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1 Introduction

1.1 Context

Brussels-Capital Region continuously collects sludge from street sweeping and dredging of
the Senne Canal. Each year, approximately 8,000 tonnes of sludge are collected from street
sweeping and 52,000 tonnes are removed from the sludge accumulated at the bottom of the
Senne Canal. This sludge is carried over by water currents and precipitations and can cause
problems for navigation and also poses a risk of flooding the city [7].

This sludge is a sink and a source of contaminants. Indeed, it concentrates pollutants such
as heavy metals or organic pollutants [87]. The root of pollution is stemming from domestic
sewage, corrosion of infrastructure and historical industrial pollution [62].

Currently, the sludge is processed outside Brussels. The vast majority of this sludge is
disposed in landfills [62]. This sludge can also be used in the production of building materials
such as fired and unfired bricks. The GOLEM project, funded by Innoviris, seeks to valorise
these materials. However, before beeing used as building materials, the sludge has to be
cleaned of its harmful compounds and organic matter by using a green chemistry approach
[62] .

Via this GOLEM project, the Brussels-Capital Region aims to be able to treat this sludge
locally by involving microbial catalysis and making the process as efficient, accessible and

cost-effective as possible. In particular, the GOLEM project aims to remove pollutants from
sludge, such as PCBs.

1.2 General Objective

This Master thesis is part of the GOLEM project that aims at removing organic contami-
nants and especially PCBs from clay and silt sediments in sludge. The degradation of PCBs
must be carried out by microorganisms naturally present in the sludge.

The catalysis of PCBs degradation should be carried out without the addition of organic
carbon. Indeed, one of the objectives is to revalorize the sludge into bricks for construction
which must contain as little organic matter as possible. The only organic carbons that
can be consumed by the microorganisms for PCBs degradation are therefore those already
present in the sludge.

The bio-electrochemical pathway is an interesting approach that allows the removal of toxic
organic matter without the addition of organic carbon in a sustainable way.

Therefore, the general objective of this work is to investigate the bio-electrochemical path-
way by paying attention to its practical implementation, as well as its performance.



2 State of the Art

In this section we review the existing knowledge about PCBs, by studying first their physico-
chemical properties, then their pathways of propagation and contamination. After that we
look at the state of knowledge about the degradation of PCBs with the help of microor-
ganisms. Finally we review the different biological pathways that have been tested for the
treatment of PCBs.

2.1 History

PCBs, or PolyChlorinated Biphenyls, belong to a class of organic chlorinated compounds.
Those are compounds produced by humans, whose industrial production began on 1929.
They were used as dielectric fluids in capacitors and transformers, but also as printing inks,
insulating materials, flame retardants, heat exchanger fluids, plasticizers, lubricating fluids,
ete 39, 65].

There are several types of PCBs differentiated by their chlorine number and position. The
PCBs were sold as mixtures of several types of PCBs, of which the best known, and the
most common, were Aroclor 1242 and Aroclor 1260. On this names, the two last digits
indicate the mass percentage of chlorine in the PCB mixture [40].

Since PCBs are hardly degradable and poorly soluble in water but highly lipophilic, they
tend to accumulate in tissues. Moreover they have spread out in the environment through
water transport mechanisms and via the atmosphere. This means that PCBs can now be
found in all natural compartments, like air, water, sediments or soil. PCBs are also toxic.
All these properties allow to designate PCBs as POPs, or Persistent Organic Pollutants.
Therefore, their production was stopped and banned in the 1979s in USA and later in
European and Asian countries. Despite this worldwide ban, they are still considerable
amounts of PCBs in the environment today [36].

In 2017, it was estimated that only 17% of the total amount of PCBs were eliminated,
leaving approximately 14 million tons of PCBs to be disposed of. Figure 1 shows the overall
distribution of PCB 153 in the air in 2009. The industrial countries that developed in the
20th century are the most exposed to these contaminations [88].



Figure 1: Modeled spatial distribution of PCB 153 into the air in 2009 [86].

2.2 Physico-chemical characteristics

The general structure of a PCB is a biphenyl core, i.e. two aromatic rings linked by one
carbon-carbon connection. Some hydrogen atoms of the biphenyl core are substituted by
a corresponding number of chlorine atoms, with a maximum of 5 chlorine per ring. The
general structure is shown in Figure 2. The number and the position of chlorine give the
physical and chemical properties of the PCB.

Figure 2: General structure of a PCB, m and n stand for the number of chlorine [5]

There are in theory 209 PCBs depending on the number and position of the chlorine atoms.
In this submitted document, PCBs are numbered from 1 to 209 according to the TUPAC
nomenclature system (International Union of Pure and Applied Chemistry). In this nomen-
clature, the congeners are classified by increasing number of chlorine atoms, so PCBs from
1 to 3 have 1 chlorine atom, PCBs from 4 to 15 have 2 chlorine atoms, etc.

The 209 congeners are segregated into 10 isomer series. Within the same series, PCBs are
identified according to the position of the chlorine atoms. This position is indicated by the
indices 2, 3, 4 ,5 for one ring and 2, 3’, 4’, 5’ for the other, see Figure 2. The indices 2, 2’, 6



and 6’ correspond to the ortho position with respect to the carbon bond. The indices 3, 37, 5
and 5’ correspond to the meta position and 4, 4’ to the para position. The physico-chemical
properties of the different isomers are listed in Table 1. These properties are described in
more detail in the rest of this section.

Table 1: Physical propreties of PCB isomers [77]

Approximare

Melting Boiling Vapour Water Log Octanol- Approximate Evaporation

Point Poine Pressure Solubility Warer Partition Bioconcentration  Rate at
PCB Isomer Group (eC)* (eC)P+ (Pa) ar 25°C at 25°C (g/m’)*  Coefficient* Factor in Fish* 25°C (g/(m?h)*
Biphcny] 71 256 4.9 9.3 4.3 1000 0.92
Monochlorobiphenyl 25-77.9 285 1.1 4.0 4.7 2500 0.25
Dichlorobiphenyl 24.4-149 312 0.24 1.6 5.1 6300 0.065
Trichlorobiphenyl 28.87 337 0.054 0.65 5.5 1.6 x 10¢ 0.017
Tetrachlorobipbenyl 47-180 360 0.012 0.26 5.9 4.0 x 10* 4.2 <107
Pentachlorobiphenyl 76.5-124 381 2.6x10° 0.099 6.3 1.0 x 10° 1.0 x 107
Hexachlorobiphenyl 77-150 400 5.8 x 10 0.038 6.7 2.5 % 10° 2.5 % 10
Heprachlorobiphenyl 122.4-149 417 1.3 x 10 0.014 7.1 6.3 x 10° 6.2 % 10°
Ochrachlorbiphenyl 159-162 432 2.8x10° 5.5 = 107 7.5 1.6 x 10° 1.5 x 10°
Nonachlorobiphenyl 182.8-206 445 6.3 x10° 2.0 x10° 7.9 4.0 x 10° 3.5 x 10°
Decachlorobiphenyl 305.9 456 1.4 % 10° 7.6 x 10* 8.3 1.0 % 107 8.5 x 107

‘Many values are approximations of the range across the isomers. "Average properties of all isomers in group. “Chiu and Mackay (1986). “Mean value
for liquid.
Source: Adapted, with permission, from Metcalfe et al. (1988), copyright 1988, Plenum Press.

In addition, PCBs are divided between coplanar or non-coplanar configuration. The copla-
nar PCBs have their aromatic rings in the same plane. The non-coplanar PCBs are the
one with at least two chlorine atoms in the ortho position (indices 2, 2°, 6 and 6’). In this
case, the two aromatic rings are at 90° from each other [41]. This difference in configuration
has a large impact on the PCBs characteristics. Non-coplanar PCBs are less toxic than
coplanar PCBs. Non coplanarity also has an impact on volatility, solubility, the solid phase
adsorption and the biodegradation [1], which are described in the rest of this section.

General properties are also attributed to the commercialized mixtures of PCBs. The densi-
ties of the Aroclor are listed in Table 2. Aroclor are denser than water and density increases
with the mass percentage of chlorine. PCBs are therefore DNAPL (Dense Non-Aqueous
Phase Liquid pollutant). The viscosity of Aroclors also evolves with the increase of propor-
tion of chlorine, changing from a mobile oil for the weakly chlorinated to a sticky resin for
the more chlorinated ones. In addition, Annex A.3 shows other properties of Aroclor.

Table 2: Density and physical state of Aroclors [40]

Aroclor 1016 | 1221 | 1232 | 1242 | 1248 | 1254 1260 | 1268
Density (kg/L) | 1.366 | 1.180 | 1.264 | 1.378 | 1.442 | 1.536 | 1.617 | 1.808
Physical state | Mobile| Mobile| Mobile| Mobile| Mobile| Viscous| Sticky | Sticky
oil oil oil oil oil liquid | resin | resin




2.2.1 Thermal stability & volatility

PCBs are compounds that have been selected for their thermal stability. Indeed, their
boiling point and their melting point are very high (Table 1). In order to degrade PCBs,
temperatures of 1000°C for at least 1.2 seconds have to be reached in an incinerator [101].
Moreover, using incineration for the degradation of PCBs involves the risk of incomplete
combustion leading to the formation of toxic by-products. Indeed, if the temperature is
not kept high enough, we may have the formation of hydrogen chloride, polychlorinated
dibenzodioxins, and polychlorinated dibenzofurans [17].

This high thermal stability explains the low volatility of PCBs. Indeed, PCBs are classified
as semi-volatile compounds as their boiling point lies between 240°C and 400°C [93]. Note
that both the boiling point and the meting point increase with the number of chlorine.

2.2.2 Solubility and Hydrophobicity

PCBs have a low water solubility and this solubility tends to decrease with the increase of
the number of chlorine as well as the molecule weight. Among the congeners with the same
number of chlorine, those with chlorine located in the ortho position are the most soluble.
The solubility values are given in Table 1.

PCBs have a high affinity for apolar organic solvents. This is shown in Table 1 with the
octanol-water partition coefficient K,,,, that is expressed as:

Kow =
Cu

where C, is the concentration of the components in octanol and C,, the concentration in
the water. It appears that the lipophilicity increases with the degree of chlorination, from
a LogK ,, of 4.3-4.6 for the one-chlorine isomers to 8.26 for the 10-chlorine isomer [1].

2.2.3 Solid phase adsorption

PCBs can be described by the equilibrium partitioning Kj.

K, =
d c.

with Cy the concentration of pollutant in the soil and C,, the concentration in the water.
For hydrophobic compounds like PCBs, the partition coefficient K; depends mainly on the
presence of organic matter in the soil [49]. K, is positively correlated to K, (Table 1 and



Figure 3). Indeed, with an increase in hydrophobicity represented by K,,, K, will also
increase [59]. Since the lipophilic character increases with the number of chlorine, it follows
that PCBs with a higher number of chlorine have a higher K, see Figure 3.
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Figure 3: K, variation according to the number of chlorine, and the presence of chlorine in the
ortho position (1,2 or 3) [59].

For isomers, Figure 3 also shows that the position of the ortho chlorines atoms can have
a significant impact on the K,. It appears that the more chlorine a PCB has in ortho
position the less its K, is. It has also been proven that the sorption of coplanar PCBs is
much higher than for non-coplanar PCBs [29]. One explanation can be that PCBs with a
planar configuration occupy a smaller volume. Therefore, coplanar PCBs are able to fit into
thinner pores than non-coplanar PCBs [28§].

Bioavailability

This higher affinity of PCBs for organic matter and for the solid phase negatively affects
the bioavailability of PCB. This property is one of the keys to understand the difficulty of
PCBs degradation by microorganisms.

2.3 Toxicity

The EFSA (European Food Safety Authority) considers as acceptable an weekly PCB dose
of 2 pg per kg of body mass. Long-term exposure has been shown to have a harmful effect
on human health [58]|. Effects on the nervous system, immune system, endocrine system
and reproductive system have been identified [45]. PCBs are also classified as potential
carcinogens [69).

The assessment of the risk to human health from exposure to PCBs can be determined by
using the toxicity equivalency factor (TEF). To estimate the overall toxicity of a sample



(TEQ) it is necessary to multiply the product of TEF by the concentration of the associated
PCB, see equation 1 [11].

TEQ = (Ci-TEF). (1)

The toxicity of PCBs varies with their structure. Table 3 shows the TEF for different dioxin-
like PCBs. We distinguish the dioxin-like PCBs which have a coplanar configuration, i.e.
with one or without chlorine in ortho position, and the non-dioxin-like PCBs which have a
non-planar configuration, i.e. with 2 chlorines or more in ortho position.

Table 3: TEF (toxicity equivalency factor) for dioxin-like PCBs (World Health Organization
WHO 2005) [89].

dioxine-like PCBs

PCB number ‘ TEF
Non-ortho-substituted PCBs
PCB 77 0.0001
PCB 81 0.0003
PCB 126 0.1
PCB 169 0.03
Mono-ortho-substituted PCBs
PCB 105 0.00003
PCB 156 0.00003
PCB 189 0.00003

Coplanar PCBs are considered to be the most toxic. This toxicity comes from their planar
structure, which shows the same activity as dioxins in their interaction and activation of
the AhR receptor [48]. The non-dioxin like PCBs do not have this affinity for the receptor,
therefore no TEF has been associated to them. Nevertheless, these PCBs may also have
adverse health effects such as immunological effect [89] neurological, neuroendocrine, en-
docrine and carcinogenic effects. These effects occur via many toxic pathways but are not
linked to Ahr receptors [52].

2.3.1 Legal regulations

In Belgium, the analyses of contaminated soils are based on the sum of concentration of 7
PCBs. These PCBs are: PCB28, 52, 101, 118, 138, 153, 180. They represent more than
half of the PCBs found in food products [8]. These PCB were not chosen because of their
toxicity but because they are easily quantifiable compared to other PCBs and they represent
the different degrees of chlorination of PCBs [9].

As an acceptability criterion, the concentration of these 7 PCBs may not exceed 200g per
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kg of fat in eggs, meat and derivatives. It is limited to 100pg per kg of fat in milk and
derived products [35]. In Europe, the quality of estuarine and marine sediments is judged
based of two thresholds, N1 and N2, shown in Table 4. These concentrations are measured
for sediments smaller than 2 mm.

Table 4: PCB quality thresholds N1 and N2 expressed in mg of PCBs per kg of dry matter (at
105°C) for marine and estuarine sediments smaller than 2 mm according to the Order of 9 August
2006 [18] .

PCB Threshold N1 (mg/kg) | Threshold N2 (mg/kg)
PCB 28 0.0 0.1
PCB 52 0,025 0,05
PCB 101 0,025 0,05
PCB 118 0,025 0,05
PCB 138 0,05 0,1
PCB 153 0,025 0,05
PCB 180 0,05 0,1
| > PCB | 0,2 \ 0,5 |

The threshold N1 is the safe threshold, where the potential impact of PCBs is considered as
neutral, while exceeding the threshold N2 is a sign that additional investigation is needed
to evaluate the potential negative impact of the PCBs. Between these two thresholds,
additional investigation may be recommended, depending on the project [34].

2.4 Environmental behavior and transport

Nowadays, PCBs are ubiquitous compounds in the environment, they are found in all natural
compartments. The distribution of PCBs around the globe was estimated in 1986 and is
displayed in Figure 4. As the use of PCBs has been banned around the world, the amount
of them on earth has remained relatively stable. This distribution from 1986 allows us to
point out the main final reservoirs of PCBs which are sediments and seawater [83].

Based on the characteristics of the PCBs, 3 main transport vectors of PCBs have been
identified.

2.4.1 Water transport

Because of the low solubility of PCBs in water (Figure 1) and the great affinity of PCBs
for sediments and organic compounds, PCBs are mainly transported in streams as trapped
in sludge or adbsorbed on suspended sediments [68]. In aquatic medium, PCBs are found
in sediments and seawater. In the marine compartment it can also be observed that the
ocean depths, particularly the Mariana Trench, act as a reservoir for the amplification of
POPs [30]. To get an idea of the accumulation of PCBs at the marine level. PCBs have



Estimated PCB loads on earth

Soil 2 400t
Sediment 130 110t

Biota 4 570t
Air 1290t
River 3 500t

Seawater 232 400t

Figure 4: Estimated PCB loads in the global environment in 1986 from [83].

been found in the Marianas Trench in quantities 50 times greater than those found in crabs
raised on one of China’s most polluted river [54].

2.4.2 Atmospheric transport

In the atmosphere, PCBs can be transported in gaseous form or by adsorption onto particles.
The main transport vector is in gaseous form and account for 90% of it. In addition, with
increasing chlorine numbers, PCBs are more likely to be transported by adsorption onto
particles [104]. Most of the volatilized /adsorbed PCBs are redeposited within 2 or 3 days.
Then they get vaporized/adsorbed again until they reach the coast [68]. In Western Europe,
the concentration of PCBs! in the air was in the range of 10 to 180 pg/m3 in 2001 [5]. Efsa
estimates breathing contaminated air is the source of 10% of humain exposure to PCBs [9].

2.4.3 Food vectors

The lipophilic nature of PCBs and their high stability allow their accumulation in fatty
tissue, and their biomagnification through the food chain [61]. The more PCBs are chlori-
nated, the more lypophilic they are and therefore the more likely they are to accumulate in
faty material [20].

PCBs affect humans mainly through food. Indeed, Efsa estimates that the human exposure
to PCBs through food is about 90% [9]. Table 5 shows the average exposure of French
people to PCBs according to their diet. Important sources of contamination are fish by
biomagnification phenomenon, meat, milk, eggs and milk products. These sources of con-
taminations are probably the result of soil contamination by atmospheric deposition. Cattle
and chickens then unintentionally ingest somehow these contaminated soils [26].

lsum concentration of PCB28, 52, 212, 118, 153, 138 and 180



Table 5: Exposure through food for an average consumer in France ( EFSA, 2005) [35].

Food groups Sum PCBs | Food con- | Exposure
(mean) (ng/g | sumption France
of food) France (g/d) | (ng/d)

Cereals and cereal products | 0.0213 218 5

Fruits and vegetables 0.0495 313 15

Eggs 0.73 17 12

Fats and oils 5.05 18 91

Meat and meat products 1.52 117 178

Offals 0.74 3 2

Fish and fish products 12.50 32 400

Milk 0.17 106 18

Cheese and dairy products | 0.98 100 98

| TOTAL (ng/day) ‘ | 821

2.5 Bacterial Biodegradation

Due to their stability and hydrophobicity, PCBs are not easily degradable. The more
chlorine a PCB contains, the more difficult it is to biodegrade [37]. Bacterial enzymatic
degradation is one of the main ways to handle PCBs in sediment [37]. Microorganisms can
cover their energy requirement using PCBs as an electron acceptor. This process is known
as the de-halorespiration [55]. In addition, PCBs can also serve as a carbon source for
microorganisms [57].

The degradation of PCBs takes place in two steps. A chlorination reduction step and an
oxidative degradation step [79]. Anaerobic bacteria leave the biphenyl rings intact but
decrease the number of chlorine. They degrade in particular highly chlorinated PCBs into
less chlorinated PCBs. Aerobic bacteria target low chlorinated PCBs. They attack and
open the carbon rings [2|. Theoretically the degradation products of PCB should be C'O,,
chlorine and water.

Most soils contaminated with PCBs contain already microorganisms able to degrade some
PCBs. These microorganisms usually target specific PCB with few number of chlorines [2].

The rate and maximum level of dechlorination is dependent on the concentration of PCBs.
The concentration also has an impact on the development of microorganisms. There is a
threshold value of 40ppm of PCBs before this microbial growth is observed. These values can
vary slightly from one study to another [25]. The degradation of PCBs has been observed for
much lower values ranging from 10 to 20 ppm [3, 44]. This is not necessarily contradictory
as the growth threshold is specific for each congener [76].

Since the PCBs are degraded by microorganisms, it is important that these microorganisms

are in a suitable environment. The optimal pH for the growth of bacteria is between 6.5
and 7.6 with a strong inhibition for too acidic pH. It has been reported that the optimal
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pH of a consortium of bacteria responsible for the degradation of PCBs is pH 6. This pH 6
is suitable both for the microbial growth and for their rate of degradation of PCBs [22].

2.5.1 Anaerobic Degradation

The dechlorination of PCBs is performed by anaerobic bacteria. This mechanism has been
observed in environment such as river (Hudson River) [75], estuary [16], marine [64] and
soil. The occurrence of this process indicates that it is a general phenomenon that is not
restricted to certain geographic locations [2]. Furthermore, these degradations have been
observed and reproduced in a large number of laboratories with very different sediments and
organisms [60, 63]. The microorganisms identified as being responsible for dechlorination
are listed in the annex A.2.

During anaerobic degradation, microorganisms generally do not attack the aromatic rings.
But they aim mainly the meta and para positions [50]. This decreases the number of chlorine
substitutes by performing reductive dechlorination. In addition, the reductive dechlorination
allows also a reduction of toxicity and bioaccumulation of PCBs because they are functions
of the number of chlorine [50]. Figure 5 is an example of a PCB degradation mechanism.

Cl Cl : ~Cl l
—_—
=
meta eta ortho

para @ ortho O
23456-CB 2346-CB 246-CB 24-CB 2-CB

Biphenyl

Cl

Figure 5: Example of an anaerobic dechlorination pathway [37].

It appears that in general, anaerobic bacteria do not use PCBs as a carbon source but rather
as an electron acceptor [19]. However, it has recently been observed that PCBs could be
used as a carbon source under both aerobic and anaerobic conditions [72]. Equation 2 shows
the reductive dechlorination reaction.

R-Cl+2e¢” +H" — R—H + CI". (2)

The electron can derive from the oxidation of substrates such as lactate [81], acetate, Hy
[51] etc. The electron source can also be generated by an electrical current. With the help
of a cathode, an electron flow can be supplied to the bacteria either via a direct electron
transfer or via the production of Hy. Evidence of dechlorination and increased microbial
population has been demonstrated in reactors using cathodes as electron sources [105, 106].
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Pathways

Nine different patterns have been highlighted using the anaerobic pathway. These are called
process P, H, H', N, M, Q, LP, T and Z and are listed in Table 6. All identified patterns target
chlorines in meta or para position. There is currently no clearly identified process aiming
chlorines in the ortho position, although dechlorination of ortho chlorines has already been
observed [16, 96, 100]. These different patterns represent the way the PCBs are degraded,
and they depend on several factors as, temperature [96], bacterial community [6], presence
of other substrates and primer [90] . It is possible to have a combination of these processes
[92].

Table 6: Summary of PCB dechlorination processes from Brown et al. (1987) [19]; Bedard and
Quensen (1995) [14]; Bedard et al. (2005) [15] ; Zhen et al. (2014) [107|, compiled by He and
Bedard (2016) [50].

Dechlorination | Targeted chlorines Reactive chlorophenyl group
process (underlined chlorine is removed by
dechlorination)
P Flanked para 34, 234, 245, 2345, 23456
H Flanked para and doubly flanked meta |34, 234, 245, 2345
of 234
H’ Flanked para, doubly flanked meta of |23, 34, 234, 245, 2345
234 and flanked meta of 23
N Flanked meta 234, 235, 236, 245, 234, 2346,
2356, 23456
M Flanked and unflanked meta 3,23, 25, 34, 234, 236
Q Flanked and unflanked para, doubly 4 23 24 34 234,245, 246
flanked meta of 234, and flanked mera
of 23
LP Flanked and unflanked para, ortho- 4,23 24 34,234,235, 245, 246
flanked meta of 23, 234, and 235
T Doubly flanked meta of 2345 2345
Z Doubly flanked meta of 234, 2346 and | 234, 2346, 2345, and 23456
doubly flanked para of 2345 and 23456

These processes can be identified based on the loss and production of PCBs [92]|. The table 6
indicates for each process which chlorine is targeted and if this chlorine is itself "unflanked",
"flanked" or "doubly flanked", i.e. if it has respectively no other chlorine on the adjacent
carbon, one chlorine or 2 chlorines.

Dechlorination of chlorines in the ortho position, although not favoured, has been reported
many times in fresh water sediment. Ortho dechlorination has been observed in situ and in
the laboratory showing that the process is not unusual [23]. Ortho dechlorination has also
been reported to occur under marine and estuarine conditions [97], [16].
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Priming PCB Dechlorination

An interesting way to trigger the degradation of PCBs is the stimulation by the addition of
a substrate or primer. The role of the primer is to boost microorganisms already present
in the sediments responsible for the dechlorination. This allows to degrade recalcitrant
PCBs or to activate particular patterns. In the primers discovered for the dechlorination of
PCBs we find: other PCBs or halogenated byphenyls, halobenzoates [32], and chlorinated
hydrocarbon [99].

PCBs themselves have the ability to stimulate reductive dechlorination [32, 27, 90| providing
congener easier to use and more available for the bacteria. The addition of PCB congeners
provides readily available electron acceptors in an environment where electron acceptors
are limited. This allows to help the growth of organisms responsible for the degradation of
PCBs [13].

Moreover, the higher the PCB concentration, the faster the dechloration is [21, 80|. Low
concentrations of PCBs do not allow activation of dechlorination [24]. The addition of single
PCB congeners stimulates the meta and ortho dechlorination [97]. Moreover, the specificity
of the congenere (position and number of chlorines) influences the microbial population and
the pattern of dechlorination [6, 97|. A non-exhaustive list of PCB primers is given in Table
7 with their effects on the dechlorination process.

’ molecule name \ IUPAC effect authors
2,4,6-trichlorobiphenyl PCB 30 process Q William (1997) [94]
2,3,6-trichlorobiphenyl PCB 24 process M William (1997) [94]
2,3,4,5,6-Pentachlorobiphenyl PCB 116 process N | Van Dort et al (1997) [90]
2,3’.4’ 5-Tetrachlorobiphenyl PCB 70 process P Donna et al (1996) [13]
2,3,4,6-Tetrachlorobipheny PCB 62 process N, Wu et al (1997) [97]

P, LP
2,3,4,5 and 2,3,5,6 Tetrachlorobipheny | PCB 61 and 65 | meta , or- Wu et al (1997) [97]
tho

Table 7: Non-exhaustive list of PCB primers with their effects on dechlorination pattern.

Bromobiphenyl which are analogues to PCBs congeners, have also been shown to have a
primary impact on the dechlorination of PCBs from river sediment [32].

Halobenzoates (Figure 6a) such as bromide and iodine benzoate have been shown to have
a priming effect on pathways N and P. This shows that halogenated aromatics that are
not structurally similar to PCBs can also prime the dechlorination of PCBs. All these
halobenzoates were the firsts to be dehalogenated before the PCBs. These primers stimu-
lated the growth of PCB-dechlorinating microorganisms. In most cases the dechlorination
of PCBs continues long after the primers are depleted. In contrast, other halobenzoates as
chlorobenzoate and fluorobenzoate molecules had no effect [32].

Tetrachloroethylene (Figure 6b) has also shown a priming ability on PCB contaminated
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sludge. The activity of Dehalococcoides mccartyi was stimulated by the addition of 0.05-
0.2mM of Tetrachloroethylene but was inhibited for higher concentrations. The population
of Dehalococcoides mccartyi, known to dechlorinate PCBs, was increased 20-fold compared
to the initial inoculum population.

o) 0
Cl Cl
X _—
Cl Cl
(a) Halobenzoate (b) Tetrachloroethy-
lene

Figure 6: Possible primer for the dechlorination of PCBs.

2.5.2 Impact of temperature

The effect of temperature on dechlorination has been reported many times in the literature
[66, 95, 96]. It was reported that after an incubation of one year, by using the PCB 2,3,4,6-
Tetrachlorobipheny as primer, four different processes and ortho dechlorination have been
observed over different temperature ranges [96].

&

8 to 30°C : process N

o 12 to 34°C : process P

o 18 to 30°C : process LP

¢ 50 to 60°C : process T

¢ 8 to 30°C : ortho dechlorination of 246-CB to 4-CB

A significant degradation of residual PCBs was observed for temperatures ranging from 8
to 34°C. No dechlorination was observed at any temperature for samples not primed with
2346-CB [96]. The optimum temperature range for chlorine removal is between 20 and 27°C
[66, 96].

2.5.3 Aerobic Degradation

The aerobic biodegradability of PCBs is strongly dependent on the number and position of
chlorines. PCBs with two or less chlorines can be degraded; but a large number of chlorines
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tends to decrease the degradability [46]. In addition, PCBs containing all their chlorine
on one ring are more easily degradable than PCBs with the same number of chlorine but
divided over the two rings [47]. Moreover, the ortho position also impacts negatively the
biodegradation. When two chlorines are in ortho position, there is a steric hindrance. The
enzyme responsible for catabolism, biphenyl-2,3-dioxygenase (Bph), has no longer access to
either of the two rings [12].

The aerobic pathway is most of the time a co-metabolism requiring an additional carbon
source, such as monochlorobiphenyls, polybiphenyls or biphenyls [37]. However, it has been
shown that some bacteria are able to grow using PCBs with two chlorines as carbon source
[56]. The microorganisms identified as being responsible for oxidative degradation are listed
in the annex A.1 .

Pathway

The aerobic degradation of PCBs appears to be similar for both gram-positive and gram-
negative microorganisms |[79]. The aerobic catabolism is separated in two pathways. The
first one is the byphenil upper pathway, the second one the byphenil lower pathway.

Byphenil upper pathway

The byphenil upper pathway starts with PCBs and gives as final product the molecules
of chlorobenzoic acid (CBA) and 2-hydroxypenta-2,4-dienoate (HPD) [79]. The pathway
shown in Figure 7 proceeds in four steps involving the enzymes BphA, BphB, BphC, BphD
[38].

¢ dehydrogenases bphB
¢ hydrolases bphD
¢ second dioxygenase bphC

o multi-component dioxygenase (bphA E.F and G)

Byphenil lower pathway

The lower pathway is shown in Figure 7. The final products of the biphenyl upper pathway,
the chlorobenzoic acid (CBA) and the 2-hydroxypenta-2,4-dienoate (HPD) continue to be
catabolized through the byphenil lower pathway.

HPD from the non-chlorine containing ring is converted by the enzyme to the BphH inter-
mediate 4-hydroxy-2-oxo-valerate. Then the enzyme Bphl converts the intermediate into
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biphenyl-2.3 dihydrodiol 2,3-dihydroxybiphenyl- HOPDA

Cl dioxygenase C| dehydrogenase Cl dioxygenase hydrolase
=
X | X | “ | | COOH
x BphA X\ BphB X BphC BphD COOH
—_— —_— —-
+0 +2H +0 + H
/ 2 H ~ OH 2 2
| OH
OH . . 2-hydroxy-penta-
A H Y OH F OH chlorobenzoic acid 2.4-dicnoic acid
chlorobiphenyl 2.3-dihydro-2,3- T . . Ahecs
: . B H 2,3-dihydroxy 2-hydroxy-6-oxo0-6-phenylhexa- . .
lihydroxychlorobiphenyl ¥ § - dpps lirrani - 2-hydroxypenta-2.4-
Giydroxychiorobipheny chlorobiphenyl 2.4-chlorodienoic acid dienoate hydratase BphH
acelaldehyde
dehydrogenase acetalde dehydrogenase
Y o Y Y - \W
COOH
SCoA COOH
acetyl-CoA pyruvate acetaldehyde 4-hydroxy-2-oxo-valerate

Figure 7: Aerobic PCB degradation composed of the upper biphenyl pathway and the lower
biphenyl pathway [98].

pyruvate and acethaldehyde. The enzyme BphJ converts the acethaldehyde into acetate
which can finally enter the Krebs cycle [37].

2.5.4 Dead-End Products

Chlorobenzoic acid (CBA) produced during the aerobic degradation of PCBs is known to be
a dead-end product [4]. The degradation of CBA can take place under anaerobic or aerobic
conditions. The CBAs degradation is very specific, bacteria are often only able to degrade
one form of CBA [12] .

Under anaerobic degradation represented in Figure 8, there is a reductive dechlorination of
CBAs, just like the dechlorination of PCBs. During this process the number of substituted
chlorine gradually decreases until benzoic acid is obtained. Therefore, the benzoic acid can
be degraded to Hy, CO4 and acetate which can subsequently give CHy [43].

Aerobic degradation can take place in many different ways depending on the microorgan-
isms present and the structure of the CBA (position and number of chlorines). For more
information on these different pathways please see Mackova (2013) [91]. The main products
resulting from the degradation are listed in Annex A.4. Aerobic degradation of CBA with
two or less chlorines has often been reported in the literature [43]. However, references of
CBAs degradation with three or more chlorines are rare [91].
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COOH
Cl cr

CH,4

Figure 8: Anaerobic degradation of chlorobenzoic acid CBA [42].

Although chlorobenzoate has a negative effect on microbial development, it does not prevent
full microbial growth. Most strains can grow by using only one ring of the PCB and
accumulating chlorobenzoates from the other ring. The 2-oxopent-4-dienoate from this first
ring of non-chlorinated carbon is easily biodegradable and can be used as a source of carbon
[42]. This intermediate can then enter the Krebs cycle [53]. This could explain the growth
of organisms despite the accumulation of chlorobenzoate [42].

The recalcitrance of PCBs to degradation can be explained partially by the toxicity of these
dead-end products generated during aerobic degradation [70]. The use of mixed cultures

would allow using the capacity of other microorganisms to degrade these inhibiting products
[74].

Figure 9 represents the complete degradation of a PCB. Starting from the top we have
the reductive dechlorination, going down we arrive in the oxidative degradation composed
by the biphenyl upper pathway and the biphenyl lower pathway. Compounds that could
potentially cause "bottlenecks" are marked with red asterisks.
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Figure 9: Summary of PCB degradation with the aerobic and anaerobic pathway. The red stars
indicates a degraded molecule with an inhibiting effect [70].

2.6 Sequential Anaerobic and Aerobic Degradation

The only way to obtain a complete mineralization of high-chlorinated PCBs by using mi-
croorganism is to use a combination of acrobic and anaerobic treatments [70]. Three different
ways of coupling aerobic and anaerobic degradation conditions have been studied; two se-
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quential treatment: the two stage (1) and the alternative treatment (2) and a concurrent
treatment (3).

This section contains examples of experiments and their associated results for each of the
treatments listed above.

2.6.1 Two-stage treatment

The first method is to expose the sediments in a two stage treatment first under anaerobic
condition for a long period of time and then under aerobic condition. In the anaerobic
phase, the high chlorinated biphenyls are degraded into low chlorinated biphenyls. Then,
in the aerobic stage, microorganism degrade the benzene rings structure. This process
has singularly increased the rate of complete degradation of highly chlorinated PCBs [73].
Table 8 shows a non-exhaustive set of results for the two-stage treatment under different
conditions.

The experiments 2 and 3 from Table 8 conducted by Long show that a higher ratio soil /organic
waste in a two stage treatment is advantageous for a degradation of PCBs [60].

The experiment 4 conducted by Pathiraja [71] shows a very high dechlorination rate of
47.99% over a period of only 6 weeks time. During the first 4 weeks, the growth of the
microorganisms represented by O Dgg in red in Figure 10a corresponded well with the total
PCB degradation. Because Aroclor 1260 was the only source of carbon in the medium,
Pathiraja concludes that the consortium of microorganisms was able to use the PCBs as a
carbon source during the anaerobic phase. Figure 10b shows the evolution of pH over the
weeks. During the anaerobic phase the pH drops progressively. An acidic pH has a negative
effect on the dechlorination of PCBs as well as an overall negative effect on microbial growth
in aerobic phase [22]. However, dechlorination did not seem to be impacted.
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(a) Total PCB reduction and microbial growth. (b) pH evolution under aerobic and anaer-

obic condition.

Figure 10: Two-stages treatment of PCB by a consortium of bacterial [71].

Pathiraja’s experiment 4 shows the best results compared to the other experiments listed
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Exp | PCBs Method degradation rate Authors

1 | Residual Four months of anaerobic treat- | 65% of the total PCB | Master et
PCBs, ment with an enrichment culture | reduction®*.  The aver- | al ~(2002)
59 ng of | and 28 days aerobic treatment us- | age number of Cl atoms | [63]
PCBs/g of | ing Burkholderia sp. LB400 on | per PCB decreased from
soil soil sample. 6,4 to 5,5. No signifi-

cant degradation in aer-
obic phase without using
Burkholderia sp.

2 | Aroclor Closing aeration during anaero- | Degradation of 60.8% of | Long et al
1260 spiked | bic phase (70 days) then opening | PCBs with 4 to 5 chlo- | (2015) [60]
for lmg | aeration during aerobic phase (28 | rine and 25% of the to-

PCB  per | days) on soil sample. Microor- | tal PCB reduction®. The

kg soil ganisms come from the sludge. | sterilized control has a
Ratio soil to organic waste | total PCB degradation of
2/3. 5.8%.

3 | Aroclor Same as 2 except ratio soil to | 19.7% of the total PCB | Long et al
1260 spiked | organic waste 3/2. reduction®.  The ster- | (2015) [60]
for lmg ilized control has a to-

PCB  per tal PCB degradation of
kg soil 5.8%.

4 | Aroclor Four weeks anaerobic with a 4.9% | 47.99% of the total PCB | Pathiraja
1260 H, environment and two weeks | reduction®. et al
50mg,/L aerobic. ~ Microbial consortium (2018) [71]
spiked of anaerobic bacteria Achro-

mobacter sp.NPO3, Ochrobactrum

sp.NPO4  and  Lysinibacillus
sp.NP0O5 + soil inoculum for
aerobic bacteria environment,

experiment on mix of soil and
sediment.

Table 8: Non-exhaustive set of results for the two-stages treatment under different conditions. *
= decrease in the number of moles of PCBs.

in Table 8 in regard to time. The differences that can be noted are that a consortium of
aero-tolerant bacteria were chosen. Furthermore the PCBs were spiked and had not residues
of past contamination, so there may have been a priming effect. PCBs were also the only
source of carbon. Contrary to the other experiments, Hy was used as electron source during

the anaerobic phase.

2.6.2

Treatment with frequently alternating redox conditions

The second way is to alternately expose the sediments to anaerobic and aerobic conditions
over a short period of time [71]. Table 9 shows a non-exhaustive set of results for the
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alternative treatment under different conditions.

Exp | PCBs Method degradation rate Authors
5 | Aroclore Closing aeration during anaerobic | 15.2% of the total PCB | Long et al
1260 spiked | phase and opening aeration dur- | reduction. The sterilized | (2015) [60]
for 1mg/kg | ing aerobic phase. There were 14 | control has a total PCB
PCB in | cycles with 5 anaerobic days and | degradation of 3.9 %.
suspension | 2 aerobic days. Microorganisms
come from the sludge. Ratio soil
to organic waste 2/3
6 | Aroclore Same as 2 except ratio soil to | 15.4% of the total PCB | Long et al
1260 spiked | organic waste 3/2. reduction. The sterilized | (2015) [60]
for 1mg/kg control has a total PCB
PCB in degradation of 3.9%.
suspension
7 | Arochlore Three cycles of one week anaer- | After two weeks 49.2% | Pathiraja
1260 obic with 4.9% H, environment | of the total PCBs reduc- | et al
50mg/L and one week aerobic on soil | tion, and after 6 weeks | (2018) [71]
spiked sample.  Microbial consortium | 54.1 %.

of anaerobic bacteria Achro-
mobacter sp.NPO3, Ochrobactrum

sp.NP04  and  Lysinibacillus
sp.NP0O5 + soil inoculum for
aerobic bacteria environment,

experiment on mix of soil and
sediment.

Table 9: Non-exhaustive set of results for the alternating treatments under different conditions.
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2.6.3 Concurrent treatment

The third approach is the concurrent treatment, that takes care to keep the sediments statics.
This creates simultaneously zones in contact with or without oxygen. These different aerobic
and anaerobic microbial niches are very close and allow an easy exchange of substrate from
one to the other. The concurrent treatment, in contrast to the two-stage treatment and the
alternative treatment, is performed with static sediment. This has the advantage that the
formation of the microbial biofilm is not disturbed. Table 10 contains a non-exhaustive set

of results for the concurrent treatment under different conditions.

PCBs Method degradation rate Authors

8 | Residual Bioaugmentation of anaerobic | 80% mass reduction of | Payne et al
PCBs, bacterium Dehalobium chloroco- | PCBs after 120 days | (2013) [73]
8mg/kg ercia and the aerobic bacterium | and a 365 day control

Burkholderia zenovorans LB400. | containing only the na-
Duration of 120 days. The sedi- | tive population of the
ments are statics and open to the | medium gave a 25% mass
air to allow to have close zones in | reduction of PCBs.
aerobic and anaerobic conditions.

9 | Spiked Electodes 2cm apart from each | Approximate PCB re- | Chun et al
PCB 1 and | other. Three different voltages of | duction: 37% for 1.5V, | (2013) [27]
PCB 61 + | 1.5V, 2.2V and 3V, were applied | 35% for 2.2V and 48% for
indigenous | to the sediments over a period of | 3V.
weathered | 88 days.

PCBs

10 | Indigenous | Same as 9. Approximate PCB re- | Chun et al
weathered duction: 60% for 1.5V, | (2013) [27]
PCBs 50% for 2.2V and 40% for

3V.

Table 10: Non-exhaustive set of results for the concurrent treatment under different conditions.

Experiments 8, 9 and 10 in Table 10 show that anaerobic dechlorination and aerobic degra-
dation can proceed concurrently. In the case of voltage application via electrodes, there was
no suppression of the community of microorganisms responsible for the reductive dechlori-
nation or oxidative degradation of PCBs [27].

Chun et al. conducted experiments 9 and 10 on sediments contaminated with PCBs in the
past. The difference is that PCB1 and PCB61 were added to the sediment in experiment
9. Three different voltages were applied: 1.5V, 2.2V and 3V. This tension was sufficient
to observe Hy production at the cathode. The best results are from the weathered PCBs
without injection of PCB1 and 61 at 1.5V. There was therefore not a priming effect due to
the addition of PCBsl and 61.
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2.7 Experimental reactor developed by the Bioengineering team

The Bioengineering team decided to investigate an electro-bio-catalytic, based on a treat-
ment with frequently alternating redox conditions, see Figure 11.

Figure 11: First experimental reactor of the bioengineering team.

The polluted sludge were placed into a single vertical bioreactor. A pair of electrodes
connected to a 2.9 volt power supply was used to induce a redox gradient along the reactor.
The cathode at the bottom of the reactor produced Hy and the anode at the top produced
O,. The treated sludge came directly from the bed of the Senne canal and contained both
the PCBs and the microorganisms necessary to degrade them. The reactor was continuously
homogenized by a rotating magnetic magnet in its bottom. The homogenization allowed to
transfer the sediments from reducing conditions in the bottom of the reactor, to oxidizing
conditions in the top of the reactor.

Following this experiment, they did not observe any evidence of PCB degradation in the
bioreactor. However, the presence of PCB-degrading microorganisms in the reactor sedi-
ments was confirmed by PCR (Polymerase Chain Reaction).

In addition, the use of a magnetic stirrer to homogenize the reactor and to maintain the

fine grained particles suspended, created wear by an abrassive effect which resulted in the
formation of a leak in the reactor.
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3 Specific objective

One of the objectives is to improve the reactor design in order to keep the particles as
suspended sediments without using a moving device subjected to abrasion. But we still
want to allow the sediments to move from the cathode to the anode in order to operate a
sequential treatment of the PCBs between reductive and oxidative conditions.

The degradation of PCBs and organic matter in the reactor are monitored. And for that we
need a way to extract a representative sample of the sludge inside the reactor. The PCBs
degradation in the reactor is catalyzed by a consortium of microorganisms from the Senne
sludge. The objective is to push these organisms to grow and to degrade the PCBs.

The final objective is to determine the best operating conditions of the reactor for the
kinetics of bacterial degradation of PCBs, and to evaluate the parameters that have an
impact or not on the microorganisms.

4 Approach

Our first objective is to control sedimentation. To do this we placed a conical structure
in the bottom of the reactor to accumulate the sediment above the cathode. Thus the H2
bubbles generated by the cathode have to cross the sediment column to go back to the
surface. By this way, they can resuspend the sediments on their path. If the resuspension
is not sufficient, we will consider the manual addition of H, at the cathode.

In addition, we worked on a selection of finer sediments in order to have a longer sedimenta-
tion time. Moreover, this allows to have more homogeneous sludge in the reactor and thus
to have more representative and reproducible results during the sampling.

Secondly, we tested this new reactor by measuring the Hy production rate, the current, the
pH and the voltage gradient. We also tested a fixed point sampling method to assess the
sludge content.

Finally, a series of four reactors have been launched to monitor the degradation of organic
matter and PCBs. Three of these had the new reactor configuration. These 4 reactors
allowed to follow the degradation of PCBs and organic matter under different physico-
chemical conditions:

1. The first reactor had a couple of electrodes fed by a voltage generator. It was mixed
once a day except on weekends.

2. The second reactor had the same configuration as the first except that the mixing was
done once a week before sampling.
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3. The third reactor had a couple of electrodes but which were not be connected to a
voltage generator. The electrodes were directly connected to each other by a wire,
causing a short circuit. This reactor was mixed once a week.

4. The fourth reactor had no electrode and was mixed once a week.

We followed the degradation of PCBs and organic matter to highlight the effect of temper-
ature, the effect of a redox gradient and the effect of the mixing frequency of the reactor.
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5 Material and methods

In this section, we first make an inventory of the material available for monitoring reactors.
Then we see how to select the sediments used the reactors, how to measure PCBs and
organic matter on sediments. Finally, the new reactors are introduced with their general
structure, their operating conditions and how they have been monitored.

5.1 Sediments

The PCB-polluted sludge comes from the Senne canal in Brussels. It was sampled at the
Heembeek quay (specific coordinate unknown) on the surface of the canal bed. This sludge
was and processed by the project GOLEM partners. First, the sludge has been filtered
of coarse pieces of wood, leaves, pebbles, etc. Then, it has been sorted by wet process
according to the particles size. The particle size distribution down to 63um is given in table
11. Sediments smaller than 63pm in diameter were dried at room temperature. This fraction
F<63um represent the raw material for the experiment. It is stored at room temperature
in a dried form in plastic bags.

Table 11: Massic distribution in grams of dried sediment per gram of the total mass of dry matter
as a function of particle size. From the GOLEM project partners

Fraction size ym | Mass percent (gary/Gdary)
F>2000pm 0,0 %
2000pm>F>500um 0.1 %
500pm >F>250pum 0.3 %
250pum>F>125um 1.0 %
125pum>F >90um 0.7 %
90um=>F>63um 1.1 %
F=63um 96.8 %

5.2 Inoculum

The micro-organisms that can degrade PCBs are taken from sludge collected by our team at
the same place, i.e the Senne river at the Heembeek quay with the precise location lat/Long:
50.88532/4.38161. This sludge is kept in a cold room at 4°C and placed in the dark.

5.3 PCBs Standard

The laboratory has at its disposal several solutions of PCBs at known concentration. The 10
PCBs from the BCR365 solution are used to obtain a response curve for the quantification
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part. They are the PCBs 8, 20, 28, 35, 52, 101, 118, 138, 153, 180. The last two solutions
contain only one PCB type, PCB30 and 209, which are respectively as internal and external
standard in the analytical method of PCB extraction.

5.4 Sediment fractionation

In this section, we present how a finer fraction can be selected from the dry fraction F<63,
based on its sedimentation rate. The size of the elements of this finer fraction is determined
later using the Stokes equations in the Result 6.2.1 section. To facilitate the understanding
of the reader, this fraction is already defined as being composed of particles with a size
smaller than 28um, and is named F<28. Once the fraction F<28 is selected, we show how
to concentrate it to a desired level of dry matter.

5.4.1 Granulometry selection

Particles with a diameter size equal or less than 28um were selected using the protocol
illustrated in Figure 12.

Figure 12: Protocol for the selection of fraction F<28.

A) 222g of sediments with a granulometry smaller than 63pm are mixed with 2L of tap
water. The mixture is put in a 5L polyethylene container which is shaken by hand to be
homogenised. A propeller is used to mix the suspension for 1h at 1045rpm, the goal being
to properly hydrate the sediments and separate the aggregates.
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B) After 1 hour of mixing, the 2L of suspension are poured into 2 cylinders of 1L 35cm. The
sediments are left to settle for 10 min. At the same time, 2x900mL of tap water is added
to the 5L container and mixed with the propeller.

C) After the 10 min of sedimentation, the volume of suspension being above the 100mL
in the 1L cylinders is recovered in a glass bottle by sucking under vaccuum. 2X900mL of
supernatant are recovered in this way.

D) 2X900mL of the slurry suspended in the container (B) by the propeller are poured
into the two 1L-cylinders in addition to the remaining 100mL sediment. The cylinders are
remixed and left at rest for 10min.

E) As during step C), after 10min of settling, 2X900mL of supernatant are recovered by
sucking under vaccuum. This supernatant is added into the glass bottle of step C).

F) Using the container that contains leftover sediment after the operation D), we start again
from step A by adding new dry sediment and tap water. We repeat the total operation 3
times before the container is washed.

5.4.2 Concentration of sediments

The solution collected in the glass bottle from the previous section has been concentrated.
To do so, we collected it in 0.75L plastic containers, see Figure 13a, and used a centrifuge
at 4700rpm for 20min. The pellet was well compacted in the bottom, which made possible
to recover the supernatant just by leaning the plastic containers. The supernatant has a
yellowish color and was stored for later use, see Figure 13b.

(a) Plastic container for (b) The supernatant
centrifugation. recovered.

Figure 13: Concentration of sediments in the centrifuge.
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5.5 Analytical methods
5.5.1 Dry matter

The dry matter DM given in equation 3 is weighed using an analytical balance, comparing
the weight of the sample before (M) and after oven drying (Mgy,,). The rigorous drying
temperature is 105°C that must be maintained until a constant mass is obtained, usually
overnight. However, the dry matter for the analysis of PCB concentration and the COD is
recovered at 60°C to preserve volatile PCBs that could escape at higher temperatures.

My,

DM = =2 [g/g). (3)

PCB analysis

5.5.2 PCB extraction for analysis

The protocol for the extraction of PCBs from sludge is shown in Figure 14. It can be
summarized as follows: after sampling, the sediments are dried and weighted, then PCBs
are Soxhlet extracted with hexane. The PCBs hexane extracted are then concentrated
with air flow. The concentrated PCB solution is purified by adsorption-elution on a Forisil
column which retains polar components like pesticides and PAH’s. The purified solution
is then concentrated and copper granules are added to remove sulfur contaminants. The
solution is concentrated one last time under air flow to the desired volume. This solution
is then ready for analysis by a gas chromotograph (GC) with an electron capture detector
(ECD).

Sediment pre-treatment

The sludge samples are dried in a oven at 60°C for at least 12h. After crushing the dry
sediment aggregates with the help of a mortar and a pestle, 2.5g of solid is sampled and the
same mass of NaySOy is added and homogenized with the sample. NaySO, has a strong
hygroscopic power and traps residual water. The 5g mixture is wrapped in Tork paper and
deposited in a fiberglass cartridge. The role of the Tork paper is to protect the cartridge
and extend its lifespan for later reuse.
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Figure 14: Protocol for the PCBs extraction from sediments. From left to right 1) Pre-treatment,
2) Soxhlet extraction, 3) Air flow concentration, 4) Florisil column, 5) Air flow concentration, 6)
Sample preparation for GC-ECD

Soxhlet extraction

The cartridges containing the mixture are deposited in a Soxhlet glass column and covered
with 75ml of hexane. Another 75mL of hexane is poured in into a glass balloon. The hexane
contains 2% acetone which allows to extract the more polar PCBs.

100 L of a solution of PCB30 at 2.5ppm in hexane is added directly on the cartridges for a
final concentration of 0.1ppm . PCB30 is used as internal standard to quantify the recovery
yield of the extraction step and the concentration factor. PCB30 was chosen because it is
not found in the PCBs present in the Senne sediments nor in the degradation products and
is commercially available.

The sample is left to macerate overnight in hexane under a fume hood. The next day the
Soxhlet operation is started. The Soxhlet condenser is fed with cooling water and the hexane
solution is heated under reflux at approximately 68°C for four hours. The number of cycles
performed in the Soxhlet is approximately one to two per minute.

After four hours, the heating system is switched off just before a new siphon cycle in the
Soxhlet, when most of the hexane is in the extraction column and the PCB concentration is
maximum in the balloon. The Soxhlet is left to cool for 30 min. The content of the balloon
is collected in a 36mL glass vial. The balloon is then rinsed two times with approximately
2ml of hexane coming from the column. The rinsing solutions are added to the recovered
extract. Finally, the extracted solution is concentrated to approximately 3mL under an air
flow in a test tube.
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Florisil column

The Florisil composition is 84.5% silicon oxide and 15.5% magnesium oxide. It is a polar
phase that allows to purify the PCB sample by removing polar compounds like PAHs,
pesticides, etc. [10]. The Florisil first needs to be activated by being heated to 160°C for at
least 16h.

A 1.5cm diameter glass column is first filled manually with glass wool. The role of the glass
wool is to trap the Florisil powder and to slow and control the solvent flow going to the
recovery bottle. 4g of Forisil in 15mL of hexane are poured in the column. The column
bottom outlet is then opened to let the hexane flow out until the hexane level is 1cm above
the Florisil layer surface.

The concentrated PCB in hexane solution is gently poured on top of the Florisil column.
Indeed it is necessary to avoid the formation of preferential pathways which impacts the
separation of the target compounds. The extract is slowly eluted until the solution level is
lem above the Florisil surface. It is then necessary to wait 3min until the apolar particles
(PAH, pesticides) are well absorbed on the Florisil. The test tube is rinsed twice with 2mL
of hexane which is also poured on the column. Then, the column is eluted again 3-fold with
10mL of hexane. The target elution rate is one drop per 1-5 sec.

The purified extract recovered in a 10 mL glass test tube is finally concentrated under air
flow until it reaches approximately 5mlL.

Sample preparation for GC-ECD

The concentrated and purified extract is poured in a tared 36mL glass vial, and pure hexane
is used to rinse the test tube. 0.1g of internal standard PCB 209 at 10 ppm is added. The
vial is completed by adding pure hexane until reaching a total solution weight of 10 g.
Finally, 30 to 40 copper copper granules (4 x 0.5mm, reference : B1015M) for a total of 1-2
mg are added to the vials in order to trap the sulfur compound (S~ and HS™) as CuS. The
solution is finally injected into the GC-ECD.

5.5.3 PCBs analysis by GC-ECD
Analysis conditions

The injection into the GC column is done with a split ratio of 12.5, the split flow is 10mL /min
and the capillary column flow is 0.8mL/min. The column used is a Rxi-5Sil MS Columns
(fused silica) with low polarity. The column has a length of 30m x 0.25 mm, the vector gas
used is Ny.
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To allow a good resolution by distributing the PCBs peaks on the chromatogram, the GC
was programmed for 87.5min to follow a temperature rise from 50° to 300°C. The last step
of 10min at 300°C is used to clean the column. The temperature program is given in Table
12.

Table 12: GC temperature program.

Retention time [min| | Rate [°C/min| | Target value [°C]| | Hold time |min]|
0 0 50 0
6 20 170 0
32 2 212 )
60 1 235 )
75 1 250 0
87.5 20 300 10

ECD Detector

The detector used is an ECD or Electron Capture Detector. A temperature of 350°C is
applied to the ECD, with a pulse width of 1 and a pulse amplitude of 50V. The reference
current is 1 nA.

PCB identification

The peaks were first identified based on bibliographic data. Subsequently these PCBs were
identified according to their relative retention time with respect to the internal standard.
Typical spectrum obtained for sludge analysis are presented in Figure 15.

T 2-MLn210329 passage échantillons boue fraiche. inf83um etinf 27um #23 [manually integrated] ECD

IST PCB30 F<63

ﬁﬁ@$de¢LMM o

Figure 15: : Spectrum of F<63 obtained with the temperature parameters of Table 12. The
internal standard PCB30 is circled in red and the external standard PCB209 is circled in blue.

EST PCB209

min

Normalization of peaks area

The peaks are normalized by dividing their area (mVolt x min) by the area of the PCB30,
the internal standard. Normalizing the peak area as in equation 8 allows the concentration
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factor to be removed from the equation, because the internal standard and the PCB are
diluted by the same volume. Normalizing also simplifies the recovery factor. Indeed, as the
two PCBs have undergone the same extraction, it can be assumed that the proportion of
internal standard and PCB lost during handling are the same.

A, - A, ‘ Yorecux . Jeex (4)
e Arsr Yoresaisr SfeerstT’

&

A, the area in mVol X min,

&

x, the PCB studied,

<&

IST, the internal standard,

<&

std,, the normalized PCB =z,

Yorecux, the PCB x recovery factor,

&

o feex, the PCB x concentration factor.

Calibration

The 10 PCBs available in the laboratory were used to calibrate the response curves in the
GC-ECD. The response given by the ECD is different for each PCBs and tends to saturate
beyond a certain concentration specific to each PCBs. Therefore we took care to remain in
the linear part of the response function, see Figure 16. The function linking the experimental
points of the PCBs calibrations is a quadratic regression not passing through the origin.

Concentration calculation

The concentrations can be determined by using the functions in Figure 16. A quadratic
function, see equation 5, can be used to relate the normalized area of a PCB to its concen-
tration, With C the PCB concentration in mg of PCB per kg of solution injected and X the
normalized PCB area.

CPCB:CLX2+Z)X+C. (5)

The coefficients of equation 5 for the different PCBs are given in Table 13, as well as the
value of the coefficient of determination R? and the PCB concentration limit to not exceed
in order to stay in the linear zone.
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Figure 16: ECD response in standardized area as a function of concentration in mg of PCB per
kg of solution injected.

Table 13: Coefficients for calculating the concentration of PCBs from equation 5. The coefficient
of determination R? and the limit concentration of PCBs in mgpcp/Kg_Solution injected to
not exceed in the ECD above.

a b c R? PCB limit concentration
PCB 8 0.0118 | 0.3647 | -0.0011 | 0.9999 0.228
PCB 20 | -0.0034 | 0.1546 | -0.0018 | 0.9999 0.304
PCB 28 | -0.0034 | 0.1512 | -0.0037 | 0.9999 0.496
PCB 35 0.0164 | 0.2574 | -0.0011 1 0.496
PCB 52 0.008 | 0.2073 | -0.0018 | 0.9999 0.296
PCB 101 | 0.0034 | 0.1386 | -0.0023 | 0.9999 0.288
PCB 118 | -0.0004 | 0.1029 | -0.0024 | 0.9999 0.298
PCB 138 | 0.0009 0.09 | -0.0009 1 0.172
PCB 153 | 0.0001 | 0.1015 | -0.0019 | 0.9999 0.284
PCB 180 | -0.0013 | 0.0769 | -0.0014 1 0.304

Variability of PCB analysis

The variability of the PCB extraction can be approximated by the student standard devia-
tion given in equation 6:
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with

¢ s the standard deviation of student,
o T the average of the standardized areas obtained from the sediment,

o n the sample number.

Organic Matter analysis
5.5.4 Volatile matter

The content in volatile matter given in equation 7 is measured with a muffle oven by com-
paring the mass of dry matter My, at 105°C with the mass of ash M,,, obtained after
heat to 575°C. The volatile matter can be linked to the organic matter has their mass are
approximately equivalents. Indeed, the organic matter is burned until obtaining gas and
ashes.

lg VM/g DM(105°C)]. (7)

5.5.5 COD

COD or Chemical Oxygen Demand is measured by oxidation to CO4 of reducing substances
(mostly organic matter in many environmental samples) with KyCryO7, a powerful oxidant.
The reaction is catalyzed by the addition of silver sulfate acid AgoSO4 . The excess of
K5Cry07 is titrated with an ammonium iron sulfate solution, also know as Mohr’s salt. The
indicator used is iron orthophenanthroline.

The COD protocol was provided by the GEBI laboratory [84]:

Reagents [84]

o Samples of F<28 and reactor sludge dry at 60°C.
¢ Distilled water without any organic matter.

¢ Solid mercury sulphate HgSO,4 which is added to eliminate interference from halides
which form a precipitate with the silver salt [33].
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o Concentrated sulfuric acid (d = 1.83-1.84).

<&

Sulfuric solution of silver sulphate: some compounds such as long aliphatic chains are
only partially oxidised. Therefore, silver sulphate is used as a catalyst to completely
oxidise these compounds [33].

¢ Potassium dichromate solution KyCrsO7 0.25 N.

&

Ferroin indicator solution: dissolve 1.48 g of 1-10 orthophenanthroline monohydrate
and 0.7 g ferrous sulphate in 100 ml of water.

&

Iron(1l) and ammonium sulfate solution 0.25 N (Mohr’s salt). 196 g of FeSO4(NH,4)2SO, - 6 H,O
are dissolved in about 1.6 L of water. 40mL of H,SO, is added to the solution and

finally water is added until the volume reaches 2 L. The titre of the solution must be
determined before each use, using a KoCroO7 solution.

To do this, take 20 ml of the potassium dichromate solution and add water until
obtaining approximately 250 ml of solution. Then add 20 ml of concentrated sulphuric
acid. Leave to cool. Finally, titrate with the Mohr’s salt in the presence of 12 drops
of the indicator solution.

The ratio of the normals of the Mohr’s salt is given by the equation 8, with m the
volume (ml) of solution of KyCroO7 0.25N, and n the volume (ml) of Mohr’s salt
solution used.

f= (8)

m
n

Oxidation step [84]

The equivalent of 50mg of COD is weighed and added to a 500mL flask with 50mL of
K5Cry07 0.25N and approximately 0.4g of HgSO,4. 66 ml of sulfuric solution of silver sulfate
are transferred in the 500 ml flask while the flask is gently stirred and at the same time
the neck is pointing away from the user in a fume hood until the solution forms a single
liquid phase. The flasks are placed on hot plates and are connected to a 30 cm condenser.
Once boiling has begun, the flasks are left to boil for 30 minutes and then are cooled down.
Finally, 180mL of water are added to dilute the solution which helps to observe the change
of color during the titration. After adding water, the solution must be mixed again to form
a single phase.

A blank is analysed following the procedure described in this section.

Titration step [84]

12 drops of indicator solution are added to the flask. Then the excess of KoCryO7 which
was not consumed for the oxidation of the organic matter is titrated with Mohr’s salt until
the solution turns from blue-green to red-brown.
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The COD (g COD/g DM _60°C) of the sample is then calculated thanks to equation 9.

pcoO—2.(A-B)- L, 9)

m

where

o A is the volume of Mohr’s salt used to titrate the blank,
¢ B is the volume of Mohr’s salt used to titrate the sample,

o f is the volume ratio between KyCrsO7 0.25N and the solution of Fe*™ 0.25N. This
ratio is near 1.

¢ m is the sample dry mass at 60°C.

Variability

The analyses are performed in duplicate. The variability of the method is approximated by
the average difference (AD), see equation 10.

AD — w, (10)

with

o 2 the DCO average,

¢ n the sample number.

The results that do not deviate by more than 10% from the arithmetic mean can be con-
sidered as consistent [84].

Measurement interference

1) Nitrites cause positive interference (1.1 mg/l1 O2 per mg N-NO2), but their concentrations
are generally negligible [33].

2) Inorganic ions such as S-2, Mn+2 and Fe+2 can be oxidised under the conditions of this
method [33].
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5.5.6 Walkley-Black

The Walkley-Black method is used to determine the total organic carbon or TOC and
Organic Matter mass WOM in the dried sediment. The method is based on the results
obtained for the COD method in the previous section. First, the percentage of WB carbon
in the dried sediment is calculated, see equation 11, [31].

A-B)

WBC(%) = M - ( -0.30 F. (11)

¢ A is the volume (mL) of Mohr’s salt used to titrate the blank,
¢ B is the volume (mL) of Mohr’s salt used to titrate the sample,

© m is the sample dry mass at 60°C (g),

© M is the molarity of the Mohr’s salt = 0.25mol /L,
¢ F is a correction factor for incomplete oxidation. This F was set by Walkley-Black to
1.32.
TOC

From the percentage WB of carbon, we can calculate the TOC in [¢g C/g DM](%) with
the equation 12.

TOC(%) = 1.2 - WBC. (12)

WOM

From the TOC, we can calculate the mass of organic matter WOM in [¢g_ OM /g DM]|(%)
with the equation 13.

WOM (%) =2- WBC. (13)
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5.6 Electro-bioreactor

5.6.1 Electro-bioreactor design

The new reactor is a transparent PVC tube, see Figure 17b . It has an internal diameter
of 8 cm and a effective height of 41.5cm. The reactor has on its lid an opening for placing
the anode and an opening for a reference electrode which remains fixed, see Figure 17a.
Another opening holds a glass pipette with a broken tip and on which an elastic plastic
tube is fixed. This tube is used for sampling and for Hs injection. The lid also holds an
outlet pipe to collect the gases escaping from the reactor.

1)  Anode

2) Cathode

3)  Ssediment

4)  Pipette for H2 injection and
sampling

5)  Reference electrode

6)  Outlet gas recovery
(H2,02,C02)

(a) Schematic diagram of the reactor (b) Reactor.
structure.

Figure 17: Reactor structure.

The reactor hold three electrodes: two of them were used to generate H, at the cathode
and Oy at the anode by electrolysis of water, see Figure 18. The third electrode was used as
reference electrode AgCI(KCI 3M). In the bottom stood a spherical stainless sponge cathode
with a diameter of 3.5cm, Figure 18a. On the top of the reactor stood a cylindrical anode
made of iridium oxide coated platinum mesh with an internal diameter of 4cm and height
of 12cm, Figure 18b. The two electrodes were 13 cm apart from each other.

The electrodes were connected to a power supply applying a fixed voltage. The connection

to the cathode was made by a thread coming out of the bottom cover and the connection
to the anode was made by a thread coming out of the plug.

5.6.2 Operating conditions

The degradation of PCBs by the action of microorganisms was studied in four reactors which
are shown in Figure 19. The reactors were surrounded by an aluminium foil to prevent light
penetration.

Reactor 4 had the particularity of being a Schott glass bottle unlike Reactors 1, 2 and 3
which were based on the design of previous Section 5.6.1. The conditions applied to the
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(a) Funnel and cathode (b)  Titanium
in stainless sponge anodes.

Figure 18: Electrodes

Figure 19: The four reactors used to study the degradation of PCBs. From the left; Reactors 4,
1, 2 and 3.

different reactors are shown in Table 14.

The reactors were filled with F<28 sediment and a small proportion of canal sludge as
inoculum. Reactors 1 and 2 produce Hy, and OH ™ at the cathode and O, and H' at the
anode by electrolysis of water via the application of a fixed voltage between their electrodes.

Homogenisation of the sludge in Reactors 1, 2 and 3 was achieved by injecting 200mL of H2

in bsec. The injection was done at the cathode through a pipette, see Figure 17a Section
5.6.1. Reactor 4 was mixed by hand shaking.
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Table 14: Presentation of the four used reactors with their setup and operating conditions.

Reactor 1 | Reactor 2 | Reactor 3 Reactor 4
Start-up gl gl

Sediment  volume | ~ 1250 ~ 1250 ~ 1250 ~ 600
(mL)
Inoculum (g) dry 2.57 2.35 3.20 3.65
F<28um dry (g) ~ 253 ~ 253 ~ 253 ~ 121
Dry matter content | ~ 18% ~ 18% ~ 18% ~ 18%
Inoculum /sediment | ~ 1.00% ~ 0.92% ~ 1.24% ~ 2.93%
(gdry/gdry %)

0 (short cir-

cuit bet-

Conditions || Apllied voltage (V) | 5 5 ween the an- | No elec-
ode and the | trode
cathode)

Homogenisation injection injection injection hand shak-
method 200mL Hy | 200mL Hy | 200mL Hy ing
Homogenisation once a day | once a | once a week | once a week
frequency (except week

weekend)

5.6.3 Reactor monitoring

Table 15 contains the monitoring performed on each of our four reactors.

Table 15: Frequency of time dependent measurements in the four reactors.

Reactor 1

Reactor 2

Reactor 3

Reactor 4

pH or redox gradient
measurement

each 2 days for
the first 30 days,
then once a week

once a week

once a week

once a week

Current and Voltage
measurement

each days for the

first 30 days

first 30 days

each days for the

each days for the

first 30 days

/

Sample collection

each week

each week

each week

each week
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Time-dependent monitoring

Sediment sampling was performed after homogenization of the reactor sediments. The
sampling was done with a pipette that took the sediment at approximately 30cm from the
reactor lids, see Figure 20.

cm
10
1)  Anode
15 1
2)  Cathode
20 3)  Sediment
a5 4)  Pipette for H2 injection and
20 sampling

Figure 20: Diagram of the reactor with its scale for taking measurements.

Current measurement was performed before the homogenization of the reactor sediments.
The current was measured in series between the cathode and the negative terminal of the
power supply with the help of a multimeter, see Figure 20.

Voltage measurement was performed before the homogenization of the reactor sediments.
The voltage was measured between the reference electrode and the cathode using a multime-
ter. The reference electrode was set at a height of 12cm from the reactor lid or approximately
4-5 cm from the supernatant level. The cathode was fixed at a height of approximately 34cm
from the reactor lid or approximately 28cm from the supernatant level. The voltage mea-
surement must be corrected by adding 0.205V for a reference electrode Ag/AgCl (3.5 M
KCl) for conversion to SHE (Standard Hydrogen Electrod).

The pH gradient was performed before the homogenization of the reactor sediments. For
Reactors 1, 2 and 3, the voltage generator was switched off. Then the anode was removed
to allow the pH electrode to be passed into the reactor. The pH electrode was then dipped
in the suspension while being careful to not mix it. The measurement was taken every 5 cm
by beginning 10 cm bellow the top of the reactor (approximately 2 cm below the surface
of the supernatant) until 30cm at the bottom (approximately 3 cm above the cathode), see
Figure 20. Finally, the pH was measured after homogenisation of the reactor at 25cm from
the lid.

For Reactor 4, the pH was measured before homogenisation in the supernatant and in the
pellet. Then the reactor was mixed and the pH was measured again in the centre of the
reactor.

Voltage gradient was performed before the homogenization of the reactor sediments. The

voltage was measured between the reference electrode and the cathode using a multimeter.
The lid of the reactor was removed with the anode and all other tools situated on the
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lid, to allow the reference electrode to dive into the reactor. Then the anode was put
back. The reference electrode was dipped in the reactor while being careful to not mix
it. The measurement was taken every 5 cm by beginning 10 cm bellow the top of the
reactor (approximately 2 cm below the surface of the supernatant) until 30cm at the bottom
(approximately 2 cm above the cathode), see Figure 20. The voltage measurement must be
corrected by adding 0.205V for a reference electrode Ag/AgCl (3.5 M KCl) for conversion
to SHE (Standard Hydrogen Electrod).

One-off measures

The following measurements were made on a more occasional basis.

Sedimentation effect on conductivity was realized by measuring the current at fixed
voltage, before and after a homogenization of the sediments of the reactor.

Measurement of the gas volume from the reactor was done by collecting the gas through
a pipe located on the lid of the reactor, see Figure 17a. The collected gas was then sent
to a "water displacement system", see Figure 21 where the gas was sent into a bell filled
with water. There, the gas pushed the water out, allowing to measure the volume of gas
recovered.

gas
/ N\

\

A\

|: — .....|....|....|....|....|,...|....|.i.!....|....|)

Figure 21: "Water displacement system" used to measure the gas produced in the reactors.

5.7 Calculation of material and electron balances

5.7.1 Hydrodynamic sediment fractionation

Stokes equation

The radius of the sediments R,y can be calculated using their sedimentation speed vgeq
given by the Stokes equation 14. The Stokes equation for sedimentation assume a laminar
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flow and consider a single particle infinitely far from a rigid surface.

9
Rsez a5 A " Useds 14
’ \/2 Ap-g )

with

o Ap the difference of volumetric mass between the dry sediment and water Ap =
Psed — Puater = 2300 — 1000 = 130024,

o 1 =0,001Pa - s the viscosity of water,

© g =19,81% the gravity.

Fractionation balance

Calculation method to determine the mass quantity of the fraction F<28um from the frac-
tion F<63um.

Therefore, we weighted the dried sediment F<63 (Mp<g3.m) stored in a plastic bag, as well
as the solution containing the fraction F<28 (My—r<osum), and the dry matter of this
solution (DM°Cpcasum). The recovery yield (1) expressed in grams of sediment F<28 per
gram of sediment F<63 is given in equation 15.

_ DMF<28um : Msol—F<28um (15)

n
MF<63um

5.7.2 Theoretical H, and O, production

To calculate the theoretical electrochemical Hy production, we can use equation 16. The
development of this equation is shown in Annex A.5.

RT 2t-1
VHQ P F ) ( 6)
with
o Vp, the volume of H2 expressed in [L],
o R =8.314 is the ideal gas constant in |—2—],
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o T the temperature in [K]|,

<&

P the pressure in |Pal,

&

t the time [sec],

o I the measured current in [A],

C]'

n,—

o F = 96500 the Faraday constant in Coulombs per mole of electrons |

The electrochemical production of O, can be calculated with equation 17, see Annex A.5
for more details.

Vo, 1] = 3 Vi, (17)
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6 Results

6.1 Validation of PCB analysis: test of repeatability from sample
pretreatment to GC-analysis

The PCB analyses defined Section 5.5.2 are complex. We have tested their implementation
and their repeatability on F<28.

We have done three extractions on F<28 and we have compared these three experiments,
to determine the uncertainty of the measurement using the Student’s standard deviation
presented in Section 5.5.3.

These uncertainties are visible in Figure 22 and 23 on the blue bars. We can see that F<28
includes a large number of different PCBs, and that the uncertainties are relatively low and
increase slightly for the most concentrated PCBs.

6.2 Selection and characterization of a suitable granulometric frac-
tion

The previous experiments made on this subject by the GEBI team (Section 2.7) showed that
the sludge sediment too quickly. Therefore, we selected from the processed sludges F<63
sediments based on their sedimentation rate which led us to the fraction F<28 (Material
and methods 6.2.1). This fraction F<28 represent 44% of the mass of F<63. We therefore
had three fractions of the sludges: the initial canal sludges, the processed fraction F<63
and the selected fraction F<28. In this section we characterize these three fractions.

6.2.1 Granulometric properties

We calculated the size of the selected F<28 sediment based on the velocity calculated
from the sedimentation height and time. As we could observe a sediment frond with the
finest particles, we also calculated the minimum visible size of the selected sediments. The
calculation is based on the Stokes equations (Material and methods 5.7.1), the data and
results are given in Table 16.

It can be read in the last row of this table that the selected sediments have a particle
granulometric distribution with a diameter smaller than 28um and mostly larger than 6pm.

Moreover, the GOLEM project partner provides us with the granulometric massic distribu-
tion of the canal sludges and the processed fraction F<63. Those values combined to our
results on F<28 are shown in Table 25. We can observe from this table that we selected
a fraction of F<63 that settles more slowly and has a more homogeneous granulometric
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Table 16: Particle Size (hydrodynamic diameter) of the larger and smaller particles in the granu-
lometric fraction selected (hypotheses: particles volumic mass : 2300kg/m? ; water volumic mass:
1000kg/m3 ; water viscosity: 0.001Pa - s)

Maximum size | Minimum size
time (s) 600 1420
height (m) 0,32 0,0379
Vseq (M/8) 5,38 -107% 2,67-107°
Riea (pm ) 13,78 3,07
Dgea (pm ) 27,56 6,14

distribution.

Table 17: Massic distribution in grams of dried sediment(105°C) per gram of the total mass(105°C)
as a function of particle size.

Fraction size (um) | canal sludge | F<63 | F<28
F>2000um /

2000,m~F=>500um | 0.1 %

500pm >F>250um 0.3 %

%\\\\\\
I e B N BN I

250pum>F=>125um 1.0 %
125pum>F>90um 0.7 %
90um=>F>63um 1.1 %
63um=>F>28um 54.2 %
28um=>F>6um 42.6 % 44% | 100%

Note, however, that the Stokes equations for sedimentation assume a laminar flow and
consider a single spherical particle in an homogenous fluid and infinitely far from a rigid
surface. None oh these conditions is met, Therefore the Stokes equation used here only
allows to approximate the real hydrodynamic size of the particles.

6.2.2 Organic content

We now look at the organic matter contained in the three sludges, by measuring the volatile
matter (VM) at 575°C. This VM is related to the organic matter in terms of mass (Materials
and Methods Section 5.5.4). The results of the MV are shown in Table 18. This table also
contain information about the chemical oxygen demand (COD) of F<28.

Table 18: volatile matter in gram of VM per gram dry matter. Samples in triplicate for the canal
sludge and for F<63um, sample in single for F<28um

Canal Sludge F<63pm F<28pm
VM 575°C [gvar/gpmiosc] | 0.109 +0.001 | 0.109 +0, 001 0.111
COD [go,/9gpaeoc] / / 0.117

Therefore, we observed that the mass of organic matter in the three fractions is the same.
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6.2.3 PCB content

We now look at the PCBs contained in the three fractions, using method described in
Materiel and methods 5.5.2. The obtained results are expressed in standard area per gram
of dry matter(60°C) in Figures 22 and 23 because we do not have access to calibration
solution for all PCBs. Nevertheless, we had this calibration for some PCBs. Therefore, the
concentration of those PCBs can be determined and is shown in Figure 24.

The difference in concentration of PCBs between the 3 sludges is more marked for the last
eluted PCBs shown in Figure 22 than for the first eluted ones shown in Figure 23. We
also observe a higher concentration of PCBs, and therefore a higher contamination, in the
F<63, which is more contaminated than the F<28, which is itself more contaminated than
the canal sludge.
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Figure 24: PCBs concentration for the analysis of the canal sludge in single, F<63um in simple
and for the mean of triplicate F<28um, PCBs are listed in ascending order of output from the GC.
The standard deviation of F<28 is used to express the variability of all test, see Section 5.5.3. The
concentration of PCBs co-eluted was calculated ignoring this fact.

On another hand, as the concentration of PCBs used for legislation are known, we were
able to compare our sludges to the legal thresholds, N1 and N2 (Section 2.3.1), for more
information. The results are summarized in Table 19. We can observe that all our sludges
are close to or above the upper bound N2, which justify our willing to decontaminate the
canal sludge. Note that N1 and N2 are express per kg of dry matter at 105°C and our
results are in kg of dry matter at 60°C.

Table 19: For the canal sludge, F<63um and F<28um: sum of the concentration in mg_PCB per
kg of dry matter at 60°C of PCBs used to know the pollution of a soil according to the legislation.
PCBs 101, 118, 138, 153, 180, 28, 52. With the two legal threshold N1 and N2 in in mg_PCB per
kg of dry matter at 105°C See Section 2.3.1

Concentration of PCBs
canal sludge 0.368
F<63um 0.553
F<28um 0.463
N1 0.2
N2 0.5

6.2.4 Contribution of PCBs to COD

From the COD results obtained on F<28, the contribution of PCBs to the total COD of
F <28 can be estimated.

To do this we sum the normalized area of all PCBs obtained in F<28, which are shown in
Figure 22 and 23 Section 6.2.3. This normalized area is transformed into a concentration
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by assuming that the most representative response factor for this set of PCBs is the con-
centration of PCB 101 which has 5 chlorines, (Table 13 Section 5.5.3 ). This gives a rough
estimate of the total mass of mg PCB in one kg of dry matter (see Table 20). A conversion
factor of 1.18 gCOD/gPCB (see Appendix A.6) is then applied to obtain the amount of
COD due to PCBs in F<28 (see Table 20). This result is then divided by the total F<23
COD. The result is given in the last row of Table 20.

Table 20: Estimation of the contribution of PCBs to the total COD of F<28. PCBs* = estimated

mass.

F<28
COD [gcon/gpmeo-c] 0.117
PCBS* [mngB/ngMGOeC] 2.053

DCO PCB
—9; 55— (J0) 0.002(%)

It can be seen that the fraction of PCBs explaining the COD in F<28 is very low and
therefore the sludge contains a lot of organic matter other than PCBs.

6.3 Improvement and test of the reactor design

Previous experiments used a production of Hy bubbles distributed throughout the reactor,
and a mobile device to homogenize the reactor. This moving device caused abrasion on the
reactors and damaged them. Therefore, we chose to not use it anymore.

Therefore, the homogenization rely only on the production of Hy bubbles. These Hy bubbles
while going up to the surface drag the sediments in their passages and thus resuspend
them. We test to concentrate the Hy production, by using a smaller cathode. Moreover, we
reassembled the sediments above this cathode, so that the bubbles travel a greater distance
in the sediments.

To do this, we used the general structure of the reactor described in the material and
method, Figure 5.6.1. We studied different models of funnel, as well as different voltages
applied to the electrodes. We also studied the possibility of mixing the sediments of the
reactor via an injection of Hy. The results of these analysis are presented in this section.

6.3.1 Reactor geometry

To collect the sediments above the cathode, an inverted bottle was installed to serve as
funnel in the reactor forcing the sediments to settle in its neck, as illustrated in the Material
and methods, Figure 5.6.1. The cathode is located at the bottom of the bottle neck and
thus below the sediment column.

We have tested three different funnel configurations under the same working conditions
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which are a voltage of 20 volts, with MS of 8.9% and letting the reactors run for one day.
The funnels are shown in Figure 25.

(a) Funnel 1. (b) Funnel 2. (c) Funnel 3.

Figure 25: Electrodes

No significant difference was observed between reactors. All of them had a slightly turbid
supernatant caused by sediment resuspension. Unfortunately this resuspension was insuf-
ficient as we expected a higher turbidity. Nevertheless, we decided to keep the bottle that
formed the highest column above the cathode, see funnel Figure 25¢ . This funnel was
chosen because it was the tightest one, allowing the bubbles to travel a greater distance in

the sediment, and thus bringing the sediments closer on average to the path taken by the
H,.

6.3.2 Electrolysis as a mean to resuspend the settling particles

The production of Hs is achieved by the electrolysis of water. At the anode, the water is
oxidised to give O2 and protons H+, and at the cathode, the water is reduced to Hy and
OH-, See Annex A.5 for more details.

We tested resuspension of sediments and the Hy production for different voltages and dif-
ferent conditions see Table 21, but in the same reactor configuration, with funnel presented
in last section.

For all the tests with sediments, the supernatant is slightly turbid, which indicate presence
of particule in suspension. Moreover, we observe bubbles trapped at the interface between
the air and the supernatant. These two elements confirm the presence of Hj.

In tests 1, 2 and 4, the signs of Hy productions are equivalent. But an electrolysis at 50-60V
induces a higher production of H+ and OH-, which leads to a strong pH gradient between
the electrodes and is harmful for the microorganisms. Therefore, we decided to work with
5V.
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Table 21: Experimentation on Hs production under different conditions. Gas production of Ho
and Os was measured from the outlet gas as presented in the material and method section 5.6.3.
This measure is comparable to the theoretical volume of produced gas for 50 and 62.6 V, but was
not accessible for 5V. Nevertheless, the theoretical measure can be considered as accurate, and we
can consider the theoretical production of Hs as accurate as well. The theoretical measures were
computed as describe in the Material and methods, Section (ref). ?* = no possible observation.

bles above the cath-
ode

test 1 test 2 test 3 test 4
Operating conditions
Sediment fraction sediment F' < 28 | sediment F' < 28 | tap water | sediment F' < 28
Water deionized deionized tap tap
Sediments particle settled suspension / settled
Dry matter concen- 10 % 9.1 % / 18%
tration (gDM/gslurry)
Fixed tension (V) 50 V 62.6 V 62.6 V 5V
Duration 30 min 30 min 30 min 24h
Measurements and observations
measured ~ Current 10 mA 90 mA 44 mA 3.35 mA
(mA)
Observed gas bub- yes no yes yes

Supernatant

slightly turbid

slightly turbid

slightly turbid

ume (mL)

Bubbles trapped at yes yes no yes
the air/supernatant

interface

Measured Hy and O 4 mL 31 mL 16 mL 7%
volume (mL)

Theoretical H, and 3.4 mL 30.68 mL 15.00 mL 54.83 mL
Oy volume (mL)

Theoretical Hy vol- 2.27 mL 20.46 mL 10.00 mL 36.55 mL

6.3.3 H, gas injection as a mean to resuspend the settled particles

As observed in previous section, increasing the voltage to as much as 60V was not enough
to maintain particles in suspension neither to resuspend already sedimented particles.

Therefore, we tested to make this suspension by injection of Hy just above the cathode, with
the same pipette used for sampling. In practice, we injected 200mL of Hy over 5 second.
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We were able to achieve a resuspension of the reactor sludge in accordance with our expec-
tations. We therefore decided to keep this method to homogenise our reactors, in addition
to the production of Hy bubbles at the cathode.

6.4 Test of bio-electro-degradation of PCB in the selected reactor
design

In this section we present the results of the monitoring of the reactors. First, we present
the general results, i.e. the evolution of water level, dry matter, organic matter and PCB
concentration. Then, we focus on the individual reactors with the monitoring of their
physico-chemical evolution.

6.4.1 Operating conditions selected

Let us start with a short reminder of the operating conditions of the different reactors sum-
marised in Table 22. Note that the experiments were conducted at room temperature and
that the temperature remained constant at 21°C in the reactors throughout the experiment.

Table 22: Reminder of the reactors conditions.

Applied voltage | Reactor homogenization | Hy injection 200m.L
reactor 1 5V daily (except weekend) yes
reactor 2 o5V weekly yes
0V (short cicuit
reactor 3 | between anode weekly yes
and the cathode)
reactor 4 / weekly no

6.4.2 Evolution of water and solids contents

During monitoring, the reactors gradually lost volume due to sampling. In order to keep
the anode submerged, we added the supernatant recovered during the concentration of the
F <28 sediments, see Material and Methods Section 6.2.1 . Figure 26 shows the level of the
reactor sludge of Reactors 1, 2 and 3, expressed in height in regard to the cathode.

We also measured the amount of dry matter in a sample of the reactor after drying at 60°
for the analysis of PCBs, see Material and Methods Section 5.5.1. The analysed sample was
recovered after homogenization of the reactor sludge. The evolution of sampled dry matter
and the volume of added supernatant are presented in Figure 27. We observe in this Figure
that, with the exception of Reactor 4, the dry matter measurements are fluctuating.
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Figure 27: Sampled dry matter at 60°C for the four reactors sludge with the time and the amount
of supernatant added.

The fluctuations can be partly explain with the punctual add of supernatant, as this super-
natant diluted dry matter in the reactor. However we also observe increasing of dry matter
and fluctuations between two additions of water. This implies that the homogenization
method of the first three reactors, with the injection of 200mL of Hs, is not perfect.

6.4.3 Evolution of the OM content

We observe the evolution of OM content in the reactor sludge with respect to the F<28pm.
For a better estimation of OM, we used three different methods, namely:

1. The Volatile Matter (VM) at 575°C which gives us information on the mass of OM.
For more details, see Materials and Methods Section 5.5.4.

2. The Chemical Oy Demand (COD) which tells us how much O is needed to oxidise
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the OM to CO,. For more details, see Materials and Methods Section 5.5.5.

3. The Walkley-Black method which allows us to estimate the Total mass amount of
Organic Carbon (TOC) and of organic mass (WOM). These results were obtained
from the COD results, for more details see Material and Methods Section 5.5.6.

The results of these three methods are shown in Table 23.

Table 23: Estimation of the organic matter contain in the canal sludge, F<28 and in the four
reactors with VM performed in single and COD, TOC, WOM performed duplicate.

F<281mm R1 R2 R3 R4
VM [%] 0.111 0.105 0.109 0.110 0.108
COD [gm‘i‘z#@] 0.117 £5-107% | 0.120 £18-107% | 0.129 £8-10~* | 0.127 +£6-10~* | 0.126 £7-10~*
TOC [—2=—| 0.070 0.072 0.077 0.076 0.076
9D M (60°C)
WOM 2o | 0.117 0.120 0.129 0.127 0.126
9D M (60°C)

It can be seen in Table 23 that there is no major difference between the four reactors and
F<28 for VM. However, there is a difference in COD for F<28 and Reactor 1 which is
reflected in the Walkley-Black values obtained. Note however that the values of F<28 for
the mass of OM from Walkley-Black are very close to that obtained by the MV, which is
less the case for the other reactors.

Since the mass of MV is the same for F<28 and the reactors and the COD value is lower
for F<28 and R1, it can be deduced that the nature of the OM must not be the same.

6.4.4 Evolution of the PCB content

In this section we look at the impact of reactor operating conditions on PCB degradation.

For this purpose, we analysed the sludge from the four reactors after 63 days using the
method described in Section 5.5.2 of Materials and Methods, as a reminder, these sludges
are dried at 60°C. We compared these results with the F<28 which serves as a reference
point to characterise the evolution of PCB degradation.

The results in standard area are given in Figure 28 and 29. Figure 13 shows the concentration
for the PCBs that we could calibrate. Table 30 resume the sum of concentration of PCBs
considered in the legislation.

It can be seen that F<28 has a lower concentration of the first eluted PCBs, i.e. the
least chlorinated PCBs, than the other reactors. Furthermore, the reactors do not have a
significant difference in PCB concentration. And all are close to the N2 limit. Note that
N1 and N2 are express per kg of dry matter at 105°C and our results in kg of dry matter
at 60°C.
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Figure 30: PCBs concentration for the simple analysis of the reactor sediment 1, 2, 3 and 4 after
63 days and for the mean of triplicate F<28um. The standard deviation of F<28 is used to express
the variability of all test, see Section 5.5.3. The concentration of PCBs co-eluted was calculated
ignoring this fact.

Table 24: For the F<28um and the sediments of the reactors (R1, R2, R3 and R4): sum of the
PCBs concentrations in mg_PCB per kg of dry matter at 60°C of figure 30 and sum of the PCBs
concentrations used to know the pollution of a soil according to the legislation: PCBs 101, 118,
138, 153, 180, 28, 52. With the two legal threshold N1 and N2 in in mg_PCB per kg of dry matter
at 105°C See Section 2.3.1

Concentration of PCBs

F<28um 0.463
R1 d+63 0.497
R2 d+63 0.489
R3 d+63 0.504
R4 d+63 0.479
N1 0.2

N2 0.5

Specific observation on individual Reactors

In this section, we compare the reactors on different physico-chemical aspects, distinguishing
between regular and one-off measurements.

Let us describe the regular measurements and why and how they have been taken.

1. Current : Evolution of current over time provides information on water electrolysis.
We measured the current before homogenization of the reactor sludge, see Materials
and methods Section 5.6.3 for more details.
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2. Voltage: Measuring the voltage at a fixed point makes it possible to check that there
has been no problem with the generator. To do this, the voltage between the reference
electrode and the cathode, whose position are fixed, is measured. We measured the
voltage before homogenization of the reactor sludge, see Materials and Methods in
Section 5.6.3.

3. pH and redox gradient: Calculating the pH and redox gradient provides a better
understanding of the environment in which the microorganisms evolve. Note that
these two measurements were never taken simultaneously, as we do not want any
mixing to occur before the measurements are taken. For the same reason we have
taken these measurements before homogenization of the reactor. The pH gradient
was also measured after homogenization at a single point. The measuring methods
are described in Material and methods Section 5.6.3.

Note that, the limit of the sludge layer of Reactors 1, 2 and 3 before homogenization
is always around 22cm. Thus all measurements taken above 25cm are in the sludge
and all measurements taken below 20cm are in the supernatant.

Now we see the one-off measurement and why and how it has been taken.

1. Sedimentation effect on conductivity: The objective is to observe whether there
is a variation in conductivity in the reactor before and after homogenization. This is
evaluate through current measurements as explained in Material and methods Section
5.6.3.

Not all of the above points have been assessed for all reactors. Attention has also been paid
to the visual aspect of the reactors.

6.4.5 Reactor 1: 5V, settled sludge resuspended once a day
Visual Aspect

The supernatant above the sediment layer for Reactor 1 was slightly turbid due to the pres-
ence of sediment in suspension. Furthermore, bubbles were trapped at the air/supernatant
interface even though no bubble formation was observed at either the cathode nor the anode.
There was therefore evidence of Hy production.

The Reactor 1 had an orange line under the cathode see Figure 31. This line remained after

the homogenization of the reactor sludge with 200mL Hs;. When the reactor was emptied,
the reactor sludge was a little compact, despite of the daily homogenization.
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Figure 31: Reactor 1 bottleneck after 63 days of operation.
Tension-current

It can be seen, on Figure 32 ;| that the current has increased progressively over time. The
voltage has remained fixed. This means that there has been an increase in conductivity in
the reactor.

|

current {méa)
w

w

voltage (V)

[¥]
[~

14 — voltage R1 1

— current R1

0= T T T T T T T ™0
o 10 20 30 40 50 (=] 70 80

days

Figure 32: Evolution of the current and voltage between the reference electrode and the cathode
over time for Reactor 1 measured at a fixed voltage of 5V. Tension has been corrected for SHE.

pH and voltage gradient

Figure 33a shows that the pH gradient before homogenization for the first 20 days was
slightly alkaline near the cathode (30cm). But after the pH became very basic near the
cathode and acidic in the supernatant (10 to 20 cm). On the other hand, around 25cm, the
pH was more neutral.

Moreover, we observe that the pH has different values in the reactor sludge (measurements

25 and 30). This shows a buffering effect of the reactor sludge on the pH. The same buffer
effect is observed in Figure 33b on the redox gradient.
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Figure 33: Evolution of the redox and the pH gradient in Reactor 1 as a function of time, for
different distances from the reactor lid.

Sedimentation effect on resistivity

The measurements shown in Figure 34, indicate that the current increased after the injection
of Hy and thus that homogenization decreases the resistivity of the medium.
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Figure 34: Evolution of the current for Reactor 1 measured before and after re-suspending the
settled reactor sludge under an applied voltage of 5V between the anode and cathode. This resus-
pending was performed at time 0 by injecting 200 ml Hy close to the cathode.

6.4.6 Reactor 2: 5V, settled sludge resuspended once a week

Visual Aspect

The content of Reactor 2 was very similar to the content of Reactor 1. The only difference
was that settled reactor sludge were more compact in Reactor 2
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Tension-current

It can be seen, on Figure 35, that the current had increased progressively over time. However
the voltage fluctuated slightly over the first few days followed by a big drop around day 50.
This suggests that there was a problem with the voltage generator. Nevertheless, there is a
general increase of conductivity.

5 5

current (ma)
w
w

voltage (V)

[¥]
]

1 — voltage R2 [1

—— current R2

©o ® 2 % 4 o @ 0 &
days
Figure 35: Evolution of the current and voltage between the reference electrode and the cath-

odeover time for Reactor 2 measured at a fixed voltage of 5V. Tension has been corrected for
SHE.

pH and voltage gradient

The same behaviour for the pH and voltage gradient can be observed in Reactor 2 than in
Reactor 1. Except that the pH gradient is much higher (Figure 36a) with a pH around 11
at the cathode and 3 at the anode.
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4
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days distance lid/supernatant {cm)
(a) Evolution of the pH gradient related to (b) Evolution of the voltage gradient mea-
time. sured between the reference electrode and
the cathode. Tension has been corrected for
SHE.

Figure 36: Evolution of the redox and the pH gradient in Reactor 2 as a function of time and for
different distances from the reactor lid.
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Sedimentation effect on resistivity

As for Reactor 1, the measurements shown in Figure 37, indicate that the current in-
creased after the injection of Hy and thus that homogenization decreases the resistivity of
the medium.

current (méa)
w

= R2d+70

0 10 P 30 P
time {min)
Figure 37: Evolution of the current for Reactor 2 measured before and after re-suspending the

settled particles at an applied voltage of 5V between the anode and cathode. Resuspending the
settled particles was performed at time 0 by injecting 200 ml Hs close to the cathode.

6.4.7 Reactor 3: electrode connected as short-circuit, settled sludge resus-
pended once a week

Visual Aspect

Compared to Reactors 1 and 2, the Reactor 3 supernatant was crystal clear. Furthermore
there were no bubbles trapped at the air/supernatant interface. For the Reactor 3, the
same orange line stood under the cathode as for Reactor 1 and 2. However, in addition
another white line and black aggregates were observed above the cathode, see Figure 38.
None of this was disturbed after mixing with the 200mL Hy injection. When the reactors
was emptied, the sediment was very highly compacted.

Tension-current

Unlike Reactors 1 and 2, Reactor 3 had no voltage applied by a generator to its electrodes,
but its electodes were connected by a short circuit outside of the reactor. Figure 39 shows
that the current was negative contrary to Reactors 1 and 2. This means that there had
been a transfer of electrons from the bottom of the reactor to the top. It was also observed
that there was a slight constant potential difference between the two electrodes when the
short circuit was disconnected.
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Figure 38: Reactor 3 neck with black aggregates surrounded in black, an orange line surrounded
in orange and a white line surrounded in white.
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Figure 39: Evolution of the current (red) and voltage (blue) without the short cut between the
electrodes. Tension has been corrected for SHE.

pH gradient

Figure 40 shows that the pH gradient was small compared to Reactors 1 and 2, with a
slightly basic pH at the supernatant where Reactor 1 and 2 had an acidic pH. The pH
values were very consistent over time.

6.4.8 Reactor 4: no electrode, settled sludge resuspended once a week
Visual Aspect

Reactor 4 had black aggregates at the bottom of the layer of settled sludge. These aggre-
gates gradually disappeared with time, see Figure 41. When the reactors were emptied the
sediment was very soft compared to other reactors.
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Figure 40: Evolution of the pH gradient in Reactor 3 as a function of time and for different
distances from the reactor lid.

(a) R4 d121 . (b) R4 d-+28 . (c) R4 d+63 . (d) R4 d-+77 .

Figure 41: Aggregates evolution in Reactor 4. The difference in color over time of the sediments
comes from the ambient light.

pH gradient

In this reactor, the pH has been measured before homogenization in the supernatant, in
the layer of settled particles. It has also been measured at the middle of the reactor after
homogenization by hand-shaking, see Figure 42. The pH was neutral in all three cases, the
results were constant over time.
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T T T T T
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Days

Figure 42: Evolution of the pH gradient in reactor 4 as a function of time. In blue for the
supernatant, in orange for the culot and in green for the measurement after homogenization.
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7 Discussion

7.1 Characterisation of the canal sludge, F<63 and F<28

In this section we analyze the granulometry of the canal sludge as well as the organic
matter and the concentration of PCBs for the canal sludge, the fraction F<63 and the
fraction F<28.

7.1.1 Size distribution of canal sludge

Using data obtained by a Golem project partner, we observed that 96% of the canal sludge
mass has size below 63pm. These data are shown in Table 25 and refined with our results
for sediments smaller than 63um (raw data can be found in Tables 11 and in Section 6.2
respectively).

Table 25: Massic distribution in grams of dried (105°C) sediment per gram of the total mass of
dried(105°C) canal sludge as a function of particle size.

Fraction size (um) | Mass percent (gary/gary %)
F>2000pum 0.0 %
2000pum=>F=>500um 0.1 %
500um>F>250pum 0.3 %
250pum=>F>125um 1.0 %
125pum>F>90um 0.7 %
90pum>F>63um 1.1 %
63um=>F>28um 54.2 %
28um=>F>6um 42.6 %

The 63pm fraction is very representative of the situation in the canal, as F<63 contains
almost all of this sludge. However, by working with the 28pm fraction, we sacrifice 54.2% of
sediment that will not be treated by our system. The fact that we have only particles larger
than 6pm informs us that particles smaller than 6pm do not settle in the canal probably
due to the flow of the canal.

7.1.2 Organic matter

The mass quantity of OM can be associated with the MV given in Table 18 Section 6.2.2.
We observe that the mass quantity of organic matter present in the canal sludge, in the
F<63 and in the F'<28 are approximately the same.

However, particles in the F<28 fraction have a larger specific surface area than particles in
F<63, so one would expect F<28 to adsorb more organic matter than F<63.
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Moreover, the canal sludge and F<63 have almost the same particle size distribution, but
the canal sludge has a microorganism richness that the F<63 do not have and that does
not appear in these results on mass quantity of OM.

7.1.3 PCB

The canal sludge, F<63um and F<28um have a significant difference in PCB concentra-
tions, see Figure 22 and Figure 23 Section 6.2.3.

First we can observe that the fraction F<28 contains the same variety of PCBs as the canal
sludge, and in sufficient quantity to validate our choice to use it in our reactors.

Second, three main observations can be made, which will be discussed in this section: it
is firstly noted that the concentration of the last PCBs eluted by the GC, i.e. the most
chlorinated PCBs, is higher than the first PCBs eluted. Secondly, it can be noticed that in
general the PCB concentrations of the canal sludge are lower than F<28um and F<63um.
Thirdly, it can be seen that the fraction F<63 and F<28 have nearly the same amount of
PCBs for the first eluted PCBs, but the concentration is higher in F<63 than in F<28 for
the last eluted PCBs.

Explanation of the presence of higher concentrations of more chlorinated PCBs

The PCB concentrations of the canal sludge, F<63 and F<28 increase with the number of
chlorine. This observation can be explained by several factors.

1. The Kd, which gives the equilibrium of PCB concentration of the solid phase with
respect to the liquid phase, increases with the number of chlorine, see State of the
art, Figure 3 Section 2.2.3. It is therefore normal to find a higher concentration of the
more chlorinated PCBs in the sediments.

2. The more chlorinated PCBs are the most difficult to biodegrade [37]. Moreover, it has
been proven by PCR that microorganisms responsible for the degradation of PCBs are
present in the canal sludge. The presence of these microorganisms may have caused
a degradation of low chlorinated PCBs leaving more chlorinated PCBs in the canal
sludge.

Comparison of PCB concentrations between canal sludge, F<63 and F<28.

The canal sludge contains the least amount of PCBs compared to the other fractions, the
following hypotheses can be made:
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. The canal sludge contains larger sediment than the other fractions. Therefore the
specific surface of its particles is smaller and less PCBs can be adsorbed by sediments.

This may explain the fact that there are more PCBs in the F<28 than in the canal
sludge. But as the sludge from the canal and F<63 have almost the same particle
granulometric, it is not enough to explain this last difference.

. The organic matter of the canal sludge is higher than that of the other fractions, this
OM dilutes the PCB concentration.

However, as discussed in Section 7.1.2, the mass quantity of OM does not vary signif-
icantly between the canal sludge, F<63 and F<28, see Table 18. Therefore the OM
does not justify this difference in PCBs.

. The canal sludge did not receive the same treatment as the F<63 and F<28 fractions.

However, the canal sludge was dried at room temperature, and only the fraction above
63um was removed, which corresponds to 3.2% of the mass fraction. It seems unlikely
that the treatment that led to F<63 is responsible for this difference.

. The PCBs in the canal sludge were degraded during storage.

However, the canal sludge was kept in a cold room at 4°C and in the dark since
September 2019. These conditions are approximately the same as when the sample
was in the canal. It is considered that these conditions have no significant effect on
the degradation of PCBs.

. The canal sludge that was analysed is not the same initial canal sludge that gave us
the fractions F<63. These 2 canal sludge samples were both taken at the Hembeeck
quay in Brussels, but in this small section, there may be significant differences. In
addition, the sampling depth may also play a role, but we have no further information
on this except that the sediments were collected approximately at the surface of the
bed canal.

The most likely hypothesis is therefore the difference in the sampling location. It could
be interesting to test the homogeneity of the PCB contamination of the canal sludge by
analysing samples taken at different depths and points in the canal.

Comparison of PCB concentrations between F<63 and F<28

Intuitively, one might have thought that since the F'<28 fraction is made up of smaller sed-
iments, they have a larger specific surface area and therefore adsorb more PCBs. However,
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F<63 has slightly more PCBs than F<28 for less chlorinated PCBs. Moreover, F<63 has
significantly more chlorinated PCBs than F<28. The following hypotheses can be made:

1. The higher chlorinated PCBs are also the more lipophilic. If one of the fractions has
more organic matter then it should contain more PCBs, see State of the art Section
2.2.3.

As discussed earlier, the mass amount of OM is estimated to be the same for F<63
and F<28, which nullifies this assumption.

2. The difference seems more pronounced for PCBs in higher concentrations. The differ-
ence can therefore be exacerbated by the concentration.

However, it can be seen by comparing PCB 28 from the first eluted PCB fraction
and PCB 180 from the second eluted PCB fraction in Figure 24 Section 6.2.3, that
they have approximately the same concentration range but that the difference is very
significant for PCB 180. Therefore, the concentration does not help to explain the
difference between F<63 and F<28.

Currently, no hypothesis can be put forward to explain this difference in PCB concentration
between F<63 and F<28. It may therefore be interesting for future analysis to observe the
PCB concentration of the rejected fraction (i.e. the 63pm>F>28um fraction), to verify if
it concentrates as expected the most highly chlorinated PCBs.

7.2 Electro-bioreactor set-up

In this section, we review the new reactor tested. We also discuss the monitoring of the
physico-chemical conditions of reactors 1, 2 and 3.

7.2.1 Set-up
Resuspension of reactor sludge with H,

The hydrogen bubbles produced at the cathode allowed the finest particles of the reactor
sludge to be resuspended. Indeed, Reactors 1 and 2, that produced H,, had a turbid
supernatant, which is a sign of suspension, while Reactor 3 that did not produced Hs had a
crystal clear supernatant. However, the production of Hy bubbles did not allow to balance
the pH gradient, especially for Reactor 2 which has been homogenised only once a week, see
Figure 36a Section 6.4.6. Nevertheless, the reactor sludge appeared to be less compacted at
the bottom of Reactor 2 than Reactor 3.

69



Therefore, it seems that the production of Hy allows a resuspention of the sludge in the
reactor, but this resuspension is not sufficient to supply oxygen from the supernatant to the
sediment and to compensate the pH gradient. We can conclude that we can not rely only
on Hy production to meet our resuspension objectives.

Reactor sludge homogenization

Homogenization of the reactor sludge with injection of pure Hy was intended to compensate
this low resuspension of the sludge with Hy bubbles produced by the cathode.

Effectively, the homogenization allowed to keep a smaller pH gradient and to have less
compacted reactor sludge, as observed in Reactor 1, mixed every day except the weekend,
compared to Reactor 2, mixed once a week. See Figure 33a Section 6.4.5 and Figure 36a
Section 6.4.6 respectively. The resuspension with injection of Hy was therefore successful.

7.2.2 Monitoring

Current evolution for Reactors 1 and 2

Along the experiment, the currents of Reactors 1 and 2 have more than doubled compared to
the initial current, from 2mA to 5mA, see Figure 32 Section 6.4.5 for Reactor 1 and Figure
35 Section 6.4.6 for Reactor 2. The increase in current at fixed voltage means that the
conductivity of the medium is improved. Hypotheses can be made about the improvement
of the reactors conductivity.

1. Conductivity is strongly dependent on temperature. As an example, a KCl solution
will increase its conductivity by 10% from 20 to 25°C [78] .

However, the experiments were conducted at room temperature, and the reactor tem-
perature measurements were constant throughout the experiment, see Section 6.4.1.

2. Conductivity depends strongly on the charge transporters (ions) and their concentra-
tion.

Thanks to the application of a voltage, there is an electrolysis of water in Reactors 1
and 2 which increased the concentration of H+ and OH-. These ions can act as charge
carriers and thus improve the conductivity of the reactor.

This last hypothesis seems the most probable. Indeed it can explain why Reactor 3, which
did not have the formation of a pH gradient, kept a more stable current.
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Note that, the current is also directly related to the electrolysis of water, see Annex A.5.
Nevertheless, the reaction will not run out of control because a part of the H-+ generated
at the anode and the OH- generated at the cathode will react to give HyO.

It can be concluded that the uncontrolled current of Reactors 1 and 2 has contributed to
the variability of pH gradient and Hy produced. A suggestion for future work is to work
with a fixed current, providing a trade-off between the production of Hy, and a reasonable
pH gradient.

On a other hand, the resuspension of the sediment also appears to improve the conductivity
of the reactor, see Figure 34 Section 6.4.5 for Reactor 1 and Figure 37 Section 6.4.6 for
Reactor 2 . In addition it neutralises the pH gradient, see Figure 33a Section 6.4.5 for
Reactor 1 and Figure 36a Section 6.4.6 for Reactor 2. It can be hypothesised that:

1. As the electrodes are continuously powered, there may be a polarisation effect with
the accumulation of ions near the electrode surface. This accumulation of ions locally
increases the resistivity of the reactor. So by mixing the reactor with Hy injection, we
can dissipate this layer of ions and increase the conductivity.

A frequently homogenized reactor would therefore have a better Hy production for a same
voltage applied to the electrodes. A constant mixing of the reactor, by rebalancing the
proton gradient, can be a way to increase the Hy yield of the reactor while avoiding the
harmful effects on the microorganisms of a too extreme pH.

pH evolution for Reactors 1 and 2

The pH gradient was larger in Reactor 1 and 2, which may have an undesirable effect on
microorganisms, see Figure 33a Section 6.4.5 for Reactor 1 and Figure 36a Section 6.4.6 for
Reactor 2. However, for both reactors, the pH measurement at 25 cm reported a slightly
alkaline environment (the sediment surface was at about 22 cm and the cathode at about
33 cm). There was therefore a small section of sediments that was under adequate pH
conditions for microorganisms.

However, it should be noted that during the homogenization of the reactors, the sediments
and the microorganisms located in the correct zone are completely mixed and can be moved
out of this zone.

In order to optimise the PCBs degradation by the microorganisms, it is necessary to have

a pH that is not too extreme. Two suggestions can be made to solve this problem :

1. Homogenise the sludge in the reactor very regularly to prevent the pH gradient from
becoming too steep.
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2. Increase the amount of sediments in the reactor. Indeed, the sediments shows a
buffering effect on the pH gradient. Increasing the amount of sediment can thus
increase the acceptable pH region for microorganisms. However, care must be taken
to not decrease the conductivity of the reactor in order to maintain a sufficient Hy
production.

Current and pH for Reactor 3

As a reminder, Reactor 3 is the one whose electrodes were short-cuted. We observed that the
pH is rather basic in the supernatant and neutral in the sediments, see Figure 40 Section
6.4.7. Moreover, we observed a current between the two electrodes where intuitively we
would have expected a zero current. The current was in the opposite direction of Reactors
1 and 2, which implies that the titanium electrode became a cathode and the stainless steel
electrode an anode.

Thus, the electrons rise from the bottom of the reactor through the short-cut and reduce
O, and H' to H,O, which has the impact of turning the supernatant basic. Hypotheses can
be made about the source of electrons coming from the bottom of the reactor.

1. The electron source can be the organic matter. Indeed, the microorganisms can con-
sume the organic matter and use the stainless steel electrode as the final electron
acceptor.

However, as shown in Table 23 Section 6.4.3 for COD, VM and for estimated WOM
and TCO, no significant consumption of organic matter was observed compared to
the other reactors.

2. The electron source can be mineral matter. This inorganic material can, with or
without the help of microorganisms, take advantage of the electrodes to get oxidised.
For example, sulphate can have been reduced to sulphite by bacteria when the sludge
was in the canal and be oxidised under the reactor conditions. There may also be
oxidation of the stainless steel, resulting in red traces, which may look like rust, see
Figure 38.

This phenomenon is similar to a SMFCS (Sediment Microbial Fuel CellStacks) which
is used to generate a current with marine sediments thanks to microorganisms. In the
case of a SMFCS the voltage range obtained is 0.3 to 0.8V [102], which is the voltage
observed between the electrodes, see Figure 39.

This second hypothesis seems to be the most plausible.
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Redox gradient for Reactors 1 and 2

By applying a voltage between the electrodes of the reactor, we try to create a redox gradient
across the reactor, as demonstrated in [82]. A stratification is thus formed within the reactor
with strongly oxidising conditions at the top of the reactor due to the production of O,.
Then progressively, as we go down the reactor, we have more and more reducing conditions
until we reach the formation of Hy at the cathode.

So, by mixing the reactors, we bring O, to the microorganisms that were in the lowest layers
of the sediments. These microorganisms thus pass from a strongly reducing environment to

a strongly oxidising one. This is what we are looking for here, because we want our bacteria
to work consecutively in aerobic and anaerobic environments.

Care must therefore be taken if we wish to cancel the pH gradient by homogenising the

reactor too often, as discussed in Section 7.2.2. Because we will then not be able to make
a real switch between reductive and oxydative conditions.

7.3 Bioreactors results

In this section, we discuss the degradation results of organic matter and PCBs obtained in
the reactors.

7.3.1 OM

There is no evidence of OM degradation inside the reactors as illustrated on Table 23 Section
which includes the measures of the COD, VM, TOC and WOM.

Nevertheless, the measurements of COD seems lower for the F<28 fraction than for the

reactors. Moreover, there was a slight difference between Reactor 1 and the other reactors.
These two points are discussed below.

MO comparison between F<28 and reactors

As the F<28 was used as the base sediment for the reactors, we would expected the COD
in the reactors to be equal or lower than the COD of the F<28, which is not the case. The
following assumptions can be made:

1. We can have a photosynthesis or chemosynthesis phenomenon in the reactors.

However, the reactors were covered with aluminium foil, so there can not be any
photosynthesis.
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2. The difference can be related to a higher OM content of the canal sludge, as the
reactors sludge is partly composed of canal sludge.

this hypothesis is unlikely because the suldge canal represents only 2% by mass of the
reactor sludge, this fraction is given in Table 14 Section 5.6.2.

Moreover, the mass quantity of OM between the reactors and the F<28 fraction must
be the same. Indeed, Table 18 Section 6.2.2 shows that the volatile matter, that can
be used to estimate the mass of organic matter, is approximately the same for the
canal sludge and F<28.

3. This more importante COD in the reactors can be due to PCBs, because as can be
seen in Figure 30 on Section 6.4.4, the reactor sludge seems to contain slightly more
PCBs than F<28.

However, the PCBs contribution to the total COD of the suldge represent a very
negligeable fraction of 0,002%, see Table 20, Section 6.2.4.

There is no single hypothesis that stands out of the others, so we cannot explain this
phenomenon currently.

OM comparison between reactors

When comparing the reactors with each other, it can be noticed that the COD of Reactor 1
is slightly lower than the COD of the other reactors, Figure 23 Section 6.4.3. The following
hypothesis can be made:

1. Thanks to the homogenization of the reactor sludge, the O, produced at the anode is
brought to the sediments. This homogenization takes place once a day in Reactor 1,
once a week in Reactor 2. While Reactors 3 and 4 do not produce O,.

The regular supply of oxygen to Reactor 1 can be used by bacteria for respiration and
thus to for consuming the organic matter. Indeed, there are favourable pH conditions
for microbial growth in some part of the sediment layer as discussed in Section X.

However, the concentration of PCBs in Reactor 1 did not seem to be impacted. This
suggests that the degraded OM was not PCBs. 30 Section 6.4.4.

These observations do not stand for Reactor 2, because it was homogenized less often,
and therefore the oxygen supply was lower. In addition, the pH gradient was much
higher and thus the favorable zone for microbial growth was smaller.

This hypothesis seems quite plausible.
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7.3.2 PCB

There is no evidence of PCB degradation inside the reactors as illustrated on Figure 28 and
29 Section 6.4.4. Nevertheless, the absence of PCB degradation allows us to draw several
conclusions.

1. Temperature effect

There was no effect of temperature on the degradation of PCBs. Indeed, Reactor 4
was used to test the temperature increase from a cold temperature corresponding to
the canal bed, to a fairly constant ambient temperature of 21°C. The results from
Reactor 4 did not show any effect of temperature, see results in Figure 30 on Section
6.4.4.

2. Effect of weekly H, injection

The injection of Hs had no effect on PCB dechlorination. The effect of a regular
injection of Hy can be partially explained by Reactor 3.

The injection of Hy provides an electron source for the microorganisms which can
then use the PCBs as a final electron acceptor and therefore dechlorinate them, see
equation 2 Section 2.5.1.

Despite some small diminution in PCB concentration, the most marked being PCB66
and its co-eluents, there was no significant degradation of PCBs in Reactor 3, see
Figure 28 Section 6.4.4. This suggests that H, alone is not sufficient to cause the
expected degradation.

However, it should be noted that Reactor 3 had its two electrodes short-circuited.
This allowed the bacteria to use the stainless steel electrode as an electron acceptor,
which no longer allows PCBs to be the main final electron acceptor. Reactor 3 is
therefore not perfectly representative of a situation with a simple addition of H2.

However, this reactor is interesting because it allows to investigate the degradation of
PCBs by the simultaneous anaerobic/aerobic method, called the concurrent treatment
in the State of the art Section 2.6.3. With the stainless steel electrode as the oxidising
zone and the rest of the sludge as the reducing zone.

3. Effect of applying a voltage gradient with homogenization of reactor sludge

The imposition of a voltage gradient over a period of 63 days did not activate dechlo-
rination or degradation of PCBs. Several hypotheses can be made to explain why the
voltage gradient system with homogenization of the reactor sludge did not work.

(a) By regularly supplying oxygen to the sediments, we can negatively impact mi-
croorganisms that are anaerobically strict.
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However, it has been observed that the presence of oxygen for 168h over a to-
tal experiment duration of 6 months had no influence on PCB dechlorination.
Oxygen exposed and unexposed sediments showed the same dechlorination rate.

This suggests that the microorganisms are able to overcome the oxygen toxicity
[67, 85].

(b) Reactors 1 and 2 had a very large pH gradient caused by this voltage gradient.
Under such conditions, the microorganisms from the inoculum can have difficulty
to grow.

This second hypothesis seems the most plausible. One approach to overcome this
problem is to mix the medium very regularly to avoid the formation of a pH gradient.

A general observation is that the amount of PCB degrading microorganisms inoculated may
not be large enough to observe significant degradation. The microorganisms may not have
had the time or resources to repopulate the whole sludge in the reactors.

However, it should be noted that F'<28 may still contain microbial populations involved in
the dechlorination of PCBs. Indeed, despite the drying at room temperature of F<63 (from
which F<28 is derived), some microorganisms may be able to survive. Moreover, it has
been shown that microorganisms responsible for the degradation of PCBs can form spores
and thus become resistant to external conditions [103].

A suggestion for future testing of PCB degradation would be to seek to obtain a large quan-
tity of PCB-degrading microorganisms using primer, as described in the State of the Art,
Section 2.5.1. And/or by bringing more quantity of Inoculum that is the main microorgan-
ism source.

Fraction F<28

It can be observed that the less chlorinated PCBs are in slightly lower concentrations in the
initial sludge fraction F<28pum, see Figure 28 and 29 Section 6.4.4. This lower concentration
is obtained taking into account the uncertainty. Some hypotheses can be formulated :

1. There was indeed a dechlorination of the most chlorinated PCBs in the reactors. These
PCBs, by losing chlorine, increase the concentration of the less chlorinated PCBs.

However, from the results in Figures 28 and 29 Section 6.4.4, it can be seen that
for the most chlorinated PCBs in the reactors, no significantly lower concentration is
observed than for F<28.

Moreover, all the reactors show a similar concentration of all the PCBs. This would
mean that all reactors would have experienced the same degradation of the more
chlorinated PCBs, which seems highly unlikely.
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2. The d-+63 sample from Reactors 1, 2 and 3 may not have been representative. Figure
27 Section 6.4.2 shows that the dry matter varies greatly at each sampling. This may
result from a poor homogenization of the sediments

Moreover, a common observation was that when the reactors were emptied, the sed-
iments of reactors 1, 2 and 3 were strongly compacted. The larger sediments could
be the ones sampled and according to the observations on F<63 and F<28 in Figure
24 Section 6.2.3, the larger sediment fractions concentrated more PCBs than the finer
fractions.

However, Reactor 4 did not suffer from this homogenization problem; as a reminder,
the reactor was hand-shaked. Its dry matter values were also quite repetitive, and
when emptying the reactor the sediments were not compact at all.

The concentrations of PCBs in reactor 4 are slightly lower than in the other three
reactors, but not enough to make this hypothesis probable.

To be able to decide between these hypotheses and to better evaluate what is happening in
the reactors, the concentration of PCBs should be analyzed just before the launch of the
reactors.
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8 Conclusion and Perspectives

Characterisation of the canal sludge, F<63 and F<28

A characterisation of the initial material was carried out. The objective was to observe
whether a fractionation of the canal sludge gives different PCB and OM values.

We observed that the canal sludge were contaminated by a wide variety of PCBs and that
the concentration of these PCBs was quite high and justify investigation to reduce this
pollution.

On an other hand, it has been observed that PCBs were much more concentrated in F<63
than in F<28. This difference is difficult to explain and requires more investigation on the
rejected fraction 63>F>28 for a better understanding.

It was also noted that the canal sludge did not have the same PCB concentration as the
other fractions. Since the canal sludge did not come from the same sample as the sludge
that gave F<63 and F<28, the most likely hypothesis is that the PCB pollution in the canal
changes with the position. To verify this hypothesis, it would be appropriate to take a few
samples at different locations in the canal and to analyse them.

On an other hand, we found that the OM mass concentration was identical for these three

fractions despite the difference of PCBs concentrations. It would therefore be interesting to
carry out additional COD measurements to understand the nature of theses OM.

Improvements of the bioreactor

The purpose of our new reactors was to allow mixing of the reactor sludge by means of H,
bubbles created at the cathode.

We wanted to base the homogenization of the reactors on the sole production of Hy bubbles
at the cathode. But the resulting homogenization was not sufficient to meet our expecta-
tions. So, relying only on the Hy produced at the cathode is not realistic in our bioreactor

model.

Therefore, we decided to homogenize our reactors using an abrupt injection of 200mL of H,
above the cathode, which was more effective.

PCB and OM degradation in bioreactors

None of the reactors performed well in terms of PCB degradation, some PCBs were even on
higher concentration in the reactors than in the F<28 fraction that served as a baseline. It
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would therefore be wise for the next manipulations to analyze the reactor sludge from the
start and use these results as a reference.

Moreover, in terms of OM, there was perhaps a difference with Reactor 1 which showed a
significantly lower COD than the other reactors. Thus, we can conclude the following.

1. The increase in temperature (from £ 4°C in the Senne canal to 21°C) alone did not
had any effect on the degradation of PCBs nor on the degradation of OM.

2. The addition of Hs combined with a short circuit between the electrodes did not show
any degradation of PCBs nor on OM.

3. The imposition of a redox gradient across the reactors with daily or weekly homogeni-
sation had no impact on PCB degradation. However, a slight effect on OM degradation
could be seen with the daily homogenized reactor. It can be concluded that the more
regular supply of O2 and the less extreme pH gradient allowed for respiration of the
microorganisms, but that they consumed other OM than PCBs.

A general hypothesis that can explain the few results obtained is that the microorganisms
were not numerous enough. From the inoculum (the canal sludge), they did not have the
time or resources to multiply and significantly impact the PCBs concentration. One solution
may be to increase this microbial population by adding more inoculum.

Moreover, for the reactors where there was an electrolysis of water, the pH gradients were
sometimes rather extreme. This could impact negatively the microorganisms. Two possible
improvements can be considered.

1. Use a fixed current generator. Indeed, it is the current that generates the pH gradient.
Working with a constant current allows for more stable operating conditions and avoids
uncontrolled current surges, as it was our case.

2. Homogenize the reactors sludge at least twice a day to neutralise the pH gradient and
depolarise the electrodes but not too much to allow switching between reductive and
oxidative conditions.

Moreover, to increase the quantity of microorganisms and to boost them, "primers" can
also be used. Many studies have already been done on primers for PCB degradation and
have demonstrated their utility. One idea would be to test several of these primers, or even
to mix them to study the effect on the degradation of PCBs.

To conclude, this project could not meet all our objectives, but it did open up a number
of perspectives and points of attention for future attempts. In particular, it is necessary
to control the conditions of the reactors, with a control of current by working at fixed
current and of pH by adapting the frequency of homogenization. Moreover, the approaches
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implemented in this work did not allow to activate the microbial population degrading the
PCBs, it is thus necessary to find other methods to boost this community, like the use of
primer and/or the addition of a more important quantity of inoculum.
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A Appendix

A.1 Bacteria involved in aerobic PCB degradation

Species Degradation aerobic Degraded substrate References
pathway
Metabolic Co-metabolic

Achremobacter sp. NPO3, Ochrobactrum + Aroclor 1260 Pathiraja et al. (2019a)

sp. NPO4, Lysinibacillus sp. NP05 and

Pseudomonas sp. NPO6
Alcaligenes xylosoxidans, Pseudomonas + Delor 103 Murinova et al. (2014)

stutzeri, Ochrobactrum anthropi, and

Pseudomonas veronii
Comamonas testosteroni QL + 2,2°.3,3°4.4,5,5,6,6"-DecaCB Qiu et al. (2016)
Enterobacter sp. CGL-1 + Aroclor 1242 Cai et al. (2018)
Mesorhizobium sp. ZY 1 It 3.3".4.4" TetraCB Teng et al. (2016)
Mycolicibacterium frederikshergens + SQC068 Steliga et al. (2020)

IN53, Rhodococcus erythropolis IN129,

and Rhodococcus sp. IN306
Pseudomonas sp. + TetraCBs Shuai et al. (2016)
Pseudomonas sp. CB-3 + 4-CB Xing et al. (2020)
Pseudomonas sp. KM-04 + 3,3’ -DiCB and 3,5-DiCB Nam et al. (2014)
Pseudomonas sp. VRP2-6 + CBs and DiCBs Voronina et al. (2019)
Rhodococcus ruber 881 and Rhodococcus + CBs, DiCBs, and TriCBs Wang et al. (2018)

pyridinivorans 882
Rhodococcus sp. MAPN-1 + DiCB Sandhu et al. (2020)
Rhodococcus sp. WAY2 + CBs, DICBs, TriCBs, and HexaCBs Garrido-Sanz et al. (2020)
Sinorhizobium meliloti NM + 3.3°.4.4" -TetraCB Wang et al. (2016)
Sphingobium fuliginis HC3 + CBs, DiCBs, and TriCBs Hu et al. (2015)
Sphingomonas sp. N-9 + 40H-PCBs, PCBs, and Kanechlor 300 Mizukami-Murata et al. (2016)

CB monochlorobiphenyl, DiCE dichlorobiphenyl, TriCB trichlorobiphenyl, TetraCB tetrachlorobiphenyl, HexaCB hexachlorobiphenyl, DecaCB
decachlorobiphenyl, SOC06& commercially available PCB-polluted soil, 40H-PCBs 4-hydroxy-polychlorobiphenyls, Aroclor 1260 aroclor 1242,
Delor 103 and Kanechlor 300, commercial PCB mixtures

Figure 43: Newly isolated aerobic bacteria capable of degrading PCBs from 2014 [98]

A.2 Bacteria involved in anaerobic PCB dechlorination

Species

References

Dehalobium chlorocoercia DF-1
Dehalococcoides mecartyi 195
Dehalococcoides mecartyi CBDB1
Dehalococcoides mccartyi CG1
Dehalococcoides mccartyi CG4
Dehalococcoides mcecartyi CGH
Dehalococcoides mecartyi JNA

Electron acceptors | Electron donors

2,3,4,5-TetraCB H,

PCE Butyric acid
Arochlor 1260 H,
PCE Hp
PCE H,
PCE Hy
2,2’.3,3’,6,6'-HexaCB Hy

Wu et al. (2002)
Fennell et al. (2004)
Adrian et al. (2009)
Wang et al. (2014)
Wang et al. (2014)
Wang et al. (2014)
LaRoe et al. (2014)

Table 26: Anaerobic bacteria capable of degrading PCBs [98§]
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A.3 Aroclor properties

PROPERTY 1016 1221 1232 1242 1248 1254 1260 1268
Color (APHA) 40 100 100 100 100 100 150 1.5(NPA) molten
Physical state Mobile il Mobile il | Mobile cil | Mobile cil Mobile il Viscous liquid Sticky resin Off-white
powder
Stability Inert Inert Inert Inert Inert Inert Inert Inert
Density (Ib/gal 25°C) 11.40 9.85 10.55 11.50 12.04 12.82 13.50 15.09
Specific gravity at °C 1.36-1.37 25° 118-1.19 1.27-1.28 1.30-1.39 25° 1.40-1.41 65° 1.49-1.50 65° 1.55-1.56 90° 1.80-1.81 25°
25° 25°
Distillation range (°C) 323-356 275-320 | 290-325 |325-366 340-375 365-3580 385-420 435-450
Acidity mg KOH/g, maximum 010 014 014 015 010 010 014 0.05
Fire point (°C) None to boiling | 176 238 None to boiling | None to beiling | None to beoiling | None to beiling | None to boiling
point point point point point point
Flash point (°C) 170 141-150 | 152-154 | 176-180 193-196 None None None
Vapor pressure (mm Hg @ 100°F) NA NA 0.005 0.001 0.00037 0.00006 NA NA
Viscosity (Saybolt Univ. Sec. at 100°F) | 71-81 38-41 44-51 82-92 185-240 1800-2500 = =
(centistokes)
13-16 3.6-4.6 55-7.7 16-19 42-52 390-540 - -

Figure 44: Properties of few Aroclor NA : Not Available [40]

A.4 products from the degradation of chlorobenzoic acid
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OH
OH
n-chlorocatechol cl
Q

4-hydroxybenzoic acid

gentisic acid OH
OH
OH
(o]
protocatechuic acid o
HQ
cl
. 0
chloroprotocatechuic acid Hd

Table 27: Chlorobenzoic decomposition product summarised by Mackova (2013) [91]
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A.5 Theoretical Electrochemical H, and O; production for a given
current

The production of Hy and O, is achieved by the electrolysis of water

1
H,O — 5 Oy +2e +2H" (Anode) (18)

1
H,O +e” — 3 Hy, + OH™ (Cathode) (19)

A.5.1 Electrochemical H,

To calculate the theoretical electrochemical Hy production, the following equations are used;
The current I (A) is expressed in terms of charge in coulomb C' per unit time ¢ (sec), see
equation 20. The Faraday constant F', which has a unit of coulombs C' per mol of electron
ne—, is equal to 96500 ni_ , see equation 21.

I= g (20)
F= nC_ (21)

The 20 and 21 equation is used to determine the number of electrons transferred from the
anode to the cathode by using a current measurement.

c t-1
L= = 22
e = 5= = (22)

For each electron transferred from the anode to the cathode, we can see from the equation
19 of half reduction reaction that half mole of Hy is formed.

Ny, =2 Ne— (23)

Finally, by using the ideal gas law of equation 24, with T the ambient temperature in Kelvin,
R the ideal gas constant = 8,314 and P the atmosphere pressure in Pascal.

P‘/H2 = 7’LH2R T (24)
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The volume of H2 produced on a time interval ¢ can be determined by measuring the current
I and by using equation 22, 23 and 24 to form equation 25.

Vi, = —— - —— (25)

A.5.2 Electrochemical O,

We know that for one mole of Hy produced, we will have half a mole of O5 produced thanks
to the half equation 19 and 18 .

A.6 Theoretical DCO for a 5C1 PCB

we can calculate the COD stoichiometry for the molecule C1oH5Cl;. We can rewrite the
oxidation reaction in equation 26.

5
CH5/12015/12 —+ X02 — COQ —+ yHQO + ﬁ HCI (26)

To determine the number of electrons transferred during the oxidation of the organic matter,
it is necessary to start by making the oxidation numbers balance of the elements and their
changes.

o H is in the +1 oxydation state when it is bound to carbon in organic matter. When
H™ passes into HyO and HCl it is also in the +1 state.

¢ Cl is in the -1 oxydation state when it is bound to carbon in organic matter. When
Cl passes into HCI it is also in the -1 state.

¢ To know the oxidation level of C noted ’c¢’, we realize the charge balance on the
molecule whose sum is zero, see equation 27.

5 5
— (41 —
c+12 (+ )+12(

The level of oxidation goes from ¢ = 0 to +4 in CO,. The C needs to release 4 electron
to become COs.

1) =0 (27)

We can thus write the 2 half redox reactions. The oxidation equation of PCB to CO in 28
and the reduction equation of O, to H,O in 29.

5
CH5/1QCI5/12 + 2 HQO — COQ +4e + 4H+ + E HCI (28)
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OQ+4e7+4H+—>2H20 (29)

By rewriting the 28 and 29 equations together and simplifying the terms, we obtain the
equation 30. By dividing the mass of oxygen needed for the total oxidation of the PCB to
CO2 by the mass of the PCB, we obtain the COD per mass of PCB, see equation 31 with
n the mol number and Mm the molar mass.

5!
CH5/12015/12 + 02 — COQ + E HCI (30)

TlOQ-.]WTrLO2 _ 1'32.00:118 dcobp (31)
npcp - Mmpep  1-27.19 gpCB
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Design and test of an electro-bioreactor for the bioremedia-
tion of PCBs in dredged sediments

Martin Baillon

PCBs are human-made persistent organic pollutants (POPs) that are harmful to
humans and very difficult to biodegrade, and have therefore been banned from
production worldwide since the 1980s. Nevertheless, many PCBs have accumu-
lated in the sediments of estuaries and sea beds, and continue to pollute them today.

This work is part of the GOLEM project, which aims at using the sludge of the
Senne canal in Brussels for a revalorization in building material. To do so, it is
necessary to remove PCBs and other organic matter from this polluted sludge of
the canal.

The aim of this master thesis is to set up an electro-bio-reactor for the biodegrada-
tion of PCBs in a complex medium such as the sludge of the Senne canal. Thus, we
studied the degradation of PCBs catalyzed by microorganisms and by an electrode
couple generating a redox gradient in the reactor.

We started by working on the design of the reactor, to allow the sludge contained
in the reactor to be resuspended and to make it pass from a reducing medium to
an oxidizing medium. To do this, we first selected a fraction of the sludge that was
settling more slowly. Then, we tried to gather this sludge in sedimentation above a
source of H2 bubbles which, by rising to the surface, allowed the mixing of the sludge.

Four reactors were launched over a period of nine weeks. These reactors were filled
with the selected sludge as well as a small amount of raw sludge from the canal,
serving as inoculum. The contents of these reactors were analyzed after 63 days of
activity.

These four reactors were used to test the effect on the polluted sludge of increasing
the temperature from canal temperature to an ambient temperature of 21°C, the
effect of H2 injection as well as the effectiveness of the presence of a pair of electrodes.

Unfortunately, none of the four reactors showed significant PCB degradation. Nev-
ertheless, they allowed us to highlight several areas of improvement for future work.
In particular, the importance of maintaining relatively stable current and pH gradi-
ent, or even opening up a few possibilities to increase the quantity and activity of
PCB-degrading microorganisms, such as the addition of primer.
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