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Environmental Significance

Engineered particles are widely found in the indoor environment; however, there is currently no 

data on their concentrations in home dusts. Therefore, this study investigated the concentrations and size 

distributions of Ti, Ce, and La-bearing particles in home dusts collected from the surface of heating, 

ventilation, and air conditioning (HVAC) filters. The anthropogenic Ti, Ce, and La vary between 0 and 8,000, 

0 and 6, 0 and 21 mg kg-1, respectively. Whereas Ti occur predominantly as part of large fragments, La 

occur predominantly as nanosized particles. Anthropogenic Ti, Ce, and La concentrations in home dust are 

attributed to releases from paint, in particular during home renovation. The findings of this study imply the 

exposure of construction workers and residents to Ti, Ce, and La-bearing particles, in particular during 

home renovation, which may potentially pose human health risks.
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Abstract

Home dusts were collected from the surface of heating, ventilation, and air conditioning (HVAC) 

filters from eleven homes at different locations in Columbia, South Carolina, United States. Bulk metal 

concentrations in the dusts were measured using inductively coupled plasma-mass spectrometery (ICP-

MS). Size-based elemental distributions in the < 450 nm particles were determined by asymmetrical flow-

field flow fractionation (AF4) coupled to ICP-MS. The bulk Ti/Nb ratios are generally higher (up to 5,609) 

than the natural background ratios (e.g., 320), indicating contamination of home dusts with TiO2 engineered 

particles. Size-based Ti/Nb ratios in the < 450 nm fraction are similar to the natural background ratio, 

indicating a natural origin of Ti-bearing particles in this size fraction, and subsequently that anthropogenic 

Ti-bearing particles (TiO2) are associated with particles > 450 nm either due to aggregation or to their 

release as large particles. The concentrations of TiO2 engineered particles were estimated by mass balance 

calculations using total Ti concentrations and increases in Ti/Nb ratios above the natural background ratio. 

They vary between 0 and 13,300 mg TiO2 kg-1. The upper crustal-normalized rare earth element pattern 

indicates a positive La and Ce anomaly. The size of the cerium and lanthanum anomalies vary from 0.8 to 

1.6 and 0.7 to 3.95, respectively, indicating contamination of several home dusts with Ce and La. The 

concentrations of bulk anthropogenic Ce and La were estimated based on mass balance calculations and 

anomaly size and varied between 0 and 5.7 ± 2.2 mg Ce kg-1 and 0 and 21.1 ± 7.4 mg La kg-1, respectively. 

Size based Ce/La ratios in the < 450 nm fraction are lower than the natural background ratio, indicating 

contamination of this size fraction with nanosized La-bearing particles. Anthropogenic Ti and La 

concentrations in home dust are attributed to releases from paint during home renovation. This implies the 

exposure of construction workers to Ti and La-bearing particles during home renovation, which may 

potentially pose human health risks. 
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1. Introduction

Human exposure to indoor contaminants is an emerging area of health concern, especially because 

people spend up to 90% of their time indoors 1–3. In developed countries, people spend approximately 65% 

of their daily time at home, with the young and elderly spending even more time at home 4,5. Indoor dust 

accumulates environmental contaminants over extended periods, and thus has the potential to be used for 

retrospective exposure assessment. Many studies have investigated indoor dust to detect human exposure 

to a variety of chemical, physical, biological, and radiological contaminants 6. Indoor dust is a complex 

mixture of particulate matter derived from a range of indoor and outdoor sources, which acts as both a sink 

and transport medium for contaminants such as metals and nanomaterials 7. Indoor sources of particles 

include paint, renovation, cooking, indoor combustion, smoking, vaping, secondary formation processes, 

and dust resuspension 8–14. Outdoor (atmospheric) particles in the urban environment originates 

predominantly from fossil fuel burning, automobile emissions, resuspension, or chemical and 

thermodynamic processes, but also from long range transport 15. 

Several studies determined the concentrations of metals in home dust/particulate matter 16. However, 

information on the occurrence and concentrations of metal-bearing nanomaterials in home dust remains 

scarce 14,17,18. Several studies have investigated bulk metal concentrations in the fine and submicron 

fractions of indoor particulate matter (PM) 19,20. Bari et al. identified dust resuspended from carpets as a 

source of Sb, electrical appliances as a source of Cu, and consumer products as a source of Ag in very 

fine particulate matter (PM1 < 1 µm) in homes 19. Suryawanshi et al. identified wall dust (i.e., coatings and 

building materials) as a major source of indoor metal pollution and as a source of Ca, Cu, Fe, Pb, Mg and 

Ni in particulate matter < 0.6 µm (PM0.6) 20. Other studies investigated particulate matter composition at the 

single particle level using electron microscopy and energy dispersive X-ray spectroscopy 17,18. Conner et 

al. identified cosmetics and personal care products as a possible source of several elements in indoor 

(PM2.5 < 2.5 µm), including Al, Bi, Ti, Mg, Si and Fe 17. Calderón et al. identified consumer spray products 

as a source of nanoscale (< 100 nm) and coarse aerosol particles (> 2.5 μm) containing Ag, Zn, Li, Sr, Ba, 

Pb, Mn, as well as other elements 18. Other studies, using x-ray microanalysis, demonstrated that metals 

accumulate in house dust from common building materials and products such as Pb solder, As- and Cr-

treated wood, and paint pigments containing Zn, Ti, Cr, Pb and Ba 14,21–24.
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The detection of anthropogenic particles in environmental samples is complicated by the similarity of 

their physicochemical properties - such as size, shape, and elemental composition - to those of natural 

particles 25,26. Thus, analytical approaches are being developed to differentiate natural from anthropogenic 

particles 25,27–29. These approaches include bulk elemental ratio analysis (e.g., Ce/La 25,30,31 and Ti/Nb 32–

37), size-based elemental ratio analysis 38,39, single particle elemental fingerprinting 40–43, and morphological 

analysis using electron microscopy 34,38,44. For instance, the single particle elemental fingerprinting by single 

particle-inductively coupled plasma-mass spectrometry (SP-ICP-MS) is limited by the minimal detectable 

masses, which are element dependent 45. Thus, nanomaterials with masses smaller than the minimal 

detectable masses cannot be characterized by SP-ICP-MS. Additionally, it is not possible to differentiate a 

true single element particle from a multi-element particle containing natural tracers with concentrations 

smaller than the minimal detectable mass using multi-element single particle analysis 46. Morphological 

analysis of nanomaterials, typically performed using transmission electron microscopy (TEM), suffer poor 

statistical power due to limited number of particles that can be imaged and analyzed within a reasonable 

time and cost frame 47,48. The bulk and size-based elemental ratio approach can be hampered by the co-

contamination with the element of interest and the reference element (e.g., co-contamination with Ce and 

La). In the case of co-contamination with rate earth elements, another approach that can be applied to 

differentiating natural from anthropogenic REEs is the normalization of REE concentrations to the upper 

crustal concentrations and the determination of rare earth element (REE) anomalies 49,50. Normalization of 

REE concentrations in a given sample to the corresponding upper crustal REE concentrations removes the 

natural variations in absolute REE concentrations, resulting in a smooth REE pattern. Perturbances/spikes 

in the normalized REE concentration profile allows the identification of enrichment with a given REE. 

The aims of this study are to: (1) determine anthropogenic Ti, Ce, and La concentrations in home dust, 

and (2) determine the particle size distribution of anthropogenic Ti, Ce, and La in-home dust. To this end, 

home dusts were collected from the surface of heating, ventilation, and air conditioning (HVAC) filters from 

eleven homes at different locations in Columbia, South Carolina, United States. Home dusts were analyzed 

for bulk metal concentrations following digestion by inductively coupled plasma-mass spectrometry (ICP-

MS) and size-based elemental distributions by asymmetrical flow-field flow fractionation (AF4) coupled to 

ICP-MS, from which bulk and size-based elemental ratios were determined. Anthropogenic 
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elemental/particle concentrations were determined by mass balance calculations and shifts in elemental 

ratios above the natural background ratios and the size of REE anomalies.

2. Materials and Methods

2.1.Sampling and Analysis

Dust samples were collected from the surface of the HVAC filters from eleven different homes in 

Columbia, SC (Figure S1). Dust samples were gently scraped from the surface filters, placed in a 50 mL 

acid-washed test tube, which was sealed in a ziplock bag, labeled and returned to the laboratory. No 

information was available about the type of the filters used in these homes. Therefore, five different HVAC 

filters were purchased as a potentially representative group of HVAC filters used in homes including basic 

pleated (BP), advanced allergen (AA), microparticle reduction (MR), allergen reduction (AR), and dust 

reduction (DA) air filter. These filters were used as blanks to measure metal concentrations in clean/unused 

HVAC filters. Small pieces (ca. 1 cm x 1cm) of the HVAC filters were cut using a pair of clean ceramic 

scissors, placed inside the Teflon vessels (Savillex, Eden Prairie, MN, United States) in airtight condition, 

and then digested according to the same procedure used for the digestion of the dust samples. 

2.2.Sample Digestion and Elemental Analysis

Dust samples were fully digested using a mixture of reagents, including H2O2, HNO3, and HF, using 

modified method from our previous study 51. Due to the high organic content, 25 or 50 mg dust samples 

were treated with 1 mL of 30% H2O2 (Fisher Chemical, Fair Lawn, NJ, United States) at 70 °C, then 

completely dried at 110 °C. The process was repeated twice to fully remove organic matter. Then, the 

residue was digested using distilled HF: HNO3 (1:3) mixture (ACS grade acids distilled in the laboratory, 

Sigma Aldrich, St. Louis, MO, United States) at 110 °C for 48 h. Additional distilled HNO3 was added to the 

samples to break down any insoluble fluoride salts. At the end of the digestion procedure, the samples were 

transferred to acid-prewashed centrifuge tubes using 1% trace metal grade HNO3. Clean/unused HVAC 

filter pieces also were digested following the same procedure described above to determine the metal 

content in the HVAC filters themselves. USGS reference material—BHVO-2 Hawaiian basalts—was 
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digested using the same procedure to verify the method accuracy. All digested samples were stored at 4 

°C before analysis. 

Elemental concentrations were measured using Perkin Elmer NexION 350D ICP-MS (Perkin Elmer, 

Waltham, MA, USA) after routine standard tuning procedure. Instrument operating parameters are listed in 

Table S1. The monitored isotopes are listed in Table S2. Calibration curves for the monitored isotopes 

were established by measuring a series of ICP standards (BDH Chemicals, Radnor, PA, USA) with 

concentrations ranging from 0.01 to 1000 mg L-1. Internal standard (5 µg L-1 Li, Sc, Y, In, Tb, and Bi in 1 % 

HNO3, ICP Internal Element Group Calibration Standard, BDH Chemicals, Radnor, PA, USA) was 

measured as independent samples after each water sample to monitor any signal drift. No drift was 

observed for the internal standards throughout the analysis time. All data was collected using Syngistix 1.0. 

Elemental analysis of digested USGS reference materials BHVO-2 demonstrate the high recovery, 

accuracy, and precision for most elements (Table S2), confirming the reliability of the method.

2.3.Nanomaterial Extraction and Size Distribution 

The < 450 nm size fraction was extracted from the home dusts following the procedure described 

in detail in our previous study 51. Briefly, dusts were suspended in 10 mM tetrasodium pyrophosphate at 

pH=10 for 24 h by overhead 360-degree rotation. Then, the < 450 nm size fraction was separated by 

centrifugation (Eppendorf, 5810 R, Hamburg, Germany) at 775 g for 25 min (<450 nm assuming natural 

particle density, ρ = 2.5 g cm-3) to prevent clogging of the ICP- MS introduction system. 

The extracted suspensions were fractionated based on the particle diffusion coefficient—and thus 

equivalent spherical hydrodynamic diameter—using Wyatt Eclipse DualTec asymmetrical flow-field flow 

fractionation (AF4, Wyatt Technology Corporation, Santa Barbara, CA, USA). The AF4 channel 

characteristics and fractionation parameters are summarized in Table S3. The AF4 carrier phase consist 

of 10 mM NaNO3, 0.0125% FL-70surfactant, and 0.01% NaN3, a typical carrier phase used for the 

fractionation of natural and engineered nanomaterials 52,53. The 10 mM NaNO3 is used to partially screen 

the AF membrane surface charge, without inducing nanomaterial aggregation, and thus to minimize the 

impact of membrane- nanomaterial electrostatic interactions on nanomaterial separation. The FL-70 

surfactant is used to prevent/minimize nanomaterial aggregation. NaN3 is used to prevent any potential 

Page 7 of 33 Environmental Science: Nano

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



biological growth in the AF4 channel. The elemental concentrations of the fractionated particles were then 

measured via an on-line ICP-MS. Prior to sample analysis, both AF4 and ICP-MS were tuned and calibrated 

separately. A Y-connector (PEEK, Analytical Sales & Services, Flanders, NJ, United States) was used to 

mix the AF4 effluent or the ICP-MS calibration standard (prepared in AF4 carrier phase)with the internal 

standard (5 µg L-1 Li, Sc, Y, In, Tb, and Bi in 2% HNO3) at a 1:1 v:v ratio and to transport the mixture into 

the ICP-MS. In order to eliminate carryover, a 20-min 1% HNO3 (Trace Metal Grade, Fisher Chemical, Fair 

Lawn, NJ, United States) rinse followed by a 10-min UPW rinse were applied between samples. AF4-ICP-

MS data was collected using Chromera 4.1.0.6386 software. 

2.4.Estimation of Anthropogenic Ti Concentration

The concentration of anthropogenic Ti was estimated based on mass balance calculations according to 

Eq. 1 

                      (Eq. 1)𝐴𝑛𝑡ℎ𝑟𝑜𝑝𝑜𝑔𝑒𝑛𝑖𝑐 𝑇𝑖 =  [𝑇𝑖𝑑𝑢𝑠𝑡 ―  𝑁𝑏𝑑𝑢𝑠𝑡.( 𝑇𝑖
𝑁𝑏)

𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑]
Where, Tidust and Nbdust are the concentrations of Ti and Nb in a given dust sample, Ti/Nbbackground is the 

natural background elemental concentration ratio of Ti/Nb. Here, we used the average crustal Ti/Nb of 320 

as the natural background ratio 54.

2.5.   Rare Earth Element Anomalies and Estimation of Anthropogenic Ce and La Concentrations

Shale normalized REE concentration (REEn) patterns are a representation of the measured 

concentrations of REEs in a given sample divided by their respective concentrations in a reference shale 

plotted against atomic number. Here, we normalized the REE concentrations in the home dusts to the 

average upper crustal REE concentrations reported by Rudnick et al 54. For uncontaminated samples, the 

crustal normalized REE patterns are smooth. On contrast, the crustal normalized REE patterns exhibit 

anomalous increases/decreases relative to the overall pattern for REEs with anthropogenic contributions.

Determining the size of the REE anomaly (REEn/REEn
*) in contaminated samples can be 

complicated by sample co-contamination with several neighboring REEs. The principal requirement for 

calculating REE anomalies is that the near neighbors used in the calculations must not show any 

anomalous behavior themselves. For example, for the calculation of La* we cannot use Cen as 
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contamination with Ce will affect the calculation of La* and vice versa. As a result, La and Ce anomalies 

were calculated using nearest available non-anomalous REEs (e.g.,  Prn and Ndn) according to Eqs. 2 and 

3 55.

 (Eq. 2)                                𝐿𝑎 ∗ = Pr𝑛  ∗  (𝑃𝑟𝑛
𝑁𝑑𝑛)2

 (Eq. 3)𝐶𝑒 ∗ = Pr𝑛  ∗  (𝑃𝑟𝑛
𝑁𝑑𝑛)

The anthropogenic REE concentration (REEAnth) is then calculated using Eq 4 56

(Eq. 4)[𝑅𝐸𝐸𝐴𝑛𝑡ℎ] =  
( 𝑅𝐸𝐸

𝑅𝐸𝐸 ∗
𝑛

― 1)
( 𝑅𝐸𝐸

𝑅𝐸𝐸 ∗
𝑛

) ∗  [𝑅𝐸𝐸𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑]

Where [REEMeasured] is the measured of REE concentration in the dust samples.

3. Results and Discussion

3.1.Metals in House Dust

The concentrations of the 34 elements measured in the eleven home dusts are presented in Figure 

S2. Overall, Al, Fe, Ti, and Mn display the highest concentrations in all dusts and their concentration vary 

from few mg kg-1 to several thousands of mg kg-1 (Figure S2a). The concentrations of Zn, Zr, Cu, and Ba 

vary from few mg kg-1 to several hundreds of mg kg-1 (Figure S2b). The concentrations of Sr, Cr, Ni, Pb, 

V, Mo, Hf, and Co vary from sub mg kg-1 to several tens of mg kg-1 (Figure S2c). The concentrations of Nb, 

Th and Ta vary from sub mg kg-1 to few mg kg-1 (Figure S2d). The concentrations of REEs vary from sub 

mg kg-1 to few tens of mg kg-1 (Figure S2e and f). These elements could originate from natural sources 

such as soil particles or from anthropogenic sources such as road dust, or releases from building materials, 

appliances, and furniture 57–60. 

Different home dusts are characterized by high concentrations of certain elements (Figure S2). For 

instance, dust from home 4 is characterized by higher Mn, Cr, Ni, V, Mo, and Co concentrations than all 
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other dust samples. Dust from home 8 is characterized by higher Ti, Sr, Ce, and La concentrations than all 

other dust samples. Dust from home 7 is characterized by higher Ti and Pb than all other dust samples. 

Dust from home 11 is characterized by higher concentrations of Al, Fe, Zn, Cu, Ba, Ni, V, Pb, Nb, Th, and 

all the REEs than all other dust samples. Below, we focus on few of these elements including Ti, Ce, and 

La, and we attempt to differentiate natural from anthropogenic sources of these elements and estimate their 

concentrations using mass balance calculations. 

3.2.  Anthropogenic Titanium Concentrations

The concentrations of Ti in home dusts vary between 161 ± 32 and 8,464 ± 660 mg kg-1 (Figure 

1a). The Ti concentrations measured in the current study are higher than those reported (e.g., 2,000 ± 995 

mg kg-1) in home dust in Christchurch, New Zealand 61 and Jersey City, New Jersey, USA households (e.g., 

1,060 ± 160 mg kg-1 to 1,640 ± 245 mg kg-1) 62. However, it is worth noting that the Ti concentration in some 

of the blank filters were also high and rang from 0.7 ± 0.6 to 1,952 ± 283 mg kg-1. Nonetheless, the Ti 

concentrations in home dust 7 and 8 are respectively 1.5 and 5 fold higher than the highest Ti concentration 

in the five blank filters. The concentration of Ti in all other home dusts were lower than the maximum Ti 

concentration detected in the blank filters. These filters don’t necessarily match the ones used in the homes 

from which the dust was collected but represent a range of common air filters in the market. The Ti/Nb ratio 

in the blank filters varied between 126 ± 77 to 231,536 ± 23715. The Ti/Nb ratio in all blank filters, except 

the basic pleated, was higher than the natural background Ti/Nb ratio (Figure S3), indicating the presence 

of anthropogenic TiO2 particles in the blank filters. The high Ti concentrations in the blank filters are most 

likely due to the use of TiO2 pigment as whitening agent in air filters. Despite the high TiO2 concentrations 

in some of the blank HVAC filters, their contribution to the dust samples should be limited as we gently 

scrapped the dust samples from the HVAC filter surface and made all possible attempts to minimize the 

contribution of the HVAC filter material to the dust samples. Thus, we estimate that the majority of the 

anthropogenic Ti in the dust samples, in particular those collected from home 7 and 8, are attributed to the 

dust itself rather than the filter material.

The Ti/Nb ratio in all the home dust samples vary between 227 ± 6 and 5,609 ± 1048. The Ti/Nb in all 

home dusts, except home dust 4, is higher than the natural background ratio, indicating anthropogenic Ti 
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contamination (Figure 1b). The anthropogenic Ti concentration was estimated to vary between 0 and 7,974 

± 677 mg kg-1 (Figure 1c). Assuming that anthropogenic Ti is due to pure TiO2 engineered particles, the 

anthropogenic Ti concentration corresponds to 0 to 13,304 ± 1,129 mg TiO2 kg-1 with the highest 

concentration in home 8, which was renovated (re-painted) prior to sample collection. Therefore, the high 

TiO2 concentration in home number 8 can be attributed to release of TiO2 from paint sanding, given that 

TiO2 is the most widely used as a pigment in paints 63. This is consistent with previous studies that 

demonstrated the occurrence of metal-bearing particles in home dust 14. For instance, using micro-X-ray 

fluorescence and micro-X-ray diffraction approaches, Walker et al identified Ti, Pb, Zn, Ba, Cr, Cu -bearing 

particles in home dust, and attributed these particles to pigments released from paint during renovation 

activities because of the presence of lithopone (a mixture of barite and wurtzite), zinc oxide (zincite), 

hydrocerussite, rutile, and anatase 14. Furthermore, recent trends to incorporate nano–size additives (e.g., 

SiO2, Fe2O3, SiO2 and TiO2) within concrete (to improve workability and strength) introduce additional 

source of engineered particles, which could be released during demolition and recycling 54. Demolition and 

construction activities associated with building renovation are known to produce substantial amounts of 

particulate matter (PM), including coarse (PM10 ≤ 10 µm), fine (PM2.5 ≤ 2.5 µm), very fine (PM1 ≤ 1 µm), and 

ultrafine particles (UFP ≤ 100 nm) 64,65. The UFPs were found to account for > 90% of the total particle 

number concentrations and <10% of the total mass concentration released during renovation activities such 

as wall-chasing, drilling, cementing, and general demolition activities 66. The absence of anthropogenic TiO2 

in home dust 4 is ascribed to the fact that this home is located in a remote area and did not undergo any 

paint or renovation works in the recent years. 

3.3.  Anthropogenic Cerium and Lanthanum Concentrations

Ce and La concentrations vary from 0.8 ± 0.1 to 16.9 ± 3.7 and 0.4 ± 0.05 to 28.6 ± 6.5 mg kg-1, 

respectively (Figure 2). These concentrations are much higher than those detected in the blank filters 

(Table S4). The Ce concentrations in the blank filters vary between 0 and 0.1 ± 0.2 mg kg-1. Lanthanum 

concentrations in the blank filters are below the ICP-MS limit of detection (0.0096 µg L-1). All dusts, other 

than those collected from homes 6 and 8, display higher Ce than La concentrations. This gives an initial 

indication of La contamination in dust 6 and 8, given that Ce is two fold more abundant than La in the upper 
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earth crust 54. Below, we describe how we identified and quantified anthropogenic Ce and La 

contaminations in the dust samples.

First, we explored the crustal normalized REE pattens in the dust samples. Crustal normalized REE 

concentrations of a non-contaminated environmental samples are well known to display a smooth pattern 

67,68. Perturbances/spikes in the normalized REE profile indicate probable REE contamination since the 

normalization removes the natural variations in absolute concentrations of REEs. From this point of view, 

spikes in the normalized REE concentration profile can be used as markers of anthropogenic contamination 

in dust samples. Overall, home dusts are characterized by elevated REE concentrations relative to the 

upper crustal average concentrations and to the clean filters (Figures 3 and S4). The overall patterns of 

the upper crustal normalized REEs in dusts from homes 1, 2, 3, 4, 5, 9, 10, and 11 are uniform and display 

a similar pattern to upper average crust (Figure 3a), indicating that the REEs in these dusts originate from 

natural sources. In contrast, the upper crustal normalized REE profile in dust samples from homes 6, 7, 

and 8 show enrichment in Ce, and La (Figure 3b, with the dust from home 8 showing the highest enrichment 

in Ce and La, indicating that dust from these homes originate from a mix of natural and anthropogenic 

sources. In particular, the pattern of upper crustal normalized REEs in dust 8 is strongly perturbed. 

Elemental ratios of Ce to La in the bulk dust samples varied from 0.6 to 2.2 indicating possible Ce 

and La contamination in home dusts (Figure 4a). More specifically, Ce/La in dusts collected from home 1 

and 4 have slightly higher elemental ratios than the upper crustal value (i.e., 2.0), suggesting that dust from 

these homes might potentially be contaminated with Ce. Additionally, Ce/La in dusts from homes 2, and 6 

to 10 have lower ratios compared to the upper crustal value—with lowest ratios in dusts from homes 6 and 

8, suggesting that dusts from these homes are potentially contaminated with La. Given that the dust 

samples might be contaminated with both Ce and La and that Nd (the next most abundance REE after Ce 

and La) does not seem to be enriched in any of the dust samples (Figure 3), we calculated the elemental 

ratios of Ce/Nd and La/Nd (Figure 4b and c). The elemental ratios of Ce/Nd (Figure 4b) indicate that dust 

from homes 1, 3, 7, 8, 9, 10, and 11 have higher values than the average crustal value (i.e., 2.33)—with 

the highest Ce/Nd of 6.5 measured in the home dust 8— indicating that dusts from these homes are 

potentially contaminated with Ce. The La/Nd (Figure 4c) indicate that dust from homes 6, 7, 8, 9 and 10 
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have higher values than the average crustal value (i.e., 1.15)—with the highest La/Nd of 11.3 measured in 

the home dust 8— indicating that dusts from these homes are potentially contaminated with La. The dust 

from home 8 exhibited the lowest Ce/La and the highest Ce/Nd and La/Nd, indicating that this dust is most 

likely contaminated with both Ce and La.

An alternative approach to elemental ratio analysis is based on calculating the size of REE 

anomalies in order to identify and quantify anthropogenic REE concentrations 56. The size of Ce and La 

anomalies (Ce/Ce* and La/La*, Figure 5a and b) vary from 0.8 to 1.64 and 0.8 to 3.95, indicating that 

several home dusts are contaminated with Ce and La. The sizes of Ce anomalies are < 1.5 for all dusts 

except home 8 and 10, for which Ce anomalies are 1.5 and 1.64, indicating potential contamination with 

Ce in these two homes. The sizes of La anomalies are < 1.5 in all dust samples except dust from home 6, 

8 and 10, for which La anomalies are 1.66, 3.95, and 1.74, respectively, indicating that dust homes 6, 8 

and 10 are contaminated with La. The estimated anthropogenic Ce and La concentrations vary between 0 

and 5.7 ± 2.2 mg Ce kg-1 and 0 and 21.1 ± 7.4 mg La kg-1, respectively (Figure 5c and d).

The high Ce and La concentrations in dust 8 are likely due to indoor emissions during the house 

renovation such as paint pigments and/or driers. La2O3 is used as a pigment in paint. Additionally, driers 

used in solvent-based and water-based paints containing unsaturated polymers are principally metal salts 

—lead, calcium, cobalt, manganese, cerium, and lanthanum— of naphthenic acid and neodecanoic acid 

69,70. Other uses of Ce and La within the indoor environment that could result in their releases, include the 

use of: cerium as the major component of mischmetal alloy (just under 50%) which is used in ‘flints’ for 

lighters; Ce2O3 as a catalyst in the inside walls of self-cleaning ovens to prevent the build-up of cooking 

residues; cerium in flat-screen TVs and low-energy light bulbs in the indoor environment 71,72; La in 

equipment such as color televisions, fluorescent lamps, energy-saving lamps and glasses 72,73. 

3.4.Elemental Size-based Distribution

Particles < 0.45 µm were extracted from dust with the lowest (home 4), intermediate (home 7), and 

highest (home 8) Ti/Nb and were analyzed by AF4-ICP-MS to determine their size-based elemental 

concentrations and ratio distributions (raw AF4-ICP-MS data are presented in Figure S5). The Ti/Nb ratios 

are approximately 300 in < 0.45 µm fractions for all dust samples (Figure 6), similar to those reported in 
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non-contaminated soil particles 31,51, indicating the absence of anthropogenic TiO2 particles in the extracted 

suspensions. Thus, the high Ti/Nb in the bulk dust samples can be attributed to the contamination of the 

dust samples with large or heteroaggregated Ti-bearing particles. The high variability in Ti/Nb elemental 

ratios likely reflects low Nb concentrations (close to the limit of quantification) as it occurs at low 

concentrations in natural Ti-bearing minerals. 

The elemental size distribution of Ce and La in the < 0.45 µm suspensions extracted from dusts 

from homes 4, 7 and 8 (no, low, and high La contamination) are presented in Figure 7 and shows that Ce 

and La co-eluted in the size range of 1 to 100 nm. The Ce/La ratios in dusts 4 and 7 vary between 1 and 2, 

whereas those in dust 8 vary between 0.05 and 0.2. These results follow the same trend as the elemental 

ratios calculated on the bulk dust samples (Figure 4a). Furthermore, the elemental ratios of Ce/Nd and 

La/Nd are presented in Figure 8. The extracted suspensions exhibit Ce/Nd close to the average crustal 

values (Figure 8a, c, and e), whereas the elemental ratio of La/Nd exhibit higher values than the average 

crustal values in all dusts with slightly higher ratios in dusts from homes 4 and 7 (Figure 8b and d) and 

much higher ratios in dust from home 8 (Figure 8c), in good agreement with the bulk elemental ratio trends 

(Figure 4c). These results indicate that there is no or small Ce contamination in all home dust samples, no 

or small La contamination in dust 4 and 7, and high La contamination in dust 8. 

Whereas anthropogenic Ti occur as large particles > 450 nm, anthropogenic La-containing particles 

occur in the nano-sized particles (e.g., < 60 nm, Figure 7 and 8). These differences might be attributed to 

the different sources of Ti and La or to the differences in the release of Ti and La from the same source. 

The likely source of anthropogenic Ti and La in dust 8 was the paint used during renovation. TiO2 (100-300 

nm) is the most widely used pigment in paints. Additionally, the use of 0.5-5% (w/w) nanomaterials (10-100 

nm, including La2O3) remarkably improves the properties of paint in term of scratch resistance, hardness, 

gloss, weather stability, and cross linking and hardening properties 70. Nanomaterials and pigments are 

present as single particles in paint only at the time of manufacturing. They increase in effective size by 

agglomeration and by absorption of polymers and surface-active agents onto their surface. During drying 

process, the particles continue to agglomerate and are incorporated irreversibly into the polymer matric 70. 

It is worth noting that gray/white chunks were visually observed in the settled particles during the separation 
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of the < 450 nm size fraction, and qualitatively smaller quantities of these gray/white chunks were observed 

in dust 7 sediment. Thus, most likely TiO2 particles were released as a component of paint fragments. In 

contrast, La2O3 were likely released as smaller aggregates/primary particles. The release of small La-

bearing particles could also be attributed to the fact that surface functionalized La2O3 nanomaterials, using 

chemically bound polymers, allow for the La2O3 nanomaterials to be preferentially adsorbed at the surface 

interface in solvent-based and water-based paints 74. 

4. Conclusions and Environmental Implications

This study investigated the occurrence of anthropogenic Ti, Ce, and La in eleven home dusts 

collected from the surface HVAC filters in Columbia, South Carolina, United States. To the best of our 

knowledge this study provides the first dataset on anthropogenic Ti, Ce, and La-bearing particle 

concentrations in home dusts. The concentration of anthropogenic titanium, cerium, and lanthanum varied 

between 0 to 8,000 mg Ti kg-1, 0 to 6 mg Ce kg-1, and 0 to 21 mg La kg-1, respectively. Whereas 

anthropogenic Ti-bearing particles occurred as large particles > 450 nm, anthropogenic La-containing 

particles occurred in the nano-sized range. These differences in anthropogenic particle size could be 

attributed to the size of the used particles or to the nature of the released particles. The occurrence of these 

anthropogenic particles (likely as TiO2, CeO2 and La2O3) in home dust implies that these particles were 

suspended in the indoor air and thus are available for inhalation, and for transport to eating and food 

preparation areas. The high anthropogenic Ti and La concentrations (likely as TiO2 and La2O3) in the 

renovated home dust imply the exposure of construction workers to high levels of these particles. Such 

high level of exposure is a potential hazard to human health. For instance, TiO2 particles are likely to cause 

diseases to human, including tumors, cancer, and affect the brain, heart, intestinal mucosa, and other 

internal organs 75. TiO2 particles are classified as suspect carcinogen to human by inhalation 70. Additionally, 

the use of TiO2 as food additive has been recently banned by the European Union due to potential human 

health implications 26. Reports on indoor air concentrations of Ce and La and their related health effects are 

scarce 76. Nonetheless, occupational exposure to CeO2 and La2O3 nanomaterials has been shown to results 

in the accumulation of cerium in the lungs and to cause lung diseases such as pneumoconiosis, 

endomyocardial fibrosis, and myocardial infarction 77–85. Overall, the presence of these particles in home 
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dusts may pose indoor environment air quality and human health risks due to elongated and continuous 

exposure.

The findings of this study also have significant implications for the detection and quantification of 

engineered nanomaterials (e.g., CeO2 and La2O3) in environmental samples. For instance, the increases 

in the elemental ratios of Ce/La above the natural background ratios have been suggested as a proxy for 

the detection and quantification of CeO2 NMs in environmental samples. However, the co-contamination of 

samples with both Ce and La may lead to erroneous results. In such a scenario, the use of alternative ratios 

such as Ce/Nd, La/Nd and Ce and La anomaly analysis provides an alternative tool to the elemental ratio 

of Ce to La. 
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Figure 1. (a) Titanium concentrations (b) Ti/Nb, and (c) anthropogenic TiO2 concentrations in bulk home 

dusts collected from the surface of heating, ventilation, and air conditioning (HVAC) units from residential 

homes. Min and Max refer to the minimum and maximum Ti concentrations detected in the five black HVAC 

filters. Concentrations are presented as mean ± standard deviation of three replicates.
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Figure 2. Concentrations of (a) Ce and (b) La in bulk home dusts collected from the surface of heating, 

ventilation, and air conditioning (HVAC) units from residential homes. Min and Max refer to the minimum 

and maximum concentrations detected in the five blank HVAC filters.
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Figure 3. Upper crust normalized rare earth element concentrations in bulk home dusts collected from the 

surface of heating, ventilation, and air conditioning (HVAC) units from residential homes: (a) homes 1, 2, 3, 

4, 5, 9, 10, and 11 display a similar pattern to upper average crust and (b) 6, 7, and 8 show enrichment in 

Ce, and La.

Page 28 of 33Environmental Science: Nano

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Figure 4. Elemental ratios of (a) Ce/La, (b) Ce/Nd, and (c) La/Nd in bulk home dusts collected from the 

surface of heating, ventilation, and air conditioning (HVAC) units from residential homes. * indicates 

significantly different (t-test) values relative to average crustal Ce/La, Ce/Nd, and La/Nd.
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Figure 5. (a) Ce and (b) La anomalies in bulk home dusts collected from the surface of heating, ventilation, 

and air conditioning (HVAC) units from residential homes. Concentrations of anthropogenic (c) Ce and (d) 

La. * indicates significantly different (t-test) values relative to Ce/Ce* and La/La* of 1.
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Figure 6. Size-based Ti concentration and Ti/Nb elemental ratio distributions in the < 450 nm extracted 

particle fractions from dusts collected from homes (a) 4, (b) 7, and (c) 8. Particles were fractionated using 

asymmetrical flow-field flow fractionation (AF4) and metals were analyzed by inductively coupled plasma-

mass spectrometry (ICP-MS).
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Figure 7. Size-based La concentration and Ce/La elemental ratio distributions in the < 450 nm extracted 

particle fractions from dusts collected from homes (a) 4, (b) 7, and (c) 8. Particles were fractionated using 

asymmetrical flow-field flow fractionation (AF4) and metals were analyzed by inductively coupled plasma-

mass spectrometry (ICP-MS).
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Figure 8. Size-based elemental ratios of (a, c, and e) Ce/Nd and (b, d, f) La/Nd in the extracted particles < 

450 nm fractions from dusts collected from homes (a, b) 4, (c, d) 7, and (f, e) 8. Particles were fractionated 

using asymmetrical flow-field flow fractionation (AF4) and metals were analyzed by inductively coupled 

plasma-mass spectrometry (ICP-MS).
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