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ABSTRACT

Due to the exploration and production of oil in new oil fields, significant volumes of produced
water are being extracted. In maritime platforms, seawater is used as injection water, due to its avail-
ability. However, the mixing of seawater and formation water might create fouling. In this study,
quantitative investigations into the relationships among 14 chemical properties in different oil fields
were carried out. With the aim to correlate the variables measured in produced water samples and
the corrosive process regarding them. For this, the multivariate analysis statistical methods princi-
pal component analysis (PCA) and hierarchical clustering on principal components (HCPC) were
used. The results show that chemical properties such as sulfate are inversely correlated to formate,
bicarbonate, and acetate. Furthermore, the PCA results indicated that, the most influential chemical
properties in the produced water samples were chloride, bromide, sulfate, calcium, and strontium.
However, it was not possible to visualize the division of clusters. Only, the separation of clusters
was observed, in the combination of PCA with HCPC. Where the different dominant factors in the
characteristic of interest were showed. The samples, therefore, are classified into three clusters,
namely: cluster 1, cluster 2, and cluster 3, for the purpose of discussion.
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1. Introduction

Due to the exploration and production of new oil
fields, as offshore oil platforms located in deep waters, oil
production activities have intensified, and significant vol-
umes of produced water are being extracted. At the begin-
ning of production, oil fields generate small quantities of
produced water, but this production increases with time,
reaching values in the final stage of production [1-3]. The
composition of the produced water depends on the age and
geology of the rock formations and the recovery processes;
it can contain a complex mixture of organic and inorganic
compounds, toxic elements, radioactive materials, and
chemicals added during the petroleum production pro-
cess [4]. Therefore, produced water presents higher con-
centrations of dissolved salts compared to seawater [5].
The water naturally present in the geological formation of
an oil reservoir is in chemical equilibrium with the envi-
ronment. However, by injecting water into the reservoir
to increase production, a disturbance of the natural state
of the system can occur, causing the precipitation of salts
in the walls of the pipes” walls [6-8]. The intensity of the
occurrence of precipitation is related to the cationic and
anionic composition of the produced water [9].

Because maritime oil platforms use seawater as injec-
tion water due to its greater availability [7,10-14], high
concentrations of ions, such as sulfate (50;?), chloride (CI"),
(Ca®), barium (Ba*) and strontium (Sr*?), can cause precip-
itation based on the formation of CaSO,, BaSO, and SrSO,
[7,13-17]. In addition, CO, can precipitate in the form
of CaCO,, which is naturally present in formation water
[1,16,18]. Because scaling is common in many regions of the
world, and the removal of saline deposits has a great impact
on the cost of production, knowledge of its mechanism of
formation, the type and amount of deposition, and its loca-
tion are essential for preventive and/or corrective measures
[14,16,19,20]. With the purpose of knowing the composi-
tion of the mixture of waters associated with petroleum to
prevent the formation of saline deposits, which adhere in
oil-conducting pipes, and can cause stops in the process,
it is important to monitor each oil reservoir [6,15,16,21].

Monitoring the produced waters in oil fields plays an
important role in the exploration and production of oil,
because the problems associated with corrosion in sec-
ondary recovery operation of the injection water systems
could be avoided, the amount of some ions could be con-
trolled to avoid their reaction with other ions, and their
compatibility with other types of injection water could be
evaluated [22,23].

The oil fields analyzed in this work are in the Mundau
sub-basin, Ceara Basin, about 95 km northwest of the city
of Fortaleza, capital of the state of Ceara (Fig. 1). Located
on the Brazilian Equatorial Margin. The Ceara Basin is
limited to the southeast with the Potiguar Basin, through
Alto de Fortaleza; to the west with the Barreirinhas Basin,
through Alto de Tutdia; to the south, by the outcrop of
the basement; and to the north, by the Ceara Transformer
Fault, associated with the Romanche Fracture Zone [24].
A sub-basin of Mundat, Bacia do Cear4, is a region that pro-
duces oil and gas with four producing fields in its shallow
waters. It is located approximately 30 km from the coast

and has 32 reservoirs in production and 9 fixed platforms.
This basin is classified as a new frontier basin, as the por-
tion of deep water is still little known and unexplored.
The first deepwater discovery occurred recently in 2012 [25].
This paper intends to focus on the composition of the
water mixture associated with oil in a multivariate statis-
tical approach. With the objective of identifying the vari-
ables that contribute to the corrosion process in produced
water samples in the state of Ceara — Brazil, using the con-
centrations of the ion as input variables in the statistical
methods of principal component analysis (PCA) and the
hierarchical clustering on principal components (HCPC).

2. Materials and methods
2.1. Reagents and materials

All reagents used were of analytical grade, and the
water (resistivity of 18.2 MQ) cm) was purified in a Milli-Q
system (Millipore, Bedford, MA, USA).

Stock aqueous solutions of cations (1,000 mg/L) were
purchased from Ultra Scientific (USA). The analytical cal-
ibration curve was prepared in concentrations of 1.0, 10.0,
20.0 and 30 mg/L in 1% HNO, for the cations of sodium,
potassium, calcium, and magnesium. For the stock aqueous
solutions of barium, iron, lithium and strontium, calibration
curves were prepared in concentrations of 0.5, 1.0, 5.0 and
10.0 mg/L in 1% HNO,.

In relation to the anions, a stock solution of inor-
ganic anion multielement (400 mg/L) was purchased from
DIONEX (USA), and a stock solution of organic acids mul-
tielement (1,000 mg/L) was purchased from SPECSOL
(QUIMLARB, SP, Brazil).

2.2. Sampling

Samples of produced water were collected in the pro-
duction fields located in the Mundau sub-basin in the
Ceara State Basin, totaling 230 samples from 37 oil wells
localized in four oil fields. Table 1 shows the distribution
of the number of production wells per production field.

The sampling plan and collection were carried out by
the oil and gas company. To ensure and preserve the char-
acteristics of the samples, from collection to the moment
of their analysis, conservation procedures were used.
These procedures take into account the preservative agent,
the type of container and the appropriate volume for
determining each parameter. After collection, the mate-
rial preserved in ice was sent to the laboratory to carry out
the analyzes requested by the aforementioned company.

2.3. Chemical analysis
2.3.1. Instrumentation and procedures

The cations (Ba*, Na', Li*, K*, Ca**, Mg*, Sr*" and total
Fe) and anions (CI-, Br, SO, CH,COO-, HCO; and HCOO")
were quantified from the collected samples.

Cation analysis was performed by simultaneous
inductively coupled plasma optical emission spectrome-
ter with axial and radial views (Optima 4300 series, Perkin
Elmer, USA). The plasma gas argon flow was 15 L/min, the
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Fig. 1. Location of the sub-basin of Mundati, Bacia do Ceara, a new deep water exploration frontier in the Brazilian Equatorial Margin.

Table 1
Amount of oil wells per production oil field

Oil fields  Oil wells Development area  Latitude/Longitude Deep water
A AQ0, A04, A07, All, A12, Al4, A18, A21, A22 44.00 km? 2°58'41.1"S 38°57°38.7"W 44 m
B B02, BO4, B07, B11, B14, B13, B17, B22, B24 21.34 km? 3°05'26.8"S 38°46'45.6"W 46 m
C C37, C84, C86 22.67 km? 3°07°59.1"S 38°49'19.9"W 36 m
D D00, D01, D03, D08, D09, D11, D12, D13, D14, D15, 20.00 km? 3°01'50.4”S39°02'43.3"W 32 m

D17, D19, D25, D28, D36, D38

“LETTER” - production field; “NUMBER” - oil well production.
Source: ANP (2019).

auxiliary argon gas flow was 0.5 L/min, and the flow of argon
gas from the nebulizer was 0.8 L/min. A nebulizer system,
nebulizer chamber, crossflow type, and Scott-Fassel type
were used. The frequency generator and radio-frequency
power were 40 MHz and 1.1 kW, respectively.

Anion analysis was performed using an ion chromato-
graph (ICS-3000, Dionex Corporation, USA). The chromato-
graphic column was an AS18 column (4 x 250 mm), with
a Suppressor ASRS® Ultra II, 4 mm. Other components

included a conductivity detector, a 25 pL loop, an AG 18
guard column (4 mm x 50 mm), and a potassium hydrox-
ide (KOH) eluent generator. The elution program used
the following steps: the concentration was 10.0 mmol
between 0 and 10 min, it increased to 22 mmol by 13.2 min,
it increased further to 44 mmol by 13.44 min, and it was
maintained at 44 mmol until 15.0 min. The column tem-
perature was 30°C. The current was 40 mA, the elution
flow was 1 mL/min, and the conductivity was 0.6 uS.
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Bicarbonate ion analysis was performed using an
automatic potentiometric titrator with a piston burette, a
volume of 20 mL, and a precision of 0.01 mL (809 Titrando,
Metrohm) for the addition of the titrant solution (HCL,
concentration 0.1 mol/L). The potentiometric titration assays
followed the procedure described by Standard Methods
(APHA 2320B). The equipment was calibrated with the
pH 4.0 and 7.0 solutions, prior to use.

The analytical calibration curves of bromide, chloride
and sulfate anions were prepared at concentrations of 0.04,
2.0, 4.0, 20.0 and 40.0 mg/L. For organic acids, the analyti-
cal calibration curves were prepared at the concentrations
of 0.5, 1.0, 5.0 and 10.0 mg/L using a multielement stock
solution of acetate and formate.

2.4. Multivariate statistical analysis

In multivariate statistics, the PCA is a useful tool that
can be applied to visualize the data structure, find simi-
larities between samples, and detect anomalous samples
(outliers) [26-28]. Meanwhile HCPC represents a set of
exploratory techniques, which can be applied when there
is an intention to verify the existence of similar behavior
among certain variables, with the objective creates clus-
ters, in which internal homogeneity prevails. For this, it
is used as a pre-processing step for data sets in the tool
PCA, before performing the grouping methods, in order to
reduce data noise [29,30].

Therefore, these two multivariate statistical techniques
were combined in conducting the analysis to describe and
visualize the similarity between the variables. The tech-
niques were applied to water samples produced with the
package FactoMineR [30], available in language R [31]. In
the PCA, variables were reduced using objective criteria,
allowing the construction of two-dimensional or three-di-
mensional graphs. This facilitates the observing of data
in a few dimensions, preserving the greatest amount of
information possible. For this, the dimensionality of the
original data set was reduced to a new system of axes,
called main components (CP). Where matrix X is decom-
posed into a product of two matrices called scores and
loadings. The scores represent the similarity relationships
between the samples, since the evaluation of the loadings
(weights) allows us to understand which variables most
contribute to the groupings shown in the score graph. The
number of main components to be used is determined by
the percentage of explained variance. Thus, several com-
ponents are selected in such a way that the largest per-
centage of the variation present in the original data set is
retained. After the selection of the main components, the
HCPC was performed based on the Euclidean distance
measurement and Ward’s method, as it sought to generate
clusters that have a high internal homogeneity [32,33].

To measure the adequacy of samples of the produced
water, the Kaiser-Meyer-Olkin test (KMO) was performed.
The KMO values show the proportion of variance that the
parameters have in common, with KMO values between
0.6 and 0.7 being reasonable; already considered average
KMO values between 0.7 and 0.8, and considered ade-
quate KMO values between 0.8 and 1. The communali-
ties indicate the proportion of variance for each variable

included in the analysis is explained by the extracted com-
ponents, in which usually, the minimum value of 0.50 is
accepted for the extraction of the main components, it was
used to the Kaiser standard, where only it the components
whose eigenvalues are higher than 1, were extracted [34].

3. Results and discussion

Samples were collected from 37 wells in four differ-
ent oil fields. In this study, just the parameters that gen-
erated values above detection limits in all samples were
considered. Chemical analyses can be classified into
two groups: anions and cations. Quantitative analysis
of each sample was conducted for three replicates. The
contents are expressed as means and standard devia-
tion. The calculated main contents were then subjected to
multivariable statistical analysis.

3.1. Elemental concentration

Tables 2 and 3 show the statistical summary for the
concentrations of variables: cations and anions, in the pro-
duced water samples of the oil fields studied that were
collected from 2009 to 2012.

The mean concentrations of sulfate are generally low,
barium and other elements that could form insoluble sul-
fates may be present in solution in high concentrations.
However, the mean concentrations of field B presented
high concentrations of sulfate; similar results were also
found in another study [35]. In this case, barium and cal-
cium may precipitate as incrustation in the production
tubes according to other authors [16,36].

In general, their mean concentrations follow the order
CI" > Na* > Ca* > SOF > Mg*, K', HCO;, CH,COO-, Sr*,
Br-, Total Fe, Ba?, HCOO~ and Li*. These results are like to
previous reports [22,37,38].

Among the producing fields studied, field D presented
the highest amount of acetate in its produced water samples.
These results probably occur due to a decrease in the con-
tent of saturated hydrocarbons and consequently in the API's
(American Petroleum Institute) grade of the oil. In quantita-
tive increase, both in density, in viscosity, and in oil compo-
sition. Consequently, a reduction in production took place,
as much as, refining efficiency, and an increase in the pro-
cess costs [39].

Since petroleum can suffer changes in its composition
due to biodegradation during the migration process, bio-
degradation is a process of altering crude oil by different
microorganisms. At the end of this process, hydrocarbons
are transformed into metabolites, such as organic acids,
acetate and formate, and/or carbon dioxide [39,40].

3.2. Principal component analysis

Fig. 2 shows the representation of individuals (sam-
ples) and variables (cations and anions) in the factorial
plane resulting in the first and second main components. It
can be observed that, in the PCA algorithm, the first three
principal components explain approximately 73.15% of
the accumulated variance of the data set, before distribu-
tion in 14 dimensions. In other words, the data set before
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Table 2
Concentrations of cations in produced water of production fields in the Ceara State Basin (2009-2012)
Sampling sites (mg/L) Ba? Ca* Sr# Total Fe Li* Mg* K Na*
Average 210.1 6,248.7 4274 493 5.6 934.0 930.4 26,150.3
Field A Max. 402.9 9,468 644.2 107.4 12.5 1,217.4 2,366 34,625.0
Min. 2.03 3,180 150.1 53 0.01 505.5 445.9 15,255.0
Average 63.3 2,846.6 186.6 18.2 42 947.6 430.8 16,340.2
Field B Max. 237.3 7,685.5 560.9 79.7 16.1 1817.0 730.1 27,645.0
Min. <LOD 511.1 21.1 0.01 0.01 636.5 240.5 9,163.5
Average 50.4 3,385.4 230.4 20.3 4.0 743.8 375.3 22,518.3
Field C Max. 128.2 4,781 3729 42.1 16.8 1,230.5 626.1 29,760.0
Min. 1.6 1,352.4 116.2 2.1 0.01 279.0 93.7 16,610.0
Average 18.9 3,700.1 2294 315 3.6 1,034.2 380.2 22,603.8
Field D Max. 86.4 5,868.5 440.5 120.1 14.3 1,889.5 700.5 32,940.0
Min. <LOD 659.7 0.05 <LOD <LOD 642 135.1 10,875.0
LOD = limit of detection.
Table 3
Concentrations of anions in produced water of production fields in the Ceara State Basin (2009-2012)
Sampling sites (mg/L) CH,COO" HCO; Br- Cl- HCOO- SO
Average 303.1 511.0 313.0 53,920.7 11.5 252.2
Field A Max. 786.8 835.6 508.1 65,001.1 47.1 2,135.8
Min. <LOD 104.3 112.5 30,123.9 <LOD <LOD
Average 174.3 481.6 147.6 32,468.1 9.3 1,563.8
Field B Max. 625.7 708.5 3844 55,876.2 74.1 4,010.5
Min. <LOD 307.1 419 20,004.4 <LOD <LOD
Average 280.0 483.1 277.9 42,117.2 14.6 315.3
Field C Max. 458.8 709.1 815.3 45,319.2 355 686.5
Min. 51.1 346.7 189.2 39,335.3 <LOD <LOD
Average 545.7 793.4 225.1 43,600.6 20.4 440.3
Field D Max. 1541.0 1,910.3 367.7 55,640.1 106 3,161.1
Min. <LOD 133.3 56.4 20,506.4 <LOD <LOD

LOD = limit of detection.

distribution was explained by fourteen dimensions, but
then, only three dimensions are required to explain the vari-
ation in the data set. This denotes that the originals variables
are correlated with each other, and so the first components
explain a good portion of the variance of the data.

The representation of variables shows the distribution
of the values of the weights for the produced water samples
in relation to the first main component (CP1) vs. the second
main component (CP2). For analysis, the weights of the vari-
ables in the main components were values larger than 0.7
in the module. The variable weights describe the influence
of each original variable in the construction of each major
component. The first main component describes the chlo-
ride (Cl), with a weight of 0.94, followed by bromide (Br),
with a weight of 0.82, sulfate (Sulf), with a weight of 0.85,
calcium (Ca), with a weight of 0.91, and strontium (Sr), with
a weight of 0.91. The variables formate (For), with a weight
of 0.84, bicarbonate (Bc), with a weight of 0.82 and ace-
tate (Act), with a weight of 0.77, are related in importance

with the second main component. The third main compo-
nent describes the variation of the magnesium (Mg), with a
weight of 0.88, as shown in Table 4.

The KMO value was equal to 0.85, considered adequate
for the sample set. Then, main components were chosen
with eigenvalues greater than 1. For each main component,
the variables with the highest score were evaluated: Act
0.74, Bc 0.79, Ba 0.84, Br 0.95, Ca 0.82, CL 0.85, Sr 0.87, FeT
0.81, For 0.76, Li 0.90, Mg 0.34, K 0.84, Na 0.92 and Sulf 0.93.

In relation to the representation of variables in the fac-
torial plan, the vectors that are more distant from zero
correspond to the variables of greater influence on the
value of the main component, while the vectors that are
closer to zero indicate variables with little influence on the
main component, as shown in Fig. 2b [41]. As indicated
below (Fig. 2b), the variables acetate, bicarbonate, and for-
mate are positively correlated with each other, which means
that samples of water produced with a high concentration
of acetate, tend to have a high concentration of bicarbonate
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Table 4
PCA loadings of cation and anions on significant for the first
three principal component

Variables PC1 PC2 PC3
Acetate 0.48 0.77 0.24
Bicarbonate 0.41 0.82 0.10
Bromide 0.83 -0.08 -0.05
Strontium 0.91 -0.29 -0.03
Chloride 0.95 0.01 -0.07
Calcium 0.91 -0.15 -0.15
Formate 0.16 0.84 -0.20
Magnesium 0.10 -0.15 0.89
Sodium 0.88 0.09 0.18
Sulfate -0.85 -0.23 0.03
Eigen values 6.23 2.67 1.34
Variance 44.51 19.06 9.58
Cumulative variance  44.51 63.57 73.15

Bold values represent the main loadings of principal component.

and formate. And that the variables formate (For), bicar-
bonate (Bc) and acetate (Act) are inversely correlated with
the sulfate variable (Sulf). This leads us to conclude that
in the samples studied, high concentrations of the formate
(For), bicarbonate (Bc) and acetate (Act) variables trend
to correspond to low concentrations of the sulfate variable
(Sulf) or the other way around.

Regarding the analysis of the individuals (Fig. 2a),
the oil wells have remarkably similar profiles, with rela-
tively close concentration values for all variables. The sam-
ples presented homogeneity in the selected characteristics.
Therefore, it was not possible to visualize the division of
clusters, but the predominance of certain characteristics
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© -
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f
-6 -4 -2 0 2 4 6 8

Dim 1 (44.51%)

in the samples was verified, except for some producing
wells in field A and field D, which are very distinct regions,
regarding each other, indicating that the chemical composi-
tions of these producing wells have different characteristics.

3.3. Hierarchical clustering on principal components

By using the classification of the HCPC from the infor-
mation of the first three components of the PCA, it was
possible to identify three clusters. For each cluster, the
contributions of the most important components and vari-
ables were highlighted. Fig. 3 shows the presence of three
large clusters of samples, differentiated by three different
colors: blue, yellow, and grey. These three clusters occupy
vastly different regions, and therefore, the differences in
the chemical compositions of each cluster can be deduced.

3.3.1. Chemical profile of cluster

Cluster 1 (blue) — related to the following oil wells: A12,
B02, B04, B07, B11, B13, B14, C37, D01, D03, D09, D11, D25,
D28. The produced water samples from these oil wells fea-
ture intermediate concentrations of calcium, chloride, bro-
mide, strontium, and sodium and high concentrations of
sulfate. In this cluster, as seen by the main features, there is
a propensity to form fouling salts, as indicated by the high
concentrations of sulfate anions and the intermediate con-
centrations of cations, calcium, and strontium, as seen in
Table 5. Because sulfate control is important for the petro-
leum industry, the supersaturation of this anion associated
with the cations calcium, barium, and strontium results
in the formation of sulfate precipitates. These precipitates
are adherent, almost insoluble in mineral acids or other
common solvents, and difficult to remove mechanically;
further, they can cause severe flow restrictions within the
drainage radius inside a formation, of a well, and in other
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Cos2 is the gradient of quality to highlight the most important cation and
anions in explaining the variations retained by the main components.

Fig. 2. Representation of samples and variables in the factorial plan: (a) samples in the factor map (PCA). Where “LET-
TER” — production field; “NUMBER_NUMBER” - sampling at different periods of collection of the corresponding oil wells.

(b) Cation and anions in the factor map (PCA).
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Fig. 3. Representation of samples illustrating the clusters (HCPC), in the factorial plan. Where “LETTER”

— production field;

“NUMBER_NUMBER” - sampling at different periods of collection of the corresponding oil wells.

Table 5

Classification of clusters from oil well identified by the most important variables in the PCA

Cluster Main variables QOil wells
1 -Dblue Sulfate (Sulf) A12, B02, B07, B04, B11, B13, B14, C37, D01, D03, D09,
D11, D25, D28
2 —yellow Formate (For), bicarbonate (Bc) and acetate (Act) Al4, D19, D36, D38
3 —grey Bromide (Br), chloride (Cl), calcium (Ca), A00, A04, A07, A11, A18, A21, A22, B17, B22, B24, C84,
strontium (Sr), sodium (Na) C86, D00, D08, D12, D13, D14, D15, D17
“LETTER” - production field; “NUMBER” - oil well production.

equipment and during processing [15,16,35]. However,
it is important to emphasize that it is common practice to
use seawater in injection operations due to its availabil-
ity, regardless of the high concentrations of sulfate, and
to try later to remedy the problems generated [7,11,35].
Another problem associated with the high concentrations
of sulfate in produced water is the reduction of sulfate to
sulfide by the activity of microorganisms, which encour-
ages corrosion during oil and gas processing. Moreover, it
reduces the quality of fossil fuels by souring (i.e., the intense
generation of sulfuric gas) of the reserve [35].

Cluster 2 (yellow) — related to the following oil wells:
Al4, D19, D36, D38, as seen in Table 5. The oil wells of this
group occupy distinct regions that are under the influence
of the variables bicarbonate, formate and acetate, which
are inversely correlated with the sulfate variable (Sulf).

The samples grouped in cluster 2 might show a ten-
dency for the deposition of insoluble compounds, due to
large amounts of sodium bicarbonate that can generate
incrustations from the precipitation of the salt as carbon-
ates, according to general equation [Eq. (1)]. These incrus-
tations tend to deposit on the walls of pipes and grow over
time, causing inconveniences such as a reduction in pipe
sections, fractures in the film, a reduction in pressure, a
decrease in oil flow, and a consequent increase in energy
consumption [21,40].

Ca(HCO,), gy € CACO, + €O +H,0, 1)

Cluster 3 (grey) — related to the following oil wells: AQO,
A04, A07, All1, A18, A21, A22, B17, B22, B24, C84, C86, D00,
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D08, D12, D13, D14, D15, D17. These oil wells occupy regions
near each other and show an overlap, which indicates sim-
ilarity in their chemical compositions. Given the compo-
sition of these fields, as shown in Table 5, high concentra-
tions of calcium, chloride, bromide, sodium, and strontium
might imply lower sulfate concentrations, since they are
inversely correlated according to Fig. 2b.

The main characteristics predominant in the samples of
produced water in the second cluster can generate a pro-
pensity for corrosion, as evidenced by the high concentra-
tions of chloride and sodium variables. It is noteworthy
that the influence of this anion on corrosion is through the
destruction of the passivation of stainless steels and alumi-
num alloys. As a strong electrolyte, it causes an increase
in conductivity [42,43]. Moreover, iron is corroded more
rapidly in dilute solutions of NaCl (dissolved salts effect)
because the dissolved oxygen can reach the cathodic areas
(depolarizing action) and consume the electrons gener-
ated in the anodic reaction, implying an increase of the
corrosion speed [44,45].

In Fig. 4, the individuals are classified for generat-
ing clusters in different hierarchical levels represented
by a dendrogram, in which the produced waters studied
were grouped based on the similarity of the characteris-
tics selected as the most important in the PCA and using
the Euclidean distance. It was observed that the optimal
cut-off point for the formation of similarity clusters was
approximately 30%; thus, a greater distancing occurs in the
measure of similarity for the formation of the clusters. The
clusters were formed by the similarity between the concen-
trations of the quality characteristics evaluated, and it can
be observed that the characteristics related to salinity were
the ones that most influenced the separation of the clusters.

It is verified that cluster I is significantly different from
the other cluster by the sulfate parameter. In cluster 3, it

Height

1-

Fig. 4. Dendrogram obtained by hierarchical clustering anal-
ysis of cations e anions. Where the clusters are represented
for colors: blue — cluster 1; yellow — cluster 2; grey — cluster 3.

was observed that the most influential characteristics for
the formation of the cluster were bromide, calcium, chlo-
ride, sulfate, sodium, and strontium ions. Cluster 2 is sig-
nificantly different from the other cluster by the parameter’s
acetate, bicarbonate and formate.

Finally, the result obtained from the PCA indicates that
it was not possible to visualize the division of the clus-
ters, but the predominance of certain characteristics was
verified. Meantime, the combination of PCA with HCPC
showed the different dominant factors in the character-
istic of interest. The separation of three groups due to the
predominant characteristics in each group was observed.
In which were identified by three different colors: blue,
yellow, and grey. These three groups occupy very differ-
ent regions and, therefore, the differences in the chemical
compositions of each group can be deduced. Both tools
have been used previously in the analysis of environmental
data in other studies [26,27,46]. As expected, in this study,
both tools complemented each other, for it allows us to
correlate the measured variables with the corrosive process.

4. Conclusions

In this work, quantitative investigations into the rela-
tionships among 14 chemical properties and samples in
different oil wells and oil fields were carried out. The PCA
and HCPC exploratory techniques together helped in inter-
preting the data sets. In the PCA analysis, it was not possible
to visualize the division of clusters, but the predominance
of certain characteristics in the samples of produced water
were verified. In the HCPC, it was possible to divide three
clusters based in the information of the first three compo-
nents of the PCA. The main characteristic in the produced
water samples was the formation of fouling salts, as evi-
denced by the high concentrations of the sulfate anion and
the intermediate concentrations of the cations calcium and
strontium in cluster 1. In the samples of produced water
in cluster 2, a tendency toward the deposition of insoluble
compounds was observed due to the high concentration of
bicarbonate anion. In the produced water samples in clus-
ter 3, due to the high concentrations of the chloride and
sodium variables, a propensity to corrosion was indicated.

In relation to the predominant characteristics for each
cluster, it can be said that cluster 3 presents a tendency to
corrosion, as evidenced by the high concentration of chlo-
ride. It is noteworthy that the influence of this anion on
corrosion is through the destruction of the passivation of
stainless steels and aluminum alloys. To avoid fouling due
to the deposition of insoluble and insoluble salts in clusters
1 and 2, it is necessary to control the sulfate anion because
the supersaturation of this anion, which is associated with
the cations calcium, barium and strontium, results in the
formation of sulfate precipitates (CaSO, BaSO, and/or
SrSO,) and the control of the bicarbonate anion, which can
generate fouling from the precipitation of the salts as car-
bonates. This can result in operational problems, such as
the loss of fluid pressure due to a reduction in the diam-
eter of pipes, a decrease in production flow and a conse-
quent increase in energy consumption. Further, it can lead
to additional capital costs and substantial operational
costs.
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This study allowed to correlate the variables measured
in produced water samples from the oil production pro-
cess in the state of Ceard, and thus, to aid in understand-
ing the interrelationship of the variables, in a synergy
between the corrosive process and the statistical tools.
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