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• Electron donor amendment enhances transport of nanoparticle tracer. 
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Abstract  1 

In situ bioremediation to achieve immobilization of toxic metals and radionuclides or 2 

detoxification of chlorinated solvents relies on electron donor additions. This practice promotes 3 

microbial Fe(III)-oxide mineral reduction that could change soil pore structure, release soil 4 

colloids, alter matrix surface properties, and cause the formation of secondary (i.e., reduced) Fe-5 

mineral phases. These processes in turn may impact rates of bioremediation, groundwater 6 

quality, and ultimately contaminant fate. Continuous flow columns packed with water-stable soil 7 

aggregates high in Fe-oxides were infused with artificial groundwater containing acetate as 8 

electron donor and operated for 20 or 60 days inside an anoxic chamber. Soluble Fe(II) and soil 9 

colloids were detected in the effluent within one week after initiation of the acetate addition, 10 

demonstrating Fe(III)-bioreduction and colloid formation. Br-, 2,6-difluorobenzoate (DFBA), 11 

and silica-shelled silver nanoparticles (SSSNP) were selected as diffusible tracer, low-diffusible 12 

tracer, and non-diffusible nanoparticles, respectively, to perform transport experiments before 13 

and after the active 20-day bioreduction phase, with an aim of assessing the changes in soil 14 

structure and surface chemical properties resulting from Fe(III)-bioreduction. The transport of 15 

diffusible Br- was not influenced by the Fe(III)-bioreduction as evidenced by identical 16 

breakthrough curves before and after the introduction of acetate. Low-diffusible DFBA showed 17 

earlier breakthrough and less tailing after the bioreduction, suggesting alterations in flow paths 18 

and surface chemical properties of the soils. Similarly, non-diffusible SSSNP exhibited early 19 

breakthrough and enhanced transport after the bioreduction phase. Unexpectedly, the 20 

bioreduction caused complete retention of SSSNP in the soil columns when the acetate injection 21 

was extended from 20 days to 60 days, though no changes were observed for Br- and DFBA 22 

during the extended bioreduction period. The large change in the transport of SSSNP was 23 

attributed to the enhancement of soil aggregate breakdown and soil colloid release causing 24 
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mechanical straining of SSSNP and the exposure of iron oxide surfaces previously unavailable 25 

within aggregate interiors favorable to the attachment of SSSNP.  These results demonstrate that 26 

microbial activity can affect soil properties and transport behaviors of diffusivity-varying solutes 27 

and colloids in a time dependent fashion, a finding with implication for interpreting the data 28 

generated from soil column experiments under continuous flow.  29 

  30 
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1. Introduction 31 

    Subsurface bioremediation brought about by electron donor addition creates anoxic conditions 32 

that stimulate the growth of iron reducing and/or sulfate reducing bacteria (Chapelle and Lovley, 33 

1992; Si et al., 2015).  Subsequently, oxidized forms of iron are reduced to Fe(II), solubilizing 34 

iron oxide minerals. The soluble Fe(II) and secondary precipitation of iron (e.g., ferrous 35 

hydroxide) can result in abiotic transformation of contaminants and/or the release of colloidal 36 

clay and iron mineral colloids (Pedersen et al., 2006; Thompson et al., 2006). Adsorption of 37 

contaminants to these colloids may enhance contaminant transport via colloid-facilitated 38 

transport (Bose and Sharma, 2002; Zhuang et al., 2003). Additionally, biomass increase and 39 

colloid production can cause pore clogging, potentially reducing hydraulic conductivity of the 40 

porous medium down gradient from the treatment zone. Alternatively, advective flow paths and 41 

increased hydraulic conductivity may trigger substantial soil aggregate breakdown. Thus, 42 

altering the indigenous properties of subsurface media may impact coupled processes controlling 43 

the fate and transport of contaminants, and cause unintended secondary impacts on the properties 44 

of the porous media and groundwater quality (e.g. secondary mineral precipitates, permeability, 45 

and microbial activity).  46 

Anaerobic bioremediation is an attractive technology for subsurface soil and water 47 

remediation based on cost and effectiveness (Ellis et al., 2000; Coates and Anderson, 2000; 48 

Liang et al., 2017). The technology generally aims to create anoxic conditions via addition of 49 

soluble electron donors, such as acetate and lactate or higher molecular weight substrates, for 50 

stimulating microorganisms that degrade organic contaminants (e.g. chlorinated solvents) and 51 

reduce heavy metals and radionuclides to insoluble forms thereby immobilizing them in situ 52 

(Aulenta et al., 2006). Once anoxic conditions are achieved, anaerobic respiration with available 53 
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electron acceptors is stimulated leading to biologically-mediated reduction of Fe(III)-oxide 54 

minerals (the most common mineral oxide of soils and subsurface environments) and the 55 

formation of soluble Fe(II) (Caldwell et al., 1999; Weber et al., 2006; Mejia et al., 2016). Iron 56 

oxides, which have diverse crystallinities and reactivity (e.g. ferrihydrite, goethite, lepidocrocite, 57 

and hematite), are extensively present in soils (Pedersen et al., 2006; Vink et al., 2017). The 58 

indigenous iron oxides serve a very important role as aggregating agents that “cement” clay 59 

particles together into aggregates (Goldberg et al., 1990; Braunschweig et al., 2013). Reduction 60 

of Fe(III)-oxides under anoxic conditions may cause disintegration of soil aggregates and 61 

generate mobile colloids (Hansel et al., 2005; De-Campos et al., 2009). These processes may 62 

disrupt pore structure and alter pore connectivity, flow paths, and permeability (Guan et al., 63 

2017). These alterations could either promote or inhibit the transport of solutes and colloids. 64 

Schaider et al. (2014) found that iron oxide aggregates can alter the transport of particulate 65 

particles and sequester metals. The formation and mobilization of colloids can act as vectors to 66 

facilitate co-transport of solutes and toxic metals in soils and groundwater (McCarthy and 67 

McKay, 2004; Maurice and Hocella, 2008; Guan et al., 2017). The reduction of Fe(III)-oxides 68 

may also change soil surface properties to influence the reactive transport processes (Hansel et 69 

al., 2003; Jardine, 2008). 70 

Transport of solutes and colloids in soil is influenced by the pore structure and surface 71 

chemistry of soils, solution chemistry, and hydrological conditions (Zhuang et al., 2005; 2007; 72 

2010; Bradford and Torkzaban, 2008; Mohanty et al., 2016; Pachapur et al., 2016). The 73 

influencing mechanisms have been well examined at varying scales from laboratory columns 74 

(repacked or undisturbed) to field scale (McKay et al., 2000; Arora et al., 2015; Karadimitriou et 75 

al., 2017). Bioremediation treatment may alter aquifer porosity, flow paths, and mineral 76 
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interfacial properties and in turn change the attenuation and migration of solutes, colloids, and 77 

microbial cells; all these may exert feedback effects on microbial bioremediation. 78 

Microorganisms, nutrients, or electron donors are generally applied to accelerate in situ 79 

bioremediation (Ellis et al., 2000; Lovley 2003; Moon et al., 2017), yet the remediation 80 

efficiency is subject to their mobility in porous media (Song et al., 2017). Thus far, few studies 81 

have addressed the impacts of biostimulation on the transport of solutes and colloids, making 82 

difficult to resolve the low-efficiency problem of bioremediation under field conditions. 83 

Therefore, in-depth investigations are needed to understand the potential that biostimulation 84 

influences the mobility of solutes and colloids including microorganisms. 85 

The objective of this research was to assess the impact of biologically-mediated Fe(III)-86 

oxide reduction on the transport of solutes and colloids with respect to soil structure breakdown 87 

under saturated flow conditions, shedding light on the interplays of microbial activities with the 88 

solutes and colloids migration during bioremediation processes. Breakthrough tests with 89 

diffusivity-varying tracers and non-diffusing nanoparticles both before and after acetate-90 

stimulated Fe(III)-bioreduction were conducted to evaluate the alteration of soil surface 91 

chemistry and flow pathways. The research provides significant insights into the feedback effects 92 

of anoxic bioremediation on the transport of solutes and colloids, microbial distribution, and soil 93 

aggregate structure.  94 

2. Materials and methods 95 

2.1 Porous media 96 

      The columns were packed with different porous media, including uncoated and goethite-97 

coated silica sand and water-stable soil aggregates extracted from an iron oxide-rich natural soil. 98 
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The sand grains had a median diameter (d50) of 0.25 ± 0.01 mm with a trade name Accusand 99 

(Grade 50/70, Unimin Corporation, New Canaan, CT, USA). Prior to coating with goethite, the 100 

sand was chemically treated to remove natural metal oxides from the grains following the 101 

established procedure (Zhuang and Jin, 2003). Goethite synthesis and coating on the cleaned 102 

sand were performed as described by Zhuang and Jin (2008). The natural soil was collected from 103 

an eroded agricultural site mapped as the Decatur silty clay loam. The Decatur series is a fine, 104 

kaolinitic, thermic rhodic Paleudults. Soil aggregates were extracted by wet sieving of the bulk 105 

soils through 2,000, 250, and 53 µm sieves using the modified method as described in Zhuang et 106 

al. (2008). Two fractions of water-stable soil aggregates, microaggregates (53-250 µm) and 107 

macroaggregates (250-2000 µm), were obtained and then air-dried for experimental use. The 108 

citrate-bicarbonate-dithionite extractable iron (Mehra and Jackson, 1960) of the bulk soil, 109 

microaggregates, and macroaggregates were 5.5%, 4.7% and 5.2% (w/w), respectively, as 110 

measured using the ferrozine method (Viollier et al., 2000).  111 

2.2 Tracers and nanoparticles 112 

     Two diffusible tracers and one non-diffusing nanoparticle were used for transport 113 

experiments, including bromide (Br- in KBr) (ionic diffusible tracer), 2,6-difluorobenzoate 114 

(DFBA) (molecular diffusible tracer with lower diffusivity than Br-) (Mayes et al., 2003), and 115 

silica-shelled silver nanoparticles (SSSNP) (non-diffusible particle). The SSSNP was purchased 116 

from nanoComposix (http://nanocomposix.com/) and has a core of silver nanoparticles with 117 

average diameter of 106 nm. The silver cores are encased in a shell of silica with average 118 

thickness of 22 nm, resulting in a total particle diameter of 150 nm. The SSSNP were negatively 119 

charged, with a measured zeta potential of -5.7 mV at pH 8. SSSNP were specifically selected as 120 

a “non-diffusing” particle and potentially as a non-reactive particle given the silica shell 121 
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surrounding the silver-core. Advantages to using these shelled particles instead of other 122 

previously used particle tracers, such as viruses (e.g., MS-2), are their resistance to biotic and 123 

abiotic breakdown, the ease and accuracy of quantification in the effluent samples using graphite 124 

furnace atomic absorption spectroscopy, and the convenience to distinguish introduced SSSNP 125 

from native soil colloids for mechanistic understanding of transport processes.  126 

2.3 Bacterial strain, growth media, and inoculation for stimulated bioreduction 127 

     Geobacter species, with capacity to oxidize organic compounds coupled with reduction of 128 

iron oxides or other metal minerals, are ubiquitous in subsurface environments (Caccavo et al., 129 

1994). As such, Geobacter, and other microorganisms with similar metabolism have been 130 

extensively studied and used for anaerobic bioremediation (Lovley 2003; Moon et al., 2017). To 131 

ensure active Fe(III) bioreduction, the soil macroaggregates (250-2,000 µm) were inoculated 132 

with laboratory-grown culture of Geobacter sulfurreducens strain PCA (ATCC 51573; Caccavo 133 

et al., 1994) prior to packing the columns.  134 

    Specifically, G. sulfurreducens was grown in mineral salts medium containing 1.0 g of NaCl, 135 

0.5 g of MgCl2, 0.2 g of KH2PO4, 0.3 g of NH4Cl, 0.3 g of KCl, 0.015 g of CaCl2, 1 mg of 136 

resazurin, and 2 ml of trace element solution, amended with 5 mM acetate and 10 mM ferric 137 

citrate per liter was prepared as described by Löffler et al. (1996). The prepared medium was 138 

boiled and transferred to serum bottles while flushing with oxygen-free 80/20 (v/v) N2-CO2, and 139 

the pH was adjusted to 7.2 with flow of CO2. The serum bottles were autoclaved, and filter-140 

sterilized (with a 0.22 µm Millex filter syringe) acetate and ferric citrate were added to the 141 

medium to a final concentration of with 5 mM and 10 mM, separately. The serum bottles 142 

inoculated with G. sulfurreducens were cultured at 30 °C (Löffler et al., 1996). Once the cultures 143 
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reached stationary phase (3-5 d; optical density at 600 nm = 0.2 to 0.35; cell concentration of 144 

approximately 1 × 108 cells per milliliter), 200 ml of culture suspension was centrifuged at 4,248 145 

g, and the bacterial pellet was resuspended in 15 ml of the growth medium in the anaerobic 146 

chamber with an 80/20 (v/v) N2/CO2 atmosphere. Then, all the resuspended G. sulfureducens 147 

were uniformly sprayed onto 600 g of air-dried but non-sterile, water-stable soil 148 

macroaggregates that were thinly spread on a tray inside the anaerobic chamber. During the 149 

application of cell suspension, the aggregates were continuously mixed using a glass rod to 150 

achieve uniform inoculation of the bacteria.  151 

2.4 Transport experiment 152 

      All transport experiments were conducted in plexiglass (acrylic) columns (25 cm in length 153 

with an inside diameter of 3.8 cm) with input solution introduced from the bottom of the column 154 

in pulse input mode through a peristaltic pump at pore velocity of 24.4 cm/h. Teflon tubing was 155 

used throughout the system except for a portion of tygon tubing needed in the pump. The 156 

columns were fitted with five ports connected to pressure sensors (Honeywell Sensing and 157 

Control, Inc., USA), which were separated by 5-cm intervals along the column length. Real-time 158 

data of hydrostatic pressure were collected with data loggers of CR-1000 Measurement and 159 

Control Systems (Campbell Scientific, Inc., Logan Utah) to calculate hydraulic conductivity 160 

between different sections of the columns according to the difference in pressure. During the 161 

transport experiment, liquid effluent was collected from the top of the column into 20-mL glass 162 

tubes using Retriever II fraction collectors for determining the concentrations of tracers, iron, 163 

and or colloids as described in section 2.5. The protocols for column experiments are shown in 164 

supplementary materials (Table S1 and Fig. S1). 165 
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       Three sets of separate transport experiments were conducted using vertical columns under 166 

saturated steady-state flow conditions. The first set aimed to evaluate the appropriateness of use 167 

of SSSNP as non-diffusible particle tracer and the effect of iron oxide on the transport of tracers 168 

and nanoparticles. The experiments included two columns that were wet-packed with uncoated 169 

and goethite-coated sands, respectively. The sand columns were flushed with KCl solution (0.67 170 

mM, pH 6.5) prior to the tracer experiments. The input solution for the sand columns contained 171 

Br- (50 mg L-1 KBr), DFBA (40 mg/L), and SSSNP (40 ug L-1) in the KCl solution.   172 

         The second set of experiments aimed to evaluate the effect of Fe(III)-bioreduction on the 173 

transport of tracers using five columns dry-packed with Geobactor-inoculated soil 174 

macroaggregates under anoxic conditions. The experiments included three acetate-stimulated 175 

Fe(III)-bioreduction columns (one with 20 days of continuous injection of acetate and two 176 

replicates with 60 days of acetate injection) and two control columns (no acetate addition). The 177 

60-day experiments aimed to corroborate the results of bioreduction effects observed from the 178 

20-day experiments. After dry packing, the soil aggregate columns were flushed with carbon 179 

dioxide to replace the air in soil pores, followed by flushing with KCl solution (0.67 mM, pH 180 

6.5) to achieve fully saturated conditions without remaining gas pockets. Each column 181 

experiment consisted of three phases with constant level of total ionic strength of solutions (2 182 

mM). Before bioreduction, transport experiments with the KCl input solution containing Br- (85 183 

mg/L KBr), DFBA (50 mg/L), and SSSNP (40 µg/L) were performed in all columns (phase 1). 184 

In bioreduction process (phase 2), the columns were flushed with artificial groundwater solution 185 

(AGW), which had a total ionic strength of 2 mM and a pH value of 7.5, consisting of CaCl2 186 

(0.075 mM), MgCl2 (0.082 mM), KCl (0.051 mM), and NaHCO3 (1.5 mM), modified from 187 

Ferris et al. (2004).  The AGW contained trace elements, vitamins, and acetate (bioreduction-188 
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stimulated column) or without acetate (control column) (Wolin et al., 1963). Acetate added to the 189 

columns served as the electron donor for Geobacter. Effluent samples from columns during 190 

bioreduction were analyzed for the concentrations of Fe(II), Fe(III) and colloids as described in 191 

Section 2.5. After 20 or 60 days of bioreduction, the same transport experiment as that prior to 192 

bioreduction was performed (phase 3). Breakthrough and elution data for Br-, DFBA, and 193 

SSSNP were collected during phases 1 and 3. At the conclusion of the above procedures, the 194 

columns were sectioned in 5-cm intervals along the longitudinal flow path of the columns. The 195 

distribution of Geobacter and readily deducible iron content in soil aggregates from each section 196 

were investigated as described in Section 2.7 and 2.8. 197 

        The third set of experiments was conducted to examine the effects of aggregate size 198 

fractions on the transport of tracers and nanoparticles outside the anoxic chamber without 199 

bioreduction treatment (exposed to oxygen), since exposure to aerobic conditions can suppress 200 

reduction of iron oxides. The experiments included two columns, which were dry packed with 201 

microaggregates and macroaggregates, respectively. The experimental procedures were the same 202 

as those used in the second set of column experiments. 203 

2.5 Chemical analysis 204 

       Bromide concentrations in the effluent fractions were determined using ion chromatography 205 

as described elsewhere (Qin et al., 2017). The concentration of DFBA was measured with a 206 

modified HPLC method (Galdiga and Greibrokk, 1998). Briefly, DFBA was resolved from other 207 

effluent constituents using an Econosphere C-18 RP column (5 µm, 150 mm x 4.6 mm) with 208 

isocratic elution using a mobile phase consisting of 95% K-phosphate buffer (5 mM, pH 3) and 209 

5% acetonitrile (v/v) at a flow rate of 1.0 mL min-1.  DFBA was quantified using UV absorption 210 
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at 200 nm and the concentration was calculated via linear regression of peak area of external 211 

DFBA standard solutions over a concentration range from 1 to 50 mg L-1. All samples were 212 

diluted 1:10 (v/v) in mobile phase to minimize sample matrix effects and filtered through 0.1 µm 213 

membrane filters (Merck Millipore Ltd., Cork, Ireland) prior to analysis. SSSNP (with 214 

hydrodynamic diameter of 129.8 nm) in effluent fractions were quantified by measuring the 215 

concentration of silver by graphite furnace atomic absorption spectrometry using a Perkin-Elmer 216 

Graphite Furnance AA equipped with a transversely heated graphite atomizer as described by 217 

Fernández et al. (2010). Effluent samples were diluted 104 times with deionized water before 218 

analysis, and 20 µL of diluted sample was injected with 10 µL of matrix modifier (prepared by 219 

dissolving 0.05 mg de Pd and 0.003 mg Mg(NO3)2 in 10 µL 1% HNO3). The silver detection 220 

program in furnance AA was described in Fernández et al. (2010). 221 

2.6 Numerical modeling 222 

      The HYDRUS code (Šimůnek et al., 2008) simulating saturated water flow based on the 223 

Richards equation was used to simulate the transport of bromide, DFBA, and SSSNP. Transport 224 

behaviors of Br- and 2,6-DFBA were simulated using the classical advection-dispersion equation 225 

(ADE). The transport and retention of SSSNP were simulated using the ADE with first-order 226 

terms for kinetic retention and release as described in the HYDRUS code. The equation is given 227 

in modeling the transport behavior as: 228 

 229 

where θ[L3L−3] is the pore volume in the column, C [M L−3; M represents the units of mass] is 230 

the concentration of bromide, DFBA, and SSSNP in the aqueous phase, ρ [M L−3] is the bulk 231 

density of soil aggregates, Kd [L3 M−1] is the adsorption coefficient to soil aggregates, t is time 232 
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[T, T represents time units], D [L2 T−1] is the hydrodynamic dispersion coefficient, z [L] is the 233 

distance from the inlet of a column, q [L T−1] is the Darcy velocity of input solutions, and µ [T−1] 234 

is the first-order retention coefficient for tracer transformation processes. 235 

2.7 Assessment of soil aggregate properties 236 

    Component analysis of soil aggregates were performed by commercial service of Midwest 237 

Laboratories Inc. (Omaha, NE, USA). Particle size distribution of soil aggregates was analyzed 238 

to indicate the reactivity behaviors of soil aggregates. The procedures and principles were 239 

described in Kemper and Rosenau (1986). Fifty grams of air-dried soil aggregates were 240 

presoaked in distilled water for 30 min and sieved with a top-down sequence of seven sieves of 241 

2,000, 840, 300, 250, 150, 90, and 53 mm mesh size. The sieves with the contents were 242 

oscillated vertically in water with an amplitude of 4 cm at a rate of one oscillation per second for 243 

twenty times. The retained aggregates on each sieve after wet-sieving were recovered and dried 244 

at 50 °C in a drying oven. The particle size distribution was calculated with dry weight fractions. 245 

After bioreduction, dispersion of the aggregates was assessed based on readily reducible iron 246 

content. Soil aggregates from each section were homogenized, and 5-g sub-samples were placed 247 

in 50-mL centrifuge tubes, in which soil aggregates were shaken vigorously with 40-mL distilled 248 

water in an ice-water bath for 30 min (Kemper and Rosenau, 1986; Viollier et al., 2000). The 249 

mixtures were centrifuged at 4,248 g for 20 min, and the readily reducible iron in supernatant 250 

were determined using a modified Ferrozine method (Stookey, 1970). During column 251 

bioreduction experiments, the concentrations of Fe(II) and Fe(III) in the effluent were measured 252 

using a modified Ferrozine method (Stookey, 1970). Colloids were determined by centrifuging 253 

the effluent sample at 4,248 g for 20 min and measuring the mass of pellets after oven-drying, 254 

assuming the mass of dissolved salts was negligible. 255 
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2.8 DNA extraction and sequencing 256 

    To analyze the distribution of Geobacter in soil aggregates, DNA was extracted from 257 

fractioned soil aggregates using PowerLyser PowerSoil DNA isolation kit (MoBio Laboratories 258 

Inv. Carlsbad, California, USA). The DNA samples were quantified using PicoGreen Assay Kit 259 

(Carlsbad, CA, USA) and sent out for sequencing at HudsonAlpha Genomics Services Lab 260 

(Huntsville, AL, USA). The V3-V4 region of 16S rRNA gene of bacteria were amplified with 261 

primers of 341F_CCTACG GGNGGCWGCAG and 785R_GACTACHVGGGTATCTAATCC) 262 

in PCR. Finally, sequencing was performed using 300PE (paired-end) on the Illumina MiSeq 263 

platform (Illumina, USA). All methods were performed according to the manufacturers’ 264 

protocol. Sequences analyses were performed using MOTHUR per standard operating procedure 265 

(Kozich et al., 2013). The results of these sequence analyses were used to calculate the relative 266 

abundance of Geobacter along the flow path in the columns. 267 

3 Results and discussion 268 

3.1 Effect of iron oxide on transport 269 

      The uncoated and goethite-coated quartz sands were used as simple and stable porous 270 

systems to evaluate the effect of iron oxide on the transport of tracers and nanoparticles. Br- was 271 

included in the input solution to quantify transport behaviors of a diffusible tracer and to evaluate 272 

uniformity and integrity of the column packing in terms of hydrodynamic dispersion. As a 273 

conservative tracer, Br- showed ideal and complete transport behavior in the sand with and 274 

without goethite coating (Fig. 1). In comparison, the breakthrough of SSSNP from the uncoated 275 

sand was slightly retarded relative to that of Br- and eventually reached a stable maximum 276 

relative concentration (max C/C0) of 0.85. However, almost no SSSNP broke through the 277 
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goethite-coated sand column. The fitted parameters of the breakthrough curves of SSSNP 278 

showed a 14-fold increase in attachment and a 3-fold decrease in detachment of SSSNP in 279 

goethite-coated sand compared with the uncoated sand columns. The maximum solid phase 280 

concentration of SSSNP was ~20 times higher in the goethite-coated sand than in the uncoated 281 

sand, suggesting a strong affinity of the SSSNP to the iron-oxide surface (Table 1). The strong 282 

attachment of SSSNP to goethite-coated sand in this study was consistent with previous results 283 

showing sequestration of silver nanoparticle (no silica-shell) by iron oxides (Sagee et al., 2012; 284 

Liang et al., 2013).  285 

3.2 Effect of aggregates on transport 286 

      To further determine if the change in soil aggregate sizes primarily influences the transport of 287 

DFBA and SSSNP in column experiments, transport experiments were conducted in columns 288 

packed with water-stable macroaggregates (250-2,000 µm) and microaggregates (53-250 µm) 289 

under oxic conditions and without any reduction of Fe(III) oxides. The transport of bromide 290 

through both aggregate fractions showed no obvious differences (Fig. 2); however, DFBA was 291 

retarded in both columns, with larger retardation in the microaggregates (Kd of 0.12) than in the 292 

macroaggregates (Kd of 0.06). Since the surface properties of macroaggregates and 293 

microaggregates should have been very similar, the larger retardation is ascribed to the greater 294 

total surface area and smaller pores of the microaggregates compared to the macroaggregates. 295 

The breakthrough of SSSNP was negligible with both columns likely due to the strong 296 

interactions of SSSNP with Fe(III) oxides (Fig. 2). Similar results of decreased silver 297 

nanoparticle mobility in smaller soil aggregates were reported by Sagee et al. (2012), in which 298 

the explanation was proposed that the reaction of silver nanoparticles with soil occurs at the 299 

aggregate surface, and the smaller aggregates have increased surface area. Aggregate structure 300 
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has been shown to play an important role in retention of large molecules and nanoparticles with 301 

complicated interacting environmental factors (Sagee et al., 2012; Liang et al., 2013). For 302 

example, transport of silver nanoparticles in natural soil showed that aggregate size exerted 303 

major influence on silver nanoparticle transport, with silver nanoparticle mobility increased in 304 

the column of larger soil aggregates (Sagee et al., 2012).  The transport and retention of silver 305 

nanoparticles in sand columns by Liang et al. (2013) also found that the mobility of silver 306 

nanoparticles was enhanced by increase in sand grain size. The soil aggregates used in this study 307 

were highly rich in iron oxides and had strong binding capacity for SSSNP, which caused 308 

complete retention of SSSNP in both microaggregates and macroaggregates columns.  In 309 

contrast, the retardation of DFBA increased in the microaggregates.  310 

3.3 Effect of short time bioreduction on transport 311 

      Soil aggregates rich in iron oxides were used to examine the effect of Fe(III)-bioreduction on 312 

transport behaviors of tracers and nanoparticles. The breakthrough of Br- occurred at 313 

approximately one pore volume before and after the Fe(III)-bioreduction phase (Fig. 3), 314 

indicating that Fe(III)-bioreduction did not influence the transport of the conservative tracer. 315 

Transport of DFBA exhibited some retardation and tailing in the breakthrough experiment before 316 

the bioreduction, but the retardation was eliminated after the bioreduction phase (Figs. 3 and 4). 317 

This result suggests that Fe(III)-bioreduction induced either physical and/or chemical changes of 318 

the aggregates. Modeling results showed that the estimated dispersivity (D) of DFBA during 319 

transport remained similar before and after the Fe(III)-bioreduction phase while the estimated 320 

DFBA sorption coefficient (Kd) was about one order of magnitude lower after Fe(III)-321 

bioreduction (Table 2). SSSNP exhibited a very pronounced response to the Fe(III)-bioreduction 322 

treatment. Almost no breakthrough of SSSNP was observed before Fe(III)-bioreduction (i.e., in 323 
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phase 1), whereas the relative concentrations (C/C0) of SSSNP in the effluent reached only 0.3 324 

after the Fe(III)-bioreduction (i.e., in phase 3) (Fig. 3). The estimated maximum solid phase 325 

concentration of SSSNP in phase 3 was one fourth that in phase 1 with a lower attachment 326 

coefficient. The estimated detachment coefficient of SSSNP was 100-fold greater in phase 3 than 327 

in phase 1 (Table 2). These results indicate that the presence of Fe(III) oxides greatly reduced the 328 

mobility of the nanoparticle tracer. Ryan et al. (1999) found that the bacteriophage particles and 329 

silica colloids attached to iron oxide-coated sand could be mobilized by anionic surfactant, 330 

elevated pH, and reductant, suggesting that iron oxide removal could promote the detachment of 331 

colloids and bacteriophage. Vink et al. (2017) showed that arsenic release corresponded to the 332 

fractions of readily reducible iron in sediments. At the initial phase of incubation with acetate-333 

supplemented AGW solution, microbially mediated bioreduction released relatively small 334 

amount of Fe(II) from soil aggregates, causing certain alteration of the aggregate surface 335 

properties. Since the binding capacity for metals and colloids are highly dependent on ferric 336 

phases in soils (Pedersen et al., 2006), the reduction of iron oxides can lead to release of certain 337 

amount of retained molecules and colloids, such as DFBA and SSSNP. 338 

        The detection of soluble Fe(II) in the effluent indicated reduction of soil Fe(III) by 339 

Geobacter and/or other Fe(III)-reducing bacteria (Fig. 4). The increase in effluent Fe(II) 340 

concentrations in the first two weeks corresponded to the increase in microbial activity as acetate 341 

was added to the feed solution (Fig. 4). The effluent Fe(II) concentrations plateaued after 20 days 342 

of acetate injection, suggesting retardation of Fe(III) bioreduction (Fig. 5). The accumulated 343 

amount of Fe(II) in the effluent was approximately 0.125 mmol or about 0.04% of the total iron 344 

in the column. No Fe(III) oxides or other colloids were detected in the effluent during the 20-day 345 

bioreduction treatment. Although only a very small fraction of total Fe(III) was reduced to 346 
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soluble Fe(II) (assuming there were no secondary precipitation of Fe(II) in the column), the 347 

influences of Fe(III) reduction on the transport of DFBA and SSSNP were significant. This 348 

effect is attributable to Fe(II) binding to Fe(III) solids and/or the reduction of the most 349 

bioavailable Fe(III) on the external surfaces of the aggregates and/or along the advective 350 

pathways that are most accessible by less diffusible microorganisms and particle tracers (e.g., 351 

SSSNP). Removal of surface iron oxides during bioreduction could reduce positive electric 352 

charges and roughness on mineral surfaces (Joe-Wong et al., 2017), causing a decrease in surface 353 

deposition of nanoparticles.  354 

      An in-situ study investigating the mobility of arsenate in natural groundwater showed that 355 

arsenic desorption occurred with reductive dissolution of ferric oxides in ferrihydrite, goethite, 356 

and hematite (Zhang et al., 2017). Microbial metabolism can affect the affinity of nanoparticles, 357 

and therefore cause the simultaneous releases of Fe and Fe(III)- oxide-bound particles. Similarly, 358 

Moon et al. (2017) reported that the genus Geobacter, Anaeromyxobacter, and 359 

Desulfosporosinus might play important roles in release of arsenic coupled with iron reduction. 360 

In this study, the concentration of Fe(II) in the effluent increased with time during the 20-day 361 

treatment demonstrating bioreduction of iron oxides in the acetate-treated soil column. However, 362 

without Fe(III) oxides or other colloids detected in the effluent, no evidence of structural 363 

breakdown in soil aggregates was observed during the whole bioreduction process. The 364 

enhanced transport of SSSNP was most likely attributed to the microbial reduction-induced 365 

transformation of iron minerals, resulting in less contact of SSSNP with iron oxides. A very 366 

recent study by Xiao et al. (2018) reported that the transformation from less crystalline to more 367 

crystalline iron oxides by iron reducing bacterium Shewanella oneidensis MR-1 affected the 368 
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behavior of any species absorbed to the iron oxides, suggesting that the produced Fe(II) can 369 

stimulate the reduction and transformation of iron oxide minerals. 370 

3.4 Effect of long time bioreduction on transport 371 

        Given only 0.04% of the total iron was detected in the effluent in the 20-day bioreduction 372 

experiment, additional aggregate-packed column experiments with the duration of acetate-373 

stimulated Fe(III)-bioreduction extended to 60 days were conducted to further examine the effect 374 

of bioreduction on Fe(II) release, aggregate breakdown, and tracer transport. The transport 375 

behaviors of bromide and DFBA showed no change after the 60-day Fe(III)-bioreduction 376 

treatment, whereas SSSNP were completely retained in the soil aggregates both before and after 377 

the 60-day acetate injection (Fig. 6 and Table 2). These results are inconsistent with the 378 

observations made in the short time experiment with 20-day acetate injection, where Fe(III)-379 

bioreduction resulted in earlier breakthrough of DFBA and SSSNP.  The longer duration of 380 

Fe(III)-bioreduction (60 d) brought about as yet unknown changes to the properties of soil 381 

aggregates and resulted in complete retention of the SSSNP particles, though retardation and 382 

slow release of the DFBA were not observed in the short time experiment. 383 

       The release of soluble Fe(II) in the 60-day experiment was similar to the 20-day experiments 384 

during the first 20 days but exhibited a steady increase in the effluent Fe(II) concentration 385 

through day 60 (Fig. 7). The concentration of soluble Fe(II) reached 300 µM, or more than 10 386 

times the total amount observed at the end of the 20-day Fe(III) bioreduction experiment. The 387 

accumulated amount of soluble Fe(II) collected in the effluent was 1.43 mmol or about 0.48% of 388 

the total Fe in the soil aggregates within the column.  Colloids were first detected in the effluent 389 

at 30 days after the acetate injection and continued to increase in concentration during the 60-day 390 
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Fe(III)-bioreduction treatment, further suggesting that Fe(III)-bioreduction and aggregate 391 

breakdown were active throughout the biostimulation phase of the soil column experiment (Fig. 392 

7). A small amount of Fe(II) was also detected in the effluent of the control column, indicating 393 

that Geobacter was able to couple oxidation of the native soil organic carbon with Fe(III) 394 

reduction. The inconsistent tracer transport results between the 20-day and 60-day bioreduction 395 

experiments very likely arose from the greater aggregate breakdown that occurred during the 396 

extended period (day 20-60) than the initial period (day 0-20) of the bioreduction treatment. The 397 

aggregate breakdown generated soil colloids, which may have increased mechanical straining of 398 

SSSNP in soil pores and may have exposed aggregate interior Fe(III)-oxide surfaces promoting 399 

the attachment of SSSNP on positively charged surfaces.  400 

3.5 Effect of long time bioreduction on aggregate structure  401 

      The above results suggested that the soil aggregates experienced structural breakdown during 402 

the 60-day Fe(III)-bioreduction phase with acetate injection. To get direct evidence, we 403 

characterized the size distribution of water-stable soil aggregates in each column. The acetate-404 

treated columns contained significantly more soil aggregates with size less than 90 µm than the 405 

control column (i.e., no acetate injection) (P < 0.05, Fig. 8).  The aggregate fractions with sizes 406 

of 150-2,000 µm in acetate-treated columns were similar to those in the control column. It is 407 

obvious that the soil aggregates enduring 60-day bioreduction generated more microaggregates 408 

compared to the soil aggregates with 20-day bioreduction. 409 

       Our results also show that the bioreduction increased releases of iron and soil colloids. The 410 

divergence of soil aggregates along the length of the columns was also examined by measuring 411 

residual water-extractable total Fe. The readily reducible iron contained in the soil aggregates 412 

was much higher in the influent sections of the 60-day acetate-fed columns (A and B) with a 413 
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range of 20-25 mg g-1 compared to the control (Fig. 9). The readily reducible iron in the effluent 414 

sections of the acetate-fed columns was less than 5 mg g-1. In the control column, the water-415 

extractable iron content ranged between 4.5 and 5.5 mg g-1 in the influent sections to less than 1 416 

mg g-1 in the effluent section. The amounts of readily reducible iron in the acetate-amended 417 

columns exceeded that of the control column by approximately five fold.  These trends were very 418 

consistent with the distribution of the relative abundance of Geobacter in the columns (Fig. 9), 419 

suggesting that Fe(III)-bioreduction by Geobacter contributed to the releases of iron and 420 

colloids. These results indicate more significant structural breakdown of the soil aggregates in 421 

the soil depths receiving more electron donors.   422 

4. Conclusions and implications 423 

        Acetate injection stimulated microbially mediated Fe(III)-oxide reduction, and when 424 

delivered for a relatively short duration (i.e. 20 d) it enhanced the transport of an organic 425 

molecular tracer (DFBA) and nanoparticle tracers (silica-shelled silver nanoparticles) compared 426 

with the transport exhibited prior to acetate injection. However, in the subsequent experiment, 427 

when the acetate injection period was extended to 60 d the impact on transport disappeared and 428 

the transport of all tracers was identical in acetate treated and control columns despite significant 429 

aggregate structural breakdown in the acetate treated columns.  The limited data suggest that soil 430 

aggregates had minimal structural breakdown during the first 20-day of bioreduction, and as a 431 

result, only Fe(III)-oxides coating the exterior surfaces of the aggregates were reduced, yielding 432 

advective flow paths with chemically less reactive surfaces that were unfavorable for the 433 

attachment of organic and colloidal tracers on the aggregates. In comparison, more aggregates 434 

were dispersed during the 60-day bioreduction experiment, causing exposure of interior Fe(III)-435 

oxide surfaces, generating larger reactive surfaces that were favorable for the attachment of 436 
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organic and colloidal tracers. As a result, the initial 20-day effect was canceled by the subsequent 437 

40-day of extended acetate injection, leading to similar breakthrough behaviors to those observed 438 

before the Fe(III)-bioreduction phase. Electron donor addition during biostimulation cannot 439 

continue indefinitely. Thus, upon termination of biostimulation, the treated area will ultimately 440 

return to its original redox status as oxygenated groundwater passes through the treatment zone. 441 

Future studies should address the influence of Fe(II) re-oxidation on tracer transport in relation to 442 

changes in soil properties, such as, pore structure and aggregate surface charges along the flow 443 

path.  444 
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Table 1.  Model fitted parameters for silica-shelled silver nanaparticle breakthrough from columns 636 
Silica-shelled silver nanoparticle Sand Geothite-coated sand 
Maximum solid phase concentration (Nc M-1) 0.560 12.000 
Attachment coefficient (min-1) 0.007 0.100 
Detachment coefficient (min-1) 0.001 0.0003 

 637 
 638 
 639 
 640 
 641 
 642 
 643 
 644 
 645 

  646 

Table 2.  Model fitted parameters for 2,6-DFBA and SSSNP breakthrough from water-stable soil 
aggregate columns before (Pre-) and after (Post-) Fe(III)-bioreduction. 

Tracer Parameter 
§Fe(III)-bioreduction 

phase (20 d) 
Fe(III)-bioreduction phase (60 d) 

    Column A Column B Column C 
Tracer Parameter #Pre *Post Pre Post Pre Post Pre Post 

2,6-
DFBA 

D (cm) 1.12 0.93 0.89 0.84 0.85 0.82 0.84 0.83 
Kd (cm3mg-1) 0.086 0.0063 0.014 0.011 0.041 0.031 0.027 0.001 

SSSNP 
Smax 23.6 5.55 ϕ - - - - - - 
Att. Coeff. (min-1) 0.046 0.026 - - - - - - 
Detach Coeff. (min-1) 3x10-6 7.7x10-4 - - - - - - 

§Data were collected from a single column. 
#Tracer transport experiment before stimulation of Fe(III)-bioreduction by injection of acetate. 
*Tracer transport experiment after stimulation of Fe(III)-bioreduction by injection of acetate. 
ϕBreakthrough of SSSNP colloids was not detected in either the treated or control columns.  
D is dispersivity. 
Kd is sorption coefficient. 
Smax [Nc M-1] is the maximum solid phase concentration of SSSNP. 
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 647 

 648 

 649 

Fig. 1. Transport of bromide and silica-shelled silver nanoparticles (SSSNP) through goethite-650 
coated and uncoated sands. The concentrations of bromide and SSSNP are shown over pore 651 
volume with columns flushed using KCl solution (0.67 mM, pH 6.5). 652 

653 
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 654 

Fig. 2.  Transport of bromide and DFBA through columns packed with water-stable 655 
macroaggregaes (250-2,000 µm) or water-stable microaggregates (53-250 µm) under oxic 656 
conditions without Fe(III)-bioreduction. 657 
  658 
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 659 
 660 

 661 

 662 

Fig. 3. Breakthrough curves of tracers (Br- and DFBA) and silica-shelled silver nanoparticles 663 
(SSSNP) from columns packed with water-stable soil aggregates before and after the 20-day 664 
Fe(III)-bioreduction. 665 

  666 
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  667 

 

Fig. 4.  Expanded view of breakthrough and elution profiles of DFBA before and after the 20-
day Fe(III)-bioreduction phase. 
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 668 

Fig. 5.  Effluent Fe(II) concentration during the acetate injection phase of the 20-day Fe(III)-669 
bioreduction column experiment. 670 

  671 
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 672 

Fig. 6. Breakthrough curves of tracers (Br- and DFBA) and silica-shelled silver nanoparticles 673 
(SSSNP) in pre- (left, a, c, e) and post-acetate (right, b, d, f) treatment transport experiments for 674 
60-day Fe(III)-bioreduction treatment in the columns packed with water-stable macroaggregates 675 
(250-2,000 µm). The plots of a, b, c, and d are breakthrough curves from replicate acetate-treated 676 
columns while the plots of e and f are breakthrough curves from the control column that did not 677 
receive acetate injection.   678 

a b 

c d 

e f 
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 679 

Fig. 7.  Concentrations of released Fe(II) and soil colloids in the effluent during the acetate 680 
injection phase of the 60-day Fe(III)-bioreduction column experiments.  681 
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 682 

 683 
 684 
Fig. 8. The aggregate size distribution of the soil aggregates from the aggregate-packed columns 685 
after the conclusion of the 60-day Fe(III)-bioreduction experiment. Columns A and B received 686 
acetate in the feed solution over a 60-day period. Column C was the control column without 687 
acetate injection.  688 
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 689 

 690 
Fig. 9.  Readily reducible iron content and distribution of iron-reducing bacteria (Geobacter 691 
determined via sequencing of 16S rRNA gene libraries prepared from soil samples) in five 692 
depths of the aggregate-packed columns at the conclusion of the 60-day Fe(III)-bioreduction 693 
column experiment. Columns A and B received acetate in the feed solution over a 60-day period. 694 
Column C, the control column, did not receive any acetate. Sections 1 and 5 represent samples 695 
collected near the effluent and influent ends of the columns, respectively.  696 
  697 
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Supplementary Materials 698 
 699 

Table S1. Experimental protocols of transport tests in columns. 700 

Transport 
experiments 

Columns 
No. Porous media Procedures 

Investigation of 
effects of iron 
oxide on the 
transport of 
tracers and 
nanoparticles 

1 Goethite-coated 
silica 

1. Two columns were wet-packed with uncoated and 
goethite-coated sands, respectively.  
2. The sand columns were flushed with KCl solution 
(0.67 mM, pH 6.5) prior to the tracer experiments.  

2 Uncoated silica 
3. The input solution for the sand columns contained Br- 
(50 mg/L KBr), DFBA (40 mg/L), and SSSNP (40 ug/L) 
in the KCl solution. 4. Breakthrough and elution data of 
three tracers were collected. 

    

Evaluations of 
the effect of 
Fe(III)-
bioreduction on 
the transport of 
tracers 
(bioreduction 
duration of 20 
days and 60 
days, 
seperately) 

3 Macroaggregates 
(250-2000 µm) 

1. Five columns were dry-packed with Geobactor-
inoculated soil macroaggregates under anoxic 
conditions.  

4 Macroaggregates 
(250-2000 µm) 

2. The soil aggregate columns were flushed with carbon 
dioxide to replace the air in soil pores, followed by 
flushing with KCl solution (0.67 mM, pH 6.5) to 
achieve fully saturated conditions without remaining gas 
pockets.  

A Macroaggregates 
(250-2000 µm) 

3. Each column experiment consisted of three phases 
with constant total ionic strength of solutions (2 mM):  

B Macroaggregates 
(250-2000 µm) 

Phase 1: Tracer transport experiments with the KCl 
input solution containing Br- (85 mg/L KBr), DPBA (50 
mg/L), and SSSNP (40 µg/L).Breakthrough and elution 
data of three tracers were collected.  

C Macroaggregates 
(250-2000 µm) 

Phase 2: Columns were flushed with artificial 
groundwater solution (AGW), which had a total ionic 
strength of 2 mM and a pH value of 7.5, consisting of 
CaCl2 (0.075 mM), MgCl2 (0.082 mM), KCl (0.051 
mM), NaHCO3 (1.5 mM), trace elements, and vitamins. 
The AGW for bioreduction-stimulated column 
contained acetate, while the AGW for two control 
columns was prepared without acetate. The 
bioreducgtion phase lasted for 20 days in two columns 
(acetate-treated column 3 and control column 4); while 
the other three columns (acetate-treated columns A and 
B, and control column C) experienced 60 days of 
bioreduction. 

  
Phase 3: The same tracer transport experiments with 
Phase 1 were performed at the conclusion of 
bioreduction phase. 
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Examinations 
of the effects of 
aggregate size 
fractions on the 
transport of 
three tracers 

5 Macroaggregates 
(250-2000 µm) 

1. Two columns were dry packed with microaggregates 
and macroaggregates, respectively.   
2. The soil aggregate columns were flushed with carbon 
dioxide, followed by flushing with KCl solution (0.67 
mM, pH 6.5) to achieve fully saturated conditions 
without remaining gas pockets. 

6 Microaggregates 
(53-250 µm) 

3. Tracer experiments withBr- (50 mg/L KBr), DFBA 
(40 mg/L), and SSSNP (40 ug/L) in the KCl solution 
were performed in each column.  
4. Breakthrough and elution data of three tracers were 
collected.  

 701 
 702 

 703 
Fig. S1. The schematic diagram of column experiments.  704 
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