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Abstract 18	
  
 19	
  
Drinking water treatment technologies addressing both arsenic and microbial 20	
  

contamination of Bengal groundwater are needed. Fe electrocoagulation (Fe-EC), a 21	
  

simple process relying on the dissolution of an Fe(0) anode to produce Fe(III) 22	
  

precipitates, has been shown to efficiently remove arsenic from contaminated 23	
  

groundwater. We investigated E. coli attenuation by Fe-EC in synthetic Bengal 24	
  

groundwater as a function of Fe dosage rate, total Fe dosed, pH, and presence of natural 25	
  

organic matter (NOM). We demonstrated concurrent E. coli and arsenic attenuation, with 26	
  

a 2.5 mM Fe dosage achieving over 4-log E. coli attenuation and arsenic removal from 27	
  

450 to below 10 µg/L. E. coli reduction was significantly enhanced at pH 6.6 compared 28	
  

to pH 7.5 (4.0 and 1.9 log respectively for a 0.5 mM Fe dosage), which we linked to the 29	
  

decreased rate of Fe(II) oxidation at lower pH. The presence of 3 mg/L-C of NOM 30	
  

(Suwanee River Fulvic Acid) did not significantly interfere with E. coli attenuation by 31	
  

Fe-EC. Based on live-dead staining, as well as on comparisons of E. coli reduction by Fe-32	
  

EC and by coagulation with a ferric salt, we propose that the primary mechanism of E. 33	
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coli attenuation by Fe-EC is physical removal with Fe(III) precipitate flocs, with 34	
  

inactivation likely contributing as well at lower pH. Transmission electron microscopy 35	
  

images showed that EC precipitates adhere to and bridge individual E. coli cells, resulting 36	
  

in large bacteria-Fe aggregates that can be removed by gravitational settling. Our results 37	
  

point to the unique ability of Fe-EC to treat a diverse range of chemical and biological 38	
  

contaminants simultaneously and suggest that groundwater remediation with Fe-EC in 39	
  

arsenic-affected areas may not need to be followed by a disinfection step. 40	
  

 41	
  
Abstract Art 42	
  
 43	
  

 44	
  
 45	
  
 46	
  

1. Introduction 47	
  

Arsenic-contaminated groundwater serves as the primary drinking water source 48	
  

for tens of millions of people in Bangladesh and India1. Previous research aiming to 49	
  

improve the quality of arsenic-contaminated groundwater in the Bengal Basin has 50	
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focused on arsenic removal alone, largely ignoring possible concurrent microbial 51	
  

contamination of shallow aquifers. However, recent studies have reported the presence of 52	
  

fecal indicators and pathogens (rotavirus, Shigella, Vibrio cholera, pathogenic E. coli and 53	
  

adenovirus) in shallow tubewell water in Bangladesh2–4. A study of 125 tubewells in rural 54	
  

Bangladesh found that 30% of wells with arsenic levels above 50 µg/L had detectable 55	
  

levels of E. coli2, indicating significant concurrent arsenic and fecal contamination. 56	
  

Although fecal contamination of groundwater is typically lower than that of surface water 57	
  

(fecal coliform concentrations in tubewells < 101-102  CFU/100 mL2–7 compared to 102-58	
  

104 CFU/100 mL in ponds and dug wells5,8 and up to 200,000 CFU/100 mL in Ganga 59	
  

river9), it is suspected to contribute to the sustained prevalence of diarrheal diseases in the 60	
  

region10,11. These studies demonstrate the need for safe water solutions capable of 61	
  

addressing arsenic and microbial contamination simultaneously.  62	
  

Iron electrocoagulation (Fe-EC) is a simple process that has been used to 63	
  

effectively remove arsenic from South Asian groundwater12,13. Fe-EC relies on the rapid 64	
  

dissolution of a sacrificial Fe(0) anode to produce Fe(II), which then oxidizes in the 65	
  

presence of dissolved oxygen to form Fe(III) precipitates with high specific surface area 66	
  

and a high affinity for arsenic adsorption14. Arsenic-laden precipitates can be removed 67	
  

subsequently by gravitational settling. In the EC process, strong oxidants generated in 68	
  

Fenton-type reactions convert As(III) into As(V), which is easier to remove at 69	
  

circumneutral pH15. Fe-EC effectively removes arsenic at low cost and is a realistic 70	
  

option for sustainable groundwater remediation in Bengal16.  However, this technique has 71	
  

not been examined as a strategy for reducing the bacterial load in arsenic-contaminated 72	
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water. Such examination is necessary to understand the potential of Fe-EC to treat 73	
  

chemical and microbial contamination concurrently.  74	
  

Two processes in the Fe-EC system may contribute to microbe attenuation. The 75	
  

first process is the production of Fe(III) precipitates with an affinity for the surface of 76	
  

microorganisms, leading to their encapsulation in flocs and physical removal by settling. 77	
  

In many natural environments, Fe oxides are found in close association with bacterial 78	
  

cells or exopolymers17–19, which suggests strong sorption affinities and has prompted the 79	
  

use of Fe oxides to remove bacteria20–22 and viruses23,24 in engineered systems. The second 80	
  

process is the transient presence of Fe(II) that can lead to oxidative stress and 81	
  

inactivation. Fe(II) oxidation in Fenton-type reactions produces strong oxidants (Fe(IV), 82	
  

OH.) that can inactivate bacteria25 and viruses26. The processes leading to both physical 83	
  

removal with flocs and inactivation are largely governed by electrolyte composition, 84	
  

which can impact the phase, size and surface charge of EC precipitates27,28, the rate of 85	
  

Fe(II) oxidation29 and the lifetime of strong oxidants (HCO3
-, Cl-, As(III) and natural 86	
  

organic matter can quench Fe(IV) and OH.). Although some Fe-EC research has focused 87	
  

on microbe attenuation, the electrolytes used in these studies were designed to replicate 88	
  

contaminated surface water24,30.  Therefore, the extent and mechanism of microbe 89	
  

attenuation by Fe-EC in electrolytes representative of Bengal groundwater, which is 90	
  

richer in oxyanions and bivalent cations than surface water, remain unexplored. 91	
  

In addition to electrolyte composition, solution pH is likely to be a key factor 92	
  

affecting Fe-EC performance because it controls (1) the rate of Fe(II) oxidation29 and 93	
  

thereby the residence time of potentially germicidal Fe(II) as well as the rate at which 94	
  

Fe(III) precipitates are generated, and (2) the surface charge of Fe(III) precipitates and 95	
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their electrostatic interactions with microorganisms. Because the pH of arsenic-96	
  

contaminated groundwater (defined as [As] > 10 µg/L) in Bengal varies between 6.4 and 97	
  

8.431
, it is essential to understand the effect of pH on microbe attenuation. Furthermore, 98	
  

since pH controls processes potentially leading to removal and inactivation, varying 99	
  

solution pH can help unravel the mechanisms of microbe attenuation in Fe-EC systems.  100	
  

Natural organic matter (NOM) is present at non-negligible concentrations in 101	
  

arsenic-contaminated groundwater in Bengal (1-5 mg/L-C)31,32 and may interfere with 102	
  

microbe attenuation by Fe-EC in several ways: quenching of strong oxidants, 103	
  

complexation of dissolved Fe(II)/Fe(III)33, and alteration of the surface characteristics of 104	
  

Fe(III) precipitates and microorganisms. NOM is known to inhibit microbe-mineral 105	
  

interactions by increasing electrostatic repulsion34,35, and has been shown to reduce the 106	
  

effectiveness of Fe-based microbe reduction processes20,24,35. It is therefore important to 107	
  

determine the impact of NOM on E. coli attenuation with Fe-EC.  108	
  

The goals of this study were to: (1) examine the concurrent removal of arsenic 109	
  

and bacteria by Fe-EC in synthetic Bengal groundwater; (2) investigate the effects of pH 110	
  

and NOM on this process; and (3) determine the mechanism of bacteria attenuation. 111	
  

Using Escherichia coli K12 as a model for gram-negative fecal bacteria, we first 112	
  

demonstrate 4-log bacteria attenuation by Fe-EC concurrent with arsenic removal from 113	
  

450 µg/L to below 10 µg/L. Next we investigate the pH-dependence of E. coli attenuation 114	
  

in Fe-EC by (1) comparing Fe-EC with Fe chemical coagulation methods, (2) analyzing 115	
  

zetapotential measurements of EC precipitates and E. coli, and (3) varying Fe-EC 116	
  

operating parameters such as iron dosage rate and settling time. We combine these results 117	
  

with live-dead staining and transmission electron microscopy images to propose a 118	
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mechanism for E. coli attenuation.  Lastly, we discuss the effect of NOM on E. coli 119	
  

reduction by Fe-EC.  Our results provide insight into the applicability of Fe-EC for 120	
  

concurrent arsenic and bacteria attenuation in contaminated Bengal groundwater. 121	
  

 122	
  

2. Methods 123	
  

2.1 Synthetic Bengal Groundwater Preparation. The procedure to prepare 124	
  

synthetic groundwater (SGW) was similar to Roberts et al36 (see the Supporting 125	
  

Information for details). Concentrations of HCO3
-, Ca2+ and Mg2+ (8.2 mM, 2.6 mM and 126	
  

1.9 mM respectively) reflected average levels in arsenic-contaminated (defined as [As] > 127	
  

10 µg/L) Bangladesh tubewells according to the British Geological Survey (BGS)31. Si, P 128	
  

and As concentrations (1.3 mM, 0.16 mM and 6.1 μM (460 µg/L) respectively) were 129	
  

significantly higher in SGW than average levels to represent worst-case scenarios for 130	
  

arsenic removal (Table S1). The target pH value (6.6 or 7.5) was maintained throughout 131	
  

experiments by adding drops of 1.1 M HCl as needed. Concentrations of As, Ca, Mg, P 132	
  

and Si were measured by inductively coupled plasma optical emission spectrometry 133	
  

(ICP-OES, PerkinElmer 5300 DV, measurement error typically < 5%). Initial 134	
  

concentrations of all ions varied by less than 10% in replicate batch experiments. ICP-135	
  

OES with hydride generation was used to measure low (<20 µg/L) final As 136	
  

concentrations. For NOM experiments, 3 mg/L-C of Suwanee River Fulvic Acid 137	
  

(International Humic Substance Society) was added to SGW. The concentration of NOM 138	
  

was measured with a TOC-V analyzer (Shimadzu).  139	
  

 140	
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2.2 E. coli Preparation and Enumeration. We used a non-pathogenic and 141	
  

kanamycin-resistant strain of the gram-negative bacterium Escherichia coli (NCM 4236) 142	
  

obtained from the late Dr. Sydney Kustu (UC Berkeley). After three propagations in 143	
  

kanamycin-amended tryptic soy broth, stationary-phase E. coli was rinsed and 144	
  

resuspended in phosphate buffer (see the Supporting Information for details). E. coli was 145	
  

spiked in SGW to achieve initial concentrations of 106.1-106.7 CFU/mL.  E. coli 146	
  

concentrations were enumerated in duplicate in 100 μL aliquots as colony forming units 147	
  

(CFU) using the spread plate technique on agar with 0.025 g/L kanamycin.  148	
  

 149	
  

2.3 Electrocoagulation Experiments. All glassware was washed in 10% HNO3, 150	
  

rinsed with 18 MΩ deionized water and autoclaved prior to use. Electrocoagulation 151	
  

experiments were conducted by immersing two 1cm x 8cm Fe(0) electrodes (98% Fe, 0.5 152	
  

mm thick, 0.5 cm apart, anodic submerged area of 3 cm2) in 200 mL SGW spiked with E. 153	
  

coli. Electrodes were cleaned with sand paper before each experiment to remove any rust 154	
  

or solid deposits. Within the tested current density range (0.3 to 10 mA/cm2), the Fe 155	
  

dosage rate D (M Fe/s) is related to the applied current i (A or Coulombs/s) according to 156	
  

Faraday’s law: 157	
  

𝐷 =   
𝑖

𝑉 ∗ 𝑍 ∗ 𝐹 

where V is the reactor volume (L), Z is the number of electrons involved (equivalents/mol) 158	
  

and F is Faraday’s constant (Coulombs/mol). We assume Z=2 based on Lakshmanan et 159	
  

al.37. Unless specified otherwise, an Fe dosage rate of 46.4 μM/min was selected (applied 160	
  

current of 30 mA) and the dosage time was adjusted to reach the desired final Fe 161	
  

concentration (varying from 0.1 to 2.5 mM). After dosing, the solution was stirred in 162	
  



Published	
  in	
  Environmental	
  Sci.	
  and	
  Technology	
  (ACS),	
  July	
  2015.	
  	
  	
  	
  
DOI:10.1021/acs.est.5b01696 
	
  

8	
  
	
  

open air for 90 to 120 min to allow for Fe(II) oxidation and formation of Fe(III) 163	
  

precipitates (these stages are referred to as “dosing-mixing” hereafter). The suspension 164	
  

was then left to settle overnight. Unfiltered and filtered (0.45 μm nylon filters) samples 165	
  

were taken before dosing, after dosing-mixing and after overnight settling for 166	
  

measurement of Fe, As, Ca, Mg, P and Si with ICP-OES. All samples were digested with 167	
  

1.1 M HCl prior to ICP-OES analysis. Unfiltered samples were used to measure total Fe 168	
  

(Fe(II) + Fe(III)). Because Fe(III) is insoluble at circumneutral pH, Fe in filtered samples 169	
  

was considered to be Fe(II).  Across all experiments, unfiltered Fe in bulk solution after 170	
  

dosing was 95% ± 7% (n=69) of the Faradic value. Fe in the filtrate (soluble Fe(II)) after 171	
  

dosing-mixing was <0.1% of the total Fe dosed for experiments at pH 7.5, and 19% ± 6%, 172	
  

(n=18) of the total Fe dosed for experiments at pH 6.6. Although complete (99.9%) 173	
  

oxidation of Fe(II) in our SGW at pH 6.6 requires over 9h (see Figure S1), we chose not 174	
  

to prolong mixing beyond 120 min to remain representative of field conditions. Fe 175	
  

concentrations in the supernatant after overnight settling were typically <5% of the total 176	
  

dosed Fe. Samples for E. coli enumeration were taken before dosing and after settling 177	
  

(from the supernatant, ~ 3 cm below the surface). E. coli attenuation was calculated as the 178	
  

difference between CFU concentrations in the pre-dosing and post-settling samples. 179	
  

Overnight settling allowed separating individual E. coli cells from cells associated with 180	
  

Fe(III) precipitates, because individual cells do not settle in this time frame (Stokes 181	
  

settling velocity of 1 μm particles with a density of 1.16 g/cm3(38) is about 1 cm/day). This 182	
  

assumption was verified in preliminary experiments, which showed that: (1) 183	
  

concentrations of E. coli cells suspended in SGW did not change after two days (less than 184	
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4.5% change), and (2) E. coli CFUs at different depths in the supernatant in EC 185	
  

experiments varied by less than 0.2 log.  186	
  

 187	
  

2.4 Fe-EC Experiments with Alum. To isolate the effects of removal and 188	
  

inactivation on E.coli attenuation during the settling period, several experiments were 189	
  

conducted with Al2(SO4)3 coagulant (alum), which made it possible to decrease the time 190	
  

needed for settling of EC precipitates and quickly separate cells associated with flocs 191	
  

from free cells in the supernatant. After dosing-mixing, 0.1 mL of a 370 mM alum 192	
  

solution was added to the suspension, resulting in an Al concentration of 0.19 mM. After 193	
  

rapid mixing (700 rpm, 2 min) and slow mixing (60 rpm, 20 min), large flocs formed that 194	
  

settled in approximately 2h, as opposed to 18h in regular EC experiments (until Fe(III) in 195	
  

supernatant < 5% of total Fe dosed), allowing us to sample bacteria in the supernatant 196	
  

after 2h, 5h and 24h for culturability testing. 197	
  

 198	
  

2.5 E. coli Attenuation by Coagulation with FeSO4, FeCl3 and Pre-199	
  

Synthesized Ferrihydrite. Stock solutions of FeSO4 (100 mM, acidified with 1 mM HCl 200	
  

to avoid premature Fe(II) oxidation), FeCl3 (100 mM) and pre-synthesized ferrihydrite 201	
  

(200 mM, see the Supporting Information for details) were prepared. Adequate volumes 202	
  

of these stock solutions were added to 200 mL SGW adjusted to pH 6.6 or 7.5 to achieve 203	
  

Fe concentrations of 0.5 mM. Solutions were stirred open to the atmosphere for 100-130 204	
  

min, then left to settle overnight. Sampling followed the same procedure as in EC 205	
  

experiments.  206	
  

 207	
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2.6 E. coli Attenuation at Varying Generation Rates of Fe(III) Precipitates. In 208	
  

Fe-EC, the rate at which Fe(III) precipitates are generated is controlled by two processes: 209	
  

(1) Fe(II) production at the anode, and (2) Fe(II) oxidation to Fe(III), which 210	
  

instantaneously (relative to Fe(II) oxidation) precipitates at circumneutral pH.  A detailed 211	
  

derivation of the generation rate of Fe(III) precipitates is given in the Supporting 212	
  

Information. At pH 7.5, Fe(II) oxidation is rapid (t1/2 = 4.5 min in SGW, see Figure S1b) 213	
  

and the generation rate of precipitates is mainly controlled by the Fe dosage rate. In order 214	
  

to investigate the impact of the generation rate of Fe(III) precipitates on E. coli 215	
  

attenuation, Fe-EC experiments were conducted at pH 7.5 at three different Fe dosage 216	
  

rates (1.1, 2.6 and 46.4 μM/min, corresponding to currents of 1, 2 and 30 mA 217	
  

respectively) and three different total dosages (0.1, 0.2 and 0.5 mM respectively, see 218	
  

Figure S2). One experiment was carried out with FeCl3 at pH 7.5 where 6 μL of 100 mM 219	
  

FeCl3 were added to the reaction beaker every minute in order to mimic a dosage rate of 220	
  

3.1 μM/min. A reaction time (dosing-mixing) of 100 min was kept constant across all 221	
  

experiments.  222	
  

All E. coli attenuation experiments were conducted in triplicate or more. We 223	
  

report average log attenuations ± one standard deviation.  224	
  

 225	
  

2.7 Bacterial Viability Tests. Quantifying E. coli inactivation by direct plating 226	
  

would require enumerating viable cells in the supernatant as well as in the settled flocs. 227	
  

However, separating E. coli from Fe(III) precipitates was not possible here (see the 228	
  

Supporting Information for details). Instead, we used the BacLight LIVE-DEAD kit 229	
  

(Invitrogen) to assess the degree of membrane permeabilization, a proxy for E. coli 230	
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inactivation. This test relies on two fluorescent nucleic acid stains (PI and SYTO9) to 231	
  

distinguish cells with intact membranes appearing green (“live”) from those with 232	
  

damaged membranes appearing red (“dead”). Samples were prepared as described in the 233	
  

Supporting Information and analyzed with a Zeiss AxioImager fluorescent microscope 234	
  

(63x Plan-Apochromat objective, EndoGFP and mCherry filters, UC Berkeley CNR 235	
  

Biological Imaging Facility). Pictures of Fe(III) precipitates and stained E. coli cells were 236	
  

taken in transmission and fluorescent modes respectively, and images were superimposed.  237	
  

At least 10 pictures were taken per sample and visually analyzed to produce 238	
  

representative results.  239	
  

We applied this procedure to evaluate E. coli inactivation during the two 240	
  

treatment stages: dosing-mixing and overnight settling. For the former, samples were 241	
  

collected from the mixed suspension at the end of dosing-mixing in EC experiments (at 242	
  

pH 6.6 and 7.5). For the latter, sampling the supernatant after settling did not allow for 243	
  

quantitative fluorescent microscopy analysis because E. coli concentrations were too low. 244	
  

We therefore mimicked supernatant conditions at pH 6.6 with 200 mL solutions of SGW 245	
  

amended with 0.18 mM FeSO4 and spiked with 107.5 CFU/mL E. coli.  246	
  

 247	
  

2.8 Bacteria and Precipitates Characterization. Transmission electron 248	
  

microscopy was carried out on the precipitate-microorganism aggregates with a FEI 249	
  

Tecnai 12 Transmission Electron Microscope operated at 120 kV (UC Berkeley Electron 250	
  

Microscope Lab). Zetapotential measurements were conducted with a Malvern Zetasizer 251	
  

Nano-ZS at 633 nm for (1) Fe(III) precipitates generated by Fe-EC in SGW with and 252	
  

without NOM (Fe dosage = 0.5 mM) and (2) E. coli suspended in SGW (106.5 CFU/mL). 253	
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Sample preparation and data collection are described in detail in the Supporting 254	
  

Information.  255	
  

 256	
  

3. Results and discussion 257	
  

3.1 Concurrent As and E. coli Attenuation. Figure 1 shows concurrent As and 258	
  

E. coli attenuation in SGW at pH 7.5. For Fe dosages of 0.5, 1.5 and 2.5 mM, Fe-EC 259	
  

achieved log attenuations of 1.9, 3.7 and 4.4 respectively.  Arsenic was reduced from 450 260	
  

µg/L to 116 µg/L at 0.5 mM Fe, and to below the WHO recommended maximum 261	
  

contaminant level (MCL) of 10 µg/L39 at Fe dosages > 1.5 mM. Similar arsenic removal 262	
  

in SGW with and without E. coli (Table S2) suggests that Fe-EC can attenuate bacteria 263	
  

without detriment to arsenic remediation.  At Fe dosages of more than 2 mM, which are 264	
  

typical of current field operation16, Fe-EC achieved over 4-log attenuation of E. coli and 265	
  

thus met the WHO guideline for household drinking water treatment requiring 4-log 266	
  

bacteria reduction40.  This level of treatment is likely sufficient to eliminate the need for 267	
  

an additional disinfection step for most groundwaters as WHO drinking water guidelines 268	
  

characterize waters as low risk if E. coli < 1 CFU/100 mL39.  269	
  

 270	
  

3.2 Surface Charge Characterization of EC precipitates and E. coli. Figure 2 271	
  

shows the zetapotentials of EC precipitates and E. coli in SGW between pH 1.5 and 8.5. 272	
  

The isoelectric point (iep) of E. coli was found to be between 2 and 3, which is consistent 273	
  

with reported iep of gram-negative bacteria41. Above pH 5, the zetapotential of E. coli 274	
  

cells was less negative than that observed previously in a KCl electrolyte42, which could 275	
  

be due to Ca2+ and Mg2+ complexation by negatively charged residues on the cell 276	
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surface43. Past studies have shown that Fe-EC in SGW leads to the formation of short-277	
  

range ordered hydrous ferric oxide14,27. We found the iep of EC precipitates to be between 278	
  

4 and 5, which is lower than iep values typically reported for poorly ordered Fe(III) 279	
  

precipitates (between 6 and 9)44,45. This difference can be attributed to the adsorption of 280	
  

silicate and negatively charged phosphate (Si:Fe and P:Fe of 0.028±0.08 and 0.24±0.02 281	
  

mol:mol, n=7), which are known to decrease the iep of ferrihydrite upon adsorption45,46. 282	
  

Our zetapotential measurements indicate that EC precipitates and E. coli are both 283	
  

negatively charged at circumneutral pH in SGW, and that their surface charge does not 284	
  

significantly vary between pH 5.5 and 8.5.	
  285	
  

 286	
  

3.3 Effect of pH on E. coli Attenuation. In Figure 3, E. coli attenuation at pH 6.6 287	
  

and 7.5 is compared for 4 different scenarios (Fe-EC, chemical coagulation with ferrous 288	
  

and ferric salts, and coagulation with pre-synthesized ferrihydrite) at an Fe dosage of 0.5 289	
  

mM. These 4 scenarios have been shown to generate the same type of precipitates14,36,47,48 290	
  

and only differ by the form and rate with which Fe is released into SGW: as Fe(II) for Fe-291	
  

EC and FeSO4 (released progressively and in a single dose respectively), as dissolved 292	
  

Fe(III) for FeCl3, and as colloidal Fe(III) for pre-synthesized ferrihydrite (both released in 293	
  

a single dose). With Fe-EC, E. coli attenuation was significantly higher at lower pH: 4.0 294	
  

log removal at pH 6.6 compared to 1.9 at pH 7.5. A similar trend was observed for FeSO4 295	
  

(4.3 log at pH 6.6 and 2.0 log at pH 7.5). Conversely, pH had no significant effect on E. 296	
  

coli attenuation with FeCl3 and with pre-synthesized ferrihydrite, indicating that possible 297	
  

changes in colloid surface charge or SGW chemistry between pH 6.6 and 7.5 have no 298	
  

impact on bacteria-precipitate surface interactions. Consequently, the increased E. coli 299	
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reduction with Fe-EC and FeSO4 at pH 6.6 cannot be attributed to a difference in colloid 300	
  

surface charge, which is supported by our zetapotential measurements showing that both 301	
  

EC precipitates and E. coli cells have nearly identical net surface charge at pH 6.6 and 302	
  

7.5 (zetapotential ~ -12.0 mV and -13.4 mV respectively, Figure 2).	
   303	
  

E. coli attenuation with FeSO4 exhibited the same pH dependence as Fe-EC, 304	
  

suggesting that increased attenuation at lower pH is related to the transient presence of 305	
  

Fe(II).  The rate of Fe(II) oxidation in SGW at pH 6.6 (keff = 0.012 min-1, Figure S1) is 306	
  

significantly slower than at pH 7.5 (keff = 0.155 min-1, Figure S1), which leads to: (1) a 307	
  

slower generation rate of Fe(III) precipitates, and (2) an increased residence time of 308	
  

germicidal Fe(II).  In the two following sections, we investigate the impacts of these two 309	
  

factors on E. coli attenuation by Fe-EC.  310	
  

 311	
  

3.4 Effect of the Generation Rate of Fe(III) Precipitates on E. coli 312	
  

Attenuation. The generation rate of Fe(III) precipitates controls the rate at which they 313	
  

aggregate into flocs, and may thus affect bacteria-precipitate interactions. To probe the 314	
  

impact of the precipitate generation rate on E. coli attenuation, the Fe dosage rate q, 315	
  

which controls the flux of Fe(II) delivered by the anode, was decreased from 46.4 to 2.6 316	
  

and 1.1 μM/min at pH 7.5. As calculated by Equations (5) and (6) of the Supporting 317	
  

Information, q = 2.6 μM/min at pH 7.5 leads to a precipitate generation rate comparable 318	
  

to that of experiments at pH 6.6 with q = 46.4 μM/min (see Figure S2). Figure S3 shows 319	
  

that lower dosage rates, resulting in lower precipitate generation rates, did not 320	
  

significantly improve E. coli attenuation by Fe-EC at pH 7.5. Similarly, no significant 321	
  

difference in E. coli attenuation was observed between single dose versus low dosage rate 322	
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for chemical coagulation with FeCl3 at pH 7.5. We concluded that the lower precipitate 323	
  

generation rate at pH 6.6 cannot account for increased E. coli attenuation compared to pH 324	
  

7.5. 325	
  

 326	
  

3.5 Evolution of E. coli Attenuation during Settling in Experiments with 327	
  

Alum. The use of alum in EC experiments significantly accelerated settling of Fe(III) 328	
  

precipitates and allowed us to quickly separate E. coli cells associated with precipitates 329	
  

from free cells in the supernatant. As a result, this experimental design enabled us to 330	
  

track the viability of suspended E. coli cells in the supernatant during the 24h settling 331	
  

period. We found that the difference in E. coli attenuation between pH 6.6 and pH 7.5 332	
  

increased over the 24h settling period (Figure 4). After 2h settling, E. coli attenuation was 333	
  

only slightly higher at pH 6.6 compared to pH 7.5 (2.5 and 1.8 log respectively).  The 334	
  

discrepancy significantly increased over time and was comparable to that of regular EC 335	
  

experiments after 24h settling (5.0 and 2.5 log attenuation at pH 6.6 and 7.5 with alum, 336	
  

compared to 4.0 and 1.9 log attenuation at pH 6.6 and 7.5 in regular EC experiments). In 337	
  

contrast to experiments at pH 7.5, those at pH 6.6 contained a significant concentration of 338	
  

unoxidized Fe(II) at the beginning of settling (0.10 ± 0.04 mM, corresponding to 19% ± 339	
  

6% of the total Fe dosed, n=9), most of which oxidized during the 24h settling period. 340	
  

Figure 4 shows a correlation at pH 6.6 between the increase of E. coli attenuation during 341	
  

overnight settling and the amount of Fe(II) oxidized in the supernatant. This correlation 342	
  

could point to the bactericidal action of Fe(II) on E. coli in the supernatant. To further 343	
  

investigate this possibility, we conducted live-dead staining of the bacteria.  344	
  

 345	
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3.6 E. coli Inactivation. Bacterial viability tests conducted immediately after 346	
  

dosing-mixing showed that E. coli inactivation during dosing-mixing was limited, both at 347	
  

pH 6.6 and 7.5, with less than 20% of the cells appearing red on fluorescent microscopy 348	
  

images (representative examples shown in Figure 5a-c). Bacterial viability tests on the 349	
  

supernatant after overnight settling at pH 6.6 showed a majority of red cells (see Figure 350	
  

S4), suggesting E. coli inactivation during the settling period at pH 6.6. However, E. coli 351	
  

concentrations in the supernatant were too low for quantitative fluorescent microscopy 352	
  

analysis. Thus, we mimicked supernatant conditions at pH 6.6 by adding 107.5 CFU/mL 353	
  

and 0.18 mM FeSO4 to SGW. In images taken after 18h, approximately 50% of the cells 354	
  

appeared red (Figure 5d), suggesting that reactive species produced upon Fe(II) oxidation 355	
  

in the supernatant at pH 6.6 caused significant membrane damage (confirmed by 356	
  

culturability measurements indicating a 0.8 log reduction in CFUs).  357	
  

 358	
  

3.7 Mechanism of E. coli attenuation by Fe-EC. At pH 7.5, all Fe(II) is 359	
  

oxidized by the end of dosing-mixing. Consequently, minimal inactivation at the end of 360	
  

dosing-mixing (<0.1 log as determined on fluorescent microscopy images, Figure 5a) 361	
  

implies that inactivation is overall insignificant and that E. coli attenuation is primarily 362	
  

due to physical removal with flocs by gravitational settling. As shown on Figure 3, E. coli 363	
  

reduction at pH 7.5 with Fe-EC is not significantly different from the attenuation 364	
  

achieved with FeCl3 (pH 6.6 or 7.5).  The latter only removes E. coli via encapsulation in 365	
  

flocs, since inactivation by germicidal Fe(II) can be ruled out in the case of a ferric salt. 366	
  

Consequently, similar E. coli reduction with Fe-EC at pH 7.5 and with FeCl3 further 367	
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supports that removal with flocs is the primary mechanism of E. coli attenuation by Fe-368	
  

EC at pH 7.5. 369	
  

By contrast, our results suggest that both removal and inactivation contribute to E. 370	
  

coli reduction at pH 6.6. Inactivation after dosing-mixing at pH 6.6 was insignificant 371	
  

(<0.1 log as determined from fluorescent microscopy images, Figure 5b-c), suggesting 372	
  

that the attenuation observed at the earliest stage of settling (2.5 log after 2h, Figure 4) is 373	
  

mostly due to removal with flocs. The additional ~2 log attenuation occurring in the 374	
  

supernatant during overnight settling is likely attributable to inactivation, supported by 375	
  

the increase in dead cells in the supernatant (Figure S4) and mock supernatant (Figure 376	
  

5d).  Note that the live-dead stain is likely a conservative measure of inactivation, as loss 377	
  

of viability may occur well before membranes become permeable to PI49.  In addition, the 378	
  

higher bacteria concentration in the mock supernatant compared to regular supernatant 379	
  

conditions could have lowered the steady-state concentration of reactive oxidants through 380	
  

scavenging, explaining the limited inactivation (0.8-log loss of culturability) in the mock 381	
  

supernatant.  382	
  

We established that the largest fraction of E. coli cells (1.9 log at pH 7.5, ~2 log at 383	
  

pH 6.6, Figures 3 and 4) is physically removed with flocs. Figures 5a-b illustrate the 384	
  

association of E. coli cells with large Fe(III) flocs. TEM images provide further insight, 385	
  

illustrating the intimate spatial arrangement between EC precipitates and bacteria 386	
  

surfaces (Figures 6 and S5a). Precipitates bridging individual cells (Figure 6) lead to 387	
  

large precipitate-bacteria networks that can be readily removed by gravitational settling 388	
  

(Figure S5b). Although our zetapotential measurements indicate that EC precipitates and 389	
  

E. coli are both negatively charged at circumneutral pH in SGW (Figure 2), adhesion of 390	
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EC precipitates to E. coli may be enabled by a combination of 1) charge heterogeneities 391	
  

on cell surfaces, 2) hydrophobic interactions, and 3) hydrogen or covalent bonds. Due to 392	
  

their small size relative to E. coli cells (apparent in Figure 6), EC precipitates may be 393	
  

sensitive to heterogeneities in E. coli surface composition, allowing localized adhesion. 394	
  

For example, surface proteins carrying positively charged amine groups could constitute 395	
  

preferential adhesion sites. In addition, phosphate and carboxyl residues, which can form 396	
  

covalent bonds with iron oxides50, may provide chemical bonding sites for Fe(III) 397	
  

precipitates. 398	
  

 399	
  

3.8 Effect of NOM on E. coli Attenuation. 3 mg/L-C of Suwanee River Fulvic 400	
  

Acid had a minimal impact on E. coli attenuation both at pH 6.6 (0.5 mM Fe) and 7.5 401	
  

(1.5 mM Fe), as illustrated on Figure S6a. The zetapotential of EC precipitates, shown in 402	
  

Figure S6b, was not affected by NOM between pH 5.5 and 8.5. ICP-OES analysis of 403	
  

filtered samples after dosing-mixing indicated that Ca2+/Mg2+ uptake did not increase in 404	
  

the presence of NOM (data not shown), ruling out bivalent cation bridging of EC 405	
  

precipitates and NOM.  Taken together, these results suggest that NOM did not 406	
  

significantly interact with EC precipitates, and therefore did not interfere with the 407	
  

adhesion of EC precipitates to E. coli cells.  408	
  

These results are unexpected given the accounts of NOM adsorbing to ferric 409	
  

(oxyhydr)oxides34,51 and inhibiting MS2 attenuation by Fe-EC in a CaCl2 electrolyte24, but 410	
  

may be explained by the composition of SGW. NOM may not effectively compete with 411	
  

silicate and phosphate for surface sites on EC precipitates: decreased NOM adsorption on 412	
  

Fe oxides in the presence of silicate and phosphate has been observed elsewhere52,53. In 413	
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addition, EC precipitates have a net negative charge in SGW, and electrostatic repulsion 414	
  

may inhibit interactions with NOM. Conversely, EC precipitates formed in CaCl2 are 415	
  

expected to be positively charged at circumneutral pH and more prone to interact with 416	
  

NOM, likely explaining the results of Tanneru and Chellam24. In their paper, they also 417	
  

proposed that quenching of OH. and Fe(IV) by NOM may inhibit inactivation of MS224. 418	
  

In our system, 3 mg/L-C of NOM did not have a significant effect on overall attenuation 419	
  

at pH 6.6, possibly because NOM concentrations were lower (C:Fe mass ratios of 0.03-420	
  

0.1 in our experiments, compared to 0.5 in Tanneru and Chellam24).	
  It is possible that 421	
  

higher NOM concentrations would cause a larger decrease in E. coli attenuation at pH 6.6 422	
  

due to greater quenching of reactive oxidants. 423	
  

 424	
  

3.9 Implications for Water Treatment. In this work, we show that Fe-EC can 425	
  

adequately reduce bacterial contamination from synthetic Bengal groundwater, even in 426	
  

the presence of 3 mg/L-C NOM, and without detriment to arsenic removal. Groundwater 427	
  

remediation with Fe-EC in arsenic-affected areas may therefore not need to be followed 428	
  

by chlorination or UV disinfection. However, more research on virus attenuation by Fe-429	
  

EC is needed to reinforce this claim. Because bacterial inactivation during dosing-mixing 430	
  

was limited, settled flocs may contain viable pathogens, presenting a risk if sludge is not 431	
  

handled properly. Consequently, adequate sludge treatment such as high-temperature 432	
  

drying (70 C for 30 min54) should be applied to ensure sludge sterilization. Finally, we 433	
  

found that the longer lifetime of Fe(II) at lower pH led to increased attenuation, 434	
  

suggesting that the use of ferrous salts (as opposed to ferric salts) in primary water and 435	
  

wastewater treatment might improve microbe reduction when the pH of the influent is 436	
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acidic. More generally, our results suggest that conditions promoting Fe(II) build-up in 437	
  

the Fe-EC process, such as a low pH, a short post-EC mixing time, or a very high dosage 438	
  

rate causing O2 depletion, may lead to increased bacteria reduction.  439	
  

 440	
  

Supporting Information 441	
  

Detailed methodology and supporting figures referenced in the text are provided in the 442	
  

Supporting Information. This material is available free of charge via the Internet at 443	
  

http://pubs.acs.org. 444	
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 623	
  

 624	
  
Figure 1: Concurrent As and E. coli attenuation by Fe-EC in SGW at pH 7.5 for Fe 625	
  
dosages of 0.5, 1.5 and 2.5 mM. The initial As concentration was 450 µg/L as As(III). 626	
  
The columns represent E. coli log attenuation, whereas the diamonds indicate dissolved 627	
  
arsenic concentrations. The solid red line indicates WHO recommended maximum 628	
  
contaminant level (MCL) for As, 10 µg/L.  629	
  

 630	
  
Figure 2: Zetapotential of Fe-EC precipitates (0.5 mM Fe) and E. coli in SGW measured 631	
  
by dynamic light scattering (633 nm). 632	
  



Published	
  in	
  Environmental	
  Sci.	
  and	
  Technology	
  (ACS),	
  July	
  2015.	
  	
  	
  	
  
DOI:10.1021/acs.est.5b01696 
	
  

27	
  
	
  

	
  633	
  
Figure 3: Effect of pH on E. coli attenuation by Fe-EC and chemical coagulation with 634	
  
FeSO4 salt, FeCl3 salt and pre-synthesized ferrihydrite (FH). The Fe dosage for all 635	
  
experiments was 0.5 mM. 636	
  

 637	
  

Figure 4: E. coli attenuation by Fe-EC as a function of settling time in experiments with 638	
  
alum, at pH 6.6 and 7.5 (bars). Diamonds indicate the amount of Fe(II) oxidized during 639	
  
the 24h settling period at pH 6.6. For comparison, results for regular Fe-EC experiments 640	
  
(without alum) are given on the left. The Fe dosage for all experiments was 0.5 mM.  641	
  
 642	
  
 643	
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 644	
  
Figure 5: Fluorescent microscopy images of live-dead stained E. coli cells (green=live, 645	
  
red=dead) after dosing-mixing before settling (a, b and c). On a) and b), EC precipitate 646	
  
flocs are visible in grey, surrounding E. coli cells. a) E. coli counts: 106.3 CFU/mL, pH 647	
  
7.5, Fe dosage=1.5 mM. b) E. coli counts: 106.5 CFU/mL, pH 6.6, Fe dosage=0.5 mM. c) 648	
  
E. coli counts: 107.2 CFU/mL, pH 6.6, Fe dosage=0.5 mM. Figure 5d shows live-dead 649	
  
staining of 107.6 CFU/mL E. coli left overnight at pH 6.6 with 0.18 mM FeSO4 to mimic 650	
  
supernatant conditions. 651	
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  653	
  
Figure 6: Transmission electron microscopy image illustrating the intimate association of 654	
  
EC precipitates and bacteria surfaces, with precipitates bridging two E. coli cells. E. coli 655	
  
counts: 107.2 CFU/mL, Fe dosage=0.5 mM, pH 6.6. 656	
  




