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A Pitot-tube jet pump for separating and transporting liquids of different densities
is in use for processing oil-polluted water. The remaining oil-in-water (OiW) con-
centration is a main indicator for the process efficiency and requires a precise
measuring method. Hence, a simple approach delivering reliable oil concen-
trations has been developed in this project. The measurement principle relies on
the image acquisition of an OiW emulsion, where the oil phase is seeded with a
selective dye tracer. In this concept study, a detailed description of the preparation
procedure is provided. Suitable operation parameters leading to sufficiently stable
emulsions have been obtained. Finally, a calibration function was determined. It

can be used to correlate uniquely the image intensity to the oil concentration.
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1  Motivation and Background

Oil-in-water (OiW) emulsions are a kind of multiphase flows,
which can be found with different morphologies in uncount-
able applications, mainly for process, chemical, and environ-
mental engineering; see, e.g., [1,2]. The desired states for OiW
emulsions differ widely. In many industrial applications, a
homogeneous mixture of different oils and water is desired.
Hence, the system requires intense shearing and dispersion to
produce a stable emulsion for a long time. On the other hand,
the presence of mineral oils — even at very low concentrations
— is a major threat for drinking water as well as for natural sys-
tems (lakes, rivers, seawater, etc.) [3]. Consequently, the separa-
tion of the oil phase from the water phase is one central objec-
tive of water treatment. For instance, bilge water treatment is
found in every ship.

Improving the efficiency of separation devices, like the modi-
fied Pitot-tube jet pump (PT] pump) considered in this study,
is therefore very important and still an ongoing process. The
modified Pitot-tube jet pump is an innovative solution for inte-
grating oil-water separation and transport of the two separated
phases. It has been developed in our group within the last
years, in cooperation with an industrial partner [4-6].

It is possible to achieve a high separation efficiency of the
pumped water using the PT] pump, as demonstrated by pre-
liminary experiments [5]. In order to check the impact of pro-
cess and device modifications, highly accurate measurement
results of the OiW concentrations are required. In particular, a
reliable estimation at very low concentrations is necessary. For
instance, the upper threshold for bilge water release in the envi-
ronment according to the MARPOL regulation is only 15 ppm
oil in water [7].
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The liquid-liquid separation, e.g., oil-water separation, can
be achieved in different ways. Centrifuges are common for sol-
id-liquid separation but can be also used for liquid-liquid sepa-
ration [8,9]. The attention of recent research is mostly set on
hydrocyclone separation, as reviewed, e.g., by Kharoua et al.
[10-12]. In this work, the authors investigate important opera-
tion parameters for hydrocyclone separation and provide infor-
mation regarding the obtained performance. Most commonly,
the hydrocyclone separation process is controlled using the
pressure drop ratio [13], which is an indirect measure of sepa-
ration efficiency.

But there are other techniques, like impedance tomography
[14] or direct droplet size characterization and counting meth-
ods [15], to monitor the resulting OiW concentration. The
patent description of Perfect et al. [16] contains a general over-
view of existing methods to characterize the composition of
liquid-liquid multiphase flows. A survey on fluorescence-based
OiW monitors, in particular on the calibration procedure, con-
centration ranges, and real-time applicability is provided by
Lambert [17]. The author elaborates in particular on various
portable devices, which are commercially available and usually
applied for monitoring the natural fluorescence of hydrocar-
bons. Moreover, this review paper clearly states the difficulties
associated to the calibration procedure for fluorescence mea-
surements and the lack of a detailed documentation.
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More recently, Durdevic et al. [18] published a study on a
dynamic measurement technique for low OiW concentrations
(below 1%). This feasibility study describes the successful
application of a fluorescence-based oil concentration monitor-
ing device for feedback control of a hydrocyclone oil-water
separation plant. The authors report a quick response (3 s) for
the commercial device they employ. However, they also under-
line the importance of validating the results with a different
measurement principle.

The central objective of the work described in this paper is
to establish a simple but reliable procedure for measuring the
OiW concentration using an imaging technique.

2  Experimental Setup and Methodology
2.1 Experimental Setup

The generation of an oil-water mixture, which is stable for a
sufficient time without the application of an emulsifier, requires
a high-energy mixing device. In this project, a Polytron
PT3100 was applied for homogenization of the oil-water mix-
ture.

The preparation process was identical for all tests carried out
during this study. A volume of 200 mL deionized water was
mixed with a known amount of commercial sunflower oil to
create a desired OiW concentration sample (see Tab. 1 for exact
quantities). The sunflower oil is seeded with a selective fluores-
cent dye tracer “Nile Red” (CAS No. 7385-67-3), at a dye con-
centration in oil of 10mgL™". This tracer dye is insoluble in
water [19]. The sunflower oil containing the fluorescent dye
tracer is filtered before mixing with water to remove any
remaining solids, which may otherwise disturb the fluorescence
signal. Due to its selective solubility, the dye tracer is a marker
for the oil phase within the oil-water mixture.

Fluorescence imaging requires the knowledge of a transfer or
calibration function that correlates the fluorescence intensity to
the quantity of interest. Generally, fluorescence imaging relies
on a constant illumination of homogeneously distributed par-
ticles, which emit light in the corresponding fluorescence band-
width. For further details on the fundamentals of fluorescence
imaging, the interested reader is referred to the work of
Hagemeier et al. [20, 21].

In contrast to conventional applications, where an isotropic
distribution of the fluorescent dye tracer in the continuous

-

3 45 6

fluid is used, the procedure in this study uses a fluorescence
marker in the dispersed phase within an emulsion.

Therefore, the application of fluorescence imaging requires
monodispersed oil droplets homogeneously distributed in the
emulsion sample. This ensures constant optical properties of
the fluorescence light emitted by the emulsion droplets. Prelim-
inary studies revealed conditions and parameters for the prepa-
ration of a homogeneous emulsion with temporally limited
stability. The employed preparation process ensured a homoge-
neous and temporally stable emulsion for a suitably long time
to carry out further optical investigations.

During these preliminary experiments, the mixture was pre-
pared freshly for every new test with different conditions, using
always new components to avoid any possible contamination.
The oil-water mixture was stirred at a mixing speed between
6000 and 12000 rpm for durations in the range of 15-180s to
evaluate the required mixing energy and time. The energy
transferred from the stirrer to the mixture leads to a dispersion
of the oil phase within the water phase. The oil droplet size
becomes smaller with higher mixing intensity, i.e., increased
momentum transferred from the stirrer. Smaller oil droplets
correspond to a much slower rising velocity due to buoyancy
within the continuous water phase, so that the stability of the
resulting emulsion is ensured for a longer time.

The main objective of these preliminary tests was to identify
the time scale on which the assumption of a homogeneous oil
distribution in the sample is justified. Based on the obtained
results, the samples used for the fluorescence imaging experi-
ments have been always prepared with a mixing speed of
12000 rpm and a mixing duration of 30s. These parameters
provide homogeneous emulsions and stable conditions for the
whole duration of one experiment, including filling the cuvette,
arranging it within the setup, and acquiring images.

Fig. 1 shows the setup of the imaging system. Samples pro-
duced in the aforementioned way were placed in front of a
CMOS camera (FLIR Blackfly S, mono, 5MP). The CMOS
camera acquires grayscale images in a 16-bit range. Accord-
ingly, the brightness of an individual pixel takes a value
between 0 and 65 535 of the grayscale range.

The camera is equipped with Nikon F60 objective lens
operating with an f number of 2.8 and at a scale factor of
59.7 pixelmm ™. Additionally, a 580-nm high-pass filter is
installed onto the objective lens. The filter has been selected in
compliance with the fluorescence spectrum of Nile red in sun-
flower oil and the illumination source. For fluorescence excita-

1) CMOS camera (Mono, 5MP, 16 bit)

2) Objective lens (f60 mm)

3) High-pass filter (580 nm)

4) Cuvette (filled with Oil in water emulsion added with Nile red)
5) LED illumination (emission peak @ 460 nm)

6) Housing to avoid disturbing light

Figure 1. Schematic setup of the fluorescence imaging methodology for OiW concentration measurements.
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Individual cuvette
grayscale-image

tion, two vertically aligned bands of
blue light-emission diodes (LEDs;
emission peak at 460nm) have
been installed to the left and right
of the cuvette. They ensure an in-
tense and continuous illumination
of the cuvette from both sides,
which is mandatory to achieve
homogeneous fluorescence excita-
tion. A black cardboard frame is
arranged around the cuvette to
reduce disturbance from ambient
light.

2.2 Experimental Procedure
for Oil Concentration
Measurements
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Figure 2. Schematic drawing of the image processing algorithm including all individual steps
ordered from left to right. It starts with a grayscale image, where an ROI has to be defined (white
rectangle). For this area, the calculation of mean value and standard deviation is carried out.

Additionally, the histogram of the grayscale values is analyzed for its skewness and kurtosis.

Finally, a test series investigated the

influence of the oil concentration

on the fluorescence intensity and distribution for suitable con-
stant rotation speed and mixing time, as determined by the
preliminary investigations, i.e., all mixtures have been homoge-
nized during 30s at 12000 rpm to achieve a stable emulsion
during a time sufficient for further optical investigation. These
final tests used the same pure sunflower oil seeded with a con-
stant fluorescent dye tracer of 10 mg of Nile-Red for 1L of
sunflower oil. Then, seven samples of oil-water mixtures with
different OiW concentrations were prepared.

The oil concentration was controlled using a high-accuracy
balance (RADWAG; measurement precision of 0.1 mg). In this
way, it was possible to prepare oil-water mixtures containing
200 mL of water and a corresponding amount of sunflower oil.
The sunflower oil density was measured as 865 kg m™, which
leads to a volumetric concentration of 1.15x10™ L of oil per
liter of water for the absolute oil content of 0.02 g. This concen-
tration can be also expressed in ppm, which yields a value of
100 ppm for the absolute oil content of 0.02 g. Tab. 1 summa-
rizes the corresponding values for all cases.

2.3 Image Processing Algorithm
For image processing, an image analysis algorithm has been
coded using Matlab environment (Version R2019, from The

MathWorks Inc.). The algorithm sequence is displayed in
Fig. 2. The image processing sequence starts by reading the raw

Table 1. Conversion table for different oil concentrations.

images, which come as grayscale images. The grayscale is
directly proportional to the fluorescence signal produced by
the sample illuminated in the cuvette. Subsequently, a region of
interest (ROI) is automatically set. This is necessary to avoid
regions with strong optical distortion near the edges of the
cuvettes. Since all cuvettes were located exactly at the same
place, the ROI always corresponds to identical pixel regions
within the image, i.e., 400 pixels in x-direction (horizontal) and
500 pixels in y-direction (vertical), leading to 200 000 pixels in
total. Grayscale intensities (average value of pixel intensity)
and distribution (standard deviation of pixel intensity) have
been evaluated for this area. Finally, the resulting intensity
value is correlated with the known OiW concentration.

Later on in a detailed analysis, the histogram of the grayscale
values within the ROI is calculated. The structure of this histo-
gram was found to correlate with the oil concentration and
may be used for further clarification of the exact oil concen-
tration.

3 Experimental Results and Discussion

First experiments with constant OiW concentrations (1 mL oil
per 200 mL water) have been used to assess the temporal stabil-
ity. Different mixing intensities lead to emulsions with varying
oil distribution and temporal stability. A global characterization
of the mixing efficiency can be obtained from images that have

Sample Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6 Sample 7
Absolute oil content [g] 0.002 0.01 0.02 0.05 0.1 0.15 0.2

Exact mass concentration [g L 0.01 0.05 0.1 0.25 0.5 0.75 1

Exact volume concentration [LL™] 1.15x107° 5.78x107 1.15x107* 2.89x107* 5.78x107* 8.67x107 1.15x107
Exact mass concentration [ppm] 10 50 100 250 500 750 1000

Chem. Eng. Technol. 2021, 44, No. 7, 1343-1349
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been acquired directly after the mixing ended (corresponding
to time ty).

Fig. 3 indicates the initial state of the emulsion for mixing
speeds between 6000 and 12 000 rpm. Obviously, mixing below
10000 rpm is not sufficient for homogenization of the oil-
phase within the water. A significant oil layer exists at the sur-
face of the liquid mixture. In contrast, an apparently homoge-
neous emulsion with sufficient temporal stability is achieved
when mixing at 10000 and 12000 rpm, justifying again why
the latter value has been retained for all final experiments.

Figure 3. Initial state of the emulsion as obtained immediately
after homogenization at 6000, 8000, 10000, and 12000 rpm
(from left to right) during 30s.

The colored images in Fig.3 have been captured in addition
to the fluorescence images in order to visualize the very fast
oil-water separation found at lower homogenization intensity
(rotation speed lower than 10000rpm). Repeating several
times these experiments it was possible to exclude any influ-
ence of preparation and handling of the samples on the final
results. Using single-use pipettes avoids any kind of pollution
during the filling procedure, but may lead to slightly different
filling levels as seen in Fig. 3. However, the total volume or fill-
ing level in one cuvette does not affect the emulsion stability
and the analysis since it is carried out for a representative area
(ROI, white rectangle in Fig. 2), selected at a sufficient distance
from all boundaries (liquid surface or walls).

3.1 Fluorescence Intensity Calibration

The homogenization process described up to now ensures a
stable emulsion for a duration allowing suitable optical mea-
surements. For the success of the project, the optical properties
and in particular the fluorescence intensity should vary unique-
ly with the OiW concentration. A higher fluorescence intensity
leads to a larger pixel intensity in the grayscale image when the
oil concentration is higher, and vice versa. Accordingly, the
fluorescence intensity is a measure for the OiW concentration,
provided the corresponding calibration function is known. This
conversion or calibration function uniquely relates the gray-
scale intensity of the image to the OiW concentration and is
the central objective of this study, together with the corre-
sponding procedure.

Fig. 4 presents the spatially averaged grayscale or fluores-
cence intensity I e, as function of different oil concentrations
directly after homogenization. From this figure it is clear that
the intensity value correlates uniquely with the oil concentra-
tion; an increment in oil concentration leads to a clear increase

x10

Fluorescence intensity [arbitrary units]
\

0 . . . .
0 200 400 600 800 1000

OiW concentration [ppm]

Figure 4. Fluorescence intensity (average grayscale value for
the ROI given in grayscale unit between 0 and 65 535) as func-
tion of OiW concentration. For the horizontal axis, the OiW con-
centrations listed in Tab. 1 have been used.

of the intensity value. Hence, the image intensity can be safely
used to measure the oil concentration.

Assuming a linear correlation between fluorescence signal
and OiW concentration, a first-order polynomial function can
be fitted to the measurements:

Iean =aa+b (1)

with the coefficients a” = 50.8 in grayscale unit per ppm and
b = 5570 in grayscale unit. The high quality of this fit can be
quantified with * = 0.991. The calibration function is plotted
as dash-dotted line in Fig.4. As the coefficients indicate, there
is a background offset in the fluorescence intensity of
5570 grayscale unit. Moreover, the resolution is at 50.8 gray-
scale unit per ppm.

However, the optical method developed in this project is not
capable to clearly distinguish OiW concentrations in the lowest
concentration range (below 100 ppm) based only on the mean
intensity. This is clearly visible in Fig. 4, in which the two sym-
bols corresponding to the lowest oil concentrations show only
minor difference regarding the measured intensity values.
There are at least two solutions to overcome this issue. One
solution would be to increase the dye concentration within the
oil phase. This would result in an overall higher fluorescence
intensity for all oil concentrations; however, one would lose
information on the other end, due to saturation of the fluores-
cence signal for high oil concentrations.

Another way to overcome this issue is to take a closer look at
the fluorescence or gray level intensity distribution. A lower oil
concentration means less fluorescence light emitted by oil
droplets within the emulsion. The intensity distribution of the
images changes accordingly, such that there is a low number of
bright pixels produced by single oil droplets aside of a large
number of dark pixels, coming from the non-fluorescent water

1)  List of symbols at the end of the paper.
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content of the emulsion. This results in a highly skewed inten-
sity histogram and is quantified by the corresponding higher-
order moments of this distribution.

Exemplarily, the gray level distribution is depicted in Fig.5
for the three lowest OiW concentrations. Obviously, the distri-
bution functions differ significantly, even if the mean value
shows only a difference of around 3000 (in grayscale unit of a
16-bit range). The structural difference in the intensity distri-
bution functions can be better quantified using the higher-
order moments, here the third- and fourth-order moments
known as skewness and kurtosis.

The skewness and kurtosis of the intensity distribution func-
tions can be correlated with the OiW concentration as well.
They yield a much better insight for the lower concentration
range and allow a detailed analysis for the OiW concentration
over three decades (10 to 1000 ppm), with a constant dye con-
centration. The resulting correlation curves are illustrated be-
low in Fig. 6. It can be seen that this procedure improves the
information exactly where it is needed. Both, skewness and
kurtosis values strongly increase with decreasing OiW concen-
tration and can be fitted using a power law function with nega-
tive exponent.

The power law function used to fit the skewness of the fluo-
rescence intensity PDF follows the form of:

U3 4 = aa® + ¢ (2)

with the coefficients a = 24.49, b = -0.22, and ¢ = -5.19. The
quality of the fit, 7 = 0.999, is even better than for the mean in-
tensity value. In a similar way, the results for the kurtosis of the
fluorescence intensity PDF are fitted to the OiW concentration.
The corresponding power law fit has the coefficients a = 814.7,
b=-0.68, and ¢ = -6.82 and a goodness of ¥ = 0.999.

In conclusion, the detailed description of the fluorescence in-
tensity distribution as function of the OiW concentration per-
mits oil concentration measurements in a wide concentration
range, from 10 to 1000 ppm. An extrapolation or assignment
even below 10 ppm seems possible. However, this concentra-
tion range was not investigated in this study. Further investi-
gations will check the applicability as a function of camera
settings and sensitivity.

For practical use, a first estimate of the oil concentration is
possible based on the mean intensity. If this estimate turns out
to be as low as 100 ppm or less, a second estimate based on the
skewness or kurtosis of the fluorescence intensity PDF for clari-
fication is suggested.

Tab. 2 provides a summary of the correlation values obtained
for the individual OiW concentrations. The method to improve
the discrimination of lower OiW concentrations revealed that
there is a certain amount of fluorescence intensity saturation at
the highest OiW concentration of 1000 ppm. Even if the aver-
age grayscale intensity and peak of the distribution function is
well below the maximum value of the resolved intensity range
(~ 65000 in grayscale unit), a significant part of the PDF is cut
off with the current setup. Accordingly, no values for skewness
and kurtosis have been calculated for this case.

For a better understanding of how accurately fluorescence
imaging works in this type of emulsions, even more detailed
experiments are required. Generally, it is challenging to apply
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Figure 5. Probability density function (PDF) for the grayscale of
the ROI pixels, exemplarily shown for OiW concentrations of 10,
50, and 100 ppm (ordered from top to bottom). The x-axis repre-
sents the grayscale level, which is provided in addition as
legend below the x-axis.

optical measurement concepts in emulsions [22,23]. Accord-
ingly, our future work will focus on coupling the fluorescence
imaging with a microscopic analysis. Simultaneously acquired
results can reveal the influence of the emulsion structure on
the fluorescence signal.
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Figure 6. Correlation curves of skewness (top) and kurtosis (bot-
tom) as function of the OiW concentration.

4  Conclusions

The procedure presented in this paper describes all steps
required for accurate, image-based OiW concentration mea-
surements. It is first essential to prepare homogeneous and suf-
ficiently stable OiW emulsion samples, in order to enable reli-
able and accurate optical analysis. It has been shown that the
homogenization process of sunflower oil and water is satis-

factory when stirring with at least 10000 rpm for 30s. The
stability reached after homogenization at 12 000 rpm was suffi-
cient for all optical measurements in this study. An even higher
mixing intensity might lead to slightly increased stability of the
emulsions and will be considered in future tests.

A longer mixing duration, i.e., more than 30s, showed no
benefits for the stability. It might ultimately lead to issues due
to increased heat transfer and corresponding changes in the
emulsion structure.

A detailed description of the emulsion sample preparation,
stability, and calibration process was, to the best of our knowl-
edge, not available in the literature yet. Moreover, this type of
information is omitted usually in the technical description of
commercial OiW concentration measurement and monitoring
devices. Therefore, the findings of this study are valuable for an
accurate quantification of low OiW concentrations down to
10 ppm as found, e.g., during the separation process using the
modified Pitot-tube jet pump.

Transferring the findings of this study to an in-line concen-
tration measurement concept relies on strictly conserving the
setup and operating parameters of the offline methodology.
However, the measurements become more complex. In parti-
cular, obtaining a thorough homogenization in an in-line
arrangement will require additional investigations. Moreover, it
is desirable to validate the concentration measurement results
with other measurement principles, like oil droplet sizing and
counting approaches.

Eventually, the fluorescence setup will be ready to perform
in-line OiW concentration measurements in the pilot plant
and allow for further optimization of the Pitot-tube jet pump
separation technique.
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Table 2. Summary of OiW concentration and corresponding representation as mean grayscale intensity and higher-order moments of

the intensity distribution.

Rounded OiW concentration [ppm] I_mean [grayscale unit]

Third-order moment of PDF - Fourth-order moment of PDF -

skewness kurtosis
10 6682 9.556 163.875
50 7453 5.241 50.433
100 9766 3.712 30.234
250 14 649 2.001 9.981
500 28784 1.0043 5.061
750 41120 0.6121 3.641
1000 58082 - -
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Sym bols used [71 MARPOL 73/78, International Convention for the Prevention
of Pollution from Ships, 1973.
a [grayscale unit; ppm] coefficient in linear and power [8] J. Lindner, H. Nirschl, Sep. P?trzf. Technol. 2014, 131, 27-34.
law fit (unit given for linear fit) DOLI: https://do.l.org/10.1016/].seppur.2014.q4.019
b [grayscale unit] coefficient in linear and power [9] K. Menzel, J. Lindner, H. Nirschl, Sep. Purif. Technol. 2012,
gray p .
law fit (unit given for linear fit) .92, 122-128. DOI: https://doi.org/10.1016/
c [-] coefficient of power law fit Jseppur.2011.07.035 . .
g [m s’z] gravitational acceleration [10] N. Kharoua, L. Khezzar, Z. Nemouchi, Pet. Sci. Technol.
R R . 2010, 28 (7), 738-755. DOL: https://doi.org/10.1080/
Imean  [grayscale unit] grayscale intensity value
2 . . 10916460902804721
r -] correlation coefficient of fit [11] R. Sabbagh, M. G. Lipsett, C. R. Koch, D. Nobes, in Proc. of
Greek letters the Int. Mechanical Engineering Congress and Exposition,
Montreal 2014.
a [%] oil concentration [12] D. Stanbridge, R. Swanborn, C. P. Heijckers, Z. Olujic, Com-
i [-] fit of skewness or kurtosis to put. Aided Chem. Eng. 2000, 8, 391-396. DOI: https://
QiW concentration doi.org/10.1016/S1570-7946(00)80067-X
p (kg m™] mixture density [13] A. Belaidi, M. Thew, Chem. Eng. Res. Des. 2003, 81 (3),
305-314. DOL: https://doi.org/10.1205/02638760360596856
Abbreviations [14] M. Bennett, R. Williams, Miner. Eng. 2004, 17 (5), 605-614.
) . DOL: https://doi.org/10.1016/j.mineng.2004.01.021
OiW  oil in water [15] M. Meyer, M. Bohnet, Chem. Eng. Technol. 2003, 26 (6),
PDF  probability density function 660-665. DOL https://doi.org/10.1002/ceat.200390100
PT]  Pitot-tube jet (pump) [16] E. Perfect, C. Rowley-Williams, C. Mackenzie, A. Moussavi,
ROI  region of interest US Patent 9 005 988-B2, 2015.
[17] P. Lambert, J. Hazard. Mater. 2003, 102 (1), 39-55. DOI:
https://doi.org/10.1016/S0304-3894(03)00201-2
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