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Abstract

Bioreactors of industrial scale for gaseous biofuels
constitute a field of research worldwide. Automation at a
profitable technical and economic level has not been
possible because of fluctuating biological systems. The
quantification of biogas in continuous flow is difficult to
implement by Gas Chromatography and it is very
expensive in account of special sensors. In this work, we
developed a system with MQ8 hydrogen and MQ4
methane sensors, used in the detection of industrial leaks,
for the determination of gas concentration. The sensors
were installed on Arduino cards and programmed to plot
the concentration in real time. Calibration curves were
made for these sensors making use of a standardized
mixture of gases, in hermetic jars of known volume. The
result is exponential and reproducible, and when using real
biogas samples, no problems of interference with other
gases are observed. The prototypes are very low cost with
respect to the GC equipment and can be installed at the gas
outlet of bioreactors with a mechatronic system that allows
the monitoring of the composition in real time, which will
allow to obtain microbial kinetics in semi-continuous flow
in a very economical way.

Sensors, Hydrogen, Methane, Economical,

Bioreactors, Continuous Flow

Resumen

Biorreactores de escala industrial para biocombustibles
gaseosos es un campo de investigacion a nivel mundial. La
automatizacion a un nivel técnico y econémico redituable
no ha sido posible por tratarse de sistemas biol6gicos
fluctuantes. La cuantificacion de biogas en flujo continuo
es dificil de implementar por Cromatografia de Gases y
muy caro a partir de sensores especiales. En este trabajo se
desarroll6 un sistema con sensores MQ8 de hidrdgeno y
MQ4 de metano, utilizados en la deteccion de fugas
industriales, para la determinacion de la concentracion.
Los sensores se instalaron en tarjetas Arduino y se
programaron para trazar la concentracion en tiempo real.
Se realizaron curvas de calibracion para estos sensores
utilizando una mezcla estandarizada de gases,
implementando la medicién en frascos herméticos de
volumen conocido. La respuesta es exponencial y
reproducible, y al utilizar muestras de biogas reales, no se
observa problemas de interferencia con otros gases. Los
prototipos son de muy bajo costo con respecto al equipo
de CG y pueden instalarse a la salida de gas de los
biorreactores, con un sistema mecatronico que permita el
seguimiento de la composicion en tiempo real, lo cual
permitird obtener cinéticas microbianas en flujo semi-
continuo, de manera muy econémica.
Sensores, Hidroégeno, Metano, Econémico,
Biorreactores, Flujo Continuo
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Introduction

A new way of acquiring equipment is rapidly
expanding in the scientific community, this is the
so-called DIY (Do It Yourself), which provides
at least two great benefits: 1) Flexibility,
whereby scientists can build just what they need
to automate their particular laboratory processes,
rather than buying a standard configuration; 2)
Economic advantage: commercial equipment
that can cost USD $100,000 or more, scientists
can build it for USD $5,000 or less, depending
on the desired performance, controls and sensors
(May 2019). The same goes for electronics.
Instead of building complicated circuits from
scratch on a "board,"” scientists can turn to open
source tools, such as the Arduino (2019)
programmable circuit board, to design, build and
code the necessary controls. In addition,
scientists frequently provide detailed guides to
assemble created devices and instructions to
automate and customize it.

In this way, equipment as sophisticated
as an Evolver, a millifluidic module that allows
the routing of multiplexed media, the cleaning,
transfering from vial to vial and automatic
coupling of microbiological strains (Wong et al.
2018) is now available at a low cost, or a
Microplate Reader, which is a microplate reader
for multiplexed spectrophotometric
measurements  that  performs  complete
absorbance spectra and fluorescence emission
detection, optogenetic stimulation in situ and
facilitated programming via touch screen for
automated analysis (Szymula et al. 2018); or
building a 3D printer for multiple uses (Silver
2019).

Experimental bioreactors for hydrogen
and/or methane gas production can be operated
in batch or continuously, for periods of 2 to 6
months, with hydraulic retention times ranging
from hours to several days, with monitoring of
the kinetics of biomass growth and gas
production, pH and temperature control, and the
most frequent analysis of organic load, volatile
organic acids, COT, NT, COD, BOD, and, of
course, the composition of biogas (Montiel
Corona et al. 2015). The automation of these
processes is a gigantic challenge. In particular,
the analysis of biogas composition is carried out
by Gas Chromatography (GC), a device that
must be turned on and stabilized for a couple of
hours, and another couple of hours, passing gas,
before shutting it down; so it cannot be used
continuously.
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Currently, commercial gas sensors are
available for online use, integrated into
expensive fully automated bioreactors, or
separately, but with impractical concentration
intervals and no possibility of communication
and automation.

On the other hand, there are low-cost
semi-industrial gas sensors, which are coupled to
Arduino plates, the purpose of which is leak
detection, so they are calibrated to respond to
low concentrations.

In particular, our interest is focused on
the MQ4 sensor, for methane, and the MQ8, for
hydrogen, from Zhengzhou Winsen Electronics
Technology Co., Ltd. (the technical
characteristics are summarized in Table 1).

This paper addresses the adaptation and
calibration of these sensors to be used in the
determination of the H2 and CH4 gas content in
the biogas production line of continuous
experimental bioreactors which are still in the
research and development stage.

The objective was to investigate the
sensitivity of these sensors to gaseous mixtures
of different composition to determine the
existence of a differentiated response and the
type of behavior observed; proceeding then to
the adaptation of the sensors to the bioreactor
and to its calibration, to reach the goal of
generating low cost technology for the
determination of biogas composition in line and
in continuous flow.

| Sensor

| MQ4 MQ8
Detecting 200-10000 ppm 100-10000 ppm
concentration | CHa, natural gas Hydrogen (Hz)
scope
Sensing 10KQ- 60KQ 10KQ- 60KQ
Resistance (1000 pm CHa) (1000 ppm H2)
Using Tem -10°C-50°C -10°C-50°C
Circuit 5V+0.1 ACORDC | 5V+0.1 ACORDC
voltage
Heating 5V+0.1 ACORDC | 5V+0.1 ACORDC
voltage

Tabla 1 Caracteristicas Técnicas de los sensores MQ4 y
MQ8 empleados en esta investigacion?.

Source:  Technical Data. Hanwei Electronics;
www.hwsensor.com
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Methodology

Devices for MQ4 and MQ8 sensors. Glass jars of
1L capacity were adapted with a screw cap with
two holes both sealed with silicone, one through
which the cables connecting the sensor are
introduced and another that was conditioned
with a rubber setpoint where the gas samples
enter, assisted with a syringe of 3 mL capacity to
which three-way valves were adapted for easy
handling (Figure 1a). Connections, tubing, 3-
step wrenches, latex balloon, 1, 3, 5, 60 mL
syringes.

Arduino programmable circuit board. It
consists of a board based on the ATmega328P
microcontroller. It has 14 digital input/output
pins (of which 6 can be used as PWM outputs),
6 analog inputs, a 16 MHz quartz crystal, a USB
connection, a power jack connector, terminals
for ICSP connection and a restart button. The
Arduino-Uno board was connected to the
computer using the USB port, while the analog
input Ao, the output of the 5V source and the
GND were connected to the sensor as shown in
Figure 1b.

Excel interface. This was used as a data
acquisition system.

Laptop. A Gateway NV59C laptop with
core PLX-DAQ V2 (2014) was used, which is a
complement to Excel i5.

Cylinder with 3-component mixture: 50%
hydrogen/40% methane/CO. balance; with
Gravimetric Analysis traceable to the CENAM
weight frame. INFRA brand. 1 m?, 2015 Psig.

INFRA N2 cylinder

Bioreactor for biogas generation. We used a
glass jar with a screw cap of 6.6 L capacity with
three-way valves adapted for gas collection.
Hydrogen production was carried out using
sludge from a biological wastewater treatment
plant.

The sludge was previously treated by
thermal shock. As a substrate, waste from the
dairy industry was used, in a procedure
described above (Rojas Escobar et al. 2018). On
average the reactor produces 1.7 L biogas/week.
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Figure 1 Images corresponding to the experimental
devices: (a) Biogas composition monitoring chamber; (b)
Arduino card and sensor connection

Experimental development

Using the arduino  environment, the
programming for the measurement of hydrogen
and methane gas concentration was performed,
respectively, using the analog input Ao, sending
the signal to the Laptop through the Arduino
serial communication interface at intervals of
one second for each reading.

This program was compiled and its
execution began. To achieve a real-time graph,
the connection to the interface for Excel PLX-
DAQ V2 was made for data acquisition. The
programs and the Excel workbook are available
upon request to the authors.

A 3 mL syringe was fitted with a three-
way valve, a balloon was adapted to one of the
valve’s outlets as a means of temporary gas
storage, a dermal needle was placed on the third
outlet.

The balloon was filled with the mixture
of hydrogen gas, methane and commercial CO»,
purchased from the INFRA company, the dermal
needle was introduced through the rubber
setpoint in the monitoring chamber and 0.5 mL
doses of gas were applied, obtaining the data in
an Excel sheet and graphing simultaneously for
interpretation (Figure 2).

This procedure was repeated with
methane gas and with biogas from the reactor,
with both MQ4 and MQ8 sensors.
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Figure 2 Experimental device for calibration of the MQ4
and MQ8 sensors. The cylinder behind the sensor bottle is
that of the mixture of H,, CH4 and CO;

Results

MQ8 sensor behavior. In order to observe the
sensitivity and behavior of this sensor, doses of
different volumes were injected into the
monitoring chamber, determining the range of
working concentrations.

Subsequently, to establish whether the
sensor can be used continuously, in the
permanent presence of Hy, and to see if there is
a differentiated response at  different
concentrations, the injection of gaseous mixture
dose was performed every 30 seconds and
consecutively increasing the injected volume. In
Figure 3 there is a differentiated response, but
that it does not return to the baseline after each
pulse, in addition to the fact that the
accumulation of H> in the chamber causes a
saturation effect in the sensor.

3500
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Figure 3 Above: Response of the MQ8 sensor to 3
consecutive doses (0.5, 1.0, 1.5, 2.0, 2.5) of the gas
mixture (50% H2 + 40% CH, + 10% CO,) every 30 s. The
X axis is the time (s), the y axis are arbitrary units. Below:
Graph of response to sensor concentration. The x-axis are
arbitrary units, the y-axis is ppm of H,
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The response graph of the MQ8 sensor is
exponential, with an R? = 0.9993 for the first 8
points (maximum concentration of Hz before
saturation = 3750 ppm). The following points are
aberrant, due to saturation. This result is
conclusive in the sense that the response and
sensitivity are excellent, but the sensor cannot be
used under conditions of permanent exposure to
Ho.

After these experiments, the conditions
for the sensor to return to the baseline and the
optimal time to perform gas measurements were
tested.

Saturation of the monitoring chamber
with N2 gas was tested, immediately after a pulse
of mixed gas to return to the baseline, but it was
not possible; instead, after opening the bottle and
ventilating with air for approx. 10 minutes, the
sensor returned to its baseline (see Figure 4).

Finally, the device was used to determine
the proportion of H> in the biogas produced by a
hydrogen generator bioreactor.

Figura 4 Use of the MQ8 sensor to determine the
concentration of H2 in a biogas sample. The first three
pulses are from the bioreactor gas sample, then there is a
period of 10 minutes before the injections of the gas
mixture (50% H, + 40% CH4 + 10% COy). The x axis is
the time (s), the y axis are arbitrary units. The calibration
calibration chart is shown on the insert

Figure 4 shows the result of one of these
tests. 1 mL of biogas was injected three
consecutive times, then the bottle was opened to
return to the baseline and then three 0.5 mL
injections of the gas mixture were made for
calibration.

With this procedure, the calibration was
R? = 0.9987 and the concentration calculated in
the biogas was 23% H.. This concentration is
like the ones found in biogas produced in similar
bioreactors (Montiel Corona et al. 2018).
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MQ4 sensor behavior. The previous tests
were repeated with the MQ4 sensor. Similar to
the MQ8 sensor, the MQ4 is a sensor that
saturates at a certain concentration. It returns to
the baseline faster than the MQ8, but, in the same
way, its continuous exposure to biogas
containing methane was not possible.
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Figure 5 Above: Response of the MQ4 sensor to 2
consecutive doses (0.5, 1.0, 1.5) of the gas mixture (50%
Hz + 40% CH4 + 10% CO,) every 30 s. The x axis is the
time (s), the y axis are arbitrary units. Below: Graph of
response to sensor concentration. The x axis are arbitrary
units, the y axis is ppm of CH4

Figure 5 shows the calibration of the
MQ4 sensor with the gas mixture. After
calibration, 1.5 mL of biogas was injected three
consecutive  times, to determine the
concentration. In the case of methane, the
composition yielded 52%.

In this way, it was determined
experimentally that the reactor is producing
more methane gas (52%) than hydrogen (23%),
therefore, methanogenic bacteria predominate
over the hydrogen and it will be necessary to
apply an extra thermal shock to eliminate
methanogenic bacteria. A result obtained in less
than an hour, which would have been previously
obtained after several days, after sending the
corresponding samples to a laboratory with a GC
devise.

It is important to mention that H> gas
interference tests were performed on the MQ4
sensor and for methane gas on the MQ8 sensor.
No test response of the sensors was observed, so
it can be ensured that there is no influence of
other gases in the mixture, according to the
signal of both sensors.
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It is noteworthy that much of the research
for the production of methane and hydrogen is
based on the design of the fermenter (lzurieta
2019), on the use and/or combination of different
types of substrates (Gonzélez & Suarez, 2019;
Luque 2019) , or the optimization of the
substrate components (Garcia 2019); however,
there is no reference to the optimization of the
gas measurement system, a situation that is of
paramount importance to minimize process costs
and timely monitoring of the process.

Conclusions

This paper presents for the first time the use of
the MQ8 methane and MQ4 hydrogen sensors,
of semi-industrial use for leak detection, for the
determination of the composition of these gases
in line and semi-continuous in production
bioreactors of biogas. In both cases, a
differential response to the concentration was
observed exponentially, with R? of up to 0.9993,
in a suitable concentration range before
saturation of the sensor. In the case of MQ8, the
frequency of the biogas pulses it can receive is
up to 10 minutes, to return to the baseline; this
prevents the sensors from being used
continuously but opens the possibility of
performing compositional analysis every 10
minutes, throughout the day, which is impossible
with a GC devise. This work also contributes
with key technology to the growing community
of open source hardware oriented to
biotechnology, the progress of which is
facilitated by the ability to create prototypes,
low-cost electronics, optoelectronics and
microcomputers in a fast way.
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