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Abstract: Escherichia coli bacteria were grown inside the channels of cordierite monoliths previously
coated with a very good adhered carbon layer. These monolithic structures were tested at room
temperature for the nitrate elimination of water solutions working as a batch monolithic bioreactor
and showed very good results, as 100% of the nitrates and nitrites were completely removed in
the used experimental conditions. Different rate flows of bacteria growth and nitrate elimination
were studied, showing that the higher the flow velocity, the faster the nitrate elimination. Finally,
the reproducibility tests confirmed the good performance of the proposed bioreactor.
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1. Introduction

High nitrate amounts in water provoke the overpopulation of some aquatic plants, because these
have a lot of nitrogen available for their growth, producing the eutrophication in rivers and lakes, as well
as the proliferation of harmful microalgae [1,2]. On the other hand, it has been shown that Escherichia coli
supported on activated carbons is an efficient option for water denitrification treatments [3]. In recent
years, research on carbon coatings applied on different structural materials, [4] such as honeycomb
monoliths, concretes or foams, is gaining attention due to their potential environmental remediation
possibilities [5], e.g., biological applications, adsorption, or catalysis. Monolithic structures with
multiple channels are especially recommended for liquid phase catalytic processes [6] due to several
advantages, such as low pressure drop, easy replacement, high mechanical stability and good heat
and mass transfer. Besides, 3D impression technologies have emerged as an interesting tool to design
monoliths with specific configurations which improve the active phase performance in several catalytic
reactions [7]; in this line, asymmetrical honeycomb monoliths using 3D templates designed and printed
by 3D printing technology have been recently prepared [8]. This work collects the results obtained
from the preparation of bacteria E. coli supported on carbon coated monoliths and the study of its
behavior in the denitrification of water solutions in anaerobic conditions as a first and new approach.
For this proposal, cordierite monoliths were coated with carbon and used as E. coli supports, forming a
monolithic bioreactor, and its catalytic performance at different flow velocities of both bacteria growth
and nitrate elimination was studied.
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2. Materials and Methods

Carbon-coated monoliths (Figure 1a) were prepared as follows: cordierite monoliths of 5 cm in
length, 1 cm in diameter and 31 cells cm~2 (200 cpsi) of cell density were dipped into a polyfurfuryl
alcohol (PFA) resin. [9]. They were subsequently cured at room temperature for 24 h and carbonized
at 1173 K for 1 h in Ar flow with a heat rate of 2 K min~!. After dipping the monoliths in the
PFA resin, the monoliths were cured under rotation in the horizontal position to avoid channel
blocking. The textural and chemical properties of the carbon-coated monoliths were studied by N,
adsorption at 77 K, temperature programmed desorption (IPD) and scanning electron microscopy
(SEM). The porous characteristics were studied using an Autosorb-1C Quantachrome, and applying
BET and Dubinin—Radushkevich (DR) equations to the N, adsorption data. The morphology of the
samples was characterized using a ZEISS DSM 950 (30 kV, Géttingen, Germany) scanning electron
microscope. The total oxygen content of the carbon layer was determined by TPD (Otpp) heating
the samples with a heating rate of 20 K min~! to 1273 K in He flow and using a Thermocube model
quadrupole mass spectrometer (Balzers, Asslar, Germany) to monitor the amount of evolved gases as a
function of temperature.

(b)

Figure 1. (a) Cordierite (left) and carbon-coated monoliths (right). (b) Monolithic compartment of

the bioreactor.

The bacterium used in this work was Escherichia coli, ATCC 25,922 strain, which was immobilized
on the monoliths after its incubation, use and special re-circulating setup where the monolith was
well fitted and the bacteria suspension was forced by internal recycling through the channels of the
monoliths. The incubation was carried out at 310 K for 2 days in 50 mL of tryptic soy broth (TSB)
media buffered at pH 7 in sterile conditions and aerobic medium. Then, 1 mL of this suspension was
added to another that contained the monolith in 200 mL of TSB, recirculating this new suspension
through the monolithic channels at 310 K for 72 h. For this preparation, two different flow rates, 4.6 or
9.2 cm®min~!, were used. After this time, the monolith with the immobilized bacteria was separated
and washed many times with sterilized distilled water. Bacteria supported into the monoliths were
used for the denitrification of 200 mL of a sterilized nitrate solution of 40 mg L~! where ethanol
was also added as carbon source. The solutions were buffered at pH 7 using a phosphate solution.
Denitrification processes were carried out at room temperature using a re-circulating setup working as
a batch monolithic bioreactor and bubbling argon to guarantee the anaerobic conditions of the media.
Nitrite and nitrate concentrations were monitored frequently over several days. The concentration of
nitrate was directly analyzed in the bioreactor setup with a selective electrode. The concentration of
nitrites was analyzed, taking aliquots from the reaction media. Nitrite concentration was determined at
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543 nm after coupling diazotized sulphanilamide with N-(1-naphthyl)-ethylenediamine, using a Hitachi
model U 2000 spectrophotometer. Schematically, the bioreactor was composed of two compartments
connected by a recirculation flow pump. In one of them, the monolith was fixed in such a way that the
nitrate solution would pass through its channels (Figure 1b). In the second compartment, the selective
nitrate electrode, the argon inlet and purge, and the aliquot collection for nitrite analysis were placed.
In order to study the effect of the flow rate on the denitrification process, three different flow rates
were used: 4.6,9.2 and 13.8 cm®min~!. Finally, in order to identify the experimental conditions used
in each denitrification experiment, a double number system was established: for example, condition
4.6-4.6 means that the bacteria growth (first number) and denitrification process (second number) were

carried out using a flow rate of 4.6 cm® min~!.

3. Results and Discussion

Cordierite monoliths were completely coated with a very-well adhered carbon layer (Figure 1a).
The carbon loading was around a 10.5 wt.% of the coated monolith, and the carbon layer had an
average thickness of 7 um. The carbon layer did not have well-developed porosity (Table 1), but its
thickness allowed part of the macroporosity and roughness of cordierite to be kept open and covered,
enabling E. coli to be retained and form colonies (Figure 2). On the other hand, the oxygen content
of the carbon layer determined by TPD was around 9.0 wt.%. Bacteria E. coli were grown inside
the monolithic channels of the carbon-coated monoliths to be used in the water denitrification tests.
This bacterium was selected because E coli are very common in all urban wastewaters. In addition,
these bacteria were also grown inside the monolithic channels of pure cordierite monoliths as reference
in order to evaluate the effect of the carbon coating in this application.

Table 1. Textural and chemical characteristics of the carbon coating.

Thickness  OTpp SBET VMICRO-N2
(um) (wt.%) m?2g-1 mm3g1
7 9.0 64.4 30.4

Figure 2. SEM pictures of Escherichia coli on the carbon layer of the monolithic channels.

The results obtained corresponding to the nitrate elimination when bacteria supported on carbon
coated monoliths were tested in the denitrification reaction using 4.6—4.6 conditions are displayed
in Figure 3. During the denitrification process, in the first step, bacteria transform the nitrates into
nitrites, and later the nitrites are removed progressively, this mechanism being very well-known [10].
However, it should be remarked that the good results of nitrate elimination obtained with carbon-coated
monoliths working as a batch monolithic bioreactor are completely new in the literature. Moreover,
the biocatalytic behaviour of the carbon-coated monolith is much more effective than the pure cordierite
monolith, as the full transformation of nitrate occurred 25 h before (Figure 4) when taking into account
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the used experimental conditions. This good compatibility between E. coli growth and carbon supports
with different oxygen contents was studied and discussed in a previous work [10], as well as the role
of different inorganic supports for this application [11]. The main goal of this study, however, was to
show that this carbon-based monolithic bioreactor setup works, and it works very well since 100%
of the nitrates and nitrites were completely removed in the used experimental conditions. Moreover,
when different flow rates of denitrification were tested, the response was similar to what can be
expected from a non-biological reactor, that is, the higher the flow velocity, the faster the nitrate
elimination (Figure 5). Besides, a very interesting result was the fact that when the E. coli growth was
carried out faster, 9.2 vs. 4.6 cm®min~!, the later nitrate elimination time was much shorter when
compared to similar reaction flow rates (see curves 9.2-9.2 vs. 4.6-9.2, Figure 5). This suggests that
although bacteria can exist everywhere on the monolithic bioreactor compartments, those adhered on
the monolithic channels are crucial for this water treatment application, and, therefore, the control of
bacterial growth in the channels should be an important parameter to be taken into account in future
work to avoid blocking them [12]. Finally, and no less important, Figure 6 shows the reproducibility
test carried out with different rate flows. These results clearly show that carbon-coated monoliths are
very interesting structures as support of bacteria E. coli for nitrate removal from water solutions.

We are conscious that a more deep study is required to optimize this bioreactor configuration in
different aspects, but this first approach provides a very interesting way since very new techniques,
such as 3D impression, may provide assistance in the design of special monoliths in whose channels
one can find optimized holes and places where each type of bacterium can grow, therefore enlarging
the possibilities and performance of biocatalytic applications.

12

—O— nitrates

10 A

—e— nitrites

4.6-4.6

[N] (mg/L)
o

4 4
2 4
0 T T Y
0 25 50 75 100 125
Time (h)

Figure 3. Nitrate and nitrite elimination curves obtained with the carbon-coated monolith in conditions
4.6-4.6. Data are expressed as nitrogen concentration.
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Figure 4. Nitrate elimination curves obtained in conditions 4.6-4.6. Data are expressed as
nitrogen concentration.
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Figure 5. Nitrate elimination curves at different liquid flow velocities. Data are expressed as
nitrogen concentration.
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Figure 6. Nitrate elimination curves. First and second consecutive runs. Data are expressed as
nitrogen concentration.
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