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Abstract

Complexation with minerals plays a critical role in regulating the stability of organic matter. The 

presence of cations is assumed to be important for the complexation between organic matter and 

minerals, but there is still limited direct analysis for the formation and reactivity of mineral-organic 

matter-cation ternary complexes, as well as governing factors for the fate of minerals and organic 

matter in the complexes. In order to close this knowledge gap, we investigated the formation and 

reactivity of ferrihydrite (Fh)-organic carbon (OC)-calcium (Ca) ternary co-precipitates. We 

performed microbial anaerobic Fe reduction using Shewanella putrefaciens CN32 on synthesized 

Fh-OC-Ca co-precipitates and characterized OC and Fe minerals using various spectroscopic and 

wet chemistry techniques. We found that Ca incorporated into the co-precipitate was a function of 

OC/iron (Fe) ratio, but OC incorporation was not impacted by the Ca content. During the reduction, 

the presence of Ca favored the formation of green rust but decreased the formation of magnetite 

and siderite in co- precipitates with high OC content. The reduction of Fe and reductive release of 

Fe-bound OC were controlled primarily by the C/Fe ratio, rather than Ca/Fe ratio. Phenolic OC 

was preferentially released or degraded during the reduction compared to aromatic and carboxylic 

OC. Collectively, C/Ca incorporation data, Fe K-edge extended X-ray absorption fine structure 

(EXAFS) analysis for co-precipitates before and after reduction, and the reductive release of Ca 

and OC suggest the formation of Fh-OC-Ca ternary co-precipitates, likely with OC as bridges. The 

reduction of Fe and reductive release of OC were primarily controlled by the C/Fe ratio, whereas 

the presence of Ca affected the mineral phase transformation for Fh during the reduction of Fe. 

Hence, our results provide novel understanding for the formation and reactivity of Ca- based 

ternary co-precipitates, which can be valuable for building up process-based models for cycles of 

carbon and metals. 

1. Introduction

The interactions between minerals and organic matter play a significant role in retaining and 

stabilizing organic matter (Sollins et al., 1996; Kaiser et al., 2007; Mikutta et al., 2007;  Kogel-

Knabner et al., 2008; Schmidt et al., 2011; Henneberry et al., 2012; Feng et al., 2014; Adhikari 

and Yang, 2015). Sorptive interactions with minerals retain 40–370 kg/ha dissolved organic carbon 

(OC) leached from the organic horizon in forest ecosystems (Currie et al, 1996; Guggenberger and 

Kaiser, 2003). Associations with minerals also protect OC from abiotic and biotic degradation 
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(Jastrow et al., 1998; Eusterhues et al., 2003; Schmidt et al., 2011; Porras et al., 2017).  However, 

OC interaction with mineral phases in soil is not fully understood, mainly because of the extreme 

heterogeneity of OC and its lack of unique molecular structure (Kaiser and Guggenberger, 2000, 

2003; Guggenberger and Kaiser, 2003).

Previous studies indicate the importance of calcium (Ca)-bearing minerals in associating with and 

stabilizing OC in both model systems and field soils (Chen et al., 2014a; Kloster and Avena, 2015). 

Using state-of-the-art synchrotron-based analysis, a recent study uncovered that sub-microscale 

distribution of OC was strongly correlated to that of Ca, while no carbonate minerals were 

detected, implying the formation of Ca-mediated bridging structures (Chen et al., 2014a). In batch 

experiments, the presence of Ca has been shown to facilitate the precipitation and aggregation of 

organic matter on the surface of clay minerals (Kloster and Avena, 2015). Similarly, Weng et al. 

(2005) showed that the presence of Ca2+ significantly increased the adsorption of fulvic acid (FA) 

by goethite at high pH, which was partially attributed to the formation of goethite-FA-Ca ternary 

complexes. Our recent studies have systematically documented the importance of iron (Fe) oxide 

minerals in sorbing OC and regulating its stability and transformation during the redox reactions 

(Adhikari and Yang, 2015; Xu et al., 2016; Adhikari et al., 2016, 2017; Zhao et al., 2017). Our 

results showed that Fe-bound OC contributed a substantial fraction of OC in natural soils (Zhao et 

al., 2016). The reduction of Fe can mobilize Fe-bound OC, when the fate of OC was also regulated 

by many geochemical factors, including the mineral phase of Fe, C/Fe ratio in the Fe-OC co-

precipitates, and chemical composition of OC (Buettner et al., 2014; Adhikari et al., 2016, 2017). 

Up to date, there is limited knowledge about the formation and reactivity of ferrihydrite (Fh)-Ca2+–

OC ternary complexes. Sowers et al. (2018a, b) studied the sorption of OC on Fh in the presence 

of Ca2+, and uncovered that presence of Ca2+ greatly influenced the sorption of OC on the surface 

of Fh and micro- scale distribution of OC (Sowers et al., 2018a, b). However, although co-

precipitation with Fh can normally incorporate more OC than the sorption processes (Chen et al., 

2014b; Kloster and Avena, 2015; Sodano et al., 2017), no existing research studied the role of Ca 

in the formation of Fe-OC co-precipitates and their reactivity in different geochemical processes.

Hence, the main objectives of this study are to investigate: (1) potential formation of Fh-OC-Ca 

ternary co-precipitates; (2) redox reactivity of Fh-OC-Ca ternary co-precipitates, including the 

reduction of Fe, mineral phase transformation of Fe oxide during redox reactions, as well as 

reductive release and transformation of OC in the co-precipitates. To achieve these goals, we 
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synthesized Fh-OC-Ca co-precipitates with different OC, Fe, and Ca content, and then the 

synthesized complexes were incubated under anaerobic condition in the presence of Fe-reducing 

bacteria Shewanella putrefaciens CN32 and H2 as the electron donor. Fe reduction, OC release, 

Fh mineral phase transformation, OC release, and Ca release were analyzed using various 

spectroscopic and wet chemistry techniques. 

2. Materials and Methods

2.1 OC extraction

To gain OC for the synthesis of Fh-OC-Ca co- precipitates, fresh leaf litter was collected from the 

organic horizon of a forest Ultisol from Christina River Basin Critical Zone Observatory upstream 

of Stroud Water Research Center in Avondale, Pennsylvania. More details about the litter can be 

found in previous publication (Chen et al., 2015). For OC extraction, litter samples were mixed 

with doubly deionized (DDI) water in 1:2 w/w ratios and shaken for 90 h at 200 rpm. The mixture 

was then filtered through 0.25 mm sieve to remove large particles, after which the remaining slurry 

was centrifuged at 21,000 g for 2 h and then sequentially filtered through 1, 0.45, and 0.22 mm 

size filters using a vacuum filtration. OC extracted was then frozen and stored at 20 C to minimize 

microbial activities. Before use, OC was thawed at room temperature, and OC concentration was 

measured with a Shimadzu TOC- VCSH (Kyoto, KYT, Japan). Using the litter for OC extraction 

provides a close representation of naturally occurring OC. Besides, extraction with water can avoid 

chemical fractionation or transformation potentially occurring during more harsh treatment (such 

as using NaOH). 

2.2. Co-precipitate synthesis

For Fh synthesis, 0.01 M FeCl3 solution was neutralized from its initial pH of 1.8 to 7.5 using 0.04 

M NaOH, when the solution was vigorously stirred under the aerobic condition as described in 

previous studies (Shimidzu et al., 2013; Chen et al., 2014b; Adhikari et al., 2017). The precipitated 

Fh was allowed to settle down for 15 min, and the supernatant was decanted. Thereafter, the 

precipitate was centrifuged for 10 minutes at 4500 g, and the supernatant was discarded. The 

precipitated Fh was further washed three times by adding DDI water followed by centrifugation. 

Freshly synthesized Fh was stored in the slurry form at 4 ºC and was used within two weeks after 

synthesis. 

For co-precipitates synthesis with and without Ca, pre-determined concentrations of OC and CaCl2

(if needed) were added to 0.01 M FeCl3 solution, and the mixture was titrated to pH 7.5 using 0.04 
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M NaOH under the similar conditions used for Fh synthesis. A range of initial C/Fe/Ca molar 

ratios were used in feedstock solution (Table 1). The synthesized co-precipitates were rinsed and 

stored following the same protocol as described in Fh synthesis. OC content in the co-precipitates

was determined by dissolving an aliquot of co-precipitates overnight in 2 M HCl and measuring 

the dissolved organic carbon (OC) concentration with a Shimadzu total organic carbon analyzer 

(TOC)-VCSH (Kyoto, KYT, Japan). OC content for a subset of the precipitates were also verified 

using an elemental analyzer (EuroVector SpA, Milan, Italy). For Ca concentration, co-precipitates

dissolved overnight in 2 M HCl overnight was mixed with 3% HNO3 solution and analyzed using 

an inductively coupled plasma-optical emission spectrometer (ICP-OES) (Varian-Vista AX CCD, 

Palo Alto, CA, USA) (Supplementary Information (SI)). Iron concentration in the co-

precipitates was determined by reducing Fe(III) to Fe(II) with hydroxylamine hydrochloride (10% 

w/v hydroxylamine hydrochloride in 1 M HCl) and analyzing Fe(II) concentration using the 

ferrozine assay (1% w/v ferrozine in 50% w/v ammonium acetate) (Stookey, 1970; Xu et al., 2016;

Adhikari et al., 2017). The measured C/Fe/Ca molar ratios in the co-precipitates are listed in Table 

S1 (SI). All the ratios mentioned hereafter for co-precipitates are feed molar ratios unless specified.

Through our discussion, the feed C/Fe/Ca molar ratio was used to denote the complexes. 

Table 1. Dissolved organic carbon (OC), iron (Fe), and calcium (Ca) feed molar ratio used for the 

synthesis of co-precipitates. 

Feed OC, Fe, and Ca molar ratios

OC Fe Ca

0 1 0, 3, and 6

3 1 0, 3, and 6

6 1 0, 3, and 6

10 1 0, 3, and 6

2.3. Anoxic incubation of co-precipitates

Fh and Fh-OC-Ca co-precipitates were used as synthesized. No further treatments for sterilization 

were performed for Fh and Fh-OC-Ca co-precipitates to minimize mineral phase transformation 

and aggregate formation. Anaerobic reduction was conducted under anaerobic atmosphere inside 

a Coy glove box (5% H2, 95% N2). The H2 in the headspace served as an electron donor for 

microbial reduction. No additional carbon source was added to ensure the unambiguous 
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quantification of the released Fh-bound OC. The aqueous medium was prepared in 3 mM NaHCO3

buffer, which was adjusted to pH 7 using 0.1 M HCl and purged with N2 for an hour to remove 

dissolved oxygen. A pre-determined amount of co-precipitate was mixed with strain CN32 (108

cell/mL) in buffer with the final sample volume of 5 mL. Details about bacteria incubation is 

provided in supplementary information (SI). The final OC concentration for all samples was 7.2 ± 

0.2 mM whereas the final Fe concentration varied from 1 to 3.6 mM depending on the measured

C/Fe ratio. Although the cell/Fe ratio varied from 0.8-1.4×1011 cell/mmol Fe, the cell/surface area 

ratio ranged 109.3-1011.3 cells/m2, based on the reported Fe content in ferrihydrite and surface area 

of ferrihydrite and co-precipitates (Chen et al., 2014; Shimadzu et al., 2013). Roden et al. (1996) 

demonstrated that the reduction rate leveled off, when the cell/surface area is above 109cells/m2. 

Therefore, in our system, most likely the Fe reduction was not influenced by the different Fe/cell 

ratios.

The sample vials were sealed with air-tight rubber caps and were shaken at 200 rpm at 25 ºC. Pure 

Fh (free of OC and Ca) with CN32 were used as biotic controls. Four co-precipitates with feed 

C/Fe/Ca ratio of 6/1/0, 6/1/6, 10/1/0, and 10/1/6 were incubated with buffer as abiotic controls. At 

different time intervals up to 288 h, triplicate samples were sacrificed for Fe(II), OC, and Ca 

analysis. For all samples, centrifugation and acid addition were performed inside a glove box (95% 

N2 and 5% H2) to avoid Fe(II) oxidation by O2. For OC analysis, 1 mL sample was centrifuged at 

15,000 rpm for 5 min, and the supernatant was analyzed using a Shimadzu TOC-VCSH (Kyoto, 

KYT, Japan). For total Fe(II) analysis, an aliquot of 12 M HCl was added to the remaining sample 

to make the final HCl concentration of 0.5 M, and 24 h was allowed for the extraction of solid-

associated Fe(II) (Lovely et al., 1996). After 24 h, 1 mL of the sample was centrifuged at 21,000 

g for 5 min, and the supernatant was analyzed for Fe(II) using ferrozine assay (1% w/v ferrozine 

in 50 mM PIPES at pH 7) (Stookey, 1970; Lovley and Phillips, 1986; Xu et al., 2016). For solution 

phase Ca analysis, supernatant of samples after centrifuge at 15,000 rpm for 5 min was diluted 

with 3% HNO3 solution and analyzed using ICP-OES (SI). For total Ca analysis, an aliquot of the 

co-precipitate was dissolved overnight in 2 M HCl before dilution using 3% HNO3 solution.

2.4. X-ray diffraction (XRD) analysis 

XRD analysis was used to verify the mineral phase of synthesized Fh and Fh-OC-Ca co-

precipitates. A thin film of the co-precipitate was dried under room temperature on a zero-

background silicon disc before analysis using a powder X-ray diffractometer (Bruker 2D Phaser, 
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Karlsruhe, Germany). XRD was analyzed for the 2θ range of 20-90°, with a step size of 0.02° and 

a scan time of 0.1 sec. The samples were rotated continuously in a circular motion at 15 rpm. Data 

were analyzed using Bruker Diffrac. Suit EVA software version 4.0.1.

2.5. Fe extended x-ray absorption fine structure (EXAFS) analysis

To analyze Fe mineral phases after the reduction, Fe K-edge EXAFS data were collected at 

Stanford Synchrotron Radiation Lightsource (SSRL) beamline 4.1 using a 30-element Ge detector. 

A thin Fe film was used for energy calibration. Samples after 288 h reduction were opened inside 

a Coy glove box (97% N2, 3% H2) and the precipitates were separated using centrifugation. A thin 

layer of precipitate was then air dried on Kapton tape inside the glove box and then sealed using 

another layer of Kapton tape on the top. Multiple scans for fluorescence were collected and 

averaged. The sample chamber was purged with helium gas during the analysis to prevent potential 

beam-induced oxidation. Data collected were then analyzed using the program Sixpack (Webb,

2005). The number of end member components to reconstruct the data was determined based on 

the principal component analysis (PCA). Identification and quantification of different Fe minerals 

after reduction were determined by linear combination fitting for the k3-weighted EXAFS spectra

of the unknown sample using multiple reference compounds over the range of 2 to 10.5 k3 (A-1).

Fe minerals commonly reported being formed during Fe reduction studied were chosen as the 

references for fitting (Zachara et al., 2002; Hansel et al., 2003, 2004; Kukkadapu et al., 2004; 

Colleen et al., 2005; Shimizu et al., 2013; Chen et al., 2014b, 2015; Adhikari et al., 2017). All 

fittings were started with same set of standards, and the component was deleted during the fitting 

if its matching fraction was below 5%. Sum of fitting was normalized to unity. The fitting was 

assessed by the R-factor. 

2.6. Carbon 1s near edge x-ray absorption fine structure (NEXAFS) analysis

Carbon 1s NEXAFS analysis for functional group characterization was performed for selected 

samples before and after reduction using SM 10ID-1 beamline at the Canadian Light Source (CLS)

(Saskatoon, Canada). Samples before reduction were prepared under aerobic condition while 

samples after reduction were prepared under anaerobic condition (inside a glove box filled with 

N2) at the beamline. A small amount of previously ground sample was mixed with anoxic distilled 

water and deposited onto a gold-coated silicon wafer, which was attached to a steel sample holder 

using a double-sided C tape. NEXAFS data was collected for the dried samples. Citric acid 

standard was used to correct the energy scale, assuming the absorption peak for carboxylic 
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functional group in citric acid to be at 288.72 eV. A spot size of 125 ×135 μm was used for data 

collection. Data were collected using silicon drift detector (SSD) and titanium filter to reject the 

higher order harmonics. For each sample, 45 scans were obtained from 270 eV to 320 eV. The 

data collected was normalized using I0 and corrected for background influence using the spectrum 

obtained for the gold silicon wafer. Data were extracted from meta files using the program NeXpy 

V0.101 in comma-separates values and were further analyzed using Microsoft excel version 15.14. 

For NEXAFS analysis, area under spectra was calculated using the software Qtiplot version 

0.9.9.12.

2.7. Empirical model fitting

For the reduction kinetics of Fe, we fitted time-dependent concentration of Fe reduced using 

equation (1) and time dependent percentage of Fe reduced using equation (2):

���(�) = ���(�) − (���(�) − ���(0))���(−��)                                                                              (1)

���(�) = ���(�) − (���(�) − ���(0))���(−��)                                                                                (2)

For equation (1), CFe(T) is the concentration of Fe reduced after time T (mM), CFe(s) is the 

maximum concentration Fe reduced (mM), CFe(0) is the concentration reduced Fe at time zero 

(mM), k is the reduction rate coefficient (h-1). For equation (2), CFe(T) is the percentage of Fe 

reduced after time T, FFe(s) is the maximum fraction of Fe reduced, FFe (0) is the fraction of Fe 

reduced at time zero, and k is the reduction rate coefficient (h-1).

We fitted time-dependent concentration of Fe-bound OC released into the solution phase using 

equation (3) and time-dependent percentage of OC released using equation (4): 

C��(T) = C��(s)�1 − e���� + C��(0) (3)

F��(T) = F��(s)�1 − e���� + F��(0) (4)

For equation (3), COC(T) is the concentration of OC (mM) released after time T, COC(s) is the 

maximum concentration of OC released during the reduction of Fe, COC(0) is the concentration of 

OC released at time zero, k is the release rate coefficient (h-1), and t is the time (h). For equation 

(4), FOC(T) is the percentage of OC released after time T, FOC(s) is the maximum percentage of 

OC released during the microbial reduction of Fe, and FOC(0) is the percentage of OC released at 

time zero. 

3. Results

3.1. Formation of co-precipitates
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High incorporation of OC into the co-precipitates has been reported in previous publications 

(Shimizu et al., 2013; Chen et al., 2015, 2016; Adhikari et al., 2017). On average, 70.3 ± 14.5% of 

DOC and 2.2 ± 2.2% of Ca in the feed were incorporated into the co-precipitates across all samples 

(SI, Table S1). Ca incorporation was limited partially because the positive surface charge of Fh 

used in the co-precipitates synthesis, as the final pH (7.5) of co-precipitates synthesis was close to

or below the point of zero charge (pZC) (7.5-9.0) for Fh (Schwertmann and Fechter, 1982; Wang 

et al., 2013; Bompoti et al., 2017; Wu et al., 2017). Increase in the feed Ca concentration by two 

times did not increase the incorporation of Ca or only increased its incorporation slightly whereas 

at a given feed Ca/Fe ratio, increasing the feed OC by three times increased the incorporation of 

Ca linearly, suggesting the important role of OC in binding Ca in the co-precipitates (Figure 1; 

SI, Table S1). With the same Ca/Fe ratio in the feed, Ca incorporation had a significant correlation 

with OC incorporation (Pearson correlation coefficient r = 0.952, p = 0.048 for feed Ca/Fe ratio of 

3 and r = 0.955, p = 0.045 for feed Ca/Fe ratio of 6), whereas no correlation was observed between 

OC incorporation and the Ca at given C/Fe ratio in the feed (p > 0.15) (Figure 1).

                                  

Figure 1. Relationship of Ca and OC incorporated into Fh-OC-Ca co-precipitates under varying 

C/Fe/Ca ratios of the feedstock solution. Influence of increasing carbon (C)/Fe ratio on Ca 

incorporation into the co-precipitates. Squares represent samples with the same feed Ca/Fe of 0, 

triangles represent samples with feed Ca/Fe of 3, and circles represent samples with feed Ca/Fe of 

6. Yellow symbols stand for samples with feed C/Fe of 0, blue symbols stand for samples with 

feed C/Fe of 3, black symbols stand for samples with feed C/Fe of 6, and red symbols stand for 

samples with feed C/Fe of 10. Dotted lines represent the linear fitting lines with R2 noted. 
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XRD spectra for the co-precipitates showed two broad peaks around 34 and 62° in 2θ scale,

confirming the Fe mineral phase to be 2-line Fh (SI, Figure S1). Incorporation of Ca into the co-

precipitates did not substantially change the XRD, but the peaks broadened with increasing OC

loading and completely diminished at C/Fe ratio of 10. Lack of any new peak in the presence of 

Ca indicated that no new crystalline mineral was formed during Fh synthesis in the presence of 

Ca. The addition of OC can disrupt the Fe octahedral chain linking in Fh, resulting in decreased 

coherent scattering and increased d-spacing (Waychunas et al., 2005; Eusterhues et al., 2008). 

Such changes in Fh structure caused the XRD peaks to move toward higher energy, broaden and 

eventually disappear, consistent with the previous publications (Waychunas et al., 2005; 

Eusterhues et al., 2008; Chen et al., 2014b).

3.2. Reduction of Fe

After 288 h anaerobic incubation with strain CN32, 55.72 ± 3.64%, 70.46 ± 3.25%, and 94.23 ± 

6.57% of Fe(III) was reduced for co-precipitates synthesized with C/Fe feed ratio of 3, 6, and 10,

respectively, while only 26.37 ± 2.92% of Fe(III) was reduced for pure Fh (Figure 2). The 

reduction fraction leveled off for co-precipitates after around 100 h, probably because of protection 

of Fe by incorporated OC or the mineral phase transformation of Fe. The percentage of Fe reduced 

increased with increasing C/Fe ratio in the co-precipitates (p < 0.01), however, there were no 

differences among samples synthesized with different Ca/Fe ratios (p > 0.05) (Figure 2). No 

correlation was observed between Ca/Fe ratio and percentage of total Fe reduced after 288 h

incubation (r = 0.47, p = 0.24). The empirical fitting for Fe reduction using equation 1 and 2 

showed that rate coefficient (k) ranged from 1.03  10-3 to 5.72  10-1 h-1 (SI, Table S2). 
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Figure 2. Time-dependent Fe reduction (total Fe(II)) for Fh-OC-Ca co-precipitates with varying 

C/Fe/Ca feed ratios: C/Fe ratio = 0 (A), C/Fe ratio = 3 (B), C/Fe ratio = 6 (C), and C/Fe ratio = 10 

(D). Correlation between percentage of Fe reduction at 192 h (red diamond) and 288 h (black 

circle) and C/Fe ratio (E) or Ca/Fe ratio (F). Solid lines represent empirical model fitting and dotted 

lines represent linear regression. Error bars indicate standard deviations (n = 3), and some are 

smaller than the symbols.
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3.3. Transformation of Fe mineral phase

For Fe K-edge XANES, absorption edge and white line peak for co-precipitates with C/Fe/Ca ratio 

of 10/1/0 and 10/1/6 shifted slightly to lower energy compared to pure Fh and other co-precipitates 

with low OC content and the shift was even greater after the reduction (Figure 3). The metal-

ligand association and increase in Fe(II) fraction can shift XANES absorption edge and white line 

peak to lower energy (Shulman et al., 1976; Sarangi, 2013; Yano and Yachandra, 2009; Prietzel 

et al., 2007; Hohmann et al., 2011; González et al., 2014). 

Similarly, the Fe-EXAFS spectra for co-precipitates with different Ca or OC content also showed 

some variations. A small shoulder at k(Å-1) = 5.5 (shaded area in Figure 3B) observed in spectra 

for co-precipitate with C/Fe/Ca ratio of 10/1/0 was absent in the spectra for co-precipitate with 

C/Fe/Ca ratio of 10/1/6. Similarly, a peak at k(Å-1) = 7.4 (shaded area in Figure 3B) observed for 

all co-precipitates, intensifies with increasing C/Fe ratio and broadens with increasing Ca/Fe ratio. 

Linear combination fitting of Fe K-edge EXAFS spectra after reduction indicated the formation of 

secondary Fe minerals like green rust, lepidocrocite, magnetite, and siderite. After reduction, a 

substantial percentage (48 to 63%) of Fh was only preserved for co-precipitates with C/Fe of 6, 

whereas for co-precipitates with C/Fe of 10/1, residue minerals were mainly composed of

crystalline Fe minerals (Figure 4; SI, Figure S2). Co-precipitates with C/Fe/Ca ratio of 10/1/6 

after reduction contained green rust (42%), siderite (31%), and magnetite (15%) compared to 

siderite (35%), magnetite (23%), and green rust (29%) for co-precipitate with C/Fe/Ca ratio of 

10/1/0 after reduction. A higher percentage of minerals containing Fe(II) in co-precipitates with 

C/Fe ratio 10 is consistent with the shift of XANES main edge to the lower energy (Figure 4; SI, 

Table S3). After reduction, the co-precipitates with C/Fe/Ca ratio of 6/1/0, 6/1/3 and 6/1/6 had a 

lower percentage of green rust (21 to 26%), siderite (13 to 16%), and magnetite (up to 11%) 

whereas 48, 63, and 61% of Fh was preserved respectively (Figure 4). Upon reduction, co-

precipitates without Ca showed larger transformation of Fh to magnetite compared to those with 

Ca. 
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Figure 3. Iron K-edge x-ray absorbance near edge structure (XANES) spectra for co-precipitates 

before and after 288-h incubation (A); Fe K-edge extended x-ray absorption fine structure 

(EXAFS) for co-precipitates before (O) and after (R) 288-h incubation (B). Solid lines represent 

original samples (O) before reduction, when dashed lines stand for samples after reduction (R). 
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Figure 4. Comparison of Fe mineral phases in complexes before (O) and after (R) reduction based 

on the linear combination fitting of Fe EXAFS using EXAFS for standards, including ferrihydrite 

(Fh), Fh-organic matter complexes (Fh-OM), greenrust, lepidocrocite, magnetite, and siderite.

A complete transformation during the microbial reduction of Fe, up to 60% of OC among all co-

precipitates was released to the solution phase (Figure 5). The empirical fitting using equation 3 

and 4 showed that k ranged from 9.42×10-4 to 5.10×10-1 h-1 (SI, Table S4). Although initial release 

rate coefficients for co-precipitates with Ca were higher than for co-precipitates without Ca, there 

were no significant differences in the total fraction of OC released from co-precipitates with and 

without calcium during 288-h incubation.
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Figure 5. Reductive release of dissolved organic carbon (OC) from Fh-OC-Ca co-precipitates with 

varying C/Fe/Ca ratios. The concentration of OC (mM) (A, B, C), and percentage of OC to total 

OC (D, E, F). Co-precipitates with varying Ca loading and OC/Fe ratio of 3 (A and D), OC/Fe 

ratio of 6 (B and E), and OC/Fe ratio of 10 (C and E). OC released was calibrated by subtracting 

the corresponding data for the bacteria only control using strain CN32. The lines represent the 

fitting lines. Error bars indicate standard deviations (n = 3), and some are smaller than the symbols.

3.5. Transformation of Fe-bound OC

Carbon 1s NEXAFS spectra for the Fe-bound OC before and after reduction indicate that the 

aromatic (285.1 eV) and carboxylic (288.2-288.6 eV) functional groups were preferentially 

retained in the co-precipitate after reduction (Figure 6). The phenolic peak at 286.7 eV present

before reduction was missing after reduction, which suggests that the phenolic C was either 

transformed or released to the solution phase during reduction. There was a small shift of 

carboxylic peak (from 288.5 to 288.2 eV) to lower energy after reduction. Although both peak 

positions are within the range of widely reported positions for carboxylic peak in different organic 

compounds, studies have also reported change in peak position due to OC’s interactions with metal 

cations (De Stasio et al., 2005; Lehmann et al., 2005; Plaschke et al., 2005; Baldea et al., 2007; 

Armbruster et al., 2009). As a qualitative or semi-quantitative index, the percentage of areas 

covered by the peaks associated with aromatic, phenol, and carboxylic functional groups were 

26.2, 19.8, and 54.0% respectively for co-precipitate without Ca (6/1/0) and 32.8, 26.3, and 40.9% 
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for co-precipitate with Ca (6/1/6) before reduction (SI, Table S5). Incorporation of Ca increased 

the relative fraction of aromatic carbon in the co-precipitates. After reduction, the percentage area 

under the aromatic and carboxylic peaks were 26.3 and 73.7% for co-precipitate with feed C/Fe/Ca

ratio of 6/1/0; 51.2 and 48.8% for co-precipitate with feed C/Fe/Ca ratio of 6/1/6. 

                               

Figure 6. Carbon 1s near edge x-ray absorption fine structure (NEXAFS) spectra for co-

precipitates before and after 288-h incubation. Peaks for aromatic (285.1 and 285.3 eV), phenol 

(286.7 eV), formic acid (288.2 eV), and gallic acid (288.5) carbon are represented by vertical lines. 

Discussion

4.1. Iron reduction and Fh mineral phase transformation 

The reduction kinetics of Fe in the co-precipitates were primarily controlled by the C/Fe ratio, with 

increasing C/Fe significantly enhancing Fe reduction. On the other hand, for co-precipitates with 

a given C/Fe ratio, the Ca/Fe ratio did not change the Fe reduction substantially. This observation 

is consistent with a recently published study by Jiang et al., (2017), who suggested that the 

presence of Ca had no significant impact on Fe(III) reduction by fulvic acid even though Ca 

significantly slowed down the oxidation of Fe(II). In contrast, a recent study, based on the assumed 

ternary complexes of Ca-organic ligand-Fe(III) (Nowack and Sigg, 1996), Fujii et al. (2015) 

modeled the impacts of Ca on the photochemical reduction of Fe(III) and documented the greater 
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reduction rates of Fe(III) in Ca-organic ligand-Fe(III) complexes compared to Fe(III) only 

complexed to ligands without Ca. The response of Fe reduction to C was similar as previous studies 

demonstrating that higher OC content resulted in higher Fe reduction (Kappler et al., 2004; Roden 

et al., 2010; Shimizu et al., 2013; Adhikari et al., 2017). The impact of C/Fe ratio on Fe reduction 

in Fh-OC co-precipitates was extensively described in our previous publication (Adhikari et al.,

2017). This study demonstrated that the C/Fe plays a similarly important role in Fe reduction for 

Fh-OC-Ca co-precipitates. 

Furthermore, the mineral phase transformation of Fe was influenced by both OC, Ca and the buffer 

system used. Iron K-edge EXAFS and XANES results revealed presence of siderite in all co-

precipitates after reduction with the percentage ranging from 13 to 35, consistent with findings of 

Piepenbrock et al. (2011), where siderite formation was observed in systems with bicarbonate 

buffer. The presence of Ca in co-precipitates with C/Fe feed ratio of 10 favored the formation of 

green rust, but decreased siderite and magnetite formation. Shimizu et al. (2013) suggested that 

the presence of OC favored the formation of green rust, which was widely observed as a precursor 

to goethite and lepidocrocite (Cornell and Schwertmann, 2003; Hansel et al., 2005). Magnetite 

formation, through nucleation/crystallization and solid-phase transformation dependent on the 

tetrahedral Fe(III) on Fh surface, can be inhibited by the presence of phosphate or OC (Borch et 

al., 2007; Piepenbrock et al., 2011; Shimizu et al., 2013). In our system, the presence of Ca also 

inhibited the formation of magnetite, likely through binding with Fh or Fh-OC. Calcium also

impacted the mineral phase transformation possibly by delaying the oxidation Fe(II) in solution 

phase as suggested by Jiang et al. (2017). For the co-precipitates with feed C/Fe ratio of 6, the 

presence of Ca increased the percentage of Fh preserved from 48 to 63% and lowered the 

percentage of green rust, siderite, and magnetite formed. This is most likely due to the combined 

effect of OC-Fe(II) ligand formation and delayed Fe(III)-induced Fe(II) oxidation due to the 

presence of Ca, which prevents the precipitation-recrystallization of the Fe(II). 

A complete transformation of Fh to secondary minerals in co-precipitates with C/Fe ratio of 10

contradicts with previous findings in Shimizu et al. (2013), Chen et al. (2015), and Adhikari et al. 

(2017), where a significant fraction of Fh was preserved after reduction for co-precipitates with 

high C/Fe ratio. In Adhikari et al. (2017), we found that higher OC content of the Fh-OC co-

precipitates prevented the transformation of Fh to other crystalline minerals, by limiting the 

interaction between Fh and Fe(II) via OC-Fe(II) complexation, pore site blockage by OC and 
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physical protection of Fh by OC layer coating on Fh. Similarly, Chen et al. (2015) observed a 

linear relationship between fraction of Fh preserved and C/Fe ratio of co-precipitates (highest C/Fe 

ratio of 1.6).  However, in Adhikari et al. (2017), only 26% of Fe(III) was reduced for the co-

precipitate with highest C/Fe ratio of 3.7, compared to more than 90% of Fe(III) reduced for Fh-

OC-Ca co-precipitates with C/Fe of 10. In this study, the Fe(II)/Fe(III) ranged from 13 to 49, much 

higher than the value of around 0.35 observed by Adhikari et al. (2017) and 0.02-0.2 in Chen et al. 

(2015).  It is most likely that the high percentage of Fe(III) reduction significantly increased the 

Fe(II)/Fe(III) ratio and promoted mineral phase transformation for Fe oxides. 

4.2. OC transformation

The presence of Ca altered the composition of OC in the Fh-OC-Ca co-precipitates and its 

transformation during the microbial reduction. The carboxylic peak shifted from 288.5 to 288.2 

eV after reduction and this shift in the peak position could be due to OC complexation with metal 

cation. Plaschke et al. (2005) observed significant peak shift to lower energy for carboxylic in 

humic acid (HA) due to HA-cation complex formation. Alternatively, De Stasio et al. (2005) 

observed a shift in carboxylic peak from 288.4 to 288.6 by binding to Ca and it is also possible 

that the peak shift after reduction is due to breaking of the Ca-OC binding releasing Ca during the 

reduction. Based on the peak area for corresponding functional groups in C 1s NEXAFS, aromatic-

, phenolic- and carboxylic-bound carbon contributed 26.2, 19.8, and 54.0% to co-precipitate

without Ca (6/1/0) and 32.8, 26.3, and 40.9% for co-precipitate with Ca (6/1/6), respectively. This 

observation indicates that the presence of Ca favored the incorporation of aromatic and phenolic 

C while decreasing acid group incorporation. The loss of phenolic peak after reduction for co-

precipitates with and without Ca suggested that the phenolic groups were transformed during 

reduction. Pracht et al. (2000) suggested that phenolic compounds with hydroxyl or methoxy group 

can be oxidized by Fe (III) to quinone and then to carboxylic functional groups and finally to CO2. 

It is likely that certain fraction of phenolic C in this study was lost through oxidation by Fe(III).
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Results obtained from OC desorption study revealed that there was a significant difference in the 

concentration of OC released from co-precipitates with different C/Fe ratios, consistent with our 

previous study (Adhikari et al., 2017). However, there was no significant difference in the 

concentration of OC released from co-precipitates with different Ca/Fe ratio (Figure 7), suggesting 

that concentration of Ca did not impact the lability of OC in the Fh-OC-Ca ternary co-precipitate.

Figure 7. Desorption of OC from Fh-OC-Ca co-precipitates with varying C/Fe/Ca ratios after 100 

h of shaking with double distilled water. Comparisons between co-precipitates with same Ca/Fe 

ratio but different C/Fe ratio. Error bars indicate standard deviations (n = 3).

4.3. Formation of ternary co-precipitates

In this study, we observed the formation of Fh-OC-Ca ternary co-precipitates likely with OC as 

the bridge based on the multiple evidence provided herein. First, increasing feed Ca concentration 

did not significantly impact the OC incorporation, but the incorporation of Ca was dependent on 

the feed OC. With the same feed C/Fe ratio, increase in the feed Ca concentration by two times 

did not increase the incorporation of Ca or only increased its incorporation slightly, implying the 

saturation of Ca binding sites (Figure 1; SI, Table S1). At a given feed Ca/Fe ratio, increasing the 

feed OC by three times increased the incorporation of Ca linearly. This indicates that Ca is directly 

associated with Fe-bound OC, with OC as a possible bridge in the ternary co-precipitates. 

Second, based on the Fe EXAFS fitting results, we observed that around 5-20% of Fe was assigned 

to Fh-OC co-precipitates in the co-precipitates with feed C/Fe of 6-10. The spectra for Fe has the 

feature shoulder of Fh-OC co-precipitates, appearing at k3(Å-1) of 7.5, demonstrated by Karlsson 

and Persson, 2012. Furthermore, the addition of Ca did not substantially inhibit the incorporation 

of OC (Figure 1), excluding the potential competition of Ca with OC for the sorption sites on Fh 
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surface (Ali and Dzombak, 1996). This suggests a potential direct association between Fh and OC, 

which likely served as bridge for the incorporation of Ca.

Third, OC release had a significant impact on the reductive release of Ca (Figure 8). For co-

precipitate without OC, less than 10%, of 27.7 nM of Ca was released during 96-h reduction, 

whereas 30-58% (from 267 to 191 nM) of Ca was released from co-precipitates containing OC.

As a comparison, the initial reductive release of OC was faster for co-precipitates with Ca 

compared to those without Ca (Figure 5), however, the differences in OC release become smaller 

at a later stage of reduction. The greater impact of OC on reductive release of Ca than vice versa 

suggests that the ternary co-precipitates were formed more likely with OC as bridges. 

Figure 8. Calcium (Ca) released from Fh-OC-Ca co-precipitates with varying C/Fe/Ca ratios. 

Concentration of Ca released to the solution phase (mM) (A, B) and percentage of Ca to total Ca 

(C, D). Co-precipitates with varying OC content and Ca/Fe ratio of 3 (A and C) and Ca/Fe ratio of 

6 (B and D). Error bars indicate standard deviations (n = 3), and some are smaller than the symbols.
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In short summary, our evidence gleaned from the incorporation of OC/Ca in the co-precipitation, 

Fe mineral phase analysis, and the release of Ca and OC collectively suggest the potential for the

formation of Fh-OC-Ca ternary co-precipitates likely with OC as bridging structures. In addition, 

using a relatively mobile humic acid as model, carboxylic and phenolic functional groups 

contribute 12 and 8% of carbon (Yang et al., 2010). It is challenging to estimate how much charged 

functional groups are occupied by association with Fe oxide. But if assuming 1:1 ratio between Ca 

and bound negatively charged carbon, the available negatively charged group can bind Ca with the 

ratio of Ca/C of 0.2, higher than but comparable to our observed value for the incorporated Ca/C 

(0.03-0.07). This implies the association between Ca and OC and supports the role of OC as 

bridging structure.

Previously, Weng et al. (2005) found the presence of organic matter enhanced the sorption of Ca 

on the surface of goethite, which can be adequately described by a model considering ternary 

system (goethite-organic matter-Ca).  A following study for the sorption of Cu on goethite in the 

presence of organic matter demonstrated that the ternary co-precipitate with Cu as bridges 

(goethite-Cu-organic matter) was dominant at low pH, low Cu loading and high organic matter 

loading, when the ternary system with organic matter as bridges (goethite-organic matter-Cu) was 

more important at high pH, high Cu loading and low organic matter loading (Weng et al., 2008). 

More studies are needed to unambiguously determine the structure of co-precipitated Fh-OC-Ca 

co-precipitates. Our results provide promising evidence that the ternary co-precipitates with OC

as potential bridges could be dominating a wide range of system with C/Fe of 1.8-7.0 and Ca/Fe 

of 0.02-0.19 in the co-precipitates. OC can interact with Fh through inner-sphere/outer-sphere 

coordination, van der Waals interactions, and hydrogen bond (Gu et al., 1994; Mikutta and 

Kretzschmar, 2011; Stumm and Sulzberger, 1992; von Lutzow et al., 2006), whereas OC can bind 

Ca through coordination or electrostatic attraction (Katz et al., 1996; Hakim et al., 2017). As an 

interesting comparison, recently published work showed the importance of Ca in the sorption of 

OC on Fh and formation of Fh-Ca-OC sorption ternary complexes with Ca as bridging agent 

(Sowers et al., 2018a, b). Our results demonstrated that the role of Ca in the incorporation of OC

with Fh was relatively minor compared to the effects of Ca on the sorption of OC. In both the 

sorption and co-precipitation systems, the presence of Ca enhanced the chemical fractionation of 

OC upon binding with Fh, with more aromatic OC in the co-precipitation and more carboxylic OC

in the sorption complexes. 
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5. Conclusion

The formation and reactivity of Fh-OC-Ca ternary co-precipitates were systematically investigated. 

Fh-OC-Ca co-precipitates were formed with 70.3 ± 14.5% of OC and a relatively small fraction 

(around 2%) of Ca incorporated. In the co-precipitates, C/Fe ratio ranged from 1.8 to 7.1 and Ca/Fe 

ratio ranged from 0.1 to 0.19, when the feed C/Fe and Ca/Fe were 3-10 and 3-6, respectively. 

Incorporation of Ca was strongly dependent on the Fh-bound OC, whereas the incorporation of 

OC was not affected significantly by the addition of Ca. The reduction of Fe was primarily 

controlled by the C/Fe ratio and the transformation of Fe mineral phases during the reduction was

affected by the incorporation of Ca, which facilitated the formation of green rust but reduced the 

generation of magnetite and siderite. Calcium favored the incorporation of more aromatic- and 

phenolic-OC into the co-precipitates, but decreased the fraction of carboxylic OC. Phenolic OC

was degraded or released during the Fe reduction, and retained OC for co-precipitates with Ca 

after reduction was more aromatic compared to those without Ca. The results regarding the 

incorporation of OC and Ca, EXAFS analysis of Fe mineral phases, and OC/Ca reductive release 

indicate the formation of ternary co-precipitates of Fh-OC-Ca likely with OC as bridges. Although 

the effects of Ca on the co-precipitation of OC were much smaller than its sorption with Fh, our 

study highlighted the formation and reactivity of Fh-OC-Ca co-precipitates, for which the presence 

of Ca affected various aspects, including the chemical composition of incorporated OC, mineral 

phase transformation of Fe during reduction, and transformation of OC. 
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