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Abstract  
It was demonstrated more than two decades ago that microorganisms use humic 

substances, including fulvic acid (FA), as electron shuttles during iron (Fe) reduction in 

anaerobic soils and sediments. The relevance of this mechanism for the acceleration of Fe(III) 

reduction in arsenic-laden groundwater environments is gaining wider attention. Here we provide 

new evidence that dissolved FAs isolated from sediment-influenced surface water and 

groundwater in the Bengal Basin were capable of electron shuttling between Geobacter 

metallireducens and Fe(III). Moreover, all four Bangladesh sediment-derived dissolved FAs 

investigated in this study had higher electron accepting capacity (176 to 245 µmol/g) compared 

to aquatic FAs, such as Suwanee River Fulvic Acid (67 µmol/g). Our direct evidence that 

Bangladesh FAs are capable of intermediate electron transfer to Fe(III) supports other studies 

that implicate electron shuttling by sediment-derived aqueous humics to enhance Fe reduction 

and, in turn, As mobility. Overall, the finding of greater electron accepting capacity by dissolved 

FAs from groundwater and other sediment-influenced environments advances our understanding 

of mechanisms that control Fe reduction under conditions where electron transfer is the rate 

limiting step. 

 

© 2018. This manuscript version is made available under the CC-BY-NC-ND 4.0 license 

http://creativecommons.org/licenses/by-nc-nd/4.0/ 

 

Introduction 
Microbial reductive dissolution is a 

globally relevant mechanism that dissolves 

poorly soluble iron (Fe) minerals into 

soluble Fe(II) (McArthur et al., 2001; 

Dowling et al., 2002; Hasan et al., 2007). 
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This leads to the mobilization of other 

ecologically- and toxicologically-important 

elements, such as arsenic (As). Indeed, Fe 

reduction is directly implicated in the 

mobilization of geogenic arsenic in reducing 

Holocene aquifers of the Bengal Basin. 

Twenty million people in Bangladesh 

(Flanagan et al., 2012) and >4 million 

people in eight highly affected districts of 

West Bengal, India (Chakraborti et al., 

2009) are estimated to drink well water with 

As concentrations that exceed the national 

standard of 50 µg/L.  

 It is widely accepted that labile 

organic matter (OM) drives microbial Fe 

reductive dissolution of Fe and As 

mobilization (Nickson et al., 1998; 

McArthur et al., 2001; Dowling et al., 2002; 

Hasan et al., 2007). Recent studies have 

suggested that a more recalcitrant class of 

dissolved OM, namely humic substances, 

also present in reducing groundwater may 

have an important role in As mobilization. It 

has been hypothesized that dissolved humics 

(humic DOM) can serve to shuttle electrons 

and enhance the reductive dissolution of 

Fe(oxy)hydroxide minerals (Figure 1), 

accelerating the mobilization of dissolved 

arsenic in Bengal Basin aquifers (Mladenov 

et al., 2010, 2015; Chen et al., 2017).  

Seminal work by Lovley et al. 

(1996) has demonstrated that a model humic 

compound, anthraquinone-2, 6-disulfonate 

(AQDS) was capable of serving as an 

electron acceptor in the oxidation of acetate 

by Geobacter metallireducens, and, once 

reduced could abiotically reduce both 

dissolved and solid-phase Fe(III). Scott et al. 

(1998) showed that quinone moieties in 

dissolved humics were involved in electron 

shuttling in natural environments. The loss 

of electrons in the reduction of Fe(III), 

thereby, regenerates the quinone moieties so 

that these humic substances can continue to 

cycle electrons, even at low concentrations 

(Lovley et al., 1996). Subsequent studies 

further showed that dissolved humics were 

capable of shuttling electrons from a wide 

range microorganism, including Firmicutes, 

Chloroflexi and α, β, δ, γ-Proteobacteria 

(Lovley et al., 1999; Holmes et al., 2004; 

Wrighton et al., 2008), to electron acceptors, 

such as Fe(III), under reducing conditions. 

Recent studies also support that electron 

shuttling by natural humic substances occurs 

at varying concentrations of dissolved FA, 

ranging from 1 mg/L (Wolf et al., 2009) to 

10 mg/L (Jiang and Kappler, 2008), and has 

been demonstrated for solid phase humic 

substances as well (Kappler et al., 2004; 

Roden et al., 2010).   

 
Figure 1. Conceptual model showing a 

revised hypothesis of humics- enhanced 

microbial reductive dissolution by iron 

reducing bacteria (IRB) in which dissolved 

humics (humic DOM) serve as electron 

shuttles to accelerate Fe(II) release and 

mobilization of As into solution. The 

resulting increase in concentrations of free 

Fe(II) allows for greater complexation of Fe 

with other molecules (e.g., DOM and As 

ternary complex with Fe), which lowers the 

activity of free Fe(II) and diminishes surface 

complexation by Fe(II). Precipitation and 

competitive sorption reactions are not 

shown. 

Sediments are an important source 

for dissolved FA in Bangladesh aquifers 

(Mladenov et al., 2010; Reza et al., 2010). 

Indeed, sediments have been shown to 

release DOM in incubation studies 
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(Mladenov et al., 2010; Neumann et al., 

2014). Mladenov et al. (2015) determined 

that the concentrations of Bangladesh fulvic 

acids (BFAs) isolated from groundwater in 

low-sulfate reducing aquifers in Bangladesh 

were significantly related to both dissolved 

Fe and As concentrations at the same site, 

suggesting that the amount of BFA in 

groundwater was a key factor influencing Fe 

and As mobility in this setting. The authors 

hypothesized that, under the conditions 

representative of their site (low dissolved 

sulfate, reducing conditions, and sufficient 

supply of labile electron donor and 

acceptor), fulvic acids were involved in 

electron shuttling reactions that could 

substantially increase dissolved Fe and As 

concentrations (Mladenov et al., 2010, 

2015). Most recently, Chen et al. (2017) 

provided compelling evidence for the role of 

electron shuttles in arsenic mobilization in 

reducing aquifers. The authors added AQDS 

(humic analog) and acetate (the primary 

electron donor) to arsenic rich sediment in 

China and found that As(III) concentrations 

increased by an order of magnitude 

compared to additions with only acetate.  

Although these studies support the 

concept that native humic shuttles accelerate 

Fe reductive dissolution, it still remains to 

be demonstrated whether fulvic acids 

isolated directly from those reducing 

groundwater environments can shuttle 

electrons to accelerate Fe reduction. For 

humic DOM from groundwater of the 

Bengal Basin to be involved in Fe reductive 

dissolution reactions as electron shuttles, it 

must be demonstrated that these humic 

substances have substantial electron 

accepting capacity. Here, we isolated four 

fulvic acids (BFAs) from large volume 

water samples from a high-As Holocene-

aged aquifer in Bangladesh. Three of the 

BFAs are from groundwater that contained 

varying amounts of dissolved As, Fe, and 

sulfate concentrations, and one BFA is from 

a groundwater-fed river (KSW) near 

Araihazar, Bangladesh (Mladenov et al., 

2015). We evaluated their electron accepting 

capacities using a previously described 

(Lovley et al., 1996; Scott et al., 1998), two-

step experiment in which 1) the BFAs 

accept electrons from Geobacter 

metallireducens and, 2) after filter 

sterilization, the BFAs transfer electrons to 

dissolved Fe(III). For comparison, 

experiments were also performed with two 

well-studied organic shuttles, the Suwannee 

River Fulvic Acid (SRFA), a fulvic acid 

isolated from a river draining an extensive 

wetland and available from the International 

Humic Substances Society (IHSS), and the 

humic quinone analog, anthraquinone-2,6- 

disulfonate (AQDS), which reduces to 

anthrahydroquinone-2,6-disulfonate 

(AHDS). Based on experimental results, 

electron accepting capacities were calculated 

for each FA and compared to those reported 

for other humic and fulvic acids in the 

literature.  

 

Materials and Methods 
Fulvic acid isolation and preparation 

Large volume (~215 L) samples 

were collected for fulvic acid isolation from 

three groundwater sampling sites and one 

surface water site near Araihazar upazila, 

Bangladesh, located approximately 30 km 

northeast of Dhaka, Bangladesh. Chemical 

characteristics of the bulk groundwater and 

of the isolated BFAs were described in 

detail in Mladenov et al. (2015). Briefly, 

samples K12.1 and K10.2 collected at 7.5 m 

and 11 m depths, respectively, were 

identified with groundwater ages of less than 

5 years, while sample K8.3 collected at a 

depth of 14.8 m was found to be older than 

30 years (Mladenov et al., 2015). FA 

samples K12.1, K10.2, and K8.3 are from 

groundwater containing varying amounts of 

dissolved As (2, 69, and 363 μg/L, 

respectively), Fe (0.5, 3.5 and 11 mg/L, 

respectively), and sulfate (10.7, 14.7, and 

0.05 mg/L, respectively) concentrations. FA 

sample KSW is from the Old Brahmaputra 

River near site K8.3 (Mladenov et al., 2015) 
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and its radiocarbon age was reported as 835 

± 15 years (Simone, 2010).  

The large volume samples were 

transported to University of Dhaka, 

Bangladesh, where they were acidified, 

filtered and pumped through pre-cleaned 

XAD-8 resin columns to extract the 

hydrophobic organic acid (fulvic acid) 

fraction. The columns were back-eluted with 

base, and eluates were collected, acidified 

again, and shipped to University of 

Colorado for final desalting, cation 

exchange and freeze-drying. A detailed 

description of the FA isolation process is 

described in Mladenov et al. (2015). Fulvic 

acid isolates from K8.3 were found to be 

relatively more terrestrially-derived (lower 

fluorescence index) and aromatic (highest 

aromatic to aliphatic ratio) and with the 

lowest protein-like fluorescence of all the 

BFAs (Mladenov et al., 2015). Other humic 

substances used in electron shuttling 

experiments included AQDS (commercially-

available, Aldrich) and SRFA, which is a 

FA isolated from the Suwannee River, 

which drains the Okeefenokee Swamp 

(available from the IHSS # 2S101H). 

Fulvic acids were dissolved in 18.2 

MΩ-cm Milli-Q ultra-pure water to obtain 

final concentrations of 2 g/L. Nutrients 

ATCC® 1768 (Lovley et al., 1993), except 

ferric citrate, pH 6.8) were added and 

dissolved in the BFA solutions in 

appropriate amounts. Industrial grade N2 gas 

was bubbled through the BFA solutions for 

1 h in 18 mm x 150 mm glass test tubes, and 

tubes were sealed under N2 headspace with 

20 mm blue butyl rubber stopper and 

aluminum seal.  

 

Propagation of Geobacter 

metallireducens 
As described in Lovley et al. (1993), 

Geobacter metallireducens (ATCC® 

53774TM) pure culture and freshly prepared 

ferric citrate medium (ATCC® 1768) were 

used for propagating the cells. The pH of the 

medium was maintained between 6.8 and 

7.0 after bubbling 80% N2 and 20% CO2. As 

per the ATCC® 53774TM propagation 

protocol, frozen vials of the pure culture 

were thawed under anaerobic conditions and 

an aliquot of pure culture was transferred 

into previously prepared 10 ml aliquots of 

ferric citrate (55 mM) medium in sealed 

anaerobic test tubes by sterilized needle. 

After 7 d incubation, a 0.5 mL aliquot from 

the first test tube was transferred to the 

second, and three such transfers were made, 

one every 7 d to grow sufficient cells for the 

experiment.  

 

Successive filtration to wash bacterial 

cells 
Prior to conducting electron 

accepting experiments, traces of Fe were 

removed from the medium and cells. A 

successive filtration process was used to 

isolate the bacterial cells (Figure S1) from 

the ferric citrate medium (ATCC® 1768). 

The efficiency of this method was monitored 

by measuring Fe(II) at every filtration stage 

(Table S1). From the culture, 5 ml was 

filtered through a 0.2 µm nylon sterile 

syringe filter, pre-rinsed with 20 ml of 

anaerobic (N2 purged) 18.2 MΩ-cm Milli-Q 

ultra-pure water. The filtrate (waste) 

contained the medium constituents and 

microbially-produced Fe(II), and trace 

amounts of ferric citrate with bacterial cells 

were retained on the filter. This filter was 

then backwashed using 2 mL of ultra-pure 

water to collect bacterial cells. To this, 3 mL 

of ultra-pure water was added and a total 5 

mL volume was again filtered through a new 

filter. This process was successively 

repeated four times to remove any traces of 

Fe(II), which was confirmed by Fe(II) 

measurement (Table S1) by Ferrozine assay 

(Stookey, 1970). At the end of fifth 

backwash, 400 µL of solution containing 

bacterial cells was added to 1 mL of 2 

mg/mL BFA medium for inoculation. 

 

Electron shuttling experiment 



5 
 

The electron shuttling experiment 

was conducted in two steps as previously 

described in Lovley et al. (1996). In the first 

step of the experiment, bacteria oxidize 

labile OM with oxidized FA as the electron 

acceptor. In the second step, the reduced 

FAs from step (1) abiotically transfer 

electrons to Fe(III) (Figure 2). In the first 

step, 400 µL of solution containing 

“washed” G. metallireducens cells was 

added to 1 mL of 2 mg/mL BFA, SRFA, or 

AQDS and medium containing labile DOM 

(acetate) in test tubes under strict anaerobic 

conditions (0 ppm O2; Figure 2), and at 

room temperature (~25 °C). Very low dry 

mass of isolated BFAs precluded replicate 

experiments for each sample. Only BFA 

sample K12.1 had sufficient FA mass to 

perform triplicate experiments.  

After 7 d incubations, filtrates 

containing reduced FAs and AHDS (reduced 

form of AQDS) were filter-sterilized (0.2 

µm) to remove bacterial cells and ensure 

that only reduced FAs are involved in the 

second step of the experiment (Figure 2). In 

the second step, a 0.5 mL filtrate aliquot was 

added to 0.5 mL of 55 mM freshly prepared 

ferric citrate solution in a 1.5 mL micro-

centrifuge tube and, after a reaction period 

of up to 4 h, the sample was analyzed for 

Fe(II) concentration using the ferrozine 

method (Stookey, 1970). Absorbance 

measurements for Fe(II) were performed in 

triplicate for all reacted samples. In a control 

experiment following the same protocol, 

non-reduced SRFA was reacted with Fe(III) 

in the presence and absence of acetate. The 

non-reduced SRFA produced negligible 

Fe(II) upon reaction with Fe(III) 

(Supplementary Table S2). Additional 

control experiments using non-reduced 

BFAs could not be performed due to 

insufficient amounts of BFAs. Only for 

microbially-reduced K12.1 BFA, there was 

sufficient mass to conduct reactions with 

ferric citrate over 0.25 h, 2 h, and 4 h to 

ensure that concentrations of Fe(II) 

produced at 0.25 h were similar to those at 4 

h and to ensure that there was sufficient time 

for all the reduced BFA to react with ferric 

citrate.  

 
Figure 2. Procedure to (1) microbially 

reduce Bangladesh Fulvic Acid and other 

fulvic acids and (2) react filter sterilized 

reduced FA solution with ferric citrate under 

strict anaerobic conditions (N2 atmosphere). 

Concentration of Fe(II) produced is 

measured using the Ferrozine method.   

 

Results and Discussion 

A two-step electron accepting 

capacity experiment, following Lovley et al. 

(1996), was performed to simulate electron 

shuttling by humics in natural environments. 

This ex-situ experimental setup is necessary 

to directly demonstrate the microbial 

reduction of FA and subsequent abiotic 

electron transfer by FAs, which results in 

regeneration of the oxidized FA. After 

native BFAs, SRFA, and AQDS were 

reduced by G. metallireducens and filter-

sterilized solution was reacted with ferric 

citrate, we found that all reduced BFAs were 

able to subsequently reduce Fe(III) to Fe(II) 

(Figure 3a and 3b). By contrast, our controls 

with non-reduced SRFA (not exposed to 

labile OM and microorganisms) produced 

only negligible amounts of Fe(II) (~ 3 

µmol/g; Supplementary Table S2). Although 

replicate experiments could not be 

performed for each BFA sample, in the case 

of sample K12.1, there was enough FA 

available to perform three separate reactions 

at different abiotic reaction times as shown 

in Table S2. The Fe(II) concentrations 
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produced from each of the three reactions 

with K12.1 BFA were similar 

(Supplementary Table S3), with an average 

electron accepting capacity of 169.8 ± 8.1 

µmol/g. Moreover, electron accepting 

capacities of the three BFAs were in close 

agreement with each other, lending further 

support for the experimental procedures.  

In earlier laboratory-based studies, 

the role of humic substances as intermediate 

electron acceptors in the microbial 

respiration of iron, sulfate and nitrate has 

been well established (Lovley et al., 1996, 

1998 and 1999; Scott et al., 1998). In this 

study, we show for the first time that fulvic 

acids isolated directly from groundwater and 

a groundwater-fed river in Bangladesh are 

capable of being used by G. metallireducens 

to shuttle electrons to aqueous Fe(III). Our 

results demonstrate that, not only were the 

reduced BFAs able to shuttle electrons to 

Fe(III), but the electron accepting capacities 

of all BFAs were much higher (ranging from 

176 µmol/g to 245 µmol/g) than for SRFA 

or AQDS (at 67 and 135 µmol/g, 

respectively; Figure 3a and Supplementary 

Table S2). We found the electron accepting 

capacity of our SRFA sample 

(Supplementary Table S2) to corroborate 

that reported in Lovley et al. (1996), Scott et 

al. (1998), and Jiang and Kappler (2008). 

Also, all BFAs had electron accepting 

capacities that were ~threefold higher than 

those of Lake Fryxell FA (LFFA, from an 

ice-covered Antarctic lake in a watershed 

devoid of plants; Aiken et al., 1996). The 

SRFA and LFFA represent two end-

members in terms of the contribution of 

plant-derived precursor OM to aquatic FA 

formation.  

 

Our results suggest that the higher 

electron accepting capacity in our sediment-

influenced groundwater and surface water 

fulvic acids may be due to the influence of 

sedimentary sources.  

The electron accepting capacities of all 

BFAs were most similar to those of two 

previously studied FAs isolated from 

extracts of marine and freshwater surficial 

sediments (SDFA from San Diego Bay and 

NLFA from a small alpine lake, Nymph 

Lake) (Scott et al., 1998). Similarly, humic 

substances extracted from soil or sediments 

were previously found to have significantly 

higher electron accepting capacity than FAs 

isolated from aquatic environments (Lovley 

et al., 1996). Although humic acids were not 

isolated for this study, based on the even 

higher electron accepting capacities for soil 

humic acids from the literature (Figure 3a 

and Supplementary Table S1), we expect 

that sedimentary humic acids (Roden et al., 

2010) will also have a significant role in 

Bangladesh aquifers.  

 

 
Figure 3. Electron accepting capacities per gram of 

fulvic or humic acid (a) and per mole of carbon (b), 

measured using the method of Lovley et al. (1996) 

for Bangladesh FAs in this study (black) and FAs and 

HAs reported in other studies, as shown in the 

legend. Experimental conditions differ for each study 

and are listed in Supplementary Table S2. Key: 

SRFA, Suwanee River Fulvic Acid; LFFA, Lake 

Fryxell Fulvic Acid; KSW, K12.1, K10.2 and K8.3 

are Bangladesh FAs described in Mladenov et al. 

(2015); SDFA, San Diego Bay Sediment Fulvic 

Acid; NLFA, Nymph Lake Sediment Fulvic Acid; 
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SRHA, Suwanee River Humic Acid; SHHA, Summit 

Hill Humic Acid; PHA, Peat Humic Acid; LHA, 

Leonordite Humic Acid; SHA, Soil Humic Acid. 

Reasons for high electron accepting 

capacity in humic and fulvic acids were 

previously explored by Scott et al. (1998). 

Using electron spin resonance, Scott et al. 

demonstrated that organic radical content 

(semiquinones) and stability of the 

semiquinone molecule are important 

determinants of electron accepting capacity. 

Although we were not able to measure 

semiquinone content in our BFA samples, 

the 13C-NMR functional group analyses of 

the BFAs used in this study (previously 

described in Mladenov et al., 2015) and 

other humic and fulvic acids (Thorn et al., 

1991; Aiken et al., 1996; Scott et al., 1998) 

may provide additional support for their 

high electron accepting capacities (Table 1). 

Scott et al. (1998) demonstrated that higher 

molecular weight humic acids containing 

more aromatic structures may stabilize the 

unpaired electrons in the radical. Indeed, for 

the BFAs used in this study and other 

previously analyzed humic and fulvic acids, 

we found that aromaticity (Mladenov et al., 

2015) and electron accepting capacity (this 

study) were highly correlated (R2 = 0.73; 

Figure 4), consistent with similar 

observations by Scott et al. (1998). 

Nevertheless, the aromaticity of SRFA is as 

high as that of BFAs (Mladenov et al., 

2015), yet the BFAs had higher electron 

accepting capacities than SRFA. This 

difference may be due in part to the 

sedimentary sources (described above) and 

the lower C:N ratio of the BFAs (Table 1). 

Low C:N ratios have been reported for 

organic matter in high As groundwater and 

found to enable faster As mobilization from 

iron oxyhydroxides than groundwater with 

higher C:N ratios (Solaiman et al., 2009). 

The chemical characteristics that are 

responsible for higher electron accepting 

capacities of BFAs are a question for further 

study. 

 
Figure 4. Scatterplot showing electron accepting 

capacity of all fulvic acids described in Table 1 

plotted against % aromaticity. 

 

In addition, when the C content of 

each fulvic acid is accounted for, results 

further show that BFAs had electron 

accepting capacities (on a per mol C basis) 

that were the same as or higher than fulvic 

acids isolated from highly reducing 

sediments, such as SDFA and NLFA, and 

some humic acids (Figure 3b). Interestingly, 

the amount of Fe(II) produced per mol C 

increases linearly from KSW and K12.1, the 

two samples with the lowest dissolved As 

concentration (0.0 to 69 ppb), to K8.3, the 

sample with the highest dissolved As 

concentration of 363 ppb (Mladenov et al., 

2015). These results further highlight that 

even groundwater FAs with a low %C can 

stimulate electron shuttling and Fe(III) 

reduction as long as the electron accepting 

capacity of the FA is high. 
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The two key findings of this study, 

that BFAs serve as electron shuttles in 

microbial Fe reduction and that BFAs have 

the capacity to substantially enhance Fe(III) 

reduction compared to AQDS and 

previously studied aquatic FAs, have 

important implications for our understanding 

of As mobilization in reducing aquifers. 

Several studies have now provided 

important field evidence that humic 

substances are integral to Fe and As 

mobilization. Chang et al. (2016) 

demonstrated that humic acid acquired from 

Aldrich and added to Fe-containing 

sediments from an As-affected area were 

able to mobilize ferrous iron only when 

bacteria, such as Geobacter sp., are present, 

and not in their absence. Gillaspie et al. 

(2016) further showed that the addition of 

Suwanee River humic and fulvic acids and 

labile OM to As-containing sediments in 

Cambodia produced much higher 

cumulative As release than incubations with 

only labile OM. Similarly Chen et al. (2017) 

found that Fe and As release was higher in 

sediment incubations when humics were 

added alongside microorganisms and labile 

OM than when humics were not included. 

Although these studies demonstrated that 

AQDS, SRFA, and commercially-

manufactured humic acid, acting as electron 

shuttles, were critical to the release of both 

Fe and As from sediments, no study has yet 

shown that native humic substances isolated 

from high As groundwaters are capable of 

fulfilling this role. Our process level 

understanding of the electron shuttling role 

of fulvic acids isolated from Bangladesh 

groundwater provides experimental support 

for the findings of the aforementioned 

studies.  

The source of humic substances in 

Bangladesh aquifers and other high-As 

reducing aquifers is also of critical 

importance. The connection to sediment-

derived, dissolved fulvic acids made by this 

study, therefore, may add to our 

understanding of the patchy nature of high 

As concentrations that has been widely 

observed in studies of arsenic contamination 

in the Bengal Basin (Weinman et al., 2008; 

Fendorf et al., 2010) and elsewhere.  
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