Brazilian Journal of Chemical Engineering (2024) 41:729-735
https://doi.org/10.1007/543153-023-00400-4

REVIEW q

Check for
updates

Effects of laboratory test sensitivities on the efficiency of scale
inhibitors for Brazilian applications

André Saraceno' ® - Chunfang Fan? - Davi Alves' - Alexander Nelson?

Received: 31 October 2022 / Revised: 28 August 2023 / Accepted: 31 August 2023 / Published online: 5 October 2023
© The Author(s) under exclusive licence to Associacéo Brasileira de Engenharia Quimica 2023

Abstract

Controlling inorganic-salt precipitation during oil production at various stages of crude-oil processing is a complex task,
especially with the increase in criticality of produced-water compositions and working conditions (e.g., high calcium content,
high salinity, and temperatures). Using reliable models to predict the saturation index and choosing the ideal conditions for
laboratory tests are critical to the effective selection of scale inhibitors capable of ensuring production flow. The dynamic
tube blocking test (TBT) is commonly used to assess the performance of scale inhibitors. In some Brazilian presalt sce-
narios, it has been determined that this test is very sensitive to certain factors, such as the brine pH, the inner diameter (ID)
of the capillary, and other operating conditions. The objective of this work was to evaluate the influence of the variation of
these factors on scale inhibitor efficiency. Performance evaluations of scale inhibitors in Brazilian presalt conditions, vary-
ing only the coil size and the brine pH within specified narrow ranges, and the impact on product efficiency. Based on the
studies performed it could be concluded that the pH range considered for the tests should be narrow enough to not lead to
drastic variation of the saturation index. With regards to the coil ID, narrower ones could lead to higher minimum inhibition
concentrations (MICs).
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Introduction

The formation of inorganic scale during oil production is
a significant challenge in flow assurance. Different types
of scale, primarily insoluble sulphate and carbonate salts,
can be formed. Sulfate scales are primarily formed when
seawater is injected into the reservoir for oil recovery, as a
result of the mixing of incompatible waters. Seawater is rich
in sulphate, while formation water is rich in metals such as
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calcium, barium, and strontium, and the interaction between
these ions promotes the formation of sulfates. Carbonate
scales are formed primarily as a result of thermodynamic
variations, such as changes in pH, pressure, and temperature,
in the system during the oil production process, and these
variables directly affect the solubility of the salts.

Scale precipitation occurs by means of a four-stage pro-
cess: supersaturation, nucleation, crystal growth around
the nucleus, and the deposition of salts on surfaces. Super-
saturation is achieved in a solution when the concentration
of solutes is greater than the equilibrium concentration.
Nucleation is the process of obtaining the smallest aggre-
gate of a crystalline phase. During this stage, the ions start
to gather in groups and stabilize after reaching a certain
critical size. After a stable nucleus has been formed in the
system, small aggregates tend to grow around the nucleus,
generating larger particles, and the agglomeration of these
crystals on surfaces results in the formation of scale layers
(Da Rosa et al. 2019).

Scale inhibitors have served as excellent tools to miti-
gate problems caused by the formation of these insoluble
salts. Scale inhibitors can act by means of three mechanisms:
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prevent nucleation, prevent crystal growth, or as disper-
sants. Inhibition during nucleation occurs through endo-
thermic adsorption of the inhibitor, causing the dissolution
of the embryonic precipitate nucleus. The second inhibition
mechanism is that the adsorption of the inhibitor increases
the free energy of the precipitate nucleus, resulting in an
increase in the energetic barrier to crystal growth. Another
potential theory for this phenomenon is that the primary
force governing adsorption is simply the hydrophobic repul-
sion of the inhibitor molecule by the solution. This adsorp-
tion prevents crystal growth. The inhibitor’s anionic func-
tional groups are responsible for the initial approach to the
crystal surface, and the presence of several groups provides
a high density of negative charge, which results in a strong
electrostatic interaction with the surface. Finally, dispersants
act by destabilizing the aggregates already formed through
crystal distortion effects, making them less stable and con-
sequently disaggregating them. (Tomson et al. 2003; Frenier
and Ziauddin 2008).

Laboratory tests are required to develop the scale inhibi-
tors that will be applied during oil production, and they aim
to simulate the conditions in the field when a product will be
applied. Thus, important tests are performed during product
development or screening: compatibility tests, which aim
to evaluate the tolerance of an inhibitor to the calcium ion
present in brine; a static efficiency test, which evaluates the
efficiency of a product in preventing the formation of sulfate
scales under static conditions; and a TBT, which is the focus
of this work.

In a TBT, synthetic brines based on the composition of
the produced water from a field are prepared and pumped
into a dynamic scale loop (DSL) as separate non-scaling
anionic and cationic brines. Scale formation is assessed by
monitoring the pressure differential over the inlet and outlet
of a stainless-steel microbore capillary contained within a
heating cabinet. The DSL is conditioned to the pressure and
temperature of the field, and the anionic and cationic brines
are mixed immediately before they enter the microbore coil.

A test, referred to as a blank test, is initially performed
without the presence of inhibitors. It is important to perform
this test because it determines the duration of the pass time
for tests undertaken using scale inhibitors.

The result of a TBT is highly dependent on the pH of the
brine used when carbonate scales are of concern and on the ID
of the capillary. Both conditions are typically predetermined
by the operator. However, depending on the range of tolerable
variation for the pH, as well as the diameter chosen for the
capillary, these conditions could significantly influence the
performance of the product being evaluated—a slight increase
in pH that is still within the established range or a reduction of
the capillary ID could be responsible for a significant increase
in the dosage of product required to prevent scale formation
in laboratory tests. Assessing these variations is important to
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Table 1 Brine Composition

Subsea (mg/L) Topside (mg/L)

Sodium 33,257 76,040
Potassium 2329 4728
Magnesium 805 1984
Calcium 4850 7886
Barium 6 44
Strontium 919 3043
Chloride 64,048 134,290
Bromide 386 744
Acetate 0 962
Sulfate 136 86
Bicarbonate 2317 717
pH 7.1 7.0
Table2 Test Parameters

Subsea Topside
Temperature (°C) 66 135
Pressure (psi) 1000 120
Flow rate (mL/min) 10 10
Pass criteria AP increase < 0.5 psi AP increase <

for 3 X blank 0.5 psi for 2
hours

reflect on the extent to which the laboratory is reproducing
what will occur in the field or whether too-conservative condi-
tions are being considered.

Methodology

Dynamic tests using DSL equipment were performed to under-
stand how variations in brine pH and capillary ID affect prod-
uct efficiency. A polyamino polyether methylene phosphonate
(PAPEMP)-based product was evaluated in two Brazilian pre-
salt scenarios: a topside application and a subsea application.
The dosages reported are the commercial product concentra-
tion. This type of chemistry was selected due to the good per-
formance in the scale inhibition under the studied conditions.
This confirms the expectation as the PAPEMP presents good
inhibition properties for calcium carbonate precipitation.

For the performance tests, synthetic brines were prepared
using the brine compositions listed in Table 1. Test conditions
are provided in Table 2.

Where Saturation Ratio SR and Saturation Index are:

SR = Ion Activity product/ Ksp (TP) (D)

SI = Logl0(SR) )
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During the evaluation of the influence of the brine pH vari-
ation on the product efficiency, a variation of +0.20 from the
stated pH was permitted. This pH range is commonly used by
operators for the requirements of DSL lab tests. For the study
of the influence of the capillary ID, capillaries with a 0.5-,
0.75-, and 1-mm ID were evaluated at a fixed length of 1 m.
For any DSL experiment, a range of microbore capillary sizes,
varying in both length andID, can be used:

Length: typically either 1 or 3 m
ID: 0.5, 0.75, or 1 mm

Results and discussion
Theoretical calculations

The coil dimensions result in variations in pressure drop, resi-
dence time, shear rate, and turbulence. Figs. 1 and 2 show the
theoretical calculations for a 1-m-long coil at the various typi-
cally used IDs. The following equations were used to deter-
mine the parameters:

Shear
Shear = 4 x Flow Rate / Pi x Tube Radius’ 3)
Reynolds Number (Re)
Re = Velocity X Internal Diameter X Brine Density/Viscosity
)
Velocity (v)
v = Flow rate / Pi x Tube radius? (5)

Based on a temperature of 7= 135 °C and a theoretical
viscosity of u approximately 0.5 cp (for Topside conditions),
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Fig. 1 Theoretical comparison of varying microbore coil dimensions
on AP, shear, and Re.
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Fig.2 Theoretical comparison of varying microbore coil dimensions
on velocity and residence time.

as the coil ID decreases, there is an exponential increase in
the pressure drop and not unexpectedly. Lengthening the
coil increases the pressure drop and the residence time pro-
portionally. In addition to increasing the pressure drop, an
exponential increase in the shear rate is also calculated when
decreasing the ID, in addition to a reduction in the residence
time. However, it should be noted that the Reynolds number
(Re) is calculated to be in laminar flow at all conditions
(Re < 2000). In relation to the TBT pass criteria shown in
Table 2, the 0.5-psi threshold represents a 100% increase
above the theoretical baseline for a 1-mm-ID coil, a 25%
increase for a 0.75-mm-ID coil, and only a 6% increase for
a 0.5-mm-ID coil, further highlighting the increasing test
severity as the coil ID is reduced.

pH Sensitivity

The subsea scenario was used to evaluate the influence of
brine pH on the scale inhibitor efficiency. For the TBT, the
produced water in Table 1 was divided into cationic and ani-
onic brines so that when they were mixed inside the equip-
ment, the desired composition was obtained. pH adjustment
of the cationic brine was performed with hydrochloric acid
(HCI) and/or sodium hydroxide (NaOH) and of the anionic
brine with carbon dioxide (CO,) such that when the brines
were mixed, the pH was between 6.90 and 7.30 (7.1 + 0.20).

The theoretical sensitivity resulting fromthe pH variation
was observed through simulations using scale modeling soft-
ware considering a pH range of 6.8 to 7.5 for the mixture.
Fig. 3 demonstrates that when the pH is greater than 7.20,
the saturation ratio increases rapidly for calcium carbonate
(CaCOy).
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It can also be observed that a +0.20 variation in the pH
results in different efficiencies for the same product. Fig. 4
provides the test results, and it is possible to conclude that at
a pH greater than 6.90, the minimum inhibitory concentra-
tion (MIC) of the product increases because of the increase
in the saturation ratio in the subsea scenario.

Coil ID influence

The topside scenario was used for this TBT evaluation. Cap-
illaries with IDs of 0.5, 0.75, and 1 mm were used. The
tests were performed at a fixed dosage of 75 ppm with a
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Fig.3 Evaluation of the influence of pH on the predicted saturation
ratio (SR) for the subsea scenario.

Fig.4 TBT result varying brine
pH for the subsea scenario.
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PAPEMP-based product, and it was observed that the capil-
lary ID significantly influenced the scale inhibitor efficiency
test results (Fig. 5). At the 75-ppm dosage using the capillar-
ies with IDs of 0.75 and 1 mm, the product passed the inhibi-
tion efficiency tests, but for the capillary with a 0.5-mm ID,
75 ppm of the same product was not sufficient to prevent
the increase in differential pressure above the criteria for 2
hours. Although not a perfect match, the measured baseline
AP value aligned with the calculated values on the basis of
the test conditions (Fig. 1).

Because mineral deposition kinetics are not fully under-
stood, even in less-complex laboratory conditions, few kinet-
ics models have been successfully applied in laboratory or
field conditions. Furthermore, although several studies have
been conducted on the impacts of scale inhibitors on mineral
deposition kinetics (Barber and Heath 2019; He et al. 1994;
He et al. 1995; He et al. 1996, 1999, 2002), the inhibition
impacts on mineral deposition kinetics are not comprehen-
sively understood, and most of the models developed are
for mineral nucleation and crystallization in batch systems
without considering flow conditions and surface deposition.
Therefore, understanding the fundamental mechanisms and
kinetics of mineral deposition and inhibition in laboratory
conditions and applying such knowledge to field conditions
remain significant challenges. Recently, researchers from
Rice University published several papers Liu and Nancollas
(1975); Lu et al. (2020); Lu et al. (2021) on mineral scale
deposition kinetics inside flowing pipes. Using the findings
from these studies, the researchers developed a new mineral
surface deposition and inhibition platform and integrated
the model into scale modeling software, to predict mineral
scale deposition.

Although the model they developed is based on limited
experimental data of barite and calcite scales, the prediction
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Brine pH=7.10

——Brine pH=7.20
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20 30 40 50 60
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results (Table 3) obtained from using their model with differ-
ent coil IDs could increase understanding of the influence of
coil ID in TBT evaluations. In the deposition simulation, the
brine composition and system T&P conditions for the top-
side scenario were used. Because the scale modeling results
predicted that primarily calcite scale would form in the top-
side scenario and the deposition kinetic modeling results for
barite were insignificant compared to the calcite deposition
predictions, only calcite deposition predictions were listed
in Table 4. As suggested by the simulation results, the calcu-
lated saturation ratio, the maximum quantity of precipitation,
and the predicted deposition mass are exactly the same for
the different coil IDs, but the deposition radii (mm/h) differ.
Coil size will not affect the brine’s SR and mass of precipi-
tation. The thermodynamic and kinetics of scale formation
will not be affected by the coil size used in a DSL test.As
the coil ID decreases, the predicted deposition radius at each
section of the coil increases accordingly because at a given
time, the same deposition mass is predicted each coil, while
the capillary available inner space for deposition decreases
with the decrease in capillary ID. This could explain why in
the TBT evaluation, the same scale inhibitor product dosage
was not sufficient to prevent an increase in the differential
pressure when testing the 0.5-mm-ID coil, but the differen-
tial pressure was less than the passing criterion when either
the 0.75-mm-ID coil or the 1-mm-ID coil was used. If the
added scale inhibitor achieved 95% inhibition and x quantity
of scale solids still formed and were deposited on the tub-
ing wall, according to the simulation results, the deposition
masses are equal for all three capillary IDs. However, the
impact on the differential pressure from an equal quantity of
scale deposit is quicker on the capillary coil with the smaller

60 80 100 120
Time (minutes)

ID as a result of more-restricted flow compared to a capillary
with a larger ID, which is also consistent with the theoretical
calculation of AP shown in Figs. 1 and 2.

Based on these evaluations, it can be concluded that the
smaller the capillary ID is, the more critical, severe, and
restrictive the TBT testing conditions are, and scale inhibitor
molecules with better performances and/or greater dosages
are often required to pass a test under those conditions.

Conclusions

Based on these evaluations, it can be concluded that the
pH tolerance range should be narrow enough to capture the
field conditions and be reproduced in the laboratory with-
out permitting exacerbated variations to the saturation index
of the scenario under evaluation. This can be particularly
observed in the cases of high-scaling-tendency brines. A
slight increase in brine pH cansignificantly change the satu-
ration index/ratio of scaling carbonate minerals. As a result,
the MIC of a scale inhibitor substantially increases.

With regards to capillary ID, tests performed on a 0.5-mm
ID could result in a scenario much worse than the field con-
ditions. In such harsh conditions, the MIC of a selected scale
inhibitor obtained through laboratory TBT testing could be
significantly greater than the actual treatment dosage needed
in the field. This is a problem because the MIC obtained
in such tests might not represent the actual MIC required
under the production conditions of the field and, as a practi-
cal consequence, could result in an increase of the cost for
deposition control of inorganic scale.
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Table 3 Deposition Simulation Results

Calcite Deposition Predictions

Section Coil Length T P SR Max. ppt*  Deposition Coil ID
Mass**
0.5 mm 0.75 mm 1 mm
Deposition Radius ~ Deposition Radius ~ Deposi-
tion
Radius
# m °C bar mg/L mg/L mm/h mm/h mm/h
10 1.0 135.0 8.0 2593  295.6 11.1 0.014 0.009 0.007
9 0.9 1350 8.0 29.25 3084 12.0 0.015 0.010 0.008
8 0.8 1350 8.0 3342 3222 13.0 0.017 0.011 0.008
7 0.7 1350 8.0 38.81 3375 142 0.018 0.012 0.009
6 0.5 1350 8.0 46.08 3543 15.7 0.020 0.013 0.010
5 0.4 1350 8.0 56.44 3732 17.7 0.022 0.015 0.011
4 0.3 1350 8.0 7249 3948 20.2 0.026 0.017 0.013
3 0.2 1350 8.0 10093 4204 239 0.030 0.020 0.015
2 0.1 1350 8.0 16570 4524 29.8 0.038 0.025 0.019
1 0.0 1350 8.0 41935 4979 422 0.054 0.036 0.027
*Max. ppt: maximum quantity of precipitation based on thermodynamic equilibrium state reached
**Deposition mass: predicted quantity of solids deposited on tubing wall based on MSDI platform model
Table4 Scale Modeling Results g0 Tem-  Pressure pH SR BaSO, SR SiSO, SR CaCo,
perature  (psi) Ambient [BaSO,] mg/l [SrSO,] mg/l [CaCO;] mg/l
O
Subsea Brine 66 1000 7.1 1.075 0.93 0.76 0 80.12 1533.33
Topside Brine 135 120 7.0 0.78 0 2.93 101.49 52.67 726.24

Scale modeling was conducted by using OLI ScaleChem

Therefore, it is extremely important to always evaluate
whether laboratory tests are consistent with the produc-
tion conditions in the field, and the MIC obtained through
laboratory TBTs should be considered an initial recom-
mended treatment rate and the actual treatment rate of a
scale inhibitor must be optimized after the selected scale
inhibitor is deployed in the field, and appropriate moni-
toring techniques are implemented to capture the perfor-
mance of the inorganic scale deposition control program.
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