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Abstract
Studies have shown the electron shuttling role of humic substances (HS) in enhancing microbial 

reduction of solid-phase Fe(III), but it is unknown if native HS can reduce structural Fe(III) in clays 
and how their chemical properties affect this process and secondary mineralization. The objective of 
this study was to evaluate the role of natural HS, Leonardite humic acid (LHA), and Pahokee Peat 
humic acid (PPHA) in reducing structural Fe(III) in nontronite with or without Shewanella putrefaciens. 
The extent of Fe(III) reduction was determined with a wet chemical method. Electrochemical meth-
ods, spectroscopy, and mass spectrometry were used to determine the changes of HS electrochemical 
and molecular composition after bioreduction. X-ray diffraction and electron microscopy were used 
to observe mineralogical transformations. The results showed that natural HS not only served as an 
electron donor to abiotically reduce Fe(III) in nontronite but also served as an electron shuttle to en-
hance Fe(III) bioreduction by S. putrefaciens. In the presence of CN32 cells, both the rate and extent 
of Fe(III) reduction significantly increased. Between the two HS, PPHA was more effective. The final 
bioreduction extents were 12.2 and 17.8% with LHA and PPHA, respectively, in bicarbonate buffer. 
Interestingly, when CN32 cells were present, LHA and PPHA donated more electrons to NAu-2, sug-
gesting that CN32 cells were able to make additional electrons of LHA and PPHA available to reduce 
structural Fe(III). Although LHA reduced less Fe(III), it induced more extensive mineral transformation. 
In contrast, PPHA reduced more Fe(III) but did not induce any mineralogical change. These contrasting 
behaviors between the two humic acids are ascribed to their differences in electron-donating capacity, 
reactive functional group distribution, and metal complexation capacity. A unique set of secondary 
minerals, including talc, illite, silica, albite, ilmenite, and ferrihydrite formed as a result of reduction. 
The results highlight the importance of coupled C and Fe biogeochemical transformations and have 
implications for nutrient cycling and contaminant migration in the environment.
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Introduction
Humic substances (HS) are an important component of 

organic matter in soils and sediments, which are often referred 
to as stable soil organic matter (Perdue et al. 1990). Studies have 
focused on adsorption behaviors of humic substances onto iron 
(oxyhydr) oxides and clay minerals (Chen et al. 2014; Coward et 
al. 2018, 2019; Eusterhues et al. 2008; Gouré-Doubi et al. 2018; 
Ha et al. 2008; Henneberry et al. 2012; Lv et al. 2016; Saidy et al. 
2012; Sowers et al. 2019; Theng 1976; Vermeer et al. 1998; Zhang 
et al. 2012). In the 1990s, humic substances were demonstrated 
to shuttle electrons between microorganisms and Fe(III) oxide 
(Lovley et al. 1996). Since then, the role of HS as electron shuttle 
has been widely recognized in solid-phase Fe(III) reduction by 
microorganisms (Amstaetter et al. 2012; Fredrickson et al. 2000; 
Kappler et al. 2004; Liu et al. 2016; Lovley et al. 1998, 1999; 

Shimizu et al. 2013). In these studies, organic compounds such as 
acetate and lactate typically serve as electron donors.

Although the electron shuttling role of natural HS is well es-
tablished, it is still poorly understood whether they can serve as 
electron donor to reduce solid-phase Fe(III). Microbially reduced 
HS were able to reduce insoluble Fe oxides (Jiang and Kappler 
2008). Other studies showed that even native HS (nonreduced) 
could reduce aqueous Fe3+ (Peretyazhko and Sposito 2006) and 
Fe(III) (oxyhydr)oxides (Bauer and Kappler 2009; Piepenbrock et 
al. 2014; Sundman et al. 2017), suggesting that native HS retain 
certain reduced functional groups under the ambient oxic condi-
tion. More recently, Stern et al. (2018) and Mejia et al. (2018) 
demonstrated that natural HS can play dual roles as electron donor 
and shuttle when coupled with bioreduction of ferrihydrite and 
hematite. The ability of native HS to reduce Fe oxides is related 
to their intrinsic electron-donating capacity (EDC) (Aeschbacher 
et al. 2012; Klüpfel et al. 2014). In these processes, humic sub-
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