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ABSTRACT: In oil recovery in petroleum reservoir, the most used process is seawater
injection. However, this method causes scale formation which damage the production structures.
These deposits can be derived from the incompatibility between the seawater and formation
water and can be formed from pressure drop. To prevent the formation of deposits applies
squeeze method which the scale inhibitors are injected into the well. Therefore, this study aimed
to analyze the interaction between the commercial scale inhibitor and the sandstone rock,
evaluating the influence of temperature and inhibitor concentration by test in fixed bed. It was
observed trough temperature increase a rise in the adsorption capacity from 3.03 to 6.17 mg g,
which can be explained by the density of electrostatic charges on the rock surface. This system
was modeled, and it resulted in a good correlation with the proposed model.
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1. INTRODUCTION

There are some reservoirs which do not have
pressure enough to lift the oil at surface. It needs
technologies to promote this displacement, such as
gas lift, pumping and water flooding (Puntervold e
Austad, 2008; Alemi et al., 2011). The most used
technic is water flooding that, in offshore wells, the
seawater is selected to be injected in the well
(Sorbie e Mackay, 2000; Bader, 2006; Bader,
2007; Binmerdhah et al., 2010).

The seawater injected is rich in sulfate ions
(SO,%) and formation water has barium (Ba®"),
magnesium (Mg?), strontium (Sr®"), calcium
(Ca®") and others cations in high concentration,
forming insoluble sulfate salts when these waters
are mixed (Yuan et al., 1994; Bedrikovetsky et al.,
2009; Senthilmurugan et al., 2011). Beyond
sulfates, carbonates are found and this one is
formed by pressure drop in the wellbore (Zhang e
Dawe, 1998; Zhang et al., 2001).

These salts can deposit on the production
lines and near wellbore formation. This deposition

blocks the flow, promotes production loss and can
deactivate all the production structure (Andrei e
Gagliardi, 2004; Martinod et al., 2008; Kumar et
al., 2010).

The technology used to avoid the scale
formation is squeeze treatment, which scale
inhibitor is injected in the wellbore. It may be
adsorbed or precipitated on the rock surface
(Rabaioli e Lockhart, 1996; Andrei e Gagliardi,
2004). The adsorption is the retention mechanism
more convenient than precipitation one in squeeze
process because the material deposition or
precipitation is minimized, reducing others
problems while the treatment is done (Tantayakom
et al., 2005).

In laboratory, coreflood tests simulate the
wellbore conditions to study the interaction rock-
inhibitor and evaluate rock damage after squeeze
treatment (Ochi e Vernoux, 1998; Rocha et al.,
2004). In this test the rock is confined and inhibitor
flows through it.

The aim of this paper is analyze the behavior
of adsorption process of scale inhibitor on the rock
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surface. The inhibitor concentration and
temperature influence also will be evaluated.
The adsorption tests were carried out using
aminomethylene phosphonic acid as scale inhibitor
and a fragmented sandstone rock. Mathematical

modeling was used to simulate the process and to
determinate mass transfer parameters.

2. MATERIALS AND METHODS

2.1. Materials

Adsorption tests were carried out using the
sandstone rock (about 90% SiO,) provided by
CENPES/Petrobras. This rock was fragmented in
particles with 605 pum medium diameter. The
commercial inhibitor used in the tests has about
17% of aminomethylene phosphonic acid as the
active phase.

2.2. Methods

The rock was characterized by N, isotherms
at 77K to determinate surface area and total pore
volume, measured in Autosorb (Quantachrome,
USA). The surface area was calculated using BET
methodology. The total pore volume was obtained
from the N, volume adsorbed at a relative pressure
of 0.994. The density was determined by
experiments with Helium in a magnetic suspension
balance Rubotherm (Bochum, Alemanha). With
this method was determined solids volume and
particle porosity (Equation 1).

£y =t 1)

which g, is the particle porosity, Vs is solids
volume and V, is total pore volume.

Experimental apparatus for adsorption tests
consists of a steel column which was coupled to
pump system ProStar 210 Varian (90% accuracy)
and oven to control the flow and temperature.

The operating flow was 0.1 mL min® and
the scale inhibitor concentrations injected in the
column were 1 to 10 mg mL™. The tests were
carried out at temperatures 323.15 and 353.15 K.
The column effluent was analyzed by ICP-OES.
The compound used to determinate the inhibitor
concentration was the phosphorus.

X Encontro Brasileivo sobre Adsorgdo
27 a 30 de Abril de 2014
Guaruja - SP

The bed porosity (¢) was determined by
Equation 2.

M
=1— L 2
¢ (VLIOSJ ( )

which M_ is the adsorbent mass (g), V. packed bed
volume (mL), determined by the dimensions of the
column and ps is the rock density.

To determine the adsorption capacity (q°)
carried out a mass balance in the column (Equation
3), which the flow was considered distributed
equally in transversal section.
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which q” is adsorption capacity (mg g™), Co initial
concentration (mg L™), C final concentration (mg
L), Q flow rate (mL min™).

Isotherms data experiments were treated by
Langmuir equation (Equation 4).

" bC,
1. )
dn 1+bC,

which g, is adsorption maximum capacity (mg g
1, b is affinity between adsorbate and adsorbent
(mL mg™) and C,, concentration in equilibrium in
the liquid phase (mg mL™).

The experiments values were compared with
calculated values by medium percentual deviation
(%D) expressed by Equation 5 (Berber-Mendoza et
al., 2006).

%D=Z|qeq_q0|x% (5)

which ¢, and g. are the experimental and calculated
adsorption capacity and N is the number of
experiments.

Linear Drive Force model (LDF) was used
to predict the breakthrough curves and validate the
experimental data (Equations 6 to 11). For all
modeling was used Langmuir equation to represent
the equilibrium of the system (Ruthven, 1984;
Cooney, 1999; Dantas et al., 2011).
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Initial conditions:
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which C is adsorbate concentration in fluid phase
(mg mL™),qadsorbate average capacity in the
solid phase (mg g%), Ds axial dispersion
coefficient (cm® min™) v, superficial velocity (cm
min'l) and K, coefficient mass transfer effective
(min™).

The axial dispersion coefficient was
estimated from the correlation using Peclet and
Reynolds numbers (Butt, 1980) as shown in
Equation 12.

£ Do _(0240,011Re" (12)

vd,

which dj is particle diameter (cm).

The coefficient mass transfer effective was
estimated using heterocedastic estimation method
of the computational package gJPROMS®.

3. RESULTS AND DISCUSSION

The profile of N, adsorption and desorption
isotherms (Figure 1) shown the sandstone rock
used in this work has low porosity, because the
isotherm is of type Ill, according BDDT
classification (Thomas e Crittenden, 1998).
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Figure 1. N, (o) adsorption and () desorption
isotherms at 77K of sandstone rock.

In Table 1 is shown the values obtained to
the particle surface area specific (Sger), pore
volume (V,), rock density (ps), solid volume (V)
and particle porosity (g).

Table 1. Textural properties of the
rock particles.

Properties Results
Seer (M*g™h) 0.51
Vv, (cm®g™h) 3.08x10°
ps (g cm’) 2.66

V; (cm?) 0.45
& 0.0068

It is noted that the material has low porosity,
confirming the isotherm profile. Furthermore, the
low porosity results in the low pore volume,
suggesting the adsorption process happens
basically in the solid particle surface.

The column was packed with fragmented
rock uniformly and in Table 2 is shown the bed
characteristics.

Table 2. Bed characteristics.

Properties Results

£ 0.57

Da (cm? min™) 0.178
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With the data obtained by testing on fixed
bed were plotted the breakthrough curves for each
concentration used in each temperature. With the
mass balance, the adsorption isotherms for the
inhibitor were plotted as illustrated in Figure 2.
The fitted curves have their adsorption maximum
capacities estimated for each system, following
Langmuir.

0 2 4 6 8 10 12
-1
C,(mgmL")
Figure 2. Adsorption isotherms of scale inhibitor

solution at (A) 323.15K and (o) 353.15K
temperatures. Isotherms fit by (—) Langmuir.

The fitted curves have their adsorption
maximum capacities estimated for each system,
following Langmuir equation. The parameters are
reported in Table 3.

Table 3. Parameters of Langmuir equation.

Parameters 323.15K 353.15K
gn(mgg?!)  3.03+024  6.17+0.971
b(mLmg?’)  0.88+0.28 0.135+0.039
R? 0.97 0.98
%D 7.11 7.08

It is observed there was an increase in the
adsorption capacity of 3.03 to 6.17 mg g™ when the
temperature rises. In physics adsorption this fact is
not common, so may be occurred an ionic
exchange probably because occurred electrostatic
changes in the rock surface, intensifying
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interactions between the inhibitor and the rock,
which increases the amount of adsorbed inhibitor.

This phenomenon of electrostatic surface
modification of silica materials observed by
Waseem et al. (2011), who did the adsorption of
Cd (1) on SiO,. It was observed the adsorption of
metal increased from 0.033 to 0.043 mmol g*
when the temperature changes from 288.15 to
318.15K in a finite bath experiments and the
authors justification was the material surface
electrostatic alteration.

In Figure 3 to Figure 5 is shown all the
breakthrough curves simulated using gPROMS at
323.15 and 353.15K to some concentrations.

0 20 40 60 80 100 120 140
t (min)

Figure 3. Experimental and simulated
breakthrough curves at 3.0 mg mL™ at (a) 323.15
K and (b) 353.15K.
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Figure 5. Experimental and simulated
breakthrough curves at 10.0 mg mL™ at (a) 323.15
K and (b) 353.15K.

There was good agreement between the
experimental curves and the curves obtained from
the simulations. To confirm that the models
employed generated good predictions  of
concentration profiles at the outlet of the column
was employed analysis of variance (ANOVA) with
a significance level of 0.05 to detect differences
between the experimental data and the data
obtained by simulations. All parameter values p
were higher than 0.70, attesting to the reliability of
the simulations.

The mass transfer parameters K, estimated
by LDF model applied in this paper are shown in
Table 4.

Table 4. Mass transfer parameters estimated.

T(K) Co(mgmL™ K(min)
3.281 0.150

323.15 5.468 0.530
10.935 0.968
3.281 0.765

353.15 5.468 0.992
10.935 1.818

Low values of the K. represent the high
resistance of the inhibitor flow to active sites. The
rock has a low porosity, so the flow resistance is
restricted to the fluid film around the particle.

To solve this problem could be increased the
flow rate, because the system will be more
turbulent and it gets mass transfer easier to cross
through the boundary layer around the particle.

In squeeze operations, which after the
inhibitor injection the production is stopped, the
inhibitor probably will be transferred by molecular
diffusion and it will break the fluid film. Therefore,
when the well is opened, the inhibitor may not be
adsorbed on the rock then it could not avoid the
scale formation. In this case, to solve this
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resistance the best form will be the shut in time to
increase the efficiency of the treatment.

4. CONCLUSION

In this paper was studied adsorption of scale
inhibitor on the sandstone rock. It was evaluated
the temperature, inhibitor concentration and pH
influence in the adsorption in fixed bed tests.

The rock textural characteristics, determined
by N, isotherms, showed low values of surface
area, pore volume and porosity. These
characteristics contributed to the small quantities
of inhibitor adsorbed in the solid, 3.03 and 6.17 mg
g*, following the Langmuir equation. Langmuir
equation was used to fit experimental points of
isotherm and gave good results (R* > 0.97) which
the deviation did not exceed 7%.

The mathematical model proposed to
simulate the experimental data was satisfactory in
fitting the data and estimating of the coefficient
mass transfer effective. Based on the results
obtained in the estimation of K, was confirmed the
scale inhibitor is adsorbed around the rock surface
because the particle showed low diffusivity in the
few pores in the adsorbent particle.
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