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Abstract 21 

The present study were set out to characterize nanoparticle exposures in three selected workplaces of 22 

the packaging, warehouse, and pelletizing in a carbon black manufacturing plant using a newly 23 

developed modified electrical aerosol detector (MEAD). For the confirmation purposes, the MEAD 24 

results were compared with those simultaneously obtained from a nanoparticle surface area monitor 25 

(NSAM) and a scanning mobility particle sizer (SMPS). We found that workplace background 26 

nanoparticle concentrations were mainly coming from the outdoor environment. Size distributions of 27 

nanoparticles for the three selected process areas during the work hours were consistently in the form 28 

of bi-model. Unlike nanoparticles of the second mode (simply contributed by the process emissions), 29 

particles of the first mode could be also contributed by the forklift exhaust or fugitive emissions of 30 

heaters. The percents of nanoparticles deposited on the alveolar (A) region were much higher than the 31 

other two regions of the head airway (H), tracheobronchial (TB) for all selected workplaces in both 32 

number and surface area concentrations. However, significant differences were found in percents of 33 

nanoparticles deposited on each of the three regions while different exposure metrics were adopted. 34 

Both NSAM and MEAD obtained quite comparable results. No significant difference can be found 35 

between the results obtained from SMPS and MEAD after being normalized. Considering the MEAD 36 

is less expensive, less bulky, and easy to use, our results further support the suitability of using 37 

MEAD in the field for nanoparticle exposure assessments. 38 

Keywords: Nanoparticle exposure, number concentration, surface are concentration, lung 39 

deposition, modified electrical aerosol detector, carbon black 40 
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Introduction 48 

Nanoparticles are known for particles with diameters less than 0.1 m (or 100 nm) (1). 49 

Nanoparticles might cause serious inflammation after being deposited in the deep lung because of 50 

their large particle numbers, surface areas, chemical compositions, sizes, shapes and charges (2-4). 51 

Recent toxicological studies have suggested that a small fraction of deposited nanoparticles can 52 

penetrate cells or tissue and result in many irreversible health effects, such as the chronic pulmonary 53 

inflammation, epithelial cell hyperplasia, cardiovascular disease, and lung tumor (2, 5-7). To date, 54 

both exposure metrics of the total surface area and total number concentrations of nanoparticles have 55 

been shown good correlations with their resultant health effects (3, 8-12). In addition, health effects 56 

associated with nanoparticle exposures are also affected by their regional deposition sites of the 57 

respiratory tract. For example, nanoparticles deposit on the alveolar region might interact with 58 

epithelial cells and cause inflammation (13). Therefore, simultaneously predicting both the total 59 

surface area and total number concentrations of nanoparticles deposited on different regions of the 60 

respiratory tract is considered a better approach for characterizing nanoparticle exposures. Moreover, 61 

the deposition of nanoparticles in the lung is known affected by both their size distributions and 62 

human breathing patterns. Therefore, to describe the percent of nanoparticles deposited on different 63 

regions of the respiratory tract under a specific breathing pattern (=concentration of nanoparticles 64 

deposited on a given region of the lung/total concentration of nanoparticles deposited in the lung) 65 

would be important to illustrate the effect of a nanoparticle size distribution on lung deposition. 66 

To date, the scanning mobility particle sizer (SMPS) has been widely used to measure the number 67 

concentrations of nanoparticles of different particle sizes in the lab and field (14). Although the 68 

aforementioned device can neither be used to directly measure their surface area concentrations, nor 69 

to estimate exposure concentrations in different regions of the respiratory tract (including the head 70 

airway (H), tracheobronchial (TB) and alveolar (A) regions), all of this can be done using predictive 71 

particle deposition models and converting the measured mass and/or number concentration to the 72 

surface area concentration. Although the combination of a condensation particle counter (CPC), a 73 
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mass concentration monitor (MCM) and an electrical aerosol detector (EAD) can be used to directly 74 

evaluate the surface area concentration of nanoparticle exposures (15), the above combination might 75 

not be feasible for workplace measurements due to their large volume. Recently, a nanoparticle 76 

surface area monitor (NSAM; TSI Inc., Model 3550, St. Paul, MN, USA) has been developed, based 77 

on the particle charging characteristics of an EAD, for directly measuring surface area concentrations 78 

of nanoparticles deposited on both TB and A regions of the respiratory tract (16-17). However, it 79 

should be noted that the above instrument can neither simultaneously measure the surface area 80 

concentration of the H region, nor the number concentrations of the H, TB, and A regions. More 81 

recently, a modified EAD (MEAD) has been developed by our research group to overcome the above 82 

mentioned shortcomings (18-19). The configuration of the MEAD is similar to that of electrical 83 

mobility analyzer of the early generation for particle size distribution measurement. It is therefore 84 

possible to use the MEAD as a particle sizer by setting its ion trap at voltages ranging from 20 to 2500 85 

V. A data-reduction scheme is used to retrieve the size distribution of sampled particles (assumed as 86 

log-normal) from the MEAD readout at different ion-trap voltages. Finally, the built-in programs can 87 

be used to directly estimate both the number and surface area concentrations of nanoparticles 88 

deposited on different regions of the respiratory tract (including H, TB and A regions) (18). It is 89 

noteworthy that the aforementioned equipment has never been used in the field. Therefore, the 90 

applicability of MEAD in the workplace is still required further confirmation.  91 

Carbon black is an important commodity for a wide range of industrial applications. For centuries, 92 

carbon black has been mainly used as a pigment for the manufacturing of printing inks, paints, and 93 

lacquers. However, its use has been switched as one of reinforcing fillers for the manufacturing of 94 

vehicle tires during the past 50 years. To date, animal studies have sown that a short-term low-dose 95 

exposure to nano-carbon black might cause the inflammatory reaction (1, 20-21). An in vitro study 96 

suggests that nano-carbon black exposure can also lead to an increase in the oxidative stress of 97 

alveolar epithelial cells (22). Another study points out that intranasal instillation of 14 nm carbon 98 

black particles might result in the change in brain inflammatory parameters (23). To date, carbon 99 
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black has not labeled as a known human lung carcinogen by IARC, but has been classified as possibly 100 

carcinogenic to human beings (24). However, a clear dose/response relationship associated 101 

nano-carbon black exposures is still unknown. To date, the release of nano-carbon black to the 102 

workplace atmospheres of different manufacturing stages in a carbon black plant have been conducted 103 

(25-27). However, there is neither number nor surface area of nano-carbon black deposited on 104 

different regions of the respiratory tract have been investigated for carbon black manufacturing 105 

industries. The aims of the present study were set out first to characterize nano-carbon black 106 

exposures for workplaces of different manufacturing stages using the newly developed MEAD. 107 

Considering the aforementioned equipment has never been used in the field, the results obtained from 108 

MEAD were compared with those simultaneously obtained from NSAM and SMPS for the 109 

confirmation purpose. 110 

 111 

Material and Methods  112 

Sampling sites. An oil furnace carbon black manufacturing plant located in southern Taiwan was 113 

chosen in this study. The manufacturing of carbon blacks involves first the preheating of feedstock oil, 114 

air, and gas, and then partial combustion at temperatures ranging from 1,780C to 1,950C in the 115 

furnace depends on the grade of carbon blacks to be produced. The carbon-rich products (particle size 116 

= 10500 nm, mostly 10100 nm) are then quenched with water and pass through heat exchangers to 117 

recycle the heat for preheating the combustion air. After secondary quenching, the light and fluffy 118 

carbon blacks are separated in the bag filter, and then sent through micropulverizers to a surge tank. 119 

Finally, the carbon blacks are wet pelletized followed by a drying process to produce pelletized 120 

products, and then packaging for shipment (25). Detailed manufacturing processes and plant layout 121 

can be found in our previous publication (28). Three workplaces, including the pelletizing, packaging, 122 

and warehouse, were chosen for conducting nanoparticle samplings. Although the packaging area 123 

includes two kinds of processes (i.e., the automatic (bulk) packaging and manual packaging), only the 124 

manual packaging area was chosen because the other did not have workers in the process area. In 125 
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addition, an outdoor sampling site, located at the upwind side of the selected carbon black 126 

manufacturing plant, was selected to determine the background nanoparticle concentrations. 127 

Sampling instruments. A MEAD was used to conduct nanoparticle samplings in the present study. 128 

The MEAD was installed with a high voltage power supply (Stanford Research Systems Inc., Model 129 

PS325/2500V–25W, Sunnyvale, CA, USA) to control the voltages of the ion trap of the EAD (TSI 130 

Inc., Model 3070A, St. Paul, MN, USA) varied from 20V–2500V. During samplings, the readings of 131 

the electrometer were recorded for each of the eight preset voltages of the ion trap (i.e., 20V, 100V, 132 

200V, 500V, 1000V, 1500V, 2000V, and 2500V. During each sampling run, the sampling time for 133 

each preset voltage lasted for ten seconds (18). Two reference instruments were used to assess the 134 

feasibility of using MEAD in the field. The first one was the NSAM (TSI Inc., Model 3550, St. Paul, 135 

MN, USA). This instrument was designed for measuring surface area deposition concentrations of 136 

nanoparticles on both TB and A regions of the respiratory tract by setting the ion-trap voltage at 100V 137 

and 200V, respectively (16). Based on the original design of the NSAM, the readouts are suitable for 138 

describing nanoparticle depositions on both TB and A regions for the reference worker under the light 139 

exercise mode with nose-only breathing pattern (17). The second instrument was the SMPS (TSI Inc., 140 

Model 3936, St. Paul, MN, USA) which was used to measure the number concentrations of 141 

nanoparticles of different particle sizes with sheath flow 15 L/min, aerosol flow 1.5 L/min and 142 

scanning time 300 seconds.  143 

Sampling methods. For each selected workplace, samplings were conducted on consecutive four 144 

days. On each sampling day, one MEAD, one NSAM and one SMPS were placed side-by-side, ~1.5 145 

m above the ground level (i.e., the breathing zone), at the location nearest to the main worksite of 146 

workers for each selected workplace. For both the packaging area and warehouse, workers only 147 

worked from 08:00 AM to 17:00 PM. Therefore, samplings were conducted from 07:00 AM to 08:00 148 

AM and from 10:00 AM to 12:00 AM to determine the workplace concentrations prior to work 149 

(denoted as workplace background) and workplace concentrations during the work (denoted as 150 

workplace exposure), respectively. Considering workers in the pelletizing area worked for 24 h per 151 
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day, samplings were only conducted from 10:00 AM to 12:00 AM for estimating workplace exposure 152 

concentrations. No workplace background concentrations of the pelletizing area were measured. For 153 

the outdoor sampling site, samplings were conducted from 07:00 AM to 08:00 and 10:00 AM to 154 

12:00 AM to estimate the outdoor atmospheric concentration (denoted as outdoor background). 155 

Data analyses. In the present study, a data-reduction scheme was used to retrieve the size 156 

distribution of sampled nanoparticles based on readings obtained the eight preset voltages of the 157 

MEAD. Detailed computation processes can be seen in our previous publication (18). The resultant 158 

size distributions were used to predict depositions of nanoparticles at the H, TB, and A regions of the 159 

respiratory tract using the UK National Radiological Protection Board’s (NRPB’s) LUDEP Software 160 

(29). The above software was established based on ICRP 66 lung deposition models (30). In the 161 

present study, we assumed the breathing pattern of workers based on the reference worker parameters 162 

can be described as follows:  163 

–Breathing type: nose only 164 

–Functional lung residual capacity: 3301 mL 165 

–Breathing rate: 20 breath/min 166 

–Ventilation rate: 1.5 m3/h 167 

–Activity level: light exercise. 168 

Fig. 1 shows the predicted deposition curves of the H, TB, and A regions based on the above 169 

assumptions. The above criteria were the same as that prescribed for NSAM (17). In Fig. 1, it is 170 

interesting to note that 90% of the 1 nm particles are deposited in the H region, 10% in the TB region 171 

and none in the A region. For 20 nm particles, however, 50% deposit in the A region and 25% in the 172 

H and TB regions. Here, it should be noted that the above predicted deposition curves are only 173 

suitable for workers with light exercise conditions under nose-only breathing conditions. Although 174 

they were adequate to predict carbon black workers based on our field observations, they are not 175 

suitable for workers with other working conditions. For workers with other work loads, it is suggested 176 

to predict lung depositions by using the measured size distributions of nanoparticles obtained MEAD, 177 
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then apply them to UK National Radiological Protection Board’s (NRPB’s) LUDEP Software 178 

according to the work load found in the field. 179 

 180 

Results and Discussion 181 

Size distributions of nanoparticles obtained from the three selected workplaces using the 182 

MEAD. Table 1 shows the size distributions of nanoparticles (measured particle size range: 11000 183 

nm) obtained from the three selected workplaces. It can be seen that the count median diameter (CMD) 184 

and the corresponding standard deviation (σg) of the outdoor background were 48.3 nm and 1.78, 185 

respectively. The above results were quite similar to those workplace backgrounds obtained from the 186 

packing area (CMD = 42.7 nm, σg = 1.84) and warehouse (CMD = 41.1 nm, σg = 2.04) indicating 187 

background nanoparticle concentrations of both workplaces were mainly coming from outdoor 188 

atmosphere. The above inference was consistent with the results conducted by Wake (31). 189 

In the present study, we found that all resultant size distributions for workplace exposures were 190 

consistently in a bi-model form (as shown Fig. 2 for illustration). For the first mode, we found that the 191 

CMD and the corresponding σg were 25.5 nm and 3.1, 24.2 nm and 1.8, and 39.2 nm and 3.2 for the 192 

packaging area, warehouse, and pelletizing area, respectively (Table 1). In principle, these 193 

nanoparticles could be coming from the carbon black aggregates. However, according to the results 194 

conducted by Kuhlbusch et al. in three carbon black manufacturing plants and based on our field 195 

observation, that nanoparticles of this size range found in the warehouse and pelletizing area could be 196 

also contributed by the exhaust of the forklift and fugitive emissions of heaters, respectively (25-26). 197 

In principle, carbon black, forklift exhaust and heater fugitive are carbon-containing materials. 198 

Although they are intrinsically different in their chemical compositions (such as organic carbon, 199 

inorganic carbon, trace metal contents…), they are soot in nature and have very similar size 200 

distributions. The above characteristics lead to difficulties in collecting each individual pollutant in 201 

the field. Therefore, we did not further characterize each individual concentration of these three 202 

pollutants.  203 
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For nanoparticles of the second mode, we found that size distributions in both the packaging area 204 

(CMD = 165 nm, g σ = 2.1) and warehouse (CMD = 166 nm, g σ = 2.2) were quite similar and both 205 

were coarser that that of pelletizing area (CMD = 124 nm, g σ = 2.0) (Table 1). Based on our field 206 

observation, we found that a total enclosure device was used for the pelletizing process. Therefore, the 207 

emissions of nano-carbon black from the pelletizing process could be mainly contributed by the duct 208 

fugitives governed by the thermal lifting draft. On the other hand, the emissions of nano-carbon black 209 

from both the packaging area and warehouse were mainly due the agitation of carbon blacks during 210 

the packaging and shipping processes. Based on the above observations, it is not so surprising to see 211 

that particle size distributions in both the packaging area and warehouse were quite similar and both 212 

were coarser that that of pelletizing area. 213 

Number concentrations and surface area concentrations of nanoparticles obtained from the 214 

three selected workplaces using MEAD. Table 2 shows the number and surface area concentrations 215 

of nanoparticles (measured particle size range: 11000 nm) for the outdoor background, the three 216 

selected workplace exposures and their corresponding workplace backgrounds. For number 217 

concentrations, no significant difference can be found between the concentrations of the outdoor 218 

background (mean = 3.41×103 #/cm3) and that of the workplace background concentrations of the 219 

packaging area (mean = 3.46×103 #/cm3) (t-test; p>0.05), but both was slightly lower than that of the 220 

workplace background concentration of the warehouse (18.62×103 #/cm3) (t-test; p<0.05). According 221 

to the inference made in the previous section (based on measured size distributions), the background 222 

concentrations of the above two workplaces could be mainly coming from outdoor atmosphere. 223 

Obviously, the number concentration results obtain from the packaging area do support the above 224 

inference. The inconsistency found in the warehouse is warrant the need for further discussion. Based 225 

on our field observation, we found that the warehouse had only one side open during the daytime for 226 

the shipping purpose, and the warehouse was totally enclosed during the night time. Therefore, the 227 

high background number concentration found in warehouse could be due to the accumulative effect. 228 

On the other hand, we found the manual packaging area always has two sides open in both day- and 229 
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night-time. The above observation might explain why its background number concentrations were 230 

quite similar to that of outdoor atmospheric environment. 231 

 In this study, we found that the number concentrations of workplace exposures obtained from the 232 

packaging area (mean = 25.7×103 #/cm3) was consistent with that obtained from Wake (4–50×103 233 

#/cm3) (31). Moreover, we also found that the number concentrations for both packaging area and 234 

warehouse (mean = 25.7×103 and 42.13×103 #/cm3, respectively) were significantly higher than their 235 

corresponding workplace background concentrations (=3.46×103 and 18.62×103 #/cm3, respectively) 236 

(t-test; p<0.05). The above results clearly indicate that process emissions could effectively elevate the 237 

number concentrations of nanoparticles in workplace atmospheres. However, it also should be noted 238 

that the contributions of the background level to total nanoparticle exposure for the above two areas 239 

were 13% and 44%, respectively. In the present study, no workplace background concentrations were 240 

measured for the pelletizing area (because it worked for 24 h per day). Nevertheless, we found that its 241 

workplace concentrations (13.71×103 #/cm3) fell within the range (8–44×103 #/cm3) obtained from 242 

three carbon black manufacturing plants conducted by Kuhlbusch et al. (2526). If the outdoor 243 

background concentration (mean = 3.41×103 #/cm3) was used the reference background level, its 244 

contribution to total nanoparticle exposure of the pelletizing area was 25%. 245 

Finally, we found that the trends found in the resultant number concentrations (as described above) 246 

can also be seen in the corresponding surface area concentrations. In the present study, no significant 247 

difference can also be found between the surface area concentrations of the outdoor background 248 

(mean = 203 mμ 2/cm3) and that of the workplace background concentrations of the packaging area 249 

(mean = 192 mμ 2/cm3) (t-test; p>0.05), but both was slightly lower than that of the workplace 250 

background concentration of the warehouse (240 mμ 2/cm3) (t-test; p<0.05). Moreover, we also found 251 

that the surface area workplace exposure concentrations for both packaging area and warehouse 252 

(mean = 782 mμ 2/cm3 and 1195 mμ 2/cm3, respectively) were significantly higher than their 253 

corresponding workplace background concentrations (=192 and 240 mμ 2/cm3, respectively) (t-test; 254 

p<0.05). We also found that the workplace exposure concentrations of the pelletizing area (441 255 
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mμ 2/cm3) were significantly lower than that of the packaging area and warehouse (=782 mμ 2/cm3 256 

and 1195 mμ 2/cm3, respectively) (t-test; p<0.05). 257 

Estimating number and surface area concentrations of nanoparticles deposited on different 258 

regions of the respiratory tract. In this study, the resultant size distribution data was further used to 259 

estimate both the number concentrations and surface area concentrations of nanoparticles deposited 260 

on different regions of the respiratory tract for the three selected workplaces. Table 3 shows the 261 

estimated number concentrations (and their percents) deposited on the three regions of the H, TB, and 262 

A of the respiratory tract. For the packaging area, the estimated number concentrations for the H, TB, 263 

and A regions were 4.98×103 #/cm3, 4.45×103 #/cm3, and 16.4×103 #/cm3, respectively. For the 264 

warehouse were 6.79×103 #/cm3, 7.18×103 #/cm3, and 28.3×103 #/cm3, respectively. For the 265 

pelletizing area were 2.08×103 #/cm3, 2.35×103 #/cm3, and 9.47×103 #/cm3, respectively. The percent 266 

of nanoparticles deposited on the three regions, while presented in sequence, were: (1) packaging area: 267 

A (64%) > H (19%) > TB (17%), (2) warehouse: A (67%) > TB (17%) > H (16%), and (3) pelletizing 268 

area: A (68%) > TB (17%) > A (15%). The above results clearly indicate that the fractions of 269 

nanoparticles deposited on the A region were much higher than that of the other two regions for all 270 

selected workplaces.  271 

Table 4 shows the estimated surface area concentrations (and their percents) deposited on the three 272 

regions of the H, TB, and A of the respiratory tract for the three selected workplaces. For the 273 

packaging area, the estimated surface area concentrations for the H, TB, and A regions were 62.6 274 

mμ 2/cm3, 93.8 mμ 2/cm3, and 625 mμ 2/cm3, respectively. For the warehouse, they were 35.9 275 

mμ 2/cm3, 155 mμ 2/cm3, and 1,003 mμ 2/cm3, respectively. For the pelletizing area, they were 8.82 276 

mμ 2/cm3, 57.3 mμ 2/cm3, and 374 mμ 2/cm3, respectively. The percent of nanoparticles deposited on 277 

the three regions, while presented in sequence, shared the same trend as: (1) packaging area: A (80%) 278 

> TB (12%) > H (8%), (2) warehouse: A (84%) > TB (13%) > H (3%), and (3) pelletizing area: A 279 

(85%) > TB (13%) > H (2%). 280 
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By comparing the results shown in Table 3 and Table 4, significant differences can be found in the 281 

fractions of nanoparticles deposited on each of the three regions while different exposure metrics were 282 

adopted. Our results clearly indicate the importance for simultaneously predicting both the surface 283 

area and number concentrations of nanoparticles deposited on different regions of the respiratory tract 284 

for nanoparticle exposure assessments. Here, it should be noted that surface area concentrations 285 

obtained from the present study were based on mathematical calculations assuming an isometric 286 

shape of the inhaled particles, whereas in reality materials with the same particle size can have very 287 

different specific surface areas, depending on porosity, fractal dimension, etc. Although the surface 288 

area of nanoparticles can be determined via many different methods (such as BET, epiphaniometer, 289 

and LQ1-DC), different methods might result in different surface area concentrations. Though the real 290 

nanoparticle surface area could not be obtained, we assume the results obtained from the present study 291 

(assuming an isometric shape of the inhaled particles) would be proportional to real values and could 292 

be able to, at least, relate to their resultant health outcomes. 293 

Confirmation of MEAD results. In principle, the MEAD can be used to directly estimate both the 294 

number and surface area concentrations of nanoparticles deposited on different regions of the 295 

respiratory tract (including H, TB and A regions) (18). However, the aforementioned equipment has 296 

never been used in the field. Therefore, the applicability of MEAD in the workplace is still required 297 

further confirmation.  298 

Fig. 3 compares the results of the surface area concentrations deposited on both the TB and A 299 

regions obtained from MEAD with that obtained from NSAM. For the TB region, the results obtained 300 

from the NSAM for the packaging area, warehouse, and pelletizing area were 96.2 mμ 2/cm3, 154 301 

mμ 2/cm3, and 55.3 mμ 2/cm3, respectively. The above results were quite comparable to those 302 

obtained from MEAD (= 93.8 mμ 2/cm3, 155 mμ 2/cm3, and 57.3 mμ 2/cm3, respectively) (paired 303 

t-test, p>0.05). The same trend can also be found for that of the A region (NSAM = 700 mμ 2/cm3, 304 

1,208 mμ 2/cm3, and 398 mμ 2/cm3, respectively; and MEAD = 625 mμ 2/cm3, 1,003 mμ 2/cm3, and 305 

374 mμ 2/cm3, respectively) (paired t-test, p>0.05). As shown in Fig. 3, both NSAM and MEAD 306 
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results obtained from the warehouse were found with higher variations than that obtained from the 307 

other two workplaces. Based on our field observation, the higher variations found in the warehouse 308 

might because high variations of forklift used in the warehouse during the sampling periods. 309 

Considering both NSAM and MEAD sharing the same measuring principles (i.e., particle charging 310 

efficiency and particle electrical mobility), comparable results obtained from both instruments could 311 

be theoretically plausible.  312 

   In the present study, although significant differences can be found in the magnitude of the 313 

measured values obtained from MEAD and that obtained SMPS (paired t-test, p<0.05), a good 314 

correlation (r = 0.92) can be found between them (data not shown). In particular, values obtained from 315 

the MEAD were consistently higher than that from SMPS. Considering measuring principles of the 316 

MEAD was different from that of SMPS, the existence of systemic differences between their 317 

measured results could be theoretically plausible. The same scenario has also been found in a study 318 

conducted by Woo et al. while different instruments were used to measure atmospheric nanoparticle 319 

concentrations (15). In this study, the results obtained from the SMPS were used as the reference to 320 

normalize the values obtained from the MEAD. Then, no significant difference can be found between 321 

these measured values (after being normalized) (paired t-test, p>0.05) (Fig. 4). The relationship 322 

between the measured surface area concentrations obtained from SMPS (i.e., x) and their 323 

corresponding normalized surface area concentrations obtained from MEAD (i.e., y) were found as: y 324 

= 1.05x (n= 12, R2= 0.81). The above results indicate that the MEAD is suitable for nanoparticle 325 

exposure assessments in the field. In our previous study, Li et al. used materials with dielectric 326 

constants ranging from 2.5 to infinite for the correction between the EAD readouts (at 20 V ion-trap 327 

voltage) and the calculated particle surface area concentrations deposited in TB and A regions. We 328 

found that the variations were 13% and 5%, respectively (19). We also found that the increase in 329 

ion-trap voltage would reduce the dielectric effect on EAD readouts. In the present study, the 330 

dielectric constant of carbon black was found ranging from 2.5 to 3.0, and the ion-trap voltages were 331 

set ranging from 20 to 2500 voltage indicating the effect of the materials property on MEAD readouts 332 
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might become less significant. The above results further confirm the validity MEAD results obtained 333 

from the present study. 334 

We found that workplace background nanoparticle concentrations for both packaging area and 335 

warehouse workplaces were mainly coming from outdoor atmosphere. Size distributions of 336 

nanoparticles of workplace exposures were consistently in the form of bi-model for the three selected 337 

process areas. The first mode could be contributed not only by the process emissions, but also exhaust 338 

of the forklift or fugitive emissions of heaters. On the other hand, nanoparticles of the second mode 339 

were mainly from the emissions of nano-carbon black from the process areas. For both number and 340 

surface area concentrations, the fractions of nanoparticles deposited on the A region were much 341 

higher than that of the two regions of the TB and H for all selected workplaces. However, significant 342 

differences was found in the percents of nanoparticles deposited on each of the three regions of the 343 

respiratory tract while different exposure metrics were adopted. Our results clearly indicate the 344 

importance for simultaneously predicting both the surface area and number concentrations of 345 

nanoparticles deposited on different regions of the respiratory tract for nanoparticle exposure 346 

assessments. In the present study, results obtained from both NSAM and MEAD were quite 347 

comparable. In addition, no significant difference can be found between the measured values obtained 348 

from SMPS and the corresponding MEAD values after being normalized. Considering the intrinsic 349 

advantages of MEAD (i.e., less expensive, less bulky, and easy to use), our results further support the 350 

suitability of using MEAD in the field for nanoparticle exposure assessments. Nevertheless, it also 351 

should be that the newly developed MEAD cannot be regarded as a replacement for SMPS 352 

particularly when the number concentrations are lower than 102103 #/cm3. 353 
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Captions 434 

Figures 435 

FIGURE 1.  Calculated deposition curves of nanoparticles for the head airway (H), tracheobronchial 436 

(TB), and alveolar (A) regions of the respiratory tract 437 

FIGURE 2.  MEAD measured size distribution (in particle number) obtained from the package area 438 

FIGURE 3.  Comparing surface area concentrations of nanoparticles deposited on (a) TB region and 439 

(b) A region measured by the MEAD with that measured by the NSAM 440 

FIGURE 4.  Comparing surface area concentrations obtained from SMPS with that from MEAD 441 

after being normalized 442 

 443 

Tables 444 

TABLE 1. Number-based size distributions of nanoparticles (11000 nm) obtained from MEAD for 445 

the outdoor atmospheric background, workplace background, and workplace atmosphere 446 

of the three selected process areas (n= 4) 447 

TABLE 2. Number concentrations and surface area concentrations of nanoparticles (11000 nm) for 448 

the three selected process areas (n= 4) 449 

TABLE 3. Number concentrations of nanoparticles (11000 nm) deposited on the H, TB, and A 450 

regions of the respiratory tract for the three selected process areas (n= 4) 451 

TABLE 4. Surface area concentrations of nanoparticles (11000 nm) deposited on the H, TB, and A 452 

regions of the respiratory tract for the three selected process areas (n= 4)453 
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 469 

FIGURE 1. Calculated deposition curves of nanoparticles for the head airway (H), tracheobronchial 471 

(TB), and alveolar (A) regions of the respiratory tract using the LUDEP model software 472 
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 473 

 474 

FIGURE 2.  MEAD measured size distribution (in particle number) obtained from the package area 475 
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 476 

 477 

 478 

FIGURE 3. Comparing surface area concentrations of nanoparticles deposited on (a) TB region and 479 

(b) A region measured by the MEAD with that measured by the NSAM 480 
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 481 

 482 

FIGURE 4. Comparing surface area concentrations obtained from SMPS with that from MEAD 483 

after being normalized 484 
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 486 

TABLE 1. Number-based size distributions of nanoparticles (11000 nm) obtained from MEAD for 487 

the outdoor background, workplace background, and workplace exposure of the three 488 

selected process areas (n= 4) 489 

Workplace exposure Outdoor 

background 
 

Workplace 

background 
 

1st mode 2nd mode Sampling 

site CMD 

(nm) 
σg  

CMD 

(nm) 
σg  

CMD 

(nm) 
σg 

CMD 

(nm) 
σg g 

Packaging 42.7 1.84  25.5 3.1 165 2.1 

Warehouse 41.1 2.04  24.2 1.8 166 2.2 

Pelletizing 

48.3 1.78  

NMa NMa  39.2 3.2 124 2.0 

aNM = Not measured 490 

 491 

TABLE 2. Number concentrations and surface area concentrations of nanoparticles (11000 nm) for the three 492 

selected process areas (n= 4) 493 

aNM = Not measuremen 494 

 495 

Number concentration  

(#/cm3 ×103) 

Surface area concentration 

(m2/cm3) Sampling 

site Outdoor 

background 

Workplace 

background 

Workplace 

exposure 

 
Outdoor 

background 

Workplace 

background 

Workplace 

exposure 

Packaging 3.46 25.7  192 782 

Warehouse 18.6 42.1   240 1195 

Pelletizing 

3.41 

NMa 13.7   

203 

NMa 441 
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TABLE 3. Number concentrations and their corresponding fractions (values in parentheses) of 496 

nanoparticles (11000 nm) deposited on the H, TB, and A regions of the respiratory tract 497 

for the three selected process areas (n= 4) 498 

 499 

 500 

 501 

 502 

 503 

 504 

 505 

TABLE 4. Surface area concentrations and their corresponding fractions (values in parentheses) of 506 

nanoparticles (11000 nm) deposited on the H, TB, and A regions of the respiratory tract 507 

for the three selected process areas (n= 4) 508 

Number concentrations (μm2/cm3) Sampling 

site 

Total  

(μm2/cm3) H TB A 

Packaging 782 (100%) 62.6±14.2 (8%) 93.8±1.97 (12%) 625±9.55 (80%) 

Warehouse 1195 (100%) 35.9±515 (3%) 155±124 (13%) 1003±523 (84%) 

Pelletizing 441 (100%) 8.82±9.12 (2%) 57.3±13.7 (13%) 374±49.4 (85%) 

 509 

Number concentrations (#/cm3×103) Sampling 

site 

Total  

(#/cm3×103) H TB A 

Packaging 25.7 (100%) 4.98±3.03 (19%) 4.45±2.71 (17%) 16.4±13.0 (64%) 

Warehouse 42.1 (100%) 6.79±6.64 (16%)  7.18±7.66 (17%) 28.3±44.4 (67%) 

Pelletizing 13.7 (100%) 2.08±0.29 (15%) 2.35±0.28 (17%) 9.47±1.09 (68%) 


