences in ventilation, including air 

conditioning, the regular opening of the front door, and the rear roll-up door could be the cause 

of the considerable difference in particle number concentrations between these two studies 

(2021:1-133). The results might have been influenced by the placement of the direct-reading 

instruments, housekeeping, phase duration, and the regular opening and closing of the AM 

chamber door. Afshar-Mohajer et al. (2015), reported particle number concentrations similar 

to this study for particles 0.45 µm to 0.90 µm in size using an OPC (TSI Inc., Minnesota). 

These concentrations ranged between 0.01 p/cm3 to 500 p/cm3 (Afshar-Mohajer et al., 2015). 

Direct-reading instruments in area one on day one of printing showed increased particle 

number concentrations during pre-processing tasks such as software configuration and 

levelling of silica sand in the hopper. Particle number concentrations slightly increased at the 

start of the processing phase when printing commenced and then decreased towards the 

phase's end as the part was completed, and no activities took place (Figure 2a). Direct-reading 

instruments in area one day four showed increased particle number concentrations during 

specific tasks performed during post-processing phase such as switching on the AM machine, 

opening the job box, manually cleaning the part with a brush, and cleaning the AM machine. 
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The highest peak particle number concentration on day four in area one occurred during the 

vacuum cleaning of the AM machine (Figure 2b).  

Direct-reading instruments in area two on day one of printing showed increased particle 

number concentrations during specific tasks performed during the AM phases such as when 

the AM operators levelled silica sand in the hopper and when the print started. As the printing 

process came to an end, the particle number concentrations decreased (Figure 3a). Direct-

reading instruments in area two day two of printing showed increased particle number 

concentrations when the AM operator switched on the AM machine, took out the job box using 

a hydraulic trolley jack, cleaned the part and AM machine and loaded silica sand in the 

hopper (Figure 3b). Machine cleaning, loading and levelling of silica sand in the hopper 

caused the highest particle number concentrations on these printing days (Figure 3a and 3b). 

The particle number concentrations measured by the DustCount® was higher in area two (back 

of the AM machine) (Table 2, Figure 2 and 3). The direct-reading instrument was placed amid 

the AM machine and hopper, which both emitted particle number concentrations. Lower 

particle number concentrations in area one possibly occurred due to the direct-reading 

instrument being positioned farther away from the hopper (Supplementary material: Figure 

S1). Thus, activities such as loading and levelling silica sand in the hopper were higher in area 

two. This finding aligns with Matlhatsi, (2021), suggesting that that the hopper might be a 

source of airborne particles. The particle number concentrations when using a Dustcount® 

during this BJ activities were low, which could be due to several factors such as particle size 

range of the direct-reading instrument, ventilation, housekeeping, and phase duration. The 

mean particle fraction size for the DustCount® was predominantly 0.375 µm in size throughout 

the AM process (Supplementary material: Figure S2). 

Various factors were considered when calculating the particle ERs, such as the volume of the 

AM facility, the peak particle concentration, background particle concentration, and AER. The 

ERs were calculated by Matlhatsi (2021) using a provided AER. Since the AM research facility 

was more effectively ventilated compared to the study of Matlhatsi (2021), and various ER 

factors were taken into account when calculating the particle ERs, fewer particles may have 

accumulated in the AM research facility, which could account for this study's low ERs. 

Furthermore, Matlhatsi (2021) reported that dry sweeping increased ERs. This study did not 

employ dry sweeping methods, which is an improvement to exposure control. A consistent 

trend of higher particle ERs was observed for submicron particles, < 1 µm in size compared 

to larger particles. 
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The Grimm a peak particle ER of 3.06 × 105 p/min during the post-processing phase, while 

the DustCount® measured a peak ER of 12.09 × 100 p/min during the processing phase for 

particles < 1 µm in size (Supplementary material: Table S3). The mean ERs for particles 

> 1 µm to < 4 µm in size was the highest during the processing phase using Grimm (2.47 

× 103 p/min) and DustCount® (1.46 × 100 p/min). Grimm measured low particle ER for particles 

> 4 µm to ≥ 10 µm in size, whereas high background particle number concentration prevented 

calculation of the mean and peak particle ERs for particles > 4 µm to ≥ 10 µm in size for 

DustCount® (Supplementary material: Table S3). 

Area monitoring and personal exposure monitoring  

Real-time monitoring was used in addition to time-integrated sampling to provide more detail 

of the exposure of the AM operator during the AM phases. Particle number concentration data 

shows which activities caused peak exposure within each of the AM phases. Particles 

> 4 µm in size were excluded from the figure due to their insignificant low particle number 

concentrations. Figure 5 illustrates the particle number concentrations for the AM operator on 

days one, three, and four of printing using a DustCount®. Changes in particle number 

concentrations during BJ were observed during tasks that were performed during each AM 

phase such as when the software was configured, silica sand was levelled in the hopper, the 

job box was taken out, and when the printed part and the AM machine were cleaned. Personal 

exposure monitoring with a Dustcount® during these activities indicated low particle number 

concentrations. The highest peak particle number concentrations were measured during 

processing and post-processing phase when the AM operator conducted work outside the AM 

research facility (Figure 5b and 5c). The particle number concentrations measured by the 

Dustcount® for personal exposure monitoring was predominately 0.375 µm in size.  

Time-integrated sampling was conducted in area one and area two. However, since the OELs 

given in the RHCA are related to personal exposure to HCA at work, these results could not 

be compared to South African TWA-OELs. The TWA exposure concentrations to respirable 

crystalline silica for both areas one and two was 0.01 ± 0.00 mg/m3. Adams (2016) and 

Matlhatsi (2021), also reported low TWA exposure concentrations to respirable crystalline 

silica for area monitoring ranging from < 0.003 to 0.01 mg/m3. The TWA exposure 

concentrations for respirable PNOS in areas one and two respectively were 0.01 ± 0.01 mg/m3 

and 0.02 ± 0.02 mg/m3. Adams (2016:1-84) and Matlhatsi (2021), reported higher TWA 

exposure concentrations to respirable PNOS for area monitoring ranging from 

0 09 to 0.27 mg/m3. The slightly higher PNOS concentration in area two may be due to the 

placement of the monitoring equipment amid the AM machine and the hopper. This study 
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supports the trend that the TWA exposure concentrations for personal exposure monitoring 

are higher compared to area monitoring (Adams, 2016:1-84; Matlhatsi, 2021).  

The TWA exposure indicates exposure experienced over eight-hours; however, the 

measurement duration was shorter than this time frame. Since the AM operator at this facility 

mainly conducts work within an office setting and only performs the 

AM process when required, the personal exposure was anticipated to be zero for the 

remaining eight hours of this study. The TWA personal exposure concentrations findings of 

this study found that respirable crystalline silica respirable were 0.01 ± 0.00 mg/m3 and 

0.04 ± 0.03 mg/m3 for respirable PNOS (Time-integrated sampling). Matlhatsi (2021), reported 

TWA exposure concentrations for respirable crystalline silica of < 0.003 mg/m3, whereas 

Adams (2016:1-84) calculated TWA exposure concentrations ranging between 

0.03 and 0.06 mg/m3. The TWA exposure concentrations of Adams (2016) and Matlhatsi 

(2021) ranged from 0.08 to 0.60 mg/m3. This study is aligned with the results of Adams 

(2016:1-84) and Matlhatsi (2021), who confirmed that none of the personal exposure 

monitoring measurements exceeded the South African TWA-OEL-ML for respirable crystalline 

silica (0.1 mg/m3) and the TWA-OEL-RL for respirable PNOS (5 mg/m3). However, real-time 

monitoring and time-integrated sampling of respirable crystalline silica equaled 10% of the 

TWA-OEL-ML. 

Conclusion 

This study aimed to determine particle characterisation and chemical composition of silica 

sand particles while also investigating particle emissions and exposure associated with BJ 

utilising silica sand. This study was the first to employ personal exposure monitoring through 

real-time monitoring and time-integrated sampling methods. PSD analysis, supported by SEM 

images, reveals that the particle sizes of uncoated, coated, and used silica sand are within the 

inhalable size fraction (< 100 µm). Additionally, there is a statistically significant difference in 

the median particle sizes d(0.5) among these three types of silica sand. There was a notable 

difference in the particle number concentrations and particle ERs measured by the direct-

reading instruments, with the DustCount® yielding lower particle number concentrations. All 8-

hour TWA personal exposures complied with their respective TWA-OELs. However, it's 

important to note that both time-integrated sampling and real-time monitoring of respirable 

crystalline silica equaled 10% of the TWA-OEL-ML. 
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Supplementary material  

Table S1: Description of the activities performed during the AM phases. 

Description Activity Day 

1 2 3 4 

Pre-
processing 
phase  

The software required by the AM machine to produce the part was 
configured by the AM operator. 

Yes Yes Yes No 

The AM operator manually loaded silica sand into the hopper located 
at the back of the AM research facility 

No Yes Yes No 

The AM operator used a rod to level the silica sand in the hopper. Yes No Yes No 

Processing 
phase 

The door of the AM machine was closed during the processing phase. 
Periodically, the AM operator returned to the AM research facility to 
check on the progress of the print. Tasks such as office work, 
operating other AM machines, collecting silica sand outside the AM 

facility and lunch breaks were performed when the operator left the 
AM room. 

Yes Yes Yes No 

The AM operator manually loaded silica sand into the hopper located 
at the back of the AM research facility. 

No Yes Yes No 

The AM operator used a rod to level the silica sand in the hopper. No Yes No No 

Upon completion of the processing phase, the part was kept inside the 
job box of the AM machine for 24 hours to cure. 

Yes Yes  Yes  No  

Post-
processing 
phase 

The AM operator unlocked the job box platform. The AM machine's 
door was opened, and the job box was removed using a mobile 
hydraulic trolley jack. The part was cleaned by wiping the part by hand 
and using a brush. The cleaned part was placed on a table located in 
the front of the room. The silica sand on the edges of the job box were 
brushed into the job box. The AM operator used a ruler to level the 
sand in the job box. 

No Yes Yes Yes 

The inside of the AM machine was cleaned after the processing phase 
using a Nilfisk Alto Attix 791-2M/B1 vacuum cleaner.  

No Yes No Yes 

The job box was placed back in the AM machine using a hydraulic 
trolley jack. The door of the AM machine was closed. 

No Yes Yes Yes 

The AM operator cleaned the speeding station using tissue paper and 
isopropyl alcohol. Excessive dirt was then scraped off using a Stanley 
blade. 

No Yes No No 

The AM operator levelled silica sand in the hopper. No No No Yes 

Ventilation During the AM process, the windows and roll-up door were kept 
closed. When the AM operator opened the door to retrieve buckets of 
silica sand or to check on the AM machine, natural ventilation was 
supplied to the AM research facility. 

Yes Yes Yes Yes 

The door was left open during the AM phases.  Yes No No No 

The AM research facility had an air conditioner in the back that was 
set to a constant temperature of 22 °C. 

Yes Yes Yes Yes 

Extraction ventilation system directly connected to the AM machine, 
which ventilated the AM machine’s build envelope. 

Yes Yes Yes Yes 

Personal 
protective 
equipment 

The operator wore long sleeve T-shirt and long pants. Yes Yes Yes Yes 

The AM operator wore safety shoes or enclosed shoes. Yes No Yes Yes 

The AM operator wore latex gloves during the AM phases. No Yes Yes Yes 

The AM operator wore quality safety assurance European standard 
149:2001 filtering face piece (FFP2) half-face disposable respirators 
during the AM phases. 

No Yes Yes Yes 
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Figure S1: Floorplan of AM research facility showing the placement of monitoring instruments. 
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Table S2: Average air exchange rate calculations over three repetitions at the AM research facility. 

Repeat  Door open and air conditioner on  
(air changes/hour) 

Door closed and air conditioner on 
(air changes/hour) 

1 3.914 3.363 

2 3.611 2.105 

3 3.202 3.310 

Average  3.575 2.926 

 

 

 

 

 

 

 

 

 

 

Figure S2: Illustration of the most prominent particle size fraction during the entire BJ process for day one of printing for a) 

area two and b) personal exposure monitoring. 
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Table S3: Mean and peak particle ERs as measured over four printing days in area one. 

Phase Particle size ranges 

< 1 µm > 1 to < 4 µm > 4 to < 10 µm ≥ 10 µm *0.01  to 1 µm 

Grimm DustCount® Grimm DustCount® Grimm DustCount® Grimm DustCount® OPC 

Pre-

processing 

Mean 
p/min 

8.74 × 104 10.16 × 100 2.25 × 103 ― 1.22 × 102 ― 5.69 × 100 ― 1.2 × 109 

Peak 
p/min 

1.41 × 105 12.09 × 100 3.72 × 103 ― 2.57 × 102 ― 7.89 × 100 ― Not stated 

Processing Mean 
p/min 

1.19 × 105 8.23 × 100 2.47 × 103 1.44 × 100 1.34 × 102 ― 9.67 × 10-1 ― 5.27 × 108 

Peak 
p/min 

1.81 × 105 11.25 × 100 6.13 × 103 2.78 × 100 3.12 × 102 ― 1.64 × 100 ― Not stated 

Post-

processing 

Mean 
p/min 

2.15 × 105 0.33 × 100 1.65 × 103 1.46 × 100 1.89 × 102 ― 3.53 × 100 ― 7.74 × 108 

Peak 
p/min 

3.06 × 105 0.33 × 100 2.61 × 103 1.46 × 100 1.04 × 102 ― 6.31 × 100 ― Not stated 

Legend: High background particle number concentration prevented calculation of the mean and peak particle ERs; mean(average): measure central tendency of a probability distribution along median and mode; SD: standard deviation is a measure of how dispersed data is in 

relation to the mean; peak(maximum): largest value in the data set; *: Mean and peak particle ERs as reported by Matlhatsi (2021:1-133). 
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CHAPTER 4 CONCLUDING CHAPTER  

4.1 Main findings 

In this chapter, the conclusion of the main findings of the study are discussed followed by the 

aims, objectives, and hypotheses. Recommendations based on the findings of this study and 

recommendations regarding necessary controls are given. Limitations of this study are 

addressed, and potential future studies are suggested. 

4.1.1 Powder characteristics and chemical composition of silica sand 

Powder characteristics and chemical composition characteristics of a feedstock material can help 

identify possible health risks (Happo et al., 2014:1-18). A particle's size determines whether it is 

inhalable, and if so, where it can deposit in the respiratory tract (Maynard and Kuempel, 2005:587-

614). The first objective as listed in Chapter 1 of this dissertation was to establish the powder 

characteristics and chemical composition of uncoated, coated, and used silica sand during BJ. 

This was evaluated through particle size distribution (PSD) and shape analysis, scanning electron 

microscopy (SEM), and wavelength dispersive X-ray fluorescence (WD-XRF) of the collected bulk 

silica sand samples. 

PSD analysis of uncoated, coated and used silica sand samples indicated the presence of 

inhalable sized particles, which was confirmed by SEM images. Mean particle sizes [d (0.5)] were 

1.29 ± 0.36 μm, 4.27 ± 0.08 µm and 2.42 ± 0.04 μm, indicating that the AM research facility 

contained particle sizes that fell within thoracic fraction (< 10 μm), and respirable fraction (< 4 μm) 

in size. In addition, a statistically significant difference in d(0.5) was found between the particle 

sizes of used, coated, and uncoated silica sand particles However, 90% of particles [d (0.9)] at 

the AM research facility for uncoated, coated and used silica sand were smaller than 

42.21 ± 29.96 µm, 104.7 ± 23.33 µm and 54.9 ± 49.93 μm, respectively, indicating the presence 

of inhalable particles. 

The SEM images supported the PSD results and showed particles > 100 µm in size. The WD-

XRF results indicated that collected silica sand samples (uncoated, coated and used) had a high 

respirable crystalline silica content of 96.83 to 98.20% crystalline silica, which corresponded with 

>90% stated in the SDS. Respirable particles present a potential health concern since they can 

penetrate the alveolar region of the lungs, thoracic particles can deposit beyond the larynx, while 

inhalable particles can access the nasopharyngeal region (Brown et al., 2013:1-12). The high 

quartz content of uncoated, coated and used silica sand suggests the potential to induce 
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respiratory health effects such as silicosis, chronic obstructive pulmonary disease and lung cancer 

(NIOSH: 2002:1-145). The powder characteristics and chemical composition of uncoated, coated, 

and used silica sands could be determined; thus, the first objective has been achieved.  

4.1.2 Particle emissions 

The second objective was to quantify particle number concentrations and to determine ERs of 

particles released during BJ by means of direct-reading instruments during the three phases of 

AM. Particle number concentrations were monitored over four printing days. This study confirmed 

the emission of particles < 1 µm to > 10 µm in size, whereby particles were predominantly 

0.375 µm in size based on the DustCount®. The mean particle number concentrations ranged 

between < 0.01 p/cm3 and 421.44 p/cm3 for the Grimm, whereas mean particle number 

concentrations of the DustCount® ranged from < 0.01 p/cm3 to 23.48 p/cm3 during the AM phases 

A peak particle ER of 3.06 × 105 p/min occurred during the post-processing phase for the Grimm, 

while the DustCount® measured peak ER of 12.09 × 100 p/m during the pre-processing phase for 

particles < 1 µm in size. For particles larger than > 1µm in size, the mean particle number 

concentrations were low, generally marginally above the background concentration. There was a 

notable difference in the particle number concentrations and particle ERs measured by the real-

time instruments, with the DustCount® yielding lower particle number concentrations and particle 

ERs. Furthermore, higher particle number concentrations were measured in area two by the 

monitoring equipment. Therefore, the second objective was achieved.  

4.1.3 Area monitoring and personal exposure monitoring  

The third objective was to assess area concentrations and personal respiratory exposure of the 

AM operator to respirable crystalline silica and respirable PNOS during BJ utilising silica sand by 

means of real-time monitoring and time-integrated sampling. Real-time monitoring provided an 

overview of the AM operator's exposure in addition to time-integrated sampling. DustCount® 

showed that specific activities during BJ such as software configuration, taking out the job box, 

loading and levelling silica sand in the hopper, cleaning of the part and AM machine and 

conducting activities outside the AM research facility led to an increase in particle number 

concentrations. The particle number concentrations for area monitoring and personal exposure 

monitoring as measured by the Dustcount® was predominately in the respirable size 

fraction (0.375 µm). Therefore, the third objective of this study was achieved. The 8-hour TWA 

personal exposures to respirable crystalline silica and respirable PNOS over four printing days 

complied with their respective Time-Weighted Average-Occupational Exposure Limit-Maximum 
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Limits (TWA-OELs). However, time-integrated sampling and real-time monitoring of respirable 

crystalline silica equaled 10% of the TWA-OEL-ML of 0.1 mg/m3. 

In this study (Meiring, 2024), two hypotheses were formulated. Firstly, that the calculated air 

exchange rate (AER) is higher than the calculation of Matlhatsi (2021:1-133). The particle ERs of 

the three AM phases calculated in this study (Meiring, 2024) are lower than the calculated particle 

ERs of Matlhatsi (2021:1-133) when utilising direct-reading instruments. In this study (Meiring, 

2024), the AER was calculated in the AM research facility, rather than using a provided AER. The 

AER was 2.93 with the door closed and air conditioner on, while it was 3.58 with the door open. 

The AER was low which indicated a lack of natural and mechanical ventilation. Matlhatsi (2021:1-

133), used a much lower AER provided by the AM research facility to calculate emission particle 

ERs. Matlhatsi (2021:1-133), reported significantly higher mean particle emission rates during the 

pre-processing (1.2 × 109 p/min), processing (5.27 × 108 p/min) and post-processing phase 

(7.74 × 108 p/min) for particles 0.01 to 1 µm in size when using an optical particle counter. In this 

study (Meiring, 2024) the mean ERs was 8.74 × 104 p/min during the pre-processing phase, 

1.19 × 105 p/min during the processing phase and 2.15 × 105 p/min during the post-processing 

phase for particles < 1 µm in size when utilising a Grimm. The hypothesis is therefore accepted.  

The second hypothesis was formulated that the AM operator will be exposed to respirable 

crystalline silica and respirable PNOS at concentrations below the respective South African TWA-

OELs in the RHCA for time-integrated sampling. However, peak ERs are anticipated during the 

full shift of the AM operator for real-time monitoring. Real-time monitoring in area one and area 

two and personal exposure monitoring, demonstrated that the AM operator was exposed to low 

particle number concentrations and particle ERs during the BJ process. Real-time monitoring 

showed that activities carried out during each AM phase influenced exposure to particle number 

concentration and particle ERs. Both findings from real-time monitoring and time-integrated 

sampling indicated that the AM operator was exposed to respirable crystalline silica and respirable 

PNOS TWA concentrations below the TWA-OELs during BJ. However crystalline silica equaled 

10% of the TWA-OEL-ML. This hypothesis is therefore accepted. 

In this study (Meiring, 2024), personal exposure monitoring was conducted using real-time 

monitoring and time-integrated sampling, whereas Adams (2016:1-84) and Matlhatsi (2021:1-

133), only made use of time-integrated sampling. This study demonstrates that time-integrated 

monitoring should be used in combination with real-time monitoring for measuring nanoparticle 

exposure in the workplace. The three objectives were met and the two hypotheses were achieved.  
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4.2 Recommendations 

Based on the guidelines and requirements outlined in the Regulations for Hazardous Chemical 

Agents (2021), the following recommendations for additional control measures for this AM 

research facility are proposed for the employer of the AM facility: 

I. Local exhaust ventilation (LEV) system with a downdraft hood was present at the unpacking 

station of the AM research facility, however, it was not in a working order. LEV should be 

repaired by the management of the AM research facility. LEV would allow the AM operator to 

remove or capture airborne contaminants at their source before they are released in the 

working environment during the post-processing phase. As required in terms of Regulation 11 

the employees should be encouraged to report to the management whenever equipment such 

as the AM machine, LEV, or vacuum cleaner appears to liberate more dust than usual, in 

order to prevent unnecessary respirable crystalline silica and respirable PNOS exposure due 

to ineffective extraction systems or equipment in poor condition (DoEL, 2021:1-98). As 

required in terms of Regulation 11, as soon as the LEV have been repaired, its effectiveness 

to capture airborne contaminants should be tested (DoEL, 2021:1-98). 

 

II. The release of respirable crystalline silica and respirable PNOS during the AM phases may 

be prevented or controlled by fitting the top of the hopper with a lid that can be opened during 

the loading and levelling of silica sand and closed afterwards.  

 

III. As required in terms of Regulation 3 the employers should provide employees (AM operators) 

with suitable and sufficient information, instruction, and training regarding their exposure to 

understand the potential health risk and the precautions they need to take when working with 

silica sand. Training should include the following details: (a) Firstly, the source of exposure 

during the AM phases; (b) Potential health risks involved with the activities conducted during 

the AM phases, and health effects related to exposure to respirable crystalline silica and 

respirable PNOS; (c) Measures necessary for protection from exposure to respirable 

crystalline silica and respirable PNOS, including wearing of respiratory protective equipment 

(RPE) and personal protective equipment (PPE). Employers are required by Regulation 11 of 

the RHCA to provide the employee (AM operator) with RPE and PPE that are maintained in 

good condition and replaced regularly. The management must also strictly enforce the use of 

RPE and PPE. Employees (AM operators) who are required to wear respirators should be 

informed, instructed, and trained in the use of RPE. The selection of respirators should include 

individual fit testing (DoEL, 2021:1-98). During the selection, special attention should be paid 

to employees who have a wealth of hair, stubble, beards, or glasses that may interfere with 
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the integrity of the seal around the face. Facial features, such as a particularly large chin, a 

small face, or an unusually shaped nose bridge may require the provision of an alternative 

respirator; (d) training on the importance of good housekeeping and personal hygiene 

practices must be implemented and maintained in the workplace; (e) Finally, the AM operator 

should be provided with training on the use of extraction ventilation system and control 

measurements in place at the AM research facility. 

 

IV. Globally Harmonized System (GHS) compliant safety data sheet (SDS) must be available in 

the AM research facility where the hazardous chemical agents are stored, used or handled 

(DoEL, 2021:1-98) as required in terms of the Regulation 14A(b) (DoEL, 2021:1-98). 

However, the physical characteristics of silica sand was not stated on the manufacturer’s 

SDS, as required in terms of Regulation 14A(3)(i) of the Regulations for RHCA (DoEL, 2021:1-

98). As required in terms of Regulation 14A(a) a SDS should be reviewed by the importer or 

manufacturer of the HCA at least once every five years and amended to contain correct and 

current information (DoEL, 2021:1-98). It is advisable for facilities to maintain an inventory 

detailing the physical characteristics and chemical composition of the AM feedstock material. 

This practice enables a precise comparison with the manufacturer's SDS. Utilising this 

information, AM facilities can pinpoint potential discrepancies in the manufacturer's SDS, as 

suggested by Du Preez (2018:145). 

 

V. The AM research facility was demarcated as a respirator zone by the posting of South African 

National Standard (SANS) Dust Mask Mandatory Sign (MV12). As required in terms of 

Regulation 11, it is recommended that the AM research facility should remain demarcated as 

respirator zone by a notice that indicates that respiratory protection shall be worn during BJ 

(DoEL, 2021:1-98). 

 

VI. A box of filtering face piece (FFP) respirators was available on the workbench when entering 

the AM research facility. It is appropriate to use FFP2 respirators as they filter a minimum of 

94% of airborne particles. The practice of issuing the AM operator tasked with activities that 

may liberate respirable crystalline silica and respirable PNOS into the workroom air with 

respirators with a FFP2 classification, which provide protection against the inhalation of dust 

up to ten times the OEL, should be continued. It is, however, recommended that the AM 

operator wear an FFP3 respirator since they filter at least 99% of airborne particles and 

provide the highest level of protection against airborne particles (Lee et al., 2016:1-12).  
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VII. The AM research facility did not have designated containers or storage facilities for RPE and 

PPE. Clean containers or storage facilities should be provided for RPE and PPE when not in 

use, as required in terms of Regulation 11(3)(b) of the Regulations for RHCA (DoEL, 2021:1-

98). This should be done to avoid contamination of the insides of respirators that would result 

in contaminant inhalation.   
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4.3 Study limitations 

The following limitations have been identified in this study (Meiring, 2024). 

I. Limitation one: The SDS did not state physical characteristics (PSD and shape) of silica sand, 

as required in terms of Regulation 14A(3)(i) of the Regulations for RHCA (DoEL, 2021:1-98). 

Therefore, it was not possible to compare the particle size of the silica sand used in this study 

(Meiring, 2024) with that of the manufacturer. 

 

II. Limitation two: As only one AM operator was performing the AM operations, the number of 

personal respiratory exposure samples that could be obtained was limited in this study 

(Meiring, 2024).  

 

III. Limitation three: There are, no studies available on human health risks and exposure during 

both BJ and PBF-SLS when producing sand moulds under the same manufacturing 

conditions. Making it difficult to perform comparative studies. 

4.4 Future studies 

Upon concluding this study and recognising its limitations, the following recommendations for 

future studies are proposed. 

i. Future studies should consider the use of a wider range of BJ machines to produce the exact 

sand moulds using either the same AM feedstock material or another feedstock material such 

as chromite sand.  

 

ii. For comprehensive assessments of respiratory exposure among different AM operators 

performing diverse tasks in the AM process, future studies should involve more than one AM 

operator. Additionally, investigations should extend to include particle emissions and 

exposure monitoring across multiple AM facilities employing silica sand during BJ. 

 

iii. To further enhance understanding, it is recommended that upcoming studies delve into 

particle emissions and exposure monitoring not only during BJ but also during PBF-SLS. This 

comparative analysis should specifically focus on the production of identical sand moulds 

using the exact same AM feedstock material. 
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iv. In order to provide a more holistic view, future studies should also further investigate post-

processing activities being performed during BJ such as curing in an oven and densification, 

which includes processes like sintering and infiltration.  



 

91 

4.5 References 

Adams, G.E.M. Respiratory exposure during the additive manufacturing of sand casting moulds. 

Potchefstroom: North-West University (Dissertation – Masters). 

Afshar-Mohajer, N., Wu, C. Y., Ladun, T., Rajon, D. A. & Huang. Y. 2015. Characterization of 

particulate matters and total VOC emissions from a binder jetting 3D printer. Building and 

Environment, 93:293-301.  

Alijagic, A., Engwall, M., Särndahl, E., Karlsson, H., Hedbrant, A., Andersson, L., Karlsson, P., 

Dalemo, M., Scherbak, N., Färnlund, K., Larsson, M. & Persson, A. 2022. Particle Safety 

Assessment in Additive Manufacturing: From Exposure Risks to Advanced Toxicology Testing. 

Toxicology, 4:1-22. 

Brown, J.S., Gordon, T. & Price, O. 2013. 3 and Bahman. Thoracic and respirable particle 

definitions for human health risk assessment. Particle and Fibre Toxicology, 10(12):1-12.  

Caiazzo, F., Alfieri, V., Corrado, G. & Argenio, P. 2017. Laser powder-bed fusion of Inconel 718 

to manufacture turbine blades. The International Journal of Advanced Manufacturing Technology, 

93:4023-4031. 

Deng, Y., Cao, S.J., Chen, A. & Guo, Y. 2016. The impact of manufacturing parameters on 

submicron particle emissions from a desktop 3D printer in the perspective of emission reduction. 

Building and Environment, 104:311-319. 

Department of Employment and Labour (DoEL). 2021. Regulations for hazardous chemical 

agents (RHCA), 2021. (Notice 280). Government Gazette, 44348:1-67, 29 Mar.2022. 

Du Preez, S. Emissions of and exposure to hazardous chemical substances from selected 

additive manufacturing technologies. Potchefstroom: North-West University (Thesis – Doctor). 

Gibson, I., Rosen, I.D.W. & Stucker, B. 2015. Additive manufacturing technologies: rapid 

prototyping to direct digital manufacturing. Cham, Switzerland: Springer. pp. 1-484. Available from 

Springer eBook Collection: 2010_Book_AdditiveManufacturingTechnolog.pdf (ethernet.edu.et) - 

Search (bing.com) Date of access: 27 Feb. 2021. 

Health and Safety Executive (HSE). 2021. Controlling airborne contaminants at work A guide to 

local exhaust ventilation (LEV) https://www.hse.gov.uk/pubns/priced/hsg258.pdf Date of access: 

8 Dec. 2022. 

https://www.sciencedirect.com/journal/building-and-environment/vol/104/suppl/C


 

92 

International Organization for Standardizations/American Society of Testing Materials 

(ISO/ASTM): Additive Manufacturing - General principles – Fundamentals and Vocabulary 

(ISO/ASTM 52900) [Standard] Geneva, Switzerland: ISO/ASTM, 2021. 

Lee, S.A., Hwang, D.C., Li, H.Y., Tsai, C.F., Chen, C.W. & Chen, J.K. 2016. Particle size-selective 

assessment of production of European standard FFP respirators and surgical masks against 

particles-tested with human subjects. Journal of Healthcare Engineering, 0(0):1-12. 

Le Néel T.A., Mognol, P. & Hascoet, J.Y. 2018. A review on additive manufacturing of sand molds 

by binder jetting and selective laser sintering. Rapid Prototyping Journal, 24(8):1325-1336. 

Lewinski, N.A., Seconda, L.E. & Ferri, J.K. 2019. On-site three-dimensional printer aerosol hazard 

assessment: pilot study of a portable in vitro exposure cassette. Process Safety Progress, 

38(3):1-7. 

Matlhatsi, N.L. 2021. Particulate emissions and respiratory exposure to hazardous chemical 

substances during additive manufacturing of sand moulds. Potchefstroom: North-West University. 

(Masters – Dissertation).  

Maynard, A.D., and Kuempe, E.D. 2005. Airborne nanostructured particles and occupational 

health. Journal of Nanoparticle Research, 7:587-614. 

National Institute of Occupational Safety and Health (NIOSH). 2002. Health effects of 

occupational exposure to respirable crystalline silica. https://www.cdc.gov/niosh/docs/2002- 

129/pdfs/2002-129.pdf Date of access: 12 June 2021. 

National Institute of Occupational Safety and Health (NIOSH). 2022. Hierarchy of Controls 

Hierarchy of Controls | NIOSH | CDC Date of access: 2 Dec. 2022. 

Occupational Safety and Health Administration. (OSHA). 2023. Personal sampling for air 

contaminants. https://www.osha.gov/otm/section-2-health-hazards/chapter-1#field_blanks Date 

of access: 08 Feb. 2024. 

Sippula, O., Jalava, P.I., Rintala, H., Leskinen, A., Komppula, M., Kuuspalo, K., Mikkonen, S., 

Lehtinen, K., Jokiniemi, J. & Hirvonen, M.R. 2014. Role of microbial and chemical composition in 

toxicological properties of indoor and outdoor air particulate matter. Particle and Fibre Toxicology, 

11:1-18. 

Snelling, D., Williams, C.B. & Druschitz, A.P. 2014. A comparison of binder burnout and 

mechanical characteristics of printed and chemically bonded sand molds. 2013-66-Snelling.pdf 

(utexas.edu) Date of access: 2 Feb. 2022. 



 

93 

Weinberg, J.L., Bunin, L.J. & Das, R. 2009. Application of the industrial hygiene hierarchy of 

controls to prioritize and promote safer methods of pest control: a case study. Public Health 

Reports, 1(124):53-62.  



 

94 

ANNEXURE A ETHICS APPROVAL LETTER 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

95 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

96 

ANNEXURE B DECLARATION OF LANGUAGE EDITING 

 

 


