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SUMMARY

The respirometry of soils contaminated by petroleum products offers a potential of research that
has not been thoroughly exploited. During the last years we performed a long sequence of experiments in
laboratorial reactors of different capacities, shifting from 1 L to 5L, where we measured continuously, on-
line, the oxygen and carbon dioxide concentrations at the reactors inlet and in the immediate atmospheric
vicinity of the contaminated soil submitted to biodegradation. The air flow was kept constant using a
control system and the environmental properties, such as the temperature, were also simultaneously
measured and recorded. The experimental conditions that favor the biodegradation, such as the moisture
and the addition of nutrients, were periodically adjusted. Each experiments lasted, at least, around 30
days.

A single experiment creates an enormous quantity of data, with several millions of registers. We
have been treating this enormous amount of information using several mathematical techniques. The first
step is always the filtration of the data in order to eliminate anomalies strange to the process, such as
voltage breakages and current losses. The length of the data is also reduced using conventional
methodologies.

One of the methodologies we use is the signal treatment by Fourier Analysis. The periodograms
allowed the detection of a daily cyclical behaviour in the activity of the microorganisms. Directional circular
statistics allowed the establishment of circular correlations between the daily patterns of the temperature
oscillation and the biological activity. Time series analysis is used to produce auto-correlograms as well as
cross-correlation diagrams between the main variables involved.

The wavelet analysis is used to detect variation patterns at smaller scales and we investigated its
usage as a method of filtration the data that keeps the inner core structure of the information without
aliasing. We have been using the system identification theory to create digital data-driven models, either
single input-single output or multiple input-multiple output. These models were applied to data filtered by
conventional methods as well as using wavelets. It is also possible to create phenomenological
relationships between the different measures allowing the determination not only of the kinetics but also of
the stoichiometry of the biodegradation reactions.

INTRODUCTION

Soil respirometry has been seldom used for studying the biodegradation of organic contaminants
in soils in opposition to its broad application for similar studies in aquatic environment. A soil respirometer
measures continuously the concentrations in oxygen and carbon dioxide, sometimes other gases as
methane, and some environmental variables such as temperature, in the atmosphere in the vicinities of a
soil under biodegradation in a reactor.

The respirometer used on this work was the model TR-RM8 Respirometer Multiplexer from
Sable Systems International. The system, as it was initially conceived, consists of instruments that
capture, direct and control a continuous air flow through a succession of interrelated devices, in order
to analyse the composition of the air in the biodegradation reactor, and to communicate this
information to a computer for storage and subsequent analysis. The schematic diagram represents the
air path through the experimental devices. The feeding air is carefully collected outside the laboratory
in a non-polluted zone, it is scrubbed in a drierite column and it is pushed by a pump with a mass flow
controller (to maintain a constant volume of air) to the rest of the system. It first enters one of the
maximum eight possible soil sample chambers (reactors) selected in the multiplexer, where
biodegradation is occurring, and goes through the condenser and another drierite column to lose
eventual existent humidity. Then, the dried air enters into the carbon dioxide analyser, passes through
a small column of ascarite to remove the CO, content and is analysed in the oxygen probe, returning
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the air to the laboratory atmosphere. Let us examine the corresponding flux of data. Although the
system was provided with an analogical/digital converter AD-201, with a Universal Interface in order to
record and treat the data using software specially developed for respirometric studies, we decided to
connect each analyser directly to the computer using a multi-port serial interface. With this procedure
we collect the data directly, avoiding two data transformations as well as the data aliasing operated by
the original software. The computer receives two records per second from each analyser, which
results in an intense amount of data. The soil samples subjected to biodegradation inside the reactors
were periodically moisted and nutrients were added once or twice during each experiment.

Input air
\ Reactor and multiplexer

» Output air

Data transfer

O, Analyser

CO, Analyser

Pump and mass flow control valve

Condenser

Several respirometric tests were made with different experimental conditions: using reactors
either with a volume of 1 | or 5 |, varying the air flow rate and adding mineral medium and/or a nitrogen
source. The biodegradation was also chemically quantified through the periodical collection of
samples where the TPH (acronym for Total Petroleum Hydrocarbons) was chemically analysed. In
some experiments the biomass was also estimated through plate count agar. When a full experiment
is accomplished the following variables are recorded continuously: oxygen and carbon dioxide
concentrations at the inlet, measured using an empty parallel reactor, O, and CO, concentrations at
the outlet measured in the reactor where biodegradation is performed and the inner temperature. The
TPH was analysed weakly (in average) and the biomass estimation was only performed in select
experiments. From this data it is possible to estimate the instantaneous and accumulated oxygen
consumption, the instantaneous and accumulated CO, production, as well as the ratio between the O,
consumption and the CO, production. It is also possible to acquire a detailed determination of the
kinetics and a complete time differentiation of all the evolution phases involved (adaptation,
degradation and closing stage). When a full experiment is performed it is also possible to relate the
previous variables to the actual degradation of TPH in the soil and, in certain experiments, to the
evolution of biomass. As an example the operating conditions for a single experiment are exemplified:

Empty Reactor Reactor with contaminated soil
Chamber volume 51 Reactor volume 51

Air flow rate 5 ml/min Air flow rate 6 ml/min
Residence time 22,6 days Residence time 22,6 days

Soil Characteristics

Soil sample weight 893 g Initial TPH concentration 13.36 g/Kg soll

Soil humidity 22% Native microorganisms 6 x 10° CFU/qg of soil

Average soil grain size 61% between 2 mm and 50 pm
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An example of measurements is represented in the next figure.

Oxigen concentration outside the reactor Oxigen vs TPH concentrations inside the reactor
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The left graph shows the input to the system (oxygen in the atmosphere) while the right one
exhibits the main output variables (oxygen concentration at the outlet and TPH decay). It is possible
to clearly differentiate the evolution: an initial instable phase of adaptation, the active biodegradation
phase and the slow closing stage.

RAW DATA

The main data collected in all the experiments was the oxygen concentration at the inlet and at
the outlet. As stated, in some other experiments the carbon dioxide concentrations were also measured,;
these values were filtered using moving averages in order to reduce the size of the available information.

As an example we show a file which has a net phase of active biodegradation. It has
3 747 609 registers of oxygen concentration inside the reactor where soil biodegradation is occurring,
corresponding to 2 measurements per second and 21.7 days for duration of the experiment.

Raw Measurements
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It is possible to detect immediately the existence of sinusoidal cycles, in a total number of 22,
each corresponding to one day. It is also possible to detect easily through the graphic that variations in
tension of the electric power, of short, medium and long duration, are occurring with a previously
unsuspected frequency. The raw data is then filtered in order to annihilate these type of perturbations and
also as a mean of reducing the total amount of data to one measurement each 10 or 20 minutes, thus
reducing largely the enormous amount of data. As an example next figure shows the same after filtration.
The number of register was reduced 120 times.
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Filtered Measurements

%02

196 1 1 1 1 1 1
0 0.4 1 148 2 258 & 515

MNumber of measurements (1Tmeasure/minute) w10t

It also can be concluded that the output concentrations exhibit an obvious pattern: a daily cycle of
microbial activity with maximum intensity during daytime and a perceptible reduction during night. It is also
easily discernible three phases in the evolution of the biodegradation: a long initial active phase where
oxygen concentrations are dropping, a relatively short steady-state phase with constant concentrations
and the beginning of the decreasing phase of biological activity where oxygen concentrations are
increasing.

PRELIMINARY ANALYSIS OF DATA

First an autocorrelogram is built for the filtered data. As an example for the previous filtered data,
the following correlogram was obtained

Sample Autocorrelation Function (ACF)

Sample Autocorrelation

0o i i i i i
a 500 1000 1500 2000 2500 3000
Lag

A maximum lag of 3000 was adopted, corresponding to around ten percent of the total length of
the register. It can clearly be noticed a sinusoidal shape with decreasing amplitude. The period of the
sinusoid is 1440 minutes, which corresponds to one day. The amplitude of the sinusoid decreases
corresponding to a decreasing in the oxygen concentration and thus to a biological active phase of the
degradation. Let us slash the file by sole considering a component with active biodegradation. We
considered 1702 registers, corresponding to twelve days of activity, taken from the initial component of
the global filtered results.
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Ouygen Concentration - Phase of Active Biodegradation
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As next step the linear decreasing tendency was taken off the data. A new correlogram is built
using this new information.
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The cyclic component is kept but the tendency disappeared. A periodogram for this data is built
and is shown in next figure as well as an amplification of it.
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The periodicity of the biological activity becomes even more evident — the major peak
corresponds to a 24 hours period and the minor to a period of 12 hours.
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THE DAILY CYCLE OF BIOLOGICAL ACTIVITY — CORRELATIO N WITH TEMPERATURE

The main reason for the daily cycles of biological activity should be induced by variations in the

temperature. However to establish a sound correlation between two seasonal phenomena involves a non-
conventional statistical approach, due to this particular nature of the variables. The directional circular
statistics can become a solution with certain particular assumptions. The sampling was done at regular
intervals and the time was transformed into a circular variable with a cycle of 24 hours. The methodology
is the following:

1.

2.

Transformation of the measured variable (concentrations, temperature) from nominal values to
reduced form values.

Transformation of time into circular data with an amplitude of 1 day; each instant in a day
corresponds to an angle between 0 and e 2T,

Each measure was considered as a vector in a bi-dimensional space, having as module the
reduced value of the measured variable and orientated in the space in an angle corresponding to
the instant when the measure was taken;

The resulting mean vector (r) was calculated and corresponds to the vector sum of all the
measures weighted by the number of vectors used in the estimation;

Its module, that we call average resulting length (p) and the angle (&) of its orientation in space,
that we call direction of the mean vector, where calculated.

The average resulting length is a point estimate of the average length of the measures and can
be used as a measure for the concentration of the distribution. If the intensities are uniformly
distributed around the circle, a preferential direction does not exist and the average resulting
length would be near zero.

As well as in the conventional circular statistics we can estimate a circular variance defined by

v =2(1-7)0{0,2]

And we can also define a circular standard deviation in the following way

S =.- 2.Inir'i

As an example we show the results obtained from one experiment where the variable is the

oxygen concentration in the reactor where bioremediation is occurring.

In the figure each point represents a measure and the vector near the origin represents the

resulting vector. In this example the preferential direction is 1.2454 radians, or 72,355°; the average
reduced length is 0,2321 corresponding to a nominal value of 20,097 % O,; the circular variance is 1,5359
and the standard circular variation is 1,7092.

Next figure shows an amplification of the resulting vector which occurs 4.76 hours after the initial

reference time (zero).
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As known the von Mises distribution is the circular equivalent to the Gaussian normal distribution
and can also be characterized by two parameters: the average direction & and a concentration
parameter K. The von Mises distribution is unimodal and symmetric around the average direction. As the
concentration parameter increases the Vero similarity of observing a direction measure located near the
mean direction increases. If K is zero, all the directions are equally probable and the underlying
distribution is uniform circular. The concentration parameter was estimated from the resulting average
length r. If we admit that the observations come from a von Mises distribution, the randomness test
means that we want to prove there are no preferential directions or, in other words, the intensity of the
phenomenon is the same for all the instants in time. This hypothesis is equivalent to consider that the
concentration parameter Kk = 0. We used the test initially developed by Lord Rayleigh, in the beginning of
the 20th century, and later improved by Mardia (1972). The tests applied to the variables temperature,
oxygen and carbon dioxide concentration inside the reactors where bioremediation is occurring, showed
that the statistical hypotheses of uniformity should be rejected at the 95% level, while the same
hypothesis should be accepted for the empty the oxygen and carbon dioxide concentrations in the empty
reactors. The location of the resulting average vectors, or concentration parameters, also proved
undoubtedly that there is a correlation between the temperature and the air concentration in oxygen and
carbon dioxide when bioremediation is occurring.

APPLICATION OF THE WINDOWED FOURIER TRANSFORM

Applying windowed Fourier transform to the data acquired by respirometry it was possible to produce
another characterization of these signals. As an example, for the oxygen concentrations inside a reactor
where biodegradation was occurring (see next figure) it is possible to remark, both in raw data and in the
spectrogram, around the tenth day an energy spot spread for all the frequencies which correspond, in the
recorded data, to the jump from the instable initial period to the beginning of the active biodegradation
period.
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APPLICATION OF WAVELETS TO SIGNALS GENERATED BY BIO REMEDIATION

Wavelet theory has its source on the windowed Fourier transform, although the wave window is
significantly different. Between 1960 and 1980, Morlet (seismologist) and Grossman (physician)
developed some functions which constitute orthonormal basis and that can be scaled in order to be short
in the high frequencies and long in the low frequencies, however maintaining its form — to such functions
they called wavelets (Mallat, 1998).

Starting from a mother-wavelet it is possible to cover all time-frequency domain through its
successively dilatation and translation, which is mathematically translated by the following equation,
where W is the mother wavelet, t is time, s is the scale and u is time delay or translation unit:

1t
b=y Y

The scaling function exhibits some notorious advantages, especially when we are interested in
details located in the high frequencies and consequently masked by white noise. Scaling function is also
the responsible for the large application of wavelets, in digital signal processing, audio processing,
compression data and image processing. The scale has an equivalent in the frequency and the
spectrogram in the windowed Fourier transform has also its equivalent in terms of wavelet transform,
which is designed by scalogram (Graps, 1995). Although, the scalogram is useful as an energy density
function, its calculation is such a hard computational task that is rarely used. Nevertheless, we used a
Daubechie wavelet to decompose the signals in study in a time-scale domain. In both signals, oxygen
concentration and temperature, it was observed a straight concordance between the spectrogram and the
wavelet transform that we called pseudo-scalogram. As an example next figure shows the decomposition
of a signal to the 4™. level.

Decomposition at level 4: 5 = ad+ 4+ d3 + d2 + d1 .
T T T T T
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The wavelets theory provides another powerful tool in denoising signals allowing them to be used
in subsequent mathematical studies and simultaneously reducing the amount of data. It was applied in the
filtration of oxygen concentration, generating an amount of data substantially reduced. This filtered data,
either as input or output, can be used in stochastic models of biodegradation using the System
Identification tools.
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APPLICATION OF SYSTEM IDENTIFICATION AS A STOCHASTI C MODEL OF BIODEGRADATION

The different phases of biodegradation can be represented by the black box stochastic mathematical
models used in System Identification Theory, either SISO, MISO or MIMO. The input variables can be the
oxygen concentration in the external atmosphere or the temperature, and the output variables are oxygen
or carbon dioxide concentrations.

Each SISO model has a general form

)= 2@ ¢ ey + E@ g

F(a) D(a)

where y(t) is the output, u(t) the input, e(t) is a disturbance random variable, B(q), F(q), C(g) and D(q) are
polynomials ordered in descending powers of the shift operator, represented as . For instance
A(Q)=1+agqt+a,q?+..+a,q".

In the present example a MISO system (two inputs, one output) was chosen. The input data is the
oxygen concentration at the inlet and the inner temperature and the output oxygen concentration at the
outlet of the reactor; these values were filtered using moving averages in order to reduce the size of the
available information. In other examples we used carbon dioxide as output variable.

Real data vs Model results - Model BJ4342 - MISO
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The fithess of the model can be weighted by the residuals correlograma or by cross correlation.
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CONCLUSIONS

We try to illustrate in this article the enormous potential of respirometry as a mean to study
biodegradation in detail, although we only exemplify shortly part of the research we have conducting.
From the data it is also possible to analyse not only the kinetics, but also the time evolution of the
stoichiometry, subjects that we don’t specify in this article.
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