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Abstract: Increased groundwater and soil contamination by hexavalent chromium have led to the
employment of a variety of detoxification methods. Biological remediation of Cr(VI) polluted aquifers
is an eco-friendly method that can be performed in situ by stimulating the indigenous microbial
population with organic and inorganic electron donors. In order to study the effect of different
redox conditions on microbial remediated Cr(VI) reduction to Cr(IIl), microcosm experiments were
conducted under anaerobic, anoxic, and sulfate-reducing conditions and at hexavalent chromium
groundwater concentrations in the 0-3000 pg/L range, with groundwater and soil collected from an
industrial area (Inofyta region). As electron donors, molasses, emulsified vegetable oil (EVO), and
FeSO4 were employed. To quantitatively describe the degradation kinetics of Cr(VI), pseudo-first-
order kinetics were adopted. The results indicate that an anaerobic system dosed with simple or
complex external organic carbon sources can lead to practically complete Cr(VI) reduction to Cr(III),
while the addition of Fe?* can further increase Cr(VI) removal rate significantly. Furthermore, Cr(V1)
microbial reduction is possible in the presence of NO3 ™ at rates comparable to anaerobic Cr(VI)
microbial reduction, while high sulfate concentrations have a negative effect on Cr(VI) bioreduction
rates in comparison to lower sulfate concentrations.

Keywords: Cr(VI) reduction; organic and inorganic electron donors; anaerobic conditions; anoxic
conditions; sulfate-reducing conditions

1. Introduction

High hexavalent chromium [Cr(VI)] concentrations found in the environment during
the last decades have raised public concern, owing to its bio-accumulative, carcinogenic,
mutagenic, and toxic nature [1,2]. Multiple health and environmental protection agencies
consider Cr(VI) a priority pollutant [3] and have set strict limits for its concentration in the
aquatic environment [4]. Throughout the years, various pump and treat physicochemical
technologies have been employed to remediate Cr(VI) polluted soil and groundwater (ion
exchange, chemical precipitation, adsorption, membrane filtration, etc.) [5-8]. However,
these technologies present certain disadvantages, such as secondary pollution, high opera-
tional and maintenance cost, and low effectiveness [9,10]. In situ biological remediation is,
in contrast, an environmentally friendly and cost-effective method that takes advantage
of microbial metabolic processes to reduce Cr(VI) to trivalent chromium [Cr(III)], a stable
form of Cr that has been found to be less soluble in water, exists mainly as precipitate and
is less toxic for organisms [11,12].

Microbial remediated Cr(VI) reduction can occur under both aerobic and anaerobic
conditions and is mediated by a variety of enzymes, being cited extracellularly, intracellu-
larly, or in the cytoplasmic membrane [13,14]. A reduction can also be induced by metabolic
byproducts, such as bio-generated Fe(II), hydrogen, and/or sulfides [15-17]. One signifi-
cant advantage of bioremediation is that it can be performed in situ without causing the
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destruction of the site and that it allows for a continuous Cr(VI) reduction process through
the addition of electron donors [18]. However, the effectiveness of Cr(VI) microbial reduc-
tion can be affected by the specific physicochemical characteristics of the contaminated
area, including pH, temperature, other toxic substances, or different electron acceptors [19].
In many cases, Cr(VI) coexists with other harmful pollutants for public health and the
environment. Nitrate (NO3 ™) is one of the most abundant pollutants in groundwater
originating mainly from agricultural activities, i.e., excessive use of nitrogenous fertiliz-
ers, as well as discharge of not properly treated urban and industrial wastewater [20].
High concentrations of NO3 ™~ can lead to eutrophication of water bodies [21], while its
reduction intermediate, nitrite (NO, ™), can cause methemoglobinemia, cancer, and thyroid
dysfunction in humans [22,23]. Therefore, effective remediation of nitrate-contaminated
groundwater is of the utmost importance.

In recent years, simultaneous Cr(VI) and NO3;~ bioreduction have been the focus of
various studies since the interaction mechanisms between those two chemical species are
quite complex. To begin with, both chromium and nitrates compete for the supply of elec-
tron donors and may be affected by the presence of other competing electron acceptors [24].
Under aerobic conditions, researchers have found that both nitrate and Cr(VI) reduction
can occur at the same time, with Cr(VI) removal rates being unaffected by the presence
of nitrate, but Cr(VI) concentration affecting and, in certain cases, significantly inhibiting
denitrification [25,26], although the reported Cr(VI) threshold values were rather contradic-
tory (ranging from 7.5 mg/L to 30 mg/L). However, in other studies, high concentrations
of chromate did not adversely affect heterotrophic denitrification [27-29] with specific
bacterial strains or mixed cultures. On the other hand, it has been reported that under
high nitrate concentration, Cr(VI) reduction is irreversibly inhibited [30]. Nevertheless,
the majority of these studies have focused on ex situ applications and, in some cases, were
conducted with very specific microbial strains.

Sulfate (S0427) is another ubiquitous pollutant in groundwater, originating both from
natural and anthropogenic sources, such as weathering of sulfide-containing minerals,
volcanic activities, rainfall, seawater intrusion, fertilizers, urban and industrial wastes, and
wastewater [31-34]. Under the absence of oxygen, sulfate can be reduced to sulfide by
sulfate-reducing bacteria (SRB), anaerobes that use sulfate as a terminal electron acceptor.
Produced sulfide has been reported to facilitate the reduction of Cr(VI) to Cr(III) [35], while
some strains of SRB have the ability to enzymatically reduce Cr(VI) [36,37]. However, the
presence of SO42~ could possibly have an inhibitory effect on Cr(VI) reduction due to
competition as electron acceptors [38].

In view of the above, the goal of this experimental work was to investigate Cr(VI)
reduction rates in groundwater through biostimulation, in completely anaerobic, nitrate-
rich, and sulfate-reducing environments and under limiting electron donor conditions. To
this end, soil microcosm experiments were carried out under four (4) different reducing
conditions—anaerobic, anoxic, low, and high sulfate concentration—with soil and ground-
water collected from a deep Cr(VI) contaminated aquifer in the Asopos River basin. In order
to obtain results that are representative of the real field conditions, parent cultures were
developed under each reducing environment in the presence of low Cr(VI) and organic
donor concentrations in order to provide biomass for the batch experiments. Furthermore,
various organic and inorganic electron donors were evaluated for their ability to stimulate
microbial communities. Emphasis was placed on: (i) the investigation of the effect of
electron acceptor on Cr(VI)-reducing microbial communities under anoxic, anaerobic, and
different sulfate-reducing conditions and (ii) the evaluation of the effect of a combination
of electron donors, including simple and complex organic carbon and iron, on anaerobic
or anoxic Cr(VI) reduction and denitrification and on Cr(VI) reduction in the presence
of sulfates.

To the best of our knowledge, there are very few studies that have attempted to provide
a comprehensive examination of the in situ biological treatment of groundwater polluted
with Cr(VI) under different reductive environments. The findings of this study could



Water 2022, 14, 2179

30f18

provide an important basis for in situ anaerobic bioremediation through biostimulation, as
well as access to the longevity of the process under limiting electron donor conditions.

2. Materials and Methods
2.1. Soil and Groundwater Source and Characteristics

Soil and groundwater samples used for the microcosm experiments were collected
from the deeper aquifer (28-28.5 m) in Inofyta, a heavily industrialized area located in the
Asopos River basin in central Greece, where high hexavalent chromium concentrations (ex-
ceeding 10,000 ug/L) have been reported [39,40]. The collected soil and groundwater were
transported to the laboratory and stored at 4 °C. Groundwater characteristics are presented
in Table 1. Groundwater pH was 7.98 and had high NO;-N and SO4%~ concentrations
(11.20 mg/L and 51.00 mg/L respectively), while Cr(VI) was not detected.

Table 1. Groundwater characteristics used for the development of the parent cultures.

Parameter Value
pH 7.98
ORP, mV 76.50
EC, uS/cm 1865.00
NO3-N, mg/L 11.20
NO,-N, mg/L 0.14
SO4%~, mg/L 51.00
Cl-, mg/L 342.00
Cro, mg/L <0.03
CODs *, mg/L <15.00
Ca, mg/L 68.00
Mg, mg/L 155.00
K, mg/L 1.40
Hardness, mg CaCO3/L 805.50
Alkalinity, mg CaCO3/L 382.00

* CODs: soluble chemical oxygen demand.

Before the commencement of the experiments, soil was air dried and sieved through a
2 mm sieve. The same soil has been used in a previous study and has been described there
in detail [41]. It consisted of 58.8% sand, 25.7% clay, and 15.5% silt and had an average
organic content matter of 0.16%. The soil pH was 8.31, and its main components were CaO
(30.03%), SiO; (19.04%), MgO (9.50%), and Fe,O3 (5.08%). Cr and Ni concentrations were
2195 mg/kg and 1082 mg/kg, respectively, as the soil originated from an area contaminated
by industrial wastewater.

2.2. Parent Culture Development

Biomass, soil, and liquid amendments for the batch experiments were provided
by four (4) parent cultures—completely anaerobic (ANAER), anoxic (ANOX), with low
sulfate concentration (5100) and high sulfate concentration (5400)—that were developed
and maintained in the laboratory. All were exposed to low hexavalent chromium levels
(0.5mg/L) and to different electron acceptors (10 mg/L NO3-N, 100 mg/L SO4%~, 400 mg/L
SO42~ or none). The cultures were developed in two-liter bottles that were sealed with
gray butyl rubber stopper and aluminum crimp. They contained a slurry of subsurface
material and groundwater (1:4 dry soil to water volume ratio) and 30 mg TSS/L (TSS: total
suspended solids) of activated sludge from an anaerobic reactor as inoculum. The parent
cultures were acclimatized for a period of at least 135 days prior to providing biomass
for the batch experiments. Before the commencement of the acclimatization period, all
cultures were equilibrated for two weeks to deplete electron acceptors in groundwater (i.e.,
NO3-N and SO427). They were fed weekly with a reduced anaerobic mineral medium
(RAMM) [42], selenium-tungsten solution [43], yeast extract, vitamin solution [44], and
30 mg/L butyrate, which served as the organic electron donor. In the anoxic and the
two sulfate reducing parent cultures developed, 10 mg/L of NO3-N, 100 mg/L SO42~
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and 400 mg/L SO42~ were added, respectively, as electron acceptors. All solutions were
prepared with sterilized water. At the end of each feeding cycle, part of the cultures was
replaced by fresh medium to achieve a solid retention time of 45 days. At the end of each
weekly cycle, Cr(VI), NOs-N, and SO42~ were measured, and the amount to be added was
estimated to reach the default concentration for the beginning of the next cycle.

2.3. Microcosms Design

The experiments were conducted according to a modification of the USEPA guidelines
concerning anaerobic biotransformation of pollutants in the subsurface [45]. Individual
microcosms were constructed in 160 mL serum bottles with the equivalent of 20 g (dry
weight) soil to which 80 mL of liquid amendments were added. The soil and the liquid
amendments originated from the parent culture. The bottles were flushed with a mixture
of N /CO, (70%/30%) to remove trapped oxygen from the liquid and solid phases and
sealed with gray butyl rubber stoppers and aluminum crimps. Microcosms were incubated
in the dark at 22 °C % 2 without shaking.

Under anaerobic conditions, several types of organic substrates have been reported
to be able to reduce hexavalent chromium successfully, such as glucose, lactate, sucrose,
milk whey, etc. [13]. Within the context of this study, molasses emulsified vegetable oil
(EVO) and ferrous sulfate heptahydrate (FeSO4 -7H,0O) were used as electron donors,
independently and as combinations. The organic electron donors were selected for their
different properties. Molasses is a byproduct of sugar refining that can be used as a readily
available energy source by microbes [46-48], while EVOs are slowly soluble substrates that
ferment to acetate and hydrogen [49-51]. Five biological microcosm treatments were set up
for each oxidative condition (anoxic, anaerobic, and sulfate-reducing), and duplicate bottles
were prepared for each treatment. After preparation, each bottle was supplied once at the
beginning of the experiment, with the selected electron donor (i.e., molasses, emulsified
vegetable oil (EVO), ferrous sulfate heptahydrate, or a combination of carbon and the iron
source, or none). All the field conditions simulated through the microcosm experiments are
shown in Tables 2 and 3.

Table 2. Experimental conditions studied in the anaerobic and anoxic microcosms tests.

Expersn‘::ental Batch Test Cr(VID) NO3-N Molasses EVO FeZ*
mg/L mg/L mg/L CODt* mg/LCODt* mg/L
ANAER-S (Sterile) - - - -
ANAER-B (Biotic control) - - - -
A bi ANAER-M » - 100 - -
naerobic ANAER-M+Fe - 100 - 8
ANAER-E - - 100 -
ANAER-E+Fe - - 100 8
ANOX-S (Sterile) - - -
ANOX-B (Biotic control) - - -
o ANOX-M 2 (days0-10) 1° (2%"(Yds 0-10) 100 ; -
noxic ANOX-M-+Fe 3 (days 10-60) 10 20335 100 - 8
ANOX-E - - 100 -
ANOX-E+Fe - 100 8

* CODt: total COD.

Non-biological processes (e.g., sorption) that participate in the removal of Cr(VI) were
also accessed by conducting experiments under sterile conditions and without the addition
of any e~ donor, as soil microcosms are complex systems [52]. Soil and water from the
parent cultures were autoclaved twice, 24 h apart, at 121 °C for 20 min to completely inhibit
all biological activity. These experiments were performed in duplicate for all conditions
studied (anoxic, sulfate-reducing, and pure anaerobic), and the treatments were spiked
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with Cr(VI), NO3-N (only in the ANOX experiment), and SO42~ (only in the S100 and
5400 experiments) according to the following experimental program.

Table 3. Experimental conditions studied in the sulfate reducing microcosms tests.

Experimental
Set

Batch Test Cr(VI) S0,42~ Molasses EVO FeZ*

mg/L mg/L mg/L CODt* mg/LCODt* mg/L

Low sulfate
concentration

S100-S (Sterile) - - -
S100-B (Biotic control) -
S5100-M 2 (days 0-10) 100 100 -
S100-M+Fe 3 (days 10-60) 100 -
S100-E - 100
S100-E+Fe - 100

o + 00

High sulfate
concentration

5400-S (Sterile) - - -
S400-B (Biotic control) -
S400-M 2 (days 0-10) 400 100 -
S400-M+Fe 3 (days 10-60) 100 -
S400-E - 100
S400-E+Fe - 100

o 00

* CODt: total COD.

The experiment then proceeded by spiking the bottles with Cr(VI) every 2-3 days
without the addition of any reducing agent. Initial Cr(VI) concentrations were chosen
between 2000-3000 pg/L, well within the reported range of contamination at the Inofyta
region [53], and in order to facilitate a reliable investigation of the reductive capabilities of
each microbial community. In the anaerobic batch tests, the initial Cr(VI) concentration was
chosen at 2000 pg/L, as previous studies have shown that in complete anaerobic conditions,
hexavalent chromium is toxic for the microbes in concentrations higher than 2500 pg/L [54].
For the anoxic experiment, initial Cr(VI) and NOs3-N concentrations were 2000 pg/L and
10,000 ug/L, respectively, for the first 10 days of the experiment. For the remainder (days 10—
60), these concentrations were increased to 3000 pg/L and 20,000 pug/L in order to evaluate
the efficacy of the reducing microbial community at higher pollutant concentrations. In the
5100 and S400 experiments, initial Cr(VI) concentration was 2000 ug/L for the first 10 days
of the experiment and 3000 pg/L for the remainder, while sulfate concentrations were
maintained at 100 mg/L and 400 mg/L, respectively, throughout the experiment. On the
day of the spike, liquid samples were withdrawn at predetermined time intervals, filtered
through 0.45 um syringe filter and analyzed for Cr(VI), NO3-N and SO4%~. Cr(VI), nitrate,
and sulfate were added accordingly to reach the default concentrations.

2.4. Chemicals and Reagents

Molasses was provided by Thermo Fischer Scientific (Waltham, MA, USA), while
emulsified vegetable oil (EVO) (60% lactate/40% water) by JRW Bioremediation, L.L.C.
(Lenexa, KS, USA). The rest of the chemicals were purchased from Sigma-Aldrich (St. Louis,
MO, USA) and were of high purity. Butyric acid (>99%), Acetic acid (>99.8%), Propionate
(>99.8%), isoButyrate (>99.5%), and Acetone (>99.5%) were supplied in liquid form and
used as received. Within the context of these experiments, 1,5-Diphenylcarbazide (>98%),
NaH,POy (>99.5%), KNO3 (>99%), and Nay;SO4 (>99%) were also used.

The following chemicals were used for the development of the parent cultures and
were purchased in powder form. MgCly-6HyO (>99%), CaCly-6Hp0 (>98%), KoHPO4
(>98%), NH4ClI (>99.5%), NaHCO3 (>99.5%), NayS-9H,0O (>98%), nitrilotriacetic acid
(>98%), FeSO4-7H,0 (>99%), MnSO4-H,0 (>99%), CoCl,-6H,O (>98%), ZnSO4-7H,O
(>99%), H3BO3 (>99%), NiCly (>99%), NaMoOy (>98%) were used for the preparation
of RAMM. The vitamin solution consisted of biotin, DL-pantothenic calcium, folic acid,
nicotinic acid, riboflavin, pyridoxine hydrochloride, thiamine hydrochloride, vitamin B12,
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paminobenzoic acid, while yeast extract solution (EZMix™) was prepared separately. The
selenium-tungsten solution contained NaySeO3-5H,0 (>99%) and NayWO4-2H,0 (>99%).

2.5. Analytical Procedures

During the development of the parent cultures and throughout the batch experiments,
the following parameters were monitored: pH, dissolved oxygen (DO), oxidation-reduction
potential (ORP), hexavalent Cr, chemical oxygen demand (COD), volatile fatty acids (VFAs),
nitrate nitrogen (NOs3-N), nitrite nitrogen (NO,-N), sulfate (SO4%7), sulfide (S*7) and fer-
rous iron [Fe(II)]. DO and ORP were monitored to ensure that reductive conditions were
established. Chromate in solution was determined colorimetrically using the USEPA
7196a method (1,5-diphenylcarbazide method) [55], while COD was measured by USEPA-
approved standard method 5220 D [56] and ferrous iron Fe(II) by the 1,10-phenanthroline
method [57]. Nitrate nitrogen, nitrite nitrogen, sulfate, and sulfide were measured us-
ing Hach methods LCK339, LCK8507, 8051, and 8131, respectively, on a Hach Lange
DR2800 spectrophotometer.

FISH analysis was carried out in liquid samples of the parent cultures after the ending
of the acclimatization period following the protocol described by Panousi et al. [54] to esti-
mate the presence of the following groups of microbes (with the probe used in parenthesis):
Eubacteria (EUB338) [58], Archaea (ARCH915) [59], Methanosarcina and Methanosaeta spp.
(MSMX860) [60], Acetobacterium spp. (AW) [61], Geobacter spp. (GEO3A) [62], Gammapro-
teobacteria (GAM42a) [63], Deltaproteobacteria (DELTA495a) [64], Desulfobacteraceae and
Syntrophobacteraceae families (DSBAC357) [65] and iron-reducing bacteria (SRB687) [66].
Results were expressed as a fraction of the specific binding of hybridized cells out of the
number of the total cells (%probe/DAPI).

The presence of four (4) volatile fatty acids was examined: acetate, butyrate, Propi-
onate, and isoButyrate. VFAs analysis was performed on a Gas Chromatograph equipped
with a flame ionization detector, a fused-silica capillary Nukol column (15 m, 0.53 mm,
Supelco, Inc., Bellefonte, PA, USA), and an autosampler. A total of 0.5 uL of liquid samples
were injected in the Chromatograph, while an isothermal method at 90 °C was utilized,
with both injector and detector being held at 220 °C. Before injection, samples were filtered
through 0.45 pum filters and acidified with 2% v/v HCI 2M).

2.6. Data Calculation

In order to describe the reduction kinetics of hexavalent chromium and nitrate quanti-
tatively, pseudo-first-order kinetics were used. First-order rate constants (k) were estimated
by directly fitting the following equation (Equation (1)) until 90% substance removal
was achieved:

C=Coe 1)

where C, and C equal the initial substance concentration and substance concentration
at time t, respectively. Time profiles of every duplicate of the batch experiments were
produced on linear plots of In(C/C,) versus time, with the slope of the linear trendline
being the (k) constant.

All rates reported are mean values of the duplicates of all the batch tests performed
at the selected time intervals (i.e., 0-10 days, 1020 days, 20-30 days, 30—40 days, and
40-60 days), accompanied by standard deviation.

3. Results and Discussion
3.1. Evaluation of Parent Cultures Performance

During the acclimatization period of the parent cultures, Cr(VI), CODs, pH, NO3-N,
NO;-N, sulfate, and sulfide were monitored weekly, while VFAs analysis was carried out
periodically. As shown in Table 4, the obtained results indicated that the developed micro-
bial communities were able to completely reduce Cr(VI), NO3-N, and NO;-N in the time
span of a week. The S400 microbial community was only able to reduce 30% of the initial
sulfate concentration, while the S100 community was able to reduce approximately 42% of
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initial sulfate, although the reduction ability fluctuated throughout the experiment. Mea-
sured sulfide concentrations in liquid samples indicated that sulfide production was higher
in the 5400 culture (13.2 = 7.1 mg/L) in comparison to the S100 culture (3.1 £ 2.1 mg/L)
since, according to published data, higher sulfate concentrations lead to a higher produc-
tion of sulfide [67]. It should be noted that measured sulfide that corresponded to soluble
sulfide was less than the theoretically produced amount from sulfate reduction, probably
due to sulfide precipitation with metals. Optical observation in both sulfate-reducing
cultures indicated the blackening of the culture due to the formation of dark-hued solids,
the result of the precipitation of metal ions present in the soil of the microcosm experiments
with the produced sulfide [31]. pH ranged from 8.15-8.30 in all cultures throughout the
acclimatization period without fluctuations, owing to the soil’s calcareous composition. GC
analysis showed that the VFAs concentrations in the anoxic and sulfate-reducing microbial
cultures were more limited in comparison to the anaerobic one. Furthermore, only acetate
and butyrate were present in the samples, with the concentration of the latter being less
than 15% of total VFAs, which indicated that most of the butyrate added was used as an
energy donor by the microbes and did not accumulate.

Table 4. Results of the parent cultures’ performance during the acclimatization period (Weekly
average results).

Parent Culture

Parameter
Anaerobic Anoxic Sulfate 100 mg/L Sulfate 400 mg/L
CODs * (mg/L) 86.8 £20.1 48.0 £ 8.3 57.3 £18.1 49.3 +16.5
VFAs (mg CODs/L) 275+ 8.3 13.1+5.0 112 +£2.0 99+09
pH 8.28 £ 0.16 8.30 £0.13 8.23 £0.12 8.15 +£0.22
Cr(VI) (ug/L) ND ND ND ND
NOs-N (mg/L) - <0.23 - -
NO,-N (mg/L) - <0.01 - -
remaining S042~ (mg/L) - - 58.6 +45.3 280.0 £ 58.0
$?~ (mg/L) - - 31+21 132 +7.1

* CODs: soluble COD.

At the end of the acclimatization period, FISH analysis was carried out on liquid
samples from each parent culture (Figure 1). The molecular analysis results demonstrated
the differences between each microbial community. In all cultures, bacteria (EUB338) were
the most prominent microorganism. In the complete anaerobic culture, Archaea (ARCH915)
population reached a percentage of 32.2%, while Methanosarcina and Methanosaeta spp.
(MSMXB860) were approximately 14.9%. Furthermore, Acetobacterium spp. (AW) was the
dominant microbial group in this culture (42.1%). In contrast, in the anoxic parent culture,
the presence of Archaea (ARCH915) and methanogens (MSMX860) was negligible as ex-
pected, while Gammaproteobacteria (GAM42a), which include some denitrifying bacteria,
reached up to 47.9% and played an important role in the reduction of nitrate [68]. The rest of
the examined probes (GEO3A, DELTA495a, DSBAC357, SRB687) exhibited low signals (be-
low 10%), which is indicative of the minimal presence of Geobacter spp., Desulfobacteraceae
and Syntrophobacteraceae families and iron-reducing bacteria, in both communities. In the
sulfate-reducing microbial colonies, the dominant bacterial group was Deltaproteobacteria
(DELTA 495a)—44.3% for the 5100 and 33.9% for the S400 parent cultures—that con-
tain sulfate-reducing bacteria, anaerobes that use sulfate as a terminal electron acceptor.
Archaea (ARCH915) and methanogens (MSMX860) were minimal since sulfide inhibits
their growth and sulfate-reducing bacteria outcompete methanogens [69-71]. No signif-
icant differences between the sulfate-reducing colonies were reported for the rest of the
studied microorganisms.
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Figure 1. FISH analysis results describing the composition of the microbial communities participating

%probe/DAPI

in Cr(VI) reduction under anaerobic, anoxic and sulfate-reducing conditions.

3.2. Evaluation of Cr(VI) Reduction under Complete Anaerobic Conditions

Hexavalent Cr reduction rates were evaluated under anaerobic conditions for a period
of 60 days. Batch tests were carried out every 2-3 days, and the initial Cr(VI) concentration
was 2000 ug/L. Figure 2 presents the pseudo-first-order Cr(VI) removal rates (k) versus
time (days) for two of the conditions studied: (a) the natural soil attenuation (ANAER-
B) and (b) the biological enhancement with the addition of a carbon source (ANAER-M
and ANAER-E). It should also be underlined that the sterile amendments showed that
Cr(VI) removal rates were ksTgriLE, ANAER = 0.051 h~! 4+ 0.013, which indicates that non-
biological processes contributed very little to overall Cr(VI) removal in the amendments
where electron donors were added.

1.00 -
090 - OANAER-B OANAER-M @ANAER-E
0.80
0.70
0.60 - *I‘
0.50
0.40 -
0.30 -
0.20 4
0.10 I_I’
0.00

0-10 days 10-20 days 20-30 days 30-40 days 40-60 days

Cr(VI) removal rate k (h)

Time

Figure 2. Cr(VI) kinetic rate constants (k) of microcosms during the anaerobic experiment (error bars
are equal to standard deviation).

As can be observed from the biotic control experiment, hexavalent chromium reduction
is possible even without the addition of a reducing agent through endogenous decay.
However, compared to batch tests conducted with external organic electron donor addition,
the removal rates are 2-6 times slower, which indicates that microbial growth biostimulation
was achieved.

In the molasses experiment, the reduction rates show a faster-decreasing pattern, as
was expected, since molasses is a readily available organic electron donor that is depleted
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quickly [72,73]. As a result, molasses is depleted within 20 days, and thereafter Cr(VI)
reduction proceeds due to endogenous decay at a lower removal rate. In contrast, in
the amendments where EVO was added, the results indicate that although, during the
first 30 days of the experiment, the differences between the kanagrr-M and kanagr-E are
negligible, during the next time period (3040 days), the kanagr-E removal rate increases
by 78% and then decreases rapidly. This finding is in agreement with the expected effect
of EVO on the microbes as a slowly depleted electron donor [74]. It is worth noting
that all amendments were able to reduce Cr(VI) to levels below 50 pg/L. It should be
underlined that according to available studies on Cr speciation in groundwater, Cr(VI) is
the major part of chromium in groundwater and represents approximately 70%—-99% of
total chromium [75-77].

Figure 3a,b illustrate the results of the combined biological and chemical Cr(VI) re-
moval. As shown, the addition of Fe?* and a carbon source can double the removal rates
during the first 10 days of the experiment. The rates obtained with Fe?" addition were
1.25 h~! & 0.70 compared to 0.61 h~! & 0.08 with molasses as the carbon source and
0.92h~! £ 0.38 to 0.54 h~! 4 0.20 with EVO. This is in accordance with published data,
which indicate that chemical reduction of Cr(VI) with ferrous iron is supplementary to
microbial reduction [78,79].

Cr(VI) removalrate k (h?)

2.00

1.80 -
1.60 -
1.40 4
1.20 -
1.00 -
0.80 -
0.60 -
0.40 -

0.20
0.00
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O ANAER-M B ANAER-M+Fe 180 4 DANAER-E @ ANAER-E+Fe
160 -
140 4
120 4
100 -

it il el

Cr(VI) removalrate k (h)

0-10 days

10-20 days

20-30 days 30-40 days 40-60 days 0-10 days 10-20 days 20-30 days 30-40 days 40-60 days

Time Time

(a) (b)

Figure 3. Cr(VI) kinetic rate constants (k) of microcosms with the addition of (a) molasses and a
combination of molasses and Fe and (b) EVO and a combination of EVO and Fe, during the anaerobic
experiment (error bars are equal to standard deviation).

Hexavalent chromium and ferrous iron react at a stoichiometric molar ratio of
1/3, producing a nontoxic solid product with the following general molecular formula:
Fe(_)Crx(OH)3 [80]. Taking into consideration the theoretical ratio, the majority of the
Fe(Il) was available for Cr(VI) reduction, although it is possible that a small amount could
have been passivated due to the soil and groundwater alkaline pH. Furthermore, Fe(II)
analysis on liquid samples between the 1st and 10th day of the experiment indicated that
soluble ferrous iron was below the detection limit. However, in anaerobic soils and under
the presence of microbes and organic e~ donors, Fe(Ill) is reduced to Fe(II), which leads to
the formation of highly reactive Fe(Il)- bearing minerals, such as magnetite, siderite, and
green rusts, that can act as reductants for the abiotic removal of Cr(VI) [81-85]. Between the
10th and 60th day of the experiment, the kinetic rates of the bottles amended with carbon
source and Fe(Il) were similar to those containing only the corresponding carbon source, so
it can be concluded that this mechanism had no significant effect on Cr(VI) removal.

3.3. Evaluation of Cr(VI) Reduction under Anoxic Conditions

In the anoxic experiment, hexavalent chromium and nitrate removal were evaluated
for a period of 60 days. Initial Cr(VI) and NO3-N concentrations were 2000 pug/L and
10,000 pg/L, respectively, for the first 10 days of the experiment, and for the remainder,
these concentrations were increased to 3000 pg/L and 20,000 pg/L. The bottles were
spiked with Cr(VI) and nitrate every 2-3 days. In Figure 4a,b, the effect of the addition of
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different organic electron donors on Cr(VI) and NO3-N removal rates is illustrated. Sterile
amendments showed that Cr(VI) removal rates were ksrgrii g, anox = 0.024 h~1+ 0.01,
which indicates that Cr(VI) removal from non-biological processes was less than 16% in
all amendments during the 40 first days of the experiments. According to the obtained
results, biostimulation can enhance both mechanisms of biological Cr(VI) reduction and
denitrification under anoxic conditions.

Cr(VI) removal rate k (h-1)

1.00 -
0.90 -
0.80 -
0.70 -
0.60 -
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0.30 -
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0.10 -
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OANOX-B OANOX-M EANOX-E OANOX-B EANOX-M BANOX-E

1.50 -

1.00 4

:::vﬂi Ml .

Nitrate removal rate (h?)

0-10 days 10-20 days 20-30 days 30-40 days 40-60 days 0-10 days 10-20 days 20-30 days 30-40 days 40-60 days
Time Time
() (b)

Figure 4. Cr(VI) (a) and nitrate kinetic rate constants (b) of microcosms during the anoxic experiment
(error bars are equal to standard deviation).

In Figure 4a,b, the results from the biotic control experiment (ANOX-B) are pre-
sented. For the first 30 days of the experiment, Cr(VI) reduction rates were on average
0.34 h—! + 0.01, while nitrate removal rates were 0.37 h~1 + 0.07. The results indicate that
both processes (Cr(VI reduction and denitrification) were possible without the addition of
an external reductive agent and were carried out almost simultaneously.

By comparing the kc(yy) rates in the ANOX-B experiment and the amendments where
organic electron donors (molasses and EVO) were added (Figure 4a), it was observed that an
increase in kcy(yy) rates in the molasses and EVO batch tests was achieved between the 10th
and 30th day of the experiment. During the first 10 days, Cr(VI) reduction rates were similar
in all three conditions studied (approximately 0.35 h~1). In contrast, denitrification during
the first time interval (0-10 days) seemed to be 2.6-3.0 times faster than Cr(VI) reduction.
Nitrate reduction rates obtained in the ANOX-M experiment were 1.07 h~! + 0.63 and
in the ANOX-E 1.03 h~! £ 0.62 (Figure 4b). This finding that denitrification rates are
higher than Cr(VI) reduction rates is in agreement with published data [86]. However, for
the remainder of the experiment, this difference in reduction rates was diminished, with
both redox reactions occurring almost simultaneously, although nitrate removal was in
the majority of the cases still slightly faster. Similar results, i.e., that Cr(VI) and nitrate
microbially remediated reduction can occur concomitantly in the presence of the same
electron donor, have also been obtained by Hu et al. [87]. It should also be mentioned
that after the 10th day, NO3-N concentration was increased, and it has been reported
that in certain cases and within limits, nitrate addition could even be beneficial for Cr(VI)
reduction [50,52,88].

Figure 5a,b and Figure 6a,b illustrate the results of the combined biological and chem-
ical Cr(VI) and nitrate removal. In the case of Cr reduction, the simultaneous addition
of Fe?* and a carbon source increases the removal rates by 2.5-3.0 times during the first
10 days of the experiment. The rates obtained with Fe?* addition were 1.03 h~! + 0.59 com-
pared to 0.34 h~1 + 0.17 with molasses as the carbon source (Figure 5a) and 0.99 h—! 4 0.48
to 0.39 h~! 4 0.24 with EVO (Figure 6a). Between the 10th and 60th day of the experi-
ments, the kinetic rates of the bottles amended with carbon source and Fe?* were similar to
those containing only the corresponding organic energy source, as was also the case in the
anaerobic experiment.
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Figure 5. Comparison (a) of Cr(VI) kinetic rate constants and (b) of nitrate kinetic rate constants
between molasses and a combination of molasses and Fe (error bars are equal to standard deviation).
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Figure 6. Comparison (a) of Cr(VI) kinetic rate constants and (b) of nitrate kinetic rate constants

between EVO and a combination of EVO and Fe (error bars are equal to standard deviation).

As mentioned in Section 3.2, the redox conditions favor the formation of reactive
Fe(II)—containing minerals. Several studies have suggested that Fe(Il) in groundwater
(dissolved or in iron-containing minerals) could promote the reduction of NO3-N and NO,-
N in contaminated aquifers, with the latter two acting as potential electron acceptors
for Fe(Il) oxidation [89-91]. Denitrification rates with the addition of an iron source
(Figures 5b and 6b) were slightly higher than the rates in the amendments where only an
organic e~ donor was added, although the difference was insignificant, with the exception
of rates obtained between the 30th and 40th day. It can be concluded that during the first
10 days of the experiment, the majority of Fe(Il) was used for Cr(VI) reduction, while for
the remainder, Fe(Il)-containing minerals promoted nitrate reduction.

Nitrite measurements showed that during the first 30 days of the experiment, NO,-N
was below the detection limit, indicating that nitrite was just an intermediate product and
complete denitrification was taking place. However, after the 40th day of the experiment
and until termination, NO,-N concentration in all biotic amendments was measured
between 1.0-6.0 mg/L. The presence of nitrite at such high concentrations indicated that
NO;-N reduction could not be completed, possibly due to an electron donor shortage [92].
After the 30th day, both processes were significantly slower and were carried out through
the endogenous decay path, as indicated by Figures 4-6.

3.4. Evaluation of Cr(VI) Reduction under Different Sulfate Reducing Conditions

Hexavalent Cr reduction rates were evaluated under low and high sulfate concentra-
tions for a period of 60 days. Initial Cr(VI) concentration was 2000 ug/L for the first 10 days
of the experiment and 3000 ug/L for the remainder. The bottles were spiked with Cr(VI)
every 2-3 days, while sulfate concentration was measured and kept at 100 mg/L (S100)
and 400 mg/L (S400) throughout each experiment. Sterile amendments showed that Cr(VI)
removal rates were kstgriLgsi00 = 0.071 h~! 4+ 0.03 and KsTERILE 5400 = 0.076 h=1 +0.02.
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These rates indicate that Cr(VI) removal from non-biological processes was less than 11%
throughout the 60-day observation period in the amendments where electron donors were
added in the 5100 experiment, while in the 5400 experiment, their contribution was less
than 16% during the first 30 experimental days.

In Figure 7a,b Cr(VI) removal rates from the biotic control experiment and the amend-
ments containing molasses and EVO for both sulfate concentrations are presented. Cr(VI)
removal rates without the addition of an organic e~ donor were kgjgp.g = 0.91 h=1 4+ 0.03
and kggpo.p = 1.39 h~1 +0.03 during the first 10 experimental days. During the next period
(days 10-60), both reduction rates were slower. In the 5100 experiment, ksjgo.p decreased
by 48% and was on average 0.61 h~! & 0.11 throughout the experiment without significant
fluctuations. In contrast, in the S400 experiment, kgsoo.g was 0.31 h=1 +0.13, indicating
a decline of 3.43 times. Nonetheless, Cr(VI) reduction was still possible in both cases
through (a) endogenous decay and (b) direct reduction by the produced sulfide from sul-
fate reduction. The addition of an organic electron donor (molasses or EVO) increased
Cr(VI) reduction rates 1.2-2.3 times under both sulfate-reducing conditions. No significant
differences between the reduction rates of batch tests amended with molasses and EVO
were reported.

[@S100-B [@S100-M W S100-E 3.00 - [0S400-B 0S400-M @ S400-E

150

T Rl .

Cr(VI) removal rate k (h)

0-10 days

10-20 days

20-30 days 30-40 days 40-60 days 0-10 days 10-20 days 20-30 days 30-40 days 40-60 days

Time Time

(a) (b)

Figure 7. Cr(VI) kinetic rate constants of microcosms during the (a) S100 and (b) 5400 experiment
(error bars are equal to standard deviation).

Comparing the Cr(VI) removal rates obtained from the S100 and S400 experiments,
there is a noticeable difference in their progression. In the S100 experiment (Figure 7a),
the rates are almost stable for the duration of the experiment. However, in the 5400
experiment (Figure 7b), there is a steep decline between the first- and second-time intervals
(0-10 days and 10-20 days, respectively), followed by a slighter decrease. Furthermore,
kgg00 reduction rates on days 0-10 were approximately 1.5 higher than their counterparts
in the 5100 experiment, while for the next 30 days (days 10-40), kg rates were 10-70%
lower than kgjgg. The addition of an electron donor in the S400 experiment promoted
the completion of microbial metabolic processes at a higher rate, including sulfate and
Cr(VI) reduction, which led, however, to the consumption of the electron donors at a faster
pace. Observation of the kgjgp removal rates beyond the 60-day period (results not shown)
indicates that reduction of Cr(VI) through the endogenous decay path occurred 80 days
after the addition of the electron donor. In contrast, in the S400 experiment, endogenous
decay was reached faster in approximately only 40 days. It can be concluded that the
overall Cr(VI) reduction proceeded at a slightly higher rate in the S100 experiment.

During the first 10 days of the experiments, measured sulfide concentrations (Table 5)
in the 5400 experiment ranged from 12.2 mg/L to 19.0 mg/L in amendments where an
organic electron donor was added. Thereafter sulfide concentration decreased following
the pattern described above. In the S100 biotic amendments, sulfide concentrations were on
average 7.7 mg/L in the first time interval but did not significantly decline during the rest
of the experiment. Comparing the sulfide concentrations in amendments where electron
donors were added during days 0-10, sulfide concentrations in the 5400 experiment were,
on average, two times higher than the ones in the S100. As already mentioned, sulfide
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is a reductant of Cr(VI) to Cr(Ill) at the pH range of the microcosms experiments. As
reported by Kim et al. [93], this chemical reaction can take place at a pH higher than 8§,
while Cr(VI) reduction rate is positively correlated to initial sulfide concentration. Therefore
the possibility of abiotic Cr(VI) reduction in the presence of sulfate-reducing conditions
where sulfides act as electron acceptors should not be excluded.

Table 5. Average sulfide concentrations under sulfate reducing conditions (S100 and S400 experiments).

Sulfide Concentration (mg/L)

Experimental Set

0-10 Days 10-20 Days 20-60 Days
5100-B 46=£0.0 3.1£01 1.6 +1.1
5100-M 71+02 43+08 37+08
5100-E 75+£05 31+£15 30+£1.1
5100-M+Fe 71+£06 54+14 32£16
S100-E+Fe 91+12 58+0.8 33£22
5400-B 21£01 1.7 £ 0.6 1.0+ 05
5400-M 19.0+18 6.9 £39 23£1.0
5400-E 122 +238 70+51 19+1.0
5400-M+Fe 162 +£53 36+£28 20£07
S400-E+Fe 133+ 2.6 5305 39£27

Cr(VI) reduction rates with the addition of ferrous sulfate are presented in Figures 8 and 9.
The addition of a ferrous source can increase Cr(VI) reduction rates by 41%-99% during the
first 20-30 days of both experiments since redox conditions favor the creation of reactive
minerals, as described in Sections 3.1 and 3.2. For the rest of the experiment, reduction
rates were similar to the ones containing only the corresponding organic electron donor.

@SI00B  @SI00-M  @S100-MsFe 500 4 OS400-B  @S400-M  mS400-MsFe

Cr(VI) removalrate k (h!)

0-10 days 10-20 days 20-30 days 30-40 days 40-60 days 0-10 days 10-20 days 20-30 days 30-40 days 40-60 days
Time Time
(a) (b)

Figure 8. Cr(VI) kinetic rate constants (k) of microcosms with the addition of molasses and a
combination of molasses and Fe during the (a) S100 and (b) S400 experiment (error bars are equal to
standard deviation).
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Figure 9. Cr(VI) kinetic rate constants (k) of microcosms with the addition of EVO and a combination
of EVO and Fe during the (a) S100 and (b) S400 experiment (error bars are equal to standard deviation).
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3.5. Comparison of Cr(VI) Reduction Rates under Different Reducing Conditions

An important aim of this experimental work was the evaluation of Cr(VI) microbial
reduction under different reducing and limiting electron donor conditions and their effect
on in situ bioremediation applications. Cr(VI) reduction rates obtained under anaerobic
and anoxic conditions were comparable in all amendments, even with the increase in initial
Cr(VI) concentration at 3 mg/L in the anoxic experiment. Furthermore, biostimulation
appears to favor Cr(VI) reduction under sulfate reduction conditions. In the S100 exper-
iment, Cr(VI) reduction was in the majority of the amendments at least two times faster
than their counterpart’s in the anaerobic experiment throughout the 60-day observation
period and in the biotic control batch test four to seven times faster. Similar results were
also obtained in the 5400 experiment during the 30 first experimental days, although for
the remainder, Cr(VI) removal rates did not exhibit significant differences compared to
their anaerobic counterparts. It is not clear whether microorganisms directly reduce Cr(VI)
via an enzymatic mechanism or whether a significant amount of Cr(VI) reduction proceeds
indirectly by microorganisms reducing sulfates which then abiotically reduce Cr(VI). In
either event, it is clear that in the sulfate range studied, the addition of an organic electron
donor is an effective mechanism to stimulate Cr(VI) reduction in the subsurface under
sulfate-reducing conditions. Overall, the most favorable conditions for microbial reme-
diated Cr(VI) reduction in terms of reduction rates and longevity of the process are low
sulfate-reducing conditions (100 mg/L).

The obtained results have significant importance for in situ Cr(VI) bioremediation
applications. Cr(VI) bioreduction under sulfate-reducing conditions is the most favorable
environment since, even without the addition of a carbon donor, Cr(VI) removal can be
carried out through direct chemical reduction by bio-produced sulfide. However, special
emphasis should be placed on the creation of a balanced ratio between provided COD and
sulfate concentration to ensure the longevity of the process. Anoxic environments would
require more frequent injections of organic electron donors since the reduction of nitrates is
a high-energy demanding process.

4. Conclusions

The aim of this study was to examine the effect of two different organic carbon
sources and an iron source on biological hexavalent chromium reduction under nitrate-rich,
complete anaerobic, and sulfate-reducing conditions. The results of the experiments can be
summarized in the following conclusions.

Biostimulation by the addition of an organic electron donor can increase the rate of
Cr(VI) reduction up to six times in comparison to the natural soil capacity rates under anaer-
obic conditions. Comparing the two Cr(VI) reduction rates obtained by the two different
carbon sources, they did not exhibit any significant differences. Furthermore, a combina-
tion of organic carbon and iron electron donors can further increase the removal rate of
hexavalent chromium through biotic and abiotic processes. However, this biostimulation
did not have a long-lasting effect on Cr(VI) reduction and gradually diminished following
the depletion of the electron donors.

Cr(VI) reduction is also feasible in the presence of nitrate ions and, according to the
microcosm results, is carried out almost simultaneously with denitrification when electron
donors are available. Microbes that have been acclimatized under anoxic conditions can
completely mitigate water containing Cr(VI) and NOs3-N concentrations, equal to 3 mg/L
and 20 mg/L, respectively, through biostimulation, employing either an organic or a
combination of organic and inorganic electron donors. However, following electron donor
depletion, both Cr(VI) reduction and denitrification rates are significantly reduced.

Sulfate presence in a Cr(VI)-contaminated aquifer significantly improves microbially
induced Cr(VI) reduction, even without the addition of an electron donor. However, at
high sulfate concentrations (400 mg/L), Cr(VI) bioreduction is slightly impaired compared
to lower sulfate concentrations (100 mg/L) due to the faster consumption of the organic
electron donor.
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Since anaerobic, anoxic, and sulfate-reducing conditions are quite common in ground-
water aquifers, the findings of this study provide significant information on Cr(VI) biore-
duction under these redox conditions through biostimulation and could be used as a basis
for a possible larger-scale application for bioremediation purposes.
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