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Abstract: Petroleum-produced water is the primary effluent generated during the oil extraction
process, presenting high flow rates, and containing a series of chemical components that are harmful
to the environment, such as dissolved manganese. The proof of metrological compatibility between
laboratories and different test methods or techniques is an analytical challenge when complying with
environmental laws and regulations, which is the aim of this study. The first step of this study was
to compare the results of manganese content in real test samples of produced water between some
laboratories that used different test methods, that is, flame atomic absorption spectrophotometry,
inductively coupled plasma optical emission spectroscopy, and inductively coupled plasma mass
spectrometry. Based on one-way analysis of variance, systematic errors were found. The following
step was to visit a specific lab, where one could confirm the relevance of the wavelength parameters,
operating conditions for the view configuration, and effects of the saline matrices. Finally, a compati-
bility assessment between the reference laboratory and a new laboratory, which implemented and
validated its analytical methodology based on these analytical adjustments, and the experiences and
lessons learned in the previous step, was undertaken by a paired t-test.

Keywords: FAAS; ICP-OES; ICP-MS; MP-AES; axial and radial view; effects of the saline matrices;
paired t-test; single-way ANOVA

1. Introduction

In the oil and gas extraction process, formation water is extracted, which is retained
during subsurface formations. This water has a composition similar to seawater, but with
some compounds in concentrations that can reach a toxic level to the environment [1].

Along with the formation water, there is injected water, which is seawater with
additives used for the oil extraction process, and together, they are called production
water [2].

Production water is destined for reuse in injection into the oil well for extraction or is
sent for treatment and consequent disposal in the environment.

The Brazilian Resolution established the maximum dissolved manganese content of
1 mg L−1. However, it did not define the methodologies to be used, accepting that the
competent environmental body must define the test methods to be used.

Scientific studies have shown that excessive manganese intake can lead to cognitive
disorders such as learning disabilities and memory problems. Additionally, high con-
centrations of manganese in water can also have an effect on the central nervous system,
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leading to symptoms like Parkinson’s disease [3,4]. Furthermore, the health problems
that most affect employees exposed to a considerable amount of manganese impact the
nervous system. Such health effects include behavioral changes, and mainly those related
to movements that appear slower and clumsier [5,6].

As there is no definition of a specific methodology for the determination of dissolved
manganese, the choice being optional, within the various forms of determination presented
by the authorities, each laboratory in the Petrobras System carries out the analysis using a
methodology chosen with consideration of the physical structure of the laboratory, people,
and budget. Recent studies analyzing manganese in produced water use the analytical
techniques of optical emission spectrometry with inductively coupled plasma [7–9], and
mass spectrometry with inductively coupled plasma [10,11]. More attention has been paid
to the analytical assessment of oil fields using water treatment technologies [12,13].

This study aimed to evaluate the compatibility between the methodologies used in
the Petrobras System for determining dissolved manganese content in production water,
from sample preparation to its effective analysis.

2. Test Methods

Spectroscopic methods for elemental analysis are based on the interaction between
light (at wavelengths ranging from ultraviolet to infrared, in an approximate range between
180 nm and 800 nm) and matter (more specifically, in the specific electronic configuration
of each element at its atomic level) [14].

For water samples, the techniques of FAAS (Flame Atomic Absorption Spectrometry)
and ICP-OES (inductively coupled plasma–optical emission spectrometry) are commonly
used in the laboratory for the analysis of metals (and some semimetals such as silicon) [15].
Both techniques can quantify concentrations as low as micrograms of the element of interest
per gram of sample tested, “µg/g”. It is widespread to refer to the equivalent units “µg/g”
or “mg/kg” with the expression “ppm” (parts per million), but this notation can cause
confusion with the units “µg/mL” or “mg/L”.

Different methodologies are established for analyzing metals in water using these two
analytical techniques. In the Standard Methods for the Examination of Water and Wastew-
ater, a reference for water analysis, there are procedures described for both techniques:
3111 Metals by Flame Atomic Absorption Spectrometry [16] and 3120 Metals by Plasma
Emission Spectroscopy [17].

It is widely accepted that the results obtained by the two techniques are equivalent.
Thus, for example, we have an indication of procedures in the “Standard Methods for
Examination of Water and Wastewater” for analyees of metals and other elements described
by the FAAS (STD 3111) and ICP-OES (STD 3120) techniques without distinguishing
between the results obtained. The same can be observed with methods from the ASTM
International, known before as “American Society for Testing and Materials” (ASTM),
the examples being methods D5184 (2022) “Standard Test Methods for Determination
of Aluminum and Silicon in Fuel Oils by Ashing, Fusion, Inductively Coupled Plasma
Atomic Emission Spectrometry, and Atomic Absorption Spectrometry” [18], D5863 (2022)
“Standard Test Methods for Determination of Nickel, Vanadium, Iron, and Sodium in
Crude Oils and Residual Fuels by Flame Atomic Absorption Spectrometry” [19] and
D5708 (2020) “Standard Test Methods for Determination of Nickel, Vanadium, and Iron
in Crude Oils and Residual Fuels by Inductively Coupled Plasma (ICP) Atomic Emission
Spectrometry” [20]. Other examples like this can be found in procedures “International
Organization for Standardization” (ISO), Universal Oil Products (UOP) and Brazilian
Association of Technical Standards (ABNT).

2.1. FAAS

In flame atomic absorption spectrophotometry (FAAS), a standard solution or sample
is drawn as a fine mist into a flame, where it is converted into an atomic vapor consisting
of ground atoms. A characteristic monochromatic radiation (normally generated using a
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hollow cathode lamp consisting of the element of interest) is directed towards the flame. The
fraction of light absorbed by the analyte is quantified by comparing the light transmitted
through the flame during the nebulization of a known concentration of the analyte with the
light transmitted during the nebulization of a solution that does not contain any measurable
concentration of the analyte.

The detection limits of this approach can vary in the order of 0.5 to 300 µg L−1. Its
main advantages are simplicity and lower costs than plasma-based techniques (the gases
most used by FAAS are acetylene, nitrous oxide, and air, which are much cheaper than
argon), and sometimes, for metrological control purposes, the analytical blank must be
considered [21].

Recent studies have used FAAS to measure the concentration of several heavy metals,
including Mn, in wastewater [22–24].

2.2. ICP-OES

Inductively coupled plasma–optical emission spectroscopy (ICP-OES) is an analytical
technique that consists of injecting the sample (usually in liquid form) into the spectrometer
through a sample introduction system, where the liquid is nebulized into small drops,
which are classified in a nebulization chamber so that only the smallest droplets follow,
forward to an argon plasma, where the components are atomized and excited. The energy
issued is specific to each element and can be quantified by establishing a relationship
between the concentration of known standards and the emission signal.

The detection limits of this approach can vary in the order of 0.1 to 100 µg L−1,
and its main advantages are the capacity for multi-element analysis, good sensitivity for
many elements (almost 30 elements), few and well-documented interferences and linear
calibration over a wide dynamic concentration range (from 4 to 6 orders of magnitude).

The risk to human health of manganese contamination from wastewater discharge
into rivers without any treatment can be assessed by ICP-OES [25–27].

2.3. ICP-MS

Inductively coupled plasma–mass spectrometry (ICP-MS) is an analytical technique
that uses as an ionization source a high-energy argon plasma, a detector, and a mass
spectrophotometer, which presents great sensitivity for determining large numbers of
elements from the periodic table to be quantified, without major problems caused by
spectral interference caused by isobaric overlap.

The detection limits can vary in the order of 0.001 to 0.1 µg L−1, and its main advantage
is the possibility of rapid sequential multi-element analysis combined with high sensitivity.
It is important to highlight that the ICP-MS technique is a widespread and widely used
technique due to the corrections and attenuations of spectral interferences.

The pollution control caused by manganese and other heavy metals in untreated
industrial and domestic wastewater has been evaluated by ICP-MS [28–30].

2.4. MP-AES

Microwave Plasma Atomic Emission Spectroscopy (MP-AES) is an analytical technique
that uses plasma generated through microwave energy with nitrogen as a fuel source, unlike
ICP-OES, which is also an optical/atomic emission technique and uses argon [1]. As it
is a relatively recent technique, methodological standards for water analysis using this
technique are not found in the literature, the most widespread being ICP-OES.

MP-AES is a multi-element, spectroscopic technique based on the emission of charac-
teristic light from excited atoms present in a sample. The process begins with introducing
the sample in an aerosol format using a nebulizer and a nebulization chamber. This aerosol
is introduced into the center of microwaves’ high-temperature (5000 K) plasma. This
plasma, composed of highly energetic atoms, ions, and electrons, induces the transition
of electrons to excited states in the sample atoms. When these electrons return to their
ground state, they emit photons of characteristic light (wavelength), whose intensity is
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proportional to the concentration of the measurand present. The wavelengths generated are
directed to a monochromator that selects the wavelength of the desired element and sent
to a spectrometer that is used to measure and quantify these spectral emissions, allowing
the determination of the elements in the sample. The instrument’s detection limits reach
values in the ppb range. This limit is calculated by analyzing seven blanks and applying a
factor of 3.14 times the standard deviation to the results. In contrast, the method’s limit of
quantification (MLOQ) was defined as ten times the standard deviation of 7 blank mea-
surements multiplied by the dilution factor. Lorençatto et al.’s study indicates agreement
between the results obtained by the MP-AES and ICP-OES methodologies for analysis in
effluents [31].

The heavy metal pollution index of water quality has recently been evaluated by
MP-AES [32,33].

3. Experimental

Eight laboratories, using different analytical techniques, participated in this study:
Lab 1—FAAS, model SpectrAA 280, Agilent, 279.5 nm, slit 0.2 nm, air–acetylene flame and
oxidizing stoichiometry, undiluted samples, APHA Method 3111; Lab 2—ICP-OES, model
5800, Agilent, argon plasma, wavelength of 257.610 nm, ASTM D1976; Lab 3—ICP-OES,
model iCAP 6300 Duo, argon plasma, 257.610 nm, EPA Method 6010D; Lab 4—ICP-OES,
model AA240FS, Varian/AA240FS, sample digestion with PA nitric acid, wavelength of
279.5 nm, APHA Method 3120; Lab 5—ICP-OES, model Optima 8300, Perkin Elmer, APHA
Method 3120; Lab 6—ICP-MS, model 7700, Agilent wet acid digestion in open system,
APHA Method 3120; Lab 7—ICP-OES, model 5800, Agilent, two views (radial and axial)
and with the sample without dilution and with one-, two- and three-fold dilutions (for
evaluating the effects of the saline matrices), and wavelengths of 257.610, 259.372 and
260.568 nm; and Lab 8—MP-AES, model 4200, Agilent, wavelength 403.076 nm, argon gas
used for ignition and nitrogen during analysis.

All reagents used in these labs were of analytical grade. All equipment and the
volumetric glassware were given by an accredited body within their expiration dates.

Labs 2 and 5 are accredited by ISO/IEC 17025, while the others have proper qual-
ity control procedures such as control charts, and they use validated procedures with
participation in interlaboratory comparisons for this measurand.

Firstly, to map whether all laboratories have metrological compatibility, Lab 3 prepared
five real test samples, which were collected, filtered, and subsequently acidified: sample A,
1 mg L−1 Mn; sample B, 0.5 mg L−1 Mn; sample C, 0.2 mg L−1 Mn; sample D, 1 mg L−1 Mn
doped with 1 mg L−1 Mn standard; and sample E, 0.2 mg L−1 Mn doped with 1 mg L−1

Mn standard. We did not use certified reference materials (CRM) because our objective was
to compare metrological compatibility between laboratories and different test methods,
and not evaluate the accuracy. These five samples were refrigerated and sent to six different
laboratories, labeled as Labs 1 to 6, action (i).

The concentrations were determined by Lab 1, which was considered a reference for
the initial phase of the study. The samples were diluted on demand using the SIPS automatic
diluter, and the calibration curve was carried out with 0, 0.1, 0.2, 0.3, 0.4 and 0.5 mg L−1.
For all equipment, an unweighted linear regression was considered appropriate [34].

Next, actions were defined based on the results of the methodological compatibility
study, action (i): (ii) visit to Lab 7, as its analyses were temporarily being carried out by a
contracted laboratory, Lab 2; (iii) methodological compatibility study between Labs 1 and 7;
and (iv) methodological compatibility study between Lab 1 and a new laboratory, Lab 8, to
implement and validate the latter’s analytical methodology.
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4. Results and Discussion
4.1. Initial Methodological Compatibility Study

Each laboratory received five samples and Labs 1, 2, 3 and 6 performed the test with
five replicates, while Lab 4 performed it with three, four or five replicates and lab 5 used
three replicates. Table 1 presents the results obtained by each laboratory.

Table 1. Results of dissolved manganese content mg L−1.

Lab 1 Lab 2 Lab 3 Lab 4 Lab 5 Lab 6

FAAS ICP-OES ICP-OES ICP-OES ICP-OES ICP-MS

Sample A

1st 0.61 0.35 0.60 0.66 0.79 0.70
2nd 0.61 0.35 0.60 0.67 0.79 0.70
3rd 0.63 0.36 0.60 0.68 0.80 0.70
4th 0.62 0.35 0.60 0.66 0.70
5th 0.63 0.36 0.60 0.70

Sample B

1st 1.1 0.64 1.5 1.2 1.5 1.3
2nd 1.1 0.64 1.4 1.2 1.4 1.3
3rd 1.1 0.63 1.4 1.2 1.4 1.3
4th 1.1 0.64 1.4 1.1 1.4
5th 1.1 0.65 1.4 1.2 1.3

Sample C

1st 1.9 1.1 2.3 2.0 2.4 2.3
2nd 1.9 1.1 2.5 2.0 2.4 2.3
3rd 1.9 1.1 2.3 1.9 2.4 2.3
4th 1.9 1.1 2.3 2.0 2.2
5th 1.9 1.1 2.5 2.0 2.3

Sample D

1st 0.83 0.48 0.95 0.85 1.0 1.0
2nd 0.83 0.47 0.93 0.85 1.0 1.1
3rd 0.84 0.47 0.90 0.86 1.1 1.0
4th 0.85 0.47 0.89 0.9
5th 0.84 0.48 0.94 1.1

Sample E

1st 1.6 0.92 1.8 1.7 2.0 1.9
2nd 1.6 0.89 1.8 1.7 2.0 1.8
3rd 1.6 0.89 1.8 1.7 2.0 1.8
4th 1.6 0.91 2.0 1.7 1.8
5th 1.6 0.91 2.0 1.7 1.8

To evaluate metrological compatibility between the six laboratories, the single-factor
(or one-way) Analysis of Variance test was applied [35] (Table 2) after guaranteeing homo-
geneity and stability conditions [36].

Table 2. One-way ANOVA between the six laboratories.

Source of Variation F Calculated F Critical

Sample A 2816.06 2.68
Sample B 469.30 2.66
Sample C 577.68 2.66
Sample D 114.26 2.71
Sample E 255.94 2.66

Since the critical values, F critical, for a 95% confidence level, are smaller than the
calculated values, F calculated, there are significant differences; that is, systematic errors
arose among the six laboratories for samples A, B, C, D and E. Furthermore, it was possible
to observe that the Lab 2 values (Figure 1) were wildly divergent in magnitude compared
to the other laboratories with low results (approximately by half) and those observed in
the routine results of the contracted external laboratory. Furthermore, it is easy to see that
there is a bias among laboratories.
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Then, Lab 2’s results were discarded, and the single-factor Analysis of Variance [35]
test was applied again (Table 3).

Table 3. Single-factor ANOVA between the five laboratories, without Lab 2.

Source of Variation F Calculated F Critical

Sample A 608.28 2.96
Sample B 86.43 2.93
Sample C 114.00 2.93
Sample D 16.78 3.01
Sample E 31.87 2.93

Even excluding Lab 2, the critical values, F critical, for a 95% confidence level are lower
than the calculated values, F calculated; there are significant differences, that is, systematic
errors, between the five laboratories for samples A, B, C, D and E. Although the results
from these five laboratories are in the same order of magnitude, fine adjustments are still
necessary to guarantee metrological compatibility between them.

4.2. Visit to Lab 7

Lab 7 was performing these tests routinely, and they claimed that the results were the
same as they had observed in the results issued by Lab 2, whom they hired. Since Lab 2
took on routine analysis and participated in the initial stage of this study (Section 3), it was
necessary to evaluate what happened. Therefore, it was possible to infer, but not affirm, that
Lab 2 could commit the same operational errors as Lab 7. Its operational conditions were:
(i) axial view, wavelengths 257.610, 259.372 and 260.568 nm, indicated dilution, internal
standard Y; and (ii) radial view, wavelengths 257.610, 259.372 and 260.568 nm, indicated
dilution, without internal standard.

In this part of the study, possible reasons were addressed to explain why the results
obtained by one of the laboratories carrying out the Mn test in water using the ICP-OES
technique differed from those of the others. During a technical visit after the comparison
test, new samples were taken and analyzed in comparison with pre-established results at
Lab 1 based on FAAS analysis. With the observations from this visit, new experiments were
proposed in Lab 7 that used ICP-OES, and the results of these experiments confirm the
influences of the sample matrix and indicate that with some adjustments, the methodology
used in this laboratory will derive results equivalent to the others. During the technical
visit, experiments were carried out, as described below.
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Firstly, Lab 1’s Mn standard was analyzed (Table 4). If divergent results were obtained,
this would indicate problems in one of the standards (Lab 1 or Lab 7). Two different
dilutions were analyzed, one for a final concentration of 1 mg L−1 and the other for
5 mg L−1. No significant difference was observed in the reading of the 1 mg L−1 dilution.
At the 5 mg L−1 dilution, the constructed curve was extrapolated to lower concentrations,
but still, only the axial reading exceeded the maximum difference of 5%. Problems with
standards can be ruled out.

Table 4. Result of the standards analyzed at Lab 1, mg L−1.

Description Diluted to Axial View Radial View

Monoelement standard 1000 mg L−1 (Lab 1)
1.00 mg L−1 1.00 1.01
5.00 mg L−1 5.29 5.15

It is worth an additional explanation that in the case of ICP-OES, the “vision” is the
relative position from which the radiant energy coming from the emission of the analyzed
elements (in this case Mn) is captured by the instrument, whether above the axis of the
argon torch (axial) or perpendicular to the argon torch (radial). The axial view captures
more energy and is, in theory, more sensitive. On the other hand, it is more susceptible to
interference than radial vision.

Afterwards, samples taken from Lab 1, recently analyzed using the FAAS technique,
were analyzed. The results obtained are summarized in Table 5.

Table 5. Samples analyzed at Lab 1 and Lab 2, in mg L−1, with detector in axial and radial view.

Lab 1 Lab 7, Axial View Lab 7, Radial View

Samples No Dilution Diluted Twice No Dilution Diluted Twice

A 1.63 1.11 1.35 1.50 1.72
B 1.25 0.82 1.03 1.16 1.31
C 0.94 0.71 0.90 1.05 1.24
D 1.21 0.78 0.99 1.12 1.31
E 0.31 0.24 0.26 0.35 0.39

Evaluating qualitatively, even because there are not many data available, it is observed
that the final results of diluted samples are greater than those of undiluted samples (already
considering the dilution factors). It is also clear that the results in the radial view were
closer to those obtained in Lab 1.

It was then suggested that the visited laboratory carry out new experiments measuring
in radial and axial views and using at least two different dilutions per sample.

4.2.1. Additional Testing for Mn in Two Samples

A series of experiments were carried out by the laboratory team involving the analysis
of two different real test samples of produced water (here called P and S) at the three
most sensitive wavelengths for Mn (257.610, 259.372 and 260.568 nm), in the two views
(radial and axial) and with the sample without dilution and with one-, two- and three-fold
dilutions (Table 6).

The results were sent to Lab 1 for evaluation. In general, it is possible to observe the
following in the eighteen results for each sample.

The wavelength has no significant influence on the results; Table 7 presents the results
for sample P and S, both with six replicates.

The results of the more diluted samples converge to slightly higher values; Table 8
presents the results of samples P and S with six replicates.
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Table 6. Analysis of samples at different dilutions and detector positions, mg L−1.

Sample Dilution Mn (nm) Axial Radial

P 1× 257.610 0.91 1.17
P 1× 259.372 0.95 1.21
P 1× 260.568 0.87 1.18
P 2× 257.610 1.07 1.26
P 2× 259.372 1.10 1.20
P 2× 260.568 1.03 1.27
P 3× 257.610 1.12 1.26
P 3× 259.372 1.14 1.29
P 3× 260.568 1.08 1.27
S 1× 257.610 0.69 0.87
S 1× 259.372 0.71 0.90
S 1× 260.568 0.66 0.88
S 2× 257.610 0.81 0.94
S 2× 259.372 0.82 0.96
S 2× 260.568 0.77 0.94
S 3× 257.610 0.85 0.93
S 3× 259.372 0.86 0.95
S 3× 260.568 0.82 0.95

Table 7. Different wavelengths, samples P and S.

Wavelength Sample Mn, Average (mg L−1) Standard Deviation (mg L−1)

257.610 nm
P 1.13 0.13
S 0.85 0.09

259.372 nm
P 1.15 0.12
S 0.87 0.09

260.568 nm
P 1.12 0.16
S 0.84 0.11

Table 8. Different dilutions, samples P and S.

Dilution Sample Mn, Average (mg L−1) Standard Deviation (mg L−1)

No dilution
P 1.05 0.15
S 0.79 0.11

Two times
P 1.16 0.10
S 0.87 0.08

Three times
P 1.19 0.09
S 0.89 0.06

The results of the axial view differ systematically from the radial view with lower
values; Table 9 presents the results of samples P and S with nine replicates.

Table 9. Detectors in different positions, samples P and S.

Configuration Sample Mn, Average (mg L−1) Standard Deviation (mg L−1)

Axial
P 1.03 0.10
S 0.78 0.07

Radial
P 1.23 0.04
S 0.92 0.03

Higher dilutions show less matrix influence. Suppose one considers only the read
values without multiplying the dilution factor. In that case, the difference between the
views becomes less than 100 µg/L (0.1 mg L−1) from the two-fold dilution and less than
50 µg/L (0.05 mg L−1) with dilutions starting from three-fold, Table 10.
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Table 10. Samples P and S (read values, without considering dilution factor, mg L−1).

Dilution Axial Radial Difference

No dilution
0.91 1.19 0.28
0.69 0.88 0.19

Two times
0.53 0.62 0.09
0.40 0.47 0.07

Three times
0.37 0.42 0.05
0.28 0.31 0.03

In the samples in question, no differences were observed between the results of
different wavelengths, reinforcing the hypothesis that the observed interferences are related
to the salt matrix (it is unlikely that a specific interferent, such as any element, will cause
changes in more than one wavelength).

As expected, the results from the radial view tend to be less susceptible to interference
than those obtained from the axial view. It was also observed that sample dilution reduces
potentially unwanted effects of the saline matrices under study, including on the axial view.

4.2.2. Additional Testing for Mn in Three Samples

After adjustments were made following Lab 1 guidance, additional tests were carried
out on three samples. The data sent were evaluated using the same model referred to in
Section 4.2.1.

It is worth highlighting that tests were carried out using the resources and time
available in a laboratory with different demands and routines.

Three real test samples of produced water (66, 68 and 69) were analyzed at three
different wavelengths (Table 11) in three different dilutions (without dilution, twice diluted,
and three times diluted)—Table 12 and in two views Table 13.

Table 11. Samples 66, 68 and 69, at three different wavelengths, with six replicates.

Sample Wavelength Mn, Average (mg L−1) Standard Deviation (mg L−1)

66
257.610 nm 0.17 0.03
259.372 nm 0.18 0.03
260.568 nm 0.17 0.03

68
257.610 nm 0.05 0.01
259.372 nm 0.06 0.01
260.568 nm 0.05 0.01

69
257.610 nm 0.33 0.10
259.372 nm 0.37 0.09
260.568 nm 0.32 0.10

Wavelength had no significant influence on the results.

Table 12. Samples 66, 68 and 69, in three different dilutions, with six replicates, mg L−1.

Sample Dilution Mn, Average Standard Deviation Ba, Average

66
No dilution 0.16 0.03 0.97
Two times 0.18 0.02 1.07

Three times 0.19 0.02 1.18

68
No dilution 0.05 0.01 5.15
Two times 0.06 0.01 5.65

Three times 0.06 0.01 6.15

69
No dilution 0.30 0.10 -
Two times 0.33 0.09 -

Three times 0.37 0.09 1.66
The results of the more diluted samples converge to slightly higher values.
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Table 13. Samples 66, 68 and 69, in two views (radial and axial), with nine replicates.

Sample Wavelength Mn, Average (mg L−1) Standard Deviation (mg L−1)

66
axial 0.15 0.02
radial 0.19 0.01

68
axial 0.05 0.01
radial 0.06 0.01

69
axial 0.25 0.04
radial 0.42 0.03

The results of the axial view differ from those from the radial view (axial systematically with lower values).

Table 12 includes the Ba results analyzed under wavelength 233.527 nm and from the
radial view.

The results from Lab 7 and Lab 1 agree within a range below +/−0.10 mg L−1

(100 µg L−1) (Table 14).

Table 14. Analyses carried out at Lab 7 versus Lab 1, mg L−1.

Samples Lab 7 (ICPOES) * (A) Lab 1 (FAAS) ** (B) Difference (AB)

66 0.20 0.24 −0.04
68 0.06 0.13 −0.07
69 0.44 0.37 +0.07

Conditions considered: * Mn element, ICP-OES technique, wavelength 257.610 nm, radial view, samples with
3× dilution. ** Mn element, FAAS technique, 279.5 nm, 0.2 nm slit, air–acetylene flame, oxidizing stoichiometry,
undiluted samples.

In the tested samples, no relevant difference was observed between the results of
the different wavelengths. As expected, the results from the radial view tend to be less
susceptible to interference than those obtained from the axial view. The results obtained
in two different laboratories using different techniques and conditions converged, with
differences of less than +/−100 µg/L (+/−0.1 mg L−1).

As in the previous test (Section 4.2.1), the observed interferences seem to be related
to the saline matrix. Therefore, it was observed that, for both Mn and Ba, sample dilution
reduces the potentially unwanted effects of the saline matrices that constitute the samples.

4.2.3. Test for Mn in Six Samples with Pre-Established Analysis Conditions

Six real test samples of produced water were analyzed by Lab 7 and then sent to Lab 1.
It is worth highlighting that tests were carried out using the resources and time

available in a laboratory with different demands and routines.
The results obtained are shown in Table 15.

Table 15. Analyses carried out at Lab 7 versus Lab 1, with pre-established analysis conditions, mg L−1.

Identification Lab 7 Lab 1

Sample 1 0.38 0.32
Sample 2 0.08 0.12
Sample 3 0.11 0.14
Sample 4 0.90 0.85
Sample 5 0.99 0.85
Sample 6 0.51 0.48

Paired t-tests [35] were performed, with the results shown in Table 16.
As “t Critical two-tail” (critical or tabulated value) is greater than the t-Stat (calculated

value), there is metrological comparability between Lab 1 and Lab 7 for a confidence level
of 95%.
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Table 16. t-test: paired two samples for means, Lab 7 versus Lab 1.

Lab 7 Lab 1

Mean 0.495 0.46
Variance 0.14859 0.10844
Observations 6 6
Pearson Correlation 0.995294
Hypothesized Mean Difference 0
Degrees of freedom 5
t-Stat 1.299867
P(T ≤ t) one-tail 0.125171
t Critical one-tail 2.015048
P(T ≤ t) two-tail 0.250343
t Critical two-tail 2.570582

The conditions established in the tests must be maintained for other samples to be
analyzed by them:

(i) Lab 7—Mn element, ICPOES technique, wavelength 257.610 nm, radial view, 3×
and 5× dilutions (or 5× and 10× depending on the range). Suggested calibration
curve—0, 0.1, 0.2, 0.5 and 1.0 mg L−1 (as the samples are at least three times diluted,
the working range would be 0.3 to 3 mg L−1);

(ii) Lab 1—Mn element, FAAS technique, 279.5 nm, slit 0.2 nm, air–acetylene flame,
oxidizing stoichiometry. Samples were diluted on demand using the SIPS automatic
diluter. Calibration curve—0, 0.1, 0.2, 0.3, 0.4 and 0.5 mg L−1.

4.3. Phase 3—Methodological Compatibility between Lab 1 versus Lab 8

After technicians from Lab 8, using MP-AES, gained experience in carrying out this
test method, 14 real test samples of produced water were analyzed by this laboratory and
Lab 1 (Table 17).

Table 17. Results of the dissolved manganese content given by Lab 1 versus Lab 8, mg L−1.

Date Sample Identification Lab 1 Lab 8

26 May 2023 TP-3239 1.1 1.08
26 May 2023 TP-3235 1.4 1.3
5 April 2023 TP-3237 1.5 1.53
5 April 2023 TP-3238 0.95 1.04

24 March 2023 TEDUT-34242 Bottom 1.4 1.4
24 March 2023 TEDUT-34246 Superior 1.4 1.4

13 February 2023 TP-3235 Background 1.0 0.96
13 February 2023 TP-3237 Background 0.72 0.79
13 February 2023 TP-3238 Background 1.6 1.5
13 February 2023 TP-ETE B44 LINE 1.1 0.96
24 January 2023 TP ENTRY ETE ACID 0.97 1.0
24 January 2023 TP 1BB, 1BE, 4BB 0.55 0.60
24 January 2023 TP WATER 3235 0.93 0.96
24 January 2023 TP WATER 3238 1.5 1.5

The operational conditions for Lab 8 were a wavelength of 403.076 nm, with argon gas
used for ignition and nitrogen during analysis.

To evaluate the metrological compatibility between the two laboratories, the t-test was
applied, with two samples in pairs for means (Table 18).

As t-Stat is smaller than t Critical two-tail, there is metrological comparability between
Lab 1 and Lab 8 with a confidence level of 95%.
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Table 18. t-test: paired two samples for means, Lab 1 versus Lab 8.

Lab 1 Lab 8

Mean 1.155385 1.149231
Variance 0.110444 0.092658
Observations 13 13
Pearson Correlation 0.979593
Hypothesized Mean Difference 0
Degrees of Freedom 12
t-Stat 0.316682
P(T ≤ t) one-tail 0.378463
t Critical one-tail 1.782288
P(T ≤ t) two-tail 0.756926
t Critical two-tail 2.178813

5. Conclusions

The methodological compatibility study initially indicated systematic errors among
the six laboratories for samples A, B, C, D, and E. Lab 1’s results were wildly divergent in
magnitude compared to the other five laboratories. Even excluding the results from Lab 1,
we observed that there were still significant differences between the results from the group
of five laboratories, indicating that there were still systematic errors.

Next, after the visit to Lab 7, recommendations were presented, which, as is worth
highlighting, do not constitute a final diagnosis and should be considered only as one
of the steps in improving the Mn quantification test methods in produced water. As a
simplification of the procedure adopted in the tests, the wavelength 257.610 nm in the
radial view can be used as a reference for the results, with a dilution of at least three times
the original sample being used for the dilution of the acidified solution (as has already
been done). However, maintaining the other wavelengths, especially the axial view, would
help us acquire more data for a more consistent future decision. Adopting an alternative
dilution is helpful when carrying out tests as it constitutes an actual duplicate of the sample,
making more data available for evaluation.

Finally, the study shows that the results between Lab 1 and Lab 7 were compatible
within the 95% confidence interval, and therefore, Lab 7 could carry out the tests, allowing
it to include Mn analyses in its analytical routine now.

As regards future work, although the results from other laboratories were of the
same order of magnitude, this study recommends that fine adjustments be made to ensure
metrological compatibility between them.
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