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Abstract

Laboratory measurements of ultrafin0e titanium dioxide (TiO2) particulate matter loaded on filters 

were made using three field portable methods (X-ray fluorescence (XRF), laser-induced 

breakdown spectroscopy (LIBS), and Fourier-transform infrared (FTIR) spectroscopy) to assess 

their potential for determining end-of-shift exposure. Ultrafine TiO2 particles were aerosolized 

and collected onto 37 mm polycarbonate track-etched (PCTE) filters in the range of 3 to 578 µg 

titanium (Ti). Limit of detection (LOD), limit of quantification (LOQ), and calibration fit were 

determined for each measurement method. The LOD's were 11.8, 0.032, and 108 µg Ti per filter, 

for XRF, LIBS, and FTIR, respectively and the LOQ's were 39.2, 0.11, and 361 µg Ti per filter, 

respectively. The XRF calibration curve was linear over the widest dynamic range, up to the 

maximum loading tested (578 µg Ti per filter). LIBS was more sensitive but, due to the sample 

preparation method, the highest loaded filter measurable was 252 µg Ti per filter. XRF and LIBS 

had good predictability measured by regressing the predicted mass to the gravimetric mass on the 

filter. XRF and LIBS produced overestimations of 4% and 2%, respectively, with coefficients of 

determination (R2) of 0.995 and 0.998. FTIR measurements were less dependable due to 

interference from the PCTE filter media and overestimated mass by 2% with an R2 of 0.831.

Introduction

In animal studies, inhalation of ultrafine (<100 nm) titanium dioxide (TiO2) particles has 

been associated with greater pulmonary inflammation than its fine (<2.5 µm) counterpart on 

a similar mass-basis.1,2 The National Institute for Occupational Safety and Health currently 

recommends a mass-based exposure limit (respirable) of 2.4 mg m−3 for fine TiO2 and 0.3 

mg m−3 for ultrafine TiO2 because particle number and surface area of the latter aerosol is 
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significantly higher.3 The American Conference of Governmental Industrial Hygienists 

recommends a threshold limit value of 10 mg m−3 (total dust), but does not distinguish 

between ultrafine and fine homologues.4 A cohort mortality study among fine titanium 

dioxide manufacturing workers in the United States revealed TiO2 total dust exposures of 

6.2 ± 9.4 mg m−3 (n = 686) among workers in the job category “packers, microionizers, and 

addbacks”.5 The data also revealed that exposures had been decreasing between 1976 and 

2000. In a recent field study of metal oxide nanoparticle exposures in the workplace, 

handling tasks (including collecting, weighing, and transferring powders) produced the 

highest geometric mean personal exposures to respirable TiO2 at 53.14 µg m−3 (n = 5).6 

While the exposure was 17% of the NIOSH REL, it is common to characterize a sampling 

and analytical methodology at or below 10% of the occupational exposure limit to capture 

these lower-exposure events. Current exposure assessment approaches involve real-time 

instrumentation such as particle counting which suffers from a lack of specificity, or 

integrated filter-based sampling techniques. The latter require laboratory-based gravimetric 

or atomic spectrometry techniques to determine mass; these techniques also involve 

shipping and handling procedures that may affect sample integrity prior to receipt by the 

analytical laboratory, lag times of several days between collection and analysis, and/or 

sample preparation protocols involving acid digestion prior to analysis.

Exposure to nanoscale titanium dioxide particles during production or use may occur 

quickly and the titanium-bearing aerosol may not be in a pure state. Particle concentrations 

are influenced by auxiliary processes such as diesel forklift exhaust and external factors such 

as outdoor sources.7 For example, Koivisto et al. (2012) evaluated exposures among 

workers engaged in packaging ultrafine TiO2 using non-specific real-time aerosol monitors 

augmented by particle collection onto grids with subsequent analysis using transmission 

electron microscopy (TEM).8 The authors noted confounding of real-time measurements 

from auxiliary sources (e.g., soot and process chemical emissions). Additionally, results of 

expensive and time-consuming TEM analysis of grid samples identified soot and sulfur-

containing particles among TiO2 particles. Hence, a need exists for rapid and selective 

characterization of nanoscale titanium mass content in workplace atmospheres. Field 

techniques such as portable X-ray fluorescence (XRF), laser-induced breakdown 

spectroscopy (LIBS) and Fourier-transform infrared (FTIR) spectroscopy may provide 

expedient, specific characterization of sampled mass at the end of a work shift to provide 

daily feedback of mass-based metal exposures. Since XRF and FTIR techniques are non-

destructive and sample integrity is retained, the sample may be subsequently analyzed to 

gain additional insights on exposure characteristics, e.g., electron microscopy (particle 

morphology), gas adsorption (surface area), or confirmation of mass (atomic spectroscopy).

The overall goal of this project was to evaluate the efficacy of portable XRF, LIBS, and 

FTIR instruments to reliably measure Ti content on filter media containing ultrafine TiO2. 

This research was the first step in identifying selective quantitation methods for analyzing 

titanium content of mixed aerosols. The specific aims were to:

1. Evaluate instrument detection limits, quantification limits, and calibration 

characteristics using filter samples with known TiO2 masses;
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2. Establish the linear dynamic range of each instrument and develop an algorithm for 

conversion of instrument response to TiO2 mass loadings on filters.

Materials and methods

Sample collection

Ultrafine TiO2 powder, Degussa P25, was chosen for this study. It consists of a combination 

of anatase and rutile primary particles of mean diameter 20 nm that form agglomerates of 

mean diameter 67 nm. It was aerosolized in a well-characterized inhalation chamber at a 

nominal 6 mg m−3 concentration for all phases of the research.9 Particle samples were 

collected on 37 mm polycarbonate track etched (PCTE) filters having 0.4 µm pore size 

(Sterlitech Corporation, Kent, WA), as previously used in a surface area study of TiO2, 

using two-piece, closed-face cassettes attached to GilAir-5 air sampling pumps (Sensidyne, 

Clearwater, FL) operated at 3 LPM.10 Closed-face cassettes produce a non-uniform 

deposition pattern with heavier loadings on the filter below the inlet orifice,11 especially 

when sampling at this relatively high flow rate. This heterogeneous deposition pattern must 

be considered when analyzing the filter mass loadings using techniques that only interrogate 

a portion of the filter.

The TiO2 mass loading on filters was determined gravimetrically with three measurements 

per filter using a calibrated microbalance (Mettler-Toledo) and passed through a U-shaped 

static charge neutralizer (Haug GMBH + Co. KG, Germany) after temperature- and 

humidity-controlled equilibration for 24 hours prior to weighing. The mass of Ti was 

calculated from the gravimetric TiO2 mass value using a conversion factor of 0.599 (atomic 

mass of Ti divided by the molecular weight of TiO2). Portable XRF, FTIR and LIBS 

measurements were used to determine Ti content for each filter sample. A total of 72 

samples were collected at masses ranging from 3 to 578 µg Ti (Table 1). Most samples 

(#13–28, 30–72) were analyzed by XRF; only a subset of samples were analyzed by LIBS 

(#1, 3, 5, 8, 17, 18, 36, 41, 50, 55, 56, 59, 63, and 66) and FTIR (#2, 25, 34, 37–42, 44–50, 

52–56, 58–60, 62–72).

XRF

In this technique, absorption of X-rays leads to excitation of atoms in the sample with 

subsequent relaxation from (excited) higher energy states to the ground state, which occurs 

via electronic transitions that are characterized by the release of x-radiation (or 

fluorescence). The energy or wavelength of this fluorescence is unique for most atomic 

transitions and at a longer wavelength than the absorption edge.12 The intensity of 

fluorescence is proportional to the mass of the material excited.

Titanium has an atomic number of 22 and produces K-series fluorescence emissions 

regardless of the physical or chemical state of the element since the electrons responsible for 

fluorescence take no part in bonding.12 This is worth noting since the instrument in this 

study was calibrated to pure Ti but used to measure TiO2. A caveat of XRF for the 

determination of elements below atomic number 23 is Auger electron emission, a competing 
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process, which reduces fluorescence intensity to a greater extent as the atomic number 

decreases.12

The XRF instrument used for this study was a Portable Vacuum Alloy Analyzer 

(Alpha-8000LZX; Olympus INNOV-X, Woburn, MA) with a 1 cm2 analysis window and an 

XT-220 X-ray tube at 35 kV and 20 µA. Detector counts were recorded at 4.5 eV; 

measurements were recorded in units of µg Ti per cm2 using the internal instrument 

algorithm for converting detector counts to mass loading for titanium (i.e. factory 

calibration). Elemental titanium standards mounted on a 6.3 µm Mylar polyester film 

(Micromatter, Vancouver, BC) in the range 25.1 to 134.1 µg cm−2 were measured to check 

the factory calibration.

The overall analysis strategy included collecting multiple measurements across the face of 

the 37 mm filter to account for heterogeneous particle deposition with the intent of 

incorporating the measurements into an algorithm for estimating a single value of total mass 

loading. To collect multiple measurements among sites on the filter, a holder was 

constructed to fix the circular analysis window (diameter = 4.75 mm) over five points on the 

filter: center (C), top (T), bottom (B), left (L), and right (R).

Statistical analyses including distribution tests for normality and orthogonal regression were 

performed in JMP (SAS Institute Inc., Cary, NC). Statistically significant differences among 

filter measurement positions were investigated using comparisons of group means (α = 

0.05).

In order to integrate the readings into a total filter loading (µg per filter), a multiple linear 

regression with no intercept11 was performed in SAS (SAS Institute Inc., Cary, NC) using 

the gravimetric mass of the samples and the Ti readings at each measurement position. The 

raw instrument readings in µg cm−2 were regressed against the gravimetric mass in µg per 

filter. No correction for the surface area analyzed was necessary since the regression 

develops a predictive relationship between the instrument readings and the gravimetric 

mass. Best fit coefficients were determined for a five- and two-point reading model 

according to the following equations:

and

where α1 to α5 = coefficients for the five point model; β1 and β2 = coefficients for the two-

point model; and C, T, B, R, and L = center, top, bottom, right, and left measurements, 

respectively. Results from the two model types were then compared to the gravimetric 

results using percentage recovery (% recovery = predicted mass/gravimetric mass × 100%) 

in order to determine the most appropriate model.
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LIBS

LIBS technique uses a focused, pulsed laser beam to vaporize material from and generate a 

plasma on the surface of a sample.13 As the plasma cools and continuum (Bremsstrahlung) 

emission from the plasma fades, longer-lived fluorescence from neutral and ionized species 

is observed and used to identify and quantify atomic composition. The advantages of LIBS 

include minimal sample preparation, rapid analysis, ability to measure light elements, and 

the simultaneous detection of multiple elements that emit light from the UV to the near IR, 

making it well suited to commercial applications in the areas of geology, metallurgy, 

forensics, and industrial quality control.

A number of previous studies report LIBS measurements of particulate matter deposited on 

filters. Cremers and Radziemski measured beryllium deposited on filters with detection 

limits ranging from 0.012 to 0.450 µg cm−2.14 Neuhauser et al. detected 12 types of metal 

particles on glass microfiber filters with detection limits ranging from 0.01 to 0.44 µg 

cm−2.15 Panne et al. collected and detected heavy metal particles on quartz fiber filters.16 

Self-absorption was observed above mass loadings of 50 to 100 µg cm−2. SEM images 

showed that the laser pulse did not fully penetrate the filter when using a 532 nm laser pulse 

with energy of approximately 30 mJ and a typical spot size of 220 µm. The authors report 

that for mass loadings below 10 µg cm−2 a majority of the aerosol mass is ablated in a single 

pulse, and detection limits were reported from 0.01 to 0.91 µg cm−2.

The LIBS system used for this study was an Insight™ (TSI Inc., Redmond, WA). The 

system employs a 1064 nm Nd:YAG laser emitting 50 mJ, 7 ns pulses to a spot size at the 

filter surface of 400 µm. Emitted light from the plasma is collected in a bundled fiber optic 

cable and routed into a 0.3 m Czerny-Turner style spectrometer with an iCCD camera, 

resulting in a spectral resolution of approximately 0.2 nm. A spectrometer delay time of 2 µs 

and a gate of 1 µs were used.

For LIBS measurements, each filter was cut into 10 pieces, and each piece was analyzed 

separately with a single laser shot. To prepare the 10 pieces, the edge of each 37 mm circular 

filter was pinned onto a dense cardboard sheet and cut into a grid pattern, resulting in square 

pieces roughly 7 mm × 7 mm. This approach allowed for multiple measurements of the 

same sample to average out both shot-to-shot noise and variation in deposition across the 

filter. In addition, it eliminated a measurement artifact seen when making multiple 

measurements on a single uncut filter where the pressure induced shockwave disperses and 

deposits material elsewhere on the filter making subsequent shots on the sample filter 

inaccurate.17 As shown in Table 1, fourteen samples, spanning the range 3 to 252 µg Ti per 

filter, were analyzed by LIBS. Titanium spectral emission lines at 264.6 and 336.1 nm were 

integrated as a measure of titanium abundance.

FTIR

FTIR spectrometry entails illumination of the sample with multi-wavelength radiation using 

an IR emitting source and an interferometer. The IR beam interacts with the sample, which 

absorbs part of the radiation, and the return signal is collected by a detector and analyzed 

using a Fourier transform algorithm, generating an “absorbance spectrum”.18 The 
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absorbance spectrum shows which wavelengths have been absorbed by unique molecular 

bonds in the sample, and can thus be used to identify and quantify compounds containing 

those bonds. Unlike XRF and LIBS, FTIR is therefore used to quantify the molecule TiO2, 

as opposed to elemental Ti.

FTIR is especially well suited to identification of materials that have molecular bonds that 

absorb at specific wavelengths. Absorption requires that molecules have a permanent dipole 

moment and vibrate about a bond, changing the bond length or angle, or rotate about an axis 

perpendicular to the bond.19 This excludes diatomic molecules like nitrogen but includes 

many other bonds which allow FTIR studies of many materials including the capturing of 

bond transitions during chemical reactions.20 Application of FTIR to quantification of 

mineral dusts on filter samples has been previously demonstrated.21,22 Mass of silica (SiO2) 

deposited on filter material was accurately quantified using spectral background subtraction 

to remove the contribution of the filter material from the FTIR spectrum.21

The FTIR spectrometer chosen for this study (Model Alpha, Bruker Optics, Billerica, MA) 

was designed for field portability and has the potential sensitivity to quantify small amounts 

of TiO2 dust deposited on filters. For this study, the resolution was set to 4 cm−1, which has 

been shown previously to eliminate unnecessary detail and thereby reduce noise while still 

providing adequate peak identification and maintaining a reasonably quick sampling time.23

Each sample underwent a sequence of 40 scans (determined by experimentation to produce 

adequate signal to noise ratio), and a combined absorbance spectrum was generated and 

saved for analysis. Integration of the baseline-corrected absorbance spectrum between 800 

and 470 cm−1 was used as a measure of the mass of TiO2 in each sample. Because anatase 

and rutile forms of TiO2 have broad absorbance peaks in this range20,24 and since the TiO2 

used in this study is an 80/20 mixture of anatase and rutile, it was necessary to use a broad 

integration range, and the resulting quantitation is not specific to either form but rather a 

combination of the two.

FTIR analyses of TiO2 were conducted using three different modes: transmission, diffuse 

reflectance (DR) and attenuated total reflection (ATR).18 All three methods were briefly 

evaluated and based on the preliminary data, the transmission method was chosen for 

comparison with other spectrometry methods, due to its better performance on the filter 

samples.

To analyze filter samples with the FTIR instrument in transmission mode, the filter was 

mounted in a stainless steel holder that was placed so that the filter was centered between 

the horizontal IR source beam and the detector, where the beam is at its narrowest diameter 

of 6 mm. All samples were analyzed once in the center, as was done in a previous related 

study.21

It was noted that the absorbance of the blank filter was intense (above three absorbance 

units), and that this extreme absorption interfered with analysis of the TiO2 peak when 

background was subtracted from the spectrum. Therefore, a blank filter was included in the 

sample set and assigned a value of 0 µg TiO2.
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The FTIR instrument was calibrated empirically by correlating the integrated spectral data 

with the gravimetrically determined mass of TiO2 for a subset of the samples. The 

regression equations derived from the calibration curves were then used to predict the mass 

of TiO2 on a separate set of unknown samples using the raw FTIR data.

Results and discussion

XRF

An initial limit of detection (LOD) of 22.4 µg Ti per filter was estimated based on three 

standard deviations above the mean blank filter signal (n = 3). The estimated limit of 

quantification (LOQ), calculated as 3.33 × LOD, was 74.5 µg Ti per filter. The estimated 

LOD and LOQ are comparable to calculated values using mixed cellulose ester filters in a 

recent thesis.25 The LOQ was used to parse the data into a reasonable mass loading range 

for calculating the LOD based on a regression that included a range of values below the 

estimated LOD to the estimated LOQ. The actual LOD was calculated as the standard error 

of the regression multiplied by three and divided by the slope.26 The calculated LOD and 

LOQ were 11.8 µg per filter and 39.2 µg per filter, respectively. Six of 59 samples analyzed 

in the analysis were below the LOD; 21 of 59 samples were between the LOD and the LOQ; 

32 samples were above the LOQ.

Analysis of the Ti standards indicated that the internal instrument calibration was reliable 

based on the slope, intercept, and Pearson correlation coefficient from an orthogonal 

regression (Fig. 1). For this reason, measured readings instead of detector counts were used 

for all subsequent modeling efforts. The measured readings were slightly lower than the 

reported standard values (slope = 0.981).

The measurements at different locations on the filters were tested for normality using the 

Wilks Shapiro test; all positions had a non-normal distribution of measurements (p < 0.05). 

Natural log transformation did not yield a normal distribution; therefore, a Wilcoxon signed-

rank test, the non-parametric equivalent of a t-test, was employed to compare the 

measurements between each pair of positions. The center measurement was different from 

all other positions (p < 0.01) confirming the non-uniform deposition expected from closed-

face cassette sampling. The top, bottom, right, and left measurement sites were not different 

from each other (p > 0.93) indicating measurement uniformity (i.e. radial symmetry) around 

the perimeter of the filter.

An orthogonal regression was performed to compare the five- and two-point models to the 

gravimetric filter loadings using all 59 samples (Fig. 2). Slopes, intercepts, and Pearson 

correlation coefficients are virtually identical. Similar regression results were observed when 

only data above the LOQ were analyzed (data not shown). Multiple linear regression models 

show virtually equivalent results for five- versus two-point models as shown by percent 

recoveries (Fig. 2). An overestimation of 4% is observed from the regression slope. The 

two-point model was chosen as it is faster and easier to perform in the field. For the two-

point model: for values less than the LOD (11.8 µg per filter), percent recoveries are less 

than 50%; between the LOD and the LOQ (39.3 µg per filter), percent recoveries ranged 
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from 8 to 84%; for values greater than the LOQ, percent recoveries were greater than 70%. 

Only two measurements were over-predicted by more than 10%.

LIBS

For the LIBS analysis, the 10 pieces cut from each of the 14 samples were each analyzed 

with a single shot. Atomic Ti emission was monitored at 264.6 and 336.1 nm, and atomic 

carbon emission, from the polycarbonate filter material, was monitored at 247.9 and 387.6 

nm and used as an internal standard to reduce the effect of shot to shot variation. The 336.1 

nm Ti transition occurs to the ground electronic state and is therefore susceptible to signal 

saturation at high sample loading conditions due to self-absorption. However, the 264.6 nm 

emission occurs from singly ionized Ti atoms to a non-ground state energy level, making it 

less likely to experience saturation. Signal saturation for the 336.1 nm emission and the non-

saturating 264.6 nm emission are shown in Fig. 3.

In this study, the upper end of the linear dynamic range for the 264.6 nm Ti emission was 

limited by the sample preparation method to a loading of 252 µg per filter. At loadings near 

500 µg per filter (e.g., sample 69), the TiO2 deposited on the PCTE filter cracked and peeled 

away from the surface when cutting the filter into pieces. Two possible solutions that may 

extend the dynamic range for LIBS measurements include: (1) collecting multiple filter 

samples of equal sample loading simultaneously, where each sample gets only one LIBS 

shot or (2) collecting the aerosol sample on a filter that entraps the material (e.g., glass fiber 

filter), making the sample less likely to be disrupted when making multiple laser shots on a 

single filter. These solutions will be explored in a later study.

For LIBS measurements, the LOD was calculated as three times the standard deviation of 

the background divided by the slope of the calibration curve. The LOD's for the 264.6 and 

336.1 nm emission peaks are 2.7 and 0.032 µg per filter, respectively. The LOQ's are 9.0 and 

0.11 µg per filter, respectively. These results indicate that a two-peak analysis method is 

beneficial for LIBS measurements of titanium. At loadings below approximately 100 µg Ti 

per filter, both the 336.1 and 264.6 nm Ti emission lines were linear with loading (Fig. 3), 

but the 336.1 nm line provided a factor of 100 better LOD than the 264.6 nm emission line. 

At loadings above 100 µg Ti per filter, the 264.6 nm emission extends the linear dynamic 

range to at least 252 µg Ti per filter (Fig. 4). The actual upper bound of the dynamic range 

will be determined in a later study.

Using the calibration curves from Fig. 4, predicted Ti mass loadings of the fourteen samples 

were calculated and compared to the gravimetric analysis (Fig. 5). An overestimation of 2% 

is observed from the regression slope. For samples below 100 µg Ti per filter the 336.1 nm 

emission line calibration was used. For samples above 100 µg Ti per filter the calibration 

curve using the 264.6 nm emission line was used.

FTIR

Preliminary analyses of TiO2 on filter samples were conducted using all three FTIR methods 

(transmission, DR, ATR), in order to evaluate which method would be most capable of 

predicting the mass of TiO2 on the samples. Potential interference from the filter material 
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was first assessed. It was observed that in the region of interest (800–470 cm−1) the spectra 

from all three methods contained peaks representing significant potential for interference, 

suggesting that the use of PCTE filters poses a challenge for the effective quantification of 

deposited TiO2 material.

A total of 39 samples were analyzed using the three FTIR methods. Correlations to the 

gravimetric data (Fig. 6) indicate that the transmission method is more dependable than 

ATR or DR. This observation is likely because the transmitted signal is not affected as 

strongly by the variability in the interaction between the beam and the filter material since 

the beam repeatedly interacts with the same amount of filter material. This variability was 

especially noticeable at low filter loadings, where the transmission measurements display 

less variability around the trend line. The transmission method therefore produced a better 

correlation between peak areas and the mass of TiO2 on the samples, as compared to ATR or 

DR. Results of the preliminary tests indicated that ATR is limited to loadings less than about 

200 µg Ti per filter. It also had the downsides of variable interference from the PCTE filter 

and that it required the sample to be pressed against the ATR crystal, rendering it useless for 

most types of further analyses. The DR method, while it is not subject to the reduced signal 

for heavily loaded samples and is placed lightly onto the planar surface for analysis, is still 

hindered by variability in PCTE filter interference. The transmission method therefore 

proved to be the most amenable method for this filter type, especially since a robust field 

method would likely require subtraction of the filter contribution, which is only plausible for 

the transmission method due to the reasonably consistent contribution from the PCTE filter.

Using the equation of the calibration curve for transmission (Fig. 6c), a second sample set 

was analyzed and the raw FTIR data was transposed into estimates of filter loading for each 

sample (Fig. 7). While the method association is somewhat linear, the accuracy of prediction 

is lower (R2 = 0.831) than for XRF or LIBS, and the data varies considerably from the line 

of best fit, suggesting large standard deviations. The lack of accuracy and repeatability in 

quantifying the TiO2 is a result of the substantial variability in measured peak areas, 

stemming from the fact that TiO2 absorbs IR radiation over a fairly wide range of 

wavelengths, making it more susceptible to interferences. It is also a function of the 

interference from the PCTE filters in the analytical region, which could possibly be reduced 

or eliminated in the future by choice of a different filter material.

The actual LOD and LOQ were calculated using a similar approach as for the other methods 

and were 108.4 µg per filter and 361.0 µg per filter, respectively. Of the 25 samples 

remaining in the analysis, 11 were below the LOD, 12 were between the LOD and the LOQ, 

and two were above the LOQ.

Conclusions

With an eye toward field-portable analysis of ultrafine TiO2 dust, three potential methods 

were evaluated for quantification of TiO2 samples collected on PCTE filters (Table 2). XRF 

was very suitable for this application, since it produced accurate results with a wide linear 

dynamic range, i.e., from 39.2 (LOQ) to 578 µg Ti per filter. LIBS was also suitable, 

especially for lightly loaded samples, since it has a very low LOQ of 0.11–9.0 µg Ti per 
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filter, which depended on which Ti emission line was used for analysis. However, due to 

friability of deposited material from the PCTE filter, an alternate sample preparation method 

would need to be used for samples above about 250 µg Ti per filter. While both LIBS and 

XRF have the potential downside of susceptibility to interference by non-TiO2 sources of Ti, 

it is generally assumed that the occurrence of such confounders is highly unlikely in 

workplace atmospheres. FTIR analyses were deemed undependable due to the broad-band 

absorption characteristics of TiO2 and to excessive interference due to the PCTE filter itself.

As evidenced by the results of Koivisto et al. (2012), there is a critical need for rapid and 

specific analysis of Ti mass exposures among pigment and nanoscale powder workers.8 The 

ability to quantify Ti mass on filter samples at the end of a work shift would provide 

exposure assessors with a powerful tool for characterizing and managing exposures. Based 

on the respirable REL of 0.3 mg m−3 and a flow rate of 3 LPM over an 8 h shift, Ti mass 

loading at the REL would be 302 µg and could easily be measured by XRF, while that 

loading may require an alternate sample preparation method for analysis by LIBS. 

Measurement variability of FTIR for TiO2 on PCTE filters due to analytical interferences 

may preclude the use of that technique for this particular sampling strategy; however, 

alternate filter materials could be investigated and may prove more promising. XRF is less 

expensive than the other two methods considered and is portable and non-destructive, 

making it an appropriate choice for field-based measurements of filter samples at end-of-

shift. It has been shown to produce more repeatable analyses than LIBS under similar 

conditions,27 and since sample integrity is maintained, it allows for further analyses of 

samples (e.g. surface area,10 particle morphology, and confirmation of mass loadings). In 

addition, more timely exposure characterization is produced by XRF in comparison to 

traditional shipment to a laboratory and analysis by ICP-AES. Based on the current work, 

XRF can be expected to accurately and reproducibly measure Ti content on PCTE filter 

samples, and was therefore chosen over FTIR and LIBS as the best method for this filter 

type and form of material.

Our results are in agreement with previous work which demonstrated that XRF may be used 

for the qualitative, semi-quantitative, or quantitative determination of Ti28,29 as well as other 

elements30–34 in various matrices. As with any analytical technique, interferences and 

errors introduced by sampling or the sampling environment must be considered. For 

example, filters collected for these experiments contained no matrix interferences, which 

may be seen in real-world samples. While this work established the efficacy of using field 

portable techniques for end-of-shift mass measurements, a need remains for further research 

to validate these techniques as a viable tool for industrial hygienists.
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Environmental impact

A need exists for rapid and selective characterization of exposures to ultrafine titanium 

dioxide in workplace atmospheres. Field portable measurements of titanium dioxide may 

provide more timely assessment of exposure than traditional techniques such as 

gravimetric or inductively coupled plasma atomic emission spectrometry. This study 

describes the comparison of field portable measurements of filters loaded with ultrafine 

titanium dioxide. The analysis techniques include X-ray fluorescence, laser-induced 

breakdown spectroscopy, and Fourier-transform infrared spectroscopy. Since non-

destructive techniques such as X-ray fluorescence maintain sample integrity, further 

analyses may be performed to confirm mass or holistically characterize the sample in 

terms of morphology and surface area.
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Fig. 1. 
Titanium standard calibration curve.
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Fig. 2. 
Orthogonal regression of filter titanium mass loadings and percent recoveries based on (A) 

five-point model and (B) two-point model.
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Fig. 3. 
Titanium LIBS signal versus filter mass loading for loadings below 80 µg per filter. The 

“filled” diamonds are for titanium emission at 336.1 nm and “open” squares are for emission 

at 264.6 nm. At low loadings, the calibration curves for both the 336.1 and 264.6 nm 

emission peaks are linear.
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Fig. 4. 
Titanium LIBS signal versus filter mass loading. The “filled” diamonds are for titanium 

emission at 336.1 nm and “open” squares are for emission at 264.6 nm.
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Fig. 5. 
Correlation between LIBS data and the (known) gravimetric data.
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Fig. 6. 
Calibration curves for the integrated peak areas (800–470 cm−1) versus titanium mass 

loading for a subset of the filter samples using FTIR in the: (a) ATR, (b) DR, and (c) 

transmission modes.
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Fig. 7. 
Correlation between FTIR data and the (known) gravimetric data for those samples not used 

in generating the calibration curve.
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Table 2

Performance of three portable methods for measuring TiO2 on filter samples

Method
LOD
(µg Ti per filter)

LOQ
(µg Ti per filter)

Dynamic range
(µg Ti per filter)

XRF 11.8 39.3 11.8–578 (max)

LIBS (264) 2.7 9.0 2.7–252

LIBS (336) 0.032 0.11 0.032–100

FTIR 108.4 361 108.4–578 (max)
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