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Abstract

Titanium dioxide (TiO,) particles, including nanoparticles with diameters smaller than 100 nm,
are used extensively in consumer products. In a 2011 current intelligence bulletin, the National
Institute of Occupational Safety and Health (NIOSH) recommended methods to assess worker
exposures to fine and ultrafine TiO, particles and associated occupational exposure limits for these
particles. However, there are several challenges and problems encountered with these
recommended exposure assessment methods involving the accurate quantitation of titanium
dioxide collected on air filters using acid digestion followed by inductively coupled plasma optical
emission spectroscopy (ICP-OES). Specifically, recommended digestion methods include the use
of chemicals, such as perchloric acid, which are typically unavailable in most accredited industrial
hygiene laboratories due to highly corrosive and oxidizing properties. Other alternative methods
that are used typically involve the use of nitric acid or combination of nitric acid and sulfuric acid,
which yield very poor recoveries for titanium dioxide. Therefore, given the current state of the
science, it is clear that a new method is needed for exposure assessment. In this current study, a
microwave-assisted acid digestion method has been specifically designed to improve the recovery
of titanium in TiO, nanoparticles for quantitative analysis using ICP-OES. The optimum digestion
conditions were determined by changing several variables including the acids used, digestion time,
and temperature. Consequently, the optimized digestion temperature of 210°C with concentrated
sulfuric and nitric acid (2:1 v/v) resulted in a recovery of >90% for TiO,. The method is expected
to provide for a more accurate quantification of airborne TiO, particles in the workplace
environment.
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Introduction

Titanium dioxide (TiO,) accounts for nearly 70% of the total global pigment production as a
result of its high refractive index and extremely low solubility.[}] Its use extends over a wide
range of consumer products from paints, coatings, and plastics to food, pharmaceuticals, and
cosmetics.[2-6] In addition, over the last couple of decades, TiO, has emerged as one of the
top five nanoparticles used in consumer products.[”:8] Nanoscale TiO, has distinctly
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different properties compared to its bulk counterpart. These differences become most
prominent when the primary particle size is smaller than approximately 10 nm.[910] |n this
size range, the most thermodynamically stable crystal structure of TiO, is anatase in contrast
to the rutile phase for larger particles. This is due to large contributions of the surface energy
to the total energy for small particles.[11-13] |n addition, nanoscale TiO, has enhanced
photocatalytic properties, resulting in their use in water purification, incorporation in self-
cleaning, and anti-fogging surfaces.[14]

Occupational exposure limits have been established to prevent the development of adverse
health effects among workers who may be exposed to inhaled TiO, particles. The U.S.
Occupational Safety and Health Administration (OSHA) regulates TiO, as particulates not
otherwise regulated (PNOR), with 8-hr exposure limits of 15 mg/m? as total dust and 5
mg/m3 as respirable dust [29 CFR 1910.1000; Table Z-1]. Threshold limit values (TLVs)
from The American Conference of Governmental Industrial Hygienists (ACGIH) for
airborne TiO, particles are 10 mg/m?3 TiO, for total dust and, using particles not otherwise
specified (PNOS) guidelines, 5 mg/m3 for respirable particles. These limits provide no
distinction for the different toxicity of TiO, nanoparticles compared to larger ones.

Although fine particles (diameters between 0.1-3 pm) of TiO, are known to be
biocompatible, some of the research conducted on TiO, nanoparticles (diameters smaller
than 100 nm) has suggested potential toxicological impacts because they possess
physicochemical properties different from the bulk.[1315-17] Sayes et al. clearly showed that
the higher content of anatase results in a 6-fold enhancement in the generation of reactive
oxygen species upon UV irradiation when compared to rutile.[*8] Furthermore, a comparison
between polymer grafted TiO, (coated) and uncoated TiO has displayed diminished
cytotoxicity for the coated nanoparticles raising concerns about possible harmful effects
even under ambient conditions.[2°] Although epidemiological studies are unavailable for
exposure to TiO, nanoparticles, toxicological evidence suggests that occupational exposure
limits that are based on the inhalation of larger TiO, dusts may not be sufficient to prevent
the development of adverse health effects among workers.

In response to these considerations, the U.S. National Institute of Occupation Health and
Safety (NIOSH) set forth recommended exposure limits for fine and nanoscale TiO,
particles in the Current Intelligence Bulletin 63 (2011).[20] The CIB 63 NIOSH recommends
airborne exposure limits of 2.4 mg/m3 for fine TiO, and 0.3 mg/m? for ultrafine (including
engineered nanoscale) TiO, as time-weighted average concentrations (10 hr/day during a
40-hr week). Additionally, a multi-tiered workplace exposure assessment strategy has been
proposed when the airborne particle size distributions are unknown and background
interferences are present (Figure 1) to ensure that airborne TiO, exposures are below the
recommended limits.

Carrying out these proposed exposure assessments using this procedure is complicated.
Airborne particles are to be collected onto both polyvinyl chloride (PVVC) and mixed
cellulose ester (MCE) filters using NIOSH 0600 (respirable sampling) with analysis by
NIOSH 7300 (inductively coupled plasma optical emission spectroscopy [ICP-OES] or mass
spectroscopy [ICP-MS]). There are two major shortcomings in these methods. First, while
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NIOSH 0600 removes particles larger than 10 um from the collected sample, the method
provides no way to differentiate between fine particles and nanoparticles. Therefore, more
expensive electron microscopy methods are required to quantify this differentiation.
However, there are new samplers available for appropriate size-selective sampling for fine
particles and nanoparticles.[21-23] Second, NIOSH 7300 method requires the use of
perchloric acid (HCIO,) to digest the filter and collected particles. Given its strong oxidizing
properties, hazardous nature and highly regulated status, HCIO,4 is commonly avoided in
environmental test laboratories. Thus, it is not a viable acid to be used in standard
assessment protocols. In most cases, laboratories use modified analytical methods, typically
digesting samples with only one of the digestion components (nitric acid, HNO3) specified
in NIOSH 7300. However, this acid alone will not completely solubilize TiO,. Therefore,
recoveries are expected to be low in the presence of nitric acid alone, and exposures will be
incorrectly reported lower than true values.

In the current study, we identify a new alternative to Method 7300 to quantify TiO» particles
deposited on PVC and MCE filters. This method uses a combination of sulfuric and nitric
acid with microwave digestion to efficiently recover TiO, nanoparticles. Microwave
digestion provides a safer platform to achieve higher local temperatures and pressures that
are capable of breaking down the TiO» lattice structure critical to accurately quantifying
titanium by ICP-OES or ICP-MS analysis.[24] Although microwave digestion has been used
for quite some time, this is the first extensive study conducted on its potential for the use of
quantification in TiO5 nanoparticle exposure assessments. The developed method was also
tested for any dependence on the size of the TiO, nanoparticles as well, as discussed in more
detail below.

Nanoparticle characterization

The TiO, nanoparticles used in all the experiments were characterized extensively for their
physicochemical properties. Primary particle size and shape were analyzed using
transmission electron microscopy (TEM, JEOL JEM 1230, Japan). The surface area was
analyzed using Quantachrome 4200e BET surface area analyzer. The bulk composition was
obtained from the X-ray diffraction (XRD, D8 Advance, Bruker AXS, Karlsruhe, Germany).

Microwave-assisted acid digestion of TiO, nanoparticles

An acid mixture of concentrated nitric (conc. HNOj3) and sulfuric acid (conc. HoSOg4) were
used to achieve complete dissolution of TiO5 nanoparticles. All the digestions were
conducted using a MARS 6 microwave digestion system (CEM Corporation, Matthews, NC)
that has a maximum microwave power output of 1,800 W. This digestion system operates by
heating up to 40 digestion vessels, each containing a sample with concentrated acids. The
system temperature increases to a programmed set temperature over 20 min, then holds the
set temperature for a preprogrammed time before the digestion samples are cooled back to
room temperature. This system is capable of holding pressures up to 500 psi in the digestion
vessels and has a built-in venting mechanism for safety purposes. The microwave digestion
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was optimized for three factors (acid combination, digestion time, and digestion
temperature) as summarized in Table 1.

Optimization of the method was carried out using suspensions of 5 nm TiO, nanoparticles.
A stock solution of TiO, nanoparticles (3.6 g/L) was prepared by ultrasonicating (35%
amplitude, 10 min) TiO, nanoparticles (5 nm, 3.6 mg) in Optima water (10 mL) to form a
uniform suspension. Using this stock solution, 36 g and 360 ug of TiO, nanoparticles were
transferred to the microwave digestion vessels. These quantities represent the mass of TiO,
that would be collected with a sampler at 2.5 Lpm (a typical airflow rate for an industrial
hygiene sampler) over 8 hr (a typical work shift), if the airborne concentration of TiO, was
10% and 100% of the NIOSH recommended exposure limit for ultrafine TiO, (0.3 mg/m3),
respectively. To these vessels, a total volume of 6 mL of acid was added followed by
digestion. After the digestion was complete, all the samples were transferred into vials
containing water (5 mL) and allowed to degas under the fume hood for 30 min. (NOTE: the
entire sample handling after digestion must be done in the fume hood—see Figure S1).
Subsequently, the solution was topped to a total volume of 25 mL with water, further
degassed for 1-2 hr and analyzed using ICP-OES (Varian, Agilent Technologies, Santa
Clara, CA.). Further experiments were conducted to ensure that the reagents did not contain
Ti. The optimum conditions for the complete dissolution of TiO, were determined by
analyzing the digestate for recovery of dissolved Ti using ICP-OES and calculating the
percent recovery (%) under each condition. Additionally, in order to test the effect of
particle size on the recovery, TiO, nanoparticles with sizes 2, 10, and 25 nm were also
digested using the optimized digestion conditions. All experiments were conducted in
triplicate.

Microwave-assisted acid digestion of TiO, spiked filter substrates

Recovery of Ti from filters spiked with 5-nm TiO, nanoparticles was measured using the
optimized digestion conditions. Three blank samples were prepared by placing PVC filters
(37 mm, 5 um, lot number T306221, SKC Inc., PA) into a digestion vessel to test for
background metal levels. Each vessel contained three filters in order to get measurable
amount of background metals into the digestate. Spikes were prepared by transferring 36 g
or 360 g of TiO, nanoparticles from the stock solution into a vessel containing a PVC
filter. Spikes were also prepared using mixed cellulose ester (MCE) filters (25 mm, 0.8 um,
lot number HSCN68558-051114, SKC Inc., PA) in the place of PVC. Spike samples were
prepared in triplicate. All blank and spike samples were then digested under the optimized
conditions (acid mixture = H,SO,4 and HNO3 (2:1 v/v), digestion temperature = 210°C,
digestion time = 45 min). The digestate was then analyzed for dissolved Ti using ICP-OES
as described above.

Statistical analysis

The results from all experiments were reported as mean recovery + standard deviation. One-
and two-way ANOVA were conducted to compare the effect of microwave digestion factors
(digestion acid, TiO, spike level, TiO, particle size, elevated temperature, elevated
temperature hold time, and substrate) on recovery. Interaction between factors was included
in all two-way analyses. Post hoc Tukey tests were conducted to compare mean recoveries;
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significant differences in mean recoveries were reported using ANOVA at a significance
level of 0.05. All statistics were carried out in Minitab Version 17.1

Concentrated sulfuric acid (Trace metal grade, 99.99%) and concentrated nitric acid (Trace
metal grade, 99.99%) used in all the analysis was purchased from Fisher Scientific
(Fairlawn, NJ). All the solutions were made in HPLC grade Optima water. The same PVC
and MCE filters discussed previously were used as NIOSH recommended filter substrates.
TiO, nanoparticles were purchased from NanoScale Corporation (2 nm, Manhattan, KS),
Nanostructures and Amorphous Materials Inc. (5 and 10 nm, Houston, TX) and Degussa (25
nm, Evonik Industries, Essen, Germany).

Results and discussion

Nanoparticle characterization

The physiochemical properties of TiO, nanoparticles used in this study are summarized in
Table 2. According to the XRD analysis, as the particle size increased the bulk composition
changed from 100% anatase to a mixture of anatase and rutile consistent with the
literature.[12.13] The measured surface area decreased as the particle size increase.

Digestion method optimization

Given that TiO, is among the least soluble metal oxides, it is imperative to completely
solubilize it in solution for accurate quantification using ICP-OES. This low solubility poses
a challenge in exposure assessments of airborne TiO, nanoparticles. Therefore, strong
oxidizing agents are needed under extreme pH conditions in sample preparation for ICP-
OES analysis. In this current method, a microwave-assisted acid digestion method was
optimized in order to achieve complete recovery of Ti from TiO, nanoparticle samples
under relatively safer conditions. The factors affecting this digestion method were identified
as the acid mixture, digestion hold time and digestion temperature. The digestion of 5 nm
TiO, was conducted under varying conditions as given in Table 2 and quantified using ICP-
OES.[2%] The resulting recoveries are summarized in Table 3.

Effect of acid mixture on recovery

According to Table 3, the composition of acid mixture plays a critical role in achieving
higher recoveries. The recovery of 5-nm TiO, nanoparticles with different acid
compositions (digestion protocol: temperature = 190°C, ramp time = 20 min, holding time =
15 min) showed a significant effect of acid on recovery (p<0.001). Post hoc comparisons
indicated that the mean recovery for 100% HNO3 acid (M = 20.8%, SD = 1.3%) was
significantly and substantially lower than that for all other acids, which ranged from 86—
94%. These comparisons also indicated that the mean recovery for 2:1 H,SO4:HNO3 was
significantly higher than other acids.

A 21% recovery of TiO, using 100% concentrated HNO3 is not sufficient. Although higher
recovery (86%) can be achieved with concentrated HoSOy, it was found that a higher
recovery of 94% can be achieved using a 2:1 mixture of concentrated H,SO,4 and HNO3,
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respectively. Use of this acid mixture is known to produce the nitronium ion, NO,™, a highly
reactive species that reacts with the lattice structure of TiO,. Excess H,SO, facilitates the
protonation of HNO3 leading to the formation of the nitronium ion as shown: [26]

HNOj3(aq)+HS04(aq) = HoNOY (ag)+HSO, (ag) (1)

HyNOj (aq) — HO(1)+NO3 (aq). (2)

Based on these results, the acid mixture that was used throughout the remainder of this study
was 2:1 conc. H,SO,4 and HNO3.

Effect of digestion time on recovery

In order to further improve recovery, TiO, nanoparticles were digested for different time
intervals. Here the particles were digested with a mixture of conc. H,SO4 (4 mL) and conc.
HNO3 (2 mL) at 190°C for 15, 30 and 45 minutes. The recoveries obtained with each time
duration are given in Table 11l. ANOVA showed a significant effect of the digestion time (p
= 0.021) and the spike levels (p = 0.005) on recovery, with no interaction between spike
level and digestion time. The recovery for the longest hold time (45 min; M = 95%; SD =
4%) was substantially and statistically higher than that for 15 min (M = 86%, SD = 8%) but
not statistically higher than that for 30 min (M = 91%, SD = 5%). Further tests were
conducted with a digestion hold time of 45 min.

The mean recovery observed for samples with a 360-g spike (M = 97%, SD = 4%) was
significantly higher than that for those with 36-ug spikes. Nanomaterials are known to
undergo re-precipitation under different temperature regions if the saturation concentration
is achieved, which can be a possible reason for the lower recovery observed when digestion
was carried out for 30 min. Between the two spike levels, the lower quantity (36-ug of TiOy)
resulted in the lowest recoveries (93%) that may have resulted more from the errors
associated in transferring very small volumes rather than incomplete digestion. For 360-g
spikes the recovery was 97%, which is much higher than what is required by the NIOSH
(75%).1271 Because 45 min of digestion resulted in the highest recovery, this time was used
in subsequent digestions.

Effect of digestion temperature on recovery

Further optimization was conducted by increasing the digestion temperature. To investigate
temperature effects, digestion was carried out at 190°C and 210°C for 45 min using
concentrated HoSO4 (4 mL) and HNO3 (2 mL). As illustrated in Table 3 increasing the
temperature to 210°C resulted in complete recovery for samples with 360-pg spikes. As
before, for the 36-pg spikes the relatively low recovery may have resulted from the errors
associated in transferring smaller volumes. However, according to the statistical analysis,
there was a significant effect of spike level on recovery (p = 0.008) but not temperature (p =
0.29) with no interaction between spike level and temperature (p = 0.12). The mean recovery
observed for the 360-pg spike (M = 100%, SD = 4.2%) was higher than that for the 36-ug
spike (M = 92.8%, SD = 3.7%).

J Occup Environ Hyg. Author manuscript; available in PMC 2017 January 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mudunkotuwa et al.

Page 7

Theoretically, increasing the digestion temperature provided the system with more energy
causing more lattice vibrations as well as molecular collisions to breakdown the lattice
structure of TiO,. Therefore, the optimum digestion conditions for complete recovery of
TiO, was concluded as 210°C temperature, 45 min digestion time and a 2:1 mixture of conc.
H,SO4 and HNO3. However, all the temperatures reported in this manuscript refer to the
user-defined temperature at the beginning of the digestion. It is important to highlight that
during the digestion the systems’ internal IR sensor indicates that there is at least a +10°C
elevation during the digestion for each and every vessel. This increase in temperature further
facilitates the dissolution of TiO».

Effect of particle size on recovery using the optimized digestion conditions

Because nanoparticles have shown to behave differently from their bulk counterparts, the
effect of particle size on the digestion has also been investigated. The recoveries for the 2, 5,
10, and 25 nm TiO, particles at the optimized digestion conditions are given in Figure 2. All
recoveries were greater than 95% for all particle sizes, except 2-nm TiO, with a significant
recovery reduction (M = 86.2%, SD = 0.7%, p < 0.001). A plausible explanation to this
lowered recovery of 2-nm TiO, particles is the presence of additional metals and organics
that contribute towards the total mass. The energy dispersive x-ray (EDX) analysis of the 2-
nm TiO, particles confirmed that no additional metals were present (Figure S2). However,
the surface analysis by x-ray photoelectron spectroscopy (XPS) indicated the presence of
some carbon-oxygen species on the 2-nm TiO, particle surface. Literature shows that
monolayer thickness of these organic coatings such as polyvinylpyrrolidone (PVP) can
account for nearly 17% of the total mass for 10 nm Ag nanoparticles.[28] Similarly, the
lowered recovery may have resulted from having organic coating rather than an actual loss
in the Ti recovery (Figure S3). Alternatively, the enhanced thermodynamic stability of
anatase for smaller particle size may also have contributed to lower recoveries. According to
the literature, size dependent properties become more enhanced for TiO, nanoparticles in the
size regime of 1-3 nm.[13] In addition, there are reports in the literature of polymorph
(crystalline phase) dependent particle dissolution during both acid and alkali digestions.[2%]
Because of the large contribution of the surface free energy to the total energy for
nanoparticles, the most thermodynamically stable crystalline phase is a function of size. For
very small nanoparticles smaller than 20 nm, anatase is the most stable phase and for larger
particles rutile is favored. In the case of TiO, nanoparticles used in this study where smallest
particles were 100% anatase while the larger particles composed of a mixture of rutile and
anatase.

Recovery of Ti from spiked PVC and MCE filters

The overall objective of this article was to develop a method to extract TiO, nanoparticles
collected on air filters completely and efficiently for accurate quantification. The above
work proved that the optimized digestion conditions are capable of 100% recovery of Ti
from TiO, nanoparticles in suspensions. Nevertheless, it is imperative to ensure that same
recovery is achieved in the presence of filter substrates, especially if particles penetrate into
the filter and are not digested because the filter digestion is incomplete. Since CIB 63 issued
by NIOSH recommends using PVVC and MCE filters in the multi-tiered exposure assessment
protocol for TiO, nanoparticles, optimized digestion conditions were tested for its
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applicability using both PVC and MCE filters. These filters have a fibrous structure with
uneven pores that can collect nanoparticles via diffusion and impaction (Table 3).

Table 4 provides background metal content determined by ICP-OES with estimates of the
limit of detection (LOD) and limit of quantitation (LOQ) for 37-mm filters. The LOD was
calculated as the mean plus three times the standard deviation of metal found on the filter,
and the LOQ was calculated as the mean plus 10 times the standard deviation. As can be
seen, PVC had a low Ti background, whereas the Ti content in MCE filters was below the
detection limit of ICP-OES. For a PVC filter, the LOQ for titanium was estimated as 0.13
ug/filter. For a 10-hr sample collected at 2.5 Lpm (a typical airflow rate used in industrial
hygiene sampling), this LOQ can be expressed in terms of TiO, as 0.2 ug/m?3 or 0.0002
mg/m3. This value is well below the airborne exposure limits of 2.4 mg/m?3 for fine TiO, and
0.3 mg/m3 for ultrafine TiO, as time-weighted average concentrations (10 hr/day during a
40-hr week) as recommended by NIOSH in CIB 63.120] Therefore, in terms of interferences,
these filters are suitable for use in monitoring airborne TiO, nanoparticles.

For the TiO, spiked filters, the optimized digestion condition was not able to digest the PVC
filters completely, and residue material was observed in the digestate. The reason for this
incomplete digestion is that the amount of nitronium ions generated is not enough to
breakdown the TiO» lattice structure as well as the filter substrate. Therefore, the acid
volume was doubled for PVC, and the digestion was repeated. This resulted in a clearer
solution, but subsequent filtration was carried out to ensure no residue materials were
injected in to the ICP-OES instrument. MCE on the other hand was digested completely.

The recoveries from filters spiked with TiO, nanoparticles are shown in Figure 3. There was
a significant effect of substrate on recovery (p = 0.016) but not on spike level (p = 0.27),
with no interaction between substrate and spike level. The mean recovery with an MCE
filter (M = 91.4%, SD = 7.8%) was statistically the same as that with a PVC filter (M =
86.1%, SD = 4.3%). However, the mean recovery with no filter (M = 97.6%, SD = 6.4%)
was statistically different than that with PV/C filters but not MCE filters.

There can be several reasons contributing to this lower recovery with the PVC filters. The
additional filtration step to remove any residual materials could have resulted in some
sample loss.

Increased acid volume may still have insufficient nitronium ion generation to digest both
TiO, and the filter materials. Furthermore, partial digestion of PVVC can form organics that
can complex with the Ti#* ions in the medium that will inhibit the atomization during ICP-
OES analysis. MCE filters on the other hand digest completely and result in better recovery
than the PVC filters. Although the recovery tests presented here recommend MCE filters
over PVC filters, field assessments desiring mass of all airborne particles recommend the
use of more gravimetrically stable PVC filter. The current NIOSH exposure assessment
protocol for TiO, requires obtaining paired samples onto both PVVC and MCE filters: the
MCE filter is analyzed microscopically to determine the proportion of mass containing TiO,
particles that are in the fine and ultrafine size ranges. Microscopic analysis is, however, an
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expensive, low throughput approach of identifying the ultrafine fraction that may not be
very reliable either.

To avoid having to microscopically analyze TiO, samples, a method to collect air samples
on either MCE filters while preventing larger, non-nano materials from depositing onto the
filter would facilitate assessment of exposure to engineered nanoparticles. Tsai et al.[21]
introduced a personal nanoparticle sampler (PENS) that collects respirable particles and
nanoparticles simultaneously. This sampler collects nanoparticles by impaction onto a
silicone oil-coated Teflon filter substrate, which might be replaced with an MCE filter.
However, this device is expensive to build and requires a large air sampling pump to
overcome the high pressure drop of the nanoparticle impactor. Cena et al.[3%] introduced the
nanoparticle respiratory dose (NRD) sampler, which uses a respirable cyclone to aspirate
particles followed by a 300-nm impactor prior to collection of nanoparticles by diffusion
onto nylon mesh screens as they deposit in the human respiratory tract. The NRD is
inexpensive (<$30) and offered commercially (ZNRDO001, Zefon International, Ocala, FL)
but would require modification to use the titanium-free MCE filter for analyzing Ti
nanoparticle concentrations.[23] Future work will investigate the limits of detection for nylon
mesh screens and other diffusion substrate for integration into the NRD sampler. Therefore,
an alternative protocol has been proposed utilizing the size-selective air sampling combined
with the developed microwave-assisted acid digestion for accurate quantification of airborne
TiO, nanoparticles in Figure 4 in future nanoparticle exposure assessments. Since this
eliminates the need for conducting electron microscopy analysis this protocol is faster and
cheaper for routine analysis. Furthermore, with increased recoveries from the digestion
methods using safer chemicals and microwave digestion processes, the ICP analysis will
result in accurate quantitative data that will enable effective exposure controls.

Conclusions

A microwave-assisted acid digestion method was developed to achieve high recovery
(>90%) of titanium from filters suitable for airborne sampling. Upon optimization, an acid
mixture of 2:1 volume ratio of conc. H,SO4 and HNO3 was determined to give the best
digestion with conditions of T = 210°C and a hold time of 45 min. This method was able to
break down the very stable lattice structure of TiO,, which we propose being facilitated by
nitronium ions (NO4+) generated by the acid mixture and the high local temperatures and
pressures facilitated by the microwave system. Nevertheless, this digestion method fails to
give the same level of recovery with PVC filters (<80%), which are recommended for
gravimetric and ICP analysis in the NIOSH exposure assessment protocol. MCE filters
digest more easily than the PVC filters, however due to their hygroscopic nature they are not
suitable for gravimetric analysis.
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For an unknown particle size
distribution containing TiO,
and other particles
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Figure 1.

Analyze duplicate MCEF
sample by electron
microscopy (TEM)

0.3<Ti0,> 2.4 mgim’

[ Tioo24maim’ L[ pe iceeded |

v

No further action

concentration of

Determine mass TiO,

Calculate

fineand (o1 [Creakaator , [Crozbos

ultrafine
v

—_— e T

03mgim” 24 mgm

Sum> 1

Sums1
‘ No further action '

Page 12

Multi-tiered exposure assessment protocol for TiO, taken from the Current Intelligence
Bulletin (CIB 63) issued by National Institute of Occupational Safety and Health (NIOSH)

in 20110201,
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Figure 2.
Effect of particle size on the recovery of TiO, nanoparticles. Digestions were conducted

using concentrated H,SO,4 (4 mL) and HNO3 (2 mL), ramping temperature up to 210°C in
20 min, holding for 45 min and cooling to room temperature. Error bars represent one
standard deviation.
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Comparison between the recovery of TiO,, TiO5 spiked PVC filters and MCE filters. The
spiking was conducted using 4 nm TiO, nanoparticles at 36 pg/per filter and 360 pg/filter.

Acid mixture: conc. HpSOy4 (4 mL) and conc. HNO3 (2 mL). Digestion temperature =
210°C. Ramp time = 20 minutes. Hold time = 45 min.
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Figure 4.
Proposed alternative multi-tiered and selective exposure assessment protocol for fine and

ultrafine TiO,
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Table 1

Summary of digestion conditions used for the method optimization.

Factor Levels
Acid mixture HNOj3 (100%), HNO3:H,SO4 (1:1), HNO3:H,S04 (1:2), H,SO4 (100%)
Digestion hold time (min) 15, 30, 45

Digestion set temperature (°C) 190, 210
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Optimizing the microwave digestion conditions for 4 nm TiO, nanoparticles.

Table 3

Recovery (%)

Acid mixture? HNO3;  HNO3:H;SO,4 (1:1)  HNO3:HSO4 (1:2)  H3SO4
360 pg 211 874 94+3 86+ 3
Digestion timeP 15 min 30 min 45 min

36 Hg 87+4 815 93+5

360 g 94 +3 92+6 97+4

Digestion temperatureC  190°C 210°C

36 ug 935 92+3

360 ug 97+4 103+1

360 g 974 103+1

a‘I'emperature-190°C/'(ime-15 min

bTemperr;lture-190°C/acid mixture-H2SO4 & HNO3 (2:1)

CTime-45 min/acid mixture-H2SO4 & HNO3 (2:1)
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