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Abstract
Denuders are gas-particle partitioning tools and can be used in combination with filters and adsorbers for phase separated collection of hazardous semi-volatile organic compound (SVOC) aerosols. Here we investigated the suitability of carbonaceous monolithic multi-channel denuders for this approach. Particle transmission efficiency through the denuders was investigated using particles of polystyrene latex (PSL) and droplets of n‑hexadecane and diethylene glycol. The time-dependent vapour collection efficiency was analysed for n‑hexadecane and diethylene glycol vapours and also compared to calculated predictions. Our measurements showed an averaged transmission efficiency of 97 ± 4.4 % for PSL particles with diameters of 0.51, 0.99, 1.93 and 3.00 µm. Measurements with one denuder and 1.08, 1.98 and 2.97 µm particles consisting of n‑hexadecane or diethylene glycol resulted in an averaged transmission efficiency of 99 ± 6.5 %. Regarding the vapour collection efficiency at a flow rate of 5 l/min, n‑hexadecane vapour could be adsorbed to a similar extent (91 ± 1.4 % for one denuder, 98 ± 0.3 % for two denuders) as diethylene glycol vapour (93 ± 1.8 % for one denuder, 97 ± 0.9 % for two denuders). The comparison between experimental and theoretical vapour collection efficiencies revealed differences around 2.8 % for n‑hexadecane and around 12.3 % for diethylene glycol. The results show that the tested denuders can be used as vapour collection tools for SVOCs, and can be integrated in currently used personal air samplers for separated vapour and particle collection.
Introduction

Aerosolised semi-volatile organic compounds (SVOC) found in workplace environments can lead to occupational diseases 
 ADDIN EN.CITE 
(Kennedy et al., 1989; Robins et al., 1997; Simpson et al., 2003)
. Examples for hazardous SVOC aerosols are metalworking fluid (MWF) mists, pesticides and bitumen fumes 
 ADDIN EN.CITE 

(Guidotti et al., 1994; Kriech et al., 2002; Woskie et al., 1994)
. SVOC are characterised by vapour pressures in the range between 100 and 0.001 Pa at room temperature. Furthermore, this substance class often occurs simultaneously as particles and vapours in workplace air (European Committee of Standardisation, 2014). However, vapours and particles have different uptake mechanisms in the respiratory tract. Therefore the SVOCs particles and vapours should be distinguished from each other for an accurate evaluation of the workplace exposure.

In workplace air, mass transfer between an SVOC aerosol’s particulate and vapour phase takes place. This influences occupational sampling using filters, since particle mass can evaporate from the filter (blow-off effect) 
 ADDIN EN.CITE 
(Breuer et al., 2015; Cooper et al., 1996; Dragan et al., 2015; Furuuchi et al., 2001; Sutter et al., 2010)
 or vapours can be adsorbed onto collected particles or on the filter surface (blow-on effect) (Galarneau and Bidleman, 2006). Here attention needs to be given, as both effects will lead to measurement errors and consequently to poor assessments of worker exposure.

The currently used occupational aerosol samplers like the GGP (Gesamtstaub-Gas-Probenahme) and GGP-mini systems are generally designed for the measurement of “total SVOC aerosols” 
 ADDIN EN.CITE 
(Breuer et al., 2014; Dragan et al., 2015)
. These samplers consist of a filter for particle collection and a downstream adsorption material attached to a sampling pump for vapours and evaporated particle mass (blow-off) collection. However, the initial vapour concentrations cannot be distinguished from the evaporated particle mass. Therefore, the attachment of a denuder in front the sampler’s filter as a vapour-particle partitioning tool is one approach towards a dichotomous sampling of SVOC aerosols 
 ADDIN EN.CITE 
(Ali et al., 1989; Kohlmeier et al., 2017)
.

The objective of this paper is to characterise the carbonaceous monolithic multi-channel denuders, so-called Novacarb™-Denuders, as a vapour-particle partitioning tool in terms of personal aerosol sampling. In this regard, it was important to analyse the transmission efficiency through the carbon denuders using particles with modal diameters from 0.5 to 3 µm, in order to rule out particle losses during sampling. This particle size range was chosen, since it is equivalent to the median droplet diameters of workplace aerosol particles (Hendricks et al., 1962; Järvholm et al., 1982). Equally important was the modelling as well as the experimental investigation of the vapour collection efficiency of the denuders using the two different semi-volatile model compounds n‑hexadecane and diethylene glycol. Both model substances were selected based on their vapour pressure (0.12 Pa for n‑hexadecane (Ambrose and Walton, 1989) and 0.27 Pa for diethylene glycol at 20 °C (The Dow Chemical Company, 2018)) and different polarities. 
Methods

The tested denuders are non-activated Novacarb™ monolith denuders (OD 30 mm, length 36 mm) 


(Doezema et al., 2012; Eichler et al., 2014; Perraud et al., 2010) ADDIN EN.CITE  with a channel density of 210 channels per inch (cpi) (square channels: wall thickness 750 µm, channel width 1125 µm) and an open cross section of 36 %. The carbon monoliths are fabricated from phenolic resins via a patented binderless polymer sintering process (Tennison, 1998). A detailed description of the experimental procedure (particle size-dependent transmission efficiency and time-dependent vapour collection efficiency) and calculations can be found in the Supplementary Information. 
Results and Discussion
Particle size-dependent transmission efficiency

The average transmission efficiency for one denuder was 98 ± 4.5 % for PSL particles with the diameters of 0.51, 0.99, 1.93 and 3.00 µm. If three denuders were used in series, the transmission efficiency decreased from 97 to 93 % with increasing particle diameter. The reason for this is that all denuders are not identical regarding their geometry and the denuder channels between two denuders do not overlap. Additionally, larger particles cannot follow the streamlines inside the denuder cartridge (between all three denuders) as good as smaller particles do and impact more easily on the front surfaces of all three denuders. Here, the inertia of particles of different sizes should be considered. The particle inertia depends on the aerodynamic drag, which increases with the particle size. One measurement sequence was carried out with two denuders and 0.99 µm PSL particles to confirm the results obtained with one and three denuders. The results with two denuders show an equally high transmission efficiency of 98 ± 4.7 %. Therefore, it can be assumed that the denuders are suitable for almost loss-free particle transmission.

The transmission efficiency of one denuder was also tested with “sticky” liquid particles consisting of n‑hexadecane and diethylene glycol. These tests were carried out to investigate if the transmission efficiency of the denuder was influenced by particle bounce. The averaged transmission efficiency of one denuder was 99 ± 6.5 % for particles with diameters of 1.08, 1.98 and 2.97 µm. No substantial differences (average difference of 2 %) were observed between the transmission efficiencies obtained with “elastic” solid PSL and “sticky” droplets. 

The particle losses inside the denuder were very low for both “elastic” and “sticky” particles. If one denuder is not sufficient in terms of vapour collection, it is recommended to use longer denuders instead of several denuders in series. This can reduce particle impaction on the front surfaces of the denuders. The use of one denuder will only cause negligible losses for both solid and liquid particles in the tested particle size range.
Vapour collection efficiency

Table 2 shows the calculated and maximum experimental vapour collection efficiencies of one and two denuders for n‑hexadecane and diethylene glycol at flow rates of 5 or 10 l/min. Theoretical vapour collection efficiencies calculated for different denuder lengths and both model compounds at different flow rates are shown in Fig. S2 and discussed in the Supplementary Information.

For n‑hexadecane, the differences between experimental and calculated values are around 2.8 %, while the differences for diethylene glycol are around 12.3 %. Especially for nonpolar long-chain alkanes like n‑hexadecane, the theoretical predictions are in good agreement with the experimental data. However, differences between theoretical predictions and experimental values may arise. The theoretical vapour collection efficiency is calculated based on the volumetric flow rate, denuder length and diffusion coefficients of the adsorbed molecules. Furthermore, it is necessary to take the analyte’s molecular composition and the presence of denuder surface atoms into consideration, as they may interact with vapour molecules (see Supplementary Information). The ability of diethylene glycol or other molecules containing hydroxyl groups to build hydrogen bonds with the denuder is limited. This limitation is explained by the small amount of denuder surface oxygen molecules compared to denuder surface carbon atoms. For this reason, despite of the higher diffusion coefficient of diethylene glycol, the experimental vapour collection efficiency is lower than the simulated values. This is not the case for n‑hexadecane or other long-chain alkanes, since the induced dipole-induced dipole (dispersion) interactions between vapour molecules and denuder surface carbon atoms are less limited. Therefore, these experimental vapour collection efficiencies for non-polar compounds are in good agreement with the calculated predictions. 


The theoretical vapour collection efficiency revealed values ≥96 % for two denuders and for both tested substances and flow rates. For a lower flow rate of 5 l/min a theoretical vapour collection efficiency of 100 % was calculated. It can thus be concluded that two denuders are sufficient to achieve high vapour collection efficiencies for the test substances, especially for lower flow rates. For this reason, the vapour collection efficiency was not experimentally analysed for three or more denuders.

The vapours trapped by the denuders during occupational sampling of SVOC compounds can be quantified either by extraction of the denuders or by tandem sampling i.e. parallel measurement using two personal samplers, one equipped with a denuder, the second without denuder. This can either be used to get a more accurate measurement of the vapour-particle partitioning of the aerosol, or to measure only the particulates with a much better accuracy than traditional “filter” sampling. If only the concentration of the particulates is of interest i.e. occupational exposure limit (OEL) is set only for the particulate phase, the vapours trapped by the denuders can be neglected. In this way, sampling biases caused by evaporation of particles trapped on filters can be eliminated. 
Conclusions
The investigated denuders meet the requirements for an effective measurement of the vapour-particle partitioning of SVOC. In terms of particle transmission, one denuder can be used for 0.5-3 µm particles with negligible particle losses (transmission efficiencies ≥97 %). The tested denuders were also suitable for the adsorption of nonpolar molecules like long-chain alkanes and polar molecules like glycols at low flow rates. In combination with currently used occupational personal air samplers like the GGP, separation and subsequent analysis of SVOC particles and vapours are made possible. This could potentially improve both “particle only” measurements and a separate quantification of particulates and vapours. 
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Figures and Tables
Table 1 Particle diameter (dp) dependent transmission efficiency of 1-3 denuders tested with PSL particles, n‑hexadecane (C16) or diethylene glycol (DEG) droplets at a flow rate of 5 l/min. The minimum number of replicates was 4. The ± values represent the coefficient of variation (CV).
	particle type
	dP            [µm]
	number of denuders
	transmission  efficiency [%]

	PSL
	0.51
	1
	99 ± 6.2

	
	0.51
	3
	97 ± 2.8

	
	0.99
	1
	98 ± 4.4

	
	0.99
	2
	98 ± 4.7

	
	0.99
	3
	97 ± 4.6

	
	1.93
	1
	98 ± 5.1

	
	1.93
	3
	96 ± 3.7

	
	3.00
	1
	98 ± 3.6

	
	3.00
	3
	93 ± 3.6

	C16             or DEG
	1.08
	1
	98 ± 4.4

	
	1.98
	1
	          100 ± 6.2

	
	2.97
	1
	98 ± 8.6


Table 2 Comparison between the maximum averaged experimental and the theoretical vapour collection efficiencies (abbreviated as coll. eff.) for n‑hexadecane and diethylene glycol. The number of replicates was 3. The ± values represent one standard deviation.
	substance
	number of denuders
	flow rate  [l/min]
	max. experimental   vapour coll. eff. [%]
	theoretical vapour coll. eff. [%]
	Difference [%]

	n‑hexadecane
	1
	5
	91 ± 1.4
	96
	5

	
	1
	10
	79 ± 6.3
	80
	1

	
	2
	5
	98 ± 0.3
	100
	2

	
	2
	10
	93 ± 3.1
	96
	3

	diethylene    glycol
	1
	5
	93 ± 1.8
	100
	7

	
	1
	10
	71 ± 4.2
	95
	24

	
	2
	5
	97 ± 0.9
	100
	3

	
	2
	10
	85 ± 1.2
	100
	15
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