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Abstract 50 
Numerous nanometrology techniques have been developed in recent years to determine the size, concentration and a 51 

number of other characteristics of engineered nanomaterials (ENM) in environmental matrices. Among the many 52 

available techniques, Nanoparticle Tracking Analysis (NTA) can measure individual particles to create a size 53 

distribution and measure the particle number. Therefore, we explore the possibility to use these data to calculate the 54 

particle mass distribution. Additionally, we further developed the NTA methodology to explore its suitability for 55 

analysis of ENM in complex matrices by measuring ENM agglomeration and sedimentation in municipal solid 56 

waste incineration landfill leachates over time. 100 nm Au ENM were spiked into DI H2O, synthetic and natural 57 

leachates. We present the possibility of measuring ENM in the presence of natural particles based on differences in 58 

particle refractivity indices, delineate the necessity of creating a calibration curve to adjust the given NTA particle 59 

number concentration and determined the instruments linear range under different conditions. By measuring the 60 

particle size and the particle number distribution, we were able to calculate the ENM mass remaining in suspension. 61 

By combining these metrics together with TEM analyses, we could assess the extent of both homo- and 62 

heteroagglomeration as well as particle sedimentation. Reporting both size and mass based metrics is common in 63 

atmospheric particle measurements but now the NTA can give us the possibility to apply the same approach also to 64 

aqueous samples. 65 

 66 

  67 
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1. Introduction 68 

Qualitative and quantitative identification of engineered nanomaterials (ENM) is complex, as these materials have 69 

very low mass, can be highly dynamic in terms of particle agglomeration and reactivity, co-exist with ambient 70 

particles in the same size range (i.e. natural analogs) and also often coincide with molecules or macro sized 71 

counterparts of the same chemical composition.1,2 Due to these difficulties, there are limited options to measure 72 

ENM size dispersions in natural samples. One of the most promising and prominent solutions which allows the user 73 

to measure individual particles at very low (ppt) concentrations in complex samples is spICP-MS. In recent years 74 

this technique has received wide spread attention for researchers studying ENM from environmental samples, 75 

biological samples, and ENM release from products.3,4 However, better understanding particle agglomeration 76 

dynamics using this technique is in its infancy.5,6 Transmission electron microscopy (TEM) is another popular 77 

option to visualize particle size distribution and agglomeration with particles, even in complex media, but without 78 

being quantitative, the technique offers little in terms of being able to robustly characterize the ENM in a system of 79 

interest, though validation methods for quantifying particle number have been investigated.7 Field flow 80 

fractionation, while requiring extensive method development, is another analytical option for researchers studying 81 

ENM in natural systems.8-10 While not measuring particles on an individual basis like the previously mentioned 82 

techniques, the ability to provide an initial particle size distribution, ENM agglomeration and/or complexation to 83 

natural materials is possible. Conversely, some commonly used techniques, such as dynamic light scattering (DLS), 84 

can provide misleading results since the average particle size can easily be skewed by a few large particles in a 85 

mixtures compared to many small particles.11 In addition to this, the technique is not material specific and therefore 86 

cannot differentiate between natural particles in solution or agglomerates of natural and engineered particles.  87 

The NanoSight (i.e. nanoparticle tracking analysis, NTA) offers advantages to measuring ENM in complex systems 88 

for its ease of use and unique measurement capabilities. The instrument differs from other light scattering techniques 89 

(e.g. DLS) in that it can measure individual particles (opposed to the entire particle population) and that an image of 90 

the particles’ scattering (although not the particle itself) is recorded.12 Since the optical configuration employed in 91 

NTA analysis allows NM to be simultaneously tracked and analyzed on an individual basis, the resulting data is not 92 

an intensity weighted mean but rather a high resolution particle size distribution analysis. Additionally, different 93 

materials can be distinguished through their different refractive indices and, importantly, particle concentrations can 94 

be measured.13 These aspects of measurement offer a few advantages; 1) the particle size distribution will not be 95 

dominated by the larger, more intensely scattering particles as with DLS, 2) estimating the concentration of particles 96 

is possible based on the number of individual particles tracked and extrapolating from the assumed scattering 97 

volume calculated from the dimensions of the field of view and the depth of the instruments laser beam and 3) 98 

particles with varying light scattering potential can be measured separately by adjusting the camera focusing metrics 99 

(e.g. aperture, shutter, brightness, gain etc.) accordingly and analyzing the same sample over multiple runs. Each of 100 

these points are advantageous for researchers studying ENM in natural systems, where the aqueous suspensions are 101 

often complex and understanding changes in particle size and mass are important characteristics to measure. Until 102 

now, extensive method development to better understand a number of these features specifically in particle and 103 

mineral rich media has not been exploited, and so while it offers many promising features, the protocols remain to 104 
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be fully validated. However, the technique does not provide details of particle morphology and there have been 105 

limited instances where the technique has been used in complex, natural systems. Some examples of where NTA 106 

was implemented in more complex matrices include the study of fullerines in river water,14 SiO2 nanoparticles in 107 

biological serum,15 and Gallego-Urrea et al. reviewed the applicability of particle-tracking analysis for the suitability 108 

of nanoparticles in a range of matrices including environmental, biological and food samples.16   109 

To test the applicability of using the NTA to study the stability of ENM in natural environments, Au ENM (used as 110 

tracers) were studied to estimate the agglomeration potential of ENM in incineration landfill leachates. Landfills 111 

were identified to be one of the predominant compartments that accounts for the final fate of ENM at the end of life 112 

stage by material flow modeling and life cycle releases.17-21 In the current models, landfills are considered to be final 113 

sinks because almost no information on the behavior of nanomaterials in landfills is available.  114 

Natural colloids are a ubiquitous component of natural water systems and are likely to affect the fate of NM, namely 115 

by heteroagglomeration and subsequent settling. In most studies investigating the effect(s) of colloids on ENM 116 

stability, ENM interaction with natural organic matter (NOM) has been the most intensely studied even though this 117 

fraction of natural colloids is relatively small compared with inorganic solids and larger biopolymers (e.g. 118 

biomass).22-24 In a recent study by Mitrano et. al, the authors investigated the mobility of natural (nano)particles 119 

from landfills for municipal solid waste incineration (MSWI) residues and concluded that understanding the 120 

geochemical weathering of the landfill slag was essential in relating the type, extent and timing of particulate release 121 

from the landfill.25 Therefore, landfill leachate can be considered a potential source to transport both colloidal and 122 

nanoparticulate matter into the environment when they are emitted from landfill leachate. 123 

The overall goals of the study were twofold; firstly to improve particle quantification using the NTA to study ENM 124 

behavior in complex matrices and secondly to suggest ENM stability in landfill leachates from landfills containing 125 

MSWI residues. In terms of method development, we investigated the effects of solution chemistry on measuring 126 

particle size and particle number as well as the linear range of instrument detection in these solutions. Additionally, 127 

we transformed the NTA raw output (in terms of size and particle number) to mass of analyte to better study the 128 

agglomeration of particles over time. The stability of ENM that are deposited into landfills can be analyzed for their 129 

agglomeration potential, which in part can help to determine if the particles are likely to remain in the landfill 130 

through agglomeration and deposition or be emitted with the leachate as freely dispersed particles. This stability 131 

analysis was conducted with pristine Au ENM suspended in synthetic and natural landfill leachate solutions to help 132 

elucidate the influence of ionic composition and presence of NOM. Three types of solutions were analyzed 133 

including 1) DI water as a control, 2) leachate collected from a landfill for MSWI residues and 3) “synthetic 134 

leachate” made from only the major ions as measured in the natural leachate sample. The purpose of creating the 135 

synthetic leachate was to measure the effect of major ions on the stability of the ENM without the presence of NOM 136 

or other suspended solids found in the natural leachate sample. We then studied the stability of the particles 137 

suspended in this solution over time by following changes in particle size (distribution) and mass of analyte 138 

associated with each size category using the NTA instrument as well as visually identifying ENM aggregates and 139 

complexes using transmission electron microscopy (TEM).  140 

 141 
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2. Materials and Methods 142 

2.1 Standards and Nanomaterials 143 

18 M-ohm DI water was used throughout the study for ENM spiked into water and for making up the synthetic 144 

leachate solution. 100 nm citrate stabilized metallic Au (Nanocomposix) were used for calibration and in all 145 

experiments in this study. Size distributions corresponded well to TEM analysis provided by the manufacturer and 146 

NTA measurements completed in house, with average particle size being measured as 103 ± 11 nm and 103.9 ±  0.6 147 

nm for each measurement, respectively (Figure S1). The hydrodynamic diameter, as measured by DLS, was 124.7 ± 148 

5.6 nm and the zeta potential was -26.mV. The Au concentration of the stock solution was given by the 149 

manufacturer but was verified via total Au analysis (ICP-MS). Given the solution concentration and particle size, we 150 

could therefore calculate the total particle number concentration in the stock solutions and make appropriate 151 

dilutions (e.g. for the calibration curve) based on this information. 152 

 153 

2.2 Water Quality Analysis: Natural and Laboratory Prepared Leachate Samples 154 

A subset of the same MSWI leachate samples used in Mitrano et. al. were also used for this current study.25 Landfill 155 

samples were taken from the ZAB Deponie, located in Flawil, Switzerland. In this landfill, MSWI residues (slag 156 

from both the bottom ash and fly ash) as well as wastewater incineration residues (sludge incineration) are collected. 157 

The leachate samples were taken directly from the main outflow into the settling basin (hereafter labeled “natural 158 

leachate”). Natural leachate samples were filtered through a 0.45 µm filter (Whatman; cellulose nitrate membrane) 159 

before spiking ENM for stability studies to remove particles too large to be measured by the NTA and that would 160 

potentially obscure ENM observation. 161 

The pH of the natural leachate was measured by a Metrohm 827 pH meter and found to be 7.8 +/- 0.3. Samples were 162 

prepared for dissolved organic carbon (DOC) analysis with filtration through a 0.45 µm filter (Whatman; cellulose 163 

nitrate membrane) into glass bottles and analyzed by a commercial laboratory (Bachema AG). An initial survey of 164 

water chemistry parameters of the leachate filtered through a 0.45 µm filter was conducted to determine which ions 165 

were present in significant concentrations by IC analysis for anions (F-, Cl-, NO2-, Br-, NO3
-, PO4

3- and SO4
2-) and 166 

ICP-OES analysis for cations (Na+, K+, Mg2+ and Ca2+). Bachema AG measured the final selection of major ions that 167 

were identified as significant contributors to the solution chemistry with IC measurements (Cl- and SO4
2-) and ICP-168 

OES analysis (Na+, Ca2+). We derived a simulated leachate to examine the stability of nanoparticles consisting of the 169 

major ions existing in the natural leachate sample (e.g. Na+, Ca2+, Cl- and SO4
2-). We collected the landfill leachate 170 

on three separate occasions, in order to work with “fresh” leachate so we could be assured that the particulate 171 

composition, pH, etc. was as accurate as possible without sedimentation as we were working on the method 172 

development. The freshest (third) of these samples was used as the natural leachate sample in this study, where the 173 

final results were collected together over a short time span, but the synthetic leachate composition was derived from 174 

the first sampling time point at landfill when all of the water chemistry parameters were measured, hence the small 175 

differences between the total salts between the “natural” and “synthetic” leachate solutions. However, the overall 176 
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magnitude of all the components was similar between to the two leachates used in this study. See Table S1 for water 177 

chemistry of natural and synthetic leachates.  178 

 179 
2.3 NanoSight (NTA) Analysis 180 

NTA measurements were performed with a NanoSight NS500 (NanoSight, Amesbury, United Kingdom). The 181 

samples were injected in the sample chamber with sterile syringes by means of syringe pump with a constant rate of 182 

injection. All measurements were performed at room temperature. 100 nm Au nanoparticles were analyzed first in 183 

DI water and then in the leachates. The software used for capturing and analyzing the data was NTA 3.0. Triplicate 184 

samples were measured for 4 min, with average valid particle tracks ranging from 50 to 5000 for each analysis. The 185 

camera level was set to 1 for every measurement to ensure standardized analysis and to eliminate possible bias 186 

induced by further adjusting parameters for each sample, but the camera focus was adjusted daily depending on the 187 

sample. The camera level determines the brightness of the image and thus partially is responsible for the particles 188 

that are selected to be tracked by the NTA. The levels use preset combinations of shutter and gain. For high 189 

sensitivity camera systems, the camera levels also incorporate appropriate thresholding pixel levels to improve 190 

image contrast. With these conditions, that were made constant throughout our analysis, we visually noted the same 191 

brightness of the ENM in solution across experimental sets and did not observe any additional (i.e. natural) particles 192 

during any of the measurements.  193 

Each influx of sample and video produced a histogram depicting particle size and concentration. The information 194 

regarding individual particles were exported to an excel sheet for further data processing, but the concentration 195 

reported by the NTA was taken directly without any additional adjustment. Additionally, we calculated the total 196 

mass of analyte (particles) in each video distributing the total particle number proportionally over the particle size 197 

distribution histogram. In this way, we could determine if a mass balance was kept constant over the analysis time. 198 

Given these test conditions, we could determine if the total analyzed concentration was decreasing and particles 199 

were not being measured (e.g. from sedimentation) or simply if the NTA was recording fewer, larger particles.  200 

 201 

2.4 Calibration of the NanoSight (NTA) 202 

The calibration of the NTA was conducted for two main reasons; 1) to define the linear range in terms of particle 203 

concentration and 2) to determine if the solution chemistry (or matrix) had an influence on the particle number 204 

measured at various concentrations. To achieve these goals, the three different experimental solutions (DI H2O, 205 

synthetic leachate and natural leachate) were spiked with Au ENM in five particle concentrations including: a blank 206 

(i.e. no added ENM), 0.25 x 108 particles/mL, 0.5 x 108 particles/mL, 1 x 108 particles/mL and 1.5 x108 207 

particles/mL. In terms of mass based concentration, for 100 nm particles this equates to approximately 150 – 800 208 

µg/L. These concentrations were based on diluting the stock Au ENM solution (particle concentration and size given 209 

by the manufacturer and determined in house, see section 2.1) into the appropriate matrix. The samples were 210 

prepared in triplicate and analyzed directly after preparation. Two metrics were considered in this analysis, particle 211 

size (distribution) and measured concentration. Particle size evaluations were performed to ensure that the 212 

instrument was capable of successfully identifying the pristine particle size in various solution chemistries and that 213 

Page 6 of 24

ACS Paragon Plus Environment

Environmental Science & Technology



 7 

no agglomeration of the ENM was occurring over a very short period of time (i.e. T=0 hr measurements). The 214 

concentration measured by the NTA instrument could be compared to the expected (spiked) concentration into each 215 

solution, where any deviation from the 1:1 spiked particle number to measured particle number ratio would indicate 216 

an adjustment would need to be made to correct the concentration of particles measured by the NTA.  217 

 218 

2.5 Stability of ENM in MSWI Landfill Leachates  219 

Stability tests were conducted at 0.5 x 108 Au particles/mL, as this was determined to be within the appropriate 220 

linear range of particle concentrations for the NTA under our test conditions. For each of the three water chemistries 221 

investigated, triplicate samples were prepared and analyzed over a series of time points up to 24 hours. At time zero, 222 

samples were spiked with the appropriate amount of Au particles into a 50 mL polypropylene vial containing the 223 

solution of interest and shaken end-over-end by hand for 30 seconds. Using a polypropylene syringe, an aliquot of 224 

the sample was then taken 1 cm below the surface of the water/air interface and analyzed by NTA as described in 225 

Section 2.3. The vials then remained standing upright and still for all subsequent time points being sampled in the 226 

same manner for NTA analysis for each time point. This method allowed us to investigate three metrics: 1) particle 227 

size (change) over time, 2) particle number remaining in solution over time and 3) particle or particle agglomerate 228 

settling over time. The first metric was determined directly by the NTA and therefore we have simply re-plotted the 229 

size output reported from the instrument for this metric. Particle concentration was also directly measured by the 230 

NTA but this data is reported both as the raw output and as adjusted by the calculated calibration curve to correct for 231 

particle number measurement differences in varying solution chemistries; described in more detail in Section 2.6. 232 

 233 

 234 

 235 

2.6 NanoSight (NTA) Data Evaluation 236 

Individual valid track measurements (i.e. particle measurements) were exported directly from the NTA software into 237 

excel via a .csv data file. These individual particle measurements were then plotted into a histogram in excel. The 238 

particle number was measured directly by the NTA software and the number was taken directly from the report 239 

generated by the NTA without any adjustment. This particle measurement data was also used to generate the 240 

calibration curve for Au ENM suspended in the various waters at different known particle concentrations. The slope 241 

of each calibration curve was used as a “scaling factor” to adjust the particle number concentration and/or mass 242 

concentration appropriately in experimental sets. The raw number concentration and the mass concentration was 243 

multiplied by the scaling factor to adjust for instrumental differences of particles in different matrices. To calculate 244 

the mass concentration from the particle number distribution, the following steps were taken (see Equation 1): 1) 245 

make the particle size distribution histogram based on the NTA output, 2) proportionally distribute the total particle 246 

number across the particle size distribution histogram to have the number of particles in a given size range 247 

(histogram bin size, 2 nm), 3) multiply the number concentration in each bin by the associated particle diameter and 248 

transform the diameter metric into a volume metric, 4) sum all mass calculations from all bins in the histogram and 249 

finally 5) multiply by the elemental mass (in this case, Au). 250 
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 251 
Equation 1: Calculations for converting the particle size distribution histogram and particle number generated from 252 
the NTA into mass of analyte measured. The diameter of particles in a particular bin i (di) is multiplied by the 253 
number concentration of gold particles in a particular bin (Vc,i) and transformed from diameter to volume. This value 254 
is then summed for all bins in the histogram and multiplied by the particle density (to determine the total mass 255 
of analyte in the system. 256 
 257 
2.7 Transmission Electron Microscopy (TEM)  258 

Pristine 100 nm Au nanoparticles were spiked at the same concentration as in the NanoSight analysis (i.e. 259 

approximately 1 mg/L or 0.5 x 108 particles/mL for 100 nm Au ENM) into each of the leachate samples. Grids were 260 

prepared for the DI H2O, synthetic and natural leachate samples at T = 0 hr and T = 4 hr. At each time point, sample 261 

vials were vigorously shaken and 3 mL of the sample was transferred to a polypropylene vial where particles were 262 

deposited directly onto TEM grids by centrifugation using a swinging bucket rotor, with rotation speed of 45000 263 

rpm for 1 h; conditions which completely deposited all particles > 10 nm in size onto the carbon-coated Cu TEM 264 

grid. Samples were gently washed to remove residual salt by moving the grid through a drop of MilliQ water on a 265 

piece of parafilm 3 – 5 times. The centrifugation TEM grid preparation alleviates many artifacts that disrupt typical 266 

drop deposition TEM grid preparation. Therefore, this method gives us additional confidence that we can identify 267 

agglomeration of particles in the native solution opposed to any drying effects from traditional drop deposition TEM 268 

grid preparation.  269 

Particle images were obtained via scanning transmission electron microscopy (STEM) using a JOEL 2200FS 270 

TEM/STEM operated at 200 kV. The nominal spot size of the STEM probe was 0.7 nm using a beam convergence 271 

angle of 10.8 mrad. High-angle annular dark field STEM micrographs were recorded using an inner detector angle 272 

of 100 mrad, while the bright-field STEM images were recorded with a detector angle of 15 mrad.  273 

 274 
3. Results  275 
3.1 Measurement of ENM in the presence of natural particles 276 

The NTA camera settings can be set to measure particles with a lower refractivity, such as the natural particles 277 

present in landfill leachate, as shown in our previous work25 and in Figure 1, panel A. In this case, the leachate was 278 

filtered through a 0.45 µm filter and particles are visible in the solution up to that size cut off. When the settings are 279 

adjusted to those that can properly measure Au ENM (i.e. a lower camera level to capture only the brightest 280 

particles), no natural particles were observed in the same natural leachate sample when leachate samples captured at 281 

low camera level with no spiked Au ENM (Figure 1 B, red trace). However, when Au ENM are spiked into the 282 

solution, a similar distribution is observed for the main particle size distribution in both DI H2O and the landfill 283 

leachate (yellow and green traces, respectively), indicating that the additional natural particles do not disrupt the 284 

direct measurement of ENM due to the change in matrix. Neither do we observe additional particles in the Au ENM 285 

particle distribution when the particles are spiked into the natural leachate compared to DI H2O. In the case of the 286 

Au ENM spiked into the leachate, there are only some slightly larger particles observed due to Au ENM 287 

Page 8 of 24

ACS Paragon Plus Environment

Environmental Science & Technology



 9 

homoagglomeration between spiking the solution and analysis. This exercise confirms our ability to detect Au ENM 288 

in the presence of natural particles in our test matrices. 289 

In all blank samples (i.e. those that did not contain any added Au ENM), including the natural leachate, the number 290 

of observed particles under typical nanoparticle analysis conditions was close to zero or zero. This indicates that our 291 

method to observe only the ENM while avoiding measurement of the natural particles in solution with a lower 292 

refractivity index was successful and therefore we do not measure a significant number of false positives (i.e. natural 293 

particles appearing as ENM in the results). 294 

 295 

Figure 1: (A) NTA set to measurement conditions optimal to measure natural particles in solution, as in the 296 
natural landfill leachate from MSWI residues, filtered through a 0.45 µm filter. (B) NTA camera level set to a 297 
lower level intend to measure bright particles (i.e. those with a high refractivity index) but still measuring the 298 
same leachate as panel A. Natural leachate with only natural particles (red trace), Au ENM spiked into DI H2O 299 
(yellow trace) and Au ENM spiked into natural leachate (green trace) are shown together. Here it is seen that 300 
natural particles in the landfill leachate are only visible on the higher camera level in Panel A, but not when 301 
the camera level is adjusted lower in panel B (red trace). However, spiked Au ENM are clearly detected in 302 
both DI H2O and the natural leachate with no interference (e.g. additional background) from the natural 303 
particles in the leachate. 304 

 305 
3.2 Calibration of ENM Concentration for the NTA 306 

The NTA calibration of ENM concentration served two purposes; 1) to determine the linear range between 307 

measured and expected concentrations of ENM in different solution compositions and 2) to identify the scaling 308 

factor of this relationship when it deviated from the expected 1:1 ratio of added particle number to measured particle 309 

number. The particle number was taken as given by the NTA 3.0 software. As shown in Figure 2A, a liner 310 

relationship is exhibited for all sample solutions with a particle concentration below 1 x 108 particles/mL and the 311 

standard deviation between triplicate measurements was relatively small. Measured particle concentrations deviated 312 

from the linear calibration line above 1 x 108 particles/mL.  313 

Despite defining a linear range for particle number concentrations in each of the solutions, in every instance there 314 

was a higher measured particle concentration compared to the known particle concentration. Therefore, in every 315 

case the steeper slope exhibited by the calibration line represents an overestimation in particle number concentration 316 

and therefore the particle number measured by the NTA in the experimental samples had to be appropriately scaled 317 
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to derive the correct particle number in solution by using the slope of the linear portion of the calibration curve. This 318 

scaling factor was different for each of the three solutions measured. The exaggeration in particle number was 319 

highest for the DI H2O samples (up to a factor of three) but leachate samples were also overestimated by 320 

approximately a factor of two. A similar particle number concentration was observed in both the synthetic and 321 

natural leachate samples. Overall, this indicates that the matrix can play a large role in how the NTA software 322 

ultimately calculates particle number and so a calibration curve should be made for each new solution of interest to 323 

derive the correct scaling factor during experimental tests.  324 

3.3 NTA Analysis of ENM Particle Stability in Incineration Waste Landfill Leachate 325 

ENM stability experiments were conducted with a particle concentration of 0.5 x 108 particles/mL since this was 326 

within the liner range identified by the calibration for all solutions of interest. The particle size distribution at each 327 

dilution point and in every water chemistry was consistent and with relatively good agreement to the average 328 

primary particle size (Figure 2 B-D). The NTA did appear to slightly overestimate the number of larger sized 329 

particles in the distribution (as evidenced by the longer whiskers for the larger particle diameters in Figure 2 B-D) 330 

even though the distribution was more Gaussian when measured by TEM (Figure S1). Nevertheless, since the 331 

measured particle size was consistent across all dilution factors and across all solutions investigated, the discrepancy 332 

in measured versus known particle number cannot simply be due to agglomeration. 333 

  334 

 335 
Figure 2: Particle number concentration calibration curves of Au nanoparticles suspended in DI H20, synthetic and 336 
natural MSWI landfill leachates compared to the expected 1:1 know particle number to measured particle number 337 
ratio (A). A linear regression line of each of the calibration curves is presented through the linear portion of the data 338 
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set (0 to 1x108 particles/mL) with a predicted extension of the regression line until 1.5 x 108 particles/mL to 339 
exemplify how these data are not in the linear range. Particle size distribution of particles measured at different 340 
dilutions in DI H2O (B), synthetic (C) and natural MSWI (D) leachates. For the box plots, 25% quantiles appear 341 
within the box plot with average particle size indicated by black line therein. Whiskers represent 95% of particle size 342 
distribution (outliers not shown). Purple dashed lines indicate Au ENM primary particle size (100 nm). 343 
 344 
3.3.1 ENM Stability – Average Particle Size and Particle Size Distribution  345 

The average particle size in DI H2O remained constant throughout the entire experimental timeline, up to 24 hr 346 

(Figure 3A). This indicates that at this concentration and with no additional salts or particulate matter, the particles 347 

are stable in solution for extended periods of time. In synthetic and natural landfill leachates (Figure 3, panels B and 348 

C), the average particle size generally increased over the course of the 24 hr experiment. 349 

Not only did the average size increase in the leachate samples, but the size distribution became much wider as well, 350 

indicating agglomeration of the primary particles over time. Compared to the ENM distribution in DI H2O, which 351 

remains narrow and constant, the particle size distribution for synthetic and natural landfill leachates began to 352 

broaden immediately after particle spiking. The relative rate of agglomeration appeared somewhat slower in the 353 

synthetic leachate compared to the natural leachate. Differences in solution chemistry, especially differences in 354 

DOC and salt concentrations, can contribute to the stability of the particles. In the case of the synthetic leachate, 355 

since the solution is made entirely of added salt, homoagglomeration is the only possibility for the measured 356 

increase in size. However, in the natural leachate, heteroagglomeration between the Au ENM and natural material is 357 

possible. Since under the conditions we are operating the NTA only the ENM are visible, a single ENM or ENM 358 

cluster adhered to natural particles will move more slowly (increased particle size equals decreased speed of 359 

Brownian motion) and therefore be recorded as a (single) larger particle. Indeed, in the natural leachate sample the 360 

average particle size is larger than in the synthetic leachate sample. (see Figure S2 and Table S2).  361 

 362 
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   363 
Figure 3: Size distribution of particle (aggregates) over time in A) DI H2O, B) synthetic landfill leachate and C) 364 
natural MSWI landfill leachate. 25% quantiles appear within the box plot with average particle size indicated by 365 
black line therein. Whiskers represent 95% of particle size distribution (outliers not shown). Purple dashed lines 366 
indicate Au ENM primary particle size (100 nm). 367 
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3.3.2 ENM Stability – Particle Number 371 

The importance of calibrating the NTA for particle number in various matrices is exemplified when measuring the 372 

stability of particles over time by analyzing the change in particle number. For example, when the same 373 

concentration of Au ENM is spiked into the leachate solutions, the raw output from the NTA instrument shows a 374 

disparity in concentration between the initial particle number concentration in DI H2O, synthetic leachate and the 375 

natural leachate (Figure S3). However, when these particle numbers are corrected based on the scaling factors 376 

obtained from the calibration curve, the T = 0 hr concentrations are all very similar between the various solutions 377 

(Figure 4), albeit at a lower total particle number measured since in all instances the NTA overestimates the particle 378 

number.  379 

The particle number concentration in DI H2O remained constant over time. Along with the particle size remaining 380 

unchanged, this further suggests that particles were stable over the 24 hr experiment and the NTA was able to 381 

consistently measure them in solution. Synthetic and natural leachates both exhibited decreases in particle number 382 

concentration over time. However, in this instance the number concentration given directly by the NTA instrument 383 

needed to be corrected by the scaling factors determined by calibrating the instrument to correctly measure the 384 

particle number in these various solutions (Figure 4). In the raw results (Figure S3), the number of particles 385 

measured in both synthetic and natural leachates appear similar and their decrease over time tracks one another. 386 

However, when scaling the particle number appropriately based on the calibration curve, it becomes evident that 387 

particles suspended in the synthetic leachate seemingly disappear from solution at a faster rate than those suspended 388 

in the natural landfill leachate solution (Figure 4). This increased stability in the natural leachate is somewhat 389 

expected because when a solution contains DOC the stability of ENM is often increased.26 Since the synthetic 390 

leachate is comprised only of a salt solution that mimics the composition of the natural leachate, we can suggest that 391 

the increased stability of the ENM in the natural leachate is due to the DOC. 392 

 393 
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  394 
Figure 4: NTA measured particle number concentration of 100 nm Au particles over time in DI H2O (red bars), 395 
synthetic leachate (green bars) and natural MSWI landfill leachate (blue bars). Particle number concentration is 396 
based on the calibration curve, it is notable that the particles in the natural leachate samples appear to show an 397 
increased stability compared to the synthetic leachate solution, a result that was not visible without the correction 398 
factor applied. Error bars indicate results of triplicate experiments.  399 
 400 
3.3.3 ENM Stability – Mass Evolution 401 

However, Figure 4 only relays information about particle number but does not take into account the particle size that 402 

was measured in each solution (Figure 3). While in many studies the decrease in particle number is taken to imply 403 

removal of particles from the leachate solutions (e.g. through settling, etc.), Figure 4 simply shows that there are 404 

fewer particles in the leachate solutions. This information can be combined with the particle size distributions 405 

(Figure 3) to determine the total mass of Au remaining in the system at any given time point. If, during this analysis, 406 

the observed total Au mass in solution decreases then particles are indeed settling from solution. The total mass of 407 

the remaining ENM in solution is shown in Figure 5. The initial calculated mass of all samples was similar, at 408 

approximately 0.75 mg Au ENM/L. However the stability of ENM exhibited a different behavior over time 409 

depending on the solution they were suspended in. The total mass of Au ENMs suspended in DI H2O and synthetic 410 

leachate were relatively stable, with the mass fluctuating less than 25% on average over the course of 24 hrs. 411 

However, taken together with the particle size and particle number data (Figures 3 and 4, respectively), different 412 

conclusions can be drawn in terms of the particle behavior between these two suspensions. In DI H2O, there was 413 

little change in terms of particle size, particle number and particle mass suggesting that the pristine particles were 414 

stable in solution with no agglomeration or settling. In contrast, in synthetic leachate, the particle size increased, the 415 

particle number decreased but the mass of particles remained steady. Increasing particle size indicates 416 
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agglomeration, as does the decrease in particle number since homoagglomeration is the only possibility in this 417 

solution. However, because the particle mass remains steady over time, the entire initial mass is accounted for in 418 

solution throughout the first 4 hrs of the experiment and so little settling of the agglomerates has occurred. Because 419 

the mass decreased by the 24 hr time point, we hypothesize there is more agglomeration and subsequent settling 420 

from solution in this sample at extended time points.  421 

Just as with the synthetic leachate solution, in the natural leachate preparation particle size was noted to increase 422 

over time while particle number decreased. Yet the behavior of Au ENM in the natural leachate is different from its 423 

more simplistic counterpart because the total calculated mass seemingly increases up to four times the initial 424 

concentration observed in the sample at time zero. While some homoagglomeration is still likely in this sample, we 425 

hypothesize that the incorrect overestimation of mass in this instance is due largely to heteroagglomeration. This can 426 

be explained by the fact that Au ENM can adhere to other larger natural material (e.g. clays, silicates, DOC, etc.) in 427 

the leachates and thus the bright ENM particles observed by the NTA are moving slower than their “free” pristine 428 

counterparts. Unlike the synthetic leachate where the total mass remains steady because homoagglomeration is the 429 

only option, heteroagglomerates of Au ENM and natural material in the natural leachate is visualized as one, larger 430 

(ENM) particle because the NTA is simply tracking the speed of the more reflective ENM adhered to the natural 431 

matter. These heteroagglomerates are then sized based on their slower diffusion speed, and thus sized larger, even if 432 

the aggregate contains a smaller ENM than the complex that is being tracked by the NTA. Therefore, when 433 

calculating the mass from particle size and number, the total mass is significantly overestimated. Furthermore, the 434 

high variability between replicates is an indication of ENM agglomeration in the sample. 435 

 436 

 437 

 438 

 439 
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 440 

 441 
Figure 5: Calculated mass of Au ENM over time based on NTA measured particle size and (adjusted) particle 442 
number concentrations for DI H2O (red bars), synthetic landfill leachate (green bars) and natural leachate (blue 443 
bars). Error bars indicate triplicate experiments.  444 
 445 
3.4 Visualization of Particle Aggregation with Transmission Electron Microscopy (TEM) 446 

While often morphology and agglomeration is not studied with TEM because with drop deposition there are known 447 

artifacts when drying the sample on the grid, the technique used here to centrifuge the suspension so that particles 448 

are sedimented onto the grid directly from solution better preserves their natural state and so the extent of 449 

agglomeration can be (qualitatively) estimated. One caveat of measuring very heavy elements (i.e. the Au ENM) in 450 

the presence of natural particles (i.e the clays, silicates and DOM of the natural leachate) is that it is difficult to 451 

image both materials simultaneously due to their different intensities in the image. Therefore in the bright field 452 

images presented here the Au ENM appear very dark but any natural material in solution appear much lighter (only 453 

applicable in the natural landfill leachate). While this may not be definitive evidence of particle behavior alone, 454 

taken together with the results from the NTA experiments a conclusion about agglomeration can begin to be drawn. 455 

In all samples, TEM analysis shows that initially Au ENM are dispersed with little or no homoagglomeration or 456 

heteroagglomeration in the systems (Figure 6, top row of images). However, after four hours in suspension the 457 

behavior and stability of the spiked ENM begin to diverge. In the DI H2O sample, it appears particles continue to be 458 

well dispersed as single particles. This is also what was expected given that both the particle size and particle 459 

number was measured as constant over four hours by the NTA (Figure 3, panel A and Figure 4, panel B). In the 460 
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synthetic leachate sample, additional homoagglomerates of Au ENM are seen and finally in the natural leachate we 461 

can see aggregates associated with natural (light colored) material. 462 

 463 

 464 
Figure 6: TEM images of Au ENM agglomeration state at T =0 hr and T=4 hr in DI H2O, synthetic landfill leachate 465 
and natural landfill leachate (filtered through 0.45 m filter). Disperse, single particles are evident in all T= 0 466 
samples and the DI H2O sample after 4 hrs, yet agglomeration is noted in both synthetic and natural landfill 467 
leachates after 4 hrs in solution. In the case of synthetic leachate, homoagglomeration (rather than 468 
heteroagglomeration) is evident; likely due to the high concentration of ENM dispersed in a solution with a 469 
relatively high salt concentration. In contrast, the ENM suspended in the natural leachate sample seemingly are 470 
affected by homoagglomeration as well as heteroagglomeration to the natural particles in the leachate. 471 
 472 
4. Discussion 473 

4.1 Suitability and advantages of NTA to measure ENM in complex systems  474 

The suitability and advantages of using the NTA to measure ENM in complex systems was examined in our case 475 

study investigating the stability of ENM in landfill leachates. The feature of discerning intensely scattering ENM in 476 

a solution of incidental particles has not yet been fully exploited but is of particular relevance in environmental 477 

ENM research. Many common and relevant ENM (e.g. Ag and Au particles) have a higher refractivity index than 478 

their natural colloidal counterparts (such as clays, silicates, etc.) and the camera settings can be adjusted to “blind” 479 

out the natural background and only track the brighter, engineered particles in solution. The relative refractive index 480 

of particles in these solutions is very important for the measurement and analysis of the ENM considering the 481 

multitude of natural particles existing in solution. In this way, we can easily detect the ENM above the natural 482 

background of incidental particles with lower refractivity index in the solution. van der Pol et al. validated a protocol 483 
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to determine the refractive index of nanoparticles in suspension using NTA, specifically highlighting the usefulness 484 

of exploiting this difference in biological and clinical samples.27 While the sensitivity of the method in terms of 485 

observing particles in increasingly complex media may vary depending on the test media, by making a calibration 486 

curve of known particles in the media of interest should allow one to determine the ability to measure spiked 487 

particles above a natural background with varying mineral and organic contents. 488 

With the use of NTA, precise details of ENM stability can be investigated by obtaining multiple metrics including 489 

ENM (agglomerate) size, particle number in solution and, ultimately, relating this to the calculated mass of analyte 490 

in solution. By selecting different water chemistry variables and measuring over time, we could better monitor these 491 

trends and test the applicability of NTA to measure ENM stability in landfill leachates. In DI H2O we found that 492 

particle size, particle number and analyte mass remained constant over time. This solution therefore gave us a 493 

benefit in terms of understanding NTA analysis for “baseline” conditions. This evaluation of these reference 494 

conditions could then be compared to the results obtained when suspending ENM in assorted leachate chemistries 495 

that may induce additional particle (in)stability. Of the two experimental solutions, the synthetic leachate solution 496 

had only soluble components (i.e. ions) and pH affecting ENM stability. From the size increase, particle number 497 

decrease but overall conservation of mass in solution, we determined that the primary particles were 498 

homoagglomerating but were otherwise stable in solution. While the result of ENM homoagglomeration in a salt 499 

solution itself is not novel, the measurement techniques and metrics obtained to come to that conclusion are. Using 500 

the natural leachate, after 0.45 µm filtration, included the additional complexity of other particulate matter and DOC 501 

in the solution chemistry. It has been suggested that homoagglomeration of ENM is not as likely as 502 

heteroagglomeration between ENM and natural particles in environmental systems. In this case, we observe both 503 

homo- and heteroagglomeration but it is likely that the homoagglomeration is mainly due to the high Au ENM 504 

concentration needed for NTA detection and this is less likely to occur in a real environmental sample where the 505 

ENM concentrations are much more dilute than in the system studied here.   506 

The difference between the measurements in synthetic and natural leachates points to another advantage of using 507 

NTA to study the behavior of ENM in these solutions which is to differentiate between homo- and 508 

heteroagglomeration. In solutions with only ENM as particles (i.e. in the DI H2O or synthetic landfill leachate 509 

samples), homoagglomeration is the only possibility when particles are unstable and they may subsequently 510 

agglomerate and settle from solution. Conversely, in the solutions that contained additional particulate matter (i.e. 511 

the natural particles and DOC in the natural leachate), the possibility exists for ENM to aggregate with other 512 

materials (i.e. heteroagglomeration).  513 

Despite having a lower maximum resolution of 10-30 nm and requiring a relatively high particle concentration (105 - 514 

1010 particles/mL28), this technique i still useful to estimate the stability of particles in various solutions. Indeed, 515 

when the number of particles studied in this manuscript is transformed to a mass based concentration (equating to 516 

approximately 150 – 800 µg/L), the lower end of this concentration range is within an acceptable level to study 517 

particle behavior at environmentally relevant concentrations, or is at least on par with other techniques which aer 518 

commonly used and accepted as suitable for studying nanomaterial behavior at environmentally relevant 519 

concentrations. The aim of this work was not to specifically study the dynamic range of the instrument (although the 520 
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upper particle number was determined), and so with additional method development it may be possible to determine 521 

particle behavior at even lower concentrations than studied here. However, the technique does not provide details of 522 

morphology and particle motion is recorded in two dimensions not three. The latter pitfall often leads to some tracks 523 

being associated with a smaller degree of motion and consequently sized (incorrectly) as larger particles.29 524 

Nevertheless, the ability to track agglomeration in real time in the native solution is a benefit of NTA that is not 525 

readily duplicated by other nanometrology techniques.  526 

 527 

4.2 Size vs. mass-based evaluation in aqueous systems  528 

Many experiments that focus on ENM stability, for example with DLS as the main ENM characterization technique, 529 

simply measure average particle size and estimate total concentration of particles in suspension over time. Often, 530 

based on these metrics, one comes to the conclusion that the primary particle size increases (through agglomeration) 531 

after being spiked into a solution and then when the concentration subsequently decreases, the researcher presumes 532 

the particles sediment out of suspension. However, with the additional information generated by the NTA analysis, 533 

transformation of the particle size distribution and particle number measured to mass of analyte shows that there are 534 

often more complicated metrics at play. This is exemplified by our case study on the stability of ENM in synthetic 535 

and natural landfill leachate solutions. When distributing the number of particles measured over the measured size 536 

distribution to determine the mass of particles in solution, the mischaracterization of ENM size can grossly 537 

overestimate the mass of Au in the system. Since the size of individual particles is independently tracked by the 538 

NTA, the number of particles analyzed can be spread across the particle size distribution and subsequently be 539 

converted to mass.30 The mean obtained and reported from the NTA instrument is a number weighted average. 540 

However, from the (raw) distribution obtained from the NTA output; volume, mass and intensity weighted means 541 

(and histograms) can be calculated for each measurement recorded. When converting the size-based distribution to a 542 

mass-based distribution, it becomes starkly evident that the presence of even a low number of large aggregates can 543 

represent a significant proportion of the total mass in the sample.  544 

Reporting both size and mass based metrics is common when dealing with other particulate matter, for example in 545 

air.31,32 Number- and mass-based analytical techniques are used and the results are routinely transformed from one 546 

metric into another. This is not yet the case in water but now the NTA can give us the additional information that is 547 

necessary in order to report results in both ways. 548 

5. Implications 549 

Beyond the finite results of our case study on the stability of ENM in landfill leachates, our goal was to further 550 

investigate the advantages of using the NTA to study ENM in complex matrices. To that extent, there are several 551 

facets of the technique that are specifically (and sometimes uniquely) beneficial to detect and size ENM, along with 552 

characterizing their behavior in environmental media. Firstly, the ability to discretely measure ENM on top of the 553 

natural particle background by taking advantage of the difference in the refractivity index of the particles in 554 

particularly useful. While the NTA given particle concentration needs to be adjusted after making a calibration curve 555 

of known values, a linear range can be obtained for each solution and the different concentrations of particles did not 556 

change the measured particle size (distribution). Finally, by using the two metrics directly obtained from the NTA, 557 
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the particle size distribution and the particle concentration, one can calculate the mass of analyte in solution that can 558 

provide an additional dynamic to understand the stability of particles in solution. Given the myriad of 559 

nanometrology techniques that are continually being developed and improved in recent years, the options for 560 

measurement and characterization of ENM are numerous. The benefit of measuring ENM directly in the native 561 

solution with the additional advantage of discerning ENM from natural particles suggest that NTA is a useful tool 562 

for measuring ENM in a variety of complex matrices.  563 

 564 
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