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ABSTRACT

Chromium is one of the most frequently used metal contaminants. Its hexavalent
form Cr(VI), which is exploited in many industrial activities, is a known human
carcinogen and, being water-soluble in the full pH range, represents a major threat to
groundwater resources. Many polluted sites show extensive Cr(VI) plumes in
groundwater.

The traditional approach to Cr(VI) remediation by contaminated soil excavation
and off-site disposal and groundwater remediation through the “Pump and Treat"
method is still the selected option at most sites, even new in situ technologies have
been developed in recent decades up to full scale and nowadays accounts for many
field applications. These technologies include chemical-physical removal processes
through electrokinetic and soil flushing, chemical reduction with iron or sulfur-based
reagents, or bio-induced reduction with registered brand reagents. Due to the complex
behavior of chromium in the environment and to its interaction with numerous
chemical species in the subsurface, careful evaluations of site-specific conditions and
maybe specific tests are required for selecting the best approach to site remediation.

In the first part of this thesis, a thorough review of existing literature on the
environmental behavior of chromium and available technologies made it possible to
identify significant scenarios of Cr(VI) contamination and feasible approaches to
Cr(VI) remediation in the different contexts, leading to the definition of selection
criteria for preliminary assessment of potential exclusion of some technologies. The
main factors that influence to the choice include: i) pH (5-7; 7-9), ii) Cr(VI)
concentration (below/above 100 mg/kg unsaturated soil or 10 mg/l in groundwater),
iii) iron availability in the soil (above/below 1 gr./kg) and iv) soil heterogeneity
(variation in hydraulic conductivity or intrinsic permeability within or more than 2
orders of magnitude).

The experimental part of the work aimed to investigate in situ bioremediation, and

the remedial option with the greatest potential for combining efficiency and
sustainability, both in terms of costs and environmental impacts.
Microorganisms, thanks to their adaptability and metabolic versatility, are capable of
not relying solely on various toxic compounds for carbon or energy sources, but also
of adopting different detoxification strategies in order to adapt and survive in
contaminated environments. Biological activity in the subsurface can be stimulated to
ensure, proper environmental conditions (e.g. neutral pH, electron acceptors
availability, ...), by means of external supplies of substrates, nutrients and electron
acceptors. Experimental activities investigated:



(a) Bio-induced reduction, relying on the injection of rapidly biodegradable
organic substrates to promote reducing conditions into the aquifer, viable for
Cr(V]) reduction.

(b) Bioelectrochemical systems (BESs), taking advantage of the ability of several
microrganisms to make use of solid electrodes as electron acceptors or donors
to carry out their own metabolic reactions.

Bio-induced reduction technology has already been used in full-scale remedial
works, traditionally done using expensive trademark registered products. As
alternative organic substrates, two different cheap food industry by-products
(ultrafiltration permeate of cheese whey and waste from brewing processes) have been
investigated in terms of removal of Cr(VI) from groundwater and of the kinetics of the
process in lab-scale batch tests. Batch microcosms using 5 and 10 mg/L Cr(VI) initial
concentration, two different soils, and 25% or 50% solid/liquid ratios were set up.
Important removal of dissolved Cr(VI) was observed at the end of the total incubation
time (approximately 40 days). Key factors to Cr(VI) removal in induced
bioremediation are the initial concentration of Cr(VI) and the availability of Fe(II) for
Cr(Il) co-precipitation. Precipitation of the reduced chemical form is not
instantaneous; stable redox potentials below -200 mV vs SHE were required to observe
Cr(V]) reduction. Higher Cr(VI) abatements were observed in the soil with a higher
total heterotrophic bacteria concentration (10* vs 10 CFU/gq.w.).

The use of inexpensive by-products can be considered as a possible alternative to
registered products for Cr(VI) bio-induced reduction, with interesting prospects in
terms of limiting costs and environmental impacts. A peculiar limitation with by-
products is the difficult definition of the appropriate dose to be used to suit to site-
specific conditions.

Doses that are too high can cause negative secondary effects in the aquifer and the
accumulation of residues and metabolites, conversely, an insufficient supply produces
a stall in Cr(VI) reduction. Furthermore, with bio-induced reduction, chromium
precipitates throughout the contaminated area with no concrete chance of recovering
the metal, which possibly undergoes partial re-oxidation with time.

BESs is an innovative technology, with only some positive laboratory experiences
in soil/sediment treatment reported so far. Most of the available data refers to exposure
to electrostatic fields or electrical fields generated by direct current, already exploited
in electrokinetic processes.

Most of the experiences available in literature on Cr(VI) treatment with BES have been
focused on wastewater treatment combined with energy recovery in Microbial Fuel
Cells (MFC). Such systems use Cr(V]) at the cathode as an effective electron acceptor
of the electrons resulting from the oxidation of organic substances at the anode. The
high chemical reduction potential of Cr(V1), especially at acidic pH, is responsible for
energy production. In the case of groundwater, an external power supply is required
due to a low concentration of oxidable organic matter and a pH typically around neutral
value.

The research activity focused on the design and development of lab-scale BESs to
carry out Cr(VI) reduction tests. Lab-scale batch and continuous tests in microbial 3-



electrode cells (M3Cs) were used to investigate Cr(VI) removal in polluted water at 1-
2 mg/l Cr(VI). To run these systems an potentiostat was used that had been built in-
house, to set the biocathode potential in the range -300 mV and +700 mV vs Standard
Hydrogen Electrode (SHE). Abiotic and open-circuit controls were also set up, to
discriminate i) purely electrochemical from biological reduction, and ii) compare
bioelectrochemical to just biological reduction.

BESs, with properly set electrode potential, showed higher Cr(VI) removal
efficiencies in comparison to purely electrochemical or biological processes. The
fastest decrease in Cr(VI) concentration was observed in a test with a biocathode
poised at -300 mV vs. SHE, that, after only six days’ operation, showed a 7% residual
chromium concentration. Microbial analysis, performed by 16S rRNA gene
sequencing, made it possible to evaluate the selection in the systems of bacterial
communities containing electro-active and/or Cr(VI) reducing/resistant bacteria.
Known electro-active bacteria (EAB) were able to adapt; autotrophs like
Alcaligenaceae appear to be favored. Bradyrhizobiaceae, Trueperaceae and
Flavobacteriaceae were selectively enriched on the polarized cathode biofilm; the
microbial consortium makes a contribution to high removal of chromium to the
biocathode.
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INTRODUCTION AND PURPOSE OF THE
WORK

Cr(V]) is water soluble in the full pH range and extremely toxic to the health of
humans and all living organisms because of its mutagenic and carcinogenic properties.
The unregulated disposal of Cr(VI) effluents and improper management of Cr(VI)-
containing waste have led to widespread chromium contamination of soils and
groundwater around the world. In Chapter 1 of this thesis chromium characteristics in
natural environment are presented; as a consequence of its mobility in water,
groundwater resources are especially vulnerable to Cr(VI) contamination, with levels
often shown to exceed the internationally acceptable exposure limit of 50 pg Cr(VI)/1.
In Chapter 2 conventional methods for site remediation, “Dig and Dump” (D&D) of
unsaturated soil and groundwater Pump and Treat (P&T) are discussed in comparison
to innovative in situ strategies. Cr(VI), like any metal, is not removed, but only changes
its oxidation state; this requires careful evaluation of the long-term stability of reduced
products and possible re-oxidation mechanisms. In particular, chemical reduction
based on iron and sulphur reagents, biological reduction, electrokinesis and soil
flushing were taken into account. Due to the highly complex behavior of inorganic
pollutants in the environment, there are no written “Decision Guides” available for
hexavalent chromium to refer to in choosing the potentially most suitable remediation
technology in relation to the site-specific conditions.

A promising strategy to be explored for in-situ bioremediation is the application of
bioelectrochemical systems (BESs), that consist of an anode, where an oxidation
reaction takes place, and a cathode, where a reduction reaction takes place, and at least
one or both reactions are microbially mediated. In Chapter 3 peculiarities of this
technology are discussed; such as the ability of certain microorganisms to use the
electrodes as inexhaustible electron acceptors/donors which make it possible to supply
electrons without adding organic substrates for the stimulation of microbial activity.
In Chapter 4 a review provides an analysis of current knowledge and experiences in
bioelectrochemical treatment of hexavalent chromium. In literature, the existence of
microorganisms resistant to chromium is reported and some of them are also able to
reduce it. BESs have been extensively studied and intensively developed especially
during the last ten years for wastewater valorisation and treatment; several
experimental works investigated hexavalent chromium reduction in Microbial Fuel
Cells (MFCs) with bioanodes and either abiotic cathodes or bio-cathodes.

In Chapter 5 significant scenarios are identified to guide one in the selection of the
most suitable technology according to the site-specific features. The scenario of



greatest interest is that of soil and groundwater in oxidising conditions, where the
chromium remains in hexavalent form if not properly treated. This approach is useful
in the preliminary assessment of the remedial options; only full-scale implemented
technologies have been introduced in the output sheet, while BES is only discussed
due to its potential applicability for on-site remediation.

Research insights have been focused on biological technologies; Chapters 6-8
summarize the experimental activities carried out over the years of study.
Induced bio-reduction (Chapter 6) is based on the injection of organic carbon sources,
whose rapid microbial degradation by indigenous heterotrophic microorganisms
prompts anaerobic conditions and produces reductants, such as S*, Fe(Il) and
fermentation metabolites, able to mediate Cr(VI) reduction and precipitation. Tests
were carried out in batch unstirred systems, with two different soils, solid/liquid ratios,
initial Cr(VI) concentrations and substrates. The tests aimed to verify the theoretical
conditions for Cr(VI) reduction shown by the Pourbaix diagram, in a real soil system.
The use of inexpensive byproducts as substrates, that show similar features to the
commercial reagents, was shown to be an interesting alternative for Cr(VI) bio-
induced reduction with interesting prospects in terms of reduced costs and limited
environmental impacts. The performance of in situ Cr(VI) treatments is therefore
influenced by the abundance of suitable electron acceptors and donors, as well as
carbon sources and nutrients for the microorganisms, often requiring external
supplements for a balance. Controlling the supply rates can be a crucial step to avoid
unwanted side reactions and the accumulation of undesired substances (e.g. excess
substrates or nutrients, fermentation products) with deterioration of soil and water
quality.
For bioremediation of Cr(VI) in groundwater, where oxidable organic matter is
typically low, BES requiring an external electricity supply represents an alternative.
Researches focused on designing and developing lab-scale BESs through the
acquisition of materials, development of methods for setting up and monitoring the
systems, and carrying out tests for Cr(VI) reduction. Major tasks included an
experience with Electro-Synthesis (ES) and Electro-Fermentation (EF) in biocathodic
BESs (Chapter 7) using pure culture. Bioelectrochemical production of organics from
inorganic carbon in cathodes could be used to reduce Cr(VI) heterotrophically with
the aid of a cathode. Furthermore, the feasibility of biocathodes stimulating
fermentation from organic waste was evaluated. The purpose for a contaminated
aquifer could be the acceleration of a bio-induced process thanks to the presence of a
BES.
Cr(VI]) reduction (Chapter 8) starts with some preliminary tests, reduction has been
observed in BES where a voltage potential was set up between the electrodes.
However, in these systems there was little control over how the reactions take place
and the real contribution the EAB made on the electrode was not clear. Therefore
Cr(V]) reduction was investigated using a BES in a Microbial 3-electrode Cells (M3C)
configuration. Attention was paid to the appropriate experimental setup, in terms of
required equipment, monitoring and control. The work aimed to determine the
effectiveness of a microbial biocathode for Cr(VI) reduction in comparison to a pure
microbial and pure electrochemical control, in order to start exploring the possibility
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of effective Cr(VI) reduction in natural surface water or groundwater at lower Cr(VI)
concentrations than wastewater investigated so far.

To minimize the total energy required and to facilitate the rapid development of an
EAB in the first phase of the work, electrodes were acclimated in the anodic chamber
of a MFC. A relationship between substrate availability and current production was
observed; at the end of the acclimation period, current density in the MFC reached
stable peak values, while coulombic efficiency showed a marked increase with time.
Families of EAB were identified by 16S rRNA gene sequencing, performed in
collaboration with Milano Bicocca University.

Once the EAB had developed, one of the electrodes was transferred to a M3C. To
approach real groundwater conditions, no organic substance was added in the working
chamber, dosing carbonates as the sole carbon source. Tests for Cr(VI) reduction
(initial concentration: 1-2 mg/l) were carried out under anaerobic conditions with the
M3C biocathode poised between -300 to +700 mV vs SHE. Some controls were set up
in order to distinguish electrochemical from biological removal; a study of proper
microbial consortia was performed.

A continuous flow test was also conducted. This system has provided useful
information as to the development of research on this technology, due also to the
limited number of continuous BES studies for the removal of Cr(VI) reported in
literature.
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1

CHROMIUM AND CONTAMINATION

1.1 Chromium chemistry and behavior in the environment

Chromium primarily exists in two valence states, trivalent Cr(IlI) and hexavalent
Cr(VI). Cr(III), the most common form of naturally occurring chromium, is relatively
stable and has low solubility in aqueous solutions (Erdem et al., 2004; Unceta et al.,
2010); thus it is largely immobile in the subsurface at typical environmental conditions
(pH 6-9) (Dhal et al. 2013). In aqueous systems, hexavalent chromium can be present
in different species (Panagiotakis et al. 2015): primarily as chromic acid [H>CrO4] and
its salts, hydrogen chromate ion [(HCrO4)7] and chromate ion [(CrO4)*7]. Cr(VI) is
highly soluble in water and therefore mobile; moreover, it is a proven carcinogen
(classified as a Class A), mutagen, and teratogen and exhibits acute toxicity to different
biological systems (CCME 1999; USEPA 1998b; Guertin et al. 2005; Humphries et
al. 2005; US Department of Health 2009; US Department of Health 2012). In relation
to these effects, the USEPA has classified Cr(VI) as one of the seventeen most
dangerous elements for human health (Marsh and Mclnerney, 2001; Palmer and Puls,
1994).

The migration of chromium in soils, surface and ground-water and its toxicity is
strictly related to its chemical form (Figure 1,1a). The equilibrium of the different
chromium species depends on total chromium concentration, oxidation-reduction
potential (ORP) and pH of the system (Figure 1.1b) (Palmer and Puls, 1994; Pradhan
et al. 2017). Under proper pH and Eh conditions, or in the presence of
reducing/oxidizing agents, the prevailing chemical species can change (Accornero et
al., 2010). Cr(V]) species are stable under oxidizing conditions, whereas Cr(OH); is
stable under reducing conditions (James et al. 1997; Massacheleyn et al. 1992). The
pH range of interest includes values between 5 (acidic) and 9 (alkaline), which can be
considered the possible extremes for soil under natural conditions (US Department of
Agriculture 2017); the ORP typically encountered in an aquifer falls in the range —100
and +600 mV (vs. Standard Hydrogen Electrode - SHE) (Ohio EPA 2014).
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Figure 1.1. Scheme of cycling and transformation of Cr species in soil/soil solution
(a); Diagram of Pourbaix showing dominating chromium species in diluted aqueous
solutions (in yellow Cr(VI) species, in green Cr(III) species), as a function of Eh
(redox potential Eh vs. SHE) and pH (b). The red rectangle encloses the area of
natural environmental conditions (S¢an&ar and Milaéi, 2014).

With reference to the area within the red box in Figure 1.1b, the prevalence of Cr(VI)
species is located in the portion of basic pHs and redox higher than +200 mV.
However, the theoretical Pourbaix diagram of Cr had to be properly adjusted to site-
specific conditions, taking into account groundwater and soil composition. Cr(VI) can
be reduced to the trivalent form by redox reactions involving organic substances in
soil (carbohydrates, proteins and humic species), Fe(Il), S* or as part of the
metabolism of some microbial species. Reducing species which serve as electron
donors facilitates the reduction process (USDE, 2011).

Amongst the most widespread electron donors, Fe(Il) assumes special importance
(Palmer and Wittbrodt 1991). In aerated soil, with high redox potential, iron has a
trivalent form. In asphyxial soil, with low redox potential, Fe(II) ions in solution are
abundant, depending also on the chemical composition of the soil, and are prone to
react with hexavalent chromium. At pH 5-6, the redox reaction is (Buerge et al. 1997):

3Fe?* + HCrO4 + 3H:0 —3Fe (OH);* + Cr(OH):* M
At pH > 7, the reduction mechanism of the hexavalent chromium follows the reaction
(He 2003):

3Fe? + CrO4™ + 4H0— 3Fe™ + Cr'* + 8OH 2)

The formation of Cr(III) and Fe(III) species results from reactions (1) and (2). Reacting
with each other, or with further dissolved Fe(II), means they do not remain in solution,
but are removed in the form of hydroxides.

Cr(IID) is less toxic and more stable than Cr(VI) in aquatic environments as under
natural conditions, at moderately acidic or alkaline pH, it tends to precipitate as
chromium hydroxide or oxide (Cr(OH)3 or Cr203) (Beverskog and Puigdomenech,
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1997; Rai et al., 1989). The oxidation of Cr(IIl) to Cr(VI) can take place in presence
of Mn(IV) oxides (Richard and Bourg 1991; Palmer and Puls, 1994). However, the
kinetic is slow, as the process is 10 times slower than reduction of Cr(VI) to Cr(IlI)
(Bartlett et al. 1988; Tiwary et al., 2005).

The significant instances of contamination by Cr(VI) are essentially linked to
soils/aquifers under oxidising conditions, with intrinsic permeability greater than 10~
m? (coarser lithologies of fine silty sands); in fact, at a redox potential of around +500
mV (vs. SHE), the natural reduction of Cr(VI) to Cr(Ill) is largerly disadvantaged
(Sedlazeck et al. 2017). Conditions of this type are typical of glacial/alluvial deposits
with low organic substance and of fragmented rocks.

1.2 Toxicity

Toxicity of hexavalent chromium is mainly due to the higher oxidative potential
and solubility of its compounds compared to those of trivalent chromium. Cr(VI)
adsorbed due to ingestion or inhalation reaches the blood flow and arrives at cells
through ionic exchange processes; this behavior is different to that of Cr(III) because
it tends towards tie plasma proteins and, in particular, to transferring (De Flora, 2000).
Cr(V]) can reach the liver, kidneys, brain and other organs of the human body through
the circulatory system. Ions of Cr(VI) within blood tend to create “critic sites” in target
cells that are responsible for the creation of tumors.

Cr(V]D) is considered one of the most toxic chemicals and is classified as
“carcinogenic” by the International Agency for Research on Cancer (IARC). A recent
study by the IARC highlights sufficient proof to demonstrate a correlation between
exposition to Cr(VI) and lung cancer, but the correlation with stomach cancer cannot
be demonstrated with certainty (IARC, 2012); also USEPA (1998a) has classified
hexavalent chromium as a “Carcinogenic Substance Class A” due to the decisive proof
of its cancer causing capability.

Ingestion of contaminated foods and water, and inhalation of particulates, are the
main exposure pathways because Cr(VI) is not volatile; direct contact with products
containing Cr(VI) has a minor role, but it can cause irritation or damage to the eyes
and skin if Cr(VI) contacts these organs (Unceta et al., 2010). Irritation or damage to
the nose, throat and lungs (respiratory tract) may occur if Cr(V]) is inhaled as scattered
inflammatory phenomena. Cr(VI) adsorption due to inhalation depends on many
factors, such as the dimension of particulates, the oxidative state of chromium and the
solubility of the chemical. The ingested hexavalent chromium acts on the oral cavity,
the esophagus, the stomach and the intestine, favoring the formation of ulcers.

Workplace exposure to Cr(VI) causes the most serious problems (OSHA, 2009);
workers can inhale Cr(V]) as a dust, fume or mist while, among other things, producing
chromate pigments, dyes and powders (such as chromic acid and chromium catalysts);
working near chrome electroplating; performing hot work and welding on stainless
steel, high chrome alloys and chrome-coated metal; and applying and removing
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chromate-containing paints and other surface coatings. Continuos exposure to
compounds containing Cr(VI) may provoke alteration and mutation to genes as well
as increasing the risk of developing tumors (Dayan et al., 2001). Some studies, carried
out on foundry workers involved in ferrochrome production, have pointed to a
correlation between chronic exposure to Cr(VI) and the incidence of breakdown of
DNA parts (Benova et al., 2002, Gambelunghe et al., 2003, Medeiros et al., 2003).
Also data from tests on bacteria and animals suggest a correlation between Cr(VI)
exposition and genetic mutations (WHO, 2013).

The World Health Organization (WHO) has calculated a “Tolerable Daily Intake”

(TDI) of Cr(VI) for oral exposure equal to 0.9 pg of Cr(VI) per kg of body weight
(WHO, 2013).
The toxicity of a carcinogenic pollutant is quantified by the “cancer slope factor
(CSF)”, representing the incremental risk of developing tumors with reference to the
assumption of a unitary dose of chemical throughout the entire life. The value supplied
by the Italian department ISS (Istituto Superiore Sanita) for assumption of Cr(VI)
through inhalation is 42 (mg/kg/d) (ISS-INAIL, 2018). Over the last decade, United
States institutions have carried out many studies to evaluate the possible correlation
between assumption of Cr(VI) through ingestion and the increase in tongue and
stomach cancer; the US Department of Health (2012) has extrapolated data from
experimental activity of the national toxicology program, calculating a value of CSF
for ingestion equal to 0,5 (mg/kg/d).

1.3 Industrial use and sources of contamination

The main natural source of chromium is chromite (FeCr204), a member of the
spinel mineral group. Millions of tons of chromate are mined at global leveland the
amount increases yearly (Figure 1.2); about 45% of chromite is mined from South
Africa, 16% from Kazakhstan and 15% from India (Dhal et al., 2013).

Country Reserves  Production (In ‘000 tons)

2007 2008 2009 2010 2011

World: Total >480,000 23,900 23,600 18,700 23,700 24,000
(rounded)

India® 54,000 4873 3980 3372 3800 3800

Kazakhstan 220,000 3687 3552 3333 3830 3000

South Africa 200,000 9647 9683 6865 10,900 11,000

USA 620 - - - - -

Finland - 556 614 247

Brazil
Russia

628 700(e)  700(e)
777 913 16

Turkey - 1679 1886 1770
Zimbabwe - G614 442 194
g g 3 ~ Other countries NA 1439 1829 1803 5170 5300
a b

Figure 1.2: chromite mine in the Sukinda (Orissa) valley (India) (a); chromium
global stock and production in the main States (b) (U.S. Geological Survey, 2012).

If not properly managed, extraction processes of minerals may have a huge
environmental impacts due to the dispersion of a large amount of chromium. Solid
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wastes produced by mining operations are often stored outside on permeable soils, in
countries which lack environmental legislation, resulting in contamination of water
bodies due to the rainfall washout and chromium solubilization (USEPA 2009).

The presence of Cr(VI) in soil and groundwater has also been linked to geogenic
processes, namely, weathering of ultramafic and mafic rocks in various areas around
the world (Panagiotakis et al. 2015; Lilli et al. 2015; Chrysochoou et al. 2016). Recent
reports have established that naturally occurring Cr(VI) is prevalent in groundwater
from specific aquifer systems composed of ultramafic rocks in California, Arizona,
Mexico, Argentina, Brazil, Italy and Greece (Jafarian and Jafarian, 2017; Kazakis et
al., 2017, 2015; Tiwari et al., 2019; Vengosh et al., 2016).

Chromium is an important industrial metal with a wide range of applications
(Table 1.1) in metal plating, leather tanning, metal corrosion inhibition, pigment
production, refractory materials and wood-preserving industries (Nriagu, 1988; Zayed
and Terry, 2003; Apte et al., 2005; Chirwa and Molokwane, 2011; Jadhav and
Hocheng, 2012). Wide scale industrial use of hexavalent chromium and its compounds
has caused serious environmental pollution, generally relating to accidental or
unlawful leakage of waste from production processes or illegal dumping of slags
(Guertin et al. 2005). Chromite is used for industrial uses to produce ferrochromite, an
alloy containing about 60-70% of chromium or pure metallic chromium (U.S.
Geological Survey, 2012).

Ferrochromite is widely used in the manufacturing of stainless steel (Figure 1.3.a);
chromium leads to the creation of a surface layer that protects steel from corrosion and
oxidation. The chromium content in stainless steel must be higher than 10-12% by
weight to avoid gaps in the protective layer.

Chromite is oxidized in the air stream and in molten sodium carbonate (Na2CO3) to
produce pure metallic chromium. The reaction leads to sodium chromate (Na>xCrOs)
and iron oxide (Fe>03); sodium chromate is used to produce chromium trioxide (or
chromium anhydride) (CrO3), and the compound is used in the galvanic factory to
chromate metals (USEPA 1997). Pigments of the chromate group are also commonly
used; they are made by chromate ions (CrOs*) or bichromate ions (Cr.07%).
Chromium is laid down on a metal surface by an electrolytic process to improve its
corrosion resistance and to give it a sparkling appearance.

Chromium is also used in the tanning industry to stabilize collagen fibers and to
eliminate the putrescibility of animal skins (Figure 1.3b); about 90% of worldwide
manufactured skins undergo te a tanning process with chromium because it ensures a
better resistance to wear and water and a better appearance compared to the use of
vegetable substances (Wang et al., 2007b). The process occurs in acid conditions and
may take several hours; tanning with chromium salts is called “Wet blue” due to the
typical blue coloring that skins take during the manufacturing phases.
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Chemical Name Uses
Most common uses: chromium plating,
. . . . aluminum anodizing, and chemical
. Chromic acid, chromia, chromic . . &
Chromium . Lo intermediate for chromated copper arsenate
.. (VI) acid, chromic trioxide, .
Trioxide . . . wood preservatives.
chromium oxide, chromium (VI) . .
oxide Other uses: ceramic glazes, colored glass,
metal cleaning, inks, and paints
(inorganic pigments).
Lead C.I. pigment Yellow 34, crocoite, Decorating china, pigment in industrial
Chromate lead chromium oxide, paints, rubber and plastics, pigment in oil
Sodium plumbous chromate paints and watercolors, and printing fabrics.
Inks, oxidizing agent in the manufacture of
. . . dyes and many other synthetic organic
Disodium salt, chromium sodium y Y YRS g
. . . . . L chemicals, electric
Dichromate oxide, dichromic acid, disodium . . .
. . ; batteries, manufacture of chromic acid, other
dichromate, sodium bichromate, . .
. . chromates and chrome pigments, corrosion
sodium dichromate e 5
inhibiting paints, component of wood
preservatives, and colorant for glass.
. Zinc salt, chromium zinc oxide, .. .
Zinc . . . . Priming paints for metals,
zinc chromium oxide, zinc . .
Chromate varnishes and pigments
tetraoxychromate

Table 1.1: Selected Cr(VI) compounds and their uses (OSHA, 2009).

Figure 1.3: chromium plating of a metallic component (a) (LMchromecorp.com);
manufacturing skins (b) whose blue color is related to the use of chromium salts
during tanning phases.

The European Commission has recently issued a number of Directives and
Recommendations for environmental protection and the safeguard of workers and
consumers that aim at the reduction of chromium use in industrial processes. For
example, Directive 2002/95/CE (RoHS5) has forbidden the use of hexavalent
chromium for anti-corrosion coatings for some types of electrical and electronic
equipment starting from 2006.
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The chrome plating systems are equipped with systems for evacuation and treatment
of chromic anhydride vapors, a compound with high toxicity and corrosive power
(Laxmipriya et al., 2010).

Discharges from tanneries are subjected to treatment processes aimed at recovering
the reagents, in particular for trivalent chromium; the treatment process allows -about
80% of the total chromium used to be recovered (Bertoldi, 2007). Hexavalent
chromium in industrial wastewater is typically treated by reduction, and subsequent
precipitation, to the non-toxic Cr(II) by means of reductants (for instance FeSOu,
Na»S»0s5 and SOz) (Malaviya and Singh, 2011) or electrochemical processes
(including electrocoagulation, electro-reduction, electrodialysis and
electrodeionization) (Jin et al., 2015). Generally, these processes are easy to implement
and efficient at high or moderate Cr(VI) concentrations. However, the use of
reductants produces a large amount of metallic sludge, and these approaches are either
ineffective or not cost-effective when applied for trace Cr(VI) treatment. Adsorption
on adsorbents, such as activated carbons or zeolites, is also adopted, as this process
exhibits several advantages such as simple operation, low cost, and high efficiency
(Brungesh et al., 2015; Caputo et al., 1999). Nevertheless, this strategy presents some
disadvantages: regeneration of adsorption media is needed and no
degradation/detoxification of Cr(VI) to Cr(IIl) is achieved (Rajeswari et al., 2016).
Therefore, operations like the spreading of sludge from tanneries in agriculture lead to
huge amounts of chromium in soils despite the treatment processes significantly
reducing the chromium concentrations in wastewater.

Environmental effects related to the use of chromium appear more evident given the
huge amounts emitted within the atmosphere; about 2.700 tons of chromium were
emitted into the air globally during 2010. The most significant sources are related to
combustion (about 73% of total emissions) and industrial production (about 23%)
(Swietlik et al., 2010).

Combustion of coal to produce electricity is one of the greatest contributors of
chromium emissions into the atmosphere; coal contains about 20 ppm of chromium
and it transforms into ashes and gases during the combustion process (Shah et al.,
2008). Although the gaseous flow is subjected to specific treatment phases, a residual
part of chromium escapes from the removal and is emitted into the atmosphere on the
fine particulate matter. Likewise, non-negligible fractions of chromium are released
into the atmosphere during the thermal disposal processes of residual urban waste.
Most of the chromium emitted into the atmosphere tends to settle on the soil due to its
removal from the atmosphere through precipitations.

The unregulated disposal of Cr(VI) effluents and the improper management of
Cr(VI)-containing waste (Figure 1.4) have led to widespread chromium contamination
of soils and groundwater around the world. Today the main problems are related to the
huge contamination of soils as a result of uncontrolled spills over the past decades.
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accidental or unlawful
leakage of waste

Chrome
plating

: drinking
| water well

Groundwater flow Cr(VI) plume
>

Figure 1.4: Cr(VI) disposal scheme; leaching and plume in groundwater.

In uncontaminated groundwater, chromium concentration is lower than 0.001
ppm (Hashim et al., 2011). Chromium levels in soil vary according to area and the
degree of contamination from anthropogenic chromium sources. Soil tests have shown
chromium concentrations ranging from 1 to 1000 mg/kg (WHO, 2000). In the USA,
the study of chromium plume has become topical; Hinkley groundwater
contamination, famous because of the Erin Brockovich class-action lawsuit, had
expanded to 9.7 km long and 6.4 km wide. Given the extensive territorial expansion,
new plumes were discovered recently, during the installation of a groundwater
monitoring well (Vesselinov et al., 2013). Plume characterization is a challenging but
not unique problem because multiple models and contamination scenarios are
consistent with the site data and conceptual knowledge. Sharma et al., (2012) verified
an association between health adversities among inhabitants and the presence of Cr
(VD) in groundwater in Kanpur areas, India. Even in China the increased sensitivity to
groundwater places more emphasis on chromium plumes (He and Wu, 2019);
groundwater availability is one of the key factors determining local living conditions,
especially in the arid and semiarid areas, such as the Loess Plateau in northwest China.
In Italy, many of the 39 sites of national concern (SIN) contain high concentrations of
total and Cr(VI) ("Tito" (Potenza), "Cogoleto" (Genova), "Livorno", etc.). In
Lombardy, about 25% of the sites ranked in the Regional Plan of Contaminated Sites
(SER-APHIM) are affected by Cr(VI) in groundwater and/or soil (Regione Lombardia,
2016; Azzellino et al., 2019).

1.4 Environmental regulation

As a consequence of mobility in water, groundwater resources are especially
vulnerable to Cr(VI) contamination, with levels often shown to exceed the
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internationally acceptable exposure limit of 50 pgcrvi/l (Guertin et al., 2005; Xafenias
et al., 2013). Cr(VI) gained world-wide attention in 2000, thanks to the Julia Roberts’
film, Erin Brockovich, which increased public awareness of contamination in
groundwater.

The limits imposed to drinking water can be more stringent. Standards are
generally set for total chromium, as it can convert between oxidation states both
outside and inside the human body. In order to ensure that the greatest potential risk is
addressed, EPA's regulation assumes that a measurement of total chromium is 100
percent Cr(VI) (USEPA, 2000). There is a provisional guideline value of 50 pg/l for
total chromium (WHO 2004). The USA and Europe set 100 pug/l (USEPA 2017b;
European Commission, 2018) as the upper limit for chromium; the European
Commission proposes reducing the value to 25 pg/l within 10 years after the Directive
enters into force. In 2014, the California State Water Resources Control Board
(SWRCB, 2014) established 10 pg/L and 50 pg/L as the drinking water standard for
hexavalent and total chromium, respectively. In Italy, Ministerial Decree 14"
November 2016 introduced 10 ug/l as the limit for hexavalent chromium potable
water.

The limits on the quality of groundwater are also of interest in the context of national
regulations; however they are not often defined. Italian law limits for groundwater
(CSC - Contamination Threshold Concentrations), defined in Annex 5 to the Part I'V-
Title V of the Legislative Decree 3rd April 2006 n°152 (D.Lgs. 152/2006), are equal
to 50 pug/l for total chromium and 5 p g/l for hexavalent chromium (Regione Lombardia
2001; ARPA, 2012). CSCs represent “contamination levels of natural matrixes above
which characterization and Risk Assessment is required” (article 270, paragraph 1 of
D.Lgs 152/2006).

The soil predicted no-effect concentration (PNEC) of Cr (III) ranges between 3.3
mg/kgww for acidic conditions and 62 mg/kgww for other conditions (ECHA, 2014). In
comparison, the PNEC value related to soil for Cr (VI) ranges between 0.006-0.15
mg/kgww. In the absence of a dedicated soil regulation at EU level, there is no
harmonization of permitted thresholds in soil at EU level. The guideline value for
remediation action is 200 mg/kg for agricultural land and on industrial areas is 300
mg/kg soil (INSURE, 2017). In any case, if the concentration exceeds 100 mg/kg, and
if it is above the natural background concentration, soil contamination and remediation
requirements must be assessed (Dhal et al., 2013). Italian CSCs limits for total
chromium in soils are equal to 150 mg/kg (as dry weight) for residential and park areas
and 800 mg/kg for industrial and commercial sites. Italian law also establishes limits
for hexavalent chromium: 2 and 15 mg/kg for residential/park and
industrial/commercial sites respectively (European Commission, 2016).
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2

CR(VI) CONTAMINATED SITES:
REMEDIATION TECHNOLOGIES

2.1 Introduction to innovative technologies

P&T has been used to remediate chromium-contaminated plumes; this method
requires long-term application to meet Cr(VI) remediation goals and may not be
effective at remediating source-zones (USEPA 2007; European Commission 2017).
Contamination in the vadose zone has typically been addressed via soil excavation and
disposal. In the last decade, innovative and promising in situ clean up technologies for
Cr(VI) have been tested, mostly at lab- and pilot-scale (Chrysochoou and Ting, 2011;
Theologou et al., 2013). The technologies of interest are based on biological or
chemical mechanisms, taking into account the sustainability approach (USEPA, 2000).
Reagents like zero-valent iron, ferrous sulphate and sodium dithionite are commonly
used in chemical treatment thanks to their interaction and reduction capability. Organic
substrates are frequently injected in the subsoil to create a negative redox zone in
biological processes. Chemical and biological treatments are strictly joined and there
are commercial products that blend both actions. Given that the major mechanism for
Cr(V]) remediation within an aqueous system is reduction, the aim is the stabilization
of chromium reducing hexavalent chromium to the trivalent form (Dermatas et al.,
2013). The amount of total chromium doesn’t change, but groundwater is cleaned due
to the precipitation of trivalent chromium (USEPA 1999). Mechanisms such as
precipitation and sorption which can also be used for chromium immobilization and
remediation are described (Loyaux-Lawniczak er al. 2001).

21



2.2 Chemical processes

2.2.1 Fundamentals

In general, applicable reagents for the chemical reduction of Cr (VI) have an iron
or sulphur based composition, and can act either directly or indirectly (Beretta and
Pellegrini, 2006; Ludwig et al. 2007) (Table 2.1).

Class Reagent Ref.

Reduced iron Iron(II) sulfate (FeSO.) Cheng et al. (2009)

reagents Iron(II) chloride (FeCl,) Seaman et al. (1999)
Zero-valent iron (Fe(0)) Dutta et al. (2009)
Sulfur dioxide (SO») Ahn et al. (2003)
Hydrogen sulfide (H»S) Thornton and Amonette (1999)
Sodium dithionite (Na>S,04) Fruchter (2002a)

Reduced sulfur g 451 metabisulfite (Na:5:05) Bianco Prevot et al. (2018)

reagents Calcium polysulphurs (CaSs, CaSs) | Jacobs et al. (2001)
Sodium bisulfite (NaHSO3) Jacobs et al. (2001)
Calcium bisulfite (Ca(HSOs),) Jacobs et al. (2001)

Reagents with Iron sulphide (FeS) Mullet et al. (2004)

iron and sulfur Pyrite (FeS,) Lin and Huang (2008)

Table 2.1. Chemical reagents for hexavalent chromium reduction.

Amongst the iron-based species that act directly on the reduction of Cr (VI), the
most commonly used is nanoscaled zero-valent iron particles (nZVI) (Mueller et al.,
2011).

3Fe’+2HCrO4 +14H* — 3Fe** +2Cr*+8H>0 3)

Zerovalent iron is a strong reducing chemical injected as nZVI due to the greater
reactivity compared to the bigger sized prowder. Acid conditions facilitate Cr (VI)
reduction with Fe (0) (Némecek et al., 2014; Yoon et al. 2018). The reduction process
with Fe(0) develops with a second order kinetics that may be simplified to a pseudo-
first order kinetics when great amount of reducing agent is available. Natural bacteria
living in groundwater are not affected by possible negative effects due to the
introduction of Fe(0) within the aquifer.

Fe(0) is introduced in the environment as specific reactive or it is released by solid
phase of soil due to changes in the redox condition of the system. In the pH range 5-
10, the Fe(II) produced by oxidation of Fe(0) reacts with the chromate ion (CrO4>") or
with the hydrogen-chromate ion (HCrOy4') to create Fe(Ill)-Cr(IIl) hydroxide with a
molar ratio Fe(IIT)/Cr(III) equal to 3 to 1 (Ludwig et al, 2007). Chemical reactions that
involve chromate are the following (Khan and Plus, 2003):

3Fe**+CrO4 +4(OH) +4H:0 — Cr(OH)3+3Fe(OH); “
3Fe**+CrO4” +4(OH) +4H20 — 4Feo,75Cro25(OH)s ©)
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There are many studies on ferrous sulphate (FeSOs) in literature. Di Palma et al. (2013)
compare the capabilities of FeSO4 with the ones of Fe(0) in laboratory tests. Both
reagents promote reduction of hexavalent chromium, but reaction time are faster with
Fe(0) although it is required a greater amount of reagent for the same removal rate of
pollutant.

The calcium polysulphurs (CaSs, CaSs) are also in common use (Storch et al.
2002); Chrysochoou et al. (2010) have shown that, when polysulphurs are used, the
reducing conditions remain in the soil for a long time; neutral or basic pH values have
provided greater reducing capacities. The reduction reaction of hexavalent chromium
is the following:

10H*+2CrO4 +3CaSs — 2Cr(OH)3+155+2Ca** +2H>0 (6)

Reagent may be oxidized to thiosulphate (S203%) if oxygen is present; the overall
quality of the treatment may be compromised by the production and release of sulphate
in groundwater. In Chrysochoou et al. (2012) a comparative evaluation of hexavalent
chromium treatment in contaminated soil by calcium polysulfide and green-tea
nanoscale zero-valent iron was also performed.

Sodium dithionite (Na»S»04) acts mainly indirectly, converting Fe (III) to Fe (II)
(Beukes et al. 1999; Khan and Plus 2003; Xie and Cwiertny 2010). This ion plays an
active role in the reduction of the pollutant, according to reactions (1) and (2). The
process is favored in acidic conditions.

S04 — 280y (7
SOx +Fe(Ill)+H:0 — Fe(Il)+SO5* +2H* (8)

Sodium dithionite also directly contribute to the reduction of Cr(VI): its breakdown
generates sulphites and thiosulphates that react in the medium and long term. The
general reduction reaction of Cr(VI) due to hydrogen sulphite ion (HSO3") is the
following:

6H*+2HCrO4+3HSO3 — 2Cr*+2S04 +8:06 +6H>0 9)

The velocity of reduction of Cr(VI) due to dithionite and its decomposition products
increases with high pH values (Ludwig et al., 2007). The more iron ions are available,
the more powerful is the action of dithionite; for this reason, the use of dithionite is
often combined with the injection of ferrous substances. Ludwig et al. (2007) have
studied the combined use of sodium dithionite and ferrous sulphate; care must be taken
in the amount of ferrous sulphate injected because its overdose may result in
production and accumulation of sulphate in groundwater.

The in situ reduction of Cr (VI) in an unsaturated zone by means of gaseous
injections (Thornton et al. 2007) is an approach which has been little developed so far
and principally concerns the use of hydrogen sulphide (H>S) diluted in air. The
efficacy is limited to acid or more neutral environments; for pH > 7.5, a significant
collapse in the efficiency of the process may occur (Kim et al. 2001). The technology
is especially suited to permeable soil, where the circulation of the gaseous reagent is
enhanced. To promote the reduction of Cr (VI) to Cr (III) in unsaturated soil, there
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needs to be adequate moisture content in the soil or in the gas current injected (Hua et
al. 2003). Sulphurate hydrogen generates reduction of hexavalent chromium; reaction
products are chromium hydroxides (insoluble) and sulphates:

8CrO4 +3H,S +10H* + 4H,0 — 8Cr(OH)s + 35S0/ (10)
2CrO# +3HsS +4H* — 2Cr(OH);3 + 3S + 2H20 (11)

High amount of iron in soil may provoke secondary unwanted reactions. Reaction
kinetics are slow, in particular if iron is present; they may lead to production of
sulphate and the subsequent increase of their concentration in groundwater. There is
the possibility to treat the source of contamination in unsaturated soil, but the
characteristics of contamination in vadose zone must be carefully studied to properly
design the treatment (Oliver et al., 2003). This technique may reach the area that needs
decontamination more efficiently than liquid solutions, but must be considered
possible problems related to the management of gases (storage and distribution) and
to the requirement of treatment for possible extracted gases.

2.2.2 Field applications

The characteristics of the aquifer and of the contamination must be studied in

detail to careful plan the intervention. For example, a high permeability of the aquifer
involves a high dosage of the reagent, problems for its dilution and inefficacy of the
chemical action. Moreover, also the cost of the reagent must be taken into account
among the disadvantages; for example, zerovalent iron tends to exhaust quickly.
Attention should be paid to induced negative changes in the aquifer, including pH and
redox potentials. On the other hand, an advantage is represented by the possibility to
carry out quickly remediations; zero-valent iron, for example, acts very quickly.
It may not be necessary to insert large quantities of ferrous based reagents in soils
where iron is already present in the matrix, which would cause inappropriate
overdoses. The presence of iron in the aquifer is essential if dithionite is used;
therefore, it is appropriate to proceed with simultaneous insertion of ferrous
compounds if the soil lacks iron.

Neémecek et al. (2014) carried out a pilot test in the Kortan site, Czech Republic.
The site presents a diffuse contamination by Cr(VI) related to the presence of an
industrial plant for the production of trivalent chromium salts destined for the tanning
industry; it was active until the early years ‘90. The concentration of Cr(VI) in
groundwater is about 3 mg/l; the groundwater is situated at an average depth of 5 m
from the ground level; the water speed varies in the range 0.2-2.0 m/d. About 120 kg
of nano-particles Fe(0) were injected in 60 m® of water in the pilot test, reaching a
concentration of 2 g/l. The reducing solution was injected over the entire thickness of
the aquifer by 3 wells; 5 other wells were then used to monitor the test. There was a
significant increase of pH of the groundwater, with values about 8 in the injection
wells. The redox potential of groundwater has gone from values of 500 mV to -400
mV in the injection wells. The concentration of Cr(VI) decreased significantly in the
first few days (up to 0.05 mg/l) in the monitoring wells, but the values returned
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comparable to the initial ones about 8 months later the beginnig of the test, due to the
progressive consumption of Fe (0).

Laboratory test results of Singh et al. (2011) show that the almost total removal of
Cr(V]) in a short time (120 minutes ) may be achieved handing out a reducing solution
with concentration of nano-particles Fe (0) equal to 10 g/l. The concentration of Cr(VI)
decreased by 99% after 40 days compared to the initial value in the in situ test with
injection of a reducing solution at 5 g/1.

Khan and Plus (2003) state that in situ treatment with sodium dithionite is a viable
option for the full-scale project at the U.S. Coast Guard Air Support Center (North
Carolina). Pilot studies showed reductions of hexavalent chromium below 10 ug/l
injecting 17 kg of Na2S204. The area of influence of the injection had a radius equal
to of 1 m. The reducing zone created reached redox potentials equal to -700 mV and
the absence of oxygen was observed for 48 weeks; moreover, an increase of Fe (II)
concentrations had occurred. The iron naturally presents in the silicate minerals of the
coastal sediments contributed to the reduction of hexavalent chromium in the long
term.

Ludwig et al. (2007) studied the combined use of ferrous sulfate and sodium dithionite
to create an in situ reducing zone for the treatment of Cr(VI) released from a disused
ferrochrome production plant in South Carolina (USA). 4500 liters of reducing
solution were injected in the pilot test; concentrations of ferrous sulphate and sodium
dithionite were equal to 0.20 M and pH was 3.5. Treatment solution was injected in
the area with the highest concentration of Cr(VI) using two wells at a depth between
3.0 and 4.5 meters from the ground level; saturated area was located at 1.5 meters
below ground surface. The average concentration of Cr(VI) detected in the injection
well and in the monitoring wells decreased from 6 mg/l to less than 0.01 mg/l after
421 days from reagents injection. Data showed a substantial reduction of concentration
of Fe(Il) probably due to the progressive depletion of ferric hydroxide in the aquifer
transformed into Fe(Il) for interaction with sodium dithionite.

In Italy, in Spinetta Marengo (AL) a pilot scale application was carried out injecting
albite, a formulation containing 79-92% of sodium dithionite and 2-25% sodium
carbonate (Eupolis Lombardia 2015). The unsaturated area (gravelly sand) was treated
in this case. The injections in n. 4 points were carried out by direct push technique
between -2 and -4 m below ground surface; a total volume of 1000 I of solution was
injected at the flow rate of 70 I/min and 10 bar of pressure. A radius of influence of
1.1 m was estimated from the injection point using tomographic monitoring; the
volume of treated soil was approximately 6-9 m>. The concentration of hexavalent
chromium in the area affected by injections decreased by an order of magnitude (from
about 1600 mg/kg to 200 mg/kg). Soil samples collected after 1, 4 and 6 months from
the injection showed the stability of trivalent chromium hydroxides. An increase in
sulfides concentration (up to 60 mg / kg) was observed. Treatment costs were
estimated at 53 euros/m?, excluding tomographic monitoring and chemical sampling.
Injection with direct push technique was more efficient than traditional injection using
wells considering the radius of influence, although influence radius of this treatment
is restricted. This treatment is innovative for the possibility for reclamation of the
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vadose area; however, costs become significant for applications deeper than few
meters from the ground level.

Calcium polysulfide was used in a pilot test in a metal plating plant (Storch et al.,
2002). Reagent was introduced into the aquifer by direct injection; hexavalent
chromium, chlorinated hydrocarbons and nitrates were present in the groundwater.
Reducing conditions were created in the aquifer and a radius of influence of about 9
m from the injection point was pointed out by monitoring. A rapid decrease of Cr(VI)
concentrations was observed. Furthermore, there were no changes in the
concentrations of iron, manganese and arsenic dissolved in groundwater in the first 30
days following the treatment.

CaS4 was used in a contaminated site in Tezze sul Brenta (VI), Italy (Eupolis
Lombardia 2015). Both the unsaturated area of the soil and the saturated one were
contaminated. The aquifer was highly permeable (102-10" m/s) and for this reason
injection through well was ineffective due to the run-off of the chemical reagent. A
cement "reactive cell" (9 m?) was built to reduce the permeability in the treatment area
(about two orders of magnitude). Chemical solution (2400 kg CaS4, mixed with 2000
1 of water) was injected through 21 valve tubes arranged in the cell. The monitoring
within the cell showed that the redox potential was strongly negative (-300 mV);
concentration of Cr(VI) decreased from 4000 pg/l to <1 pg/l. The risk of reagent run-
off can therefore be avoided by dimensioning an adequate perimeter and bottom
confinement system (not watertight), which allows to create a calm volume and to
obtain adequate contact times. However, the building of "reactive cells" involves
higher costs due to excavation and disposal of contaminated land.

Technology based on gases is not widespread due to the complexity in managing the
intervention. Thornton et al. (2007) estimated a treatment time equal to 48 days using
an air mixture containing 200 ppm HS and a flow rate of 9 m*/min. Pilot tests were
carried out in New Mexico (White Sands Missile Range) injecting hydrogen sulphide
diluted with air in a contaminated unsaturated soil. Injection was carried out for 76
days in a well, also using extraction wells. 70% of the hexavalent chromium has been
reduced and immobilized; its concentration in soil decreased from 8.1 to 1.1 mg/kg.
An Italian experience (Eupolis Lombardia 2015) concerns the use of a mixture with
4% hydrogen in a current of nitrogen at a working galvanic plant in the municipality
of Rho (MI). This technique was carried out for a preliminary treatment of the aquifer
and of the unsaturated layer. Concentrations in the deep layers have been reduced
while it was necessary to excavate and dispose the source of contamination due to the
higher concentrations of chromium present in the layer directly in contact with the
chromium plating tanks.

2.3 Biological processes

2.3.1 Fundamentals

Somenahally et al. (2013) state that the bio-reduction of hexavalent chromium is
an important treatment strategy: many microbial communities have been identified
over years that can adapt to soils with this type of contamination. This work does not
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study in depth considerations regarding the many studies carried out on "resistant and
reducing chromium" pure cultures of microorganisms (bacteria and fungi). The
examples of microorganisms that act in the presence of sufficient substrate are many,
the metabolic processes used for the reduction of chromium, are both direct and
indirect, with actions in anaerobic, but also aerobic conditions (Ontafion et al., 2014).
Natural biological attenuation can therefore contribute to the processes of
decontamination of a polluted site. These phenomena are essential only if the natural
reductants are present in the aquifer, the concentrations do not exceed the reduction
capability of the aquifer and the removal kinetics are compatible with the chromium
transportation time in the aquifer from the source area to the point of compliance
(Franzetti et al., 2017). This aspect is often the most critical one and it carries out to
more stringent interventions for in situ chromium reduction. A detailed knowledge of
the hydraulic and chemical-biological conditions of the aquifer is required to
understand the contributions of adsorption, dilution and dispersion to the natural
attenuation of an aquifer contaminated by hexavalent chromium (Jeyasingh and Philip,
2005). The performance of biological in situ Cr(VI) treatments, relying on either
induced or direct mechanisms, is influenced by the abundance of suitable electron
acceptors and donors, as well as carbon sources and nutrients for the microorganisms,
often requiring external supplements for a balance (Pous et al., 2018). The control of
supply rates can be a crucial step to avoid unwanted side reactions and the
accumulation of undesired substances (e.g. excess substrates or nutrients, fermentation
products) with deterioration of soil and water quality (Vanbroekhoven et al., 2007).
Studies, that aim to support the development of microbial communities without the
dosing of substrates, have been developed recently; bioelectrochemical systems (BES)
(Chapter 3) and, more generally, the application of currents in the subsoil through
electrodes are an example. The influence of electromagnetism on organisms dates back
to the end of the nineteenth century, however the researces that investigates the field
effects on microorganisms is very limited (Beretta et al., 2019). Exposure to
electromagnetic fields tends to enhance rather than reduce cell activity, with possible
applicative consequences in the field of biotechnology, including biological
techniques for depollution. Applying electrostatic field or a field generated by direct
current correlated phenomena could result; an overview is proposed in Figure 2.1.
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Figure 2.1: Scheme of the various phenomena resulting from the application of an
electrostatic field or a field generated by direct current: 1) hydrolysis resulting in O>
production (a) and H> production (b); 2) partial oxidation (a)/reduction (b) of
pollutants; 3) solid electrodes as electron acceptor (a)/donor (b); 4) increase in
pollutant bioavailability; 5) modification in the physiology and morphology of the
cell; 6) loss of membrane integrity, with release of cytoplasmic material and cell
death; 7) increase in intracellular ATP concentration; 8) increase in the transport of
organic molecules, nutrients, and bacterial cells due to electroosmosis,
electrophoresis and dielectrophoresis; 9) transport of dissolved ions due to
electromigration; 10) increase in temperature near the electrodes; 11) divergence of
the redox potential from the environmental conditions; 12) pH variation close to the
electrodes (Beretta et al., 2019).

For some common microorganisms, suitably insulated and exposed to fields, increases
in the cell activity were noted, with effects on the biomass growth rate and the
metabolic kinetics.

The most surveyed fields are certainly the electrostatic; She et al. (2006), in a sysyem
with a current of 10 mA, stimulated dehydrogenase activity thanks to the simultaneous
production of O, and H> at the electrodes. Zhang et al. (2013) affirm that in
bioelectrochemical tests the electrochemical assistance provided the electrons and
accelerated the electron transfer rate in the microbial reduction of 2,4-
dichlorophenoxyacetic. Zhang et al. (2014) observed an increase in the mineralisation
efficiency of 2-fluoroaniline by an aerobic culture exposed to a direct current of 10-15
mA, as a result of the increased activity of the catechol dioxygenase and the selection
of microorganisms with specific degradative abilities. In some experiments with
electrostatic fields of 100-200 V/m or applied/induced currents below 20 mA, typically
bioelectrochemical and bioelectrokinetic treatments, excluded important field effects
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on the basis of biotransformation kinetics, evolution of the CO», microbial charges or
enzymatic activity (Jackman et al., 1999; Wick et al., 2004; Harbottle et al., 2009).
Regarding magnetostatic fields, the most important applications in the environmental
field involve wastewater treatment in activated sludge systems. In addition to a
potential improvement in solid-liquid separation during the sedimentation step,
increases in the degradation kinetics of the organic substance or increased biomass
were related to exposure to magnetic fields.

The limited experiences concerning electromagnetic fields involve wastewater
treatment and in particular the control of fouling. In Zhou et al. (2017), a pulsed
electromagnetic field (square wave with frequency 100 Hz and intensity 5 uT) applied
to a BES caused changes in the microbial community at the anode: a relatively greater
abundance of Geobacter spp. was found (4-8%) than in the control. In comparison
with electrostatic and magnetostatic fields, the experiments with electromagnetic
fields were limited to an exposure duration of a few days at most, and it is not clear if
there were microorganism adaptation.

2.3.1.1 Induced biological reduction

With reference to biological processes in a saturated zone, the administration of
carbonaceous substances aimed at supporting an indirect bacterial action can be
assessed (Ibbini et al. 2010; Somenahally et al. 2010; Bianco Prevot et al. 2018).
Induced bio-reduction is based on the injection of organic carbon sources, whose rapid
microbial degradation by indigenous heterotrophic microorganisms prompts anaerobic
conditions and produce reductants, such as S?%, Fe(Il) and fermentation metabolites,
able to mediate Cr(VI) reduction and precipitation (Brodie et al., 2011; Deng and
Stone, 1996; Somenahally et al., 2013). Microorganisms use different electron
acceptors after oxygen depending on availability, in sequence: nitrates, manganese and
iron oxides, sulphates and, lastly, carbon dioxide. The new environmental conditions
make it possible to reduce hexavalent chromium to the trivalent form; these conditions
remain until the injected carbonaceous substrate is exhausted. The quality of the
treated soil is generally higher than that treated with chemicals (Liao et al. 2014).
Redox conditions of the aquifer are generally less reducing than those occuring using
chemical compounds; several injection campaigns may be required to maintain the
availability of carbonaceous substrates over time. The efficiency of Cr (VI) reduction
through indirect biological processes tends to diminish as the concentration of the
contaminant increases, because of the rise in toxicity (Viti et al. 2006). This type of
process is therefore not advised for environments with high concentrations of Cr (VI)
and where there is a lack of iron. Somenahally et al., (2013) carried out tests where
assessed the impact on microbial communities increasing concentrations of chromium.
In conclusion, they affirm that the injection of substrates promotes the reduction of
chromium thanks to the development of bacterial activity that does not undergo
negative impacts up to concentrations of hexavalent chromium equal to 3.0 mg/I.

Multiple substrates are injectable (Suthersan et al., 2002) and they may require
different application methods depending on their characteristics. Carbonaceous
substrates (molasses, fructose, lactate and whey syrup) can be cheap products deriving
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from waste from production and food activities. Molasses is injected in a 10% (or less)
aqueous solution and it is quickly transported with groundwater. It is rapidly degraded,
resulting in the rapid creation of anaerobic conditions. Different qualities of molasses
are available and they vary according to their sulfur content. The injection can also be
done with a direct technique; however it may be more economical to make ‘“ad hoc”
wells due to the need for repeated injections over time. Fructose syrup contains less
sulfur and can be used as an alternative to molasses. Sodium lactate (C3HsNaQOs)
dissociates in groundwater in lactate ion C3H5053 and sodium Na* ion. Lactate ion
ferments to acetate, for example, producing hydrogen:

C3Hs053 + 2H>0 — C2H302 + CO2 + H20 + 2H> (12)

Acetate may be used directly as an electron donor for the reduction process or,
alternatively, it ferments releasing further hydrogen. Whey is a more complex product
than lactate, which is effective in the aquifer for longer time due to a slower
fermentation. Fresh whey is very cheap, but it is more difficult to find and be treated
than whey powder. It is advisable to use a filtered product to reduce its nitrogen load.
Ascorbic acid, or vitamin C (C¢HgOg), like other organic acids, certainly represents a
promising alternative, as it does not exhibit any toxic features. At pH < 7, it reduces
Cr (VI efficiently, transforming itself into dehydroascorbic acid (Xu et al. 2004).
Bianco Prevot et al. (2018) have, however, encountered high levels of Cr (VI)
reduction in the environment with a pH up to 9.

Chemical processes occasionally complement biological technologies, as, for
example, in Némecek et al. (2016), where there is the combined use of zerovalent iron
and iron lactate. Many registered trademark reagents on the market incorporate the
advantages of the two approaches. These products can therefore have a long effect
thanks to their contents of slow-release products; however their use may be less
sustainable due to their higher costs and to the greater presence of by-products.

2.3.1.2 Direct mechanisms

Selected microorganisms are capable of direct Cr(VI) bio-reduction (Elangovan
et al., 2010; Yang et al., 2009) and biosorption (Liu et al., 2012), both anaerobically
and aerobically (Thatoi et al., 2014; Viti et al., 2014). Nevertheless, the presence of
suitable microorganisms in conjunction with favourable environmental conditions are
essential. The injection of selected bacterial suspensions to reduce the Cr (VI) directly
(chromium-reducing microorganisms) appears difficult to apply both in saturated and
unsaturated zones. In fact, the in situ development and maintenance of these
microorganisms is difficult (Hohener and Ponsin, 2014; Némecek et al. 2014; Thatoi
et al. 2014; Qu et al. 2018). As further proof, there is a lack of literature recording
encouraging experiences.

The known Cr(VI) reducing bacteria belong to different taxa including Escherichia
coli, Pseudomonas putida, Desulfovibrio sp., Bacillus sp., Shewanella sp.,
Arthrobacter sp., Streptomyces sp. MC1 and Microbacterium sp. CR-07 (Focardi et
al., 2013). Many chromate resistant bacteria possess chromate reductase enzymes,
which are either localized in the membrane fraction (Cheung and Gu, 2007; Wang et
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al., 1990) or in the cytosolic fraction (Bae et al., 2005). Membrane bound reductase
enzymes are predominant in anaerobic Cr(VI) bacteria, whereas cytosolic chromate
reductases are soluble proteins which are ubiquitous in aerobic chromate reducing
bacteria. Although the anaerobic Cr(VI) respiration has never been rigorously shown,
the membrane bound reductases of anaerobic bacteria are supposed to be related to the
reduction of Cr(V]) as the terminal electron acceptor (Panneerselvam et al., 2013).

In the presence of oxygen, the reduction of Cr(VI) is commonly associated with
soluble chromate reductases and requires NAD(P)H as electron donor (Horitsu et al.
1987, Thatoi et al. 2014). The mechanisms associated with Cr(VI) reduction can
involve a direct, one step or two steps electron transfer. The Escherichia coli YieF
Cr(V]) reductase transfers three electrons to Cr(VI) in one step to produce Cr(III), and
one to molecular oxygen generating reactive oxygen species (ROS) (Ackerley et al.,
2004). The Cr(VI) reductase ChrR from Pseudomonas putida involves a one/two steps
mechanism in which one/two electrons are donated from NAD(P)H to generate the
intermediate Cr(V)/Cr(IV) that is further reduced to Cr(IIl) by one/two additional
electrons (Cheung and Gu, 2007; Thatoi et al., 2014). Under aerobic conditions, most
Cr(VI)-resistant microorganisms tolerate up to 1500 mg Cr(VI)/l (Camargo et al.,
2004), however, the rate of chromium reduction is directly related to the concentration
of the contaminant and physical parameters, such as pH and temperature (Tahri Joutey
et al., 2014). One of the first studies with Cr(VI)-reducing bacteria, achieved almost
100% of chromate reduction in 2.0 mg/L Cr(VI) solution within 90 h by P. putida
PRS2000 and P. fluorescens LB303 (Ishibashi et al., 1990). Similar results were
obtained by the soil-isolated strains Bacillus sp. E29 and Arthrobacter crystallopoietes
strain ES32 that achieved the reduction of 82% and 90% of Cr(VI) in less than 6 h and
12 h, respectively (Camargo et al. 2004). Much higher Cr(VI) concentrations were
removed by Serratia proteamaculans. Within 48 h, 100 mg Cr(VI)/1 was reduced
(corresponding to 100% of dichromate added) under aerobic conditions (Tahri Joutey
et al., 2014). In the same study, the authors demonstrated that S. proteamaculans was
also able to reduce chromate anaerobically, but the process was more efficient in the
presence of oxygen.

Chromium-resistant microorganisms have also been found in marine environments. A
Cr(VI)-resistant bacterium isolated from seawater and identified as Exiguobacterium
indicum achieved nearly 92%, 50% and 46% reduction for 100, 500 and 1000 mg
Cr(VI)/1 respectively, after 192 h of incubation (Mohapatra et al., 2017).

Under anaerobic conditions Cr(VI) can serve as final electron acceptor in a process
that usually involves membrane bound reductases (Thatoi et al., 2014), but also soluble
enzymes (e.g. soluble cytochrome c3 from Desulfovibrio vulgaris) have been observed
to reduce Cr(VI) (Lovley and Phillips, 1994). Considering glucose as electron donor,
the overall reaction is provided in equation (Barrera-Diaz et al., 2012):

CsH 1206 + 8CrO£ (ag) + 14H20 — 8Cr(OH)3(s) +100H (ag) + 6HCO (4g) (13)

Cr(V]) reduction in anaerobic conditions was reported in several microorganisms.
Both P. dechromaticans and in Enterobacter cloacae are able to use Cr(VI) as terminal
electron acceptor (Thatoi et al., 2014; Wang et al., 1989). Gene expression of
Shewanella oneidensis MR-1 during Cr(VI) reduction was studied (Bencheikh-
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Latmani, 2005). Under Cr(VI) reducing conditions, 83 genes were upregulated.
Among the others, genes involved in the reduction of Fe(IIl) and Mn(IV) were also
upregulated. Further studies with mutant strains confirmed the involvement of mtrA,
mtrB, mtrC, and omcA in the reduction of Cr(VI) (Belchik et al., 2011; Bencheikh-
Latmani, 2005). In anaerobic environments, iron(Il) and sulphide can also play a role
in Cr(VI) reduction (Némecek et al., 2016; Thatoi et al., 2014). Iron-reducing bacteria
(IRB) reduce Fe(Ill) to Fe(II), and biologically produced Fe(Il) can be re-oxidized
reducing Cr(VI) to Cr(III) (Wielinga et al., 2001; Barrera-Diaz et al., 2012). Sulphate
is an electron acceptor widely used by several bacterial groups for the degradation of
the organic matter in anaerobic environments (Jgrgensen, 1982). In sulphate rich
environments Cr(VI) can react with sulphide produced by sulphate-reducing bacteria
(SRB) to produce Cr(IIl) that precipitates (Barrera-Diaz et al., 2012). Clostridium
chromiireducens sp. a Cr(VI)-resistant, Gram-positive, spore-forming, obligate
anaerobe, was identified for its ability to reduce Cr(VI) at a contaminated site (Inglett
et al., 2011). Many previous reports confirmed also autotrophic reduction of
chromium, mostly using hydrogen as electron donor (Battaglia-Brunet et al., 2002;
Chung et al., 2006). A Gram-negative bacterium, capable of reducing hexavalent
chromium, was isolated from a contaminated site; 16S rRNA analysis revealed that it
was belonging to Pseudomonas genus, with high similarity to P. synxantha (Mclean
and Beveridge, 2001; McLean et al.,, 2000). Marsh and Mclnerney (2001)
demonstrated reduction of Cr(VI) with hydrogen and carbon dioxide/NaHCOs3 as
electron donor and carbon source, respectively, carried out by an anaerobic mixed
culture developed from aquifer sediment.

In addition to laboratory studies focused on the elucidation of possible mechanisms
used by bacteria for Cr(VI) reduction, the ability to reduce Cr(VI) in soil-aquifer
systems has been also reported but needs to be further investigated.

2.3.1.3 Phytoremediation

For shallower unsaturated soil, phytoremediation treatment should be mentioned
(Nayak et al. 2018). Plants extract the nutrients necessary for growth through the root
system, including metal ions; also hexavalent chromium can be absorbed although it
is not useful for the metabolism of the plant. The process is certainly slow, but recent
studies have shown how it can be accelerated, for example, by boosting the growth of
the plants (Ranieri and Petros 2014). To define a phytoremediation treatment, it is
crucial to evaluate whether the physical chemical features of the soil and the
meteorological/climatic conditions of the site are compatible with the plant species to
be used. In the case of phytoextraction, it is necessary also to take into account the
periodic discharge of biomass, which contains chromium mainly in trivalent form
(Chai et al. 2009; Lotfy et al., 2014; Raptis et al., 2018). The technology is not advised
for environments with high concentrations of Cr (VI). This technology can be useful
in cases of slight contamination included in the first centimeters of the subsoil, or as a
finishing for an already reclaimed soil.
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2.3.2 Field applications

The pH of the aquifer must be compatible with biological action; furthermore,
adequate time is required for the development of microbial activity, substrate
fermentation and the generation of reducing conditions.

A full-scale treatment with whey was conducted in Emeryville, California (Rynk,
2004). Initial contamination was very high (up to 630 mg/l) with a diffuse plume. 22
injection wells were realized, both in the source of contamination and along the plume.
During one year of injections, each of 1000 1 of serum (diluted with water), a total of
57 m® of product was introduced. One year after treatment, concentrations decreased
up to 0.02 mg/l.

In a site near Bergamo, the phreatic aquifer (a mix of conglomerate, gravel and sand,
with hydraulic gradient of 0.2-0.3%) was affected by Cr(VI) with values up to 20 mg/1,
in a plume 260 m wide and 2.6 km long. Despite the installation of a P&T, the
dissolved plume remained quite stable. In 2011 a patented product, based on food-
grade organic nutrients for bacteria biostimulation, was injected at 4 points located
about 40 m downgradient of the pollution source area. After 40 days, Cr(VI) in the
monitoring wells, located 50 m and 300 m downgradient of the source area, decreased
to values <5 pg/l. These results allowed turning off the P&T, even if dissolved iron,
manganese and arsenic were found in the injection area as side-effect.

Registered trademark reagents MRC® and 3D-Me® were injected into two
contaminated sites in the Lombardy Region (Eupolis Lombardia 2015). Site n. 1 is a
chromium plating facility (5000 m?) hexavalent chromium was found in soil up to
2000 mg/kg and in the shallow groundwater 100 mg/l on average (concentration peaks
up to 690 mg/l). Soil at the site is silty gravel and sand, with local lenses of sandy silt
with gravel. The water table is at 12 m b.g.s. (= 5 m) and the aquitard is at 28 m b.g.s.
In 2008, a hydraulic barrier was installed as the emergency action. After 3 years
operation, a stable Cr(VI) concentration in groundwater was achieved, though it was
very high (20 mg/l). In order to speed up site remediation, in 2012 injections of a
mixture of MRC® and 3D-Me® were carried out. The injection system consisted of 10
HDPE injection clusters screened at different depths (14-19 m b.g.s. and 20-25 m
b.g.s.). A total volume of 28000 1 of reagent was injected. Post-treatment monitoring
showed a very rapid decrease in redox potential (down to about -400 mV); total organic
carbon increased from about zero up to 1800 mg/l, suggesting the presence of organic
substrates in groundwater. Oxygen and nitrates dropped down, while iron and
manganese rose respectively up to 260 mg/l and 113 mg/l. Cr(VI) concentrations in
groundwater decreased by 59 % to 99%, depending on the specific monitoring well,
reaching residual concentrations of about 100 ug/l. Site n. 2 is a metal processing
factory; Cr(VI) was found in groundwater (200-600 pg/l) and in soil (up to 5000
mg/kg). The lithology of the area is very heterogeneous, with presence of boulders.
Since 2007 a hydraulic barrier has been operating at the site to prevent Cr(VI)
migration in groundwater. In 2012, 1300 kg of 3D-Me® and 1300 kg of MRC® were
injected through 8 vertical wells in the saturated soil zone, over an area of about 1000
m?. Injections in the capillary fringe were also combined (800 kg of 3D-Me® and 800
kg of MRC® at 16 points over an area of about 250 m?), in order to protect the aquifer
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from vadose zone leaching. Cr(VI) concentrations decreases in all monitoring wells,
resulting in groundwater concentrations at the point of compliance of about 150 pg/l,
above the target value.

EHC-M® was used for full-scale remediation at a former chromium plating factory in
Veneto (Eupolis Lombardia 2015). In the semi-confined silty sand aquifer, a 30 m long
Cr(VI) plume, with values up to 200 mg/I, was observed. Initially, a P&T was installed
but, as no appreciable reduction in chromium concentration was observed in more than
3 years operation, stabilization via injection of EHC-M® was carried out. In the
pollution source area and immediately downgradient, direct push injections (90 kg
EHC-M®) at 46 points were carried out in the unsaturated soil and groundwater. The
distance between the points of injection was about 1 m. The injection pressure was up
to 15 atm. A rapid decrease in redox potential (down to values of -300 mV in a couple
of weeks) and Cr(VI) (down to values <5 pg/l in few months) were observed. Later
on, redox potential stabilized at values around zero. Dissolved iron, manganese and
sulphates also increased in groundwater.

From these cases emerge the criticality to guarantee the homogeneous distribution
of the injected reagents into the subsoil. Ground fluctuations can lead to contaminant
peaks in the water, if pollution in the unsaturated area is not treated. Treatments in the
unsaturated soil followed by specific treatments in groundwater can complete the
recovery process.

2.4 Chemical-physical processes

2.4.1 Fundamentals

Electrokinetics is a remediation technique for both the saturated and the
unsaturated soil zone, based on the application of a low constant electric field between
two or more electrodes (positive/anode and negative/cathode) (Zhang et al. 2010a; Wei
at al. 2016; Yan et al. 2018). The field causes two important transport mechanisms,
almost independent from soil intrinsic permeability: (a) Electromigration (transport of
ionic species in bulk solution, according to the electric field direction); (b)
Electroosmosis (bulk pore fluid migration, including neutral or charged dissolved
species, from the positive to negative electrode). Electrodes are applied in the ground
generating an electric field of 50-150 Volts to achieve the electrokinetic separation of
chromium ions present in water (Wieczorek et al. 2005). Also an anion (Cr.07*,
CrO4>~, HCrO4~) movement is produced applying an electric field in the unsaturated
soil. The electrodes with ceramic coatings are submerged in a process fluid that keeps
stable the pH. Despite this, negative ions attracted to the anode create an acid front,
lowering of the pH of the soil; the opposite situation happens at the cathode. This
behavior is due to the H* and OH™ ions generated by electrolysis which migrate across
the soil to the opposite electrodes. The cathodic flow must be pumped out, whereas
chromium can accumulate at the anode as a precipitate. The moisture content must be
enough to allow ion migration, but saturation must be not reach to optimize the
process. Therefore it remains potentially one of the few in situ systems suitable for the
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removal of Cr(VI) from the unsaturated area of the soil. It allows also a contextual
removal of other metal ions. It can be used as the first step in a system based on several
treatment technologies for the complete remediation of the unsaturated and saturated
area of a contaminated site. Fine particle size and low permeability improve the results
of the process. Among the difficulties must be cited the treatment of the extracted
liquids besides the installation and maintenance of the system and the electrodes. It
can be difficult to create homogeneous treatment zones and areas can be created with
low electrical conductivity. Treatment aberrations may occur if there are particular
heterogeneity in the subsoil that reduce the migration efficiency. The process is not
efficient if there are different metal ions at different concentrations. The application of
electrodes is also constantly evolving; alternatively, or in addition, to the
electrokinetics processes, hexavalent chromium reduction can be carried out
electrochemically (Chapter 4).

Soil flushing is used to treat unsaturated soil contaminated by leachable pollutants
through suitable chemical agents (Tang et al. 2011; Yan et al., 2012a). In the case of
Cr (VI), given its high solubility in water, the use of these latter may not be necessary
(Yagqgiao and Lei 2016). Aqueous solutions containing surfactants, chelating agents (eg
EDTA) or acid solutions (eg HCI, H2SO4, HNO3 0 CH3COOH) can be used if results
are unsatisfactory or to reduce treatment durations. Soil flushing for Cr (VI), in
general, has satisfactory results in alkaline, permeable, and homogeneous soils
whereas rocky formations or layers of less permeable soil help to create preferential
flows that leave the untreated zone. After extracting Cr(VI) from the soil, the solution
containing the pollutant continues to filter into the unsaturated area until it reaches the
level of the groundwater, where it is then removed through an extraction system (eg
P&T). The extracting solution must be put in contact as closely as possible with the
solid matrix; possible techniques are: surface flooding or irrigation, construction of
filter beds or vertical/horizontal injection wells and trench infiltration systems. The
equipment required is simple to install and operate. The use of a soil flushing system
improves the performance of a possible P&T system installed for the treatment of
contaminated groundwater thanks to the increase of the hydraulic gradient and to the
greater solubilization and mobility of Cr(VI). The treatment of hexavalent chromium
is mainly based to the reduction of the compound to its trivalent form rather than
extracting it and treating it in the extracted water; for this reason full-scale
interventions are not widespread. The characteristics of the aquifer and/or of the
contamination in the unsaturated area must also be studied in detail for an accurate
design of the intervention. Unexpected side and vertical diffusion of the contamination
could occur, with consequent possible leakage of water contaminated by Cr (VI) from
the extraction system if the initial modelling of the system has not been accurate.
Among the site-specific soil conditions, the most favourable situations are good
hydraulic conductivity, low content of iron oxide, clay and organic carbon, low cation
exchange capacity and high pH (USEPA, 2000). The efficiency of the process
decreases significantly with poorly porous or poorly homogeneous soils due to the
possible creation of preferential flows that inhibit the treatment of large portions of
polluted soil.
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2.4.2 Field applications

The technologies discussed can be used for the removal of Cr(VI) from the
unsaturated area of the soil, directly treating the source of contamination.

Electrokinetics full-scale applications have been satisfactory, although significant
limitations in the process were observed when Cr (VI) concentration was low
compared to non-target ion concentrations (CLAIRE, 2009). The equipment had to be
optimised to reduce costs (Voccinate et al. 2016). Among the most recent laboratory-
scale studies, Zhang et al. (2010a) propose to insert a second electric field (vertical)
besides the horizontal one generated by the introduction of two electrodes
perpendicular to the ground level. The vertical dispersion of ions is also taken into
account generating a 2D electric field. The metal ions move along the resultant of the
attraction forces in the presence of the two electric fields.

There are no complete applications of soil flushing in literature due to the usually
reduction of chromium to the trivalent form. Trivalent chromium remains adherent to
the solid matrix and therefore it is not necessary to pump groundwater.

2.5 Full scale implementation

With reference to the mentioned in situ remediation technologies for Cr (VI), they
can be implemented in full scale using a range of approaches, depending on the
technology, the zone to be treated, and the geological/hydrogeological features of the
site. Reactive zones (RZs) and permeable reactive barriers (PRB) are discussed.
Barriers are less widespread for the treatment of hexavalent chromium; however, they
have prospects for future development.

RZs involve the generation of a zone with suitable physical-chemical features in
the portion of ground/aquifer to be treated by injecting appropriate reagents, without
soil excavation. They are the most widely used, in view of their versatility and the
possibility of reaching considerable depths (Fruchter 2002b). The injections can take
place upstream from the source of the contamination, next to it, and/or downstream
(USEPA 2002). Reagents must be placed in the subsoil with an adequate pressure to
obtain their correct distribution in the area to be treated. To intercept a plume in a
saturated zone, lines of injection points can be used, perpendicular to the direction of
the flow (Jeyasingh 2011). Within 10 m from g.l. and with lithology that is not
excessively coarse (therefore, excluding gravel and pebbles), the reagents can be
administered using “direct push” type systems, which require significant injection
pressure to facilitate the distribution (OHIO EPA 2005). The zone of influence tends
to diminish significantly as the viscosity of the fluid to be administered increases. The
injection wells in a saturated zone can also reach very considerable depths, provided
they use adequate pressure (USEPA 1989). It is advisable to distribute the injection
points along the vertical. It is also necessary to carry out pilot tests to evaluate the
distribution of the chemicals in the subsoil (ASTM 2013). Complexity due to the
correct location of the injection points are compensated for the lack of excavation of
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contaminated soil. In addition to the plume geometry, some more hydrogeological
parameters must be considered in the evaluation phase of the applicability of these
techniques to groundwater (NICOLE 2012):

. thickness of the unsaturated area (to decide the injection depth);

. lithostratigraphic sequence (to identify the fenestration of wells);

. horizontal and vertical hydraulic conductivity (for the distribution of reagents
in the aquifer);

. groundwater velocity (to decide the injection flow rate and to evaluate

residence and dilution times).
The hydrogeochemical parameters of interest are: dissolved oxygen, anions (nitrates,
nitrites, sulfates, sulfides), total and dissolved iron, manganese, CO,, CHy, alkalinity,
pH and TOC.
High groundwater velocities can wash out the reducing reagent if aqueous solutions
are injected (in particular those aimed at promoting chemical reduction mechanisms).
Instead, poor and not homogeneous distribution in groundwater may occur using
viscous products to promote biological processes.
In summary, some common advantages of in situ RZs within the saturated zone are:

. the capability to treat directly the source of contamination;
. lower installations compared to P&T;
. reduced problems to carry out the treatment if the site presents problems of

accessibility, presence of buildings or infrastructures.
The main disadvantages are instead:
. injections can reach limited depths, also due to the increasing costs with depth;
. design difficulties, for example for the quantification of the necessary reagents.

In very heterogeneous soil, the creation of RZs can result in treatments of the
contamination that are not homogeneous, with zones of finer lithology barely involved
in the process (Jeyasingh et al. 2011). The PRBs, which can only be used in saturated
zones, consist of the substitution of the aquifer material with allocthonous material,
through which the groundwater has to pass for the decontamination (USEPA 1988;
ITRC 2011). This enables the achievement of a homogeneous treatment zone,
regardless of the heterogeneity of the aquifer under examination. The PRBs are
technically and economically sustainable if the depth of the installation does not
exceed 25 m from g.1. (USEPA 1989; Sethi et al. 2011; Obiri-Nyarko et al. 2014; Faisal
et al. 2018). Aquifers with high hydraulic conductivity are difficult to treat with this
type of installation, because the reactive layer must have permeability of at least an
order of magnitude greater than the aquifer to intercept effectively the contaminated
plume. To increase the permeability of the barrier, it is necessary to increase its
thickness so that the contaminant has an adequate hydraulic residence time in the RZs
(Scherer et al. 2002; USEPA 2012). The use of reactive chemicals in the PRBs must
consider possible problems of progressive fouling of the barrier. This is the case with
the use of iron-based reagents, with the precipitation of the chemical species of Cr (I1I)
and Fe (III) (Fuller et al. 2013; Liu et al. 2015). PRBs are well suited to the
implementation of biological processes, in which case they are called “Biobarriers”
(NAVFAC 2004; Careghini et al. 2013). PRBs for the treatment of Cr(VI) are based
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on chemical-physical or biological mechanisms; the main involved mechanisms are
those of reduction (chemically or biologically induced) and subsequent precipitation.
Zero-valent iron is one of the most used filling material (Marrazzo, 2009). The
construction of barriers with solid organic-based substrates (mulch, compost, sawdust,
wheat straw) is also widespread. Finally, a suitable support material for the inoculation
of dedicated microorganisms must be envisaged in relation to the application in PRBs
of chromium resistant/reducers microbial species (Hohener and Ponsin, 2014). The
applicability of these studies is actually mainly aimed at the treatment of water in
plants; treatments in the subsoil with these biomasses are not yet developed.

In summary, the application of a PRB might be precluded by these hydrogeological
factors: high groundwater velocities, presence of preferential routes, high aquifer
permeability, high rate of heterogeneity in the aquifer and excessive depth of the
aquifer. Regarding the hydrogeochemical factors, the presence of high concentrations
of some compounds in groundwater may generate an excessive demand of reactive
material due to the consumption by parasitic reactions (eg. sulphates, nitrates,
carbonates, dissolved oxygen, silicates for PRB based on Fe (0), dissolved oxygen,
nitrates for PRB based on biodegradation).

Therefore, it is necessary to take into account the type of reactive material, the quantity
needed and its longevity to correctly plan the treatment. It might also be required a
pre-treatment of the water upstream to the PRB. The disposal of the contaminated soil
resulting from the excavation operations and any exhausted reactive materials must be
taken into account in the cost/benefit analysis.

In summary, some advantages are:

. passive technique that can guarantee years of operation (depending on the
reactive material) with minimal management operations, mainly related to
monitoring;

. classified as "green technology" by USEPA (in particular the configuration

based on the use of biodegradable carbon substrates) (USEPA 2017a).
As for the disadvantages, instead:

. construction of the barrier can be expensive in areas with buildings or many
underground services;

. for Fe(0) based PRBs, the precipitation of chromium salts can cause the
progressive coating of Fe(0), reducing the efficiency of the reactive material;

. the permeability of the reactive zone can be reduced due to the creation of

biomass in case of biodegradation processes.
The number of contaminated sites treated using PRB with nano-particles Fe(0) is
increasing in the USA, while its spread is still limited to few cases in Europe. Wilkin
et al. (2014) reports the performance of a continuous PRB (length: 46 m; depth: 7.3
m; width: 0.6 m) based on Fe (0) installed in 1996 and still active in Elizabeth City
(North Carolina, USA). The PRB was designed to treat waters containing Cr(VI) at
concentrations >10 mg/l and some chlorinated solvents (TCE, cis-DCE, VC). During
years, monitoring did not show significant changes in the pH in groundwater upstream
(about 6), downstream (8) and within the reactive zone (10). Instead, a gradual
decrease in the system's capability to maintain reducing conditions has been observed
over years. Concentrations of Cr(VI) measured in piezometers within and downstream

38



the PRB were always between <0.1 and 3 pg/l, with an average removal efficiency of
99.9% over 15 years of activity. Jeyasingh et al. (2011) tested the applicability of
biological PRBs for the treatment of groundwater contaminated by Cr(VI) at 50 mg/l;
they carried out a pilot test to simulate the saturated area under dynamic conditions
(Darcian water speed: 5,4-10°® m/s). The pilot (3 m long, 1 m wide and 0.5 m deep)
was built in laboratory inserting a support layer (sand) for the biomass of 0.1 m wide
at 1 m from the water inlet into the system. Laboratory selected biomass and molasses
were added in the reactive zone; molasses was also periodically injected as a
carbonaceous substrate. During test, Cr(VI) concentrations below limit of
quantification were observed in all the piezometers placed at 50 cm downstream of the
reactive zone.

2.6 Conclusion

In situ strategies with the objective of reducing Cr(VI) coupled with the oxidation

of chemicals are also applied in Fe(0) permeable reactive barriers or by injecting nano-
Fe(0), Na2S>04 or hydrogen sulphide to develop reactive zones in the aquifer (Chirwa
and Molokwane, 2011; Tseng and Bielefeldt, 2002; Turick et al., 1998). The
applicability and effectiveness of these approaches are limited by high costs, poor
chemical distributions and undesired side reactions in the subsurface (Pous et al.,
2018). Recent studies have shown also the possibility of using microorganisms to
promote Cr(VI) reduction and immobilization in contaminated groundwater and/or
soil.
In addition the fact that Cr(VI), as any metal, is not removed with in situ remediation,
but only changes its oxidation state, requires to carefully evaluate the long-term
stability of reduced products and possible re-oxidation mechanisms (Butler et al.,
2015; Varadharajan et al., 2017).

The experience resumed pointed out that Cr(VI) groundwater pollution cannot be

solved unless the unsaturated zone is treated as well. Soil heterogeneity is a critical
issue and mixtures usually have to be injected at different depths. Localized iron,
manganese, arsenic and sulphate side-contamination can result in groundwater after
injections. An interesting topic that emerges from these studies is the possibility to
provide a complete remediation treatment for a contaminated site. Some technologies
are specific for groundwater contamination, but are less common the case studies that
have also included treatment in the contaminated unsaturated area. For this reason, it
is useful to evaluate the described technologies in relation to the peculiarities of the
site and the possibility of adopting differentiated treatments. Even at the economical
level it might be cheaper to plan interventions using more technologies rather than
carry out only a treatment whose final results would slowly arrive.
In conclusion, the majority of in situ innovative technologies of hexavalent chromium
aim at reducing the compound (Table 2.2). The trivalent form deposits on the solid
matrix due to the precipitation of the hydroxides and it is considered less toxic, stable
and not susceptible to reoxidation under typical ambient conditions, as presented in
the literature by many authors.
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Chemical processes

Induced
Bioremediation
Bioremediation (direct
action)

Soil flushing

Electrokinetic
separation

Phytoremediation

Process

Reduction of Cr(VI) to
Cr(III)
Reduction of Cr(VI) to
Cr(I1I)
Reduction of Cr(VI) to
Cr(III)
Extraction of Cr(VI)
(contaminated
groundwater)
Extraction of Cr(VI)
(contaminated
groundwater)
Extraction of Cr(VI)
(contaminated plants)

Treatable Matrix

Groundwater/unsaturated
soil

Groundwater

Groundwater

Unsaturated soil

Groundwater/unsaturated
soil

Unsaturated soil (surface
layer)

Application scale

Full scale
Full scale

Laboratory scale

Pilot scale

Laboratory scale

Pilot scale

Table 2.2. Main concepts for the considered technologies.

No technology is able to completely remove chromium in a contaminated site; it is

essential to evaluate the benefits of the removals in order to reach the removal targets.

Furthermore, a technology can be adapted to the characteristics of a particular site. As

a consequence, it is necessary to understand how to combine the characteristics of one
or more technologies to achieve the objectives to fulfil the remediation of a site
considering both environmental and economic sustainability.
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3

BIOELECTROCHEMICAL SYSTEMS AND
THEIR FIELDS OF APPLICATION

3.1 Fundamentals

Microbial bioelectrochemical systems (BESs), a new emerging technology that
combines biological processes with electrochemical systems, interconverts electrical
and chemical energy, enabling electricity generation, hydrogen production, chemical
synthesis, wastewater treatment, desalination, and remediation (Xie et al., 2015). In
BESs, electron transfer is continuously promoted/controlled in terms of current or
voltage application between the bioelectrodes (Figure 3.1), close to which
electrochemically active microorganisms are located with the role of catalyst
(Bajracharya, 2016). BESs provides both oxidation (anode) and reduction (cathode)
reactions that integrate microbial electro-chemical removal mechanisms (Wang et al.,
2015). In principle, solid-state electrodes are attractive electron acceptors or donors
because they can provide a low-cost, low-maintenance, continuous sink/source for
electrons (Logan, 2009; Zhang et al., 2010b; Wang and Ren, 2013; Lu et al., 2014).
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Figure 3.1: Microbial Fuel Cells (a) and Microbial Electrolysis Cells (b) graphical
scheme (Santoro et al., 2017).

The nature of the reactions at the electrodes is decisive for the type and the outcome
of a BES. In Microbial Fuel Cells (MFCs) (Figure 3.1a), oxidation of electron donor
at the anode is coupled with a reduction of species with comparable or higher redox
potential at the cathode. The net potential of the MFC, as the sum of anodic and
cathodic potentials, is positive, therefore spontaneous electron flow from the anode to
the cathode occurs (Rabaey et al., 2009; EIMekawy et al., 2013). Electrical energy is
gained as a result of thermodynamically favourable reactions; available chemical
energy in biodegradable organic matter is converted into electricity by the oxidative
capability of anaerobic microorganisms (Gude et al., 2013; Logan et al., 2006; Santoro
et al., 2017).

The reaction can be evaluated in terms of Gibbs free energy, expressed in units of Joule
[J]. It provides a measure of the maximum work that can be derived from the reaction
and it is calculated through:

AGr= AGo+RTIn(r) (14)

where:

* AGry [J] is the Gibbs free energy in standard condition (temperature equal to
298,15 K, pressure equal to 1 bar and concentration of all species equal to 1
M);

» Ris the universal gas constant (8,31447 J mol™! K'!);

e T [K]is the absolute temperature;

* II[/]is the reaction quotient calculated as the activities of the products divided
by those of the reagents.

The expression that links energy to the electromotive force of the cell, Eeme[ V], defined
as the potential difference between the cathode (Eca) and the anode (Ean), is:

W=Eens Q= -AG (15)

where:
*  Q=n*Fitis the charge transferred in the reaction, expressed in Coulomb [C]
and determined by the number of electrons exchanged;
* nis the number of electrons per mole and per reaction;
» Fis the constant of Faraday (9,64853 x 10* C/mol).
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Combining these two equations, it is possible to calculate Eemf:

Eemg= - AG/nF (16)
If all the reactions are evaluated under the standard conditions,  =1:

Eenf’= - AGo/nF (17)
where:

e Eem® [V] is the standard electromotive force of the cell.

Generalizing, the equation of Nernst is derived:
Eemf = Eemfo - RT/I’lFll’l(ﬂ') (18)

The advantage of this last equation is to directly provide a positive value of the
electromotive force for any favored reaction. The calculation of this value provides the
maximum limit of the cell voltage; the cell voltage in a BES is determined by the Open
Circuit Voltage (OCV) lowered with losses that occur as current is produced. The
OCV is the difference between the cathodic and anodic equilibrium potential (Ecac and
Ean). The losses that occur in BESs are the over potentials of the anode and the cathode
(Figure 3.2). Plotting the cell voltage and electrode potentials in function of the current
density produced, which is called a polarization curve, is one of the most revealing
methods to express the cell performance.

Eacamode _____________________
E ‘]calnode OCV '\.. s eI > P max
cat e \ i

iopl iSCC
a b
Figure 3.2. Schematic overview of MFC anodic and cathodic overpotentials
(Znanode and Xncathode) in function of the current density (a); the cell voltage (AE)
and the power density (P) in function of the current density (b) (Clauwaert et al.,
2008).

Conversely, with electrochemical devices (Figure 3.1b) where small amounts of
electrical power are made available to microbes who act as biocatalysts, energy is
supplied to allow or enhance thermodynamically unfavourable processes (Rabaey and
Rozendal, 2010). Thanks to external power input to force electron flow, the oxidation
of an electron donor at the anode can be coupled to reduction of lower redox potential
species at the cathode.
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3.1.1 Materials and Systems Monitoring

Reactors consist of glassware, ion exchange membranes, and electrodes mainly

made of carbon materials (Figure 3.3). Electrodes are immersed in electrolytes, which
contain both the reagents and the products of the bio-electrochemical reactions, and
are connected via an external circuit.
Membranes provide a separation structure to isolate different bulk liquids, to optimise
the operating conditions without affecting the microbial community, to prevent
undesired substrate transport, and to facilitate the transfer of ionic species from one
chamber to another for charge balance, increasing, however, the internal resistance of
the system (Kokabian and Gude, 2015). These membranes are classified in cationic,
anionic and bipolar, based on migration species. PEM (Proton Exchange Membrane)
scores high for selectivity but low for stability; CEM (Cation Exchange Membrane)
has a greater resistance and is less selective but generally shows greater stability
(EIMekawy et al., 2013). Applying membranes lies in the development of a pH
gradient between anode and cathode which involves an additional energy loss; another
disadvantage with membranes could be the cost (Kadier et al., 2016). To limit pH
unbalance, bipolar exchange membranes (BPMs) could be assembled by a cathodic
and an anodic layer forming a wet bonding interface, where water splits into protons
and hydroxyl ions (Kozaderova, 2018; Chacon-Carrera, 2019).

In electrochemical experiments, electrode surface may catalyze chemical
reactions; the size affects the magnitude of the currents passed which can affect signal
to noise. However, electrodes are not the only limiting factor for electrochemical
experiments, the potentiostat also has a limited range of operation. Both the electrodes
and the connections can present differences in terms of material, shape and size. The
desirable features of bioelectrodes are high conductivity, stability, and
biocompatibility; design developed from nonporous to modern porous prototype that
are particle-based, fiber-based, or monolithic (Xie et al., 2015). The most promising
strategies use porous structures conducive to microbial colonization and surface
materials that promote Extracellular Electron Transfer (EET).
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Figure 3.3. Schematic of a Double chamber Microbial Fuel Cell (2C-MFC) (a)
(Wang et al., 2008); two-step method used to first enrich (A) a diverse, electrically
active sediment biofilm on MFCs brush anode that was then transplanted to form (B)
the working electrode of a dual-chamber (b) (Kadier et al., 2016).
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To effectively apply BESs, both biological and electrochemical losses need to be
further minimized (Clauwaert et al., 2008). Furthermore, both the ohmic cell resistance
and the pH gradients need to be minimized. The losses can be mainly classified as
activation overpotentials, concentration polarization and ohmic losses (EIMekawy et
al., 2013). The direct flow of electrons from the bacteria to the electrode is hindered
mainly by the transfer resistances which are known as overpotentials. Concentration
polarization occurs when compounds are being oxidized faster at the anode than they
can be transported to the surface, and this could be due to the large oxidative force of
the anode. Ohmic losses are due to electrical resistances of the electrodes, membrane
and electrolyte. It has been observed that cathode resistance could be significantly
reduced by increasing the size of the cathode compared to the anode (Fan et al., 2008).

Further work is needed to understand important biological and engineering issues
that underpin BES technology; only a few pilot studies have been run in real-world
conditions and more pilot studies and scaled-up demonstration projects are needed to
prove the reliability of the systems by bacteria (European Commision, 2013). The
costs of reactor materials have to be decreased, and the volumetric biocatalyst activity
in the systems has to be increased substantially.

3.1.2 Role of microorganisms

Certain microorganisms have demonstrated the ability to use the electrodes as
inexhaustible electrons acceptors/donors (Figure 3.4, 3.5), via a process typically
referred to as EET, and to catalyze redox reactions in order to produce a flow of
electrons (Logan et al., 2006; Rabaey et al., 2009; Shi et al., 2016). Microorganisms,
capable of maximizing their energy gain, when there is a shortage of soluble electron
acceptors, can take advantage of solid electron acceptors. Therefore, the EET concerns
the mechanism of transport of electrons inside and outside the microbial cells. EET
and even biochemistry of so-called ‘electroactive’ bacteria (EAB) have gained deeper
insights and shown that electroactives are more abundant and important than
considered, so far (Aulenta and Harnisch, 2017). Electrodes serve as electron acceptors
or donors for EAB, and the rate of electron flow between electrodes and EAB is related
to their metabolic activities.
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Figure 3.4. Models representations of electron transfer from microorganisms to the
electrodes in BES (a): it occurs via exogenous or self-secreted (by microbes) redox
mediators and oxidation of reduced primary metabolites (i, ii) and via cell-
membrane-bound cytochromes and/or electrically conductive pili (nanowires) (iii,
iv). Mechanisms from electrodes to microorganisms: it occurs by direct route,
mediated by electron shuttles, and indirectly by oxidation of hydrogen by
microorganisms (Patil et al., 2014).
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Figure 3.5. Scanning electron microscopic images of a mixed culture
bioelectrocatalytic anodic biofilm derived from wastewater on a carbon fibre
electrode at magnifications of 5 um (Rif.) (a); Nanowires electrically conductive
produced by Shewanella oneidensis strain MR-1 (b). The nanowires are considered
as the extension of outer membrane and perform EET by electron hopping.

Microorganisms that have EET capability can be used for biotechnological
applications, including bioremediation, biomining and the production of biofuels and
nanomaterials (Shi et al., 2016):
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* specific microorganisms use metal-containing minerals as electron sinks for
heterotrophy-based respiration and electron and/or energy sources for
autotrophic growth;

* the microbial cell envelope is an electrical and physical barrier that can be
overcome; some microorganisms can extend their redox-active surface by
forming microbial nanowires, which transfer electrons to distal minerals;

* minerals that contain metal ions can also function as electrical conductors and
batteries to facilitate electron exchange among different groups of
microorganisms.

Researchers have therefore attempted to develop methodologies for
electrochemically modulating microbial metabolisms using electron-shuttling
compounds (redox mediators) that mediate electron transfer between electrodes and
intracellular redox molecules (Kumar et al., 2017a).

EAB alter their gene-expression patterns and metabolic pathways in response to
changes in intracellular redox states, for example in response to shifts in electrode
potentials (Hirose et al., 2019). This finding suggests that an electrode can be used for
the direct control of gene expression in EAB and opens up a novel biotechnology
platform, termed “electrogenetics”.

The research on EAB developed also with cyclic voltammetry (CV) (Virdis, 2018).
CV experiments on electroactive microbial biofilms needed for a three-electrode set-
up (M3Cs): a working electrode (WE), a reference electrode (RE), and a counter
electrode (CE) (Figure 3.6a). Using this set-up, a current—potential polarization curve
can be recorded using a potentiostat for controlling the voltage between the WE and
the RE and for measuring the current flow between the WE and CE (Zoski, 2007).
During CV, a potential is applied to the WE; a CV scan starts with a certain scan rate,
thus, the flowing current is recorded. The derived spectrum, which shows the current
as a function of potential, is called a cyclic voltammetric curve (Harnisch and Freguia,
2012) (Figure 3.6b). CV is a powerful technique for the study of the EET of
electroactive microbial biofilms (Harnisch and Freguia, 2012):

» formal potentials of redox species;

* reversibility of redox species and its dependency on the scan rate;

e studying the influence of the mass transfer;

e elucidating which redox couples are responsible for the development of
turnover currents, i.e. the identification of the bioelectrocatalytically active
sites;

» distinguishing between adsorbed and diffusive natures of the mediators.
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Figure 3.6. A potentiostatic three-electrode experiment on an anodic biofilm that is
housed in a single-chamber electrochemical cell (a) (Harnisch and Freguia, 2012);
the counter reaction at the CE is the reductive hydrogen evolution from protons.
Convention commonly used to report CV data (b) (Elgrishi et al., 2018).

When WE potential is changed, two different types of current can flow: capacitive
currents and faradaic currents. Whereas faradaic currents are related to an oxidation or
reduction reaction, capacitive currents are not. For low biofilm coverage or biofilms
with low electrocatalytic activities, the capacitive current may always mask the faradic
current, even at low scan rates, and thus allow no CV analysis. Low scan rates allow
the resolution of close redox peaks, which become indistinguishable as the scan rate is
increased. At a slow scan rate, four peaks systems can be revealed.

No theoretical support has been available so far to explain some of the behaviour
observed through transient CV; theoretical models that exploit transient
electroanalysis of microbial systems could be developed (Rousseau et al., 2014).

Data gained by a purely electrochemical study needs to be combined with data
from, e.g., molecular biology and metabolomics, in order to gain a better
understanding of the mechanisms of cell-electrode interactions at the molecular level
(Fricke et al., 2008).

3.1.3 Applications

Not only MFC and Microbial Electrolysis Cells (MEC) describe BESs (Figure
3.7); fields of application are very different. However, there are a number of
biotechnological barriers that first have to be overcome before this application would
be feasible at the commercial level. Costs have to be competitive with other water
treatment and chemical production processes before BES can be adopted on a
commercial scale (European Commission 2013).
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Figure 3.7. BESs applications (Bajracharya, 2016)

Research has broadened the utility of BESs to processes such as resource recovery
and chemical synthesis. The production of energy-rich chemicals such as hydrogen,
H>0», caustic soda, ethanol, methane or even organic molecules is achieved with lower
energy required compared to typical electrolytic reactions (Escapa et al., 2016; Kadier
et al., 2016).

The possibility of sequestration of atmospheric CO: exploiting a
bioelectrochemical reduction at the cathode, is an application of environmental
interest. Electro-Synthesis (ES) is the use of inorganic (es. CO) (Figure 3.8);
bioelectrochemical reduction of CO,, electricity-driven, is a specific application of
autotrophic bioproduction (Rabaey and Rozendal, 2010). Microbial ability enables
reduction reactions to be catalyzed by accepting the electron (energy source) from the
cathode with the production of organics; there is no need for the external supply of
hydrogen as the microbe can obtain the protons directly from electrolyte. Electro-
autotrophic bacteria, such as Clostridium ljungdahlii, utilize electrical currents as an
electron source from the cathode to reduce CO» to extracellular, multicarbon, exquisite
products through autotrophic conversion. Jabeen and Rarooq (2016) tested
Clostridium ljungdahlii as electro-autotrophic bacteria to reduce CO> obtaining
organic acids and alcohols. A pre-enrichment method (to accelerate bio-fuel
production) is suggested: anaerobic enrichment on fructose, inoculation of cathode at
—400 mV, and carbon dioxide provided as sole carbon source to switch from
heterotrophic to autotrophic growth. Clostridium ljungdahlii and Clostridium
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aceticum are reported to be used in a biocathode (-400 mV); acetate, 2-oxobutyrate
and formate were produced (Nevin et al., 2011 in Tremblay and Zhang, 2015).

Anaerobic metabolisms of homoacetogenic bacteria are known for the metabolic
conversion of CO> to acetate and other multi-carbon compounds. An oxidation
reaction at the anode produces protons and electrons for the cathodic reduction and an
electric power source (by applying external electrical energy) drives the electrons from
anode to cathode through an external circuit. Several lithoautotrophs are reported for
the metabolic reduction of CO>. When homoacetogenic bacteria catalyze the CO>
reduction reaction, the major product of CO; reduction is mainly acetate (Bajracharya,
2016). However, the products can extend to alcohols and other carboxylates. In another
case, if methanogens are present then methane (CHy) is ultimately produced. The BES
of volatile fatty acids and alcohols directly from CO; is a sustainable alternative for
non-renewable, petroleum-based polymer production.
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Figure 3.8. Principle of microbial electrosynthesis at the cathode (Bajracharya,
2016) (a); possible metabolic pathways for microbial electrochemical CO; reduction
that leads to the generation of a variety of high value organic compounds beyond
acetic acid and CH4 (Jiang et al., 2019).

The conversion of CO; to produce organic compounds as methane (for fuel) or
bioplastics (e.g. poly-B-hydroxybutyrate) implies reduction of greenhouse gas
emissions (European Commision, 2013). The electrosynthesis at bio-cathode is a novel
approach for the bio-production by microbial fixation of COs.

Fermentation is an anabolic metabolic process in which glucose is degraded into
other organic compounds, producing energy. It consists in the transformation of a
glucose molecule into two pyruvic acid molecules that are subsequently reduced to
lactic acid with a low energy yield. Lactate fermentation is involved in the preparation
of numerous foods including, for example, yogurt, kefir, capers and sauerkraut. In
Electro-fermentation (EF), microbial fermentative metabolism is electrochemically
controlled with electrodes (Moscoviz et al., 2016) that can act as either electron sinks
or sources that allow unbalanced fermentation. In EF starting from organic compounds
(e.g. acetate, butyrate) commonly found in industrial wastewaters to produce ethanol
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biofuel). The EF process is the subject of recent studies; in Xue et al. (2018) the
cathode poised at -0.1 V vs SHE stimulated the lactic acid productivity that resulted
4.73 times higher compared to that in the open circuit control. Both mixed culture and
pure were evaluated; Corynebacterium glutamicum showed higher lactate yield from
glucose in a bioelectrochemical reactor with the cathode poised at -0.4 V (vs. SHE)
(Sasaki et al., 2014). Xafenias and Mapelli, (2014) investigated the use of electric
potential to bioelectrochemically ferment glycerol, a cheap by-product of biodiesel
production, into valuable 1,3-propanediol (1,3-PDO). The 1,3-PDO production rates
were increased up to 6 times in EF, compared to non-EF, and high concentrations up
to 42 g 1,3-PDO/1 were achieved in fed-batch mode. These actions demonstrated that
low cathodic potential is beneficial for lactate production; nevertheless, more studies
on applied potential and mediation mechanisms wpuld be beneficial.

BESs have been extensively studied for wastewater valorisation and treatment
(Figure 3.9a-c); the volume of wastewater from all sources will increase and the cost
of wastewater treatment will also rise (Zou and He, 2018). Organic waste in
wastewater contains more internal energy than the amount of energy required to treat
the wastewater. If that energy could be released, little or no extra energy would be
needed during the treatment process (Li et al., 2015). However, MFC maximum power
outputs achieved thus far are in the order of 100 W/m?, which is rather low in terms of
investment costs compared to anaerobic digesters that produce electrical power up to
1000 W/m? (Pham et al. 2006). The largest energy savings may come from reducing
costs for aeration; in addition, as MECs operate under anaerobic conditions, the
production of sludge could be significantly reduced compared with the activated
sludge process.

Power generation of low power devices (Figure 3.9d-e) and desalination (Figure
3.9f) have been intensively developed, especially in recent years. MFCs are also being
explored as sustainable power supplies for robots (‘gastro-bots’) using biomass to
generate electricity in artificial stomachs (Ieropoulos et al., 2008). Sediment MFCs are
typically sufficient to power small devices such as radio sensors or meteorological
buoys in remote areas (Figure 3.9g); the anode is embedded in the (anoxic) sediment,
while the cathode is placed above seawater, where oxygen is available. MFCs are
being used to power remote biosensors (Figure 3.9h-i), such as tools for monitoring
water quality, as example to monitor BOD in water (Di Lorenzo et al., 2014). Sensors
can be put in position and the collected data transmitted wirelessly. Batteries that have
traditionally been used to power the sensors and data transmissions can be replaced
with self-sustaining MFCs (Shantaram et al., 2005). There is a growing interest in the
development of even smaller BESs, in which the effective chamber volumes are
reduced to the (sub) microliter regime (Figure 3.9j-k). They are still limited by
relatively low volumetric power density and coulombic efficiency, probably due to
their high internal resistance (EIMekawy et al., 2013; Zhang et al., 2017).
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Figure 3.9. Floating MFC, pilot plant in Milan (Cristiani et al., 2015) (a);
MFC/MEC pilot plant feeded with winery effuents, USA (Rif.) (b); MFC Pilot plant
streams from brewery (Australia) (Rif.) (c); power generation of low power devices
(d-e); desalination (f); benthic unattended generator (g); sensor to monitor microbial

respiration in drained thaw lake basins (Alaska) (Rif.) (h-i); microfluidic MFC
development (ElMekawy et al., 2013).

BES application for agriculture has not been well explored. BES may be applied
to treat the waste/wastewater from agricultural production, minimizing contaminants,
producing bioenergy, and recovering useful nutrients and can also be used to supply
irrigation water via desalinating brackish water (Li et al., 2015). The energy generated
in BES can be used as a power source for wireless sensors monitoring the key
parameters for agricultural activities.

BESs for stimulation of bioremediation reactions (Logan, 2008), reclaiming and
recovering metals, including hexavalent chromium (Chapter 4), is a new and
promising approach in water treatment (Nancharaiah et al., 2015).

3.2 BESs for remediation

Solid-state electrodes that could be used as terminal electron acceptors/donor have
raised the possibility that they could also be employed to accelerate the microbial
catalyzed contaminants remediation in soils and groundwater (Lu et al., 2014).
Microbial electro-remediation represents an opportunity to develop a robust and
sustainable technology in a context with different contaminants that are already present
in groundwater bodies and soils (Rosenbaum et al., 2011; Pous et al. 2017). BES
technology proved its flexibility, as it has been adapted for ex situ or in situ treatment
applications depending on the target pollutant (Figure 3.10, 3.11) (Harnisch et al.,
2011). In BESs, limited energy and chemicals are required with respect to other
bioremediation technologies (Wang and Ren, 2014). The electrical signal generated in
BESs also provides great opportunities for real-time monitoring of target contaminant
concentration (Zhou et al., 2017; Wu et al., 2018b; Zhao et al., 2018) and in-situ
microbial activity (Williams et al.,, 2010). Generally, positive effects on
microorganism activity are reported with fields that are electrostatic or generated by
direct currents until around 100 V/m (or induced currents of about 10 mA); some
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positive laboratory experiences with BESs have been reported (Beretta et al., 2019).
Electric field, in fact, induces changes in physicochemical and hydrologic properties
of soil, with effects on distribution and chemical speciation of contaminants and
natural soil constituents (Wang et al. 2016, 2015; Wu et al 2018a).
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Figure 3.10. Framework of opportunities for microbial electrochemical technologies
in groundwater (Pous et al., 2018).
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Figure 3.11. Summary of electrochemical reactions for the different pollutants
treated in groundwater (Pous et al., 2018).

Through biologically-mediated oxidation (at the anode) and reduction (at the cathode),
BESs potentially provide a flexible platform for the treatment of many pollutants
frequently found at contaminated sites and even co-contaminations (Lovley, 2011;
Wang et al. 2015). Solid electrodes can serve, in fact, either as electron sink, for the
oxidation of petroleum hydrocarbons (Daghio et al., 2017; Palma et al., 2018; Zhang
et al., 2010b) or As(III) (Nguyen et al., 2016b), or as electron donor, for reduction of
chlorinated hydrocarbons (Lai et al., 2017; Leitdo et al., 2017), nitrates (Cecconet et
al., 2018) or oxidized metals, including Cr(VI) (Gregory and Lovley, 2005).

The discovery that microorganisms (e.g. Shewanella, Geobacter) are capable of
forming highly conductive networks of filaments that transfer electrons along their
length with organic metallic-like conductivity, provides an explanation for the ability
of species to grow in subsurface environments and effectively remediate groundwater
contaminated with hydrocarbon fuels or similar contaminants (Lovely, 2011).

An integrated anaerobic/aerobic process to completely degrade chlorinated
compounds has also been proposed (FCEE, 2004; Harnisch et al., 2011); higher
chlorinated compounds, such as PCE, are anaerobically transformed to lower
chlorinated compounds, such as cis-DCE, which are subsequently oxidized, through
metabolic or co-metabolic processes, under aerobic condition. The in situ
enhancement of dechlorination is often obtained by injection of different types of
fermentable substrates such as glucose, formate, yeast extract, methanol, lactate,
propionate, butyrate, benzoate and ethanol, which are fermented, to H> by
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autochthonous microorganisms (Aulenta et al., 2011). Aulenta et al. (2007; 2009)
described the use of a polarized carbon electrode (i.e., -450mV vs. SHE) in
combination with a redox mediator (i.e., methyl viologen) as electron donor for the
microbial dechlorination process. The potential of the cathode is set at a value that
does not allow H» production from water electrolysis, thus minimizing the occurrence
of competitive reactions, such as methanogenesis. Geobacter is capable of partially
dechlorinating PCE to cis-DCE using a polarized (-300 mV vs. SHE) graphite cathode
as the sole electron donor, in the absence of any externally added redox mediator
(Strycharz et al., 2008; Di Battista et al., 2012). The inability of this microorganism to
dechlorinate beyond cis-DCE represents a major limitation in its practical application.
Recently, the main attention has been given to the oxidative dechlorination of a less
chlorinated solvent. One possible explanation for the poor degradation efficiencies is
the presence at the anode of microbiologically hostile conditions (Lai et al 2015). In
order to optimize the anodic compartment, abiotic batch experiments were performed
with various anode materials (i.e., graphite rods and titanium mesh anode coated with
mixed metal oxides (MMO)) and setups (i.e., electrodes embedded within a bed of
silica beads or graphite granule). The MMO anode displayed higher efficiency (>90%)
for oxygen generation compared to the graphite electrodes (Lai et al., 2017).
Petroleum hydrocarbons (i.e., PAH, BTEX, phenols, mineral oil, CHC) are detected
in over 50% of European contaminated sites. Bioremediation is typically regarded as
a sustainable technique (Ghosal et al., 2016; Varjani and Upasani, 2017; Nzila, 2018;
Daghio et al., 2018); strategies involve O> delivery into the subsurface. However,
relatively high energy input associated with areation (e.g., blowers), Oz consumption
by side-reactions (Fe**, S* oxidation) and O, diffusion away from the reaction zone
limited the advantages of the technique. With BES, completely anaerobic,
microorganisms catalyze oxidation by using solid-state electrodes as terminal electron
acceptors (Espinoza Tofalos et al., 2018). The feasibility of an electrode-based
bioremediation approach involving crude oil, gasoline, or aromatic hydrocarbons as
target contaminants has been recently presented in a number of lab-scale studies
(Rakoczy et al., 2013; Wang et al., 2012; Zhang et al., 2010b; Morris et al., 2009;
Palma et al., 2016). Microbial communities enriched during hydrocarbon oxidation in
BESs have been fully characterized in a few cases only. Among them, microbial
communities dominated by microorganisms belonging to the phylum Chloroflexi and
to the genus Nitrospira were described during PAH degradation in soil (Yan et al.,
2012b), while Lu et al. (2014) highlighted that - Proteobacteria and y-Proteobacteria
were the most abundant classes after total petroleum hydrocarbon soil remediation
with BES. Interestingly, Rakoczy et al. (2013) noticed that the families
Desulfobulbaceae and Desulfobacteraceae were enriched on the anode during
benzene degradation in sulfide rich groundwater. This observation suggested that
microorganisms involved in the sulfur cycle can play a key role in bioelectrochemical
processes.

The ability to produce chemicals from CO> could be of particular interest for
wastewater treatment. However such a system could also be studied for an aquifer; in
fact, cathodic biocatalysts produce various types of carbon source that could be quickly
used by autochthonous microorganisms in aquifers. The reaction of carbonates,
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commonly found in aquifers, could provide substrates without having to inject the by-
products for the development of biological activity, as described in the previous
chapters.

3.2.1 Feasible interference in groundwater

Another challenge for bioelectrochemical treatment of contaminated groundwater
is the presence, in addition to the contaminants, of a mixture of different naturally
occurring inorganic (calcium, magnesium, carbonate, nitrates, and sulphates) and
organic chemicals (e.g. humic acids) (Squillace et al., 2002). Magnesium and calcium
can produce precipitates with the consequent passivation of the cathode (Santini et al.,
2017). Identifying a correlation between the decreasing performances of the device
and the increasing quantity of scale deposition, they noticed carbonate scale deposition
penetrating the cathode cross section over time.

Bioelectrochemically assisted reduction has been recently reported for nitrate (Duca
and Koper, 2012; Pous et al., 2013); electrocatalytic removal is a promising alternative
to bacterial denitrification to N2, which can be returned to the atmosphere. BESs for
nitrate reduction, have been extensively applied, especially for nitrogen removal from
civil or industrial wastewater. Its presence in groundwater originates from a number
of nonpoint sources, including geological origins, septic tanks, improper use of animal
manures, cultivation, precipitation and fertilizers. A pure culture of the metal-reducing
microorganism Geobacter metallireducens was shown to reduce nitrate to nitrite with
a graphite cathode set at —-300mV vs. SHE, with the expected stoichiometry of electron
consumption (Gregory et al., 2004). The complete reduction of nitrate to nitrogen gas
has been observed with mixed cultures in the cathode chamber of an MFC (Clauwaert
et al., 2007); sustained nitrate reduction rates were obtained only when the cathode
potential was lower than 0 mV vs. SHE. Xie et al. (2014), in a -252 mV versus SHE
poised biocathode, observed lower perchlorate reductions (E° C104/Cl" = 1.28 V) in
the presence of nitrate (E° NO3/N2 = 1.25 V) and total suppression of the process at
about 130 mgNOs/L. This inhibition of perchlorate reduction in the presence of nitrate
is not specific to bioelectrochemical reduction as it was also observed when using
organic carbon or hydrogen as electron donors (Ricardo et al., 2012; Zhao et al., 2011).
Most of the perchlorate-reducing bacteria are denitrifiers (Nozawa-Inoue et al., 2011)
and have a substrate preference over nitrate that allows faster cell growth. Therefore,
perchlorate reduction starts only after nitrate is depleted (Bardiya and Bae, 2011).
Sulphate reduction was observed when the cathodic potential was poised 0.26 V vs.
SHE, with a minimum energy requirement of 0.7 V, while maximum removal occurred
at 1.4 V applied. The reduction of sulphate led to sulphide production, which was
entrapped in the ionic form thanks to the high biocathode pH (i.e. pH of 10) obtained
during the process (Coma et al., 2013).

Lai et al. (2015) investigated the potential effects of nitrate (about 16 mg/L) and
sulphate (215 mg/L) on bioelectrochemical reductive dechlorination of cis-
dichloroethene in real contaminated groundwater. Tests with poised biocathode in the
potential range -550/-750 mV vs SHE revealed that the cathode potential has a key
role in selecting the target pollutant. Nitrate reduction always took place, but as the
cathode potential get lowered, sulphate reduction and methanogenesis activities
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increased. Even if reductive dechlorination was not inhibited, the electricity
consumption in the reactor was raised due to cross-reactions. Nguyen et al. (2016a),
compared the denitrifying activity in a biocathode with or without sulphate (50 mgS-
SO4*/L), and observed inhibition of denitrification in the presence of sulphate, with
both decreases in the nitrate removal rate and nitrite intermediate accumulation in the
system.

So far, the study of co-contaminants with BESs is limited but, theoretically, as
reduction potentials of nitrate and sulphate are similar to the reduction potential of
several pollutants, they can be electron competitors in the remediation process and
affect the microbial community at the biocathode (Bardiya and Bae, 2011; Daghio et
al., 2017).

3.2.2 Lab tests and full scale option

In Huang et al., (2011a) a MFC was inserted into waterlogged soil to enhance the
biodegradation of phenol and, simultaneously, electricity generation. The highest
power density reached was 29.45 mW/m?. Under closed-circuit conditions operated
for 10 days, about 90% of the phenol was removed; the phenol degradation rate
constant under closed-circuit conditions was approximately 23 times higher than under
non-MFC conditions. The degradation of phenol was also positively correlated with
the removal of soluble COD and particulate COD, indicating that the removal of
organic pollutants and COD in waterlogged soils could be enhanced by a soil MFC.
Dominguez-Garay et al. (2017) developed a so-called bioelectroventing strategy for
achieving an effective clean-up of the atrazine-polluted soils able to restore the
prepollution conditions.

In principle, BESs could be employed in a variety of remediation schemes either
in situ (e.g., in a permeable biobarrier) or ex situ (e.g., aboveground bioreactor). For
in-situ applications, the management of the specialized equipment required must be
optimized to reduce costs and make technology competitive (Voccinate, 2016).
Electrodes could be inserted directly into the aquifer medium or conversely installed
into water-wells for full scale application (Figure 3.12). The Electrodes, made of
conductive and noncorrosive materials, could be placed within the aquifer to form a
permeable and reactive barrier which intercepts (and treats) the contamination plume.
If needed, the potential generated by the reaction can be augmented using an external
power supply. Palma et al. (2017) describe a BES configuration, the ‘bioelectric well’,
which can be installed directly within groundwater wells.

58



[0
Vadose zone m

( ¥4
Saturated zone

\v/ Pump

Contaminant
plume

Contamination
plume

G dwater flos
roundwater flow Groundwater

circulation

b)

Figure 3.12. BES for in situ treatment of groundwater contaminated with
oxidized contaminants (Harnisch et al., 2011) (a); cross-sectional view of an in situ
groundwater bioremediation system based on the bioelectric well concept (b) (Palma
et al. 2017a).
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4

CR(VI) REDUCTION IN
BIOELECTROCHEMICAL SYSTEMS

4.1 Introduction

This chapter reviews the research experiences with BESs for the treatment of
chromium-contaminated water, focusing on the perspectives and opportunities for
Cr(VI) bioelectrochemical remediation for groundwater and the open research issues.

Several experimental works investigated hexavalent chromium cathodic reduction
in MFCs with bioanodes and either abiotic cathodes or bio-cathodes (Figure 4.1); most
of the experiences have focused so far on wastewater treatment coupled with energy
recovery in MFCs (Sophia and Saikant 2016). Only a single study evaluated Cr(VI)
detoxification at the bioanode, via bacterial protection mechanisms (Yeon et al., 2011).
Table 4.1 (Attachment A) summarizes the available research experiences of Cr(VI)
reduction, focusing on the electrode materials and inoculum, cathode potential, pH,
Cr(V]) concentrations and the observed removal rates and efficiencies.

Due to the high standard redox potential, comparable, or even higher, in specific
conditions, with other commonly used electron acceptors in BESs, Cr(VI) was
principally considered by several studies as a theoretically favourable electron
acceptor, to be reduced at the cathode in typical MFC configuration for power
production (Figure 4.2). This concept has been demonstrated for the first time in a
dual-chamber MFC (2C-MFC) by Wang et al. (2008) who, using acetate as electron
donor and Cr(V]) solution at pH 2 as acceptor, observed higher power densities than
for O, and hexacyanoferrate (Wang et al., 2008). The half-cell Cr(VI) reduction
potential and the stoichiometry of the reaction are however strongly dependent on
chromium species, concentration and pH conditions. In water solution, dichromate
(Cr207)*" form prevails for total chromium concentrations above approximately 1 g/L
(Palmer and Puls, 1994; Palmer and Wittbrodt, 1991). At lower concentrations, as
typically occurs in groundwater plumes or natural surface water, the dominant species
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is (HCrOs)~ at pH between 1 and about 6-6.5, and (CrOs)*~ at neutral or alkaline
conditions (Figure 4.3a). High positive standard reduction potential E® (vs SHE), of
both (Cr207)* and (HCrO.)~ indicates thermodynamically favourable reaction in
acidic environments, conducive to high power density generation in BESs
(Nancharaiah et al., 2015; Sophia and Sai, 2016; Wang et al., 2008). On the contrary,
(CrO4)*" lower potential implies that chromium reduction, in the neutral pH range of
natural waters, may require external energy supply, depending on Cr(VI)
concentration and especially where other species are present.

The predominant form of trivalent chromium at acidic pH (pH < 4) is dissolved Cr’*;
in the pH range 5-8, Cr(IIl) forms soluble Cr(OH)* and Cr(OH)**, coexisting with
Cr(OH)s3 or Cr;03 precipitates at pH above 6.5 (Molokwane and Nkhalambayausi-
Chirwa, 2009) (Figure 4.3b).

In addition, not only are Cr(VI) and produced Cr(IIl) species involved in cathodic
reduction processes but they also have effects on other key factors for overall
efficiency and long-term operation of BESs, such as electrolyte conductivity, internal
resistance of the system, electrode and, in the case of biocathodes, on the activity of
microorganisms, impacting on (Lu et al., 2015).
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Figure 4.1. Schematic overview of BES system for Cr(VI) reduction as MFC with
energy harvesting or MEC with external supply (Clauwaert et al., 2008, modified). In
MFCs, oxidation of electron donor at the anode is coupled with a reduction of
species with comparable or higher redox potential at the cathode. The net potential of
the MFC, as the sum of anodic and cathodic potentials, is positive, so a spontaneous
electron flow from the anode to the cathode occurs. Conversely, in MEC, thanks to
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external power input to force electron flow, the oxidation of an electron donor at the
anode can be coupled with a reduction of lower redox potential species at the cathode
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Figure 4.2. Reaction of selected species of interest for BESs application in Cr(VI)
remediation (a); microbe-electrode redox tower for Cr(VI) reduction in BESs (b).
Theoretical standard potentials (En’) at 25 °C (mV vs SHE) of selected species of
interest for BESs application in remediation, sourced from Wang et al. (2008),
Clauwaert et al., (2009), Nancharaiah et al. (2015).

Cr(OH),*

Cr(IlI) distribution

a)
Figure 4.3. Distribution of Cr(VI) (a) and Cr(III) (b) species as a function of pH
(Barrera-Diaz et al., 2012; Xafenias et al., 2015).
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All the reviewed experiences promoting hexavalent chromium reduction with
abiotic cathodes are in the MFC configuration and aimed to exploit Cr(VI) as a
cathodic oxidant to improve power production. Most studies focused, in fact, on
operating conditions in which Cr(VI) exhibits high reduction potential and fast
electrochemical reaction rates, i.e. at acidic pH and high Cr(VI) concentrations,
indicatively above 5 mg/L (Li et al., 2008; Wang et al., 2008; Yu et al., 2018). Figure
4.4 shows the observed reduction rates in function of pH and initial concentration of
Cr(VI]), for BESs with abiotic or biotic cathodes, respectively.
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Figure 4.4. Cr(VI) removal rate [mgCrVI/L/h] as a function of pH (a) and initial
concentration (b) in the reported research. Each dot relates to a test reported in
reviewed scientific papers.

It is possible to notice that biocathodes, operating at neutral pH, reach comparable
removal rates to those obtained with abiotic cathodes at acidic pH. Moreover, Cr(VI)
concentration does not significantly affect the rate. Above 30-50 mg/l approximately,
chromium concentrations become unfavourable to biocathodes activity. Common
concentrations in groundwater Cr(VI) contaminated plumes often fall below these
limits; therefore, BESs could be effective in addressing contaminated plumes.
Biologically mediated Cr(VI) reduction at biocathodes may overcome the main open
issues to the treatment of hexavalent chromium contaminated natural water i.e. 1) the
limited efficiency of electrochemical reduction at neutral pH, typical of natural waters
and ii) the progressive deterioration of the reduction rates as Cr(III) deposits onto the
cathode surface (Li et al., 2018). The general advantage of biocathodes in respect to
abiotic cathodes relates to the improved sustainability of biocatalysts associated with
the environmental compatibility of the biocatalysts operating conditions and lower
costs of construction and operation (Lai et al., 2018). Moreover, the biofilm on the
cathode may in some way protect and improve the electrode long term efficiency by
preventing or delaying Cr(III) deposition (Huang et al., 2011a, 2011Db).
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4.2 Microbial communities in Cr(VI) reducing BES

Biologically mediated Cr(VI) reduction at biocathodes (Figure 4.5) may
overcome the main open issues to the treatment of contaminated natural water i.e. 1)
the limited efficiency of electrochemical reduction at neutral pH, typical of natural
waters and ii) the progressive deterioration of the reduction rates as Cr(Ill) deposits
onto the cathode surface (Li et al., 2018). The general advantage of biocathodes in
respect to abiotic cathodes as summarized by He and Angenent (2006) is related to
improved sustainability of biocatalysts associated with the environmental
compatibility of the biocatalysts operating conditions and lower costs of construction
and operation. In case of Cr(VI), a biocathode, with respect to an abiotic system, may
take advantage of multiple bacterial Cr(VI) reduction mechanisms, and the biofilm on
the cathode may somehow protect and improve the electrode long term efficiency by
preventing or delaying Cr(III) deposition (Huang et al., 2011a, 2011b).
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Figure 4.5. Schematic of Cr(VI) reduction in the biocathode of an MFC (Lu et al.,
2015).

The previously described biological mechanisms (Chapter 2.3.1) can take place
also in BES. Electroactive Cr-reducing microorganisms in the cathodic biofilm or the
production of hydrogen at the cathode of a BES could also favour the litoautotrophic
reduction of Cr(VI) by hydrogenotrophic bacteria (Battaglia-Brunet et al., 2002;
Chung et al., 2006; Marsh and Mclnerney, 2001), or IRB or SRB involved in
bioelectrochemical processes may operate indirect reduction of Cr(VI).

Several laboratory experiences of Cr(VI) reduction in anaerobic biocathodes have
been reported. So far, no experience is reported in the literature of Cr(VI) reduction in
aerobic biocathodes. Despite the fact that oxygen is unquestionably the preferred final
electron acceptor for microorganisms, possible uses of electrons from the cathode by
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Cr(VI)-reducing bacteria in the biocathode for Cr(VI) bioreduction, yet decreasing the
coulombic efficiency of the system, may not be excluded at all. Moreover, Cr(VI)-
reducing bacteria may be favoured over other species in an environment with specific
toxicity, even though tolerance to high Cr(VI) concentrations, up to 1 g Cr(VI)/L or
even above, have often been documented (Sagar et al., 2012).

The first test with Cr(VI) reducing biocathode was performed by Tandukar et al.
(2009), who inoculated the cathodic compartment of a 2C-MFC (PEM membrane)
with a mix of a denitrifying and methanogenic mixed culture, dosing bicarbonate as
the sole carbon source. Anaerobic mixed culture fed with acetate served as anode
inoculum. With graphite plate electrodes and an external 1000 Q resistor, the authors
reported power densities of 7.0 mW/m? and 55.5 mW/m?, depending on initial Cr(VI)
concentration (22 and 63 mg/L, respectively). Maximum specific Cr(VI) reduction
rate, about 0.46 mgCrVI/gvss/h, was registered at 63 mgCr(VI)/L initial concentration.
Analysis of the Cr(VI) reduction community by 16S rRNA gene sequences showed a
predominance of phylotypes related to Trichococcus pasteurii and P. aeruginosa.
Even considering the small amount of substrate that can leak from the anode even
using a CEM (Jung et al., 2007) and organic carbon released in cell lysis, most Cr(VI)
reduction was obtained with autotrophic conditions. In a batch-fed dual chamber MFC,
with the cathode inoculated with a mixed microbial consortium from a Cr(VI)
contaminated site and 39.2 mg Cr(VI)/L, Huang et al. (2010) observed a specific
reduction rate of about 2.4 mgCrVI/gyss/h, and 3.9 W/m? maximum power production
at a current density of 11.1 mA/m?. Anaerobic pure cultures were also tested (Hsu,
2011; Hsu et al., 2012; X. Wu et al., 2018c; Xafenias et al., 2013a). Hsu et al. (2012)
compared Cr(VI) reduction by six Shewanella strains at the cathode of MFCs in
repeated cycles, observing initially the use of the electrode as the sole electron source
in all tested strains. The variability in Cr(VI) reduction was supposed to be associated
with different mechanisms of chromium reduction, not even identified, for each
Shewanella strain, and other factors such as biofilm attachment to the electrode.
Repeated Cr(V]) injections showed a general decrease in the MFCs performances and
high residual Cr(VI) concentrations, which were explained with microorganisms*
finite tolerance limit to Cr(VI) exposure and gradual fouling of the system by
biological or reduced chromium species, limiting the active surface area of the
cathode. Xafenias et al. (2013a) inoculated the cathode of an MFC and a MEC with S.
oneidensis MR-1 fed with lactate. The combined use of the electrode and lactate as
electron donors allowed bioelectrochemical and non-bioelectrochemical Cr(VI)
reduction at the same time, even though the contribution of the two different
mechanisms to the overall process was not recognized. In Wu at al. (2018) Bacillus
sp. showed efficient Cr(VI)-reducing ability in both heterotrophic and autotrophic
environments. The Cr(VI) removal rate reached 2.56 mg/L h, which was 1.75 times
higher than that of the MFC with the sterile control cathode.
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4.3 Effects of pH, materials and other operational
parameters

As in abiotic cathode, the performance in Cr(VI) reduction in biocathodes is
affected by pH and Cr(VI) initial concentration, although in different ways and for
different reasons. Extreme pH values (indicatively pH< 5 or >8) and/or high chromium
concentrations, typically 10-100 mg/L, can inhibit microbial activity. Tandukar et al.
(2009), for instance, reported that initial Cr(VI) concentrations above 80 mg/L
inhibited the reduction rates in a denitrifying community, and Li et al. (2014) observed
10 mgCr(VI)/L to irreversibly lose microbial activity in a single chamber MFC
inoculated with municipal wastewater. Below toxic levels, increased initial Cr(VI)
concentration, in accordance with thermodynamics, was associated with improved
specific chromium reduction rate and MFC’s power production (Huang et al., 2010;
Lietal., 2014).

The pH, with its effects on the surface properties of the cells, including cell surface
hydrophobicity, net surface electrostatic charge as well as biofilm structure may also
heavily affect complex biological and electrochemical reactions at biocathode. In the
case of Cr(VI), variation in pH may also affect the enzymes activity, as well as
producing Cr(III) precipitation or bioadsorption (Malaviya and Singh, 2014). In Huang
et al. (2011b), 50 mg/L initial Cr(VI) concentration inhibited the catalytic activity of
electrochemical bacteria in the biocathode, whereas, at 20 mg/L Cr(VI) concentration,
increased (+27.3%) and decreased (-21%) chromium reduction efficiencies were
respectively reported in acidic (pH = 5) and alkaline catholyte (pH=8), with respect to
neutral pH. A 0.22 cell net potential increase, from 0.54 V at pH 8.0 to 0.76 V at pH
5.0, beyond the theoretical value of 0.177 V derived by Nernst’s law, was associated
with a pH decrease in the cathodic compartment, actually indicating a positive
response of microorganisms’ activity to pH decline (Huang et al., 2011b). Similar
effects have also been reported previously for denitrifying biocathodes (Clauwaert et
al., 2009). Obviously, pH also affected the Cr(Ill) precipitation, with 9.3 mg/L
dissolved Cr(I1I) at the end of the test at pH 5.0, in comparison to 0.3 mg/L at pH 8.0.

Huang et al. (2010) also identified, together with Cr(VI) concentration, high
conductivity of the electrolyte, i.e. improved ion transport between the biofilm and
bulk phase, as a key factor for efficient Cr(VI) reduction and power production.
Increased conductivity of the solution, from 1.5 mS/cm to 10.6 mS/cm, raised the
specific Cr(VI) reduction rate by about 25%, from 2.4 mg/(L. gvss/h) to about 3.0
mg/(L gvss/h).

As to electrode materials, most experiences tested graphite or carbon-based electrodes.
Huang et al. (2010) modified graphite electrodes by covering the cathode with graphite
granules to increase the electrode specific surface, in order to promote bacterial
attachment and electrical connection between bacteria and the electrode surface.
Huang et al. (2011a) tested the performance of both graphite fiber/felt and granular
graphite cathodes. In a tubular 2CMFC, with cathode to anode surface ratio (C/A) of
3, at pH 7 and temperature 22 °C, graphite fiber biocathode showed a higher specific
Cr(V]) reduction rate and power generation with respect to the same kind of reactor
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with either graphite felt and granular graphite biocathodes. Specific Cr(VI) reduction
rates on the graphite fiber cathodes, 12.4-20.6 mg/gvss/h, were about 10-100 folds
higher than the values reported for biocatalyzed carbon plate or graphite granule
cathode in H-type MFCs with about the same Cr(VI) concentrations (Huang et al.,
2010; Tandukar et al., 2009a). These results underline the coordinated role of cathode
surface area and reactor architecture on the biocathode performance. In Wu et al.
(2016b) NaX zeolite-modified graphite felts were used as electrodes (anode and
cathode) in 2CMFCs; NaX zeolite was proved to enhance the hydrophilicity of the
graphite felt facilitating bacterial adhesion and electrochemical reaction, by decreasing
mass transport resistances. Two different fabrication methods for the NaX zeolite-
modified graphite felts were tested, the first one without any pre-treatment of the felt
and the second one with HNOs pre-treatment. Both methods, especially the latter,
allowed excellent performance, with significant improvement in both electricity
generation and Cr(VI) reduction rates, in comparison to graphite felts MFC. HNO3
pre-process remarkably enhanced NaX loading mass on the graphite felt, by
decreasing the organic residues on the graphite surface. NaX zeolite-modified graphite
felts MFC, at an initial Cr(VI) concentration of 20 mg/L, resulted in maximum voltage
above 410 mV, 29 mW/m?> power density, and complete removal of Cr(VI) in 3 hours,
with a rate 8.2 times faster than simple graphite felts MFC. Nanostructured graphene
was also tested recently with positive results, (T. Song et al., 2016). The maximum
power density in an MFC with graphene biocathode was 5.7 times higher than the one
produced with graphite felt biocathode. In fact, electricity production increased from
28.6 to 164 mW/m? and improved efficiency in Cr(VI) reduction was also obtained,
with 100% reduction in a 40 mgCr(VI)/L solution within 48 h, in comparison to only
58% reduction with graphite felt.

The most widely tested configuration with biocathodes is the 2CMFC, although a
significant experience with single chamber reactor exists (Li et al., 2014). Organic
substrate removal at the anode and cathodic chromium reduction were reflected in the
open circuit potential of the system and Cr(IIl) deposition on the cathode, as revealed
by scanning electron microscopy and energy-dispersive X-ray spectroscopy. Cr(VI)
conversion efficiencies in the range 89-99% depending on initial Cr(VI)
concentrations were observed, even the open circuit control demonstrated that other
mechanisms than electron reduction on cathodes, including bioadsorption or
bioreduction by not electroactive bacteria, contributed to the dissolved Cr(VI)
declining in time in the single chamber MFC.

To increase microbial concentration and prevent cathode premature passivation due to
Cr(Il) precipitates during the system set-up, Wu et al. (2015) proposed an ex-situ
acclimatization method for Cr(VI)-reducing biocathodes. The electrode was initially
enriched with exoelectrogenic biofilm as an MFC anode, and the system was
subsequently established using the anode as biocathode. This method allowed mature
biofilm to be obtained in a shorter period of acclimatization (<19 days in the authors’
experience) compared to traditional in situ methods, with Cr(VI) removal reaching
79% in 24 h, about four times higher than the one observed in the MFC with in situ
acclimated cathode. The improved performance was attributed not only to the
avoidance of premature Cr(Ill) precipitates on the electrode, during biofilm
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acclimatization, but also to enhanced bacterial growth rates in heterotrophic anodic
environment, leading to high microbial density and bacterial coverage of the electrode,
possibly limiting the effects of Cr(VI) toxicity to the microorganisms, at the
anode/cathode inversion.

Tests with poised cathode, in potentiostatically controlled MEC experiments,
demonstrated that an optimal potential range typically exists for enhancing Cr(VI)
reduction performances in biocathodes (Liang et al., 2009; Xafenias et al., 2015b).
Theoretically, from Nernst’s law, in MFC with chromium reducing cathode and
acetate-oxidizing bioanode, the open circuit voltage at pH 7.0 and 25 °C is about 0.68
V, resulting in about 0.4 V theoretical cathode potential (Huang et al., 2010). Lower
set cathode potentials would promote Cr(VI) reduction process. Huang et al. (2011a)
compared the behaviour of a potentiostatically controlled BES (with cathode operated
at 200, -150, -300 and -450 mV vs SHE) to an MFC operating with 200 Q external
load. Cathode at -150/-300 mV set potential promoted fast start-up time (19 days
compared to 26 days in the uncontrolled MFC or 28 days in +200 mV set cathode
system) and Cr(VI) reduction, with almost complete removal of 20 mg/L in 24 h, with
respect to 43-70% with the other systems). Furthermore, +200 mV and -450 mV poised
cathode limited bacterial growth, whereas -150 and -300 mV had beneficial effects. In
all the tests, the reduction of Cr(VI) was attributed to microorganisms directly
accepting electrons from the electrode surface and transferring them to Cr(VI) as, even
in the test at the most negative potential, no production of hydrogen gas was observed.
Optimal set potential can provide an appropriate selective pressure for adaptation of
the microbial community in the system, leading to enhancements of microbial
electrochemical interaction with the cathode. The difference between Cr(VI) reduction
potential and the cathode set potential represents the maximum energy to be gained by
the cathodic microorganisms; thus, the lower the set cathode potential is, the more
energy microorganisms will potentially to be obtained. However, if the cathode
potential is set too low and goes beyond the self-regulation capability of microbial
consortia, the energy gain by the cathodic microorganisms is lost. Probably -150 and
-300 mV set potentials allowed the biomass to gain more energy than 200 mV set
potential. Although theoretically most favourable, -450 mV may have exceeded the
self-regulation capability of the microbial consortia, with no positive effect on power
generation and Cr(VI) reduction (Huang et al., 2011a). Xafenias et al. (2013a)
demonstrated the positive impact of riboflavin, a naturally produced mediator, in
potentiostatically-controlled Shewanella oneidensis MR-1 biocathodes for Cr(VI)
reduction. Different configurations, with lactate supplied as electron donor in
inoculated and abiotic systems and with or without riboflavin addiction, were tested.
At 20 mg/L initial Cr(VI) concentration, in a =300 mV poised biocathode fed with
lactate, up to 45% Cr(VI) reduction was observed in 4 hours in comparison to 5%
Cr(VI) reduction in a biotic system with no lactate and 15% reduction in abiotic
systems with lactate. In 2CMFC with S. oneidensis MR-1 fed with lactate in both
anodic and cathodic compartments, Cr(VI) reduction at the cathode (10 mgCr(VI)/L
initial concentration) was coupled with 32.5 mA/m? maximum current density
production (Xafenias et al., 2013a).
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Most of the reviewed studies evaluated bioelectrochemical Cr(VI) removal in batch
mode, even recently few experiences with continuous-flow reactors have been
published. Chen et al. (2016) used a 3 L cylindrical single chamber reactor, filled with
sulphur granules, with graphite felt cathode, carbon rod anode, and anaerobic sludge
as inoculum. The reactor was continuously fed with 100 mg/L Cr(VI) synthetic
wastewater with no organic C source (16 hours hydraulic retention time) and run in
galvanostatic mode (current 10 — 60 mA). Cr(VI) reduction in the effluent ranging
from between 43% and 97%, directly proportional to the externally supplied current.
SO4* in the effluent, as well as the increased removal rate with increasing current,
highlighted that both sulphur and hydrogen autotrophic bacteria were responsible for
Cr(V]) reduction by using the S granules in the reactor and H> produced by the cathode
as electron donors. A similar system, single chamber cylindrical reactor operated in
galvanostatic (200 mA) continuous flow mode (20 h HRT) was adopted by Wang et
al. (Wang et al., 2018a) for the removal of Cr(VI) and nitrates from synthetic
wastewater. In Habibul et al. (2016), the Cr(VI) removal efficiency in a plant aided
microbial reached 99% under various conditions. Efficiencies increased with the
increasing initial Cr(VI) concentration (9.5 and 19 mg/l). The mass balance and XPS
analysis results demonstrate that most Cr(III) precipitated in the form of the Cr(OH)3
or was adsorbed onto the electrodes. Experiments with no external organic carbon
supply show that plants can provide, through root exudates, carbon sources for
microbes, and bioelectrochemical reduction was the main mechanism for Cr(VI)
removal.

4.4 Applications for remediation

The reviewed laboratory research, even all those targeting treatment of Cr(VI)
contaminated wastewater/industrial effluents, offer the first proof of concept also for
the chance of bioelectrochemical Cr(VI) remediation. Experiences with conventional
bioreduction processes, under both aerobic and anaerobic conditions, by either pure
cultures or mixed consortia, report Cr(VI) bioreduction rates in a 0.1-13.5 mg/l/h range
(Chai et al., 2009; Kavita and Keharia, 2012; Molokwane et al., 2008; Sharma and
Adholeya, 2012; Somenahally et al., 2013), which are fully comparable to the values,
0.1-6.6 mg/l/h, observed in Cr(VI) reducing biocathodes. So, with comparable results,
bioelectrochemical Cr(VI) remediation over the conventional bioremediation presents
the following advantages: 1) the chance of excluding any external chemical supply to
support the microorganisms’ actions, ii) ease of monitoring and control of the process,
and iii) the potential recovery of reduced chromium deposited on the electrode.

It should be highlighted that all the reviewed studies deal with batch laboratory
tests under conditions quite different from natural Cr(VI) contaminated
water/groundwater. It would thus be useful to perform evaluations under dynamic
water flow conditions as in contaminated aquifers, maybe with real groundwater, as
reported by Gregory and Lovley (Gregory and Lovley, 2005) for uranium
contaminated aquifers. To groundwater remediation, it is important to take into
consideration specific properties that potentially affect BES operation (Pous et al.,
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2018). Although Cr(VI) contamination is likely increase the specific conductivity,
typical groundwater low values (indicatively well below 2 mS/cm) can have a negative
impact on BESs by implying higher ohmic and transport losses (Bruce E. Logan et al.,
2006). Moreover, pH shifts due to electrochemical Cr(VI) reduction in low buffering
capacity systems may directly harm the electroactive bacteria and their removal
performance (Clauwaert et al., 2008). Another challenge for bioelectrochemical
treatment of contaminated groundwater, as described in Chapter 3.2.1, is the presence,
in addition to the contaminants, of a mixture of different naturally occurring inorganic
(calcium, magnesium, carbonate, nitrates and sulphates, metals) and organic chemicals
(e.g. humic acids) (Squillace et al., 2002). Magnesium and calcium can produce
precipitates with the consequent passivation of the cathode (Santini et al., 2017). The
bioelectrochemical reduction has been recently reported for nitrate (Duca and Koper,
2012; Chen et al., 2016; Wang et al., 2018a) and sulphate (Coma et al., 2013). So far,
the study of co-contaminants with BESs is limited but, theoretically, as reduction
potentials of nitrate and sulphate are similar to the reduction potential of several
pollutants, they can be electron competitors in the remediation process and affect the
microbial community at the biocathode (Bardiya and Bae, 2011). Wang et al. (Wang
et al., 2018a) evaluated the simultaneous autotrophic denitrification and the reduction
of Cr(VI) under different pH conditions (6, 7 and 8). The highest removal efficiencies,
97% and 73% for nitrates and Cr(VI) respectively, were obtained at pH 7. The stable
combined reduction was mainly ascribed to Pseudomonas, Halomonas and Thauera
species.

A continuous-flow BES was proposed for the contextual removal of p-
fluoronitrobenzene (p-FNB), nitrates and hexavalent chromium from synthetic
wastewater (Chen et al., 2016). With respect to single pollutant removal, removal
efficiencies were lower, even when Cr(VI) and nitrates reduction increased by
increased p-FNB inlet concentrations, whose biodegradation provided organic carbon
to the biomass.

Few bioeletrochemical tests for Cr(VI) contaminated soil remediation have been
so far reported. Soil type and external resistance significantly affected the current and
Cr(VI) removal efficiency in soil MFCs. MFCs with red clay soil and fluvo-aquic soil,
operated at external resistances of 100 and 1000 Q for 16 days, were tested by Wang
et al. (Wang et al., 2016). The red soil generated a higher current in MFCs, but showed
a lower Cr(VI) removal efficiency than fluvo-aquic soil, implying that the red soil may
contain more electron acceptors that competed with Cr(VI) reduction reaction. The
percentage of Cr(VI) removal in 16 days operation was relevant, about 60-90% in the
MFCs with respect to 32-46% in the open circuit controls. MFC-based technology has
the potential to remediate Cr(VI)-contaminated soil (Figure 4.6); the efficiency varied
between soil types and can be improved with high current.
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Figure 4.6. Different bioremediation mechanisms with soil (Wu et al., 2018c) (a);
2C-MEFEC with only cathode in soil (Wang et al., 2016a).

Experiences were also conducted for phytoremediation with MFC that integrates
plants, microbes, and electrochemical elements together to create renewable energy
(Nitisoravut et al., 2017; Guan et al., 2019). Plants can utilize atmospheric CO» via
photosynthesis under sunlight and secrete root exudates. Meanwhile, microbes in soils
can use organic matters in the rhizosphere through metabolism to generate electrons.
Root exudates can serve as the electron donor for microbes to promote the removal of
Cr(VD).

Although the knowledge that low voltage electric fields can induce the migration
of metals in soil (Wu et al., 2016a; Zhou et al., 2005), a limited number of studies
attempted bioelectrochemical remediation of metal contaminated soil or sediments.
Despite the first positive results, the potential of BESs for remediation of Cr(VI)
contaminated groundwater and soil deserves further exploration.
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S

CRITERIA FOR IN SITU TECHNOLOGIES
SCREENING

5.1 Introduction

Decision Guides are not available in the literature for the selection of the most
suitable reclamation technology according to site-specific conditions; some concepts
can be found in technical reports prepared by US agencies (USEPA, 2008; USEPA
2011; SRNL 2011; USDE 2011) that define scenarios for sites contaminated by
inorganic pollutants. Soils and groundwater in oxidizing conditions is the most
interesting scenario due to the high potential risk of spreading of contamination:
chromium remains in the hexavalent form in this scenario if not properly treated. Some
criteria are presented in the preliminary phase of assessing possible technologies
applicable according to the site-specific characteristics of sites. The actual efficacy of
the technologies identified should nevertheless be verified in laboratory trials and pilot
tests.

Innovative technologies described in Chapter 2, which have reached full-scale
application, are presented, subdivided according to the typology of mechanism used
and potentially treatable zone (Table 5.1). Some only apply in saturated or unsaturated
zones; both unsaturated and saturated zones should also be further separated to take
account of the fact that the full involvement of the contaminated matrix in the treatment
is generally tied to the depth of the contamination from ground level (g.1.).
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Unsaturated Unsaturated Unsaturated Saturated Saturated Saturated

Technology 0-1m 1-10 m > 10 m <10m  10-25m >25m

Chemical process
with solutions or - - - X X X
slurry
Chemical process
with gaseous reagent
Indirect biological
process
Biological process-
Phytoremediation
Chemical-physical
process- X X - X - -
Electrokinetics
Chemical-physical
process-Flushing

Table 5.1. Potential applicability (x: yes, -: no) of innovative technologies depending
on the zone and maximum depth of soil to be treated.

X X - - - -

5.2 Scenarios and selection criteria

The scenarios refer to saturated or unsaturated permeable soil, in aerobic or, at
most, anoxic conditions. In reducing environments, typically soil with low
permeability and rich in organic substance, the redox conditions encourage the
abundance of chemical species of Cr (III) rather than of Cr (VI). It is therefore rare to
encounter significant contamination of Cr (VI) in these contexts (Christoph et al.
2012).

Table 5.2 shows the most influential factors on the choice of potentially applicable
technologies: pH, concentration of Cr (VI), availability of iron in the soil, and
homogeneity of the soil.

Factor Scenario Value
. Acid 5+7
Soil pH Alkaline 7+9
Cr (V] Low < 10? mg kg™! unsaturated soil; < 10 mg L' in aquifer
concentration High > 10?> mg kg~! unsaturated soil; > 10 mg L~! in aquifer
Fe concentration in Low <1gFekg’!
soil High >1 gPFekg™!
Variation of hydraulic conductivity or intrinsic permeability
Yes o .
Soil homogeneity . w%thm 2 0rd§r§ of ma gn‘ltu‘de .-
No Variation of hydraulic conductivity or intrinsic permeability more

than 2 orders of magnitude

Table 5.2. Factors which influence the choice of technology.

It is useful to subdivide soils according to their pH. The use of some reactive
chemicals, for example, is advised for acid or neutral environments, in view of the
significant loss of efficiency for basic pHs, or vice-versa. Soil flushing for chromium
is not suitable in acid soils because of the lower mobility of its chemical species.
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High concentrations of hexavalent chromium can limit the feasibility of some
technologies. Regarding biological treatments, the capacity of the microorganisms to
survive at high concentrations of Cr (VI) (up to a few grams per liter in water) could
be mediated, not just by enzymes and/or very specific transport proteins, but also by
sub-cellular structures, which interact with the metals themselves (Baldi and Barbieri
2008). Many microorganisms are able to grow and survive at high concentrations of
Cr (VI), developing mechanisms of resistance and tolerance to the pollutant
(Kamaludden et al. 2003; Viti et al. 2006; Ashraf et al. 2017). The use of selected
inoculations, if able to remain in situ, would therefore not have limitations, even in
contexts with a high level of contamination. Vice-versa, action in indirect biological
treatments could be inhibited with dissolved contamination above 10 mg L™ Cr (VI)
or soil contamination above 10?> mg kg™' (Hassan et al. 2017).

The presence of Fe (II) ions allows redox reactions, with the reduction of Cr (VI). For
the technologies that promote the development of reducing conditions in a reactive
zone, the presence of iron in the solid matrix is a determining factor. In general, the
matrix is considered to be at a high iron content if the concentration exceeds 0.1% in
weight, or 1 g kg™! (Dresel et al. 2011); below this threshold, it becomes necessary to
exclude technologies that use the iron as an essential element of the action mechanism.
The releases of Fe (II) from the solid matrix must be sufficient to balance the quantity
of Cr (VI) to be reduced; according to reactions (1) and (2), the indicative ratio in
solution is Cr (VI): Fe (II) = 1:3 by weight (Mukhopadhyay et al. 2007).

Almost all natural soils are highly variable in their properties. The heterogeneity of the
soil is linked to the presence of different lithologies (Elkateb et al. 2003). The presence
of heterogeneity limits the efficacy of the technologies, which envisage injection and
dispersal of a reactive. As mentioned, the PRBs appear to overcome these problems.
It is possible to quantify the homogeneity of the layer to be treated using parameters,
such as the hydraulic conductivity or the intrinsic permeability of the layer to be treated
(Uzielli et al. 2008).

Having taken the above into account, tables 5.3 and 5.4, that summarize
suggestions on the exclusion of some technologies, are proposed.
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B H H Yes X X - X X - -
B H H No X X X4 X X - X

w

I'A = Acid, B = Alkaline; > H = High; L = Low; * H = High; L = Low; * Not recommended/Excluded

only in case of injections.

Table 5.3. Low applicability/inapplicability (shown by an “X”) of the innovative
technologies examined. For each innovative technology mentioned, the conditions of
the factors of Table 5.2, which advise against/exclude its application, are specified;

the zone of applicability of the different technologies reported in Table 5.1 is

implied.
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Proposed technologies

Chemical Processes

Iphurs

Scenario
pH
Chromium

H.S

Concentration
Calcium

Soil Homogeneity
Soil Flushing

Electrokinetics
Dithionite

Fe concentration in soil
Polysul

Phytoremediation
Indirect Biological
Process

Fe(0), CsHsOs

<

<7

yves v v

no Vv

U.(0-1m)

no v

<7 v \

Low

no \

U. (1-10 m)

Low yes| V

no

<7 v

7. (>10m)

<7 Hi yes

no

Low | ves

< |I< < <
<

no
Low | High | ves v v v
no v* | v* v

Low | ves \

no Vv *

Hi ves

S. (<10 m)

no

Low | ves

< I< I |
<
*
<
*

no
Low |High| ves v \
no V* v *

Low | ves v

no v
<7 High | ves \ v v
no v | v* v*

Low | ves v

no v*
Hi; yes \ v

no v * v*

S. (10-25 m)

Low | ves v

no v*
<7 Hi ves \ v v

no v* v * v*

Low | ves \

no v *
High | ves v v
no V* v *

S.(*25m)

Low | ves \%

Table 5.4. Summary sheet about the technologies, (v) possible choice under the
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5.3 Discussion and Conclusions

The innovative technologies considered aim at greater sustainability than
traditional approaches persisting more for established practice than for real advantage.
The intention is to provide support to operators and decision makers that wish to
undertake the remediation of a site more directed towards a concept of sustainability
(EU 2017).

Despite inapplicability under certain conditions, phytremediation, electrokinesis,
and flushing can potentially be used. In relation to sustainability, time, and logistical
limitations, phytoremediation is an interesting option from an economic and
environmental standpoint, but cannot be used in sites with a high level of
contamination, structures and/or land cover, and restricted remediation times.
Injections of reducing gases, electrokinesis, and flushing can potentially be used for
unsaturated sub-surface soil; the latter two, however, are excluded for treating material
more than 10 m from g.l. because the consequent technical-operational difficulties.
Deep unsaturated ground (more than 10 m g.1.) therefore remains among the zones,
with limited alternatives to treatment of the contamination by Cr (VI).

The contamination in a saturated zone can potentially be treated with all the innovative
chemical and biological technologies mentioned and, in the case of depths within 10
m g.l., also with electrokinesis. In aquifers with low concentrations of Cr (VI), the
indirect biological processes generally have lower costs (Chapter 2), even if
remediation times are usually longer than the one of purely chemical processes.

For all zones, among the technologies that are the most innovative and without
significant site-specific limitations, electrokinesis is promising (NICOLE 2018).
Starting with this, there are also small-scale studies of remediation technologies
underway, based on the application of low intensity electrical fields, for the reduction
of chromium using electrochemical, biochemical, or bioelectrochemical processes
(Chapter 3).

From the perspective of full-scale implementation, the administration of chemical
agents can be carried out using injections (in wells and/or with the direct push
technique) and/or in PRBs. In groundwater within 25 m g.l., PRBs offer greater
advantages in heterogeneous soils. However, there are significant implications in
terms of the cost and time taken to excavate as well as the disposal of the material
resulting from the installation of the work.

The final choice of the best remediation option in a site depends, in any case, on
additional sustainability factors, including the results of site-specific and laboratory
tests. A lack of economic resources may lead in the direction of less onerous, but
slower, technologies, just as the necessity of achieving quickly the remediation
objectives for social purposes may lead to the exclusion of other technologies.
Traditional treatment techniques should also not be excluded a priori from the
assessment.
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6

INDUCED BIOLOGICAL REDUCTION
TESTS

6.1 Introduction

Experimental activity on biological technologies was focused on bio-induced
reduction. This can be obtained in-situ with the injection of biodegradable organic
substrates in the aquifer whose consumption by microorganisms depletes the different
electron acceptors and causes reducing conditions conducive to Cr(VI) reduction to
Cr(III) (Dhal et al., 2013). Bio-reduction of hexavalent chromium can result from both
microbial direct action or indirect action due to the production of metabolites able to
interact with the metal (Chai et al., 2009).

Specific tests were carried out to select valid alternative low-cost substrates to
registered brand reagents that have been used for years. In this work two types of
substrates, residues from the food industry i.e. permeate of cheese whey ultrafiltration
and waste from brewing processes have been initially selected. Thanks to their density
and viscosity, as well as biodegradability and non-toxicity, these substrates could be
injected, directly or diluted with water, into the subsurface to promote biological
activity.

Whey, which makes up 90% of the product in cheese making, is an important
source of proteins and minerals but only recently has found use as a supplement for
animal feed and/or the food industry, especially in the confectionery sector. It is mostly
composed of water enriched in several soluble substances, such as lactose, proteins,
mineral salts, soluble organic salts and non-protein nitrogen compounds. Vaccine
whey can be classified according to the degree of acidity into three sub-categories
(Figure 6.1a). For whey reuse often ultrafiltration process is required (Figure 6.1b) to
separate proteins and fats from sugars. Ultrafiltration in fact results in 1) ultrafiltration
permeate, composed of water and lactose (80-99%), and ii) the so-called Whey Protein
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Concentrate (WPC). The concentrate finds many applications in the industrial field,
whereas the ultrafiltration permeate is essentially used in the confectionery sector.

Sweet Acid Casein
Factor permeste
whey whey whey

pH 6.1 4.6 44

% on dry weigh whey | °
[+] 0 O

Protein  12.1 53 8.2 ® A%o )
0.0 0%83%&@ e

Lactose 77.4 80.7 77.0
Ashes 9.7 14.0 14.8
permesate
Fat 0.8 - -
a b

Figure 6.1: Classification of whey as a function of pH and mean composition (a);
Scheme of an ultrafiltration unit (b).

Beer production waste is characterized by a high content of organic substances,
as well as water. Analyzing the typical process for beer production, it can be observed
that, essentially, the waste stream is composed by waste from threshing material (18
kg/hlpeer) and purge flow from the fermenter (3 kg/hlpeer). The threshing residue is
generated following the boiling and decanting of malt grains during the mashing phase.
The unsoluble grain peel gets separated by gravity in wooden or metal vats. The
residue from threshing is typically made up of cellulose, sugars, starch and proteins.
In modern production processes fermentation takes place in the same tank (fermenter),
followed by a maturation process at low temperatures with deposit on the bottom of
the suspended yeasts. It is necessary to periodically remove part of the sediment, that
constitutes the purge flow rich in vitamins, organic substances and the yeasts
themselves.

Batch soil microcosms artificially contaminated with hexavalent chromium have
been set-up in the laboratory for a preliminary evaluation of the possibility of
promoting Cr(VI) reduction with the different substrates.

6.2 Materials and Methods

Several batch soil microcosms were prepared in 2.5 L Pyrex-bottles, equipped
with two lateral necks for monitoring and sampling, using artificially Cr(VI)
contaminated water, similar in composition to groundwater from the Milan area, two
different soils (named "A" and "B"), from two different sites in Northern Italy, and
samples of permeate from cheese whey ultrafiltration or waste from the brewing
process, as organic substrates to promote indirect Cr(VI) bioreduction. Tables 6.1-6.3
summarize the results of initial characterization of water, soil and organic substrates,
respectively.
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Parameters Value Method

Dissolved oxygen (mg/1) 6.5+0.5 Standard Methods 4500-O (2012)
Nitrate (mg/1) 3443 EPA 300.1 — Rev. 1 (1997)

Iron (mg/l) 0.10£0.01 | EPA 6020B (2014)

Manganese (mg/l) 0.30+0.03 | EPA 6020B (2014)

Sulphate (mg/l) 6617 EPA 300.1 (1997)

Carbon dioxide (mg/l) 15 Saturation concentration at 20°C
Alkalinity (mg CaCOs/1) 280+28 Standard Methods 2320 (1997)
Calcium (mg/1) 99+10 UNI EN ISO 17294 (2007)
Phosphate (mg P/1) 0.40+0.06 | EPA 300.1 (1997)

pH (-) 7.2+0.2 EPA 150.1 (1982)

Table 6.1. Features of water used in the laboratory tests.

Parameter Soil “A” Soil “B” Method
Particle size distribution Slightly  silty | Sand ISO 11277 (2009)
sand with gravel
Dry bulk density (kg/m?) 1606+63 1478422 ISO 11272 (1998)
Organic carbon (%) 0.5920.03 0.2720.02 UNI EN 15169 (2007)
pH (-) 8.52+0.01 8.5+0.1 Rayment and Higginson
(1992)
Total heterotrophic bacteria | 10* 10 Plate counts
(CFU/g d.w.)
Table 6.2. Soils used in the experiments.
Ultrafiltration permeate | Waste from Method
Parameter of cheese whey brewing process
(“Milanese company’’) (“La Ribalta”)
COD (g/l) 60£12 122424 MU 201 (2006)
Total Nitrogen (mg/l) | 180 1810 ASTM D8083
(2016)
Total heterotrophic 108 10° Plate counts

bacteria (CFU/100
ml)

Table 6.3. Organic substrates used in the experiments.

The addition of substrates must allow the complete consumption of electron acceptors
from oxygen to sulphates (Table 6.4), even eccessive dosage should be avoided to limit
the costs of remediation as well as undesired side effects of reducing conditions
(e.g.eccessive methane production,...). The amount of substrates to be added in these
tests for the available electron acceptors consumption was defined:

» for the permeate from ultrafiltration of cheese whey, based on the potential
molecular hydrogen production, estimated according to the methods proposed
by Pearson (2010), of lactose (assumed as the reference organic compound in
permeate, making up about 35% on a weight basis). By applying a safety factor
of 1.25, a volume of 5 ml of permeate per litre of aqueous phase was obtained.
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The COD for the permeate was 60 mg COD/I. A theoretical COD of 1.12 g
COD/glactose Was calculated, assunming lactose complete oxidation and a 53.2

Zlactose/L was estimated for the whey permeate

As the substrate deriving from the brewing process contained yeasts and other
organic components, including ethanol, but the actual composition was
unknown, the volume of brewing residue to be added to the microcosms, 2.5
ml per litre of aqueous phase, was set to get a similar initial COD to the one of
whey permeate tests (about 300 mg COD/I of aqueous phase).

Time >
02 NO* SO4* Mn(1V) Fe(III) CO2
Aerobic Anoxic Anaerobic Methanogenesis

Table 6.4. Ladder of electron acceptors consumption.

The details about the tests (soil, organic substrate, initial chromium concentration,
solid to liquid ratio, temperature, Fe(Il) addition, number of replicates, and sampling

times) are summarized in Table 6.5.

Test | Soil | Co S | S/L T Fe(II) | NrR | ST
(pug/) (%) (°C) | addition (d)

(mg/1)

*)
1 A 10000 | P | 50 1741 | - 6 0,8, 11, 18, 21, 28, 36
2 A 10000 | B | 50 1741 | - 6 0,8, 11, 18, 21, 28, 36
3 A 5000 P | 50 1741 | - 6 0,8, 11, 18,21, 28, 36
4 A 5000 B | 50 17+¢1 | - 6 0,8, 11,18, 21,28, 36
5 B 10000 | P | 50 17+¢1 | - 6 0,11, 18, 21, 28, 33, 36
6 B 10000 | B | 50 17+¢1 | - 6 0,11, 18, 21, 28, 33, 36
7 B 5000 P | 50 1741 | - 6 0,11, 18,21, 28,33, 36
8 B 5000 B | 50 1741 | - 6 0,8, 18,21, 28, 33, 36
9 A - P |25 2542 | - 3 0, 10, 30
10 A - B | 25 2542 | - 3 0, 10, 30
11 B - P | 25 2542 | - 4 0, 10, 30
12 B - B | 25 2542 | - 4 0, 10, 30
13 B 10000 | P |25 2542 | - 3 0,7,38
14 B 10000 | B | 25 2542 | - 3 0,7,38
15 B 5000 P |25 2542 | - 3 0,7,38
16 B 5000 B | 25 2542 | - 3 0,7,38
17 B 10000 | P | 25 252 | 10 3 0, 7,38
18 B 10000 | B | 25 252 | 10 3 0, 7,38
19 B 5000 P |25 25+2 | 10 3 0, 7,38
20 B 5000 B | 25 252 | 10 3 0,7,38
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Table 6.5. Details about the tests (CO: initial Cr(VI) concentration; S: Organic
substrate - ultrafiltration permeate of cheese whey (P), and waste from brewing
process (B); S/L: solid to liquid ratio; T: temperature; Nr R: number of replicates;
ST: sampling times). After 7 d incubation, microcosms nr. 17 to nr. 19 were added of
10 mg/L of Fe(Il) and incubated for further 31 d (*).

Tests 1-8 were incubated at 17+1 °C to simulate typical groundwater temperatures,
Tests 9-20 were conducted at 25+2 °C, higher than typical groundwater temperatures;
in such conditions Cr(III) precipitation is disadvantaged, but the biological processes
are accelerated. Microcosms with 25% or 50% as solid to liquid ratio were performed;
comparing the results of the tests the kinetics could be evaluated.

Iron can have a key role in the Cr(III) co-precipitation. Therefore, trying to explain the
different results obtained with the two soils, in tests 9-12 (2542 °C and a 25% solid to
liquid ratio on weight basis) the release of Fe(Il) by the two soils as a function of time
was assessed.

To further highlight the Fe(II) role in Cr(VI) reduction, test 13-20 were performed for
38 d at 25 °C, 25% S/L, using only soil B.

In tests 17-20, FeClo*4H,0 was added at a concentration equal to 10 mg Fe(I)/1, after
7 d of incubation. Such dose was set, according to stoichiometric calculation, in order
to provide Fe(Il) sufficient for almost complete Cr precipitation in the microcosms at
5 mg Cr(VI)/l initial concentration (Eq. 2).

During all the experiments (Figure 6.2), redox potential (ORP), dissolved oxygen
(DO), temperature and pH were continuously monitored by means of a
multiparametric laboratory analyzer (MARTINA - Multiple Analysis pRogrammable
TItratioN Analyzer); a sampling time of 60 seconds was set in the tests.

In case of Cr(VI) above 10 pg/l, its quantification was performed by the
spectrophotometric method (APHA 3500-Cr D; C-APAT-IRSA 2003) exploiting the
reaction of hexavalent chromium with diphenylcarbazide and carrying out absorbance
readings with mass spectrophotometer (Lange DR360000TM) at a wave length of 540
nm. Low Cr(VI) concentrations as well as total chromium analysis was performed by
ICP-MS.

Figure 6.2: Microcosms Set UP and connection to MARTINA analyser.
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6.3 Results and discussions

6.3.1 DO, ORP and pH behaviour

In all the microcosms the consumption of electron acceptors, in primis oxygen
was quite rapid, with initial 5-6 mg/l dissolved oxygen (DO) concentrations reduced
to values lower than 1 mg/l in 1-2 days (Table 6.6).

In the 50% S/L tests, oxygen and oxidation-reduction potential (ORP) decreased
quicker in microcosms with soil A than in those with soil B, probably as a consequence
of the higher initial total heterotrophic bacteria content of soil A, three orders of
magnitude higher than B (Figure 6.3). With soil A and 5 mg/l initial Cr(VI)
concentration ORP values of about -600 mV vs AgAgCl were obtained after 3-4 d
incubation, with a very steep decrease after 3 d of treatment (Figure 6.4a). At 10 mg
Cr(VD/1 initial concentration, ORP decreased more slowly, reaching in 7 days a
slightly negative value (-50 mV vs AgAgCl) in microcosms with the brewery
substrate, or still a positive value (130 mV vs AgAgCl) in those with whey permeate.
However, ORP continued decreasing reaching -400 mV vs AgAgCl after 9 d in tests
with brewery substrate and -300 mV vs AgAgClin 11 d with whey permeate.

With soil B (Figure 6.4b), the fastest redox potential decrease was observed with
brewery residue at 5 mg/l initial Cr(VI) concentration, where about -400 mV vs
AgAgCl was registered in 5 days; 10 days were required to reach this ORP value in
microcosms with the same substrate but 10 mg/1 initial Cr(VI) concentration.

With whey permeate, after 10 days, values of — 600 mV and -200 mV vs AgAgCl were
observed in microcosms at 5 mg Cr(VI)/l and 10 mg Cr(VI)/l initial concentrations,
respectively.

In the 25% S/L tests and incubated at 25°C (tests 13-16), reducing conditions were
registered within 5 days incubation, with ORP values all below -400 mV vs AgAgCl
in 5-7 d.

Table 6.6 summarizes, for the different test,s the time required to reach dissolved
oxygen below 1 mg/l and ORP lower than 0 V and 400 mV, as indicative of established
reducing conditions. As already pointed out kinetics were faster in microcosms with
soil A, higl S/L ratio and higher incubation temperature.
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Test DO ORP (vs AgAgCl)
<1 mg/l <0mV < -400 mV

1 A 50 - 8 no

2 A 50 - 6.3 9.2

3 A 50 1.3 3.9 4

4 A 50 0.9 1.8 3.5

5 B 50 - 8.7 no

6 B 50 - 5.1 10.8

7 B 50 1.9 7.8 8.2

8 B 50 1.2 4 5.2

13 B 25 - 4 4.9

14 B 25 - 4.8 6.6

15 B 25 0.9 4.3 5.2

16 B 25 0.8 3.5 5.5

Table 6.6. Time (d) to achieve specific conditions in the microcosms. -: not
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6.3. Dissolved oxygen over time t, in 50% solid to liquid ratio on a weight
basis microcosms (a) with soil A (test 3-4) and (b) soil B (test 7-8).
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Figure 6.4. Redox potential (mV vs AgAgCl) over time t, in microcosms with 50%
on weight basis solid to liquid ratio with a) soil A (test 1-4), and b) soil B (test 5-8);

In all the microcosms, initial pH value was in the range 7.0£0.5 and no significant
variations were registered during the tests. In fact, after 36 d incubation, values in the
range 6.7 + 7.1 were measured with soil B and 6.7 + 6.9 with soil A, resulting in not
significant variations during the treatment.

6.3.2 Cr(VI) reduction

The effect of different soil on chromium reduction was observed in the 50% S/L
at 17+1 °C for 36 d (tests1-8). In microcosms with soil A (Figure 6.5), a certain
reduction in the dissolved Cr(VI) concentration was observed at the first monitoring,
at 8 days incubation.

Following 36 d of incubation, residual values of about 1.3 pg/l were registered in
all the microcosms, except in tests with 10 mg/I initial Cr(VI) concentration and whey
permeate as substrate; in this latter, residual Cr(VI) concentration was about 2 mg/I.

With soil B, as shown in Figure 6.6, 11 d incubation were required to start
observing a decline in Cr(VI) concentrations. The residual values after 36 days, ranged
between 5 ug/l and 5500 pg/l. In particular, in the tests with 10 mg/l initial Cr(VI)
concentration, the final concentrations were above 5.3 mg/l for both the substrates.
Final values of 394 ng/l (whey permeate) and 5 pug/l (waste from brewing process)
were obtained in the tests with 5 mg initial Cr(VI)/1.
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Figure 6.5: Dissolved Cr(VI) over time t, in 50% S/L soil A microcosms.

o Permeate of whey cheese, Smg G{vilA Permeate of whey cheese, 10mg GV
~— Waste from brewing process, S mg CriviA &~ 'Waste from brewing process, 10 mg CriVi)A
10000 ¢ — . . — .
; ; - = 5500
¢ —— — > ———g
| 1 —3 5375 5313
e 1000 : ! ! ! ! '\*..\ ! S
z : 1058
g - 394
E 100 : : : + .\\ : :
\
% \
i \
' -
g 1} - : : . . ——
: =
>
0 5 10 15 20 25 30 35 40
t(d)

Figure 6.6: Dissolved Cr(VI) over time t, in 50% S/L soil B microcosms.

By comparing the microcosms at the same Cr(VI) initial concentration and
organic substrate, the best performances were obtained with soil A. This result was
explained considering the fundamental role iron plays in Cr(III) coprecipitation; tests
revealed Fe(II) release by soil under reducing conditions occurred at a slower rate in
soil B than in soil A; in fact, after 10 days, dissolved Fe(Il) in soil B was <100 ug
Fe(II)/1), whereas more than 1 mg Fe(Il)/1 was observed with soil A. A significant iron
release (up to 850 ug Fe(I1)/1) with soil B required more than 20 days.
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In Figure 6.7 the dissolved Cr(VI) removal in the different soil B microcosms as
a function of the initial concentration and S/L are compared. At the end of the tests (38
d), in microcosms at 50% S/L high efficiencies (>90% with both the substrates) were
observed with 5 mg/L initial Cr(VI) concentration; at higher initial concentration,
Cr(VI) removal was about 45% with both substrates.

At 25% S/L, Cr(VI) removal fell in the range 6%-24%, with the higher values in
the tests at lower initial concentration. Fe(Il) addition during incubation improved
Cr(VI) removal by a factor about 3 in all the tests, excepting tests with brewery residue
and 10 mg/L initial concentration where the effect of Fe(Il) addition was more
relevant.

Test | C(VI)
r;moval @ Tests (5-8); S/L 50%
1 ( 0)80 B Tests (13-16); S/L 25%
> 100 M Tests (17-20) S/L 25% + Fe(ll)
3 100 188 192 99.9 [1]
4 100 40 i
5 45 4
70
6 47 &b
7 | ®» < Ep 45 7=
38
8 100 40
13 11 30 24 -
14 6 20 = 11 u
15 24 10 = - o :
16 | 24 0 - - F
17 38
18 48 °000 10000 o o
19 71 P P B B
20 79
a b

Figure 6.7: Cr(VI) removal at the end of the tests. 5000 pg/l and 10000 p g/l initial
Cr(VI]) concentration; P: Permeate of cheese whey; B: waste from brewing process.

6.4 Conclusion

Lab scale batch tests, with two different soils (A and B) and solid/liquid ratios
(25% and 50% on a weight basis), were carried out to test the feasibility of promoting
Cr(V]) reduction by means of residues of the food industry, i.e. permeate from the
ultrafiltration of cheese whey and waste from the brewing process. Initial Cr(VI)
concentrations of 5000 or 10000 pg/L were considered as representative of typical
values at the contaminated sites. In all the microcosms, dissolved oxygen decreased
from about 6 mg/l to values <1 mg/l after 1-2 d incubation, and the redox potential
from approximately +450 mV to -200 mV vs SHE by 11 days. The microcosms with
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high initial concentration, 10 mg Cr(VI)/l, achieved stable reducing conditions
(negative redox potential) during a longer period than those with low concentration.
After about 40 days, the highest Cr(VI) abatements were obtained in soil A
microcosms fed with beer distillation residues, as soil A was characterized by an about
three orders of magnitude higher initial total heterotrophic bacteria content than soil
B. Fe(Il) availability was also a key factor in Cr(IIl) co-precipitation. In comparison
to the theoretical conditions of the Pourbaix diagram, in real systems, according to our
results stable redox potentials below -200 mV vs SHE are required to start appreciating
Cr(V]) reduction.

In particular, the features of selected substrates are injectability, non-toxicity and
non-recalcitrance. Interesting prospects in terms of reduced costs and overall
environmental impacts; therefore, injection of this substrate into real aquifer could be
potentially applicable. This technology could lead to the achievement of a
concentration of hexavalent chromium below the threshold value established by
current legislation in Italy (5 ugCr (VI)/L).

Further tests in the anaerobic field could be carried out for the design on a real
scale and for a comparison with registered brand reagents, to understand their possible
placement within the market of remediation technologies. However, the injection has
peculiar limitations, such as the difficulty of appropriately defining dosages according
to site-specific conditions (European Commission 2017). Too high doses can cause
negative secondary effects in the aquifer and the accumulation of by-products; vice
versa, insufficient contributions can cause a stall in the site remediation plan.
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7

ELECTRO-SYNTHESIS AND ELECTRO-
FERMENTATION TESTS

7.1 Introduction

Microbial production of chemicals in BES provides a highly attractive novel route
for the generation of valuable products (such as H>O», lactate, ...) from electricity or
even wastewater. The scientific advancement and system scale-ups of electrosynthesis
(ES) and electrofermentation (EF) will depend on interdisciplinary collaborations
(Jiang et al., 2019). This chapter resumed experiences aquired during a period at
Chalmers University - Department of Biology and Biological Engineering, working
on the project “Production of commodity chemicals and fuels in bioelectrochemical
systems”. This project is part of a bigger project recently funded by the Swedish
Research Council Formas, aiming to develop a novel technology for producing
chemicals and fuels from greenhouse CO- and “green” electricity. For the path of the
PhD, aims were the acquirement of knowledge to managing these systems.

ES tests were conducted using a pure culture of Clostridium chromiireducens to
evaluate its capability to grow up in an M3Cs system and use COx, the sole substrate
added, producing organic byproducts. Moreover, a series of EF tests were also
conducted to evaluate the potential of Clostridium beijerinckii to grow in a BES and
to evaluate the substrate consumption rates as well as chemical production at varying
biocathode conditions. Clostridium spp. were grown anaerobically in serum bottles
under appropriate gas and temperature conditions, in a common growth medium prior
to inoculation in Microbial 3-electrode Cells (M3C). The metabolic capabilities in
BESs in an anaerobic environment are then evaluated. Clostridium is a genus of Gram-
positive anaerobic, bacteria, which includes about 100 species, with common free-
living bacteria and several significant human pathogens. Clostridium species inhabit
soils and the intestinal tract of animals, including humans. The capacity to metabolize
CO: for Clostridium genus was already studied in some process (but not in BESs) with
hydrogen supply; as example, Ramachandriya et al. (2013) indicated that Clostridium
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carboxidivorans produced 33% more ethanol and 66% less acetic acid compared to
Clostridium ragsdalei, making C. carboxidivorans the better candidate for ethanol
production. Clostridium genus could be detected in a natural system in different
species; developments for the research could assess his ability to be chromium
resistant; Clostridium chromiireducens was reported to help metal reduction in
anaerobic soils (Inglett et al., 2011). Therefore, working with similar species has
possible implications in what could be the action in a real matrix, such as soil or
aquifer.

7.2 Materials and Methods

Minimal or Rich Medium (MM and RM) (Table 7.1) were considered as suitable
growth media for Clostridium species. In the non-inoculated chambers a modified
mineral medium with high conductivity seved as the electrolyte to maintain an
electrochemical potential balance.

104b Medium — Modified (11 distilled water) | Minimal | Rich | No Growth
(®) (2 (8
Triptone — refill from bucket - 5 -
Peptone from Meat - 5 -
Yeast - 10 -
NaCl — sodium chloride — 7647-14-5 1 0.08 5.8
KH,PO, — dihydrogen phosphate — 7778-77-0 5.25 0.04 5.25
K>HPO, — di-potassium Hydrogen 10.7 0.04 10.7
NH,Cl1 1.5 - -
CaClL*2H,O 0.1 0.01 -
MgSO4*7TH,O 0.2 0.02 -
MnSO4*H20 0.002 - -
NaMoO4*H,0 0.001 - -
NaHCOs - 0.4 -

Table 7.1. Mineral media used during incubation and BES tests.

To the prepared solution 1 g Na-resazurin (solution 0.1% w/v) was added as a redox
indicator, and medium was sparged with 100% N> gas for 30-45 min to assure
anaerobic conditions (Figure 7.1a). Serum bottles were prepared crimping a certain
volume (150-200 ml) of the solution in laminar fume hood. After autoclaving the
bottles, 0.5 g/L-Cysteine-(HCI1*H>O) was added in each one as a reducing agent to
consume any residual oxygen. By means of a syringe through the polymeric septum,
the substrates of interest (e.g. glucose, xylose, glycerol or any other substrate from
sterile anoxic stock solutions, concentration about 5-10 g/1) could be also added to the
solution (Figure 7.2b).
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Figure 7.1. Deionized water (DI) with resazurin takes on a blue color (a); fluxing
nitrogen turns it to transparent, except in the presence of interfering organic elements
that make the solution taking on a yellowish color. Injection in serum bottle (b).

Clostridium spp. were grown prior to inoculation in the MEC reactors. Working in
strictly sterile and anaerobic condition (Figure 7.2), Clostridium spp. (biosafety Level
1), were prepared and cryopreserved (i.e. frozen in liquid nitrogen at -196°C in the
presence of glycerol as stabilizing agents). Than, C. chromiireducens and C.
beijerinckii samples were used inoculating a small amount in the serum bottles
prepared. The bottles, inoculate, were incubated at 30°C with stirring speed 120 rmp
for 1-2 d, and finally transferred into the M3C reactors under defined feed gas (e.g. N2
or CO; sparging) and nutrient conditions.

b)
Figure 7.2. Serum bottles handling in laminar flow hood (a); inocula comes in an
ampule lyophilized cultures, under dry conditions. When break the ampoule, with
culture very sensible to oxygen, the operator must work in an anaerobic environment

(b).
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To study the effect of cathodic current evolution, dual-chambers H-type BESs
were assembled (Xafenias et al., 2015a). M3C reactors consisted of glassware, ion
exchange membranes, and electrodes mainly made of carbon materials (Figure 7.3).
Borosilicate reactors (290 mL working volume, each one) were separated by a
pretreated PEM (Nafion®117; Ion Power Inc., USA). As described in Xafenias et al.
(2015), graphite felt electrodes (SIGRATHERM; SGL Carbon Ltd., UK), 38 cm?
projected surface area, were used both as working (WE) and counter (CE) electrodes.
Electrical power was externally supplied with a potentiostat (MLab 200, Bank
Elektronik), that contolled and monitored the whole system, too (Figure 7.4).

b)

Figure 7.4. Dual-chambers H-type (a); monitoring by a commercial potentiostat
(MLab 200, Bank Elektronik) (b).

Whether required, the pH in the systems was corrected using acid (HCI) or base
(NaOH). A redox mediator (e.g. humic acid analogue anthraquinone and neutral red)
was also added in some tests.
Small amounts of liquid and gaseous chemicals, including, as an example, organic
acids and hydrogen, were produced during the process. These compounds were
analyzed using HPLC technique (Ultimate 3000).
Sampling was performed using sterile syringes and needles (Figure 7.5). Aliquots (1
ml) were periodically collected into plastic vials to measure:

* pH, directly in the vials;

e OD600 (Optical Density at 600 nm by means of spectrophotometers;

instrument reads between 0.01 - 0.3);
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* produced metabolites (after sample preparation, 0.3 ml were injected in HPLC)

(Table 7.2).
Compounds | Retention time | standard | type | Cal.Type | Peak Type
(min)
Glucose 7,425 External | Area | Linear Auto
Xylose 7,870 External | Area | Linear Auto
Succinate 9,030 External | Area | Linear Auto
Lactate 9,950 External | Area | Linear Auto
Glycerol 10,600 External | Area | Linear Auto
Acetate 11,450 External | Area | Linear Auto
Butyrate 13,550 External | Area | Linear Auto
1,3-PDO 15,600 External | Area | Linear Auto
Acetone 15,700 External | Area | Linear Auto
Ethanol 16,400 External | Area | Linear Auto
isoprolanol 18,200 External | Area | Linear Auto
2-butanol 22,880 External | Area | Linear Auto
1-butanol 25,700 External | Area | Linear Auto

Table 7.2. Analytes analized during tests. Summary Retention factor is independent
of some key variable factors including small flow rate variations and column
dimensions. Therefore, it is a useful parameter when comparing retention of

chromatographic peaks obtained using different HPLC systems.

b) c)
Figure 7.5. Sampling (a); filtration step (b) to otbtain sample for HPLC (c).

For investigating potential electron donors for Clostridium spp., Cyclic Voltammetry
(CV) experiments were also performed at least at the system set-up, prior inoculation,
and then following inoculation.

All the CVs were carried out in still conditions to rely only on diffusion as transport
mechanism for the chemical species in the reactor, i.e. nutrients, etc. are not
continuously brought on the electrode surface and products taken away by mixing, and
CV results are not influenced by mixing conditions, stirring speed, etc... Furthermore,
gas flux was stopped during CVs.
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As summarized in Table 7.3, different experimental set-ups have been realized; each
test lasted on average one week. Some set-up and tests showed interesting
performances in terms of biomass growth and reaction products.

Set | Duratio Cultu . Tes Added Potential (V) vs
up n Cathodic compartment substanc
re t Ag/AgCl
n. (h) es
1 G -1.1
MM 2 11
! 120 ¢.C CO; flux 3 G oC
4 oC
5 G 10 mA
MM 6 10 mA
2 120 c.C CO; flux 7 G ocC
8 oC
9 -1.2
RM 10 10 mA
3 120 C.C. CO, flux 0 0
12 oC
13 A -1.2
i 14 A -1.1
4 200 CB. RM with Glucose (10 g/1). N>
flux 15 A 0
16 A oC
. 17- 12
5 120 CB. MM with Sh;]cl(l);e (10 g/n). 1198
5 B
20 oC
. 21- ocC
6 140 CB. RM with Glucose (10 g/l) N2 | 22
flux 23- 12
24 :
2257 NR -1.2
7 125 CB. RM with Glucose (10 g/l1) N> 23 1
flux T
30 NR oC
. 31- 12
g 120 CB. RM with Glycerol (10 g/l). 3354
N flux - oc
36
. 37- -1.2
9 120 CB. RM with Xylose (10 g/) 40
N2 ﬂux 41- 1.2
42 i

Table 7.3. Summary of set-ups and tests. Clostridium chromiireducens (C.C.),
Clostridium beijerinckii (C.B.); “Minimal Medium” (MM) or “Rich Medium” (RM)
are used in tests; CO2 or N2 was continuously sparged with bubble in cathodic
chamber. Addition at the beginning of the test: G (Glucose; 10 g/l); NR (Neutral
Red; 0,1 Mm). Addition during the test: A (Anthraquinone; 0,1 Mm).

Set potential: OC (Open Circuit), 10 mA when potentiostat was made working as a
galvanostat to provide 10 mA circulating current.
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7.3 Results and discussion

The electrosynthesis tests with Clostridium chromiireducens (Set up n. 1-3) did
not show significant results; at the cathode, C. chromiireducens did not show ability
to create EAB. Neither setting a -1.1 V or -1.2 V vs Ag/AgCl as cathodic potentials
nor forcing a reductive current (Set up n. 2) improve bacterial growth. Moreover,
varying the mineral medium, with the addition of glucose or the use of a rich medium,
give no increase in the OD600 in comparison to the OC control.

However, focusing on production of products, some aspects could be evaluate (Table
7.4).

Test 1 Test 2 Test 3 Test 4

t |G GY |PDO G GY PDO G GY PDO |G GY PDO
h | g/l |mg/l| mg/l g/l | mg/l | mg/l g/l mg/l | mg/l g/l mg/l | mg/l

9,8 137,2]351,6 | DL | 142 | DL 10,4 11,1 DL DL DL |313,7
24| 9,0 | DL | DL DL | 51,1 | 331,7 | 10,0 DL DL DL 14,6 |232,1

48| 8,6 [39,2| DL DL | DL DL 9,7 DL DL DL DL DL
72| 8,6 |414|931,6 | DL | 28,8 | DL 9,6 194 [422 | DL DL 29,9

96| 7,6 |57,611013,3| DL | 37,8 |1038,2| 8,7 18,6 |347,3] DL 15,7 DL
Table 7.4. Set UP 1; G (Glucose), GY (Glycerol), PDO (1,3-Propanediol)
concentration during the test.

The concentrations of glycerol and PDO produced during the test appear to be
significantly higher in systems with cathodic potential (Test 1-2) than the relative OC.
The low byproducts concentrations, close to the DL and below the calibration curve
used, and the low circulating currents are not very satisfactory in a synthesis process.
Conversely, the production of organic matter from dissolved carbonates could
guarantee interesting prospective for groundwater remediaton; the comparison
between tests 1 and 2 clarifies how the presence of high organic substance (glucose)
added at the beginning of the test does not lead to significant variations in the analyzed
by-products.

An analysis of C. chromiireducens ability to contribute to cathodic Cr(VI) reduction
can be further explored, also with regard to the characteristics of chromium-resistance,
with a connection to the induced bioremediation technology maybe amplifiated
through a BES.

Electrofermentation tests (set-up n. 4-9) showed different results in relation to the
selected mineral medium and to the added substrate.
In tests 13, 24, 28 at the same set potential and substrate (glucose), the production of
lactate is almost double in comparison to OC tests 16, 21, 22 (e.g. in Figure 7.6). In all
the tests, higher concentrations of lactate are present in the reactors with poised
cathode potential.
The effect of a redox mediator, neutral red on substrate consumption and lactate
production was also investigated. By comparing tests 13, 24, 28 without the mediator
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to the ones where mediator was added at the beginning of the test (25, 26, 27, 29, 30)
no significant difference in glucose consumption and lactate production were
observed. In Tests 13, 24, 28 circulating current was on average 5-10 mA (Figure 7.7);
a similar range was also observed in test with Neutral Red (25, 26, 27).

Test Channel 1: -1200 mV ——Glucose —e—Lactate -#-0OD
30,00 4,00
13
25,00
— 3,00
™ 20,00
3 o
£ 15,00 200 8
=1
-3 10,00
8 10,
wv 1,00
5,00
0,00 0,00
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140, 150 160 170 180 190 200
t(h) 4
Glucose Addition |
Test Open Circuit —o—Glucose —e—Lactate -#-OD
30,00 4,00
16
25,00
= 3,00
% 20,00
3 a
g 1 200! ©
-
2
= 10,00
wv

1,00
5,00

0,00 0,00

0 10 20 30 40 SO 60 70 80 9 100 110 120 130 140 150 160 170 180 190 200

t (h) A
Glucose Addition |

Figure 7.6. Glucose and lactate concentration over time during M3Cs test; -1.2 V vs
Ag/AgCl poised biocathode vs OC. OD600 is plotted on the secondary axis.
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Figure 7.7. pH control over time during MEC test is plotted; biocathode poised vs
OC. Cathodic current is also influenced by pH value.

When the pH is brought to almost neutral values from acidic condition, negative
current quite immediately go down. This is an incentive to bacterial growth and,
therefore, it allows a new increase in current. Moreover, when glucose is almost
finished, pH could increase due to lack of consume.

In Tests 14, at -1.1 V vs AgAgCl poised biocathode, it is possible to notice how this
sglight difference in the applied potential (only a 100 mV to the previous test) caused
a significant reduction in the circulating current, with peak values not exceeding 1 mA.
Set-up n. 8 and 9 were similar to the set-up n.6, but different substrates, xylose and
glycerol, were added. With such substrates, slower substrate consumption rates where
observed with consequent reduced production of metabolites and limited biomass
growth. The availability of attractive substrates for specific species is relevant in terms
of BESs productivity, as in any biological system. In environments with mixed
coltures, like an aquifer, the presence of many species determines the development of
some with respect to others.

Cyclic Voltammetry is a potential dynamic electrochemical measurement
technique; in figure 7.8, as example, are reported CV of two tests. it is possible to note
that there are no evident oxidative/reductive peaks. In fact, there are no significant
differences between the CV conducted at the beginning of the test, during and at the
end of the experiment for the test 13. In the case of the addition of a mediator (test 26),
at the beginning of the test the reduction peak of the added neutral red is clearly visible.
Being a reversible reaction, the corresponding peak on the opposite side is also
outlined.
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Test 13 cv After Inoculation + Cycle 21 h = End Tests
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Figure 7.8. Cyclic voltammetric curve, circulating current (mA) as a function of
electrode potential (V).

Thanks to these experience it is possible to conclude that C. beijerinckii exibits
electroactive capability, as evidence of current production that not depend only on
glucose consumption; these results differ from previously published data reporting
electroactivity of C. beijerinckii only in the presence of a mediator (Jiang et al., 2019).
During lactate fermentation, glucose is converted to lactic acid. Lactate is one of the
derived chemicals that can be recovered from organic containing waste streams. These
tests evaluated the potential of a biocathode to enhance lactate production using C.
beijerinckii. Lactate production was improved at cathode applying —1 V vs SHE.
Further research is however needed to understand the mechanisms to fully exploit BES
potential, including the selection of microorganisms. Anaerobic processes and
principles could be applied for water treatment and recovery of resources.
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7.4 Conclusion

The research aimed to support the development of a BES to produce chemicals
that could be of particular interest for wastewater treatment, but possibly may find
applications also for in-situ groundwater remediation.

Although the experiences with C. chromiireducens were not satisfactory, cathodic
bioelectrochemical production of acetate from inorganic carbon sources, which could
then be used to promote heterotrophic Cr(VI) reduction could be an interesting option
for bioremediation. The possibility of promoting in-situ generation of acetate or other
simple organic substrates in aquifers and the potential of autochthonous
microorganisms should be evaluated. Bioelectrochemical production of organics from
inorganic carbon in cathodes could be used to heterotrophically reduce Cr(VI) with
the aid of a cathode. Relying on carbonates availability in aquifers, it would be possible
to bioelectrically promote in-situ production of organic substares for biological Cr(VI)
reduction, as described in the previous chapters, with no chemicals injection in the
subsurface.

The EF process, in an anaerobic environment obtained via nitrogen sparging and
supplemented with glucose for growth at the cathode, was stimulated through a fixed
potential -1 V (vs SHE). Lactate production in BES increase compared to the one
obtained in the open circuit control. Addition of mediator, neutral red or
anthraquinone, at the beginning or during the tests, did not offer any significant
advantages to the electroactivity of the already developed biofilm. This study
evaluated the potential of using C. beijerinckii, that show EAB properties, to enhance
fermentation. The work highlights the feasibility of biocathode to stimulate
fermentation products deriving from organics and give chance to promote bio-induced
remediation.
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3

HEXAVALENT CHROMIUM REDUCTION
IN BES

8.1 Introduction

This activity aimed to explore the possibility of Cr(VI) contaminated groundwater
treatment in biolectrochemical systems, based on the information from the review of
available research for the treatment of chromium-contaminated water with BESs in
chapter 4.

In some preliminary tests, chromium reduction was observed in BES where a
fixed voltage between the electrodes was imposed; however, in these systems, there
was little control over how the reactions take place and the real contribution of the
EAB developed on the electrode was not clear.

Enrichment of different inocula was conducted in order to evaluate the development
of potentially suitable microorganisms to be chromium resistant/reductive or well
suited within a BES system, developing characteristics similar to EAB.

With a mature EAB were conducted, using a non-commercial potentiostat (Attachment
B), some tests in a M3Cs systems. To approach real groundwater conditions,
differently from previous studies (Huang et al., 2015; Song et al., 2016; Wu et al.,
2015), no organic substance was added in the working chamber, dosing carbonates as
the sole carbon source; lower Cr(VI) concentrations than wastewater were
investigated.

8.2 Materials and methods

8.2.1 Reactor design and setup

Experiments were conducted in dual-chamber H-shaped reactors (Figure 8.1),
made of 2 borosilicate-glass bottles (1.2 L working volume each one) separated by
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4.52 cm? CEM (Membranes International Inc., USA) or PEM (Nafion®117; Ion Power
Inc., USA). A frange closure with PTFE o-rings (@ = 4.5 cm) allowed to place the
membrane between the two bottles and seal the reactor.

Graphite cylinders (ATAL Grafiti, Italy, 6 cm length, 1 cm diameter, geometric area
18.85 cm?) or, in few tests, for comparison, graphite felts (Ouzheng carbon, China)
(approximately 128 cm? apparent surface area) were used as electrodes (Figure 8.2).

a) b)
Figure 8.2. Graphite cylinders (a) and graphite felts (b).

Stainless steel or titanium wires (1 mm diameter) fixed in the centre of the graphite
cylinders or inserted into the felt served as current collectors and to keep the electrode
suspended into the electrolyte. The wires were covered with heat-shrinkable
olytetrafluorethylene (PTFE) tubes (Sigma-Aldrich) to prevent corrosion.

Before use, the CEM was soaked in 5% NaCl solution for at least 24 h as described by
Daghio et al. (2016). PEM pre-treatment consisted of sequential boiling and cooling-
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down in H2O2 5% solution, deionized water (DI), H>SO4 1 M solution and finally again
in DI. Each step lasted approximately 30 minutes (Casalegno et al., 2014). After this
treatment, the damp membrane was air-dried overnight, and subsequently stored in DI.
By means of a multimeter, it was always verified that the overall resistance of the
whole electrode (including the current collector) fell below 10 Q.

The anodic and cathodic chambers were filled with sterile minimal medium
(MM1: 7 g/l NaH2PO4- 12H>0, 3 g/l KH2POy4, 1 g/l NH4Cl and 0.5 g/l NaCl or MM2:
1238 mg/l Na,HPO4, 153 mg/l NaH,PO4, 200 mg/l NH4Cl, 260 mg/l KCl) (autoclaved
twice at 120°C for 30 min). MM2 has lower salt concentrations (conductivity 2570
uS/cm) than MM1 (11170 uS/cm), making it more representative of natural conditions
(Molognoni et al., 2017). Despite the reduced phosphates content, MM2 medium
showed sufficient buffer capacity to keep the pH in the neutral range throughout the
tests.

8.2.2 Preliminary tests with chromium

Several preliminary tests have been performed with the aim of excluding Cr(VI)

abiotic losses due to sorption onto the glassware, electrodes and membranes (Figure
8.3) or chemical reactions of Cr(VI) with the minimal media uses as electrolytes and
even analytical interferences of the electrolyte in Cr(VI) analysis.
Adding potassium dichromate (K2Cr207), the system was kept in constant mixing for
the duration of the tests to favor the spread of hexavalent chromium, even within the
pores of graphite. The reactors were kept at a constant temperature (18 °C). Cr(VI)
concentration in this control reactors was monitored for the different tests conducted
in 10-40 days.

Figure 8.3. Adsorption tests; materials are the same as those used in the Set-up
related to reduction tests (Paragraph 8.2.4).

Electrochemical reactions involving Cr(VI) were explored, by imposing a constant
voltage (1.5, 3 or 9 V) between the electrodes in completely abiotic systems.
Table 8.1 summarizes the different preliminary tests that have been performed.
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Cathode Initial Cr(VI)

Tests General Information AV (V) concentration
Inoculum
(mg/)

Cr(VI) sorptlpn on materials MM Abiotic i 10
(glass, graphite, membrane)

Interference with medium MMT or MMZ_’ 2g/ldi Abiotic - 1-10

HCO;
Applied V(')ltellge (Abiotic MM1 Abiotic 1.5, 3, 10
remediation cell) 9

Table 8.1. Preliminary Tests.

8.2.3 Sources and enrichment of inocula

8.2.3.1 Aerobic conditions

Operating under aerobic conditions in the presence of chromium, the selection of
a resistant chromium biomass was evaluated, starting from different inocula,
including:

. An enrichment culture selected from the previous bio-induced reduction tests
conducted in the microcosms (B5P culture);

. Activated sludge sample deriving from Livescia plant in Fino Mornasco (CO),
(FF culture).

The inocula have been enriched in 1 1 continuously stirred Pyrex bottles, at room
temperature, monitoring with the MARTINA biosensor the temperature and dissolved
oxygen trend. To ensure aerobic conditions throughout the test, an aerator with a
porous ceramic diffuser was used to maintain DO concentration constantly above 2
mg/l. Periodical measurements of optical density (OD600) and Cr(VI) concentration
in the solutions were carried out.

As regards the BSP culture, the initial OD600 was equal to 0.05 and sodium acetate
was added, in concentration up to 2 g/l, as carbon source for bacterial growth. For the
FF biomass, deriving from 1:20 diluted activated sludge in mineral medium solution,
no sodium acetate was initially provided to let the biomass to degrade the residual
organic load for a period of about 48 h. At the end of this initial step, sodium acetate,
2 g/l, was added to the solution.

In addition, respirometric tests have been carried out for both the cultures, to evaluate
the oxygen uptake rate and link it to the consumption of acetate. Following the addition
of sodium acetate to the solution, aeration was turned off until OD decreased to values
up to 2 mg/l; once this low threshold was reached, the aeration was switched on, to
increase the OD to the initial values (generally up to 6-7 mg/l).

Biological removal of Cr(VI) was also evaluated in a BES, exploiting an inoculum
that is characterized by the presence of a chromium-reducing bacteria community.
Under aerobic conditions, as already described in Chapter 4.1, purely electrochemical
Cr(V]) reduction is less favored than oxygen reduction; according to Nernst's law,
oxygen is characterized by higher reduction potential than the different forms of
Cr(V]) at the typical environmental conditions (neutral pH). For the preparation of the
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inoculum to be used at the cathode, a biomass washing procedure was carried out on
the FF culture. The solution was centrifuged three times at 4000 rpm for 10 minutes,
to separate the biomass from the solution; the supernatant was removed and disposed
off, while the biomass was resuspended and mixed with new mineral medium MM,
the use of Vortex allows a homogeneous distribution of the resuspended biomass.
After system set-up, by an external power supply a 500 mV tension between anode
and cathode was applied. The system was left open to air to allow Oz to diffuse inside
the reactor. In parallel to the BES system, an open circuit (OC) control was set up: a
solution was prepared with the same composition as that present at the cathode of the
BES system; a graphite electrode was immersed inside the solution, wrapped with
stainless steel wire, prepared in the same way as previously described. The presence
of OC control allows distinguishing the reduction linked to a purely electrochemical
process from that associated with bacterial activity. In fact, a possible decrease in
concentration of hexavalent chromium within the OC system is to be attributed
exclusively to a biological type process. Both the BES and the OC were kept in
continuous mixing, thanks to a magnetic stirrer, and at 25 °C for the entire duration of
the test. In order to monitor the conditions inside the reactors, pH measurements were
performed periodically (using a bench-top pH meter) and, through the MARTINA
biosensor, the DO and temperature values at the cathode were continuously recorded.
In order to monitor the current circulating in the BES, a 1000 Q resistor was inserted
along the anode-cathode connection electric circuit and, using a multimeter, the
potential difference at the ends of the resistance was continuously recorded; through
the simple application of Ohm's law, it is possible to derive the current circulating
within the system.

Table 8.2 summarizes the different tests that have been performed.

Initial Cr(VI)
Tests General Information Inoculum AV (V) concentration
(mg/1)
Inoculum
cultivation under MMLI, 2 g/l C;HsNaO, B5P, FF No 10
aerobic
conditions
BES cathode MM1; AA; Graphite cylinder
under aerobic electrode; CEM membrane; 2 g/l FF 05V 10
conditions Sodium acetate (Cathode)
Under aerobic MM1; AA; Graphite cylinder
electrode; CEM membrane; 2 g/l FF OoC 10

conditions .
1 Sodium acetate (Cathode)

Table 8.2. Aerobic Tests. B5P: from Microcosms test with soil type B, 5 mg/l initial
Cr(VI) concentration and ultrafiltration permeate of cheese whey as organic substrate
(Chapter 6.2); FF: activated sludge derived from Fino Mornasco Wastewater
treatment plant; AA: Abiotic Anode.
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8.2.3.2 EAB developement in MFC

Operating in a dual-chamber MFC (2C-MFC) (Figure 8.4) a resistor (500-1000
Q) was used in the external circuit connecting anode and cathode; a multimeter verified
the overall resistance. In the anodic chamber, 0.24 | sludge from an anaerobic digester
(SAD) of a wastewater treatment plant in Cremona (Italy) was used as an inoculum;
also sludge for agricultural reuse was tested (AS). Sodium acetate, up to 1 g/l, served
as the sole carbon source for bacterial growth. Acetate was periodically spiked (50-
100 mg/1) into the medium with a syringe every time the current density dropped below
0.5 mA/m?. In order to establish anaerobic conditions, after inoculation the anodic
chamber was flushed for 15 min with sterile-filtered N». Finally, the chamber was
sealed by a screw cap with PTFE coated silicone septum; the cathode chamber was,
instead, kept open to air to let oxygen diffuse into the solution. Samples were
periodically withdrawn from the chamber using a syringe, for optical density at 600
nm (OD600).
Samples for COD (chemical oxygen demand) quantification, about 3 ml, were
periodically collected and spectrophotometrically analyzed with cuvette tests (Hach
Lange LCK314 and spectrophotometer Lange DR360000TM), according to ISO
15705 (2002). COD measurements were used to evaluate the amount of acetate
microbially oxidized with time. By considering, in fact, the complete oxidation of
acetate, a 1.08 gO/gC,H302" conversion factor is estimated to relate the COD
concentration to the residual acetate at any time.
In a second series of tests, some MFCs have also been prepared with both chambers
inoculated, keeping it in anaerobic conditions, dosing Cr(VI) at the cathode as a
possible electron acceptor in place of oxygen, in order to be able to evaluate the
reduction in MFC and to select electro-active biomass already chromium resistant.
Cr(VI) was injected with concentration ranging from 1 to 5 mg/L. An inorganic carbon
source is provided, KHCO3 with concentrations 2 g/l, to force the selection of
autotrophics microbial communities able to exploit the electrode as an electron donor.
The behavior of the electroactive biofilm was also investigated in systems with
sulphate and nitrate, species commonly present in groundwater, as different terminal
electron acceptors in the cathodic chambers. 1 ml volume of nitrate solution was
withdrawn on a periodic basis for kit (LCK339, range: 0.23 to 13.5 mg/L NO3™-N).
Similar procedure was applied to sulfate analysis (Hach Lange Kit, LCK339), but with
5 ml sample volume solution being taken each time.
Following the addition of substrate (sodium acetate) at the anode:

CH;COO+ 4H>0 — 2HCOs + 9H'+ 8¢ (19)

electroactive bacteria in the system started oxidizing the substate and transferring the
resulting electrons to the anode. The electrons flow from the anode to the cathode
through the external circuit where reduction reactions occur:

0> + 4H* + 4e”— 2H>0 (20)
NOs + 6H* + 6¢ — 0.5N> + 3H>0 21
SO/# + 8H* + 8¢ — S* + 4H,0 (22)
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The MFCs operated in a batch-fed mode at a constant temperature (18 + 0.5 °C) and
pH (7.4£ 0.1). For ensuring a continuous mixing, the 2C-MFC was set over magnet
stirrer. DO and ORP probes (or MARTINA analyzer) were inserted in the cathodic
chamber to monitoring the parameters.

For the whole test, the voltage output across the external resistor was continuously
recorded using a data logger (Picolog 1012, Pico Technology Ltd., UK, 12 channels);
this allowed to monitor the produced current density with time.

The tests lasted about 15-30 days until stable maximum output voltage increased up to
220 mV (around 200-250 mA/m?), which indicated bacteria have colonized the
electrodes. The renewals allow a constant development of the selected biomasses; the
best performing ones have been constantly monitored and renewed since over 2 years.
Cyclic voltammetry, under a potentiostatic control, was done at the scan rate of 5SmV/s
and having a window below -0.6 and 0.6.

As summarized in Table 8.3, different experimental "set up" have been realized;
each with duration monitoring time. Some Set UPs showed interesting performances
in terms of biomass growth.

Acetate

a)
Figure 8.4. MFC scheme (a) and set-up (b) used for experimental work. On the left is
the anodic chamber containing inoculum; while on the right, it’s the cathodic
compartment with an electrode in an electrolytic solution.
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Set General Information Inoculum Cathode

up (anode)
1 Graphite cylinder locked on stainless AS Abiotic, open to air
steel/titanium wire, MM 1 (0y)
2 Graphite cylinder locked on stainless SAD Abiotic
steel/titanium wire, MM1. Open (Oy)
3 Graphite cylinder locked on titanium wire; AS SAD with Cr(VI), 1-5 mg/l.
“14” MM1; KHCO:s, 2¢g/1
4 Graphite cylinder locked on titanium wire; AS SI with Cr(VI), 1-5 mg/1.
“14” MM1; KHCO:;, 2¢g/1
5 Graphite felt on titanium wire, MM?2 SAD Abiotic with NO3™ 100 mg/1
6 Graphite felt on titanium wire, MM2. SAD Abiotic with SO4*, 150 mg/l
7 Graphite felt on titanium wire, MM?2 SAD Abiotic with aerator

Table 8.3. Set up.
SAD: Sludge from anaerobic digester (20% volume), AS: agricultural sludge, SI:
inoculum derived from chromium contaminated soil;
“L4” MM1 — Minimal Medium concentration reduced by 75% to get closer to more
representative conditions of real matrix.

The bioeletroactive anodes producted were used in Cr(VI)-reducing tests. When
electrodes were used, at the same time, clean electrodes replaced those removed and
the initial volume in MFC was re-established with fresh medium. As reported by Wu
et al., (2018c), the acclimatization of the electrodes to the anode of an MFC is a
practice of new experimentation, which allows the use of the electroactive inoculum
in the cathode compartment.

8.2.3.3 Microbiology

To characterize the microbial communities, samples of the different inocula
(SAD, AS and soil) and the anodic solution of the MFC were filtered on 0.45 um
sterile paper filters. The genomic DNA from filters was extracted using the FastDNA
Spin Kit for Soil (MP Biomedicals, Solon, OH, USA) according to the manufacturer's
instructions. The V5-V6 hypervariable regions of the 16S rRNA gene were PCR-
amplified using the 783F and 1046R primers (Huber et al., 2007; Wang and Qian,
2009). The bacterial PCR was performed in 20 pl. volume reactions with
GoTaq® Green Master Mix (Promega Corporation, Madison, WI) and 1 uM of each
primer. After the amplification, DNA quality was evaluated spectrophotometrically
and DNA was quantified using Qubit® (Life Technologies, Carlsbad, CA). The
sequencing was carried out at Consorzio per il Centro di Biomedicina Molecolare
(CBM) Parco Tecnologico Padano (Lodi, Italy). Bioinformatics elaborations have
been performed as previously reported (Palma et al., 2018). Classification of the
representative sequences of each OTU was done using the RDP classifier (>80%
confidence) (Wang et al., 2007a).

A quality filter was applied to the sequencing results, removing those sequences
that appear only once in the entire data set and instead of maintaining the sequences
without alignment errors in the two readings (forward-reverse). The remaining
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sequences have been grouped into Operational Taxonomic Units (OTUs); each OTU
was made up of 97% identical sequences. For each cluster of sequences, a single
representative sequence was identified, which, through RDP classifier, was
categorized according to the taxonomic units (Phylum, Class, Order, Family, Genus).
The relative abundances of each representative sequence and, therefore, of the
belonging OTU on the total of the representative sequences of each sample were then
calculated.

8.2.3.4 Analyses and calculations

Current was calculated as I = AV/R, where AV [V] is the measured voltage across
the external resistor, R [Q] (Bruce E Logan et al., 2006). Current density [mA/m?] was
calculated as the ratio of the current recorded I [A] and the electrode’s surface area.
MFC performance was evaluated by the Coulombic efficiency (CE) showing the
fraction of the electrons obtained from oxidizable substrates, which are recovered at
the anode, indicating the efficiency of the conversion of a substrate into electrical
current. CE of the MFC, therefore, indicates the microbial conversion efficiency of the
substrate into electric current. CE was calculated by assuming the dosed acetate as the
only oxidizable substrate and sole electron source in the reactors:

CE = (M-I-A)/(F-Van-b-AS) (23)

where M (59 g mol™!) is the molecular weight of acetate (CH3;COQO"), I [A] is the
current recorded within time At [s], F’ the Faraday's constant (96485.3 Coulombs/mol
of electrons), b is the stoichiometric factor (8 moles of electrons per mole of acetate),
Van [1] is the working volume of the anodic compartment, and AS is the substrate
removed [g/l] within time. The consumed substrate was calculated by assuming the
complete oxidation of acetate everytime recorded current was below 0.5 mA m™.

Tests were carried out to trace the polarization curve and the power curve,

observing how the cell voltage (AE) and the power density (P) varies in function of
the current density. The curves are useful to quantify the internal resistances of the
system and also to evaluate the optimal value of the external resistance that maximizes
the electric power produced by the MFC. The acquisition of the data was carried out
under non-limiting substrate conditions, using resistances varying between 1 and
10000 Q.
The developed biofilms were able to generate electric signals through oxidation of
acetate. The performance of the bio-anode in reducing electron acceptors was assessed
in term of current density, the coulombic efficiency as well as the rate of reduction of
the final electron acceptors (oxygen, chromium, nitrate and sulfate).

8.2.4 Batch tests with poised biocathode and heterotrophic pre-
enriched culture

In the tests, Cr(VI) removal was assessed in a 1,2 1 biocathodic chamber of a
double-chamber M3C.
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An Ag/AgCl reference electrode (Hanna Instruments, 0.2 V vs. standard hydrogen
electrode, SHE) was connected to the cathode using a Haber-Lugging capillary filled
with saturated 3M KCI (+0.205 V vs. SHE). All measured potentials were relative to
this reference, and then converted to SHE.

The cathodic solution, instead, was composed of MM1 or MM2; the anodic solution
was the same as for the cathodic chamber in order to balance the charge.

An inorganic carbon source is provided, KHCOs; with concentrations 1-2 g/, to force
the selection of autotrophics microbial communities able to exploit the electrode as an
electron donor. Therefore, cathode function as the sole electron donor, selecting and
exploiting only autotrophic microorganisms. The counter electrode chamber was filled
up with the same volume of KHCOs.

As summarized in Table 8.4, different experimental "Set up" have been evaluated;
some tests showed interesting performances in terms of chromium removal.

Potential K:Cr:07

SI?I;F General Information Cathode inoculum (mVyvs (mg/l), KHCO3

SHE) (g

1 MMI1; AA; Graphite cylinder electrode IPC from AS -300 1,2

2 MMI1; AA; Graphite cylinder electrode  TPC+CEL from SAD -300 1,2

3 MM2; AA; Gr.aphlte cylinder (cathode) IPC+CEL from SAD 300 11
titanium rod (anode)

4 MM2; AA; Gr.aphlte cylinder (cathode) IPC from SAD 2300 11
titanium rod (anode)

5 MM2; AA; Gr.aphlte cylinder (cathode) CEL from SAD 2300 11
titanium rod (anode)

6 MMI1; AA; Graphite cylinder electrode  TPC+CEL from SAD 700 1,2

7 MMI1; AA; Graphite cylinder electrode IPC from AS OoC 1,2

8 MMI1; AA; Graphite cylinder electrode  IPC+CEL from SAD OoC 1,2

9 MM2; AA; Gr.aphlte cylinder (cathode) IPC+CEL from SAD ocC 11
titanium rod (anode)

10 MM2; AA; Gr.aphlte cylinder (cathode) IPC from SAD oC 11
titanium rod (anode)

11 MM2; AA; Gr.aphlte cylinder (cathode) CEL from SAD ocC 11
titanium rod (anode)

12 MMI1; AA; Graphite cylinder electrode Abiotic -300 1,2

13 MMI1; AA; Graphite cylinder electrode Abiotic - 1,2

Table 8.4. M3Cs tests.

AA: Abiotic Anode; IPC Inoculum prepared with planktonic community;
EAB: Electroactive Bacteria, previously prepared; CEL: Colonized Electrode,
biofilm attached to electrode/graphite; SAD: Sludge from anaerobic digester, AS:
sludge for agricultural reuse; carbon source HCO3™ (1-2 g/l).

Using a acclimatization method similar to the one reported by Wu et al. (2016a),
inoculum prepared with planktonic community (IPC) and/or colonized electrodes
(CEL) were transferred into the cathodic chamber containing 1000 pg Cr(VI)/l, and
operated between -300 mV and +700 mV (vs. SHE) by means of dual channel Arduino
based potentiostat (Politecnico di Milano I3N-DICA, 2016 Cariplo-BEVERAGE).
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The acclimatization method involves the transfer of a mature bioanode of a MFC to
the cathode chamber of a MEC. The electrical inversion of an electrode with an
electroactive biofilm without significant reductions in the efficiencies of electron
transfer has already been reported in previous studies (Rozendal et al., 2008; Pisciotta
et al., 2012, Zaybak et al., 2013). It has also been shown that some microorganisms
are able to exchange electrons with the electrode in both directions (Yang et al., 2015;
Xafenias et al., 2015).

The acclimatized bio-electrode was immersed in the polarized system working
chamber filled with mineral medium, KHCO3 (2 g/1) as the sole source of carbon, and
K>CrO7 (Cr(VD) 1 mg/l). The working chamber housed an Ag/AgCl reference
electrode (Hanna Instruments, 0.2 V vs. standard hydrogen electrode, SHE).

CEL were also used to prepare open circuit system (OC) as control; to compare
biological Cr(VI) removal in bioelectrochemical and non bioelectrochemical systems,
without the imposition of a WE potential.

In the tests in which CEL is used, the electrode is previously acclimatized as an anode
in the MFCs; this operation reduces the period by microorganisms to colonize the
electrode (Wu et al., 2015).

In tests in which IPC was added in addition to the biofilm on the electrode, the injected
solution, 0.24 1 of solution from the anodic chamber of the MFC, is properly prepared.
To minimize the amount of dissolved organic carbon, the inoculum was first subjected
to a washing procedure, consisting of a three series of centrifuge passage (10 min at
4000 rpm, Thermo Scientific) and resuspension of the pellet in fresh mineral medium.
The solution containing the inoculum is added to the cathode chamber, obtaining initial
0OD600.

In configurations with only IPC or only CEL it was possible to observe different Cr
(VD) removal efficiencies.

The OC systems, to assess the biological Cr(VI) reduction, were prepared exactly the
same way of polarized systems without connecting the external circuit. Set UP 7-8
were conducted in parallel with reduction tests with imposed potential; the Set UP 9-
11 instead were conducted with the same reactor and starting conditions deriving from
the respective Set UP 3-5. These OC tests are therefore affected by the conditions
changed over time during the previous cycles at set potential.

The abiotic control (Set UP 12) assess the effects of electrochemical reduction of
hexavalent chromium. Some pure abiotic control, in which no potential was imposed
to assess any absorption phenomena, also operated in parallel (Set UP 13). The
configuration of the abiotic controls was the same as the polarized and OC batches;
the solutions were sterilized in an autoclave twice (120°C for 30 min) before filling up
the reactors.

Cr(VI) removal test and OC lasted respectively about 6 and 12 days, until more than
90% chromium removal was reached. Abiotic tests lasted 12-14 days until no changes
in chromium concentrations were observed. So, through these different systems it was
possible to compare the reduction of Cr(VI) exclusively by the electrochemical,
biological and bio-electrochemical way. At the end of a reduction cycle; during some
tests, a subsequent cycle was carried out in which potassium dichromate is re-dosed to
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restore the Cr (VI) concentration to the initial value; moreover, 20% of the anodic and
cathodic solutions are renewed.
In figure 8.5 M3Cs and related control at the end of the set-up phase.

Figure 8.5. M3Cs, in thermostatic cell, at the end of the set-up phase.

To ensure the anaerobic conditions, the cathodic chamber of all the systems was blown
with nitrogen for 15 minutes to favor the stripping of the oxygen in solution and in the
head space of the reactor. All the reactors were kept in continuous mixing through
magnetic stirrers and at a constant temperature of 18 °C in a thermostated room.
Experiments were conducted at temperatures 18+0.5 °C.

In all the systems, samples were periodically taken from the cathodic solution for
analysis. The sampling took place using syringes, with appropriate needles of
sufficient length, through the lateral necks of the reactors equipped with appropriate
plugs with pierceable baffles. To maintain the anaerobic conditions, a volume of
nitrogen equivalent to the volume of solution taken was blown in each time a sample
was taken.

Cr(VI) dissolved concentration was analysed at the beginning, during the experiment
and at the end of the experiment. Aliquots were immediately 0.45 um filtered and
Cr(VI) dissolved concentration in all systems was analyzed by spectrophotometric
method (APHA 3500-Cr D; C-APAT-IRSA 2003), while the dissolved total
chromium was analyzed by ICP-MS (ISO 11083:1994). The amount of soluble Cr(III)
was calculated, using a mass balance, as the difference between total soluble
chromium concentration and that of hexavalent chromium. Detection limit of
spectrophotometric method was 18 ug Cr(VI)/L.

Also OD600 was monitored during tests, to try to evaluate the growth (or decrease) of
biomass.

pH and ORP measurements were performed both with the probe and with MARTINA
analyzer.

In some tests the concentration of nitrogen compounds was checked: ammonium,
nitrates and total nitrogen are quantified using the cuvette test. Instead, nitrites were
stimated by the difference between total nitrogen and ammonium and nitrates. The
initial ammonium in the systems is due to the presence of NH4Cl deriving from mineral
medium.

The current profiles were recorded using chronoamperometry.
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8.2.4.1 Microbiology

At the beginning and at the end of the experiments, the microbial characterization

of the bacterial communities enriched on the biocathodes and in the cathodic solutions
was performed in collaboration with Milano Bicocca University. The biofilms attached
to the polarized electrodes and OC graphite were scraped with a sterile scalpel
obtaining graphite powder and biofilm. DNA from filters (0.45 um sterile paper) was
extracted by means of FastDNA® SPIN Kit for Soil (MP) and, subsequently, amplified
by PCR using bacterial primers for the 16S rRNA gene with adapters for the Illumina
platform (Illumina Miseq).
A quality filter was applied to the sequencing results and the remaining sequences have
been grouped into Operational Taxonomic Units (OTUs); each OTU was made up of
97% 1identical sequences. For each cluster of sequences, a single representative
sequence was identified, which, through RDP classifier, was categorized according to
the taxonomic unit (Order). The relative abundances of each OTUs were calculated on
the total number of OTUs of each sample.

To evaluate the electroactivity of biofilms already present or developed on the
electrodes and the effects of the presence of Cr (VI), CV were conducted at various
times of the tests. The experiment was done under a potentiostatic control, wherein
three electrodes were used: a working, an Ag/AgCl reference and a counter electrode.
Both working and reference electrodes were placed very close to each other in the
anodic chamber. While, the counter was inserted in the counterpart. The first CVs were
performed before and after the addition of Cr (VI) and were used as a reference for
those at the end of the reduction cycles. Cyclic voltammetry experiment was done at
the scan rate of 1-50 mV/s and having a window between -800 mV and +800 mV (vs
Ag/AgCl). During the CVs the systems were kept in non-shaking conditions to avoid
losing information on diffusion phenomena near the electrode.

8.2.5 Continuous flow test with poised bioelectrode and
heterotrophic pre-enriched culture

The final phase of the experiment investigated a M3C system, similar to those
previously batch-tested, except for the continuous feeding of the working electrode
compartment, with the aim of stepping forward towards the complexities of real scale
applications (Figure 8.6, 8.7).

To this purpose, through conductivity tests, a synthetic medium was selected. From
these tests, the MM2 medium was reduced in ammonium amount to make it
correspond to representative concentration for groundwater; a minimal medium with
the following characteristics was used: 1238 mg/l Na,HPO4, 476 mg/l NaH>POs, 81.5
mg/l KNO3, 250 mg/l KCl, 210 mg/l NaCl (autoclaved twice at 120°C for 30 min).

The cathode chamber was inoculated with the biomass (both planktonic and the
electrodic biofilm) from the anodic compartment of the MFC. Subsequently, through
the potentiostat, it was possible to set the potential of the working electrode to —300
mV vs. SHE, and to monitor the circulating current. Reduction of Cr(VI) with time
was checked by periodic sampling and analysis. The sampling of the solution is
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conducted by a tap on the outlet tube, which connects the reactor to the collection tank.
Under conditions of continuous flow, without recirculation, it is possible to wash away
the biomass from the reactor; a three-way valve has therefore been set up on the
delivery tube to perform a possible re-introduction of biomass.

A pump (Watson Marlow 313s) provided a continuous feed of synthetic Cr(VI)
polluted solution to the system by continuously drawing water from a reservoir,
consisting of a collapsible 2 1 Tedlar bag. As regards the power supply, the system can
be considered a semi-continuous, as it provides an anodic chamber in batch conditions
and a work chamber fed in continuous flow.

In the tests, a hydraulic retention time of 3.5 days was imposed, and based on the
geometric characteristics of the system, a flow rate of 0.120 mL/min was selected.
This retention time allows operating with flow rates and speeds that not only come
close to the typical conditions of the groundwater flow but also to the conditions used
in previous experiences, reported in the literature, on continuous fed BES. The flow
rate typically use ranged between 0.01-5 mL/min, depending on the type of
contaminant and the configuration. For studies using double chamber Cr(VI) reduction
(Li et al., 2017), the inlet flow rates vary between 0.04 and 0.117 mL/min, with HRT
from 2 to 6 hours, since the reactor has very small size and a high ratio between the
surface of the working electrode and the volume of the chamber.
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Figure 8.6. Continuous flow scheme. The configuration includes a feed pump
positioned upstream of the cathode chamber between the inlet tank, consisting of a
Tedlar bag, which contains 1 1 of solution, and the reactor.
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Figure 8.7. Continuous flow set up.

8.3 Results and discussions

8.3.1 Preliminary tests with chromium

In all the sorption and interference tests maximum deviation in chromium
concentrations did not exceed 5%, largely within the margin of error of the analytical
method, which is approximately 10%. Therefore, significant decrease in Cr(VI)
concentration, due to the adsorption on the glassware and/or on the surface of the
electrode and chemical reaction with mineral medium can be screened out.

In tests with applied voltage, the pH value diverged in few hours, reaching values
as low as 2 in the anodic compartment, and above 11 at the cathode. Partial Cr(VI)
reduction (about 30%) was observed. High voltage values brought to fast graphite
oxidation and the anode disruption.

These observations highlighted electrochemical reduction is to some extent possible,
but, unless pH control is performed, purely electrochemical removal is not
characterized by high efficiency.

8.3.2 Aerobic conditions

From the results of the inoculum cultivation under aerobic conditions (about 30
days), it was evident that the bacterial activity was linked to the consumption of
acetate, especially for the FF culture, whereas for the BSP culture, despite the addition
of acetate at high concentrations, no significant aerobic activity, in term of DO
consumption, was recorded. Furthermore, at the end of the tests the OD600 is only
significantly increased, with values at 15 d and 30 d respectively equal to 0.055 and
0.095. Finally, the reduction in the concentration of Cr(VI) was no significant.
Enrichment with activated sludge, FF, showed aerobic bacterial activity and
significant Cr(VI) reduction. Following two different chromium spikes (10 mg/1), the
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residual concentration, within 15 d, was equal to 6-7 mg/l. Part of Cr(VI) maybe
underwent a complexation process on the activated sludge flakes in the solution, so,
the decrease with time of Cr(VI) concentration in 45 pm filtrate may not be univocally
linked to effective Cr(VI) microbial reduction. Nevertheless, microbial activity
observed in the respirometric tests confirmed the presence of a chromium-resistant
community.

Therefore, the biomass from the FF enrichment was inoculated in BES batch tests
under aerobic conditions and the associated OC control. The tests (Figure 8.8) resulted
in a reduction of Cr(VI) concentration in time both in the BES system and in the OC;
from the initial 10 mg/l Cr(VI), Cr(VI) was reduced in 20 days to about 4 mg/l and 5.7
mg/1, in BES and OC respectively.
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Figure 8.8. Chromium concentration trends (continuous line) and OD600 (dashed
line), for the BES (in yellow) and OC system (in green). After 20 days, mineral
medium was renewed and Cr(VI) up to 10 mg/L added; and ignition of the
ventilation.

The greater removal in the BES in comparison to the OC system is probably linked to
the electrochemical Cr(VI) reduction, not active in the OC system, summing up to the
effects of the microbial activity. The biological activity is evident from the DO profile
showing a fast decrease below the 2 mg/I threshold because of aerobic oxidation of the
acetate in the mineral medium, and diffusion of atmospheric O2 into the system was
not sufficient to ensure aerobic conditions throughout the test.

Increase with time of OD600 is linked to the growth of the biomass in both the BES
and OC. Similar tests under forced aeration showed very low reduction efficiencies.
The reduction shown in BES is therefore more attributable to fermentation processes
that may have occurred during the acetate consumption phases during which very low
DO levels were recorded. This means that the reduction of Cr(VI) occurred only when
anaerobic conditions were locally reached within the systems. This conclusion leads
to a BES that contributes with the electrochemical action rather than the EAB biomass
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action. Furthermore, there does not seem to be a correlation between the reduction of
Cr (V]) and the production of current that remains very low and constant during tests
(1-20 pA). This BES system therefore approaches a biological induced system, with
the advantages, however, of greater local control than the injection and dosage in the
aquifer. The presence of organic substance remains indispensable in order to promote
the reduction of chromium in appropriate conditions and to develope the biomass at
the cathode. In similar tests, as part of that shown in the figure, it can be observed that
the development of biomasses in the cathodic compartment is rather slow. At the new
chrome spike and with aeration, biomass growth is slowed.

Another factor that influences the process, and in particular the batch test is the pH
increase: in a basic environment the presence of the hexavalent form is more favored.

Therefore, in strictly aerobic conditions, the bacteria use oxygen as a final electron
acceptor and, at the cathode, there is no evidence of a significant reduction in the
concentration of Cr (VI); the slight removal of Cr (VI) recorded both in the BES and
in the open circuit control is probably due to complexation within the biomass. For
these reasons, given the difficulties in selecting a biomass characterized by chromium-
reducing bacteria, it was decided to set up tests in anaerobic conditions, trying to select
a more EAB, capable of exchanging electrons with the electrode and using Cr (VI) as
final electron acceptor, thus favoring its reduction to Cr (III). Moreover, fixing a
proper set potential of the working electrode can positively influence the biofilm, by
regulating the energy available for bacterial growth (Luo et al., 2014).

8.3.3 EAB developement in MFC

A relationship between substrate availability and current production was
observed, as rapid increase in the circulating current was recorded after acetate
addition, carried out anytime the current density has dropped below 0.5 mA/m?,
corresponding to an almost complete depletion of the substrate. Coulombic Efficiency
(CE) trend suggests that an electroactive biofilm, capable of oxidizing acetate and
transferring electrons to the anode, is attached and developed on the electrode.

In Set UP 1-2, after an initial phase of a few days, the voltage increases and,
through consecutive acetate spikes, a maximum of 178 mV (0.36 mA) and 220 mV
(0.44 mA) were respectively reached, indicating the formation of a biofilm on the
anode (Figure 8.9). In Set UP 2 tests current density in the 2C-MFC ranged between
0.5 and 237 mA/m?>. Following the first two additions of acetate, current densities were
recorded with peak values of 160 and 38 mA/m?, respectively. Instead, in the two
following cycles current density reached a maximum of 227 and 232 mA/m?
respectively. In the cycles following the transfer of the bioeletroactive anodes
producted, with part of the anodic solution renewed (usually 20-40 % of the analyte
volume), the maximum current density varied from a minimum of 229 mA/m? in the
fifth cycle to a maximum of 237 mA m2in the last cycle. In the first two cycles, unlike
subsequent cycles, the peak values of current density were recorded only for short
periods (10-15 min). In subsequent cycles, instead, there has been a rapid increase in
the current, which has reached and maintained its maximum value for a period varying
from a minimum of 1 day (in the fifth cycle, after bioanodes transfer the MECs) to 4.5
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days (third cycle). This difference in the trend of the recorded currents suggests that
an EAB has attached and developed on the electrodes, capable of transferring electrons
from the oxidation of the acetate directly to the electrode. This hypothesis is supported
by the calculation of the CE in each cycle, which shows a marked increase; starting
from negligible CE at the beginning of the test, during the enrichment period there was
an increase in both Set UP; efficiencies of 28% and 18% are achieved respectively for
Set UP 1 and Set UP 2. In Set UP 2 CE shows a marked increase between the second
(0.5%) and third cycles (18%). Between the fourth and fifth cycles a reduction in the
coulombic efficiency is observed, from 16.5% to 5%, respectively, due to the renewal
of 40% of the medium. It is possible to notice that the coulombic efficiencies can
decrease over time, during the following peaks, as long as acetate avaibility for the
biofilm on the electrode is reduced by developing alectroactive microorganisms in
solution. Generally, part of the electrons, released during the acetate oxidation
reaction, has been used by non-electro-active species, which do not increase the
circulating current, and therefore with a negative effect on CE. For example, it is
known that methane is the natural end product of microbial activity in most anaerobic
environments and therefore methanogenesis represents an important microbiological
process to be considered to evaluate the performance of BES, and MFCs in particular.
Methanogens, that is microorganisms that convert organic material into methane,
compete with EAB for the organic substrates. Thus, unless the methane formed can
somehow be reoxidized and then reused by electroactives, the methanogenic activity
reduces the amount of electrons available to the anode and therefore the current
produced. Recently, it has been shown that EAB in an anode can overwhelm the
methanogens using acetate as electron donor, while the use of different substrates, for
example glucose, tends to increase the production of methane (Rozendal et al., 2008).
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Figure 8.9. Current density and Coulombic efficiency during the anode acclimation
phase in 2C-MFC, Set UP 2. Current density (black line) produced by electroactive

117



biofilm after periodic acetate addition (black arrows) until the solution was renewed

(white arrows) (40% replacement of anolyte) and two of the three electrodes used for

chromium tests. The CE (empty diamond) was calculated at the end of each current
peak.

For Set UP 2 the polarization curve (Figure 8.10) identify an OCV equal to 0.45
V, which, due to internal losses, is lower than the theoretical value of the Eemt’, equal
to 1.4 V. With the increase of circulating current, the distance between the theoretical
value and the recorded one, increase too (Korneel Rabaey and Keller, 2014). For linear
polarization curves, the value of the internal resistance of the MFC is equal to the
angular coefficient (Logan et al., 2006); in the test as example, assuming a linear trend,
the value of the internal resistance would be equal to 940 Q. The optimal system for
the acclimatization of electro-active biomass on graphite cylinder electrodes, must
operate by imposing resistances between 500-1000 Q.
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Figure 8.10. Polarization Curve realized for MFC, Set UP 2.

No significant voltage variations were recorded in the tests carried out with MFC

and chromium-containing cathodes (Set UP 3-4); therefore it was not possible to
calculate the CE at the anode. It can be concluded that no significant development of
EAB were observed, not only able to reduce hexavalent chromium but also to grow
up.
Variable and limited 3-40% chromium removals were observed in 50 days of
monitoring starting from initial concentrations of 1-5 mg/l and using two different
inoculum (SAD, SI) (Figure 8.11). A reduction in OD600 in the cathode chamber at
the was observed during a test conducted with an initial concentration of 5 mg/l. Redox
potential also showed a fluctuating trend: a negative peak of the redox potential (-350
mV vs AgAgCl).
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Figure 8.11. Cr (VI) concentration (a) and optical density trends in MFC systems
during 50 days of monitoring.

In the case of the system with nitrates as terminal electron acceptor (Set UP 5),
the current generated during cycles was relatively low. Unlike the second cycle, there
is a high current density being recorded (Figure 8.12), reaching a maximum of 49
mA/m? in spite of the same of amount of acetate addition (50 mg/l).

In spite the significant amount of electrons released to the cathodic compartment of
nitrate’s system, their influence in reducing nitrate was limited.

~4~ Current density -¢- COD —4— Current density -4~ Nitrate
T 80 200 — 80 i
E70 | | | | - 180 E 70
> o 60 _ = ' : 250 _
£ g £ 200 @
g 50 a 120 £ Z 50 | fs| . £
2 40 “ [ o l0g 240 ,}‘ AT 150 9
N p - |

2% || 4 80 O | T 30 e 5 ioiss 100 £
§ 20 ‘ SR 20 \ 2
£ 10 ‘ | W ‘;8 £ 10 N \ l _J‘w*f 50
S L \_ t il O \ —

0 : “Llo 0 . 0

10 12 14 16 18 20 22 10 15 20
t(d) t(d)
a b

Figure 8.12. Set UP 5, Current density and COD (a), nitrate concentration (b) during
tests. Blue arrows (acetate spike); red arrow (nitrate spike).

The system with sulfate (Set UP 6) produced higher current densities (Figure
8.13), with 78 mA/cm? peak value. The current density did not reach zero in this phase
of the experiment because the concentration of acetate was comparatively high.
Because of this, fewer additions (three) of acetate were done on the system.
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The concentration of sulfate decreased during cycles. With addition of sulfate through
a spike in the BES, was observed that concentration reduced as the current density
increased.
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Figure 8.13. Set UP 6, Current density and COD (a), Sulphate (b) during tests. Blue
arrows (acetate spike); red arrow (sulfate spike).

To discuss a comparison, the first cycle of the various systems is considered
(Figure 8.14); there is a high level of current generation in all system. This production
of current density varied in the different system when compared. The system of sulfate,
nitrate and oxygen produced the currnet density of 47.5 mA/m?, 47.2 mA/m? and 19
mA/m?, respectively. This could be linked to the contration of different oxidants in
each cathodic chamber since the system of sulfate, nitrate and oxygen was initially 150
mg/l, 100 mg/l and 6 mg/l, respectively.
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Figure 8.14. Current density trend with different electron acceptors. Comparison of
the generatted current density during the first cycle of the different systems.

DO at 1mg/l could be the limiting factor since the influence of oxidant (oxygen)
concentration on the performance of MFCs depends on the current density. This is due
to the fact that DO becomes a limiting factor.
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8.3.3.1 Microbiology

The results of the microbiological analyses showed an evolution from anaerobic
digester community compared to the communities founded after 16 d during Set UP 2
(Figure 8.15, 8.16).
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Figure 8.15. Anaerobic digestor’s community (SAD) and electroactive anode
selection during Set UP 2 tests. Relative abundance at the order level. “Others < 3%”
indicated strains with abundance less than 3%.
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Figure 8.16. Anaerobic digestor’s community (SAD) and electroactive anode
selection during Set UP 2 tests. Relative abundance at the family level.

It is possible to notice an increase in the relative abundance of bacteria belonging
to the orders Burkholderiales (about from 1 to 25%), Bacteroidales (from 3.1 to
11.7%), Pseudomonadales (from 1 to 9.4%).

Representatives of the Burkholderiales (Alcaligenaceae, Comamonadaceae),
Bacteroidales (Porphyromonadaceae,), Pseudomonadales (Pseudomonadaceae)
orders have been previously described as bacteria able to perform electrochemical
interactions with the anode (Joicy et al., 2019; Read et al., 2010; Saratale et al., 2017;
Sotres et al., 2015). In particular Alcaligenaceae, that grow up more than 120%, have
been previously described as bacteria capable of transferring electrons to the anode
(Barbosa et al. 2018; Kumar et al. 2017b; Lu et al. 2017). This confirms that the
increase in CE over time has been promoted by the selection of an EAB community.
The availability of substrate and the possibility of exploiting the anode as a final
electron acceptor favored EAB; conversely other heterotrophic microorganisms
reduced or remained unchanged in the solution, such as the order of the Clostridiales
(from 10.4 to 12.6%).

Conversely almost complete reduction in terms of relative abundance was observed
fot bacteria belonging to the orders Spirochaetales, Methanosarcinales and
Methanomicrobiales. Bacteria belonging to the order Spirochaetales have already been
observed within heterotrophic anode communities and seem to be related to efficiency

122



losses (Rimboud et al. 2015). The reduction of methanigens is synonymous with the
reduced development of secondary reactions such as methanogenesis.

8.3.4 Tests handled with poised cathode and heterotrophic pre-
enriched culture

The following figure 8.17 shows the trends of residual concentrations in the first
week of sampling for different Set UPs considered.
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Figure 8.17. Cr(VI) residual concentration (%) for different Set UP tests during
first 6 days.
The main considerations are:
. best efficiencies (Set UP 2) are related to a BES compared to OC or abiotic
systems.
. efficiencies can be greatly reduced when changing the conditions of the

mineral medium used for the test (Set UP 2 vs Set UP 3). The variability of the
redox and chemical conditions of an aquifer can therefore influence the
efficiency of the process.

. the purely electrochemical reduction of Cr (VI) (Set UP 12) showed an
important decrease in the chromium concentration; however, the Cr (VI)
reduction stopped at about 30%. In fact the reduction is less
thermodynamically favored at neutral pH, due to lower potential and slowing
down the reaction rates. The precipitation of Cr (III) on the electrode, as
reported in literature (Li et al., 2008), may passivate the electrode, preventing
further reduction of the dissolved Cr (VI).

. operating with a suitable potential at the cathode is decisive; the cathodic
potential influenced Cr (VI) removal efficiency (Set UP 2 vs Set UP 6).

123



. purely biological reduction conditions can guarantee significant reductions
(Set UP 2 vs Set UP 8).

The most rapid decrease in Cr(VI) concentration was observed at the end of the
Set UP 2, with -300 mV vs SHE polarized biocathode. In fact, after only six days, the
residual chromium concentration was equal to 7% of the initial concentration
(92.1£13.2 pg/l). In the same time, in the OC control (Set UP 8) the dissolved
chromium concentration was around 45% (Figure 8.18a). The high Cr(VI) removal
efficiency was probably ascribed to the selection of a bacterial community containing
electro-active and/or Cr(VI) reducing/resistant bacteria.
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Figure 8.18. Cr(VI) concentration (black symbols) and optical density trend (white
symbols).

The cathodic potential influenced the microbial community structure, affecting

Cr(V]) removal efficiency. From the beginning of the test until about the tenth day, a
more rapid removal of the Cr(VI) was observed in the OC than in the M3C with
biocathode poised at 700 mV vs SHE (Figure 8.18b). Residual chromium dissolved
concentration at ten days were, in fact, 38% and 55% in OC and M3C, respectively.
In the last sampling, at twelve days, however, the percentage of residual dissolved
chromium is practically the same in both systems (5%). In the abiotic control (Set UP
13), no significant changes were observed after 12 days of test.
In the OC control, the optical density is almost stable from the beginning at the end of
the tests. In the biocathode poised at 700 mV vs SHE, a sensible reduction in OD600
was observed over 12 days, from the initial value of 0.66 to the final value of 0.57;
while a slight increase was observed in the M3C with the more efficient poised
cathode, between 0.66 and 0.78. This trend suggests that the biocathode set at -300
mV has enhanced microbial growth more than in the OC.

From the comparison between Set UP 3-5 (Figure 8.19), conducted with MM?2
and a reduced biomass it is observed that the best efficiencies are obtained in the
presence of both [PC and CEL.
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Figure 8.19. Cr(VI) concentration (black symbols) and optical density trend (white
symbols).

With the presence of the only cathode colonized the microorganisms required an initial
acclimatization period for significant reductions in chromium. With batch conditions
and less buffer capacity of the solution in the test pH values increase up to values

around 9. The system (Set UP 5) is most affected by pH changes because it has no
biomass in the reactor. These conditions correspond to an environment less adapt to
the reduction of chromium. The M3C with only IPC vice versa, has high efficiency in
the first cycle, even higher than Set UP 3. The higher efficiency, equal to 65% in 25
days, may be due to the simultaneous presence of purely electrochemical mechanisms
to the electrode. Possible electrode inefficiencies such as lack of biofilm development
or passivation, however, result in a reduced removal for the systems at the end of the
new reduction cycle (Figure 8.19b). In general, for all the systems the efficiency of
removal of hexavalent chromium tends to decrease over time; among the causes
nutrient depletion and the progressive increase of the pH in such batch tests conducted
with reduced buffer capacity.

The OD600 is also reduced in the tests conducted in the Set UP 3, however, the
bioelectrode makes up for this loss.

In the Set UP 9-11 no significant reductions in the concentration of hexavalent
chromium were observed. The removal of Cr (VI) by biological route is a minority
component; in these tests the pH remained almost constant with values around 8, so a
lower tendency for reduction processes. The optical density in the Set UP 9-10 showed
a decreasing trend, in line with what was observed in the potential-imposed tests.

In systems, weakly negative currents in the order of 10'-10° uA have generally
been observed. The recorded current data are often difficult to evaluate, as the low
values are disturbed by numerous environmental interferences (PCs, lights, stirrer) that
prevent appreciating variations or significant trends over time.

In BES systems with the presence of ammoniacal nitrogen in mineral medium the
development of nitrifying biomass is possible. Looking, for example, at the graphs
relating to Set UP 3, it can be seen that there is clear nitrate formation over time (Figure
8.20). The peak, positive for ammonium and negative for nitrates, at the end of the
first cycle is due to the renewal of 20% of the volume of the cathodic solution. The
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nitrification process can be conducted biologically from genera of bacteria such as
nitrosomonas and nitrobacter; the first oxidize ammonium to nitrites, the second
nitrites to nitrates (Anthonisen et al., 2014). Once the oxidation of ammonium is
complete, nitrates begin to be used as electron acceptors and therefore to be reduced.
In light of these results it has been hypothesized that the oxidation of ammonium by
the ammonium-oxidant bacteria may have favored the reduction of Cr (VI). Due to the
high concentration of initial ammonium it is possible the reduction of Cr (VI) can also
take place indirectly as well as via bioelectrochemistry, ie by exploiting the electrons
supplied by the ammonium oxidation.
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Figure 8.20. Ammonium and nitrate trend during a test (Set UP 3).

The monitoring of cathodic currents and the results of chemical analyzes, during
the continuous flow test, did not allow to observe a significant bioelectrochemical
removal of Cr (VI) (Figure 8.21). However, this system has provided useful
information to the development and research on this technology, also in consideration
of the limited number of continuous BES studies for the removal of Cr (VI) reported
in the literature.
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Figure 8.21. Cr(VI) concentration and optical density trend during the test.

126



From the analysis, the continuous system has not shown an ability to appreciably
remove Cr (VI) in the reactor. Throughout the continuous test, the concentration values
remained constant around the value of 1 mg/l, with minimal variations mainly related
to the analytical uncertainties and the dosage of Cr (VI) in the inlet tank. It cannot be
excluded that the incomplete mixing of the reactor may have led to the creation of
preferential flow paths. During the tests, there was a drop in the optical density mainly
due to the loss of biomass in the outflow. The analyzes showed very high initial OD600
values due to the high loss of biomass. The decrease in biomass was also visible on
the electrode, with a loss of the biofilm. The pH measurements performed on the
samples have always provided values of 7.8+0.1. This result confirms the choice of
the mineral medium, which showed a good buffer capacity.

8.3.4.1 Microbiology

The microbial communities, from the beginning to the end of the M3C tests, are
reported for some Set UP (Figure 8.22, 8.23).
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Figure 8.22. Bacterial community structure at the order level. “Other orders < 3%”
indicated strains with abundance less than 3%.
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Bacterial community composition at the family level
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Figure 8.23. Bacterial community structure at the family level. Relative abundance at
the order level.

The EAB community used in 2C-M3C tests was found to be dominated by
Proteobacteria (26% Burkholderiales, 9% Pseudomonadales and 4% Rhizobiales),
Firmicutes (13% Clostridiales) and Bacteroidetes (12% Bacteroidales). The addition
of Cr (VI) and carbonates, as the sole carbon source, influenced the suspended
microbial community.

Compared to the inoculum derived from MFC anode, both in polarized (Set UP 2) and
in OC systems (Set UP 8), Pseudomonadales, Bacteroidales and Clostridiales reduced
their relative abundances, by about 80%, 50% and 30% respectively. Viceversa,
Flavobacteriales order showed relative abundance increase, from 0.3% to,
respectively, 3.6% and 4.4% for polarized and OC systems.

In OC, an increase in the relative abundance of the Nitrosomonadales, from <1.5% to
8.8%, was observed.

On the other hand, in polarized systems there was a slight increase in the orders
Burkholderiales due to a net increase in the population of Comamonadaceae, from
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2.8% to 10%. In the same system also relative abundance of Xanthomonadales
increased respect to the inoculum.

Bacteria belonging to Burkholderiales order (Comamonadaceae and Alcaligenaceae
families) are already reported in other studies as EAB, chromium tolerant/resistant and
autotrophic microrganisms (Fernandez et al., 2009; Im et al., 2018; Paiva et al., 2015).
Furthermore, bacteria belonging to these two families have been observed in BESs
both for the removal of inorganic compounds, such as H>S and NO3™ under autotrophic
or mixotrophic conditions (Im et al., 2018; Khanongnuch et al., 2018) and for Cr(VI)
bioreduction (Morel et al., 2016; Thatoi et al., 2014).

The lack of organic electron donors, such as acetate, has influenced the structure of
the suspended bacterial community, suggesting a possible advantage for autotrophic
microorganisms (Nitrosomonadales and Flavobacteriales) able to use carbonates and
ammonium in the mineral medium as carbon source and inorganic electron donor
(Herrmann et al., 2017).

The results of 16S rRNA gene sequencing of the biofilms developed were
compared and it was deepened on a genus level (Table 8.5).
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Order OC graphite POL -0.3 V electrode
Genus (%) (%)
Burkholderiales 22.1 16.5
Advenella 14.2 8.1
Ralstonia 2.6 1.6
Polaromonas 1.5 <15
Flavobacteriales 4.1 16.9
Moheibacter 3.9 16.6
Nitrosomonadales 9.0 11.8
Nitrosomonas 8.8 11.8
Rhizobiales 5.0 13.7
Nitrobacter <15 9.8
Actinomycetales 9.0 4.4
Rhodococcus 4.8 1.5
Xanthomonadales 6.8 5.0
Stenotrophomonas 2.9 3.1
Clostridiales 5.0 34
Clostridium X| 1.7 1.8
Desulfuromonadales 5.2 2.9
Geobacter 4.1 1.8
Bacteroidales 31 1.7
Petrimonas 1.6 <15
Pseudomonadales 4.1 1.9
Pseudomonas 29 <15
Sphingobacteriales 1.7 2.9
Acidimicrobiales <15 1.7
Deinococcales 1.7 4.9
Truepera 1.7 49
Enterobacteriales 34 <15
Escherichia/shigella 3.4 <15
Other orders < 1.5% 11.7 7.8
Other genera < 1.5% 29.2 22.7
Unclassified order 8.0 4.6
Unclassified genus 16.4 16.3

Table 8.5. Relative abundance at order and genus level of the biofilm developed on
graphite of the OC system (Set UP 8) and on polarized electrode (Set UP 2).

On the polarized bioelectrode bacteria belonging to the orders Flavobacteriales
(16.9% compared to 4.1% in OC graphite), Rhizobiales (13.7% compared to 5% in OC
graphite), and Deinococcales (4.9% compared to 1.7% in OC graphite) were more
abundant; instead the same were almost absent in the planktonic communities
(Flavobacteriales 3.6-4.4%, Rhizobiales <1.5%, Deinococcales <1.5%).

The only genus detected within the Flavobacteriales order was Moheibacter. The
sharp increase in relative abundances of this genus on the polarized bioelectrode, as
well as in other electroactive biocathodic communities as reported in the literature
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(Liao et al., 2018; Sun et al., 2018), suggest this genus is involved in the transfer of
electrons from an electrode. The only genus detected within the Rhizobiales order was
Nitrobacter. Bacteria belonging to the Nitrobacter genus are known for oxidizing
nitrite to nitrate and were previously observed in autotrophic biocathodes for nitrate
removal (Huang et al., 2013; Xiao et al., 2015). The whole Deinococcales order was
constituted by Truepera genus. This genus has been previously described in
electroactive cathodic communities also consisting of microorganisms belonging to
the genera Moheibacter and Nitrosomonas (Sun et al., 2018; Liao et al., 2018).
Although an ecological relationship has not yet been defined, the abundance of these

genera on the polarized bioelectrode suggests they were advantaged compared to OC
system.

CV on the BESs reported (Figures 8.24, 8.25) are those carried out at scanning
speeds of 5-10 mV/s, as they were more significant and less affected by interference
in the case of low-speed scans or rough approximations in the opposite case. In fact,
at high speeds the representative peaks of the reactions may be less evident. The graphs
were obtained by averaging the data of several cycles through a moving average;

generally, the second and third cycles. The first cycle, of practice, is discarded as it is
more affected by errors.
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Figure 8.24. Comparison between CV at the initial time and at the end of the
chromium reduction cycles, the scanning speed is 10 mV/s for the Set UP 2 and 5
mV/s for the Set UP 3.
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Figure 8.25. Comparison of CV at the end of the reduction cycles for the Set UP
considered, scanning speed 5 mV/s.

From the graphs shown, and in general from what emerged in the studies
conducted on CVs, some considerations:

. peaks of between -600 and -400 mV (vs Ag/AgCl) can be associated with the
presence and reduction of chromium which generates a cathodic current; this
aspect is described in similar CV reported in the literature (Xafenias et al.,
2013). The presence of a not particularly marked peak can be linked to the low
residual concentration of hexavalent chromium at the end of the test compared
to the initial condition in the reactor.

. in order to observe representative peaks of the redox conditions of the
reduction tests it was excluded the identification of reactions, such as the
hydrolysis of water peak that can be highlighted around -700 mV vs AgAgCl.

. from the comparison of the scans at different speeds there is an increase in the
currents as the scanning speed increases, as foreseen by the theoretical
principles relating to CVs; the increase in scanning speed, from 5 mV/s to 10
mV/s, does not seem to provide further information about the reactions taking
place within the analyzed systems.

. the tests can provide useful information about the actual presence of EAB
species. In fact, in the CVs of the Set UPs conducted with the presence of
biomass, greater currents have been recorded, compared to the abiotic control;
the electro-active biomass, draws electrons from the cathode or uses the
cathode as an electron donor, while in the abiotic system the passage of current
is exclusively related to chemical factors.

. by comparing the CVs made at the end of the tests relating to the Set UP 4-5 it
is possible to appreciate significant differences in currents produced also as a
function of the residual chromium; the planktonic biomass in the solution does
not seem to affect the trend of the CV which is more related to the operating
electrode.
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. a greater cathodic background current, compared to the initial scan, can be
attributed to the growth of the EAB community, as evidenced by corresponding
OD600 measurements.

8.4 Conclusion

Results reinforce earlier works (Huang et al., 2011b; Lovley, 2011; Xafenias et
al., 2013) that suggest the potential of biocathode to stimulate Cr(VI) reduction in
contaminated waters. The chance of using Cr(VI) as a terminal electron acceptor for a
biocathode in a BES has been investigated, at the laboratory scale. Moreover, this
experimental work exploring the possibility of effective reduction in groundwater at
lower Cr(VI) concentrations than wastewater so far investigated (Chapter 4).

In some preliminary tests chromium reductions have been observed in BES where
inocula were used directly at the cathode. Efforts were concentrated in the
investigation of the possible mechanisms of a biocatode which operates with an active
role with respect to a reduction deriving only from a bio-induced process.

Due to relatively long time for the EAB to colonize the electrode, an acclimation phase
at the anode of MFCs was performed. Then, Cr (VI) reduction was investigated using
a BES in M3C configuration; the biocathode inoculum derived from MFCs,
transferring the planktonic solution and/or directly an electrode with the developed
biofilm. KHCOs3 was provided with 1-2 g/l concentrations, as inorganic carbon source.
Tests were carried out under anaerobic conditions with biocathode poised between -
300 to +700 mV vs SHE.

The fastest chromium removal was observed in M3C poised at -300 mV vs SHE
compared to other potential and purely electrochemical and biological control. The
purely electrochemical reduction stopped at about 30%; the precipitation of Cr(I1I)
may passivate the electrode, preventing further reduction of the dissolved Cr(VI).
Thanks to the presence of an electroactive biofilm it was possible to observe more than
90% hexavalent chromium reduction at neutral pH. Conversely, in previous studies,
the electrochemical reduction of Cr(VI) was found to be strongly dependent on the pH
of the cathodic solution (An et al., 2014; Wang et al., 2008).

High Cr(VI) removal efficiency in the M3C-300 was probably ascribed to the selection
of a bacterial community containing electro-active and/or Cr(VI) reducing/resistant
bacteria. Community analysis suggested that known EAB families were able to adapt
under M3C conditions; autotrophs like Alcaligenaceae appear to be favored.
Bradyrhizobiaceae, Trueperaceae and Flavobacteriaceae were selectively enriched
on the polarized cathode biofilm; the microbial consortium lends a contribution for
high removal of chromium to the biocathode.

Although BESs require further laboratory testing and scale up, the use of
bioelectrochemical systems for removing hexavalent chromium is a new, sustainable
and promising approach for remediation of water polluted with Cr(VI).

133



CONCLUSIONS

Groundwater resources are highly vulnerable to hexavalent chromium
contamination. The main causes of the presence of Cr(VI) in soil and groundwater are
related to industrial activities and incorrect waste management.

Alternatives to the complete removal of Cr(VI) contaminated soil or groundwater
aim to decrease the environmental and health risks by reducing Cr(VI) to Cr(III). One
available option, in-situ bioremediation, relies on the capabilities of Cr(VI) redaction
of several microrganisms. Bioremediaton technologies for Cr(VI) include bio-induced
reduction, that consists in the stimulation of autochthonous microbial activity by
injection of readily biodegradable organic substrates to promote reducing conditions
conducive to Cr(VI) reduction and precipitation.

The possibility of using by-products of the food industry as substrates for bacterial
growth has been investigated. Lab scale tests under bio-induced conditions, carried out
in batch systems, were performed to select proper organic substrates, to study the
kinetics of the process and to evaluate iron involvement in chromium precipitation.
The highest Cr(VI) abatements were obtained in microcosms containing waste from
the brewing process and soil which had the higher total heterotrophic bacteria
concentration. Fe(Il) availability was also a key factor in Cr(IIl) co-precipitation. It
was necessary to reach stable redox potentials below -200 mV vs SHE to observe a
reduction in the Cr (VI) concentration. The use of inexpensive byproducts in
comparison with registered brand reagents can be an interesting alternative approach.
In particular, the features of selected substrates are injectability, non-toxicity and non-
recalcitrance. Interesting prospects could be related to reduced costs and overall
environmental impacts; therefore, injection of this substrate into real aquifer could
potentially be applicable. Further tests under anaerobic conditions should be carried
out for a comparison with registered brand reagents, to understand their possible
placement within the remediation technologies market.

Injection, however, has peculiar limitations, such as the difficulty of appropriately
defining dosages and frequency of injection according to site-specific conditions.
Furthermore, with bio-induced reduction, chromium precipitates throughout the whole
contaminated area with no concrete chance of recovering the metal, which possibly
undergoes partial re-oxidation with time. Acceptance, by the institutions and decision-
makers, of the diffusion of the by-products in the aquifer is another item of discussion
that could prevent the diffusion of the technology if not adequately studied.
Bioelectrochemical systems, investigated for over a decade principally for wastewater
treatment, have been recently proposed as an option for groundwater remediation as
well. By using electrodes as virtually inexhaustible electron donors and acceptors to
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promote microbial oxidation-reduction reactions, BESs should offer the advantage in
in-situ remediation of avoiding the addition of the substrates. Electrosynthesis tests
conducted for the production of organics from inorganic carbon, propose a new path,
to be investigated further, for the use of cathodes to heterotrophically promote in-situ
Cr(V]) reduction. Moreover, local control of the processes can also allow the recovery
of the contaminated matrix.

Batch tests with poised electrode and heterotrophic pre-enriched culture, to shorten the
time required for EAB development, have been performed. The effectiveness of this
system was tested in comparison to pure microbial and pure electrochemical control,
an initial concentration of Cr(VI) of 1 mg/L was applied and no organic substance was
added during the chromium removal phase. Tests, operating in M3Cs, showed a
decrease in Cr(VI) both in the polarized reactors and in the control systems. The M3C
operating at -300 mV vs SHE with the bioelectrode polarized, showed a faster rate
than other systems with a removal efficiency over 90% in 6 d. The characterization of
the microbiological communities, carried out using molecular techniques, suggested
that known EAB families were able to adapt at M3C conditions. The results showed
that the bacterial community was affected by the polarization, and there were
differences from the biomass developed in the open circuit control.

BES treatment looks like a sustainable approach in terms of environmental impact,
management and costs. Even though positive results have been reported with abiotic
cathode systems, biocathodes have been shown to offer advantages in Cr(VI) reduction
from the perspective of groundwater remediation, above all in terms of their
effectiveness in the typical soil/groundwater pH range and the exploitation of
microbial catalysis, limiting cathode passivation due to Cr(III) precipitation.

In conclusion, with the aim of improving cost-effectiveness and sustainability in
hexavalent chromium-contaminated groundwater remediation, biological mechanisms
are interesting. At the lab-scale, technologies tested were competent in reducing
Cr(VI) with initial concentrations 1-10 mg/l. Bio-induced processes, more
consolidated in engineering terms reaching full scale implementation, provide electron
donors to ensure bacterial metabolism and reduction of chromium. The criteria
proposed do not recommend the technology when the presence of iron in the soil
matrix is scarce. Moreover, the injection is not effective in the presence of different
lithologies and heterogeneity limits. In similar conditions, BESs could be a possible
alternative, taking into account the possible application through PRB. Applying the
criteria, BES technology may not be suggested only in the presence of high
concentrations of chromium. Until now, BES testing at pilot plant level is still scarce;
for the technology scaling-up, long term studies and modelling are required in order
to explore all the open issues and identify feasible approaches to full potential BES
exploitation in groundwater remediation. It is expected that evaluated in situ
technologies can be integrated into remediation projects for the resolution of
groundwater contamination. Often P&T remain in function for a long period, without
the possibility of favorably closing the administrative procedure, with consequent cost
increases and the necessity of continuous monitoring.
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ATTACHMENT A - REVIEW TABLE

Table 4.1: Summary of key studies regarding Cr(VI) reduction in BESs.

Cathode
Initial
Cathodic inoculum/ Potential nitia Initial Test period | Cr''removal Rate [mgCr"Y/L/h] (Specific rate
BES Type” Anode material Anodic inoculum/ mediator® Cathode material Cr(VI) Refs
mediator [V vs. pH [h] [%] [mgCr"Ygssv/h])®
[mg/L]
SHE]
Cr(VI) enriched 22 0.14 (0.18)
anaerobic sludge; ED: denitrifying and 31 7.2- (0.22) (Tandukar et al.,
2CMFC-PEM, H(b) graphite plate graphite plate NA 552 100
acetate anaerobic mixed 40 7.6 (0.36) 2009a)
culture 63 0.45 (0.46)
Anaerobic mixed NA 13 3.8(2)
graphite plate and (Huang et al.,
2CMFC, PEM, H(b) graphite plate MEC effluent; ED: acetate culture from =7 7 100
granules NA 39 5.3(2.4) 2010)
contaminated soil
0.013 5 3 98.5 6.57
20
0.03 8 61 4.07
graphite fiber (C/A=3) NA 40 35 75 8.57
-0.05 50 3 NA 5.2)
5 100 4.08 (12.4)
raphite fiber
effluent and acclimated £rep MEC anaerobic 4 5.12 (15.5) (Huang et al.,
2CMFC, CEM, TR(b) graphite fiber (C/A=10)
anode from MFC effluent 2011b)
graphite fiber 7 3 6.8 20.6)
(C/A=20) NA 20 S
graphite fiber (C/A=3) 90.25 3.61£0.1(11.3+£2.2)
graphite felt (C/A=3) s 76.75 307£0.12(95+1)
graphite granules
86.5 3.46+£0.09 (5.6 £0.6)
(C/A=3)
2CMFC, CEM, TR(b) graphite brush graphite granules NA 70 0.6
anaerobic wastewater ED: WWTP primary 045 3 0.43 (Huang et al.,
2CBES (poised " 0.3 20 7 24 100 0.83
graphite brush acetate graphite granules clarifier effluent 2011a)
cathode), CEM, TR(b) -0.15 100 0.83
0.2 43 0.36

174




Cathode

Initial

Cathodic inoculum/ Potential Initial Test period | Cr''removal Rate [mgCr"Y/L/h] (Specific rate
BES Type® Anode material Anodic inoculum/ mediator® Cathode material Cr(VD) Refs
mediator [V vs. pH [h] [%] [mgCr"gssv/h])®
[mg/L]
SHE]
Shewanella
60-100 0.02-0.04
oneidensis MR1
Shewanella
92-100 0.03-0.04
putrefaciens
Shewanella
72-100 0.025-0.04
reticulated vitreous | Shewanella oneidensis MR- reticulated vitreous amazonensis 25(@3 72 (each
2CMFC, CEM, H(sb) NA 7 (Hsu et al., 2012)
carbon 1; ED: lactate carbon Shewanella sp cycles) cycle)
32-100 0.01-0.04
ANA3
Shewanella
44-100 0.015-0.04
loihica
Shewanella sp
20-100 0.007-0.04
MR-4
S.oneidensis MR-1; ED: Shewanella
2CMFC, PEM, H(b) graphite felt graphite felt 90 0.1-1.1
lactate oneidensis MR-1
Shewanella
10 (6 10 0.5
oneidensis MR1 NA 7 300
cycles)
Shewanella (Xafenias et al.,
2CBES (poised Shewanella oneidensis MR- oneidensis MR1; 13 0.65 2013a)
graphite felt graphite felt
cathode), PEM, H(b) 1, ED: lactate MED: riboflavin
Shewanella
oneidensis MR1; -0.3 20 7 4 45 2.25
ED: lactate
municipal 2.93 1 89 0.01
municipal wastewater; ED:
SCMEFC (b) carbon brush carbon cloth with Pt wastewater; ED: 3.03 3 6.5 120 95.7 0.02 (Lietal., 2014)
acetate
acetate 3.13 10 98.8 0.08
WWTP primary -0.074 5 100 1.21
clarifier effluent 5 (with
acclimatated to NA Cu(D), 39 0.49
Cr(VI) CddD))
MEFEC anodic effluent; ED: (Huang et al.,
2CMFC, CEM, TR(b) graphite brush graphite felt WWTP primary 5.8 4
acetate 2015)
clarifier effluent,
] 5 (Cu(ID),
acclimated to NA 100 1.24
Cdn))

Cr(VI), Cu(Il) and
cdqn
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Cathode

Initial

Cathodic inoculum/ Potential Initial Test period | Cr''removal Rate [mgCr"Y/L/h] (Specific rate
BES Type® Anode material Anodic inoculum/ mediator® Cathode material Cr(VD) Refs
mediator [V vs. pH [h] [%] [mgCr"gssv/h])®
[mg/L]
SHE]
Shewanella 10 (8 (Xafenias et al.,
2CMFC, PEM, H(b) graphite felt Shewanella oneidensis graphite felt NA 8 840 90-100 0.9-1.95
oneidensis cycles) 2015b)
mixed culture
from MFC anode 79.3 0.66
(ex situ)
anaerobic sludge; ED:
2CMEFC, PEM, C(b) graphite felt . graphite felt anaerobic digester NA 20 7 24 (Wu et al., 2015)
glucose
sludge enriched in
20.2 0.17
presence of
Cr(VI) (in situ)
43.12 -
100 7 2.69-6.04
96.68
100 (200
NOs', 100 41.38 2.59
p-FNB)
100 (200
NOs, 150 7 49.14 3.07 (Chen et al.,
SCMEC, Cyl(c) carbon rod anaerobic sludge graphite felt anaerobic sludge NA 16 (HRT)
p-FNB) 2016)
100 (200
NOs7, 200 55.21 3.45
p-FNB)
100 (200
NOs7, 300 58.93 3.68
p-FNB)
graphite felt NA s 28.3 1.13+£0.01
anaerobic sludge; ED: graphite felt/NaX acclimated MFC NA 69 2.76 £0.09 (Wu et al.,
2CMFC-PEM, C(b) graphite felt 20 7
glucose graphite felt/NaX- anode 2016b)
NA 3 100 10.39 +0.28
HNO;3
graphite felt 58.3 0.49
(Song et al.,
2CMFC-PEM, H(b) graphite felt sewage sludge; ED: glucose graphene modified acclimated MFC NA 40 7 48
. 100 0.83 2016)
graphite felt
2CMFC, CEM, Cyl(b) graphite felt graphite felt -0.04 20 5.8 5 74 -83 296 -3.32
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Cathode

Initial

Cathodic inoculum/ Potential Initial Test period | Cr''removal Rate [mgCr"Y/L/h] (Specific rate
BES Type” Anode material Anodic inoculum/ mediator® Cathode material Cr(VI) Refs
mediator [V vs. pH [h] [%] [mgCr"gssv/h])®
[mg/L]
SHE]
Stenotrophomonas
sp., S. maltophilia,
P P 20 (20
MEFC anodic effluent; ED: Serratia (Huang et al.,
-0.05 mg/L 63-71 2.52-2.84
acetate marcescens, 2018)
CddD))
Achromobacter
xylosoxidans
30 (20 6 58.96 0.88
(Wang et al.,
SCMEC, Cyl(c) graphite rod activated sludge carbon felt activated sludge NA mg/L 7 20 h HRT 72.65 1.09 2018b)
NO3) 8 65.08 0.98
) ) ) ) (Wuet al.,
2CMFC-CEM, H(b) graphite felt anaerobic sludge graphite felt Bacillus Cereus NA 27 7 25 100 2.56 20182)
a

Notes: (1) 2CMFC: Double chamber Microbial Fuel Cell, 2CBES-poised cathode: potentiostatically controlled bioelectrochemical systems; SCMFC: Single-Chamber Microbial Fuel Cell, SCMEC: Single-
Chamber Microbial Electrolysis Cell; 3CMDC: three-chamber Microbial Desalinization Cell, 3CMFC: three-chamber Microbial Fuel Cell (anode and double cathode); PEM: Proton Exchange Membrane,
CEM: Cation Exchange Membrane, BPM: Bipolar membrane. H = H-type reactor; Cyl = Cylindrical reactor; C = cubic chambers reactor; TR = tubular reactor, (b) = batch mode operation, (sb) = semi-
batch mode operation, i.e. continuous flow anode chamber and batch cathodic chamber; (c) continuous flow operation (2) ED: Electron Donor, MED: mediator, for chemical or biological activity; WWTP
(Wastewater Treatment Plant); PPy (polypyrrole); AQS (9,10-anthraquinone-2-sulfonic acid sodium salt); AQDS (anthraquinone-2-sulfonate). (3) Specific rate normalized by the mass of suspended volatile

solids (SSV) in the cathode compartment. NA: no available information.
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ATTACHMENT B - IN-HOUSE
POTENTIOSTAT

Such a device allows to set the electric potential of the working electrode in
respect of a reference and to measure the current at the working electrode and the
voltage at the counter electrode, and it is necessary for any research activity on BESs.
The construction of a cost-effective instrument suitable for research purposes offered
the chance to investigate in detail the operating methods of the system and the
precautions in the tests set-up to prevent incorrect operation of the instruments (e.g.
shielding to electrical interferences, etc.). Tests of BES with M3Cs could be
performed.

A potentiostat is the electronic hardware required to control a three electrode cell
and run most electroanalytical experiments. The system functions by maintaining the
potential of the WE at a constant level with respect to the RE by adjusting the CE
current. This equipment is fundamental to study reaction mechanisms related to BESs.
Modern potentiostats are designed to interface and operate through a dedicated
software package. Some peculiarities are:

* Electric potential range (measured and applied).

* Accuracy in potential (measured and applied).

* Range of scan rate: how slow or fast a potential window can be scanned. This
1s most important for experiments that require high scan rates, like in BES.

* Electric current range (measured and applied): the maximum range over which
current can be sampled. Applying large currents is important for experiments
that pass a great deal of current like a large bulk electrolysis. Measuring small
currents is important for experiments that pass small currents like in BES.

e Current resolution: determines the operational range of a specific experiment.

* Accuracy in current (measured and applied).

* Number of working channels: how many WE can the instrument control.
A polypotentiostat may be important for controlling biological experiments
with more WE.

* Interface.

The in-house system was programmed starting from a card designed by Professor
Giorgio Ferrari of the DEIB (Dipartimento di Elettronica, Informazione e
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Bioingegneria) - Politecnico di Milano (Figure A.1a); built and realized by the staff of
the labs and the PhD candidate. The collaboration established between the two
departments and their respective laboratories is a positive result; direct collaboration
in the creation and programming of the instrument, designed for the experimental tests
covered by the thesis, allows flexibility in the development and modulation of the
system, also for future instrumental modifications/implementations. The card, which
has a microcontroller to allow the management of the instrument from a computer with
a USB cable, is powered with a £ 15V input voltage and has 3 outputs: the reference
electrode (RE), the working electrode (WE) and the counter-electrode (CE) (Figure
A.1b). The project layout is represented in Figure A.2. Current and voltage signs adapt
to the [IUPAC convention; the current is positive when oxidation occurs.

: T3 CA e
L eoooo000
- CE
& Ref
[ LA
\ .
WE
b)

Figure A.1. Electronic board (a) and "schematic" of a 3-electrode potentiostat (b).
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Figure A.2. Layout.

The input voltage is chosen between RE and WE between -5V and + 5V with an
accuracy of about 10 mV; the current is read in the WE and the voltage in the CE. The
CE voltage has a maximum value of about + 10V. The current measurement has two
selectable ranges: the maximum range is about 100 mA, the minimum 5 mA. The
minimum measurable current is of the order of 1 pA. The system is completely
bidirectional: the currents can be incoming or outgoing and the voltages both positive
or negative.

The card has been designed for the simultaneous management of two separate
channels. The assembly of potentiostat was structured in different phases:

1.
2.

3.

Welding of the different components on the board (Figure A.3a).
Implementation of the program using Arduino and programming of the user
interface in Matlab (Figure A.4) for managing the instrument from a PC.
Calibration of the channels (Figure A.3b) for reading of the voltage and
current.

Use and validation in dedicated experimental tests.
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Figure A.3. Capacitors, resistors, operational, pins for connection to the Arduino
board 2 (a); the different components were welded using a tin wire with Pb. The
board with mounted and welded connectors is calibrated (b).

[es—_——=)

B GUI potenziostato
- Low gain 1
= Update
V_REF2= 0 4 Low gain 2 I
bl ¥ -

Filename:

ME2 VvCe2

VewVCEY | | ViewmE2 | | View VeE2

Figure A.4. Matlab graphic interface for users to use the potentiostat; Graphical User
Interface.

It is possible to fix the potential to the WE, record the voltage data to the counter-
electrode and the current data to the WE (on both channels, processing 4 graphics in
real time) and manage the saving of data in txt format according to the chosen sampling
time through the Matlab’s graphic interface. It is also possible to establish the profit
with which you intend to work. It is also possible to perform CV tests on both channels:
the interface allows to select the potential interval in which to scan, to set the number
of cycles and the scanning speed; the program processes a voltage-current graph. A
Matlab code was elaborated to program the user interface and continuously update.

181



It was necessary to calibrate both channels for the voltage and current reading for
a correct use of the instrument. By setting an input voltage value, it is converted into
a digital code through Matlab by interpolating the collected calibration points; a
function is obtained that allows to convert the digital signal output of the instrument
into the equivalent analog signal. Different tests were carried out with the use of the
potentiostat in operating conditions similar to the experimental tests to be conducted
(Figure A.S).

b)
Figure A.5. Preliminary tests for setting and operation control.

The observations from these tests allowed to optimize the functioning of the

instrument related to aspects such as the attenuation of background noise in the signals
due to interference from electronic equipment for setting up the BES. Devices such as
the Faraday Cage have allowed the collection of data less affected by errors. These
aspects are very significant for the conduct of the CV tests and with low currents.
For example the slowing down of the potentiostat control loop determines response
times in the order of 5-10 ms, enough to conduct CV with low scan rate up to 1 mV/s;
the potentiostat control loop controls the voltage of the counter in order to filter out
disturbances introduced by the digital-analog converters.

182



FIGURE INDEX

Figure 1.1. Scheme of cycling and transformation of Cr species in soil/soil solution (a);
Diagram of Pourbaix showing dominating chromium species in diluted aqueous solutions (in
yellow Cr(VI) species, in green Cr(III) species), as a function of Eh (redox potential Eh vs.
SHE) and pH (b). The red rectangle encloses the area of natural environmental conditions

(Seandar and Milagi, 2014). ......ovevverveerieriieiisieese s 13
Figure 1.2: chromite mine in the Sukinda (Orissa) valley (India) (a); chromium global stock
and production in the main States (b) (U.S. Geological Survey, 2012)......cc.cccceereerveerneennnen. 15

Figure 1.3: chromium plating of a metallic component (a) (LMchromecorp.com);
manufacturing skins (b) whose blue color is related to the use of chromium salts during
EANNINGE PRASES. .. .ueeeutietieiiete ettt ettt sttt e bt e bt e s bt e sbte st et e b e b e aee 17
Figure 1.4: Cr(VI) disposal scheme; leaching and plume in groundwater...........c.c.ccccceeueeee. 19
Figure 2.1: Scheme of the various phenomena resulting from the application of an
electrostatic field or a field generated by direct current: 1) hydrolysis resulting in Oz
production (a) and H, production (b); 2) partial oxidation (a)/reduction (b) of pollutants; 3)
solid electrodes as electron acceptor (a)/donor (b); 4) increase in pollutant bioavailability; 5)
modification in the physiology and morphology of the cell; 6) loss of membrane integrity,
with release of cytoplasmic material and cell death; 7) increase in intracellular ATP
concentration; 8) increase in the transport of organic molecules, nutrients, and bacterial cells
due to electroosmosis, electrophoresis and dielectrophoresis; 9) transport of dissolved ions
due to electromigration; 10) increase in temperature near the electrodes; 11) divergence of
the redox potential from the environmental conditions; 12) pH variation close to the

electrodes (Beretta et al., 2019).......uueeiiiiiiiiieee e 28
Figure 3.1: Microbial Fuel Cells (a) and Microbial Electrolysis Cells (b) graphical scheme
(SANLOTO € Al., 2017 et e e e e e e e e a e e e e e e e e araraaaeas 42

Figure 3.2. Schematic overview of MFC anodic and cathodic overpotentials (Xnanode and
Xncathode) in function of the current density (a); the cell voltage (AE) and the power density
(P) in function of the current density (b) (Clauwaert et al., 2008). .......cccceeveereeneenieeriiennnenne 43
Figure 3.3. Schematic of a Double chamber Microbial Fuel Cell (2C-MFC) (a) (Wang et al.,
2008); two-step method used to first enrich (A) a diverse, electrically active sediment
biofilm on MFCs brush anode that was then transplanted to form (B) the working electrode
of a dual-chamber (b) (Kadier et al., 2016)........ccueiiieiiiiiieiiiieeeciiee et e e eree e 44
Figure 3.4. Models representations of electron transfer from microorganisms to the
electrodes in BES (a): it occurs via exogenous or self-secreted (by microbes) redox
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mediators and oxidation of reduced primary metabolites (i, ii) and via cell-membrane-bound
cytochromes and/or electrically conductive pili (nanowires) (iii, iv). Mechanisms from
electrodes to microorganisms: it occurs by direct route, mediated by electron shuttles, and
indirectly by oxidation of hydrogen by microorganisms (Patil et al., 2014)........cc.ccccceeneee. 46
Figure 3.5. Scanning electron microscopic images of a mixed culture bioelectrocatalytic
anodic biofilm derived from wastewater on a carbon fibre electrode at magnifications of 5
um (Rif.) (a); Nanowires electrically conductive produced by Shewanella oneidensis strain
MR-1 (b). The nanowires are considered as the extension of outer membrane and perform
EET DY €leCtron NOPPING.....ccueertieriiiiieiieiieitteite ettt ettt sttt ettt st nee e 46
Figure 3.6. A potentiostatic three-electrode experiment on an anodic biofilm that is housed
in a single-chamber electrochemical cell (a) (Harnisch and Freguia, 2012); the counter
reaction at the CE is the reductive hydrogen evolution from protons. Convention commonly
used to report CV data (b) (Elgrishi et al., 2018). ....ccceoviiiriiiiniiiiieeeeeceee e 48
Figure 3.7. BESs applications (Bajracharya, 2016) ........cccccoeciiriiriiniiiiiinienicnieeeeeeeane 49
Figure 3.8. Principle of microbial electrosynthesis at the cathode (Bajracharya, 2016) (a);
possible metabolic pathways for microbial electrochemical CO, reduction that leads to the
generation of a variety of high value organic compounds beyond acetic acid and CH4 (Jiang
EL AL, 2019). ettt bt st st 50
Figure 3.9. Floating MFC, pilot plant in Milan (Cristiani et al., 2015) (a); MFC/MEC pilot
plant feeded with winery effuents, USA (Rif.) (b); MFC Pilot plant streams from brewery
(Australia) (Rif.) (c); power generation of low power devices (d-e); desalination (f); benthic
unattended generator (g); sensor to monitor microbial respiration in drained thaw lake basins

(Alaska) (Rif.) (h-1); microfluidic MFC development (ElMekawy et al., 2013).................... 53
Figure 3.10. Framework of opportunities for microbial electrochemical technologies in
groundwater (Pous et al., 2018). ....cooiuiiiiiiiiii i 54
Figure 3.11. Summary of electrochemical reactions for the different pollutants treated in
groundwater (Pous et al., 2018). ....couiiiiiiiiiete e e 55

Figure 3.12. BES for in situ treatment of groundwater contaminated with oxidized
contaminants (Harnisch et al., 2011) (a); cross-sectional view of an in situ groundwater
bioremediation system based on the bioelectric well concept (b) (Palma et al. 2017a)......... 59
Figure 4.1. Schematic overview of BES system for Cr(VI) reduction as MFC with energy
harvesting or MEC with external supply (Clauwaert et al., 2008, modified). In MFCs,
oxidation of electron donor at the anode is coupled with a reduction of species with
comparable or higher redox potential at the cathode. The net potential of the MFC, as the
sum of anodic and cathodic potentials, is positive, so a spontaneous electron flow from the
anode to the cathode occurs. Conversely, in MEC, thanks to external power input to force
electron flow, the oxidation of an electron donor at the anode can be coupled with a
reduction of lower redox potential species at the cathode............cccccoceeviiiiniinnniinnenen, 61
Figure 4.2. Reaction of selected species of interest for BESs application in Cr(VI)
remediation (a); microbe-electrode redox tower for Cr(VI) reduction in BESs (b).
Theoretical standard potentials (Ep’) at 25 °C (mV vs SHE) of selected species of interest for
BESs application in remediation, sourced from Wang et al. (2008), Clauwaert et al., (2009),
Nancharaiah et al. (2015). ..ueeiiiiiiieiiie et e e vae e e e rbae e e e sbaeeeenneees 62
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Figure 4.3. Distribution of Cr(VI) (a) and Cr(III) (b) species as a function of pH (Barrera-
Diaz et al., 2012; Xafenias et al., 2015). .....oooiriiiiiiiiiieeeeeeeee e e 62
Figure 4.4. Cr(VI) removal rate [mgCrVI/L/h] as a function of pH (a) and initial
concentration (b) in the reported research. Each dot relates to a test reported in reviewed
SCIENTTIC PAPETS.....uverureiiiiiiiriteete ettt ettt sttt ettt ettt e s bt e st sat et e bt e sbeesaeesaeesaneeas 63
Figure 4.5. Schematic of Cr(VI) reduction in the biocathode of an MFC (Lu et al., 2015).. 64
Figure 4.6. Different bioremediation mechanisms with soil (Wu et al., 2018c¢) (a); 2C-MFC

with only cathode in soil (Wang et al., 2016@)..........cocceevieniiniiriiniiiieieeeeeceee e 71
Figure 6.1: Classification of whey as a function of pH and mean composition (a); Scheme of
an Ultrafiltration UNIE (D).....cc.eeiiieiiieeiiiee ettt e et e e e eba e e e eeraeeesebaeeeensaaaeennns 79
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Figure 6.7: Cr(VI) removal at the end of the tests. 5000 pg/l and 10000 pg/1 initial Cr(VI)
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Figure 7.1. Deionized water (DI) with resazurin takes on a blue color (a); fluxing nitrogen
turns it to transparent, except in the presence of interfering organic elements that make the
solution taking on a yellowish color. Injection in serum bottle (b).........ccceceeveineinienienncnn. 91
Figure 7.2. Serum bottles handling in laminar flow hood (a); inocula comes in an ampule
lyophilized cultures, under dry conditions. When break the ampoule, with culture very
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replacement of anolyte) and two of the three electrodes used for chromium tests. The CE
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