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Summary

Characterising nanoparticles is important for understanding physiochemical and biogeochemical
processes occurring within groundwater bodies e.g. those impacted by the migration of leachates
from waste storage sites as well as monitoring the use of engineered nanotechnology for
pollution attenuation. While characterising nano-scale particles (both natural and engineered)
within sub-oxic environments is a challenging task, it is critical for understanding pollution
attenuation and migration within a number of different environments. The overall aim of this
study was to develop a robust sampling and analytical methodology for characterising
nanoparticles in sub-oxic environments using a range of complementary methods.

This study has successfully sampled and characterised nano-scale particulate material in sub-oxic
groundwaters within an alluvial floodplain aquifer impacted by a landfull plume. The integrity of
the sample was maintained throughout the field and laboratory work to ensure that only
nanoparticles representative of the sub-oxic environment were characterised. Nanoparticles from
two pairs of nested boreholes were characterised by a number of state-of-the-art methods; atomic
force microscopy (AFM), scanning electron microscopy (SEM), scanning transmisson electron
microscopy (TEM) and field flow fractionation (FFF), to explore particle size distributions,
morphology and surface chemistry. It is important to characterise nanoparticles in environmental
contexts using multiple technigues as each method has its own benefits and limitations (Lead and
Wilkinson 2006). As far as the authors are aware this is the first such study in the UK to isolate
and characterise sub-oxic groundwater nanoparticles using these complimentary technigues.

Groundwaters were found to have abundant iron and organic nanoparticles with diameters <30
nm. AFM results showed spherical nanoparticles with average diameters of ca 10 nm, while FFF
with UV absorbance (254 nm) results indicated that smaller fulvic-like nanoparticles were
present with average hydrodynamic diameters of ca. 1.5 nm. FFF with UV absorbance detection
at 575 nm showed that another population of organic rich nanoparticles was present with larger
hydrodynamic diameters (ca. 3 nm) in the groundwater at nest 26, but were not present in nest
28. These larger organic nanoparticles perhaps represent co-aggregated humic-like particles or
another distinct type of organic matter. Scanning TEM analysis with energy-dispersive X-ray
diffraction showed that Ca rich nanoparticles were present within the groundwater at a number
of sites, and that P was associated with the surface of Fe rich particles in nest 28.

Aeration of sub-oxic samples resulted in a dramatic shift in the nanoparticle size distribution.
This was a result of the aggregation of smaller nanoparticles to form larger agglomerations with
diameters typically >50-100 nm. This is analogous to processes that occur during groundwater
aeration for water treatment, and mixing of anaerobic and aerobic environmental waters, e.g.
during rapid recharge events, flooding, hyporheic zone mixing, waste water treatment and waste
water inputs to surface waters.

The techniques developed in this study have potential wider applications for understanding the
occurrence and fate of natural and anthropogenic (engineered) nanoparticles in sub-oxic
conditions, such as the fate of nanoparticles injected for pollution attenuation, those found below
landfill sites, within waste water treatment works and the hyporheic zone which are all important
redox hot-spots for pollution attenuation and biological activity.



IR/11/021

1 Introduction

Natural nanoparticles (i.e. particles with one dimension less than 100 nm) and colloidal material
(particles with one dimension between 1 nm and 1um), such as iron or silica mineral particles,
complex organic molecules such as humic-like substances, or material derived from bacterial
sources are important vectors for contaminants (Grolimund et al., 1996; Degueldre et al., 2000;
Klaine et al., 2008). The formation of these particles can enhance the mobility of otherwise
immobile contaminants providing a pathway for groundwater and river water pollution (Lead
and Wilkinson, 2006). Conversely, natural nanoparticles can also attenuate contaminant transport
in some cases, and are known to have an important role in biogeochemical cycling, and
bioavailability of nutrients and toxic substances (e.g Waychunas et al., 2005; Speelmans et al.,
2007).

There has been a significant body of research in recent years on the use (reductive properties) of
manufactured nanoparticles for contaminant attenuation and remediation of groundwater (Elliot
and Zhang, 2001; Zhang, 2003, Schrick et al., 2004, Lui et al, 2005, Sohn et al, 2006, Giasuddin
et al, 2007, Reinsch et al., 2010). Research on characterising groundwater nanoparticles has also
focussed on understanding radionuclide fate and transport (e.g. Bargar et al., 2008, Utsunomiya
et al., 2009). Wolthoorn et al. (2004a, 2004b) used scanning electron microscopy (SEM-EDX) to
characterised Fe colloids following artificial groundwater aeration for in-situ Fe removal in
anaerobic groundwaters.

To date very few published studies have successfully sampled and characterised nanoparticles in
anaerobic groundwaters using modern state-of-the-art techniques namely, field flow field
fractionation (FFF), atomic force microscopy (AFM), transmission electron microscopy (TEM)
and environmental scanning electron microscopy (SEM). This is due to only relatively recent
developments in analytical methods (e.g. Balnois et al., 1999, Lead et al., 2005, Redwood et al.,
2005, Baalousha and Lead 2007) and the challenges in collecting a representative sample from
anaerobic waters. In light of this a collaborative project between BGS and NERC’s Facility for
Environmental Nanoparticle Characterisation (FENAC) was initiated with the focus to develop a
reliable method for sampling and characterising nanoparticles in anaerobic groundwaters. This
method will be of relevance to a wide range of environmental studies investigating the fate and
transport of nanoparticles and contaminant mobility/attenuation in anaerobic environmental
conditions.

2 Study site

Figure 1 shows a map of the site, known as Port Meadow, located on the Thames floodplain in a
peri-urban setting, between west Oxford and the River Thames. The study site for this project is
classed as a Sites of Special Scientific Interest (SSSI), and is also a Special Area of Conservation
(SAC) with internationally important lowland hay meadow habitats (Gowing and Youngs, 2005).
This area has a series of boreholes completed in the underlying sands and gravels and bedrock to
monitor the groundwater chemistry and temporal water level fluctuations. This site is being used
as an environmental observatory for a number of different NERC and externally funded projects
as part of the BGS groundwater science programme investigating amongst other things
groundwater flooding, biogeochemical cycling and pollution attenuation in peri-urban floodplain
environments (Macdonald et al., 2007, Griffiths et al., 2011). Up gradient of the borehole nests
(26 and 28) there is an area of made ground that was a former land fill site which was capped in
the 1980’s.
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Figure 1 Location of study site for groundwater sampling on Port Medeaw, Oxford. A-
A’is the section for Figure 2.
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Figure 2  Schematic geology section of the study area showing the location of boreholes
sampled for anarobic groundwater nanoparticles

Figure 2 shows a simplified geological cross section of the study site with the location of the
boreholes used as part of this study (A-A’ see Figure 1). The regional groundwater flow is along
the line of section, from A’ to A (Figure 2), from the made ground/landfill site to the west of
Oxford towards the River Thames, see groundwater level contours in Figure 2. The connectivity

2
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between the Terrace Gravels and the Thames is not well understood at present. The underlying
Oxford Clay provides a seal at the base of the gravels. A variable thickness of alluvial silty clay
(alluvium) underlies the floodplain with an alluvial silty clay soil developed at the ground
surface. River gravel up to thicknesses >5 m in the middle parts of the floodplain (thinning at the
margins) underlies the alluvial clay (Newell 2007). The floodplain water table is shallow and has
an overlying alluvial clay cover of variable thickness and permeability, much of the underlying
alluvial aquifer beneath the meadows can be considered as semi-confined throughout the year
(Macdonald et al., 2007). For a more detailed description of the morphology and geology of the
area see Newell (2007).

2.1 BOREHOLE INSTALLATION

The boreholes were installed in October 2010 using a Dando Terrier 2002 (Plate 1), the
boreholes were completed using pvc (42 mmOD) casing with 1 mm slots in the screen. A natural
pack (1-2 mm washed sand) was used around the borehole to within 500 mm of the surface, with
a bentonite seal at the top of the borehole to ensure no bypass flow from the surface (Plate 2).
The boreholes were completed below ground level and finished within a 100 mm drainage pipe
(5-200 mm below ground level), see Plate 2. Each borehole was competed with a threaded pvc
cap and covered with a metal plate for ease of locating the borehole using a metal detector. Plate
3 shows an example of a completed borehole with a threaded extension being added to the top of
the borehole. Plate 4 shows a borehole with a pvc extension fitted for sampling during flooded
ground conditions.

Plates 2-4 Borehole installation: 1) Drilling with a Dando Terrier 2000, 2) Borehole
completion, 3) Accessing the borehole an adding extension, 4) Borehole fitted with
extension for flooding
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2.2 ACCESSING BOREHOLES DURING DRY AND FLOODED GROUND
CONDITIONS

Each borehole was located using a GPS and a metal detector (Plate 5) during dry and flooded
conditions. To sample for groundwater during flooded ground conditions it was necessary to
bund the borehole using a 300 mm diameter pvc pipe and remove the surrounding flood water
using a suction pump. When the surrounding flood water had been removed the extension was
added to the top of the borehole taking great care to make sure that no contamination was
introduced to the borehole during this stage (see Plate 6). The borehole could then be dipped to
measure the water level and the Teflon inflow tube from the peristaltic pump lowered into the
base of the borehole to sample the groundwater (Plate 7 and 8).

Plates 5-8 Accessing boreholes during flooded ground conditions: 5) Finding boreholes
using a metal detector, 6) Accessing flooded borehole using a pvc bund and suction pump,
7) Purging a borehole prior to sampling, 8) Groundwater sampling under flooded
conditons

3 Methodology

3.1 SAMPLING NANOPARTICLES IN SUB-OXIC GROUNDWATERS

The way in which a groundwater sample is collected may have a large affect the amount/type of
nanoparticles and colloidal particles (defined as solid phase material with one dimension
between 1 nm and 1 um) material found in the sample (Backhus et al., 1993). For a sample to be
‘representative’ of the particles in suspension under natural groundwater flow it is important to
not introduce colloids and nanoparticles into the groundwater system as an artefact of the
sampling, or filter them out by pumping to fast relative to groundwater velocity.

4
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Nanoparticle and colloids can be introduced as a result of the borehole construction process (e.g.
drilling mud), from surface contamination during sampling, and high flow rates during pumping
may shear otherwise immobile particles from localised aquifer sediments (Ryan and Gschwend
1990). This depends to some extent on the maturity and design of the borehole. A borehole that
is well developed and has been in operation for some time will not be necessarily prone to the
same problems of artificially induced colloidal material during pumping, as the most easily
accessible material induced by construction would already have been removed from the capture
zone of the borehole.

Nanoparticles may also be generated in situ due to changes in redox conditions (Ryan and
Gschwend, 1994a; 1994b). The geochemistry of the groundwater system needs to be maintained,
this is especially important when sampling groundwaters with anaerobic and reducing
conditions. Ryan and Gschwend (1990) recommended that groundwater needs to be pumped at a
low flow rate (~100 mL/min). As in the case of any representative groundwater sample the
borehole needs to be purged sufficiently to remove the standing water in the borehole prior to
sample collection.

Plates 9-12. Anaerobic groundwater nanoparticle sampling: 9) Filling anaerobic
chamber prior to sampling, 10) Filtering samples under anaerobic conditions at nest 26, 11)
Filtering samples under anaerobic conditions at nest 28, 12) Sampling under flooded
conditions at nest 28

Two multi-level borehole sites, nests 26 and 28, were sampled for anaerobic groundwater
nanoparticles. A pilot sampling round was carried out at both nests (28c, 28d and 26c¢) in
December 8™ 2010 to test the sampling protocol and assess the stability of the samples prior to
characterisation by AFM. At both nests groundwaters from the floodplain terrace gravels were

5
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sampled from boreholes completed at 1.5 m (samples 26¢ and 28c¢) and 3.5 (samples 26d and
28d) below ground level. The two nests were sampled on two occasions on the 24th February
2011 and on the 13th April 2011. Plates 9 to 12 show nanoparticle sampling with flooded (nest
28) and dry conditions (nest 26) in April 2011.

A protocol for sampling anaerobic groundwater nanoparticles was developed as part of this
study, this is detailed below:

1. Steps were taken to eliminate the possibility of introducing surface particles to the
borehole and contaminating the sample. A new, clean piece of Teflon tubing was used at
each site to minimise cross contamination.

2. The boreholes were pumped using a peristaltic pump operated at a low flow rate (50-
100 mL/min) to avoid particle detachment and straining during pumping.
3. The boreholes were purged by removing at least 3 borehole volumes prior to sampling

and nanoparticle sampling was only carried out when stable field chemistry
measurements (dissolved oxygen (DO), redox potential (Eh), conductivity (SEC) and pH)
were obtained in a sealed flow-through cell. An Aquameter ™ (Watterra) multi
parameter probe was used to monitor these field parameters (see plates 7 and 8).

4. Sampling was carried out in a portable anaerobic chamber filled with nitrogen gas
(oxygen free grade, BOC). The chamber was filled with nitrogen gas in advance of the
sampling and the atmospheric dissolved oxygen monitored (portable Metler-Toledo
meter) during the sampling to ensure that anaerobic conditions were maintained
throughout (see plate 9).

5. Groundwater pH was monitored to ensure that CO, degassing was not significantly
changing the chemistry of the groundwater as a result of the anaerobic nitrogen chamber.
6. Groundwater samples were filtered using 0.1 wm Whatman filters to remove particles

>0.1 mm. The filters were washed with NaNO3; and rinsed with ultrapure water to
minimise Ca bridging on the membrane surface during filtration. Two filters were used
for each sample to minimise clogging of the surface membrane and exclusion of
nanoparticles.

7. Samples were pre-filtered into acid washed HDPE bottles and filled to the top to
minimise the gas space at the top of the bottle and capped securely. Duplicate samples
were taken on each occasion (see Plates 10 and 11).

8. Samples were then placed in an air tight container (see Plate 10), surrounded by an outer
jacket of groundwater (as per methods for CFC and SFg dissolved gas sampling for
groundwater dating techniques, see Busenberg and Plummer (1992)) to exclude any
possibility atmospheric contamination during transportation prior to analysis.

Q. Once sealed the sample could then be removed from the anaerobic chamber for
transportation to the FENAC laboratory in a cool box.

When the field parameters (DO, Eh, pH, SEC) were stable and the boreholes had been purged
sufficiently groundwater samples from each borehole were taken for analysis for major and
minor inorganic chemistry, dissolved organic carbon (NPOC) and dissolved fluorescent organic
matter (FOM). This was done prior to the nanoparticle sampling. Samples for inorganic analysis
were filtered using 0.45 um Whatman ™, cellulose nitrate filters and stored in sterile Nalgene
containers. Samples for dissolved organic carbon and fluorescence analysis were filtered using
silver nitrate filters and stored in glass containers. Cations were preserved by acidification with
1% v/v nitric acid (Aristar). Bicarbonate concentrations were determined by titration in the field.

3.2 GROUNDWATER CHEMISTRY

Cations were analysed by ICP-MS, anions by HPLC, NPOC using a CO, analyser following
acidification and sparging. A Varian™ Cary Eclipse fluorescence spectrometer was used for the

6
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fluorescent organic matter (FOM) analysis. Excitation (Ex) wavelengths were set between 200
and 400 nm with a 5 nm bandwidth and emission (Em) wavelengths were set between 250 and
500 nm with a 2 nm bandwidth, see Lapworth et al (2008) for details on fulvic-like (FA-like)
analysis.

3.3 CHARACTERISING NANOPARTICLES IN SUB-OXIC GROUNDWATERS

Nanoparticle characterisation was carried out using a number of state-of-the-art techniques that
are available at FENAC. AFM, TEM and ESEM techniques were used to characterise the
particle size distribution of nanoparticles in the anaerobic groundwaters (e.g. Balnois et al., 1999,
Winkinson et al., 1999, Lead et al., 1999). AFM measures the nanoparticle topography/height of
the nanoparticles on a mica surface on the basis of the repulsion or attractive forces between
sample and the AFM tip. ESEM is an imaging technique that is able to quantify the size and
morphology of the nanoparticles, and has been used to calculate fractal dimensions of humic
substances (Redwood et al., 2005). ESEM coupled to energy dispersive x-ray (SEM-EDX)
analysis was used to carry out particle size determination and elemental analysis of the
nanoparticles. FFF coupled to a fluorescence detector was used to investigate the dissolved
organic matter characteristics and diffusion coefficients of nanoparticles in our samples
(Baalousha et al., 2006, Baalousha and Lead, 2007). FFF is an important separation technique
based on hydrodynamic principles in which particles are separated based on their interaction
with a crossflow field force and their translational diffusion.

These methods were modified to retain the integrity of the sample nanoparticle distribution
during sample preparation and analysis. AFM and TEM analysis was carried out in anaerobic
chamber filled with oxygen free nitrogen gas (BOC). FFF analysis was carried using mobile
phases that were free from dissolved oxygen, i.e. purged with nitrogen gas, to stop the in-situ
formation of nanoparticles during analysis.

Once a sampling and storage method had been tested in the December round, and found to be
satisfactory for AFM, the methodology was extended to other characterisation techniques. In
subsequent rounds all four samples were analysed by AFM, samples were analysed by TEM
from the February round and samples were taken for FFF in the April round.

3.3.1 Atomic force microscopy (AFM)

All sample preparation and analysis with AFM were carried out within 36 hours after the
groundwater sampling. The groundwaters (sub-oxic and aerated aliquots) were transferred to
5 mL vials under nitrogen atmosphere, and sheets of freshly cleaved mica (Agar Scientific) were
inserted vertically into the samples for 30 min, letting particles from the sample adhere to the
mica. The mica sheets were thereafter rinsed by immersing in sub-oxic (nitrogen bubbled)
ultrapure water for a few seconds, followed drying under 100 % humidity in nitrogen atmosphere
for a few hours. With the AFM-instrument (Park System XE-100) placed in a laminar glove box
with nitrogen-atmosphere, AFM-images were acquired over different areas (0.5%0.5 pm,
1x1 pum, 2x2 pm, 5x5 um, 2020 um etc.) of the mica, in non-contact mode using a silicon
cantilever with 42 N m™ force constant and 330 kHz frequency. For each sample, the size
distribution of 210 particles was determined by measuring the maximum height above the mica
of 25-35 particles on at least 6 different 2x2images.

3.3.2 Transmission and scanning electron microscopy (TEM and SEM)

Samples for TEM and SEM were prepared under nitrogen atmosphere, by placing droplets of the
samples (sub-oxic and aerated aliquots) on Forvar/carbon coated 300 mesh Cu TEM grids placed
horizontally on a clean surface. After 30 min, the grids were rinsed by immersing in sub-oxic
(nitrogen bubbled) ultrapure water for a few seconds, followed by drying under nitrogen
atmosphere. Within a couple of weeks, TEM (JEOL 1200EX) images were acquired at 80 keV,

7
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on five different areas of the grids, each area at 30 000, 100 000, 300 000 and 500 000 times
magnification. The SEM-instrument (JEOL 7000) was equipped with a scanning TEM (STEM)
unit and energy-dispersive X-ray diffraction (EDX) for element analysis. On different areas of
the grids, images were acquired by both SEM and STEM with secondary electrons (SEI) and
backscattered electrons (BSE), and the major element composition was determined by EDX on
four different particles and on the background grid.

3.3.3 Field-flow Fractionation (FFF)

The asymmetrical FFF instrument (AF 2000, Postnova Analytics) had a channel defined by a
0.35 mm spacer and a 1 kDa nominal cut-off ultrafiltration membrane of regenerated cellulose
(Postonva Analytics). The FFF-carrier solution, made up of 10 mM NaCl with pH 8, was made
sub-oxic by continuous bubbling with nitrogen. 10 mL of the groundwater samples (sub-oxic and
aerated aliquots) were injected and focused in the channel with a tip flow of 0.5 mL min™ and a
focus flow of 2.5 mL min™ for 30 min, followed by elution and fractionation with a crossflow of
3 mL min™ and detector flow of 0.5 mL min™. Nanoparticles eluting from the FFF-channel were
detected on-line with UV-absorbance at 254, 350, 400, 575 and 700 nm, fluorescence at
excitation/emission 350/450 nm and multi-angle light scattering at 35°, 50°, 75°, 90°, 105°, 130°
and 145°. The continuous size distributions of nanoparticles were determined by converting
retention time into diffusion coefficient and equivalent hydrodynamic diameter using the FFF-
theory, after calibrating the FFF channel thickness using two proteins (bovine serum albumin
and ferritin) with known diffusion coefficients.

3.4 NANOPARTICLE CHARACTERISATION FOLLOWING AERATION

The groundwater nanoparticles were also characterised following aeration by bubbling air
through the sample. This was carried out under controlled laboratory conditions to investigate
the evolution of nanoparticles. In the anaerobic groundwaters where Fe is dissolved as Fe(ll) this
will be oxidised via Fe(ll1) to Fe(hydr)oxides (Liang et al., 1993).

4 Results and discussion

41 GROUNDWATER CHEMISTRY

Table 1 details the field chemistry and dissolved (<0.45 um) and particulate (>0.45 um)
groundwater chemistry for each site during the December sampling round. Groundwater
chemistry for selected redox sensitive parameters (DO, Eh, Fe) and landfill plume tracers (e.g.
NPOC and HCO3) are shown in Table 2 for all three nanoparticle sampling rounds. The
dissolved oxygen concentrations at each site were less than 0.5 mg/L. The high dissolved Fe and
Mn suggest that the groundwaters are Mn and Fe reducing, it is also possible that the Fe and Mn
could have migrated from an up-gradient source (see Christensen et al., 2000). The absence of
nitrate is a clear indication that nitrate reduction is occurring in these shallow anaerobic
groundwaters. High NH, and low NOjz concentrations indicate that dissimilatory nitrate
reduction to ammonium may be important. Redox potential (Eh) for samples from nest 26 were
found to be slightly more reducing (ca.+150 mV) than those from nest 28 (ca. +200 mV). All the
samples have comparable pH values of around 6.8. Arsenic concentrations in nest 26 are
significantly higher than in nest 28, and exceed the WHO drinking water limit of 10 ug I". This
could be due to reductive dissolution of iron (I11) oxy-hydroxides and this is supported by the
consistently higher Fe concentrations in nest 26. Colloidal and nano-scale clay and Fe particles
could be important vectors for NH, and As migration within the landfill plume due to their high
surface area and potential for rapid transport within the shallow aquifer.
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Table 1

There is some evidence of particulate Si and Sr at site 28d, and particulate Mn and Fe at site 28c
(Table 1). All the groundwaters have fairly high SEC (c. 2000 ps cm™), and can be characterised
as Ca-HCOs type waters. The reason for the high total dissolved solids is due to the proximity of
the boreholes to a landfill site and the presence of a contaminant plume down gradient of this

source.

Groundwater chemistry

Parameter Unit 26¢ 26d 28c 28d
Ca mg I 259 229 202 173
Mg mg It 34.0 49.4 48.3 40.9
Na mg I 75.7 83.3 94.2 87.7
K mg I 23.6 40.2 51.2 52.9
Si mg I 6.45 7.75 6.7 7.4
HCO5 mg I 858 880 980 1009
cr mg I 72.3 84.1 88.3 81.7
SO mg I 228 253 160 127
NO3 mg I 0.079 0.040 0.031 0.043
NPOC mg I 8.5 10 7.0 8.9
FA-like FOM RU 3.1 3.0 3.1 3.7
Si* mg I* 6.45 7.75 6.71 7.43(10)
Ba pg I* 86.4 52.0 73.5 71.1
Srx pg I* 650 646 931 1074(7)
Mn* pg I 2102 3008 1749(7) 2252
Total Fe* pg I* 9419 9669 1438(7) 1273
Al g I 3 3 5 2
U pg I 0.29 0.87 3.32 2.09
As pg I 14.1 11.4 45 4.9
SRP pg I* 11 7 65 5
NH,* mg I 15 23 43 51

* % particulate (>0.45 pm) shown in parenthesis, RU=Raman units,
results from 8" December sampling for all parameters except NH, and
SRP (soluble reactive P) which is an average of results from sampling in
February and April.
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Table2  Chemistry for selected redox parameters and landfill contaminant tracers
during the three nanoparticle sampling rounds

Field Eh Field Field HCO; Field DO, NPOC  Total Fe

Sample mvV pH mg L™ mg L™ mgL* mgL™
8" December 2010

26¢ 147 6.84 858 0 8.5 9.4
26d 154 6.85 880 0 10 9.7
28¢ 203 6.83 980 0 7 14
28d 207 6.84 1009 0.3 8.9 13
24" February 2011

26¢ 147 6.8 672 0 8.2 10
26d 142 6.75 750 0 8.0 10.5
28¢ 167 6.74 836 0 7.8 2.3
28d 169 6.85 890 0.24 9.8 17
13" April 2011

26¢ 159 6.8 812 0.9 9.8 10.5
26d 149 6.85 859 11 1.7 9.9
28¢ 108 6.86 985 0.9 8.3 3.5
28d 177 6.84 1000 11 7.9 1.6

4.2 NANOPARTICLE CHARACTERISATION

4.2.1 Atomic force microscopy

Figure 4 shows the distribution of AFM particle heights for the three sites sampled in December
as part of the pilot study. Summary statistics for AFM data from the December round are shown
in Table 3. For the AFM data a Kruskal-Wallis test was carried out on the three samples to
investigate whether the population distributions are identical without assuming them to follow
the normal distribution. This test returned a p-value of <2.2e-16. It is therefore concluded that
the particle size populations are nonidentical for the three samples at the 1e-15 significance level.
The cumulative frequency plot suggests that there are at least two populations for the
nanoparticles characterised by AFM.

10
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Figure 3 Cumulative probability plot for particle height by AFM for sites 26¢ (n: 210),
26d (n: 192) and 28c (n: 220) from 8" December 2010

Table3  Summary statistics for particle height from AFM analysis of pilot sampling

round on 8" December 2010

Statistic (nm) 26¢ 26d 28c
Min 34 2 1.2
25" Percentile  10.5 7.1 5.6
Median 13.6 10.4 7.7
Mean 13.1 10.3 8.6
75" Percentile  15.7 12.6 115
Max 26 69.7 23.1

Table4  Average particle sizes determined by AFM for samples taken in 8" December

2010 and 24™ February 2011

Sample December

February

26¢ 13.1+43
26d 10.3 +6.1
28c 86+39
28d N/A

9+42
11 7.1
11+£39
9+908

Average particle sizes,+ 1 x standard deviation, determined by AFM for samples taken in the
December and February rounds are shown in Table 4,. Selected 2x2 um AFM-images and
histogram with particle size distributions are shown in Figures. 4-11. Additional AFM-images
are available. Field measurements of Eh indicated slightly more reducing conditions in samples

11
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26¢ and 26d than in 28c and 28d, while dissolved oxygen (DO,) was below detection limit in all
samples except for 28d, which had a slightly higher DO, of 0.24 mg L™. Sample 28d was also
slightly higher in dissolved organic carbon (NPOC, 9.8 mg L™) than the other samples (7.8-
8.2mg L™). The biggest difference in chemistry between the samples was for dissolved iron,
which was much higher in the 26c and 26d samples (10.0-10.5 mg L™) than in the 28c and 28d
samples (1.7-2.3 mg L™). The AFM-images of all the sub-oxic groundwater samples were
dominated by nearly spherical nanoparticles, with a size distribution mostly in the 1-20 nm
range, centred at around 10 nm (Figures. 4, 6, 8 and 10).

The average particle size was not significantly different between the different samples, but some
variations could be observed between images. In the sub-oxic sample 26¢, images Al and Bl
(Figure. 4) contained almost exclusively nanoparticles smaller than 10 nm (Figure. 4, A2 and
B2), while the nanoparticles on the other images (Figure. 4, C1, B1, E1, F1) were largely >10 nm
(Figure. 4, C2, D2, E2, F2). In the sub-oxic sample 26d (Figure. 6), the images C1, E1 and F1
appeared to have bi-modal particle size distributions, with larger (up to 40 nm) nanoparticles in
addition to the main population around 10 nm.

Similar bi-modal size distributions could be observed in sample 28c, images C2, D2, F2
(Figure 8) and 28d, images Al, B1, C, E1 and F1 (Figure. 10). Sample 28d had the broadest
particle size distribution (Table 4), with large amounts of very small (around 5 nm) nanopaticles
and larger nanoparticles distributed up to 55 nm (Figure. 10G). It is possible that the broader size
distribution of sample 28d was a result of the higher concentration of dissolved oxygen in that
sample, resulting in increased oxidation and growth of iron-rich nanoparticles.
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Figure 4 Sample 26¢ from February 24™ under sub-oxic conditions; selected 2x2 pm
AFM-images (Al-F1), particle diameter distributions (n: 25-35) on the discrete images (A2-
F2) and cumulative particle size distribution (n: 210) of all images (G).
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Figure5 Sample 26c from February 24" after aeration; selected 2x2 um AFM-images
(A-F).
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Figure 6 Sample 26d from February 24" under sub-oxic conditions; selected 2x2 pm
AFM-images (Al-F1), particle diameter distributions (n: 25-35) on the discrete images (A2-
F2) and cumulative particle size distribution (n: 210) of all images (G).
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Figure 7
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Figure9 Sample 28c from February 24™ after aeration; selected 2x2 um AFM-images
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16

&~ 00 N
I T

—_
w O
1 J

—_
co N N A Oy
1 1 1 1 l 1.1 1 1

number of particles

»

—_ =
S~ 0 N O
1 1 1 |

L

A2

i

B2

LII'T'II]]I

Figure 10 Sample 28d from February 24™ under sub-oxic conditions; selected 2x2 pm
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Figure 11 Sample 28d from February 24™ after aeration; selected 2x2 um AFM-images
(A-F).

The deeper sites (26d and 28d) had higher frequencies of larger nanoparticles (30-50 nm) for
both sampling rounds compared with the shallow sites. Aeration of the samples often changed
the particle size distribution dramatically. For example, in the aerated sample 26c, no
nanoparticles could be found on by AFM. Instead, a few large (> 100 nm) colloids were
observed, that appeared to be composed of smaller nanoparticles (Figure. 5). Similar
observations were made in the aerated samples 26d (Figure. 7) and 28c (Figure. 9), although
nanoparticles could still be observed by AFM in sample 26d. The observations are likely to be
explained by the oxidation of iron in the samples, and increased formation of iron oxyhydroxide,
giving rise to aggregation of the nanoparticles. In sample 28d, large amounts of nanoparticles
were observed also after aeration of the sample (Figure. 11). The fact that aggregation appeared
to be less prominent in the 28d sample could possibly be explained by the much lower dissolved
Fe/NPOC ratio in 28d (0.18) compared with 26¢ (1.2), 26d (1.3) and 28c (0.3), resulting in a
higher stability of the nanoparticles in the 28d sample.

4.2.2 Transmission electron microscopy

The TEM-results should be treated by some caution, since the TEM-grids were stored for several
days-weeks before analysis. Although the grids were dried, the possible formation of iron
oxyhydroxide nanoparticles and colloids due to iron oxidation during storage should be taken
into consideration.

Different types of particles could be observed from the TEM-micrographs. Nanoparticles of a
few nm in size were observed in the sub-oxic samples 26¢ (Figure. 12) and 28c (Figure. 16), but
never in the aerated samples, i.e., the same observation that was made from the AFM-images.
Larger colloids with darker shade (i.e., less transparent for electrons) were observed in all
samples, and had similar shapes as the colloids observed by AFM in the aerated samples. It is
likely that these ‘dark’ colloids are iron-rich, e.g., composed of iron oxyhyroxide. The fact that
the dark colloids were observed in the sub-oxic samples by TEM but not by AFM can be
explained by the fact that the probability of finding them with AFM was much lower, since
AFM-images were acquired on random locations of the mica substrate, while TEM-micrographs
were acquired on particles selected after searching large areas of the TEM-grids. In addition, the
electron dense Fe particles show up clearly on the TEM images while less dense (e.g. organic)
are harder to see.

In the aerated samples 26¢ (Figure. 13) and 26d (Figure. 15), the sizes of the dark colloids were
considerably larger compared with the sub-oxic samples, e.g., the same observation as made by
AFM. In the sub-oxic samples 28c (Figure. 17) and 28d (Figure. 19), another type of colloids
was observed that were ligher in shade, i.e., more transparent to electrons. A likely constituent of

16
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these ‘light” colloids is organic matter. In both samples, the light colloids were partly covered by
‘dark’ material, thus it appears that the light colloids function as nuclei for the growth of the
presumed iron oxyhydroxide. If this is the case, the fact that no light colloids were observed in
the sub-oxic samples 26¢ and 26d could be explained by that they were completely covered by
iron oxyhydroxide, due to the much higher iron-concentration and Fe/NPOC ratios in these
samples (Table 5). The presence of dissolved Fe(ll) and nanoparticulate Fe(lll) suggests that
NPOC from the landfill has dissolved Fe(l11) oxides (reductive dissolution) and produced in situ
colloidal and nanoparticulate Fe oxides (Liang et al., 1993). In the sub-oxic sample 28c (Figure.
16), fibrillar material was also observed in association with the dark colloids, presumably
biopolymeric organic matter.

200 nm 200 nm
@ L D
'200 nm 200 nm @

50 nm

Figure 12 Sample 26¢ from February 24™ under sub-oxic conditions; selected TEM-
micrographs magnified 100 000 times (A-D) and 300 000 times (E and F).
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Figure 13 Sample 26¢ from February 24™ after aeration; selected TEM- micrographs
magnified 100 000 times (A-D) and 300 000 times (E and F).
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Figure 14 Sample 26d from February 24™ under sub-oxic conditions; selected TEM-
micrographs magnified 100 000 times (A-D) and 300 000 times (E and F).
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Figure 15 Sample 26d from February 24™ after aeration; selected TEM- micrographs
magnified 100 000 times (A-D) and 300 000 times (E and F).
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Figure 16 Sample 28c from February 24™ under sub-oxic conditions; selected TEM-
micrographs magnified 100 000 times (A-D) and 300 000 times (E and F).
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Figure 17 Sample 28c from February 24" after aeration; selected TEM- micrographs
magnified 100 000 times (A-D) and 300 000 times (E and F).
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Figure 18 Sample 28d from February 24™ under sub-oxic conditions; selected TEM-
micrographs magnified 100 000 times (A-D) and 300 000 times (E and F).
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Figure 19 Sample 28d from February 24™ after aeration; selected TEM-micrographs
magnified 100 000 times (A-D) and 300 000 times (E and F).

4.2.3 Scanning electron microscopy with energy dispersive X-ray diffraction

The SEM-micrographs of the sub-oxic samples showed colloids with similar shapes as the dark
colloids on the TEM-micrographs, and as the colloids found by AFM in the aerated samples
(Figure 20-23). EDX-spectra taken on these colloids showed high Fe-signals, confirming that the
colloids were iron-rich. In addition, the Ca signal was higher compared with background EDX-
spectra from the TEM-grids, indicating that the colloids were rich in Ca. P peaks were present in
nanoparticles enriched in Fe from samples from nest 28 (Figures 22 and 23) while they were
absent in the samples from nest 26 (Figs. 20 and 21). This shows evidence of P association with
Fe nanoparticles, perhaps indicating PO, binding to Fe oxy-hydroxides, most likely from nearby
surface water sources of soluble reactive P. Compact particles (see 16(1)) were also observed,
giving very high Ca-signal in EDX, suggesting that they could be composed of calcite.

24



IR/11/021

=~ FE 2| = Fo =| [= S = [w =
= =¥ e T2 T e %
v EMN £ M £ =
-4 -4 4 -4
“ i (7] w
a¢° . A 2
................ R R ittt L T ----------------mnA..s.------------------maﬂ. -
.................. e R T |y . o B e e P TR T
................. LT T B | A LLbE =T T E EEFPPEEERPPPRPPY Loy B
@ ® a i
" - ”
||||||||||||||| A=ZFs-[-"-"""""""--"==-=---=4{%-
e B SRR e =i
T
. -
T 3
- 1
= g
g g
ol oo o
b-dH---mmmmmm e < -
3 :
A
L 8
-8 a<f~g
S| |
B EEEEE g —e -4
I i

Y

100nm W

2
2

Cu

Fe
Figure 20 SEM (A), STEM images from secondary electrons (B) and backscattered

electrons (C) from sample 26¢ under sub-oxic conditions, taken on February 24™. EDX-

spectra showing major element-composition at different positions of the image (1,2,3 and

4).

25



EDX-
2.3 and

IR/11/021

5 25 233 = gy 2E
Fe=— 5 N §Fm E <
& i3 & &
FU»AQ AWAQ AW -] A.UvAQ
=
................ m.Mx;_e-.----------------mmﬂny-------.-..---------i-a- - oot SO el W
|||||||||||||||||| _.-WA e e e =S |||||||||||||||.||FA ?..4....-. e
............. ﬁk.l.|\.h--.------------------- e R | B L~ |t
- [4v]
L)

3

2

1

T
0

T
1

FulScale 720 cts Cursor 2751 (2 cts)

' 2

1o

Fu|hnT' 720 i Cu?z.?sl (3 cls)

3

1

X
]
-9
=
=]
o

-composition at different positions of the image (1

Figure 21 SEM (A), STEM images from secondary electrons (B) and backscattered
electrons (C) from sample 26d under sub-oxic conditions taken on February 24™.

spectra showing major element

4).

26



IR/11/021

Tof AL
‘.t‘
3

-

b o |

00 00nm WD 95mm

300 nm

NONE COMPO 20,

Wi 9.5mm

00 100nm WD B5mm

Ful Scle 768 ofs Cursgr 2047 (1 dis)

c

i+ e

1

: 1
:

e A s
1 I_/'L
.

.

SA3 (3 els)

Full Scale 1632 cds Cur

j

)

]
50

]

i

!

|

|

]

i

i

i

]

i

i

: Specium 1
i
]
!
!
!
1
1
i
i
i
i
i
au
i
1
_,f 1 Cu
.
[} ] 10
i ke
1 Spectrum §
i
2
i
i
i
i
!
!
!
!
1
i
i
i
i
&
2,
A a 10
kY|
Spectrum 3

3

L
1
1
1
1
1
1
1
|
|

G

!
=

e
P 1
Full Scals 786 ots Cursor 2047 (12 cts)

T

T
1

]

T T T
§ El 10
i
\ SpEcrum 4
]
]
i
]
]
]
!

T
1

ol
"2

- 3?______.

Si

?Tma: chs Curgor: 543 (23 cls) o

co

Figure 22 SEM (A), STEM images from secondary electrons (B) and backscattered
electrons (C) from sample 28c under sub-oxic conditions taken on February 24". EDX-
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Figure 23 SEM (A), STEM images from secondary electrons (B) and backscattered
electrons (C) from sample 28d under sub-oxic conditions taken on February 24", EDX-
spectra showing major element-composition at different positions of the image (1,2,3 and
4).

4.2.4 Field-flow fractionation with UV-absorbance detection

Continuous 0.1-10 nm size distributions of UV-absorbing material, determined by FFF, are
shown in Figure. 24. UV-absorbance at 254 nm (UV2s4) was mainly distributed over the 0.5-
6 nm size range, with a maximum at about 1.5 nm. UV-absorbance at 575 nm (UVs7s) in the sub-
oxic samples 26¢ and 26d had its maximum at a larger size, around 3 nm. UVas4 showed a
secondary maximum, coinciding with the 3 nm maximum in UVs7s_ In the sub-oxic sample 28d,
and in the aerated samples, the UVszs-signal was too low to be distinsuished from the
background. In addition, the peaks in UVas4 Were lower in the aerated samples than in the sub-
oxic samples.

It should be noted that the sub-oxic samples analysed by FFF (taken on April 13" were higher in
DO (Table 2) than the samples analysed by microscopy (taken on February 24™, Table 2). The
material giving rise to a maximum UVss4 at 1.5 nm is most likely organic matter, e.g., soil fulvic
or humic acid. The material giving rise to a 3 nm maximum in UVszs behaves in a similar way to
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the nanoparticles observed with AFM. For example, the 3 nm UVs75 maximum was detected in
the sub-oxic samples 26¢ and 26d, but not in the sub-oxic sample 28d, for which AFM
determined a broader nanoparticle size distribution, with nanoparticles largely found in the
>10 nm size range, e.g., outside the range of FFF. Moreover, the 3 nm UVs75 maximum could
not be observed in the aerated samples, similar to the nanoparticles observed by AFM. However,
the size of the UVs75s maximum determined by FFF (3 nm) was considerably smaller than the
size of nanoparticles determined by AFM (about 10 nm). An alternative explanation is that the
UVszs-maximum at 3 nm represent a different type of organic matter, which is co-aggregated
with the nanoparticles when the samples are aerated. Possible compounds include poly aromatic
hydrocarbons derived from tannins and lignins (terpinoid precursors) or porphyrin compounds
derived from oil or micro-organisms (Leenheer et al., 2003; Lesage et al., 1993), both of which
are often associated with landfill leachates.
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Figure 24 0.5-10 nm FFF size distributions of UV-absorbing material measured at the
wavelengths 254 nm and 575 nm, in sample 26¢ under suboxic conditions (A) and after
aeration (B), in sample 26d under sub-oxic conditions (C) and after aeration (D) and in
sample 28d under sub-oxic conditions (E). All samples were taken on April 13th.

5 Conclusions

This study has successfully sampled and characterised nano-scale particulate material in sub-oxic
groundwaters within an alluvial floodplain aquifer. The integrity of the sample was maintained
throughout the field and laboratory work to ensure that nanoparticles representative of the sub-
oxic environments were characterised. Nanoparticles from four sites were characterised by
multiple methods, AFM, ESEM, TEM and FFF, to explore particle size distributions,
morphology and surface chemistry.

These sub-oxic groundwaters were found to have abundant iron and organic nanoparticles with
diameters <30 nm. AFM results showed spherical nanoparticles with average diameters of ca
10 nm, while FFF results indicated that smaller fulvic-like nanoparticles were present with
average hydrodynamic diameters of ca. 1.5 nm. FFF with UV absorbance detection at 575 nm
showed that another population of organic rich nanoparticles were present with larger
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hydrodynamic diameters (ca. 3 nm) in the groundwater at nest 26 but were not present in nest 28,
perhaps representing aggregated humic-like/Fe rich particles or another source of organic matter.

Fibrillar bipolymeric nano-scale organic material was also observed in sub-oxic samples from
nest 28, evidence of the important role of microbiological processes occuring within this leachate
plume. It appears that the reductive dissolution of these Fe oxides is progressive down gradient
from the landfill, causing a shift in the ratio of dissolved and nanoparticulate Fe. TEM-EDX
analysis also showed that Ca rich nanoparticles were present within the groundwater, and that P
was associated with the surface of Fe rich particles in nest 28 but not nest 26.

Aeration of sub-oxic samples resulted in a dramatic shift in the nanoparticle size distribution.
This was a result of the aggregation of smaller nanoparticles to form larger agglomerations, and
the oxidation of Fe (Il) to form new nanoparticulate and colloidal Fe oxides, with diameters
typically >50-100 nm as observed by AFM. This is analogous to processes that occur during
mixing of anaerobic and aerobic environmental waters, e.g. during rapid recharge events,
flooding, hyporheic zone mixing, waste water treatment and waste water inputs to surface
waters.

Characterising nano-scale particles within these sub-oxic environments is challenging but is
critical to understanding pollution attenuation and migration within these systems. Due to their
high surface area and rapid transport properties nanoparticles are important vectors for the
migration of pollutants such as As, P and NH, in the subsurface, Characterising nanoparticles is
also important for understanding biogeochemical processes occurring within groundwater bodies
impacted by the migration of leachates from waste storage sites. The techniques developed in
this study have potential wider applications for understanding the occurrence and fate of natural
and anthropogenic (engineered) nanoparticles in sub-oxic conditions.
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