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Abstract

Biofilms are a common constituent of the subsurtaoe are known to influence contaminant
transport; however only a few studies to date laaressed microbial controls on nanoparticle
mobility in porous media. The impact of a 3-dgntoea agglomerarigofilm on themobility
of zinc oxide (ZnO) nanoparticles was studied ituom experiments containing sand and
glass beads at near-neutral pH and constant ibr@ngth. Bare ZnO nanopatrticles (bZnO-
NPs) and ZnO nanoparticles capped with tri-aminpypltaethoxysilane (cZnO-NPs) were
used in the experiments. Breakthrough curves detrataghat the biofilm particularly slowed
nanoparticle migration of bZnO-NPs in glass beddmos and cZnO-NPs in sand columns.
With the exception of bZnO-NPs in sand columnsfilonecoated porous media retained more
nanoparticles than controls without biofilm. Thefilim may bear an impact on the surface
charge of the porous media, nullifying porous megtiacific effects. Although viable cell
counts (VCCs) decreased after the introductioresdteolyte and before nanoparticle transport
experiments, SEM and CLSM imaging of porous medimes taken from columns after
nanoparticle transport experiments, as well a$ ¢oganic carbon (TOC) measurements reveal

that biofilm was present in the columns througttbatexperiments. Hence, it can be concluded



that even a thin amount of biofilm can hinder naartiple migration in small-scale porous
media experiments. Moreover, nanoparticle mobiitgependent on the binding capacity of

biofilms, rather than the type of porous media.
1. Introduction

The widespread production of nanoparticles by waricndustries and the associated
concern that inadvertent release to the environmmgiit impact ecosystem functioning has
led to increase in research efforts to understamgbparticle transport in porous media
(Chowdhury et al., 2011; He et al., 2009). Zincdex{ZnO) nanoparticles are of particular
concern as they are widely used in sunscreens thed personal care products (Newman et
al., 2009). Nanoparticles may be introduced intosihbsurface via precipitation, landfill waste,
wastewater, or through the use of nanoparticlethgaiudges in agriculture (Gajjar et al.,
2009). Thus, nanoparticles migrate directly or riedily into the biosphere, including into
groundwater supplies, where the long-term effetisxposure have not yet been established
(Dybowska et al., 2011; Li et al., 2011a).

Studies to date have shown that the transportmadperticles in porous media depends on
a variety of factors, including the presence ofgtag agents (Petosa et al., 2012), ionic strength
(Chowdhury et al, 2011), dissolved organic carbBentMoshe et al., 2010) and surface
chemistry of the porous media (Kurlanda-Witek et2014); however, the large surface area
of porous media grains serves as an ideal envirohfoe formation of microbial biofilms
under favourable conditions (Kapellos et al., 20819films consist of structured communities
of one or more strains of microorganisms, bounetiogr by gel-like extracellular polymeric
substances (EPS), secreted by the microorganismss (Bnd Bickerton, 2002). They are
frequent in the subsurface, where enhanced groetthiden porous media grains can lead to
clogging of aquifer materials (Seifert and Engestj@2012; Thullner et al., 2004; Yang et al.,

2013). The abundance of microbial activity sugg#isas microbe-nanoparticle reactions are



likely to be fundamental in nanoparticle transpartd may even have applications in the
treatment of nanoparticle-bearing wastewaters (Mot al., 2010).

Despite this knowledge, relatively few studies hanestigated the impact of biofilms on
nanoparticle transport. Consequently, our knowleafgiae behaviour of nanoparticles under
natural conditions found in the subsurface is kaitin a study on fullerene § nanoparticle
transport in sand coated with Escherichia coli(E. coli) biofilm, Tong et al. (2010) found
that biofilm promoted higher nanoparticle depositidripathi et al. (2012) demonstrated
similar findings in transport experiments conduateith sulphate and carboxyl-modified latex
nanoparticles and carboxyl-modified CdSe/ZnS quantpts in sand columns with a
Pseudomonas aeruginodaofilm, as shown by larger attachment efficiencesd lower
breakthrough curves. Jiang et al. (2013) statedahi. coli biofilm growing on quartz sand
retained ZnO nanoparticles irrespective of partgife and surface chemistry of the quartz
sand grains. However, Lerner et al. (2012) fourad #Pseudomonas aeruginobafilm had
little influence on the transport and retentionroh nanoparticles in glass bead columns, and
conversely, the modelled single collector contdfitiencies of nanoparticles were higher in
sterile columns. The general status of these studi¢hat biofilm increases the affinity of
nanoparticles to porous media, however there areptdons, brought on by differences in ionic
strength of the electrolyte, and by stabilisatidmanoparticles with polymers, which may
promote steric repulsion between biofilm-coatedopsrmedia and nanoparticles (Xiao and
Wiesner, 2013). However the effect of varying scefahemistry of the porous media on
biofilm influenced nanoparticle mobility has no#pestudied. As shown in our previous study,
the mineralogical composition and hence surfacancttey of the porous media causes
fundamental differences in the transport behavafunanoparticles (Kurlanda-Witek et al.,

2014).



The aim of this study was to develop a mechanistaerstanding of the impact of biofilms
on the transport on ZnO nanoparticles in saturptgdus media, comparing glass beads with
quartz sand, chosen because they have differefdceucharge characteristics under the
simulated, near-neutral pH and low ionic strengihditions of the subsurface environment.
We hypothesized that the presence of a biofiimaboimogenize the surface chemistry of the
porous media and hence nullify porous media speeffects. The important role of net-surface
charge was investigated by also comparing barecapged ZnO nanoparticles (bZnO-NPs
and c¢ZnO-NPs, respectively), the latter of whichravecapped with KH550 (tri-

aminopropyltriethoxysilane).

2. Materials and methods

2.1 Porous media preparation and column packing

Two types of porous media were used for nanopartielnsport experiments; glass beads
(0.5 mm in diameter), and quartz sand sieved fameter between 120 pm and 350 pm. They
were chosen because despite similar chemical catigggghey had different zeta potentials
when measured under the conditions of the colurperaxents (5mM NaCl, pH ~8, Table 1).
Both water and porous media were autoclaved anpdtais media were dried under UV light
in order to maintain sterility. Prior to autoclaginsand and glass beads were washed three
times in 6% hydrogen peroxide {Bb) to remove any organic material, and then soaked i
10% nitric acid (HNQ) overnight to remove any metals. The porous mesig then washed
in deionized water and made alkaline with 1 M sodhydroxide (NaOH) to pH 7. All tubing
and column parts used in the experiments were lavied and dried under UV light prior to
use. Columns (12 cm working length and 1 cm diam&éa Omnifit) were packed with

autoclaved 5 mM sodium chloride (NacCl) electrolgted porous media. The columns were



packed in a Bio-Air microbiological safety cabir{@ura B4 model) using the wet packing

technique (Deshpande and Shonnard, 1999).

2.2 Preparation of nanoparticle solutions

bZnO-NP solution was purchased from Sigma Aldrid®0(ml of 50 w/t % solution in pure
water, 30 nm average nanoparticle diameter). Thekssolution was dispersed using an
ultrasonic bath for 30 minutes. One ml of stockusoh was diluted in deionized water to a
concentration of 12.5 mg/ml and sonicated as albfmv&0 minutes. One ml of this solution
was dispersed in 5 mM NacCl solution, made with elateed, deionized water to make up 1 |,
and sonicated for a further 10 minutes. cZnO-NR:s{&h average nanoparticle diameter),
coated with 1 wt % KH550, a silane coupling agem@re purchased in powder form from US
Research Nanomaterials Inc. Stock solutions werdeniiy dissolving 0.5 g of nanoparticle
powder in 1 | of 5 mM NaCl solution, and sonicafed1 hour. A solution at a concentration
of 12.5 mg/mwas made up with 5mM NaCl, then sonicated for éheur30 minutes. Both
bZnO-NP and cZnO-NP solutions were analysed foraaee size of nanoparticles and zeta
potential using dynamic light scattering (DLS) odetasizer Nano ZS (Malvern Instruments
Ltd.). Zeta potentials of crushed glass beads hedisandPantoea agglomeransulture, as
well as aP. agglomeran®iofilm grown on crushed beads and crushed san8,mnM NaCl,
pH = 8.0, were also established. Porous media weshed to a powder using a mortar and
pestle. Two ml oP. agglomeransulture was added to 5 g of crushed beads and brgshed
sand one day prior to zeta potential measuremants,stirred on a rotary shaker at 30°C
overnight, to enable biofilm growth on the porousdia grains. The supernatant, containing
nutrient media, was decanted, and 2 ml of 5 mM Na&4 added to the samples. All sample
suspensions were vortexed prior to measuremerd.pégential measurements were measured

in three runs of ten cycles each. Additionally, oyarticle sizes were calculated from the Brus



equation, based on the UV-Visible absorbance speftnanoparticles in suspension (Brus,

1984) (see section 2 in Supporting Information, Sl)

2.3 Column transport experiments

All experiments were performed in duplicate. Thecebolyte was adjusted to pH 8 using
0.01 M NaOH, to prevent dissolution of zinc oxidenoparticles (Jiang et al., 2012; Petosa et
al., 2012). Several pore volumes of 5mM NacCl etdgte were pumped into the columns using
a peristaltic pump (Masterflex) at a flow rate agf®ml/min(approximately 9 m/d). For biofilm
columns, Nutrient Broth media (NM, 13 g/l) (No.Ruka) was pumped into columns at a flow
rate of 0.46 ml/min. After several pore volumes baén eluted, the columns were inoculated
with 1ml of Pantoea agglomeransn aerobic Gram negative bacteria commonly foorsil
and water environments, that does not produce Ergrints of EPS (Kapetas, 201Rantoea
agglomeransvas grown in liquid cultures (13 g/l NM in 100 nfidy a period of 24 hours. The
aim was to cover the porous media grains with a layer of biofilm, without facilitating
physical bioclogging, and thus the creation of @refitial flow paths. The columns were left
for 24 h to allow attachment of the bacteria orite porous media. Afterwards, NM was
pumped into the columns continuously at a flow @it€®.5 ml/min for a period of 3 days.
Outflow and viable cell counts were measured d&ifyproximately 12 h before nanoparticle
solutions were pumped into the columns, 5 mM Nd&iteolyte was pumped into the columns
at a flow rate of 0.46 ml/min in order to flush alt traces of NM, which could enhance
nanoparticle aggregation due to salt content aaghtbsence of organic material (Ben-Moshe
et al., 2010). Viable cell counts in the effluerdgrey also determined after 12 h of addition of
electrolyte and before nanoparticle transport erpants in order to verify that bacteria were
still present in the columns after the additiorlgictrolyte. Sterile control column experiments
were carried out by pumping several pore volumeselettrolyte before pumping in

nanoparticle solution. For both control and biofibmlumns, 3 pore volumes of nanopatrticle
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solution were pumped into the column at a condtant rate, followed by 5 pore volumes of
electrolyte. Nanoparticle concentration in the si@®mpvas measured as dissolved Zn using
ICP-OES. Concentrated HN@as added to measured samples to a concentr&@8a (rang
et al., 2013). Acidified samples were analyzed gisirPerkin ElImer Optima 5300 DV ICP-
OES, with analytical uncertainties determined usagcertified multi-element standard
(CertiPUR ICP multi-element (M6) standard for ICFSMVierck). Nanoparticle input solutions
were collected before entering the columns, througtthe duration of the nanoparticle
transport experiments (at the beginning of poreivas 1, 2 and 3). Concentrations measured
in column outflow were normalized to averaged valinghe input solution in order to calculate
the breakthrough curves (G)C

After the transport experiments, columns were digted and the porous media mass was
divided into 5 sections. 2.5 ml of 2% HN@as added to 0.5 g of glass beads or sand from
each column section and stirred overnight to defaeh from the beads. In a previous study,
mass balance calculations demonstrated that therityapf nanoparticles remained attached
to the porous media grains (Kurlanda-Witek et 2014). Extractions were performed in
duplicate. After 24 h, the acidified samples wesatafuged at 24149 x g, for 20 min, at 4°C,
and filtered through 0.22 um filters for ICP-OESsis (Yang et al., 2013). The remaining
porous media samples from biofilm columns were ugedTotal Organic Carbon (TOC)

determination as a proxy for biofilm biomass dmmition (see section 3 in SI).

2.4 Deter mination of viable cell counts

Viable cell counts were conducted in order to obsdiofilm viability throughout the
duration of the experiment. Cell counts of inocetatolumns were determined by plating
serial dilutions of effluent. One ml of effluent svdiluted between 1and 1 times using
sterile, deionized water. Each dilution was gentiixed using a vortex (Vortex Genie,

Scientific Industries). Ten ul of each dilution wapetted and spread onto plates with Nutrient
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Agar (Fluka) and incubated in an oven for 24 hoafter which colonies were counted (Brock

and Madigan, 1991).

2.5 Confocal laser scanning microscopy (CLSM) and scanning electron microscopy
(SEM)

Confocal laser scanning microscopy (CLSM) was usedbserve the extent of biofilm
growth on porous media after termination of expenis. Biofilm samples grown on sand were
washed with phosphate buffered saline (PBS) andestavith 4',6-diamidino-2-phenylindole
(DAPI) stain at a concentration of 300 pg/ml, mé&den 10 mg/ml stock solution (Biotium),
using PBS as diluent. Samples were fixed onto giidss using SlowFade Gold Antifade
Reagent (Invitrogen), and air-dried. Glass beads ta® big to mount on glass slides, therefore
0.5 g of beads were vortexed with PBS and stain#d@®API stain, and a drop was placed on
a glass slide and left to air-dry. Once dried, ghmples were covered with glass cover slips
and fixed with nail varnish. Samples were viewedngsa Leica SP5 Confocal Laser
Microscope. Stacks of images were processed torgges using ImageJ software. Scanning
electron microscopy (SEM) images were taken of permedia from the top and bottom
sections of each column. Porous media was traesfevith a spatula onto 1 cm diameter SEM
stubs, and gold sputtered using a BAL-TEC SCD 0p0tt8r Coater. Samples were viewed
with a Philips XL30CP scanning electron microscapeecondary electron imaging mode.
Surfaces of porous media were visualized using koINISMZ800 stereo microscope with

attached Nikon Coolpix 995 digital camera.



3. Reaults

3.1 Nanoparticle sizerange and zeta potentials of nanoparticles and porous media

Measurements by DLS of bZnO-NPs in suspension migted an average diameter of 72
nm, while cZnO-NPs were an average 45.1 nm in diem8ecause DLS is a particle size
measurement tool based on scattering light by gestiin suspension, the results are skewed
in favour of larger, aggregated nanoparticles (@devand Tufenkji, 2012), implying that the
majority of nanoparticles were likely to be smattean the size measured. The UV-Vis spectra
of nanoparticle suspensions was interpreted udiegBrus equation (Brus, 1984) as an
alternative to DLS to estimate nanoparticle siyesding sizes of 6.6 nm and 14.6 nm (+ 2
nm) for bZnO-NPs and cZnO-NPs, respectively (seé@e2 in Supporting Information).

Table 1 presents results for zeta potentials of porous media, nanoparticles and
bacteria used in the experiments. Mean zeta potentials for nanoparticle suspensiare w
+21 £2.74 mV and +1.45 + 1.6 mV for bZnO-NPs aBd©-NPs, respectively. Positive zeta
potentials for bZnO-NPs were also reported by Bessiv et al. (2010), Petosa et al. (2012),
and Zhou and Keller (2010). Capping ZnO nanopadielith polymers can change the zeta
potential to negative values at neutral pH (Karmed Al-Abed, 2011; Petosa et al., 2012);
however,KH550 has a circumneutral surface charge at near neutral pH, due to the
presence of both negatively charged silanol groups and positively charged amino
groups (Metwalli et al., 2006). Zeta potential results for cZnO-NPsn 5mM NacCl varied
between -4.9 mV and +14.78 mV. Chen et al. (2001) found that the zeta potential of
gquartz sand modified with aminosilane was equal to approximately 0 mV. Glass beads
(-35.2 £ 5.89 mV) and sand (-53.9 £ 4.03 mV) were negatively charged in 5 mM NaCl
and pH=8, which was expected, as the points of zero charge (PZC) for glass and sand
are approximately pH=2 for both materials (Kosmulski, 2009). P. agglomerans culture

was also negatively charged, as bacterial cell walls are negatively charged at most
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environmental pHs, which leads to their affinity to metals (Kapetas et al., 2012). The
addition of biofilm increases the net negative zeta potential for glass beads to a value
close to that of quartz sand but largely leaves that of quartz sand unaffected; hence

the presence of biofilm leads to identical zeta potentials. The different effect on zeta
potential may be due to the sparse cover of biodifmsand. This was also found by Lerner et
al. (2012) on glass beads. In fact, the unevenlimagrowth on glass beads have led Lerner et

al. to believe that the zeta potential is incorrect

3.2 Viable cell counts (VCC)

The number of viable cells in column effluent wasleated as an estimate of biofilm
viability. The limitation of this method is thateramount of viable cells in the effluent may
not provide information on the actual stabilitytbé biofilm, or what proportion of the biofilm
may actively uptake nanoparticles. VCCs were cateal from the four experiments in which
biofilm growth took place (each experiment was perfed in duplicate). It was anticipated
that there could be differences in the amount abka cells between glass bead and sand
columns, with respect to greater surface arearaf geains. Figure 1 shows the average number
of VCCs from four experiments (with duplicates):luwans from bZnO-NP experiments
packed with sand and glass beads, and columnsdZo®-NP experiments packed with sand
and glass beads. The VCCs were carried out daity iy nanoparticle transport, and were
additionally carried out on Day 4, directly beftihe nanoparticle transport experiments. VCCs
increased over a period of three days of biofilowgh, to an average of 9.6>¢ells/ml. After
approximately 12 hours of 5 mM NaCl electrolyteusimin flowing through the columns, cell
counts dropped to an average of 2.6%délls/ml, signifying that the electrolyte eithaliéd
cells or stripped biofilm from the collector graifighis was the case in all of the experiments,
except for experiment 2 of the sand columns (cZrifOuldnsport experiment) (Figure 1). VCC

values are twice as high in sand columns, compargthss bead columnp<0.08).
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3.3 Breakthrough curves

Figure 2 shows breakthrough curves for bare (2a 2imdand capped (2c and 2d)
nanoparticles, each comparing controls with biofdoated porous media. Outflow samples
were collected at 1-minute intervals with the itit@m of measuring the breakthrough curve
using UV-Visible absorption spectroscopy. Howevitiese measurements yielded erratic
results, possibly due to aggregation of the narimbes after collection. Consequently, samples
were analysed using ICP-OES. Hence, samples fropficdte experiments were batched
together to yield sufficient volume, so that thedkthrough curves presented in Figure 2a are
a moving average of the results.

More bZnO-NP breakthrough was observed in conteddbcolumns relative to sand
control columns, where nanoparticles were closdetection limit. Introduction of biofilm
resulted in identical breakthrough curves for baad sand columns, being identical to those
of control sand columns. This observation is cdesiswith the similar surface charge
characteristics measured for biofilm coated beamksands. However, as the breakthrough
curves of bZnO-NP transport are the same in salutes, it is difficult to determine the actual
effects of biofilm on these nanoparticles.

By contrast, significant differences were obserwethe transport of cZnO-NPs between
bead control and sand control columns (Figures r&t 2d). In glass bead columns, the
breakthrough curve of cZnO-NPs from columns witbfibih growth is similar in shape to the
control columns (Figure 2c), which are in turn muetver than those in the sand control
column. The reason for this could be uneven thigtion of biofilms on the surface of the glass
beads, which is the nature of biofilm growth antlanéeature of the collector grain (see section
4.1). In the case of sand control columns, thekbheaugh curves of cZnO-NPs reached a
plateau, but the nanoparticle breakthroughs wareelafter the same pore volumes as for

glass beads. A small tailing effect was also ole®rnBYy contrast, nanoparticles were not
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detected in the biofilm colonised sand columngdneral, cZnO-NPs were more mobile than

bZnO-NPs, particularly in sand (Figure 2d).

3.4 Retention profiles

Retention profiles determined by extracting nantgas from the columns after flow
experiments are shown in Figure 3. For bZnO-NPgufeis 3a and 3b), there was only a
statistically significant difference in retention #e column inlets of glass bead columns
(Figure 3a), where columns with and without biofiletained an average of 67.6 + 4.9 ug/g vs
36.3 = 8.5 pg/g nanoparticlgs £ 0.02). Sand columns with and without biofiimsaieed 45
+ 4 pg/gvs. 97 + 19.8 pg/g of nanoparticlgs<0.23) (Figure 3b). For cZnO-NPs, nanoparticle
retention was marginally higher in the biofilm cains of glass beads, except at the inlet, where
retention was equal between biofilm and controluouis (Figure 3c), whereas in sand
columns, nanoparticle retention values were gelydoaler for biofilm-coated sand, yet higher
at the inlet (Figure 3d). In general, retentionfiies of cZnO-NPs were smaller than for bZnO-

NPs, signifying higher elution rates for the cappadopatrticles.

3.5 Calculation of single collector contact efficiency and attachment efficiency

Colloid filtration theory (CFT) (Yao et al., 197%)as used to quantitatively analyse the
deposition behaviour of ZnO nanoparticles in batusated sand and glass beads, with and
without attached biofilm, based on nanoparticleaktlerough curves in column experiments.

Attachment efficiencies were calculated @/Co values determined at approximately 1.5-
2 pore volumes of the experiments to evaluate maxirattachment efficiencies for the clean-
bed stage of ZnO nanoparticle attachment (Petoala, @012). Hamaker constants for porous
media, bacteria, and water were taken from Isragla¢1992), whereas the Hamaker constant

for ZnO nanopatrticles was taken from Bergstrom {39%he equations and parameters are
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presented in section 4 of Sl. The results of atteatt efficiencies and single collector contact
efficiencies for both bZnO-NPs and cZnO-NPs aresgméed in Tables 2 and 3, respectively.

The presence of biofilm did not significantly changhe single collector contact
efficiencies for bZnO-NPs in either glass beadsand. This is due to the fact that the only
difference between the calculations for coated amcbated porous media in the Tufenkji-
Elimelech equation is the change in Hamaker cohstanich is very small (Lerner et al.,
2012). bZnO-NPs had considerably higher attachm#iciencies to glass beads than to sand,
which is inconsistent with our breakthrough cunessd retention profiles of transport
experiments in glass beads and sand columns, &erelf nanoparticles, albeit limited,
occurred in glass bead control columns (Figuresar@ 2c¢). Biofilm almost doubled the
attachment efficiency of glass beads (2.53 + 0.0fat8biofilm and 1.35 + 0.027 for the
control), whereas attachment efficiencies of saedewery similar with and without biofilm
(0.71£0.077 and 0.79 = 0.006 for the biofilm awatrol column, respectively), which agrees
with breakthrough curves in that biofilm inhibitednoparticle transport in glass bead columns
and not in sand columna. exceeded unity, signifying that more particlesraggte on the
collector than are able to strike the collector {nda-Witek et al., 2014).

The overall attachment efficiencies for cZnO-NPsenlewer than for bZnO-NPs and the
results for the T-E correlation equation are indoraagreement with experimental data.
Specifically, the attachment coefficient for thentrol sand columns was one order of
magnitude lower than for control glass bead coluniiss is correlated with breakthrough
curves, where cZnO-NPs showed highest elution tontrol sand columns (Figure 2d). The
addition of biofilm to sand columns greatly reducethoparticle elution, hence nanopatrticle
attachment to biofilms was higher£ 0.22). Moreover, nanoparticle attachment togksesads
with and without biofilm was comparable, which wako reflected by the respective

breakthrough curves for glass bead columns (FigayeSingle collector contact efficiencies
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for cZnO-NPs were higher for sand columns, indigata higher predicted retention of
nanoparticles; however, the total differences tamgon between glass bead and sand columns

were not substantial.

4. Discussion

4.1 Biofilm growth in columns

A primary objective was to obtain optimum biofilmogvth levels, sufficient to observe an
impact on nanoparticle transport. A longer penbdiofilm growth could lead to clogging of
the porous media, which would result in channellarighe fluid (Ozis et al., 2007). In the
literature, biofilm growth in column experimentsries between 24 hours and 5 days (Lerner
et al., 2012; Tripathi et al., 2012). AHBantoea agglomeranssed in our experiments, 3 days
may not have been sufficient for adequate growthickvis illustrated by almost all VCC
measurements, carried out as an estimate of biagfilowth; however, SEM and CLSM
imaging, as well as TOC, carried out at the enthefexperiments, after over 18 hours of
electrolyte flow and exposure to nanoparticles, aestrated that biofilms still remained in the
columns, even though a minimal number of viablésoghs eluted from the columns (Figure
1). Figures 4a and 4b show that colonies of celisevattached to the sand grains. Moreover,
Figure 4a suggests that the biofilm became thinpatchy, retreating into grain crevices. Cells
were not visible on the exposed surfaces of thd gaains in the studied samples. However,
the CLSM images (Figures 5 and 6) show that cefisevattached to the overall surface of the
porous media grain, with some local differencesait concentration, which is particularly
evident in the CLSM image of a sand grain, as thela/ grain was visualized in situ. This
uneven growth was also observed by Lerner et @14p in a study of &seudomonas
aeruginosabiofilm grown on glass beads, and by Xiao and Weeg2013) in Gram positive

and Gram negative bacteria biofilms on glass beB@E€ measurements (Figure S2) show a
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significant error between sample duplicates, wilicther stresses local differences in biofilm
growth in porous media. Hence, it is frequentlyeslied that biofilms are troublesome to

produce repeatedly, even in replicate experimama@ndowski et al., 2004).

4.2 Mobility of bZnO-NPsin clean porous media

Control columns with both glass beads and sand shatbZnO-NPs had limited mobility.
Nanoparticle mobility in glass bead columns waghdly higher than in sand columns, which
can be associated with larger and rounder graiesefHal., 2009). However, bZnO-NPs are
known to generally possess low mobility (Petosalet 2012). Ben-Moshe et al. (2010)
confirmed that ZnO nanoparticles showed the lowestility in a comparison with three other
metal oxide nanoparticles. This is due to the faat ZnO has a positive zeta potential (+21
mV in our experiments) and binds to negatively gedrglass bead or sand walls at near-neutral
pH (zeta potentials of -35.17 mV and -53.94 mV imB8 NacCl, respectively). Figures 3a and
3b demonstrate that a significant amount of narimbes was retained in the columns,
particularly close to the column inlet. This ocante was also observed by Jiang et al. (2012)
in their study on ZnO nanopatrticle transport indsawmlumns, despite the fact that the
nanoparticles used in their study were negativelrged under all conditions, and so were
predicted to be repelled by the negatively-chaiggat grains. The opposite zeta potentials of
nanoparticles and collector grains in our experiseesulted in strong attractive forces, and
subsequently favourable conditions for attachmiéah(en et al., 2000). This may have led to
nanoparticle aggregation on entering the columnfilbgg binding sites on porous media
surfaces (Chowdhury et al., 2011; Jiang et al.2201 should be noted that, as the bZnO-NPs

possessed positive zeta potentials, aggregatioaradparticles in solution was unlikely.
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4.3 Mobility of cZnO-NPsin clean porous media

cZnO-NPs were generally more mobile than bZnO-NP#ie@gatively-charged porous
media (Figures 2c and 2d vs. Figures 2a and 2ipectisely). KH550, used to coat the
nanoparticles, changed the zeta potential of Zn@particles to a small positive or neutral
value in 5 mM electrolyte. While this may infer fability of the suspension, as high absolute
values of zeta potential cause nanopatrticles tel m@pe another, breakthrough curves from our
experiments suggest that the suspensions weree s@blnanoparticle instability would be
demonstrated by a high tendency to aggre(faao et al., 2011). Moreover, solving the
Brus equation for cZnO-NP size based on the UV-Visible absorbance spectrum
implies that the actual nanoparticle size was 14.6 nm, as opposed to 45.1 nm,
measured by DLS, which could be a measurement of aggregate size. The increased
migration of cZnO-NPsn sand columns compared to glass bead columns was contrary
to surface potential measurements, since sand grains had a more negative surface
charge than glass beads; hence, the slightly positively-charged nanoparticles would
be expected to bind more strongly to sand. It may be that the zeta potential for glass
beads contains errors. Lerner et al. (2012) state that the zeta potential of crushed glass
beads in 1 mM NaCl was -67.03 mV, which is nearly twice as negative as our result
for crushed glass bead suspensions (-35.2 (£ 5.89) mV in 5 mM NacCl). This could be
attributed to surface charge heterogeneity of the glass beads. Nanoscale surface
charge heterogeneity of collector grains is known to play a key role in the deposition
of nanoparticles, and even minor changes in surface charge result in increased
nanoparticle attachment (Torkzaban et al., 2010). The differences in migration between
the two materials cannot be attributed to greatdase roughness for glass beads than for sand

since surface roughness parameters in our expesnrated out this phenomenon, as
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roughness of sand grains was found to be higher tifigglass beads, and both materials
possessed low overall surface roughness paran{ieitanda-Witek et al., 2014).
Furthermore, it is also possible that differenceshanoparticle surface charge caused
quicker elution of cZnO-NPs through sand columnerdbositively charged nanopatrticles in
the nanoparticle suspension saturated bindingaitssnd columns, leaving the less positively
charged nanoparticles to flow through the columepdsited nanoparticles will neutralize the

overall charge and eventually break through (Waraj.e2012).

4.4 Influence of biofilmson nanoparticle transport

Coating porous media surfaces with biofilm willther impede nanopatrticle transport due
to increased negative charge imparted by biofilmthis pH range, EPS becomes negatively
charged due to deprotonation of phosphate and x@rooups (Tourney et al., 2009). Indeed,
in our experiments, the zeta potentiaPaintoea agglomeraria 5 mM NaCl was determined
to be -20.6 mV. Lower mobility is clearly evidentbhZnO-NP transport in glass bead columns
and cZnO-NP transport in sand columns, where bnealsth curves were lower and retention
profiles show that more nanoparticles accumulatezblumns with biofilms. For cZnO-NPs
lower mobility in inoculated sand columns compatedhat of glass bead columns may be
explained by a higher amount of viable cells inghed columns, as demonstrated in Figure 1,
and hence a higher nanoparticle deposition rateekbreakthrough curves were also observed
by Tong et al. (2010) with fullerene 4§ nanoparticle transport in sand columns withEan
coli biofilm, by Tripathi et al. (2012) with sulfonatgmblystyrene latex bead transport in sand
columns, to which seudomonas aeruginobafilm was introduced, by Li et al. (2013) with
several nanoparticles in biofilm coated sand filtexrs well as by Jiang et al. (2013) in ZnO
nanoparticle transport in sand columns with Encoli biofilm. All nanoparticles were
negatively charged. This suggests that retentiamaabparticles by biofilms in porous media

occurs regardless of bacterial strain or type ofoparticle used; however, differences in the

17



breakthrough curves of bZnO-NPs in sand columnsamD-NPs in glass bead columns
between transport experiments with and withoutiloioére not particularly noticeable (Figure
2). An analogous situation was observed by Lerhak €2012) in columns with biofilm-coated
and uncoated glass bead®rovalent iron nanoparticles capped with polyacrgkid were
used in the transport experiments, and NaCl elgttraonic strength was 1 mM. A higher
retention rate of nanoparticles was observed ihdrigonic strength electrolyte of 25 mM, an
effect also demonstrated by Tong et al. (2010)s Téas explained by lower compression of
the electrical double layer (EDL) of nanopartic&dow ionic strength, resulting in increased
electrostatic repulsion between negatively changelgimer-coated nZVI and the negatively
charged biofilm (Lerner et al., 2012). As the iostcength remained constant in all of our
experiments, another explanation for lack of bmfimpact on nanoparticle breakthroughs in
some biofilm columns is that biofilm growth levelgre higher in sand columns for cZnO-NP
transport experiments, although all biofilms werevgn under identical conditions. As was
noted by Peulen and Wilkinson (2011), no two biofilare the same. Some studies claim that
short-term starvation of a biofilm increases cdtbeéhment (Cunningham et al., 2007).
Conversely, Walczak et al. (2012) found that cedbitty increased with an increase in pH
and a decrease in ionic strength, as well as wiebibfilm was additionally starved for 4-25
hours. This could be the scenario observed in gpem@ments, as switching from NM to
electrolyte resulted in an increase in pH (fronoB} and a decrease in ionic strength (NM
contains a high salt concentration). However, ipegxnents conducted by Walczak et al.
(2012) the cell culture was injected into sand-jeaotolumns for only 60 minutes, which could
be insufficient for cell adhesion to sand grainany et al. (2013) demonstrated that biofilms
grown in sand columns, subjected to minimal nutrraedium and high levels of exposure to
dissolved zinc for one week still maintained goetl giability. SEM and CLSM images of

biofilms from our experiments (Figures 4-6), whietere taken after introduction of
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nanoparticles, show that cells were still attacheedand grains, yet their mobility and/or
viability could have been reduced. As demonstratenO-NP transport in sand, even a thin
and patchy biofilm can impact nanoparticle transgbigure 2d). TOC results also confirm
that biomass was still present in the columns &#ienination of the experiments (Figure S2).
In previous studies, most transport experiment®iofiim-coated porous media were
conducted with negatively-charged nanoparticlesroter to observe nanopatrticle transport
under unfavourable attachment conditions, i.e. |sdp@l interactions between negatively
charged nanoparticles and negatively charged hactkang et al., 2013; Lerner et al., 2012;
Tong et al., 2010; Tripathi et al., 2012; Xiao awdesner, 2013). Studies of capped
nanoparticles have also been conducted on batth @édacteria in order to explain the
mechanisms of nanoparticle attachment and accuionlet bacterial cells. Dror-Ehre et al.
(2010) grewPseudomonas aeruginoséofilms in microtiter plates, subjecting them tery
high doses (10-180 pg/ml) of citrate-capped silwanoparticles. The bacteria developed
survival strategies by pushing the silver nanopkegito the periphery of the cells. Stojak et al.
(2011) studied the interactions of different-sigettd nanoparticles capped with citrate, with a
Legionella pneumophiléiofilm. The concentration of nanoparticles in@rssion was very
low; 0.7 ug/l, and yet nanoparticle absorption agdregation was visible both on the inside
and outside of the cells. This was, however, infaezl by the size of the nanoparticles, as 50
nm nanoparticles were found not to interfere wittfitn morphology, compared to 4 and 18
nm-sized nanoparticles (Stojak et al, 2011). Haberet al. (2011) reported that the diffusion
of anionic carboxylate-modified fluorescent polystye nanoparticles depends on the cell wall
hydrophobicity ofLactococcus lactidiofilms, which was also found by Xiao and Wiesner
(2013), where hydrophobic biofilms retained mostoparticles. These findings indicate that,
despite the negative zeta potentials of cappedpaatides, they are still prone to aggregation

and diffusion into biofilms. In natural conditiorthe production of EPS in biofilms triggered
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by nanoparticle presence promotes embedding afdheparticles in the EPS matrix, leading
to aggregation (Benzerara et al., 2011). This istriikely a survival mechanism for biofilm
bacteria (Joshi et al., 2012). The favourable adgon of nanoparticles to EPS was also
demonstrated in experiments with silica and hemat&noparticles (lkuma et al., 2014), as
well as in experiments with metal nanoparticlesnistural freshwater biofilms, where
nanoparticle stabilization occurred regardlessdaémal factors, such as pH (Kroll et al.,
2014). It can be concluded that nanoparticlesseetive of type and surface charge can bind
to the extracellular matrix of biofilms, which wakso observed in our experiments on a small
scale, demonstrated by the enhanced binding ofpzattides in biofilm columns at the column

inlet.

5. Conclusions

The transport and retention of bare and capped ar@particles in biofilm-coated glass
beads and sand, at near-neutral pH and groundsadieity, was studied. The mobility of both
bZnO-NPs and cZnO-NRsas generally low with and without biofilms, as conditions for
attachment were favourable. The effects of further decreased nanoparticle nighih
biofilms grown on porous media were primarily degiemt on the extent of biofilm growth and
subsequent nanoparticle binding capacity by bacterd EPS, rather than the type of porous
media used. This has positive environmental impboa, as biofilms could be used as a
potential remediation strategy against the migratibnanoparticles in heterogeneous aquifers.
Further work on the impact of biofilms on nanopaetitransport in porous media is necessary,

particularly using naturally-occurring mixed-cukusiofilms and heterogeneous porous media.

Material Zeta potential (mV) in 5mM NacCl
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Bare ZnO nanopatrticles +21 (£2.74)
Capped ZnO nanoparticles +1.45 (x1.57)
Crushed glass beads -35.2 (£5.89)
Crushed sand -53.9 (+4.04)
Pantoea agglomerarsulture -20.6 (x2.38)
Crushed glass bead$?+ agglomerans -52.1 (x2.33)
Crushed sand P. agglomerans -49.5 (+£3.62)

Table 1. Zeta potentials and standard error fooparticles, porous media, and bacteria used in

transport experiments.

Parameter Glass beads Sand contr ol Glass beadswith Sand with
control biofilm biofilm
a 1.35 +0.027 0.79 £ 0.006 2.53 £0.0018 0.71 £0.0Y
no x10° 8.2 14.3 7.4 13.6

Table 2. bZnO-NP attachment efficiencies with stadderror and single collector contact

efficiencies for glass beads and sand, with andowit attached biofilm.

Parameter Glass beads Sand control Glass beadswith Sand with
control biofilm biofilm

o 0.78 +0.028 0.072 £ 0.0019 0.85 +0.035 0.22 8.0

nox103 11.8 20.7 10.8 17.7

Table 3. cZnO-NP attachment efficiencies with stadderror and single collector contact efficiencies

for glass beads and sand, with and without attabhadim.
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Figure 1. Average numbers of viable cells meastrmd outflow samples of duplicate sand and
glass bead column experiments throughout the durafi biofilm growth. Transport experiments
with either bZnO-NPs or cZnO-NPs were carried dtgraiofilm growth in porous media. Samples
on Day 4 were taken after 12 hours of column flnglwith electrolyte, directly before nanoparticle

transport measurements. Error bars represent sthadar between duplicate experiments.
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Figure 2. Breakthrough curves of a) bare ZnO nartimes (bZnO-NPs) in glass bead columns,
b) bZnO-NPs in sand columns, c) capped ZnO nanofetcZnO-NPs) in glass bead columns, and
d) ¢ZnO-NPs in sand columns, with and without liofiFor glass bead columns, mobility of bZnO-
NPs is lower in columns with biofilms; however bZNP mobility is very low in sand columns with
and without biofilms. Breakthrough curves in cZn®-Bolumns packed with glass beads suggest that
biofilms have no measurable impact on nanopamibility, whereas biofilm growth impedes cZnO-

NP transport in sand. Error bars represent staretaod between duplicate experiments.
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Figure 4. SEM images #fantoea agglomeranslls adhering to a sand grain from the columetinl
after a nanoparticle transport experiment; a) 50r@solution, b) 10 um resolution. Larger colonies
are marked by white arrows. These images demoegshrat bacterial colonies survive several hours

of proximity to 12.5 ppm ZnO nanoparticle solutipnobably by retreating to crevices of sand grains.

Figure 5. CLSM image dPantoea agglomeransells sloughed off of a glass bead
from a column after a nanoparticle transport expent. The image demonstrates that a

biofilm was present on glass beads after transpgrériments.
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Figure 6. A three-dimensional CLSM image Bantoea agglomeransiofilm adhering to a sand
grain from a column after a nanoparticle transpaperiment. The image confirms that a biofilm is
still present in porous media after being exposasahoparticles; however, DAPI staining does not
differentiate between live and dead cells. Themyresd and blue arrows mark the x, y and z axes,

respectively.
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Supporting Information

Tracer tests, evaluation of the Brus equation,rdetetion of total organic carbon, as well as

equations and parameters for attachment coeffei@m available in Supporting Information.
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1. Tracer tests

Porosity and fluid retention time were determineg ¢onducting bromothymol blue
breakthrough curves (Cunningham et al., 1991). par@ volumes of bromothymol blue dye,
a conservative tracer, were pumped into the colattine flow rate desired for the experiment.
The dye was made using a modified version devisedubPlessis and van Staden (2000) by
dissolving 25 mg of bromothymol blue dye (Acros @ngs) in 2.5 ml of 4% NaOH, then
adding 5 ml of ethanol and deionised water to mgk250 ml Outflow samples were collected
using a fraction collector (Teledyne ISCO Retrieved0) and measured using a
spectrophotometer (CamSpec M501) at 550 nm wavileRgsults show that both types of
porous media possess similar flow patterns (Fi@dne Porosity calculated from column mass
and flow rates was approximately 35% for sand, 48& for 0.5 mm glass beads. For
conservative tracers, one pore volume is elut€l@i= 0.5. Tracer tests demonstrate that one
pore volume was eluted at approximately £/ 0.7, which may be the result of flow
maldistribution, resulting in channelling betwedre tporous media grains (Thompson and
Fogler, 1997). At the flow rate of 0.46 ml.rfinthe bromothymol blue reaches G/l after

an average of 13 minutes of tracer flow.
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Figure S1. Bromothymol blue tracer tests show sinflbw patterns for columns packed with
glass beads and sand.

2. Measuring nanoparticle size using the Brus equation

Semiconductors, such as ZnO, possess a filled ealeand, which is separated from the
conduction band by a band gap. ZnO has a wide gap@3.3 eV), and increasing nanopatrticle
size (i.e. aggregation), or doping nanoparticleth wiher metals, will result in an increase in
band gap, or blue shift (Suwanboon et al., 2008an excited state, an electron in the valence
band will be ejected onto the conduction gap, leg\an electron hole in the valence band
(Murphy and Coffer, 2010). By measuring the UV-¥Yisi absorbance of nanoparticle
solutions, one can determine nanopatrticle size.higjeest wavelength of absorbance has to
be determined in order to calculate the blue qE) (Mullaugh and Luther, 2010). The
absorption of bZnO-NPs lies within the range of-3@0 nm (Ben-Moshe et al., 2010; Petosa
et al., 2012; Rekha et al., 2010; Sarkar et alL 1207 he highest absorbance in our experiments
was observed at 360 nm. For our instrument, anddheentration of nanopatrticles used, the
absorption peak of ZnO nanopatrticles coated witthB®Hwas 375 nm. The energy of the band
gap increase can be calculated from:
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AE = Enp — Epuik = i Epuik (1)

whereE,, is the band gap energy of the ZnO nanopartiglg, is the band gap energy for
ZnO nanopatrticles at room temperature (=3.3 eVd8erl997; Sarkar et al., 2011))is the
wavelength of the highest absorbance of the natiojgasolution,h is Planck’s constant, and
c is the speed of lightAE is thus equal to 0.144 eV for bZnO-NPs, and 0.8@&or cZnO-

NPs. Once\E is known, the Brus equation can be solved for#kere R is the radius of the

nanoparticle:

AE = nzhz( 1 N 1 ) 1.8e?2 - h 2
"~ 2R2\m, m,/) A4meeR’  2m
1.8e2 1.8e2\2 m2h2 [ 1 1
o e \/ () + 4B (o) 3)
B 2AE

m, = 0.32 m,

my, = 0.27 m, (Wu et al., 2002)

wherem, andm;, are the effective masses of the electron and hedpgctivelym, is the free
electron massg, is the vacuum permittivitye is the electron charge, amds the dielectric
constant for ZnO (= 8.5). The resulting calculatedoparticle radii are 3.3 nm and 7.3 nm for
bZnO-NPs and cZnO-NPs, respectively, which dematestthat the nanoparticles measured
using DLS are in an aggregated state. The nomirel &f nanoparticles reported by the
manufacturers are based on TEM (transmission eleaticroscopy), which tend to aggregate

nanoparticles (Baveye and Laba, 2008; Ochbelagil.,e2012). Moreover, an independent
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calibration of ZnO nanoparticle sizes by Jacobsand Edvinsson (2011) and Jacobsson
(2009), is a functional solution to the Brus eqoatcalibrated from X-ray diffraction (XRD)
data, using Scherrer’'s method (Scherrer, 1918):

0.816 294.0

E=322+———+— @

where d is the nanoparticle diameter. This solugienerated results for nanoparticle radii
similar to ours (3.03 nm for bZnO-NPs and 8.18 nam €ZnO-NPs). Our UV-Vis

measurements coincide with measurements from imdigme studies of the same materials
(Jacobsson, 2009; Jacobsson and Edvinsson 201i$)siipports our conclusion that DLS

measurements represent aggregated particles.

3. Determination of total organic carbon (TOC)

Total Organic Carbon (TOC) was used to measurdlmiafistribution in the columns.
After dismantling of columns, duplicate samplebiofilm grown on porous media were stored
from five column sections. TOC was measured usimgdified method of Alessi et al. (2011).
100 mg of porous media sample was mixed with 2@M0l.5 M potassium sulphate {8Qy)
solution and sonicated in an ultrasonic bath fom8Autes. The samples were then filtered
through 0.45 um filters (Advantec) and analyseagigi Shimadzu TOC-V Analyser, with
potassium hydrogen phthalatest{sKO4) as standard. Samples were extracted and anatysed
duplicate, and controls were made using 100 mdeafncporous media.

Due to time constraints, TOC distribution was atdyermined in sand columns as a proxy for
biomass/biofilm distribution, and shows that theras a similar amount of biofilm in all
inoculated columns (Figure S2). The area closehéodolumn inlet possesses the highest
amounts of biomass, which correlates with retenpoofiles of bZnO-NPs (Figure 2b) and

cZnO-NPs (Figure 3b) in sand columns.
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Figure S2. Total Organic Carbon of biofilm samgdtesn sand columns after transport
experiments with bZnO-NPs and ¢ZnO-NPs. Most biofirowth occurs at the column inlet. Error
bars are standard errors of duplicate samples.
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4. Parameters and equations for calculation of attachment efficiencies and single

collector contact efficiencies

The nanoparticle attachment efficiencies\ere calculated from:

~ 2. (C .
O‘__3(1—f)noLn<c_0> ©)

whered; is the diameter of the porous medium graiis, porosity of porous media, is the
length of the packed columipis the single contact efficiency of the porous medibiofilm,
and C/Cp is the normalised concentration of nanoparticlewihg out of the columns. The
single collector contact efficiencyd) of ZnO nanoparticles was calculated accordinthé
Tufenkji-Elimelech (T-E) correlation equation (Tafgi and Elimelech, 2004), which
considers van der Waals forces, gravitational sedtation, nanoparticle to grain size aspect

ratio, porous medium porosity, fluid velocity artPeclet number.

2(1-y>)

A =3 g 1 —gey = AN ©)

M = 2 )

Nee = lL])iC’D © = 37]32,9 ®)

Nyaw = %:sz = (\/A11 - \/A33)(\/A22 - \/A33) )
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Ny = 2.4A§NEO'081N1;30'715N0£/|5/2 + 0.55A5N1%.675N£.125 +

v
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(10)

(11)

(12)
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Parameters used for calculation are displayed ibleTal

Parameter Unit Value
Average nanoparticle size-bZn@y) m 7.2x108
Average grain size-glass beads ( m 0.0005
Average nanoparticle size-cZn@) m 4.5x108
Average grain size-sandf m 0.000235
Porosity — glass bead§ ( - 0.4
Porosity — sandf) - 0.35
Fluid velocity ) m.s! 0.0001
Fluid viscosity (1) Pa.s 0.001
Temperature K 298
Particle densityd) kg.m3 1700
Fluid density ) kg.nm3 1000
Hamaker constant of Zn@\1) J 9.2x10%°
Hamaker constant of glass beads) J 12.1x10%°
Hamaker constant of sanéf) J 6.5x10%°
Hamaker constant of bacteri.f) J 4.8x10%°
Hamaker constant of watehd) J 3.7x10%°
Hamaker constant with biofilmA{s2) J 29.7x10%°
Hamaker constant without biofilmglass J 1.7x10%
beads A132)

Hamaker constant without biofilm-sand J 69.5%x10%°

(A132)

Table S1. Parameters used for the Tufenkji-Elintet=arrelation equation
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Figure S3. SEM image of ZnO nanoparticles on a gaaith from a column inlet (5 um resolution).
The nanoparticles adhering to the sand grain wadissisible as bright spots.
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