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Abstract

In nature, formation of iron sulfide solids is mainly attributed to reductions of sulfate and ferric
minerals by microorganisms such as Desulfovibrio vulgaris. In order to evaluate the impacts on
microbial activity and optimize iron sulfide production for potential application in uranium
remediation, we tested two types of electron donors (lactate and pyruvate) with three synthetic
Fe(Ill) (hydr)oxides (goethite, hematite, and 2-line ferrihydrite). ~We monitored bacterial
metabolism comprehensively, and we characterized the biogenic solids using transmission electron
microscope equipped with energy-dispersive X-ray spectroscopy (TEM/EDX), X-ray
photoelectron spectroscopy (XPS), X-ray diffraction (XRD), Raman spectroscopy, and mass
distribution modeling. Despite of similarly amorphous FeS production when both e~ donors were
overdosed, D. vulgaris exhibited distinct patterns of metabolism and other solid production with
the two electron donors. Once sulfate reduction was complete, further lactate fermentation was
inhibited by accumulation of Ho, and thus limited FeS production. In contrast, D. vulgaris utilized
all pyruvate by diverting electrons from Ha to formate. In addition, the pH decrease due to the
proton release during pyruvate utilization facilitated citrate-induced Fe(IIl) dissolution and
consequently enhanced Fe(IIl) bioavailability. However, higher pH during lactate utilization and
excess soluble Fe(Il) during pyruvate utilization led to precipitation of Ca3(POa4)> and Fe3(POs)s,
respectively. Together, these phenomena resulted in a substantial enhancement of Fe(Ill)-
(hydr)oxide reduction and iron sulfide productivity with pyruvate, though the concentrations of
calcium and phosphate need to be controlled to avoid precipitation of other minerals.

Key Words:
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1. Introduction

Iron sulfides are naturally occurring minerals derived from either biological processes or
hydrothermal activity |. They can have various degrees of crystallinity and particle sizes, including
small nano-crystallites of poorly ordered FeS, larger crystals of mackinawite, and bulk structure of
greigite (Fe3S4) or pyrite (FeSa, or iron polysulfide) >*. Research has revealed that iron sulfides
are capable of reducing soluble uranyl ion (UO2?") to insoluble uraninite (UO,) solids > ¢, as well
as preventing UO, from being reoxidized by O, "8, This application of iron sulfide nanoparticles
has increasingly drawn attention for long-term uranium remediation "% '°. Biogenic iron sulfide,
with its nanocrystallite nature, is regarded of high redox activity due to the high specific surface
area and high surface energy ®; under this scenario, microbial-driven production of iron sulfide
could potentially be an effective, economic and sustainable approach for in long-term in situ
uranium remediation of contaminated groundwater and sediments.

The source of the sulfide for biogenic iron sulfides typically is sulfate reduction by sulfate-
reducing bacteria (SRB). Our previous laboratory-based study !'' demonstrated successful
production of biogenic iron sulfide nanoparticles through sulfate reduction by D. vulgaris and
subsequent precipitation with soluble Fe?" as the terminal iron source. In nature, to the contrary,
the Fe?" usually comes from bio-reduction of ferric irons carried out by iron-reducing bacteria,
including some groups of SRB such as Desulfovibrio spp ' . Microbial Fe(Ill) reduction,
especially of Fe(lll) (hydr)oxide solids, such as goethite (a-FeOOH), hematite (a-Fe2O3), and
ferrihydrite (Fe203 0.5H,0), significantly influences the availability of Fe(ll) for the subsequent

formation of FeS and may affect the characteristics of the FeS formed * °,
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Bio-reduction of Fe(IlI)-(hydr)oxides can occur by two mechanisms °: direct enzymatic
reductions by electrons derived from electron donors (Eqns 1 — 3) and indirect chemical reductions

by biogenic sulfide (Egns 4 — 6):

a-FeOOH + 3H" + & — Fe?" + 2H,0 (1)
a-Fe203 + 6H' + 26 — 2Fe?* + 3H,0 (2)
Fe,03 0.5H,0 + 6H* + 2e” — 2Fe?* + 3.5H,0 ©)
a-FEOOH + 0.5HS™ + 2.5H* — Fe?* + 0.5S° + 2H.0 (4)
a-Fe;03 + HS™ + 5H* — 2Fe?* + S° + 3H,0 (5)
Fe,03 0.5H,0 + HS™ + 5H* — 2Fe?" + S° + 3.5H,0 (6)

The mechanisms and kinetics of enzymatic and chemical reductions of Fe(IIl) (hydr)oxides
have been well studied. For enzymatic reductions, four possible mechanisms (direct contact,
formation of electron shuttles, nanowires, and formation of soluble complex ligands) can explain
how electrons transfer from the microbes to the solid surface > 7', For chemical reductions by
dissolved sulfide, an FeS- complex on the solid surface is rapidly formed prior to Fe(IlI) reduction
coupled to sulfide oxidation, and the subsequent dissolution / detachment of Fe(Il) has been
identified as the rate-limiting step 2022,

Previous research provides some information on the concurrent reductions of sulfate and
Fe(IIT) by SRB, as well as the solid products. Sani, et al.'*> demonstrated distinguishable patterns
of Fe(IIl)-(hydr)oxide reduction by Desulfovibrio desulfuricans G-20 for lactate-limiting versus
sulfate-limiting conditions. Li et al. 2> reported only limited Fe(lll) (hydr)oxide reductions by
abiotic sulfide alone (5% of total iron for hematite and goethite) or enzymatically alone (less than

6% for all), but enhanced bio-reductions concomitant with abiotic reductions by biogenic sulfide

from sulfate reduction by Desulfovibrio desulfuricans G-20 strain (64% for hematite, 74% for



45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

RSC Advances

goethite, and nearly 100% for ferrihydrite). Herbert et al. 2* and Gramp et al. % found that the
predominant biogenic FeS by SRB was mackinawite under most conditions, and its crystallinity
was strongly affected by environmental conditions such as temperature, time course, and Fe:S ratio.
However, little is known about the impacts of different electron donors on the bacteria activities,
reduction and solid-production patterns, and the mechanisms behind the phenomena. Gaining
understanding of these phenomena will be of especially high value for well-studied Desulfovibrio
species, which feature diverse patterns of intracellular electron flow with different electron donors.

The pathways for lactate and pyruvate oxidations coupled with sulfate and Fe(l11) reductions
are well defined for Desulfovibrio species 26%°.  When the starting donor is lactate
(CH3CHOHCOQO)), it is first partially oxidized to pyruvate (CH3COCOO") in the periplasm,
releasing protons and electrons. Pyruvate is then partially oxidized to acetate (CH3COQO") and CO»,
also releasing protons and electrons. These electrons can be used directly for sulfate reduction via
respiration, but they also can react with membrane-bound hydrogenases to form molecular
hydrogen (Hz) via fermentation when sulfate is absent. In addition, formate (CHOO") can be an
alternative to H> as the fermentation product and electron carrier for periplasmic or extracellular
reductions of other substrates, including Fe(III) (hydr)oxide solids.

Despite good knowledge of donor and acceptor catabolism in D. vulgaris, questions remain
concerning the formation of biogenic FeS: 1) Does supplying a different electron donor (e.g.,
lactate versus pyruvate) directly lead to different fermentative/oxidative patterns and consequently
different patterns for sulfate and iron reductions? 2) Does the type of electron donor affect other
culture characteristics and microbial activities indirectly? 3) Do the overall differences affect the
chemical or physical characteristics of FeS solids that form? These are the questions we address

here by our systematic study of the effects of electron donor (lactate versus pyruvate) and Fe(IlI)
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68  (hydr)oxide electron acceptor on the metabolism of D. vulgaris and the consequent formation of
69  FeS solids. Our study documents the correlation between the biogenic iron sulfide quality and the
70  electron donor chosen for biostimulation, fills critic gaps of the underlying mechanisms, and thus

71 provides a baseline for the potential application of controllable biogenic FeS in U bioremediations.

72

73
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2. Experimental

2.1. Strain, growth medium, and culturing conditions

Desulfovibrio vulgaris subsp. vulgaris Postgate and Campbell was purchased from the
American Type Culture Collection (ATCC #29579) and grown in 160-ml serum bottles with 100
ml ATCC 1249 medium featuring key species of (in mM) lactate 31.2, sulfate 31.0, citrate 19.4,
Fe(Il) 3.5, Mg 16.6, Ca 7.3, and 2.9 phosphate. Details of the medium recipe and

inoculation/transferring protocol are described in Zhou et al ',

2.2. Iron sources

We synthesized three Fe(ll1)-(hydr)oxide mineral sources -- goethite (a-FeOOH), hematite
(0-Fe203), and 2-line ferrihydrite (Fe>Os0.5H20; ferrihydrite for short) -- as described by
Schwertmann and Cornell 3. Figure S1 presents and interprets transmission electron microscope

(TEM) images of these three nanoparticulates.

2.3. Medium modification

In all experiments, we modified ATCC 1249 medium by 1) omitting yeast extract; 2)
decreasing the sulfate concentration to ~7.5 mM by replacing MgSO4 with MgCly, and 3) replacing
ferrous ammonium sulfate with a target iron source at the same molar concentration as sulfate. For
all experiments, we provided lactate or pyruvate at a concentration greater than the electron
equivalency needed for complete reductions of sulfate and Fe(l1l).

We deoxygenated each modified medium by bubbling N2 gas and then distributed the medium
into two sterile 240-ml serum bottles (160 ml per bottle) as duplicates in an anaerobic glove box.

The bottles were sealed with rubber stoppers and aluminum caps with a headspace of N gas, and
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then they were autoclaved for 15 minutes at 121°C. All iron sources other than FeCl> were added
with other components at the beginning. The inocula were from fresh three-day batch cultures,
with a dense biomass of 150-200 mg/1 (in protein), determined by a UV-Visible spectrophotometer
with Coomassie (Bradford) reagents. An initial protein concentration of ~5+1 mg/l for all
experiments was obtained by injecting 3 ml of the inoculum into each bottle. The inoculated bottles

were then transferred immediately to the shaker (200 rpm) and incubated at 30°C.

2.4. Analytical methods

For routine analyses, we transferred the experimental bottles to the anaerobic glove box and
collected 3-ml liquid samples using a sterile syringe. The pH was measured first with an Epoxy
Semi-Micro Combination pH Electrode (Beckman Coulter BKA57187) and a pH Meter (Beckman
Coulter BKA58734). Samples were then filtered through 0.20-um membrane filters (Whatman
Inc., Haverhill, MA) for other analyses. Concentrations of soluble Fe(III) and total soluble Fe [i.e.,
soluble Fe(Il) + soluble Fe(Ill)] were analyzed by the colorimetric 5-sulfosalicylic acid (SSA)
method 32 using a UV—Visible spectrophotometer (Cary 50 Bio, Varian, Inc., Santa Clara, CA) at
the wavelengths of 500 nm and 400 nm, respectively. Concentration of soluble Fe(Il) was then
calculated by subtracting soluble Fe(IIl) from total soluble Fe. The methods of measuring anions
(including sulfate and phosphate) by ion exchange chromatography (IC) and volatile fatty acids
(acetate, lactate, pyruvate, formate, and citrate) by high performance liquid chromatography
(HPLC) are described in Zhou et al.'.

We also measured soluble sulfide in the liquid phase, iron and elemental sulfur in the solid
phase at the end of biotic goethite and hematite tests, as well as routinely during the biotic
ferrihydrite test and the all abiotic tests. We analyzed the soluble sulfide using EPA Method 3762.

We extracted all iron from the unfiltered samples (immediately after vigorous vortex) using 3%

6
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118  hydrochloric acid (HCl) for 24 hours and the measured the iron dissolved in HCI (representing
119  total iron in the original sample) using the iron TNTplus kit (Hach, Loveland, CO). Concentration
120  of total insoluble iron was then calculated by subtracting total soluble iron from total iron.
121  Particularly for quantifying the colloidal Fe solids in the abiotic test, we first settled the bottles on
122 the bench for 5 minutes to exclude the rapidly-precipitating aggregates and then extracted iron
123 from the supernatant only; the turbidly colored supernatant revealed the existence of colloidal
124  Fe(Ill). We extracted elemental sulfur from the liquid samples using tetrachloroethylene for 24
125  hours and analyzed the dissolved sulfur using ultra performance liquid chromatography (Waters,
126 Milford, MA, USA) with an ACQUITY UPLC column of 2.1 x 50 mm, 1.7 um BEH C;s ** and an
127  eluent of 95:5% methanol:water 3+,

128 We also measured H» by collecting 100-pL headspace sample from each bottle with a 500 pL
129  gas-tight syringe (Hamilton Company, Reno, NV), and injecting the gaseous sample into a gas
130  chromatograph (Shimadzu GC-2010) equipped with a thermal conductivity detector (TCD). The
131  standard deviation of the measurements for the H, pressure was 0.008 atm (0.3 mM), and the

132 detection limit was 0.02 atm (1.0 mM).

133 2.5. Separation of solids from culture medium

134 After observing complete lactate consumption and a constant soluble Fe concentration, we
135  placed the serum bottles in the anaerobic glove box for separation and subsequent freeze drying of
136  the solids. The detailed procedures are described in Zhou et al. !'. The dry and powdered solids
137  in the serum bottles under anoxic conditions were preserved at -20°C for further analyses by
138  transmission electron microscope equipped with energy-dispersive X-ray spectroscopy
139 (TEM/EDX), X-ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD), and Raman

140  spectroscopy.
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2.6. TEM/EDX analysis

Each powdered sample was loaded on a Lacey carbon 300-mesh copper TEM grid (Ted-Pella,
Inc., Redding, CA, USA). TEM images were captured using a Philips CM200-FEG high resolution
TEM/STEM (FEI Corp., Eindhoven, The Netherlands) operated at 200 kV, and elemental
compositions at selected areas were identified using an EDX detector (EDAX Inc., Mahwah, NJ,

USA).

2.7. XPS analysis

We performed XPS on a Vacuum Generators ESCALAB 220i-XL (Thermofisher, USA) with
a monochromatic Al Ka source (hv = 1486.6 ¢V, line width = 0.7 eV for Ag 3d 5/2) at a base
pressure of 7 x 1071 mbar. To minimize the surface oxidation of FeS by oxygen in the atmosphere,
the dried solids were sealed in the anoxic serum bottle with a rubber stopper before being
transported from the glove box, rapidly wrapped up in the XPS room, and loaded to the XPS sample

chamber for analysis under vacuum. We deconvoluted spectra with CasaXPS software.

2.8. XRD analysis

We performed XRD using a Rigaku D/Max-IIB diffractometer with monochromated Cu Ka
radiation. The instrument information, analysis procedure, and calculation of average mackinawite
crystallite thicknesses were described in Zhou, et al.'!. We used the crystallite thickness data to
compare the mackinawite size by assuming that 1) the mackinawite crystallite was stoichiometric

tetragonal FeS, and 2) polycrystalline particles and microstrain broadening were negligible 3° %

2.9. Raman analysis
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We used a thermo scientific DXR Raman spectrometer fitted with a 532 nm laser for collecting
the Raman spectra. The laser power was limited to 5 mW to reduce fast oxidation and damage to

these iron-containing solid samples.

2.10. Mass-distribution calculations

Mass balances on S and Fe were developed on the basis of egns. 1 — 6 and by assuming that
sulfate was reduced completely to sulfide by D. vulgaris and that iron precipitated with S was FeS.

This leads to the following mass balances on Fe?* (Eqn. 8), total sulfur (Eqgn. 9), and sulfide-S (Eqn.

10).

CFe(III) (hydr)oxide, total — I:Fez+:| + CFeS + CFe(III) (hydr)oxide, remaining + CFes(PO4)2-8H20 (vivianite) (8)
_ 2- _ 2-

Cs o = [SO“ :Iinitial B [SO“' ]final * CSZTtotal +Co (9)

+Chrs (10)

Supplemental information (SI) describes the step-by-step procedure for computing the

S2 total CSZ’ , free

distribution of Fe and S species by combining mass-balance Eqns. 10 — 12 with mass-action

equilibrium for reactions in eqns. S1 — S8.
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3. Results and discussion

3.1. Formate versus H2 as the e carrier for Fe(l11) (hydr)oxide reduction

Figures 1 and 2 show the patterns of bacterial growth and substrate utilization by D. vulgaris
when the electron donor was lactate or pyruvate, respectively, and Table 1 summarizes the
environmental conditions measured during incubation. In lactate-stimulated bottles, lactate
consumption and corresponding acetate accumulation occurred in parallel with sulfate reduction,
and they halted once sulfate was completely reduced (Fig. 1). Consequently, a significant portion
of lactate remained in the end. Sulfate reduction rapidly scavenged electrons produced during
lactate oxidation; however, in the absence of sulfate, H> produced during lactate fermentation
began to accumulate. Previous studies with D. vulgaris revealed that even a small partial pressure
of Hz in the headspace (as low as 0.003-0.015 atm) completely inhibited further fermentation by
preventing the membrane-bound hydrogenase from re-oxidizing a quinone electron carrier 2373,
unless the presence of syntrophic Hz consumers (e.g., methanogens) to relieve the inhibition by
making the fermentation conditions energetically favorable 41, This type of H,-based inhibition
occurs commonly during fatty acid fermentations by many bacteria, including other Desulfovibrio
spp. *2*3, In our experiments, Fe(111) (hydr)oxide reductions were not able to scavenge H: rapidly;
as a result, D. vulgaris halted its utilization of lactate upon an accumulation of Hy, less than 0.02
atm according to the GC detection limit, which corresponds to only 3.4% e equivalent from
consumed lactate after complete sulfate reduction. On the other hand, formate accumulated until
sulfate reduction was complete and then was consumed over 1-2 days (Fig. 1). The maximum
accumulating formate accounted for less than 12% of the e~ equivalents from consumed lactate in

all three bottles. This indicates that, during lactate fermentation in the absence of sulfate, D.

10
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197  vulgaris produced H; as the primary electron carrier, but also diverted a small portion of electrons
198  to formate.

199
200 In contrast to the results with lactate, D. vulgaris rapidly consumed all pyruvate before sulfate

201  reduction was completed (Fig. 2), resulting in more acetate accumulation than in the lactate-
202  simulated bottles. The maximum formate concentrations were much higher than in lactate-
203  stimulated bottles, especially in the hematite bottles (H-P; almost 100% of the e” equivalents from
204  consumed pyruvate went to formate) and the ferrihydrite bottles (F-P; 64% to formate). In these
205 two bottles, formate was the primary electron carrier according to the stoichiometry. This
206  difference in formate generation indicates that D. vulgaris was capable of extensively altering the
207  distribution of H» versus formate production from exogenic pyruvate. By diverting electrons from
208  Ho to formate, pyruvate fermentation avoided the inhibition present with lactate. The formate that
209 accumulated in the liquid became an electron reservoir available for the slower electron-accepting
210  processes associated with Fe(l11) (hydr)oxides. The phenomenon was similar to the utilization of
211  propionate as another source of electron reservoir for sulfate and Fe(IlI) oxide reductions recently

212  observed in a mixed culture **.

213 3.2. Enzymatic versus nonenzymatic reductions of Fe(l11) (hydr)oxide solids

214 Pyruvate was much more effective than lactate for Fe(lll) (hydr)oxide reduction. According
215 to the mass distribution calculations in Table 2 and Figure 3, over 97% of all three Fe(lll)
216  (hydr)oxides were reduced when pyruvate was the electron donor, while lactate led to only ~75%
217  reductions of goethite and ferrihydrite and less than 33% hematite reduction.

218 In all experiments, all 7.440.5 mM sulfate was reduced to sulfide, with the potential to

219  nonenzymatically reduce the same amount of each Fe(lll) (hydr)oxide; thus, the discrepancy of

11
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reduced Fe from each Fe(lll) (hydr)oxide can be attributed to enzymatic reactions. The
considerably lower maximum concentrations of soluble Fe?* in the lactate-stimulated bottles (Fig.
1) and mass distribution calculations (Table 2) reveal that enzymatic reduction of Fe(lll)
(hydr)oxides was much less when lactate was the electron donor, and one of the underlying causes
was incomplete lactate fermentation, which resulted in less production of formate and Ho.

Recent research *° discovered that a small portion (>10%) of thiosulfate, besides the dominant
S% were also produced through abiotic ferrihydrite reduction coupled with sulfide oxidation in
presence of the sulfur-reducing bacterium Sulfurospirillum deleyianum, but the mechanisms
remain unknown. In all our experiments, thiosulfate concentrations were below detection limit
(>0.1% of total initial sulfate); the selection towards thiosulfate or S° might be driven by distinct
S-cycling metabolisms of different bacteria, and further insightful research is needed to address

the phenomenon.

3.3. Competition between sulfate and Fe(III) reductions

When lactate was the electron donor, 99% sulfate reduction required less than 2 days in all
three bottles. Although a slight amount of Fe(l11) (hydr)oxides probably had been enzymatically
reduced, soluble Fe?* did not appear before sulfate reduction was complete. When pyruvate was
the electron donor, the appearance of Fe?* before completion of sulfate reduction documented
Fe(I11) (hydr)oxide reduction. Furthermore, sulfate reduction was significantly slowed when Fe(11)
accumulated. Asaresult, D. vulgaris required a longer time to reach 99% sulfate reduction coupled
with pyvuate than with lactate.

The distinct patterns for the two e~ donors probably resulted from different e transfer patterns
between lactate and pyruvate. When sulfate was present, the electrons released from lactate

fermentation to pyruvate were transferred for sulfate reduction exclusively, while the electrons

12
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243  from pyruvate fermentation to acetate were proportioned to cytoplasmic sulfate reduction and
244 periplasmic Ho/formate formation. With this scenario, sulfate reduction had higher priority than
245  Fe(lll) (hydr)oxide reduction when D. vulgaris utilized lactate. This scenario is consistent with

246  the proposed model of electron flow proposed by Keller et al 2® for D. alaskensis G20.

247 3.4. Fe(IIl) (hydr)oxide dissolution by citrate

248 Citrate concentrations were stable during incubations for all the conditions in our D. vulgaris
249  tests (Fig. S2). This phenomenon, consistent with what earlier research observed ' 44® further
250  confirmed that D. vulgaris is not able to utilize citrate as an electron donor and/or carbon source.
251  Rather, citrate in the matrix functioned as 1) a pH buffer to maintain a favorable pH range (6-8)
252 for D. vulgaris, and 2) an iron chelator to prevent iron from precipitation with anions other than
253 sulfide, such as PO4s>, OH", and COz> 49 Furthermore, previous research reported the abiotic
254 dissolution of Fe(IIl) (hydr)oxides by citrate, which enhanced subsequent microbial reduction >*-
255 2. The proposed mechanism mainly includes 1) the adsorption of citrate on the solid surface
256  through ligand exchange, which not only weakens the surface structure of the larger-sized
257  aggregates, but also stabilization of smaller-sized colloids from further aggregation; and, 2) the
258  fast and slow detachment/dissolution of Fe(IlI)-citrate from the large aggregates and small colloids,
259  respectively °> 3. Overall, the dissolution of Fe(III) enhances its bioavailability towards microbial
260  Fe(IIl) reduction.

261 In order to understand the contribution of 19.4 mM citrate in the matrix of all our biotic
262  experiments, we conducted a series of abiotic tests featuring the same concentration of citrate for
263  all three Fe(Ill) (hydr)oxides and both electron donors at three initial pHs: 6, 7, and 8. These tests
264  followed the incubation procedure of the biotic tests inoculated with D. vulgaris. Figure 4 shows

265 the final iron speciation after the 30-day period. During the tests, we observed buildup of

13



Page 17 of 37 RSC Advances

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

significant soluble Fe(III) (from 19% in L+G to 43% in 43% in L+H) only when the initial pH was
6. This observation is in accord with previous research reporting faster dissolution under acidic

5052 probably due to that the reaction of citrate adsorption by substituting citrate

circumstances
ions for hydroxide ions was driven and controlled by the initial hydroxide concentration.
According to stoichiometry, lactate oxidation coupled with sulfate and Fe(lll) reductions
consumes protons, resulting in a pH increase, while pyruvate fermentation, in contrast, produces
protons and thus decreases the pH. Consistently in our biotic tests, the pH was above 7 in all
lactate-stimulated bottles, but was below 7 after a few days in all pyruvate-stimulated bottles, and
even reached as low as 6.3 in the P+H bottles (Fig. S3). Thus, in the pyruvate-stimulated bottles,
citrate more effectively dissolved Fe(Ill), and the consequent enhancement of Fe(IIl)

bioavailability, together with the complete utilization of pyruvate via formate, led to

distinguishably better Fe(II) reduction (Table 2).

3.5. FeS production and characteristics

When lactate was the electron donor, D. vulgaris only reduced 32% of the hematite. As a
result, FeS solids produced from hematite were least abundant (0.6 mmole/bottle, 24% of the total
iron), compared to goethite (0.9 mmole/bottle, 69% of the total iron) and ferrihydrite (1.5
mmole/bottle, 51% of the total iron). EDX analyses (Fig. 5) further confirm this trend: Solids
from the H-L bottles had a lower S:Fe signal ratio than solids from other two bottles.

When pyruvate was the electron donor, D. vulgaris reduced 97% of the Fe(III) (hydr)oxides
and consequently produced more FeS than with lactate (Table 2; Fig. 3). This difference was
clearly confirmed by the high S:Fe signal ratio in the EDX spectrum of the solids from the G+P
bottles (Fig. 5). For the other two bottles, however, the S:Fe signal ratio was lower (Fig. 5) because

more soluble Fe** precipitated as vivianite [Fe3(PO4)2-8(H20)], which is discussed below.

14
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289 Existence of FeS at the solid surface was confirmed in the XPS spectra by the special tiny
290  humps on the Fe 2p2/3 peak at 707.5-707.6 eV representing the Fe(II)-S bond >* %3, but only explicit
291  inthe samples from the pyruvate experiments (Fig. 6). The apparently higher FeS production with
292  pyruvate probably can be attributed to the stronger XPS signals from the FeS produced with lactate.
293 Crystalline mackinawite was clearly present as a solid product from the two ferrihydrite-
294 containing bottles (F+L and F+P), but was difficult to recognize in the solid products from other
295  bottles by XRD (Fig. 7). TEM imaging did not allow us to examine lattice fringes for most of the
296  solid samples on <20-nm length scales due to severe damage to sulfur and organic matter (Fig. S4)
297  due to the high energy of the electron beams for magnifications over 140,000X °¢-%". We were able
298  to observe lattice fringes only in a limited area of the solid sample from the H+L and G+P bottles
299  (Fig. S5).

300 In the H+L samples, higher average spacing (5.3+0.1A) corresponded to d-spacing of (001)

301 planes of mackinawite, while smaller average spacing (3.3+0.5A) corresponded to d-spacing of

302 (101) planes of mackinawite 5%, The thickness of individual crystals calculated by multiplying
303  the number of (001) fringes by the average d-spacing was 4.8 nm. This value is very close to the
304  thickness of mackinawite from the F+L bottles (4.9 nm; Table 1) calculated from Eqn. 2 on basis
305  of the XRD data.

306 In the G+P samples, TEM detected lattice fringes at two nearby locations (Fig. S5). In the
307  brighter area on the left, the average d-spacing value of 3.0#0.5A may indicate the presence of
308  mackinawite. In the darker area on the right, the average d-spacing values (4.220.2A and 2.740.1A)

309  were close to the d-spacing values of common goethite (4.18A and 2.69 A) 3L,
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The detectable FeS solids were either in amorphous states or nano-crystalline mackinawite,
suggesting a retarded crystallization process, probably due to depletion of sulfide, as reported by

previous research 24 61-62,

3.6. Presence of elemental Sulfur

Elemental sulfur, produced via chemical Fe(lll) reduction by sulfide, was expected to be
present in the final solids from all the bottles. The chemical analyses (Table 1) and the mass-
distribution calculations (Table 2) reveal that S° accounted for a significant fraction of the original
sulfate-S in the solids from the G+L and G+P bottles (37% and 36%, respectively), but were absent
in other bottles. The routine analyses of sulfide and S <in ferrihydrite bottles (Fig. S6) revealed S°
accumulation followed by its consumption. This phenomenon is consistent with previous research
63 that demonstrated slow S° reduction by the pure cytochrome cs extracted from Desulfovibrio
species. In addition, although D. vulgaris did not grow with elemental sulfur as a respiratory
electron acceptor, sulfide was formed from elemental sulfur to a limited extent 64 . The limited
and slow process allowed us to observe the presence of S° in the solids from only the goethite test,
which had a shorter duration than the hematite and ferrihydrite tests. Overall, the appearance of
S° further confirmed the chemical reduction of Fe(l11) (hydr)oxides by sulfide.

Raman spectra of G+L and G+P solids (Fig. 8) show three prominent peaks at 154, 219, and
473 cm* corresponding to elemental sulfur (Ss°) ®¢. XRD did not detect crystalline S° in G+L and
G+P solids, probably due to its presence in an amorphous form. Single S° signal was not detected
in any area by EDX either, due to its rapid melting and evaporation (Fig. S4) caused by the high

energy of the electron beams for higher magnifications > .

3.7. Calcium-phosphate precipitation

16
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332 Phosphate uptake into the D. vulgaris biomass was minimal. According to stoichiometry ¢,
333  microbial growth through respiration of 7 mole sulfate and/or Fe(I11) requires <0.1 mM phosphate;
334  this small change was less than the detection limit of IC. Thus, detectable change of phosphate
335  concentration in the liquid matrix mainly resulted from precipitation with metals.

336 In our tests, when lactate was the electron donor, the phosphate concentration in the medium

337  was almost constant (2.6 ==0.3 mM) through the incubation period in the G+L bottle, but gradually
338  dropped by 0.9 0.1 mM after day 8 and day 6 in the H+L and F+L bottles, respectively. Phosphate

339  loss corresponded to pH higher than 7.4 (Fig. S3). In addition, EDX detected strong signals of
340  calcium (Ca) and phosphorus (P), as well as weaker signals of magnesium (Mg), in all three
341  samples. The presence of P corresponded with phosphate loss in the H+L and F+L bottles. Further
342  EDX scanning in selected areas (Fig. S7) reveals that Ca, Mg, and P were mostly at the edges, but
343  not in the center of the aggregate.

344 Previous research % reported precipitation of Cas(PO4);OH at slightly alkaline pH values
345  (normally higher than 7.4). The final pHs in all lactate-stimulated bottles were all above 7.4 (Table
346 1; Fig. S3); this allowed calcium and phosphate precipitation, most likely in the form of
347  Cas(PO4)30H. In contrast, the final weakly acidic or neutral pH conditions in all three pyruvate-
348  stimulated bottles did not allow Cas(PO4)3;OH precipitation.

349 XRD scanning did not detect any Ca- or P-associated crystallites in lactate-stimulated bottles
350 (Fig. 7), indicating that the precipitates were still amorphous, in line with the proposed inhibitive
351 effect of Mg on Cas(PO4);0H crystallization by substituting in and disrupting the calcium-
352  phosphate crystal lattice or by adsorbing onto the growing calcium phosphate crystals % 7°

353 Though Ca-Mg-P precipitation was an independent chemical process that did not affect Fe(III)

354  and sulfate reduction, its aggregation on the surface of FeS solids may affect the reactivity of FeS.
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3.8. Vivianite formation

When pyruvate was the electron donor, the greater accumulation of soluble Fe?" from hematite
and ferrihydrite was followed by major concentration decreases: 1.3 mM and 0.8 mM, concomitant
with 2.0 mM (91%) and 1.0 mM (72%) phosphate loss, respectively. XRD analysis (Fig. 7)
confirmed the formation of well-crystallized vivianite, and this explains the high O signals in the
EDX spectra (Fig. 5). EDX scanning in selected areas revealed that vivianite had aggregated into
large crystals taking a slab (Fig. S8) or a bullet (Fig. S9) shape from the H+P and F+P bottles,
respectively.

Vivianite is rapidly formed when free ferrous and phosphate ions are present at near-neutral
pH 7172, Previous research 7*-7° revealed that free sulfide inhibited vivianite formation, but FeS
precipitation and Fe(lll) (hydr)oxide reductions scavenged sulfide and thus cleared the inhibitive
effect in all our experiments. Completion of pyruvate fermentation led to a build-up of soluble
Fe?* high enough (5.5 and 4.6 mM in the H-P and F-P bottles, respectively) to exceed the
equilibrium threshold determined by the vivianite solubility product and resulted in precipitation.

This is confirmed by the modeling calculation presented in Figure S10.

4. Conclusion

In this study, we observed that the distinctly different patterns of electron donor utilization by
D. vulgaris significantly affected the amount and type of FeS solids through Fe(l1l) and sulfate
reduction, along with the generation of other solids. When lactate was the electron donor, H> was
the primary electron carrier available for respiring SO4? and Fe(Ill). Lactate fermentation was
inhibited once sulfate reduction was completed, due to a small accumulation of Ha. Lacking

electrons for further enzymatic reductions of Fe(l1l) (hydr)oxide, D. vulgaris could not reduce all
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the Fe(lll) (hydr)oxides and, thus, produced limited amounts of FeS when lactate was the
fermentable substrate. In contrast, pyruvate enhanced the production of nano-particulate FeS due
to 1) electron diversion from inhibitive H> to non-inhibitive formate to realize its complete
utilization, and 2) more proton release during its fermentation to facilitate Fe(Ill) (hydr)oxide
dissolution by citrate as well as to prevent Ca-POs precipitation. The only drawback is
accumulation of soluble Fe?* from more hematite or ferrihydrite reduction — due to complete
pyruvate fermentation — that led to precipitation of crystalline vivianite [Fe3(POs)2-8(H20)]. In
summary, pyruvate is a better electron donor and carbon source than lactate for producing large
amounts of biogenic mackinawite for potential applications in uranium remediation, but the
concentrations of calcium and phosphate need to be controlled to avoid precipitation of other

minerals.
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Tables

Table 1. Measured concentrations of substrates, intermediates, and products; measured pH; experimental durations; and crystallite
thicknesses of biogenic mackinawite for all iron-source conditions and when lactate or pyruvate was the electron donor.

Sulfate Fe?* Sulfide S Formate pH Duration* Mackinawite
Electron initial final  final  final  final  max.  initial  final thickness
Iron source Donor (mmole / bottle) (s.u.) (day) (nm)
Goethite Lactate 1.4 0.0 0.1 0.0 0.5 0.6 7.2 7.4 6 -
Pyruvate 1.5 0.2 0.3 0.0 0.5 2.1 7.1 6.5 6 -
Hematite Lactate 1.2 0.0 0.2 0.0 0.0 0.2 6.9 7.6 20 4.8
Pyruvate 1.2 0.0 0.8 0.0 0.0 9.1 7.0 6.6 20 -
Ferrihydrite Lactate 1.3 0.0 0.7 0.0 0.0 0.1 7.1 8.0 43 49 %
Pyruvate 1.6 0.0 0.7 0.0 0.0 4.2 7.1 7.0 43 42 %

* Counted from the day when the bottles were inoculated to the day when the bottles were opened for solid collection.
1 Calculated on basis of data from TEM images.
1 Calculated on basis of data from XRD spectra.
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Table 2. Mass distributions of iron, sulfur, and solid phases at the end of the experiments using goethite, hematite, or ferrihydrite as the iron-based

electron acceptor and lactate or pyruvate as the electron donor.

Iron source Goethite Hematite Ferrihydrite
Electron donor Lactate Pyruvate Lactate Pyruvate Lactate Pyruvate
Iron species Fe(1II) (Hydr)oxide 20 3 68 3 24 2
(mole/mole as %)*  Soluble Fe(Il) 11 25 28 25 27
Soluble Fe(III) 0 0 0 0 0 0
FeS() 69 72 24 45 51 60
Vivianite [Fe3(PO4)2:8H20 ()] 0 0 0 24 0 11
Sulfur species Sulfate 0 0 0 1
(mole/mole as %)T  Soluble sulfide 0 1 0 0
FeS() 63 64 100 99 100 99
Elemental sulfur [S°)] 37 36 0 0 0 0
Final Solids Fe(IIl) (Hydr)oxide) 19 4 66 3 30 2
(g/g as %)i FeS() 67 82 34 57 70 79
Elemental sulfur [S°)] 14 14 0 0 0 0
Vivianite [Fe3(PO4)2:8H20 ()] 0 0 0 40 0 19

* The ratio for iron species refers to the percentage of the mole concentration of each iron-containing compound at the end of a test out of the total
mole concentration of Fe added as Fe(III) (hydr)oxide at the beginning of the test.
1 The ratio for sulfide species refers to the percentage of the mole concentration of each sulfur-containing compound at the end of a test out of the

total mole concentration of S added as sulfate at the beginning of the test.

1 The ratio for the final solids refers to the percentage of the mass of each type of minerals out of the total solid mass collected and dried at the

end of each test.
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Figures

Figure 1. Concentrations of Fe(Il), sulfate, phosphate, lactate, acetate, and formate
during the growth of D. vulgaris with lactate as the electron donor and with goethite
( “L+G”), hematite (“L+H”), or 2-line ferrihydrite (“L+F”) as the Fe(III) source. Error
bars indicate standard deviations of duplicate experiments.

Figure 2. Concentrations of Fe(II), sulfate, phosphate, pyruvate, acetate, and formate
during the growth of D. vulgaris with pyruvate as the electron donor with goethite
( “P+G”), hematite (“P+H”), or 2-line ferrihydrite (“P+F”) as the Fe(IIl) source. Error
bars indicate standard deviations of duplicate experiments.

Figure 3. The mass of Fe(Ill) hydroxide solids initially added (bars on the left side)
and the simulated final solid products (bars on the right side) separated from the
experiments identified in the graph.

Figure 4. The final iron speciation after 30-day abiotic tests with citrate.

Figure 5. TEM images (left column) and EDX spectra (right column) of solids from
the experiments identified in the TEM image.

Figure 6. XPS spectra of synthetic Fe(Ill) (hydr)oxides and biogenic solids separated
from the experiments, all identified in the graph.

Figure 7. XRD spectra of synthetic goethite (top lines in G-L and G-P), hematite (top
lines in H-L and H-P), 2-line ferrihydrite (top lines in F-L and F-P), and solids (bottom
lines) separated from the experiments identified in the graph.

Figure 8. Raman spectra of the solids from the G+L and G+P experiments.
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Concentrations of Fe(Il), sulfate, phosphate, lactate, acetate, and formate during the growth of D. vulgaris with lactate as the electron
donor and with goethite ( “L+G”), hematite (“L+H”), or 2-line ferrihydrite (“L+F”) as the Fe(IIl) source. Error bars indicate standard



Page 31 of 37 RSC Advances

@ Sulfate [ Soluble Fe(II) @+ Phosphate N Pyruvate [+ Acetate @ Formate
P+G P+H ! : ! P+F
=
g
=
=
-
E 50 .
4
s ¥
40 "
S ;
O 30 -
20 4
10 A

8 1L 2 3 4 5 6 T & D 4 8 12 16 200 &5 10 15 206 25 30 35
Time (Days)
Figure 2. Concentrations of Fe(Il), sulfate, phosphate, pyruvate, acetate, and formate during the growth of D. vulgaris with pyruvate as the
electron donor with goethite (“P+G”), hematite (“P+H”), or 2-line ferrihydrite (“P+F”) as the Fe(IIl) source. Error bars indicate standard
deviations of duplicate experiments.

28



RSC Advances Page 32 of 37

230 =
S
1 Elemental Sulfur
200 4 | &= Vivianite
) mmmm Goethite
E Hematite
+ 150 4 | === Ferrihydrite :
.ED
o
= 100 -
=
S
N
) =
O i n-:: -_L-.-I.-[

G+L G+P H+L H+P F+L F+P

Figure 3. The mass of Fe(Ill) hydroxide solids initially added (bars on the left side) and the simulated final solid products (bars on the right
side) separated from the experiments identified in the graph.
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Figure 5. TEM images (left column) and EDX spectra (right column) of solids from the
experiments identified in the TEM image.
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Figure 6. XPS spectra of synthetic Fe(IIl) (hydr)oxides and biogenic solids separated from
the experiments, all identified in the graph.
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Figure 7. XRD spectra of synthetic goethite (top lines in G-L and G-P), hematite (top lines

in H-L and H-P), 2-line ferrihydrite (top lines in F-L and F-P), and solids (bottom lines)
separated from the experiments identified in the graph.
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Figure 8. Raman spectra of the solids from the G+L and G+P experiments.
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