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IMAGE ACQUISITION AND PROCESSING Photoletrx app A miniaturized method using a portable device

with digital image acquisition and PhotoMetrix
PRO app data treatment was developed for the
determination of basic nitrogen content in diesel
oil. The method was based on the colorimetric
titration described in the UOP 269-10 standard
method. A homemade 3D-printed chamber with
controlled light intensity equipped with an USB
camera was used for image acquisition after an
MODEL EVALUATION : o . ) :
acid-base titration reaction, carried out in a
R?, RMSEC, . s . . ..
. RMSECV, miniaturized device. After mixing reagents and
RMSEP f . . .
diesel oil, the images were obtained and
converted into RGB (red, green, and blue)
— histograms, and a partial least squares (PLS)
6 8 . . . .
Predicted, mg kg multivariate calibration model was constructed.
Parameters of the regression model were
evaluated, by the coefficient of determination (R?), the root mean squared error of calibration (RMSEC),
the root mean squared error of cross-validation (RMSECYV), and the root mean squared error of prediction
(RMSEP). Some conditions for the acid-base titration were optimized, such as the concentration of the
indicator (68.0 to 272 ymol L") and the titrating (HCIO4, 0.179 to 1.79 mmol L"), as well as the volume of
diesel oil. With 60 uL of 2.54 mmol L indicator solution, 20 uL of 20 mmol L' HCIO4 as titrating and using
50 to 1000 uL of diesel oil, optimal conditions were obtained for calibration (RMSEP of 0.377 mg kg,
RMSECYV of 0.307 mg kg with 4 factors). It is important to mention that no differences were observed (p
< 0.05) when comparing reference values with the results by the proposed protocol. This proved to be
advantageous in relation to the methods described in the UOP 269-10 standard since it was possible to
reduce the consumption of reagents and waste generation, in agreement with green analytical chemistry.
In addition, this alternative protocol combines simplicity and speed to obtain results with good accuracy,
precision and suitable limit of quantification (1 mg kg'), using a miniaturized system.
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INTRODUCTION

Diesel oil is a crude oil fraction mainly used as a fuel in marine vessels, automobiles, civil construction,
agricultural and locomotive machinery, in addition to power generating units. This fuel is obtained from crude
oil distillation with some contaminants, mainly sulfur and nitrogen compounds.'? Among the most common
nitrogen compounds are quinolines, carbazoles, pyridines, indoles, pyrroles, acridine, and aniline.'3 Those
with basic behavior (mainly pyridine and quinoline) can affect the catalysts used in the processing units,
act as poisoners (at low temperatures) or inhibitors (at high temperatures), making the process difficult and
increasing costs.*% Furthermore, these basic compounds can react with acids present in crude oil, such as
carboxylic acids and/or acids formed during the refining process, which can result in the formation of organic
salts, leading to encrustation and clogging of equipment and pipes.28 In general, nitrogen compounds can
change color, odor, and stability of final products.” Nitrogen-neutral compounds (such as pyrroles, indoles,
and carbazoles) can directly affect processes and equipment in crude oil processing units by forming
gum/polymerization and can restrict the catalytic activity on hydrodesulfurization (HDS).*%8 Besides that,
nitrogen compounds are linked to environmental impacts, such as atmospheric pollution through the
emission of particulate matter, polluting gases, and acid rain."3

To decrease the environmental impact due to the use of fossil fuels, regulatory agencies in several
countries have been implementing programs to reduce emissions,® and standard methods are stablished
to monitor contaminant levels in fuels.™® In Brazil, the National Agency of Petroleum, Natural Gas and
Biofuels (Agéncia Nacional de Petréleo, Gas Natural e Biocombustiveis, ANP) defines the specifications
of diesel oil.¢ Although there is no legislation limiting the amount of total nitrogen in diesel oil (such as
for sulfur), it is essential to know its concentration, as well as the types of compounds, mainly the basic
fraction. In contrast to the set of options available for total sulfur determination and determination of sulfur
compounds, nitrogen determination is less common, and just a few methods are available. According to
standard methods, total nitrogen determination can be performed using total analyzers and acid digestion
followed by titration."-'* Each standard describes a technique that suggests the type of sample that is
covered, as well as suggest a nitrogen concentration range to assure accuracy. The most common choice
for total nitrogen in diesel oil is ASTM D 4629 that consists in a controlled fuel combustion in a heated tube
followed by chemiluminescence detection.™

When trying to understand the profile of nitrogen content (that means, differentiating basic and non-basic
nitrogen) analytical methods are most devoted to the screening and quantification by separation techniques
(mainly chromatography) hyphenated to element-specific detection or mass spectrometry.’>'® In spite of
their suitability and powerful detection capability, such techniques entail a higher cost to implement in
laboratory routine, as well as can be carried out following relatively time-consuming protocols, from sample
preparation to detection.”'®'” Thinking about having simple strategies for quality control laboratories, it is
interesting to develop methodologies that are low cost and provide quick response, even if they do not
allow the speciation of nitrogenous compounds, but simply provide the determination of the basic fraction.

To obtain this information, the UOP 269-10 standard method describes two protocols for determining the
basic nitrogen content in fuels. The application of such a standard does not require any sample preparation
step and can be easily implemented in routine laboratories. The described methods are based on titrimetric
analysis with potentiometric or colorimetric detection to identify the end of the titration.'® However, one of
the main disadvantages of using the methods described in this standard is the consumption of a large
amount of sample (about 100 mL) and reagents (mainly acetic acid, about 200 mL per run), which is
the opposite of what is recommended in the principles of green chemistry.’ Considering this aspect, the
development of alternative methods is an important issue.

Colorimetry is based on measuring color to describe it numerically. Color perception can be influenced
by some parameters, such as the nature of lighting, optical properties (reflection and transmission), and
the response of the human eye. In a simple way, colorimetry can be based on the separation of RGB color
components (R-red, G-green, B-blue), working in an analogous way to the system of human vision.?%?!
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Obtaining digital images for analytical purposes has gained increasing interest, being a simple method,
easily applicable, and providing a quick response.? In this sense, colorimetry can be easily combined
with obtaining digital images by cell phones, photographic cameras, endoscopes, and scanners, among
others. This combination is possible since the digital image has pixels containing the primary colors: red,
green, and blue. In each pixel, there are different values (0 to 255) of each color, generating several
combinations and, consequently, colors. Helfer et al.? proposed a free smartphone application called
PhotoMetrix, capable of obtaining digital images, treating them, proposing chemometric models, and
evaluating their respective figures of merit, allowing several applications. It is available on digital platforms
for Android or Windows phone operating systems and has two versions for capturing images: the PRO
version (smartphone camera) and the UVC version (external camera, e.g. endoscope).??

After obtaining the images, the application converts the RGB channels into their respective histograms,
making conventional univariate analysis possible, as well as multivariate analysis using chemometric
models. In addition, the simplicity of using the application, the speed of obtaining and processing data,
the intuitive interface, and obtaining immediate results make this approach advantageous for some
developments. One of the main advantages of this application is the possibility of calibration in different
color scales, not limiting the applications to colorimetric methods that have only a single color scale.??

Several studies have demonstrated the combination of colorimetry and digital images for analytical
purposes, including some protocols for fuels. The use of digital imaging has proven to be efficient for
quickly determining the amount of biodiesel present in diesel.?* Other studies have demonstrated the
application of this approach for the determination of salt in crude 0il,?® and calcium and magnesium in
biodiesel.?®

Based on the aforementioned aspects, as well as the need to characterize the basic nitrogen content
in diesel oil without sample pre-treatment, combined with the disadvantages associated with the official
standard (slowness, use of large amounts of sample and reagents), it is of paramount importance to
develop a method that can be suitable and advantageous from the analytical point of view. Ideally this
method should be simple, robust, low cost, and, preferably, miniaturized. Thus, the objective of this work,
was the development of a miniaturized protocol based on colorimetry with digital images in a portable
device for determining the basic nitrogen content in diesel oil without sample preparation, with minimum
consumption of reagents and simple instrumentation.

MATERIALS AND METHODS
Instrumentation

Colorimetric analysis with digital image was performed using a portable device equipped with a 7 mm
USB camera (intelligent endoscope model, B-Max, China) with a resolution of 640 x 480 pixels and a 6 W
light emitting diode (LED). The device was designed (Solidworks 3D Premium 2008, USA) and printed by
fused deposition using polylactic acid (PLA) in a 3D printer (model Core A3 V2, GTMaX 3D, Brazil).

Images were acquired using an USB camera connected to a notebook (ldeapad S145 model, Lenovo,
Intel Core i7-8565U, Brazil). The PhotoMetrix PRO application (free for download on Android, iOS, and
Windows systems) was used to obtain images and process data. To use the application on the notebook,
it was necessary to install an emulator (BlueStacks App Player, Bluestacks System Incorporated, USA),
also available free of charge. The colorimetric reaction was performed inside a 2 mL round bottom flask
(Cralplast, Brazil), which was inserted inside the portable device for image acquisition. Figure 1 shows the
system and a typical analysis run (in detail).

Reference values for basic nitrogen content were obtained following the UOP 269-10 standard method,
by potentiometric titration. An automatic titrator (model Titrando 836, Metrohm, Switzerland) with magnetic
stirring and a combined pH glass electrode for non-aqueous medium (model 6.0262.100, Metrohm,
Switzerland) were used.

Total nitrogen content in diesel oil was determined using a total nitrogen and sulfur analyzer (Antek
Instruments, model 9000 series NS, USA) following the ASTM D 4629-04 standard with direct sample
injection.?
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Figure 1. Homemade portable device used for the acquisition of images: the first step corresponds to
reagents and sample mixing for the colorimetric reaction (1), followed by the second step that is the
image acquisition by adding the flask into the homemade device (2), and the third step corresponds to
the data acquisition and processing (3).

Reagents and samples

The determination of basic nitrogen was performed using a 10 mmol L' HCIO, solution (colorimetric
method) or 2 mmol L' HCIO, solution (potentiometric method), prepared from HCIO, P.A. (70%, Merck,
Brazil) in glacial acetic acid (Vetec, Brazil). The titrant was standardized with tris(hydroxymethyl)
aminomethane (THAM, Merck, Brazil) solubilized in glacial acetic acid. The crystal violet indicator used for
all experiments (2.54 mmol L") was prepared in glacial acetic acid according to the UOP 269-10 standard
by dissolving 0.1 g of the reagent in 100 mL of solvent. The calibration curve (0 to 10 mg kg of N) was
made using pyridine P.A (Merck, Brazil) solubilized in glacial acetic acid (Vetec, Brazil) for total nitrogen
determination. These same reagents were used for the development of the colorimetric method. For this,
the calibration curve was prepared by sequential dilution of a 70 mg kg™ stock nitrogen solution prepared
from pyridine P.A (Merck, Brazil), in glacial acetic acid (Vetec, Brazil), with specific volumes of indicator
and HCIO,.The amount of nitrogen standard, indicator, HCIO,, and acetic acid changed according to the
parameter under investigation for each set of experiments, but the total volume inside the flask was always
maintained at 1120 yL. The exact values for each reagent are listed in Table S1 (Supplementary Material).

The samples selected for the development of this work were identified as DO1 to DO10. They were
acquired at local gas stations (DO1 to DO5 and DO10), as well as were available from previous technical
agreements where they were used for other studies (DO6 to DO9). The sample DO1 to DO5 were labeled
as “S10 type” (up to 10 ppm of S) at the gas station and the sample DO10 was labeled as “S500 type”.
Diesel oil DO9 was used to optimize the method conditions since it contains a higher concentration of
nitrogen and a greater amount was available.

Reference procedure: determination of basic nitrogen content

The basic nitrogen content was determined according to the UOP 269-10 standard® by potentiometric
titration. About 1 g of diesel oil was placed in a flask, solubilized in 5 mL of toluene and 30 mL of acetic
acid. Then, the titration was performed with a previously standardized 2 mmol L' HCIO, solution in acetic
acid medium. The end of the reaction was monitored with a pH electrode for non-aqueous medium. For
comparison, basic nitrogen content was also determined using the colorimetric method described in the
same standard. For this, about 25 g of diesel oil was solubilized in 100 mL of acetic acid and titrated with
a previously standardized 10 mmol L' HCIO, solution in acetic acid medium. The end of the reaction was
monitored by the color transition from purple to dark blue.
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Method development optimization: miniaturized colorimetric method in a portable device

The development of a protocol for determining basic nitrogen in diesel oil was performed using the
homemade system with an USB camera to obtain the images and PhotoMetrix PRO for processing
and treatment. Multivariate calibration mode by partial least squares (PLS) regression was selected in
the PhotoMetrix PRO app, using the values obtained by the intensity variations of the RGB channels.
Experiments for optimization were carried out using standard solutions of basic nitrogen (pyridine, 0 to
10 mg kg'N), with the addition of HCIO, (0.179 to 1.79 mmol L") and crystal violet indicator (68 to 272
umol L'). The volumes of the solutions were evaluated by keeping the volume inside the flask constant
at 1120 uL with acetic acid. For the calibration curve (0 to 10 mg kg N), a specific amount of standard
solution was mixed with HCIO,, indicator, and acetic acid, directly into a microtube (2 mL, conic flask).
The same procedure was carried out for sample analyses, but the sample mass was changed depending
on the basic nitrogen concentration. In both situations, the microtube was placed inside the homemade
chamber and the images were acquired. The images were obtained right after the preparation of the
standards, with a region of interest of 64 x 64, lighting at 80 Ix (maximum possible for the system), and the
camera at a distance of 2.19 mm from the flask. All PLS models were evaluated according to the coefficient
of determination (R?), the slope and the interception values, the root mean squared error of calibration
(RMSEC), the root mean squared error of cross-validation (RMSECV), and the root mean squared error
of prediction (RMSEP).

After the univariate optimization, a rotational central composite design (RCCD) of 8 experiments,
including six axial points and four repetitions at the central point was carried out. Three independent
variables were evaluated, which were defined as indicator volume, HCIO, volume, and the concentration of
HCIO,. This RCCD was carried out using DO9 sample, and the coded values and real values, are shown
in Table I. The results were evaluated using StatSoft Statistica Enterprise software, version 10.0, 2010.

Table I. Rotational central composite design variables and their real/codified values for the
optimization of the colorimetric method for basic nitrogen compounds in diesel oil

Independent variables

Coded values

Indicator (uL) HCIO, (uL) HCIO, (mmol L)
-1.68 1.20 3.20 3.20
-1 25 10 10.0
0 60 20 20.0
+1 95 30 30.0
+1.68 118.8 36.8 36.8

RESULTS AND DISCUSSION
Reference procedure: determination of basic nitrogen content

Initially, all diesel oil samples were determined in terms of basic nitrogen content, following the
potentiometric and colorimetric titration protocol, both described in the UOP 269-10 standard method.
The results by the potentiometric method were considered reference values for the optimization of the
alternative method with the miniaturized system and are presented in Table Il. In general, the diesel oil
samples presented low concentrations of basic nitrogen and total nitrogen content from 28.7 to 154
mg kg'. Based on the results, the DO9 sample was selected for the development of the miniaturized
method. In addition, the sample (DO2) was also used during the experiment to check the method accuracy
for samples with a low concentration of basic nitrogen.
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Table Il. Basic nitrogen content in diesel oil, following the UOP 269-10 standard method and total nitrogen content
by ASTM D 4629

Basic nitrogen content® mg kg

Sample Densitsya _ _ _ ; Total nitrog_:|en_1contentb
gcm Potentiometric method Colorimetric method mg kg

DO1 0.8427 <5 nd 40.2+0.2

DO2 0.8417 <5 nd 28.7+0.8

DO3 0.8501 27.0+3.0 20445 116 £ 10

DO5 0.8298 <5 <0.5 <10

DO6 0.8430 <5 nd <10

DO9 0.8664 66.3 £ 6.0 62.2+1.9 154 £ 6

DO10 nd 20920 23924 85.1+1.8

a Determination performed at 20 °C.  Values expressed as average + standard deviation. nd: not determined (insufficient amount
of sample).

Method development optimization: miniaturized colorimetric method in a portable device

The standard method for determining basic nitrogen in fuels describes two titration procedures: one
potentiometric and the other colorimetric. For both, the determination can be performed directly on diesel
oil, without the need of using a sample pre-treatment step. Considering that both standards recommend
using high volumes of reagents (mainly acetic acid and toluene), a miniaturized procedure was optimized
to reduce waste generation.

Since colorimetric titration is more viable for miniaturization, as well as a reduced cost in relation to the
potentiometric one, an investigation was started to improve this methodology, using a portable system and
digital images. Some conditions of the method, such as the camera focal length, the light intensity, and
the region of interest, were based on the literature.?® For the miniaturization of the colorimetric titration,
the evaluations were made in univariate analysis and the following parameters were investigated: the
concentration of indicator (by changing the added volume in the flask), and the concentration of HCIO,. It
is important to mention that the colors observed in the experiments for basic nitrogen could vary among
yellow, green, blue, or purple, with different intensities for each one. Considering this, all the parameters
were evaluated by making a calibration curve containing pyridine (in an acetic acid medium) as a model
compound for basic nitrogen, at concentrations of 0, 0.1, 0.5, 1, 5, and 10 mg kg N. All calibration curves
were evaluated according to the number of samples and factors, the coefficient of determination (R?), the
RMSEC, the RMSECYV, and the RMSEP of the multivariate PLS model, selected directly in the PhotoMetrix
PRO. It should be mentioned that for all procedures, the proportion of pyridine standard:acetic acid volume
was maintained at 1:1, as well as the total volume inside the flasks at 1120 yL. Additionally, the number of
standard solutions used to obtain the PLS model and to calculate the RMSEP models was kept constant
for all experiments. For the calibration, four replicates of each standard (ranging from 0 to 10 mg kg of
basic nitrogen) were used, totalizing 24 solution flasks. To calculate the RMSEP models, 20 standard
solutions (at least), and two diesel oil samples (containing different concentrations of basic nitrogen) were
used, and each one was analyzed four times.

Finally, it is important to mention that according to the UOP 269-10 standard method, a color change
occurs depending on the reaction between basic nitrogen, perchloric acid, and crystal violet indicator. The
color starts yellow at the beginning of the titration (meaning high basic nitrogen content) and changes to
purple passing through green and blue. Thus, when the purple color is observed, there is an excess of
perchloric acid, and no further color change can be observed. This change of color scale is also considered
to evaluate the calibration curve and help to choose the best PLS model.
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Indicator concentration

Considering that the indicator volume will affect the intensity of color formation, the PLS model
response was evaluated for 30, 60, 90, or 120 uL, which corresponds to 68.0, 136, 204, and 272 umol L',
respectively. For this experiment, a calibration curve (0 to 10 mg kg™ of basic nitrogen) was evaluated for
all indicator volumes, and the best condition was chosen according to the parameters obtained from the
calibration curve and RMSEP values. Some conditions were kept constant, being the total volume in the
tube as 1120 pL and with 60 uL of 20 mmol L' HCIO,. The results obtained are shown in Table III.

Table lll. Results obtained by PLS model after colorimetric reaction and digital image acquisition for 0 to 10 mg kg
basic N by changing the indicator concentration (number of factors = 3)

Indicator concgntration Slope Intercept R? RMSE? RMSE(?V RMSE!’
pmol L mg kg mg kg’ mg kg

68.0 0.990 0.0249 0.990 0.375 0.960 1.88

136 0.996 0.0120 0.996 0.237 0.687 1.57

204 0.990 0.0283 0.990 0.360 1.15 4.20

272 0.996 0.0120 0.968 0.659 1.33 1.48

The best model presented a higher R?, and the lowest error of calibration, cross-validation, and prediction
(RMSEC, RMSECV, and RMSEP, respectively). Based on that, the best results were obtained using 136
pumol L' of indicator (60 uL), with better R? value and lower RMSEC and RMSECYV values. Besides the
RMSEP value being similar to the best condition, the use of a larger volume of the indicator (272 pymol L™
or 120 pL of 2.54 mmol L") was not feasible for this method, since it resulted in a quite intense coloring.
Furthermore, it was the worst R? and resulted in the highest RMSEC and RMSECYV values, probably as
a consequence of that. As a low-resolution camera was used to obtain the images, the colors that were
very intense ended up resulting in non-significant intensity variations at the RGB channels (Figure 2). This
impaired adequate distinction between the standards from the calibration curve. In this sense, 60 pL of
2.54 mmol L' indicator solution (136 umol L") was chosen for the next experiments.

Basic nitrogen concentration, mg kg-! Basic nitrogen concentration, mg kg-!

10

-
o

y = 0.990x + 0.0249 y =0.996x +0.0120 O
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Figure 2. Calibration curve for basic nitrogen in the miniaturized system using (A) 68 pmol L™
and (B) 272 ymol L' of the indicator using RGB channels and PLS model. Conditions: 60 uL
of 20 mmol L' HCIO, in acetic acid medium, n = 24 (four replicates per standard).
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Evaluation of HCIO concentration

The concentration of HCIO, is an important variable in the method since the acid must be at sufficient
amount to neutralize the basic nitrogen compounds present in the medium, as well as to result in a suitable
color to be identified in the images. Then, the concentration of the titrating HCIO, was evaluated ranging
from 0.179 to 1.79 mmol L' by adding 20 to 90 uL of 10 to 100 mmol L' HCIO,. The indicator volume (136
umol L") and the total volume inside the tube (1120 pL - made up with acetic acid) were kept constant.

As shown in Table 1V, the smallest error of prediction (RMSEP of 0.752 mg kg') was observed using
0.357 mmol L' (which corresponds to 20 uL of the 20 mmol L' HCIO,). It is possible to observe that the
RMSECYV had a slight variation for the different concentrations of HCIO, evaluated. However, an opposite
behavior was observed for the prediction error. The use of 1.79 mmol L' resulted in a prediction error
about four times higher than using 0.357 mmol L' of HCIO,. Therefore, the best condition that resulted in
lower errors was using 0.357 mmol L of HCIO, (equivalent to 20 uL of 20 mmol L"HCIO,).

Table IV. Results obtained by PLS model after colorimetric reaction and digital image acquisition for 0 to 10 mg kg
basic N as a function of HCIO, concentration

HCIO4_ Slope Intercept R? RMSEF: RMSE(‘tV RMSEI_’
mmol L' mg kg mg kg mg kg
0.179 0.995 0.014 0.995 0.265 0.778 2.61
0.357 0.975 0.077 0.974 0.595 0.960 0.752
0.714 0.991 0.031 0.991 0.362 0.882 1.41
0.893 0.999 0.002 0.999 0.098 0.746 1.49
1.07 0.992 0.027 0.992 0.344 1.22 1.77
1.34 0.999 0.005 0.999 0.145 0.772 2.25
1.61 0.980 0.069 0.980 0.572 3.03 2.98
1.79 0.998 0.006 0.998 0.166 0.902 2.98

Rotational central composite design experiments: variables influence

An experimental design was performed to evaluate the influence of variables in the formation of color
and, consequently, in the RGB system. The influence of the indicator volume, and the concentration and
the volume of HCIO, are shown in Figure 3, in a standardized Pareto chart. During the experiments, the
formation of purple color was observed, which indicates an acidic medium (an excess of the titrating
HCIO,). According to the Figure 3, it is possible to observe that for the R (red) channel, almost all variables
(linear and quadratic) were significant and most of them demonstrated that it is necessary to reduce
the amount to perform the experiments (-8.78 and -8.58 values, respectively for the concentration and
amount of HCIO,). About the G (green) channel, it was observed that the amount of indicator volume
was extremely significant and that lower quantities are better (-7.35 value). In addition, the volume and
concentration of HCIO, were significant when related to the indicator volume, but when evaluated each
one alone, no significant influence was observed. The Pareto chart for B (blue) channel (Figure 3) shows
a significant influence combining the volume and concentration of HCIO,, whose ratio is most influenced
when higher concentration is used, combined with low volume of HCIO, or vice versa. Surface responses
(Figure 4) present the influence of each variable.
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A R (red) Channel B G (green) Channel

HCIOy, uL (L) —-a.ss Indicator, pL (L) x HCIO;, mmol L (L) |-2.ss

HCIOy, pL (L) x HCIO4, mmol (i L) 7--7.29 Indicator, pL (L) x HCIO,, pL (L) ‘.2_55
HCI0,, mmol L (Q) ‘-3.39 Indicator, pL (Q) 198
HCIO,, L (Q) |-3.14 HCI0,, mmol L (L) -1.35

Indicator, pL (L) -2.89 HCIO,, pL (L) x HCIO,, mmol L (L) 0.920

Indicator, pL (Q) ]-2.53 HCIO,, L (L) .0.787
Indicator, pL (L) x HCIO,, mmol L (L) |2.41 HCI0,, mmol L (Q) j-o.zu
Indicator, pL (L) x HCIOy, pL (L) :'Z.ZO HCIO,, uL (Q) :‘-0.079

p=0.05 p=0.05

C B (blue) Channel

HCIO,, pL (L) x HCIO,, mmol L (L)
HCIO,, mmol L™ (L)

HCIO,, L (L)

Indicator, pL (Q)

-0.898

.

HCIO,, mmol L (@) -0.880

)

HCIOy, L (Q) -0.749

N

Indicator, pL (L) 0.727

I

Indicator, pL (L) x HCIO,, mmol L (L) 0.713

Indicator, pL (L) x HCIOy, L (L) 0.703

L

p=0.05

Figure 3. Standardized Pareto chart obtained for the results from RCCD experiments for (A) R (red)
channel, (B) G (green) channel, and (C) B (blue) channel.
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A R (red) Channel B R (red) Channel
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C G (green) Channel D G (green) Channel

MS Residual = 316.0661 MS Residual = 316.0661

> 200 I > 200
Il < 180 I <170
[1<130 <120
[ <80 <70
I <30 <20

E B (blue) Channel

MS Residual = 1293.912

Il > 300
I <290
Il <240
[1<190
[ < 140
B < 90
I <40

Figure 4. Surface responses for the results from RCCD experiments for: (/) R (red) channel comparing (A)
HCIO, volume vs concentration and (B) HCIO, concentration vs indicator volume, (i) G (green) channel for
(C) HCIO, volume vs indicator volume and (D) HCIO, concentration vs indicator volume, and (iii) B (blue)
channel for (E) HCIO, volume vs concentration.
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Analytical method parameters

After method development, analytical parameters were evaluated to assess the performance and
feasibility of using the optimized method for diesel oil samples. Calibration was evaluated from 0.1 to 10
mg kg of basic nitrogen, in order to cover samples over a wide range of concentrations. It was possible to
obtain linearity and good response from 1 to 7 mg kg, using 4 factors. Limits of detection (LOD) and LOQ
were 0.880 mg kg™ and 1 mg kg'. The results can be seen in Figure 5, showing R? greater than 0.99 and
a prediction curve with R? of 0.98. From these experiments, good linearity was observed for both curves
(calibration and prediction), and the optimized model was used to accurately quantify a set of samples (see
in the next section). Furthermore, a RMSEP value of 0.377 mg kg was obtained when analyzing a set of
standard solutions as samples.

A 14 B s,
1.0 4 Calibration curve
09 | N y = 0.999x + 0.0028 e
- ’ 6 R? = 0.999 o
o 0.8 -
x o =
> 0.7 - o 51 = 3
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0 1 2 3 4 5 6 7
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Figure 5. Parameters obtained for the calibration curve in the range of 1 to 7 mg kg': (A) RMSECV
values as a function of the number of factors, (B) calibration curve, (C) prediction curve, and (D) color
variation for the set of solutions for the calibration curve, using the optimized conditions. Conditions:
136 pmol L (60 pL) of indicator, 0.357 mmol L' HCIO, (20 pL), total volume of 1120 pL.

Miniaturized colorimetric method for basic nitrogen determination: accuracy evaluation

After defining the suitable conditions, the method was applied to the diesel oil samples described in
Table 1. Initially, 520 uL of the DO9 sample was used, but the model did not respond well. It should be
mentioned that diesel oil was not miscible in the medium and phase separation after addition of all reagents
was observed. This behavior was the same for most of samples, probably as a consequence of additives.
As the UOP 269-10 standard method suggests the use of a specific amount of diesel oil depending on
the concentration of basic nitrogen, it was evaluated whether diesel oil volume would affect the model
response. For this, volumes from 10 to 100 uL of the DO9 sample were evaluated and the results are
presented in Table V.
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Table V. Results for basic nitrogen content in diesel oil by colorimetry using a portable device and digital
image with PhotoMetrix PRO for different sample amount (n = 4)

Diesel oil (pL) Basic nitrogen concentration (mg kg™) Recovery (%)
10 137 £ 35 211+ 54
20 40.2+55 61.8+84
40 61.6+4.5 94.7 +6.9
60 66.2+2.0 86.5 + 3.1
80 747154 115+ 4
100 61.7+3.6 949+57

DO9 = 66.3 + 2.0 mg kg of basic N.

By using 10 or 20 pL, it was observed that the model was not able to identify the basic nitrogen
concentration with accuracy. From the use of 30 pL of sample, it was possible to obtain an agreement with
the results from UOP 269-10 standard method (58.2 + 3.0 mg kg of basic N, 89.5 + 4.6% of recovery). Thus,
the model proved to be efficient to predict the concentration of basic nitrogen under optimal proportion.
From this, the model’s response to other samples was evaluated by choosing a suitable amount of sample
and the results can be seen in Table VI.

Table VI. Results obtained for different samples of diesel oil applying the optimized miniaturized method and the UOP
269-10 standard method (n = 4). Conditions: 136 pymol L of indicator, 0.357 mmol L" HCIO,, 1120 uL of total volume

Basic nitrogen concentration (mg kg™)

Diesel oil
Miniaturized method UOP 269-10 - Colorimetric method Agreement (%)

DO1? 55+04 nd nc
D022 57+0.2 nd nc
DO3P 22724 20445 111
DO5&e <1 <0.5 nc
DO6° <A1 nd nc
DO9¢ 65.4+4.4 62.2+1.9 105
DO10? 20.7+34 23924 115

The following volumes were used: 2500 uL, ®100 L, ¢1000 pL, 950 pL.
nd: not determined (insufficient amount of sample). nc: not calculated.

From the results shown in Table VI, it was possible to see that the proposed method presented good
results, since there was no significant difference (ANOVA, p > 0.05) when compared with those obtained
by UOP 269-10 standard method using the colorimetric procedure. The amount of basic nitrogen fraction
could be different depending on the origin of diesel/crude oil as demonstrated in previous reports (e. g.
214 pg g and 580 ug g').22° Various studies have demonstrated the separation and identification of
basic nitrogen from diesel oils with the use of sophisticated techniques, such as chromatography with
mass spectrometry detector.”'® In spite of they are valuable tools, it is important to emphasize that the
optimized method allows for such information in an easy-to-perform protocol. Furthermore, it was possible
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to determine low concentrations of basic nitrogen, making possible to use the optimized method as a
replacement for the methods proposed in the UOP 269-10 method, avoiding the use of large amounts of
sample and reagents.

As shown in Table VI, the amount of diesel oil changed according to the concentration range. The UOP
269-10 standard method describes the same approach, suggesting that the volume of diesel oil to be used
varies among three different ranges of basic nitrogen concentration. Thus, a similar protocol was proposed
for the miniaturized colorimetric method, as shown in Table VII.

Table VII. Guide for choosing the appropriate volume of diesel oil for the neutralization reaction described in the UOP
269-10 standard method and for the proposed method

UOP 269-10 standard method Miniaturized method
Estimated concentration of Diesel oil Estimated concentration of Diesel oil
basic nitrogen (mg kg) volume (mL) basic nitrogen (mg kg') volume (mL)
0.1-10 200 0.1-10 0.5
11-35 100 11-35 0.1
36 - 100 25 36 - 100 0.05

Green analytical aspects

After optimizing the miniaturized method for the determination of basic nitrogen, an assessment was
made regarding the sustainability of the method, comparing it with the titration procedures described in the
UOP 269-10 standard method, using the Analytical GREEnness-AGREE calculator.' This calculator is a
tool capable of evaluating analytical methods considering the 12 principles of green analytical chemistry,
which are transformed into a green, yellow, and red color scale.

Based on the criteria evaluated for each method, when comparing the colorimetric method described in
the standard with the optimized miniaturized method, it was possible to verify that the sample mass was
reduced by up to 250 times. Besides, it was possible to reduce approximately 100 times the volume of waste
generated and a 5-fold increase in analytical frequency was possible. In Figure 6, a scale ranging from 0
to 1 is shown and refers to a general score of the method regarding sustainability. As close as possible to
1, the more sustainable the method is considered. It was possible to notice that the miniaturized method
obtained a better score (0.62) while the methods described in the UOP 269-10 standard method obtained
a score around 0.4, which classifies them as not very sustainable. Also, from the image, it is possible to
verify that all three methods had low performance for principles 3 and 10 highlighted in red, since analyzes
were not evaluated/used online mode and there was no use of reagents from renewable sources.

Using the miniaturized method, it was possible to comprise several of the principles of green analytical
chemistry. It is possible to highlight principles 2, 5, 7, 8, 11, and 12, dealing with the amount of sample,
automation and miniaturization, waste generation, multianalyte and multiparameter possibilities, reagent
toxicity, and operator safety, respectively. In addition, it is important to note that the optimized method
(Figure 6A) performed from good to excellent (color changing from yellow to green) in at least 10 of the
12 principles of green analytical chemistry (principles 1, 2, 4, 5, 6, 7, 8, 9, and 12), while the titrimetric
methods (Figure 6B and 6C) showed less principles with performance ranging from good to excellent.
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A

0.62

s’

Figure 6. Characteristics of the methods for the determination of basic nitrogen in diesel oil according to green
chemistry principles using the Analytical GREEnness Calculator for: (A) miniaturized method developed in this
work, (B) potentiometric, and (C) colorimetric titration methods, described in the UOP 269-10 standard method.

CONCLUSIONS

To contribute to the context of nitrogen compounds in fuels, a miniaturized method for colorimetric
titration of basic nitrogen fraction in diesel oil was developed using a portable system and digital image
acquisition combined with the PhotoMetrix PRO app. Conditions for the neutralization reaction between
the basic nitrogen compounds and HCIO, as titrating agent were optimized with crystal violet as indicator.
The developed method proved to be advantageous in relation to the methods described in the UOP 269-
10 standard method, since it was possible to reduce the consumption of sample and reagents, minimize
waste generation, aggregating simplicity in obtaining results. The method developed showed to be suitable
to use in routine laboratories, besides the feasibility of use a low-cost system combined with the aspects
of green chemistry. The proposed approach could be easily implemented in refineries’ quality control
laboratories and might contribute to the advances in fuel characterization.

Conflicts of interest
The authors declare no conflict of interest. The founders had no role in the design of the study, in the

collection, analysis, or interpretation of data, in the writing of the manuscript, or in the decision to publish
the results.

Acknowledgements

The authors are grateful to “Conselho Nacional de Desenvolvimento Cientifico e Tecnolégico”
(CNPq, Grant Number 140796/2017-7 by G. D. lop, 314571/2020-5 by P. A. Mello), “Coordenacao de
Aperfeicoamento de Pessoal de Nivel Superior’ (CAPES - Financial Code 001) and “Fundagao de Amparo
a Pesquisa do Estado do Rio Grande do Sul” (FAPERGS, Grant Number 16/2551-0000167-7 by P. A.
Mello).

REFERENCES

(1) Matar, S. Chemistry of Petrochemical Processes, Gulf Publishing Company, Texas, 2000.

(2) Speight, J. G. Handbook of Petroleum Product Analysis, John Wiley & Sons, New Jersey, 2002.

(3) Corro, G. Sulfur Impact on Diesel Emission Control - A Review. React. Kinet. Catal. Lett. 2002, 75,
89-106. https://doi.org/10.1023/A:1014853602908

(4) Suganuma, S.; Arita, K.; Nakano, F.; Tsuiji, E.; Katada, N. Adsorption Kinetics in Removal of Basic
Nitrogen-Containing Compounds from Practical Heavy Oils by Amorphous Silica-Alumina. Fuel
2020, 266, 117055. https://doi.org/10.1016/j.fuel.2020.117055

98


https://doi.org/10.1023/A:1014853602908
https://doi.org/10.1016/j.fuel.2020.117055

lop, G. D.; Holkem, A. P.; de Souza, A. C.; Miller, E. |.; Barin, J. S.; Mello, P. A.

9)

(10)

(11)

(12)

(13)
(14)

(15)

(17)

(18)

Ju, F.; Wu, T.; Wang, M.; Lin, R.; Zhao, M.; Ng, S. H.; Ling, H. Effect of Nitrogen Compounds on
Reactive Adsorption Desulfurization over NiO/ZnO-Al,0,-SiO, Adsorbents. Ind. Eng. Chem. Res.
2019, 58, 13401-13407. https://doi.org/10.1021/acs.iecr.9b01682

Petrobras, Diesel Oil: Tecnical Information (Oleo diesel: Informagées técnicas) https://petrobras.
com.br/data/files/04/93/72/4C/5A39C710E2EF93B7B8E99EA8/Manual-de-Diesel_2021.pdf

Deese, R. D.; Morris, R. E.; Metz, A. E.; Myers, K. M.; Johnson, K.; Loegel, T. N. Characterization
of Organic Nitrogen Compounds and their Impact on the Stability of Marginally Stable Diesel Fuels.
Energy Fuels 2019, 33, 6659-6669. https://doi.org/10.1021/acs.energyfuels.9b00932

Laredo, G. C.; Likhanova, N. V,; Lijanova, I. V.; Rodriguez-Heredia, B.; Castillo, J. J.; Perez-Romo,
P. Synthesis of lonic Liquids and Their Use for Extracting Nitrogen Compounds from Gas Oil Feeds
Towards Diesel Fuel Production. Fuel Process. Technol. 2015, 130, 38-45. https://doi.org/10.1016/j.
fuproc.2014.08.025

Johnson, T. V. Diesel Emission Control in Review. SAE Int. J. Engines 2009, 1, 1-12. https://doi.
org/10.4271/2009-01-0121

Canto, A. S.; Cunha, A. L. M. C.; Mello, S. C.; Aucelio, R. Q. Micelar-Electrokinetic Chromatography
Separation of Nitrogen-Containing Aromatic Compounds in Diesel Prepared as Microemulsion. Braz.
J. Anal. Chem. 2019, 24, 47-62. https://doi.org/10.30744/brjac.2179-3425.AR-14-2019

ASTM, Annual Book of ASTM Standards, Standard Test Method for Nitrogen in Liquid Hydrocarbons,
Petroleum and Petroleum Products by Boat-Inlet Chemiluminescence; ASTM D 5762-2018.

ASTM, Annual Book of ASTM Standards, Standard Test Method for Trace Nitrogen in Liquid Petroleum
Hydrocarbons by Syringe/Inlet Oxidative Combustion and Chemiluminescence Detection; ASTM D
4629-1996.

ASTM, Annual Book of ASTM Standards, Standard Test Method for Instrumental Determination of
Carbon, Hydrogen, and Nitrogen in Petroleum Products and Lubricants; ASTM D 5291-2021.
ASTM, Annual Book of ASTM Standards, Standard Test Method for Total Nitrogen in Lubricating Oil
and Fuel Oils by Modified Kjeldahl Method; ASTM D 3228-2022.

Zhang, G.; Yang, C.; Serhan, M.; Koivu, G.; Yang, Z.; Hollebone, B.; Lambert, P.; Brown, C. E.
Chapter Three - Characterization of Nitrogen-Containing Polycyclic Aromatic Heterocycles in Crude
Oils and Refined Petroleum Products. Adv. Mar. Biol. 2018, 81, 59-96. https://doi.org/10.1016/
bs.amb.2018.09.006

Vargas, V.; Castillo, J.; Ocampo Torres, R.; Bouyssiere, B.; Lienemann, C. P. Development of a
Chromatographic Methodology for the Separation and Quantification of V, Ni and S Compounds
in Petroleum Products. Fuel Processing Technology 2017, 162, 37-44. https://doi.org/10.1016/j].
fuproc.2017.03.027

Adam, F.; Bertoncini, F.; Brodusch, N.; Durand, E.; Thiébaut, D.; Espinat, D.; Hennion, M. C. New
Benchmark for Basic and Neutral Nitrogen Compounds Speciation in Middle Distillates Using
Comprehensive Two-Dimensional Gas Chromatography. J. Chromatogr. A 2007, 1148, 55-64.
https://doi.org/10.1016/j.chroma.2007.01.142

ASTM, International UOP, Nitrogen Bases in Hydrocarbons by Titration; ASTM Method 269-2010.
Pena-Pereira, F.; Wojnowski, W.; Tobiszewski, M. AGREE-Analytical GREEnness Metric Approach
and Software. Anal. Chem. 2020, 92, 10076-10082. https://doi.org/10.1021/acs.analchem.0c01887
Broadbent, A. D. In: Lindon, J. C.; Tranter, G. E.; Koppenaal, D. W. (Eds.). Encyclopedia of
spectroscopy and spectrometry. Academic Press, Oxford, 3@ Edn., 2017, pp 321-327. https://doi.
org/10.1016/B978-0-12-803224-4.00014-5

Gilchrist, A.; Nobbs, J. In: Lindon, J. C.; Tranter, G. E.; Koppenaal, D. W. (Eds.). Encyclopedia of
spectroscopy and spectrometry. Academic Press, Oxford, 3 Edn., 2017, pp 328-333. https://doi.
org/10.1016/B978-0-12-803224-4.00124-2

Fan, Y.; Li, J.; Guo, Y.; Xie, L.; Zhang, G. Digital Image Colorimetry on Smartphone for
Chemical Analysis: A Review. Measurement 2021, 171, 108829. https://doi.org/10.1016/j.
measurement.2020.108829

99


https://doi.org/10.1021/acs.iecr.9b01682
https://petrobras.com.br/data/files/04/93/72/4C/5A39C710E2EF93B7B8E99EA8/Manual-de-Diesel_2021.pdf
https://petrobras.com.br/data/files/04/93/72/4C/5A39C710E2EF93B7B8E99EA8/Manual-de-Diesel_2021.pdf
https://doi.org/10.1021/acs.energyfuels.9b00932
https://doi.org/10.1016/j.fuproc.2014.08.025
https://doi.org/10.1016/j.fuproc.2014.08.025
https://doi.org/10.4271/2009-01-0121
https://doi.org/10.4271/2009-01-0121
https://doi.org/10.30744/brjac.2179-3425.AR-14-2019
https://doi.org/10.1016/bs.amb.2018.09.006
https://doi.org/10.1016/bs.amb.2018.09.006
https://doi.org/10.1016/j.fuproc.2017.03.027
https://doi.org/10.1016/j.fuproc.2017.03.027
https://doi.org/10.1016/j.chroma.2007.01.142
https://doi.org/10.1021/acs.analchem.0c01887
https://doi.org/10.1016/B978-0-12-803224-4.00014-5
https://doi.org/10.1016/B978-0-12-803224-4.00014-5
https://doi.org/10.1016/B978-0-12-803224-4.00124-2
https://doi.org/10.1016/B978-0-12-803224-4.00124-2
https://doi.org/10.1016/j.measurement.2020.108829
https://doi.org/10.1016/j.measurement.2020.108829

Braz. J. Anal. Chem. 2024, 11 (44), pp 85-101.

(23)

(24)

(25)

Helfer, G. A.; Magnus, V. S.; Bock, F. C.; Teichmann, A.; Ferrdo, M. F.; Costa, A. B. PhotoMetrix: An
Application for Univariate Calibration and Principal Components Analysis Using Colorimetry on Mobile
Devices. J. Braz. Chem. Soc. 2017, 28, 328-335. https://doi.org/10.5935/0103-5053.20160182
Soares, S.; Nunes, L. C.; Melchert, W. R.; Rocha, F. R. P. Spot Test Exploiting Smartphone-Based
Digital Images for Determination of Biodiesel in Diesel Blends. Microchem. J. 2020, 152, 104273.
https://doi.org/10.1016/j.microc.2019.104273

Holkem, A. P.; Voss, M.; Schlesner, S. K.; Helfer, G. A.; Costa, A. B.; Barin, J. S.; Mdller, E. |.;
Mello, P. A. A Green and High Throughput Method for Salt Determination in Crude Oil Using Digital
Image-Based Colorimetry in a Portable Device. Fuel 2021, 289, 119941. https://doi.org/10.1016/j.
fuel.2020.119941

Soares, S.; Fernandes, G. M.; Moraes, L. M. B.; Batista, A. D.; Rocha, F. R. P. Single-phase
Determination of Calcium and Magnesium in Biodiesel Using Smartphone-Based Digital Images.
Fuel 2022, 307, 121837. https://doi.org/10.1016/j.fuel.2021.121837

Gemperline, P. Practical Guide to Chemometrics. CRC Press, 2006.

Zhang, J.; Xu, J.; Qian, J.; Liu, L. Denitrogenation of Straight-run Diesel With Complexing Extraction.
Pet. Sci. Technol. 2013, 31, 777-782. https://doi.org/10.1080/10916466.2010.493911

Wen-Shen, L.; Jie, L.; Jin-Bo, L.; Wen-Yu, L. Removal of Basic Nitrogen Compounds from Coker
Diesel Qil by Eutectic lonic Liquid. China Pet. Process. Petrochem. Technol. 2018, 20, 48-54. http://
www.chinarefining.com/EN/Y2018/V20/13/48

Supplementary Material

For the miniaturized method development optimization, the calibration curve was preparing directly in
the measurement flask. The total volume inside the flask was maintained in 1120 yL and was adjusted
with acetic acid. For this, it was calculated the exact volume needed of each reagent to maintain the
concentration according to the evaluated parameter. In general, the volumes used can be visualized in
Table S1.

To perform the indicator concentration evaluation, for example, the added volumes ranged from 30 to
120 pL and to maintain constant the total volume, it was altered the acetic acid volume. The same strategy
was used for all parameters evaluation.

Table S1. General volumes add for calibration curve preparation in the optimized condition

Reagent volumes adds (pL)

Basic nitrogen Total Volume
IR U ([ L2 . 70 mg kg" Acetic acid Indicator HCIO, HL
nitrogen standard 20 mmol L'
0 0 1040.0 60 20 1120
0.1 1.6 1038.4 60 20 1120
0.5 8 1032.0 60 20 1120
1 16 1024.0 60 20 1120
2 32 1008.0 60 20 1120
3 48 992.0 60 20 1120
4 64 976.0 60 20 1120
5 80 960.0 60 20 1120

(continues on the next page)
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Table S1. General volumes add for calibration curve preparation in the optimized condition (continuation)

Reagent volumes adds (pL)

Basic nitrogen Total Volume
SRS T ([ L) 70 mg kg* Acetic acid Indicator HCIO, HL
nitrogen standard 20 mmol L™
6 96 944.0 60 20 1120
7 112 928.0 60 20 1120
8 128 912.0 60 20 1120
9 144 896.0 60 20 1120
10 160 880.0 60 20 1120
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