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Abstract: Silica nanoparticles (SNPs) are widely used all around the world and it is necessary to 
evaluate appropriate risk management measures. An initial step in this process is to assess worker 
exposures in their current situation. The objective of this study was to compare concentrations and 
morphologic characteristics of fumed (FS) and sol-gel silica nanoparticles (SS) in two manufac-
turing facilities. The number concentration (NC) and particle size were measured by a real-time 
instrument. Airborne nanoparticles were subsequently analyzed using a TEM/EDS. SNPs were 
discharged into the air only during the packing process, which was the last manufacturing step in 
both the manufacturing facilities studied. In the FS packing process, the geometric mean (GM) NC 
in the personal samples was 57,000 particles/cm3. The geometric mean diameter (GMD) measured 
by the SMPS was 64 nm. Due to the high-temperature formation process, the particles exhibited a 
sintering coagulation. In the SS packing process that includes a manual jet mill operation, the GM 
NC was calculated to be 72,000 particles/cm3 with an assumption of 1,000,000 particles/cm3 when 
the upper limit is exceeded (5% of total measure). The particles from SS process had a spherical-
shaped morphology with GMD measured by SMPS of 94 nm.
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Introduction

Silica nanoparticles (SNPs) are one of the most abun-
dantly produced nanomaterials in the world. A total of 
34,136 tons of nanomaterials in 93 varieties are produced 
or imported every year in Korea. Among them, silica 
accounts for the second largest amount, 9,408 tons, after 
calcium carbonate1).

Silica is classified into crystalline and amorphous 

phases. Crystalline silica, which induces silicosis, is 
known to be a lung-cancer-causing substance classified by 
the International Agency for Research on Cancer (IARC) 
as a Group 1 carcinogen, whereas amorphous silica in 
IARC Group 3 is not categorized as a human carcinogen2). 
The health hazards associated with SNPs that are typically 
produced by pyrolysis or polymerization in the amorphous 
phase have not been clarified yet, and workplace standards 
have not been established. Differences in toxicity were 
established amongst different amorphous SNPs by a re-
cent comparative study. The study also suggested that the 
toxicity of fumed silica nanoparticles (FS) prepared by a 
pyrolysis method was relatively higher compared to that 
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of colloidal silica (sol-gel silica) nanoparticles (SS) that 
are prepared using a polymerization method3).

Despite the results for toxicity, there is no such informa-
tion regarding concentrations of airborne nanoparticles, 
particle characteristics, or exposure concentrations (for 
operators) in SNPs manufacturing factories. Both physico-
chemical characterization and exposure monitoring are 
crucial for risk assessments of nanomaterials4).

Therefore, the objective of this study was to investigate 
and compare the levels of exposure and to characterize the 
SNPs in two manufacturing facilities of FS and SS.

Materials and Methods

Fumed silica manufacturing plant
Plant 1 produces FS nanoparticles by a pyrolysis 

method (Fig. 1). FS is produced by a vapor process at high 
temperature; by the hydrolysis of chlorosilane in a flame 
of hydrogen and oxygen at a temperature of 1,000 °C or 
higher. The key properties of the FS such as particle size 
and surface area are controlled by varying the ratio of re-
actants and the flame temperature. Because of the momen-
tary residence time in the flame, the crystalline structure is 
not formed. After residual gas is removed, pure FS are col-
lected by a bag filter method and then packed by the bag 
packing machines after dividing them between two 10-kg 
paper bags and one 150-kg ton-bag through an automated 
packing system. In case of the paper bag packing method, 
paper bags are filled with FS by a packing machine. The 
openings (edges) of the paper bags are folded and sealed, 
and the bags are then placed on a conveyer belt. The paper 
bags on the conveyer belt are reduced in volume by pass-
ing through a roll compressor and then stored. In the ton-
bag packing method, the bags are automatically filled with 
FS. Operators manually tie the openings with strings after 
removing from the injectors.

FS are dispersed into the air; when the bags are removed 
from the injectors after filling, when the openings of the 
paper bags are folded and sealed, when the paper bags 
pass through the roll compressor of the conveyer belt, and 
when the openings of ton bags are tied with strings. Even 
though a local exhaust ventilation system is installed in 
the FS injector and the roll compressor, the dispersed FS 
in the air is not completely exhausted. The plant operates 
three shifts, 24 h/day with a total of three people, one per-
son per packing machine, working each shift. The facility 
produces four types of final products based on primary 
particle sizes of 7, 12, 14, and 20 nm. The 12-nm type 
was produced on the day of this study. Annual production 

is 3,000 tons per packing machine (9,000 tons in total). 
Operators wear N95 face-piece respirators while working. 
The size of packing room is 14 m in width, 50 in length 
and 10 m in height. The investigation was carried out on 
October 16, 2012.

Sol-gel silica manufacturing plant
Plant 2 produces SS via a polymerization method (Fig. 

1). This facility manufactures SS SNPs by catalytic (NH4) 
reaction with tetraethyl orthosilicate (TEOS, SiOC2H5) 
and then collects the powder after filtration and drying. 
The powder collected from the drier is lumpy, so it is 
pulverized by a jet mill and then packed into vinyl bags. 
The jet mill is manually operated, and is consisted of three 
sections; the top (powder injection hole), the middle (pul-
verization chamber), and the bottom (powder storage con-
tainer). The powder is injected through the top, pulverized 
in a chamber in the middle by high-pressure compressed 
air in a high-speed rotational flow, and then discharged 
through the bottom container. The jet mill is disassembled 
daily for cleaning and reassembled the following day for 
operation.

SS are discharged in the air; while pouring the powder 
into the injection hole of jet mill, and transferring pulver-
ized SS to vinyl bags. In addition, highly concentrated 
silica nanoparticles may be ejected through leaks in the top 
and the middle sections of the jet mill in the early stage of 
pulverization (the phenomenon disappears once the opera-
tion is stabilized after reassembly). A chemical coating is 
added on the surface of SS, if necessary. Epoxy-coated 
silica nanoparticles, 100 nm in primary particle size, were 
produced on the day of this study. SNPs are pulverized in 
12-kg batches and then packed. The operation takes 1 h to 
complete, and is repeated 7–8 times a day on average by 

Fig. 1.   Silica nanoparticle manufacturing process. (a) pyrolysis 
process (Fumed silica), (b) polymerization process (sol-gel silica).
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an operator wearing an electric supply-air respirator. The 
size of packing room is 2.5 m in width, 2.5 m in length, 
and 5 m in height without a local exhaust ventilation sys-
tem. The investigation was performed on December 27, 
2012 (Fig. 2).

Target process of measurement
The preliminary investigation identified that the opera-

tors in both plants were exposed to silica nanoparticles 
only in the packing process. Subsequently, assessments 
were performed on the packing process.

Measurement of nanoparticles using a real-time instrument
Number concentration of nanoparticles for personal 

samples was measured using the DiSCmini (DM, Matter 
Aerosol, 1 LPM, Range 10–700 nm, Wohlen, Switzer-
land), which was recently developed for monitoring 
nanoparticles in personal samples5). The sampling fre-
quency of DM was 1 s.

Number concentration measurement and nanoparticle size 
determined using SMPS

Number concentration and geometric mean diameter 
(GMD) of airborne nanoparticles were determined using 
a scanning mobility particle sizer (SMPS Model 3910, 2 
LPM, range 10–300 nm, TSI, Inc., USA). The sampling 
frequency of SMPS was 1 minute. The SMPS was placed 
on a mobile cart and collected samples at the height of 1.3 m 
above the floor6, 7). The mobile cart was located as close as 
possible to the operator without interfering with the opera-
tor’s activities. The cart was positioned about 3 m away 
from the packing area in Plant 1 and 1 m away in Plant 2.

Total dust concentration by filter-based sampling
The airborne samples were collected on the polycar-

bonate filter with small pore for minimize the loss of 
nanoparticle to pass through the filter as sampling heads, 
in combination with sampling pump (AirChek XR5000; 
SKC Inc., Eighty Four, PA, USA) with a flow of 2 L/min.

Filters were weighed before and after removal static 
electricity with a Mettler Microbalance (XP26;Mettler-
Toledo, Greifensee, Switzerland). Personal samples were 

Fig. 2.   (a) paper bags are filled with fumed silica by a packing machine (b) mobile cart for nanoparticle exposure assess-
ment in fumed silica factory (c) pouring the sol-gel silica powder into the injection hole of jet mil and show the mobile cart
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positioned in the breathing zone of the operators, while 
area samples were placed on the mobile cart. Dust concen-
tration was expressed as an 8-h. time-weighted average 
(8hr-TWA) concentration8).

Background concentration assessments
Since varied amount of nanoparticles from different 

sources would already exist in the workplace air, assess-
ments of background concentration in the workplace air 
are essential in order to differentiate the nanoparticles 
released during the operation9–12). Background concentra-
tion was measured in the air outside of the workplace. We 
assessed number concentration via SMPS and total dust 
concentration via a filter-based sampling method.

Transmission electron microscopy assessment
Airborne nanoparticles, collected by a potable electro-

static precipitator (ESPnano, Version 100, Dash Connector 
Technology, Inc., WA, USA) during the operation, were 
analyzed for the morphology and chemical composition. 
ESPnano was positioned in the breathing zone of the 
operators, and nanoparticles were collected for 20–50 s. 
Grids with collected nanoparticles were then subjected 
to morphological analysis using a TEM (Hitachi H-7650, 
Japan) equipped with a dispersive X-ray spectrometer 
(EDS, Oxford Instrument Inc., UK) at 100 kV with 
20,000–200,000× magnification and chemical composition 
analysis by EDS. X-ray running time was set at 100 s.

Other environmental factor assessment
Temperature, humidity (TESTO 174H, USA), and wind 

velocity (Graywolf AS-202A, Shelton, USA) were mea-
sured at the mobile cart every minute.

Data analysis
Because the results measured by DM and SMPS showed 

a log-normal distribution, they were converted to and 
expressed with geometric mean and geometric standard 
deviation. SigmaPlot 10.0 (Systat, Chicago, IL, USA) was 
used for tabulation. Regression analysis was performed to 
analyze whether temperature and humidity changes in the 
workplace affected nanoparticle number concentration. 
Statistical analysis was carried out using the Statistical 
Package for the Social Sciences (SPSS) program v14.0.

Results

Particle number concentration and filter-based mass 
concentration in two silica nanoparticle manufacturing 
facilities

The geometric mean (GM) number concentration of 
nanoparticles from the personal samples in the FS factory 
packing process was 57,000 particles/cm3, which was 7 
times higher than that of the ambient concentration, 7,000 
particles/cm3. The geometric mean concentration of the 
area samples was 42,000 particles/cm3, which were lower 
compared with that of the personal samples by approxi-
mately 74% (Table 1). The GMD of ambient nanoparticles 
was 64 nm, which was 5 times bigger than the primary 
size of FS and even bigger than the GMD of ambient 
particles (50 nm) (Table 2). The concentration increased 
in a wide range of particle size, 20–300 nm, but mainly 
for values larger than 100 nm (Fig. 3), indicating that 
particles are mostly present in agglomerated forms in the 
air. The 8hr-TWA mass concentration measured using a 
filter method resulted in average 1.0 mg/m3 and 0.4 mg/m3 
for personal and area samples, respectively, indicating that 
personal samples had approximately 3 times higher mass 
concentration than the area samples (Table 1).

The number concentration of the personal samples in 
the SS factory packing process frequently exceeded the 
upper limit of the DiSCmini instrument, 1,000,000 par-
ticles/cm3, during jet mill operation. Though the nanopar-
ticle concentration in the SS packing process could not 
be estimated accurately, an attempt was made to calculate 
the number concentration. The average GM number con-
centration was calculated to be 72,000 particles/cm3 with 
an assumption of 1,000,000 particles/cm3 when the upper 
limit is exceeded. It was at least 8 times higher than that of 
ambient concentrations. The GMD of nanoparticles in the 
workplace air was 94 nm, nearly twice as large as that of 
ambient particles (47 nm). The concentration increase was 
observed in a broad range of particle sizes of 50–300 nm, 
particularly in the 100–150-nm range. The 8hr-TWA mass 
concentration obtained by a filter method was remarkably 
high for both personal and area samples, 27.6 mg/m3 and 
11.3 mg/m3, respectively. It showed that personal samples 
had approximately 2.4 times greater mass concentration 
than the area samples (Table 1). Figure 4 shows that 
though the average nanoparticle number concentration 
difference between personal samples and area samples is 
not large, the personal samples showed temporary high 
concentration exposure.
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Particle size distribution and shape
When packaging FS, the mean particle size distribution 

measured by the SMPS showed a bimodal distribution, 
which had peaks at 40 nm and 90 nm with the concentra-
tion at the 40 nm peaks being higher (Fig. 3-e). However, 
in the case of high concentration (upper 5%), the concen-
tration at the 90 nm peaks was higher. Therefore, it is con-
sidered that as the concentration increases, the coagulation 
between particles increases. Coagulation between particles 
was also identified by TEM analysis; the physical diam-
eter of primary particles of FS was 12 nm, but most of 
them were found to be coagulated. Sintering coagulation 
was observed in the primary particles of FS, which were 
formed through agglomeration at high temperature (Fig. 
5-a). The particle size distribution from the SS packaging 
process did not indicate a difference between average and 
high concentration conditions (upper 5%), and it showed a 
peak at 100 nm. The physical diameter of primary particles 
measured by TEM analysis was 100 nm, but as in the case 
of FS, most of them were found to be coagulated. Unlike 
FS particles, SS particles were uniform in size and had 
clear boundaries. Epoxy-coated SS was used in this study 
but it was not possible to distinguish whether the coating 
was present in the TEM analysis (Fig. 5-b). Silicon and 
oxygen were detected in both kinds of silica nanoparticle 
in the EDS analysis (Fig. 5-c).

Temperature, humidity, and wind velocity
Temperature, humidity, and wind velocity of Plant 1 were 

22.3°C, 30.5%, and 0.007 m/s, respectively, on average. 
Temperature, humidity, and wind velocity of Plant 2 were 
23.4°C, 9.2%, and 0.005 m/s on, respectively, average. 
There was no correlation observed between the changes in 
temperature, humidity, and wind velocity and nanoparticle 
number concentration in the regression analysis.

Discussion

In the present study, the authors assessed characteristics 
of SNPs production and exposures and compared the re-
sults from two manufacturing facilities, FS and SS which 
are the two representative types of SNPs. Although FS 
and SS were produced by different methods, nanoparticles 
were released to the air only during packing of both final 
products. It was because liquid raw materials were used in 
both methods, and the intermediate steps of the production 
processes were carried out in closed facilities.

The operators’ personal 8hr-TWA total dust concentra-
tion showed in the range of a few mg/m3. Considering that 
SNPs is lighter (50 g/L) in density than heavy metals, and 
that nanoparticles contribute a small fraction for mass, 
significant amount of nanoparticles seemed to be present. 
According to the IARC report in 199713), 0.61–6.5 mg/m3 
of total and 0.2–2.1 mg/m3 of respirable dust concentra-

Table 1.   Concentration of nanoparticles number and mass in two silica nanoparticle manufacturing factories

Type

Personal sample Area sample Ambient

Number† Mass* Number‡ Mass* Number‡ Mass*

GM(GSD) 90% range
mg/m3

GM(GSD) 90% range
mg/m3 GM (GSD) mg/m3

Total 5% upper Min Max Total 5% upper Min Max

FS 57 × 103 (1.9) 205 × 103 (1.5) 20 × 103 136 × 103 1.0 (1.8) 42 × 103 (2.3) 164 × 103 (1.3) 7 × 103 127 × 103 0.4 7 × 103 (1.6) 0.06
SS >72 × 103#(2.5) 933 × 103# (1.1) 18 × 103 765 × 103 27.6 72 × 103 (1.4) 144 × 103 (1.2) 41 × 103 126 × 103 11.3 9 × 103 (1.5) 0.05

FS: fumed silica nanoparticle, SS: sol-gel silica nanoparticle. † Number concentration of nanoparticles results from the hand-held diffusion size classifier (DiSCmini).  
‡ Number concentration of nanoparticles results from the scanning mobility particle sizer (SMPS). * Mass concentration of total dust results from the filter sampling method. 
# Assumption of 1,000,000 particles/cm3 when the upper limit of instrument (DiSCmini) is exceeded.

Table 2.   Particle size in two silica nanoparticle manufacturing factories

Product type

Particle size (nm)

Bulk powder
Workplace air† Ambient 

air  (GMD)GMD‡ Agglomerate

FS 12 64 hundreds of nanometers 
to a few microns

50
SS 100 94 47

FS: fumed silica nanoparticle, SS: sol-gel silica nanoparticle. † In working. ‡ Geometric 
mean diameter from the scanning mobility particle sizer (SMPS). Bulk powder: physi-
cal diameter of primary particle obtained from TEM analysis. Agglomerate: physical 
diameter of airborne agglomerate obtained from TEM analysis.
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tions were found in an FS manufacturing facility utilizing 
a pyrolysis process. In contrast, 1.0–8.8 mg/m3 of total 
and 0.5–2.1 mg/m3 of respirable dust concentrations were 
observed in a nanosilica manufacturing facility using a wet 
process. Such high concentrations in both factories were in 
close agreement with the results of this study. In the pres-
ent study, a remarkably high concentration was observed 
in the SS facility compared to that in FS manufacturing 
factory. This is because the jet mill operation and manual 
packing by operators are used in the SS process, whereas 
the filling process is automated in the FS factory. In other 
words, in the FS process, silica particles are generated at 

high temperature and then filled into bags automatically 
without pulverization. However, in the SS processes, the 
particles are created in wet conditions so that an additional 
drying process is included in order to remove moisture 
followed by pulverization of agglomerated particles. In the 
manual jet mill method, nanosilica is dispersed into the air 
while operators repeatedly pour nanosilica into the jet mill 
entrance. In addition, as the jet mill pulverizes particles 
by collisions with high-pressure air, highly concentrated 
pulverized nanoparticles are discharged through a small 
leak in the jet mill equipment.

This study showed that the primary sizes of FS and 

Fig. 3.   Characteristics of silica nanoparticles in the packing process according to time passage: fumed silica factory, (a) par-
ticle number concentration, (b) particle size distribution with particle number concentration; sol-gel silica factory, (c) particle 
number concentration, (d) particle size distribution with particle number concentration, (e) comparison of particle distribu-
tion in two silica nanoparticle factories; dn/dlogDp, normalized concentration.
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SS were 12 nm and 100 nm, respectively. But the size of 
particles in the air ranged from the submicron levels to 
tens of microns because of agglomeration. Despite their 
primary size of 100 nm or less, most nanoparticles grow 
to over 100 nm by the time they are emitted to the air due 
to the coagulation among particles14, 15). The SS diameter 
measured by TEM analysis was 100 nm, but the geometric 
mean diameter (GMD) of SS measured by SMPS was 
94 nm. The reason is that TEM measures physical diam-
eter, while SMPS measures mobility diameter. In addi-
tion, background nanoparticles other than SS of less than 
100 nm size exist in the air.

Personal samples should be collected to assess the 
nanoparticle exposure of operators accurately. For that, 
a real-time instrument would be preferred for task-based 
exposure assessments. But a real-time instrument suitable 
for assessment of nanoparticle personal samples is not yet 
available. Therefore, nanoparticle exposure assessments 
have so far been carried out mainly by area samples.

In the study, operators’ personal samples were measured 
with the DM, which was recently developed to measure 
personal samples, and the results were then compared with 
the results of area samples by SMPS. In the FS packaging 
operation, the concentration of the personal sample was 
just 1.3 times higher than that of the area sample, but in 
SS packaging, the concentration of the personal sample 
appeared to be much higher than that of the area sample. 
As the reason, the authors considered that the measuring 
instruments for the personal sample and area sample were 
different, and the two instruments have differences in their 
ranges of particle size and the measuring time. Kim et 
al.14) measured the concentration of FS with high concen-

tration that was discharged into the air when it was poured 
into the container and reported that the concentration 
measured by DM was 270% higher than that measured 
by SMPS. Mills et al.16) reported that DM’s accuracy 
decreases in the presence of particles exceeding 300 nm in 
diameter, yielding too high measures with an error range 
up to +101%. This result implies that personal sample as-
sessments should be preferred in the nanoparticle exposure 
assessment. In order to do so, the performance of mea-
surement instruments should be improved considerably, 
and the following suggestions are particularly important. 
First, the measurable upper limit of number concentra-
tion should be further improved. Area samples could be 
measured within the measurable range of the instrument 
by using a diluter; however, it is not easy to use a diluter 
for personal samples. Second, there should be more im-
provements in measurement accuracy and battery life as 
well as in reducing the weight of the instruments. Lastly, 
further studies need to be done regarding comparisons of 
measurement and results between instruments from dif-
ferent manufacturers using operating principles in varied 
environmental conditions.

The real-time measurement instruments used for de-
termining particle number concentration and size are not 
capable of distinguishing specific nanoparticles generated 
by processes and those present in the background. Even 
though particle number concentration is more important 

Fig. 4.   Comparison of nanoparticle exposures between fumed and 
sol-gel silica manufacturing facilities.

Fig. 5.   Particle shape of silica nanoparticles collected by a TEM 
grid on the potable electrostatic precipitator: (a) fumed silica, 
(b) sol-gel silica, (c) EDS results; The bars in (a) and (b) indicate 
500 nm.
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than mass concentration in nanoparticle exposure assess-
ment, mass concentration assessments by filter-based sam-
pling are still being used17–19). Since nanosilica accounts 
for the majority of airborne particles in the manufacturing 
and packing processes of nanosilica, mass concentration 
assessments are sufficiently satisfied with a gravimetric 
analysis after filter-based sampling. For nanosilica expo-
sure assessments in processes with various types of par-
ticles, then X-ray diffraction (XRD) and Fourier transform 
infrared (FTIR) analysis are required to analyze silica14).

Limitations

To the best of our knowledge, this is the first study that 
compares the exposure characteristics in SNPs manufac-
turing processes. However, there are a couple of limita-
tions in the study. The present study was performed in FS 
and SS manufacturing facilities. Although FS and SS are 
representative types of SNPs, this does not mean that they 
represent all kinds of SNPs manufacturing processes and 
particle characteristics. It could be significantly different 
from the nano-exposure characteristics of processes for 
manufacturing crystalline SNPs. In addition, all nanopar-
ticles including FS and SS would be produced in various 
sizes, but we did not compare the concentrations and 
particle characteristics with respect to primary particle 
size of the same substances. The SS factory also has an 
automatic packaging system that is operated only when SS 
is produced and packaged in quantity. Since no manual jet 
mill is used when packaging with the automatic packaging 
system, the SS exposure of the operators might be far less 
than that observed in this study. However, the demand for 
SS is low, so in most cases, the work is done manually 
without using the automatic packaging system. For mea-
surement of working the environment, which is legally 
required in Korea, in the case of a factory that manu-
factures SNPs, the total dust is measured. Accordingly, 
though this study measured total dust to compare with past 
measurement data of the working environment, a direct 
comparison of the total dust concentration to the nanopar-
ticle concentration is not easy, because the nanoparticle 
measuring instrument for nanoparticles measures dust of 
less than 1 um in size.
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