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1. X-Ray Diffraction
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1. Drop Shape Analysis (DSA)
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3. Rock Heterogeneity
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INTRODUCTION

Smart water refers to the advanced ion
management which the ionic composition of the
injection water is engineered to achieve specified
attributes in Rock-Qil-Brine systems. Different
studies show that adjusting the injection water’s
chemistry leads to improved oil recovery in
carbonate reservoirs by wettability alteration
towards a more water-wet state [1]. Formation
of mineral scales during water flooding is one of
the serious problems in oilfields and production
operation which can occur by the incompatibility
of waters. Mixing injection water with high
concentration of SO,? and formation water
being rich in divalent cations of Ca*?, Ba*?> and
Sr*2 causes precipitation of mineral scales such
as CaSO,, BaSO, and SrSO, [2]. The consequence
of scale deposition could be formation damage,
reduction in production, equipment failure,
and maintenance cost [3]. The chemical scale

inhibitor’s application is considered as an
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effective way for preventing and decelerating
mineral scales production rate [4].

It has been observed by Zhang and Austad that
the presence of active ions e.g. Ca*?, Mg* and
SO,? in sea water flooding has the ability to
alter the rock’s surface charge and increase the
water-wetness of rock [5]. It has been found
out by Chen et al in 2005 that Mg*? ions have an
inhibition effect on the formation of CaCO, scales
by increasing the surface roughness and by
causing distortion of the crystals [6]. It has been
concluded by Calberg in 1973 that the presence
of Mg increases the solubility of CaSO, by
formation of uncharged ion pair MgSO,(aq) [7].
It has been presented by Shaw in 2012 that the
molar ratio of Ca/Mg in brinesis assumed to be an
important factor in Sl applications. Ca* ions are
able to take part in the inhibition mechanism of
BaSO, and has beneficial effects on the inhibition
efficiency (IE) of Sls. Whereas, Mg?*ions cannot

be incorporated into the growing BaSO, lattice
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and poison the performance of Sls [8]. It has
been found out by Guan and Graham in 2003
through environmental scanning electron
microscope (ESEM) analysis that the initial
dissolution of carbonate core surface resulting
in localized increase in pH and Ca* followed
by precipitation of Ca-SI complexes on the rock
surface makes the rock surface susceptible to
wettability alteration [9]. Gosh et al in 2016
through results obtained from contact angle
measurements, Zeta potential and also, Amott
drainage test, identified that addition of poly-
phosphate SI can change the carbonate rock
wettability from oil wet to water wet and help
release the trapped oil [10]. As mentioned, the
smart water generally includes an engineered
combination of Ca*?, Mg* and SO,” as potential
determining ions (PDI) which have a positive
impact on oil recovery. High concentration of PDI
especially SO,? may aggravate incompatibility
scaling problems during water flooding projects.
In this research, to investigate the performance
of smart waters containing Sl as modified
phosphonate and

smart waters, polymeric,

poly-phosphonate types of chemical scale
inhibitors are introduced into various brines
with different ionic compositions. The outcome

of this extensive study through simulation and

efficiency tests and contact angle measurement

tests is to optimize the smart water composition
targeting the carbonate reservoirs that not only
reduce the scaling potential, but also enhance
the ability for oil recovery by positive wettability

alteration towards water-wetness state.

METHODOLOGY

Crude oil from an Iranian carbonate reservoir
with APl = 32.21 is used for all experiments.
Composition of this oil is given in Table 1. The
ionic composition of used brines and properties
of chemical Sls are presented at Table 2 and Table
3. Also, carbonate cores are Soxhlet cleaned
before testing and then cut into rectangular
shape rock plates. In addition, X-ray diffraction
(XRD) analysis shows that the rock samples are
composed of Calcite, Dolomite, Quartz, Feldspar,
Chlorite and Clay (illite).

Simulation for Brine Compatibility Study
OLI Scale Chem [11] simulation, a commercial
scale predicting simulator, is used to study the
compatibility between formation water and
different brines under environmental conditions.
The simulation has produced a predictive model
through which the amount of solid scale that may
precipitate out of the solution could be plotted at

various mixing ratios of brines as injection water

experimental compatibility study, inhibition and formation water.
Table 1: Composition of crude oil.
Component | HS | CO, | N, | C | C, | C. | IC, | NC | NC. | C C,, | Others
Percent
| 481 | 3.74 | 0.05(4.10|5.02 593 |1.82|5.18 | 3.00 | 3.95|54.75| 7.65
value
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Table 2: The ionic composition of brines.

Brine Sea Water Smart Water #1 | Smart Water #2 | Smart Water #3 | Formation Water
Name SW SW4S SW3Ca/Mg SW0.01Ca/Mg FW
Na* (ppm) 13140 12150 15186 13690 42438
Cl (ppm) 23146 14755 22459 23100 75965
Ba* (ppm) - - - - 730
Mg* (ppm) 1491 1491 174 1491 2010
Ca*? (ppm) 520 520 520 15 3200
HCO, (ppm) 170 170 170 170 370
SO,? (ppm) 3100 12400 3100 3100 340
TDS (mg/L) 41567 41486 41609 41567 125052
lonic Strength 0.832 0.8824 0.7532 0.818 2.356
pH 7.47 7.6 7.67 7.6 6.3
Table 3: Properties of chemical scale inhibitors used.

Commercial Name Type Density (gr/cm®) | Boiling point (°C) | pH Appearance
Energy 701 Polymeric 1.12 More than 100 6-7 Pale yellow liquid
Energy 717 Poly-Phosphonate 1.15 More than 100 6-7 Colorless liquid
Energy 747 Phosphonate 1.24 More than 100 6-7 Bro::u?jnse

Experimental Brine Compatibility Tests

Standard bottle tests are performed to evaluate
the scale formation tendency and scale inhibition
efficiency of each of the scale inhibitors during
the brines mixing process. First, in the absence
of any Sl and in equal proportion, blank smart
water and formation water are mixed together. In
order to achieve the maximum ionic interaction,
waters are mixed using a magnet for 3 hours,
and then left at room condition. After 24 hours,
the mixtures are filtered through a 0.45 um filter
paper. The crystals in the filter paper are dried
in an oven. Finally, the amount of formed scale
is measured by an electronic top pan balance.
Same experimental procedures are performed to
calculate the inhibition efficiency and the scale
formation tendency in mixing of injection water
containing 30 ppm of inhibitor and formation

water.

Contact Angle Measurement Tests

In this part, the oil-rock contact angle of brines
under experimentation are measured to
estimate the wettability condition of carbonate
rock plates. After cleaning and drying, the rock
plates are saturated with formation water to
the irreducible water saturation (S, ) condition
for 72 hours and after that, aged for 8 weeks in
crude oil at 80 °C. Over the time period of 3 to
48 hours, contact angels of the aged rocks were
measured both in the absence and presence of
Sls by the Drop Shape Analysis (DSA) device in

the environmental conditions.

DISCUSSION AND RESULTS
Compatibility Analysis During the Mixing of
Brines

In the absence of Sls, mixing injection water and

formation water with the mixing ratio 1:1 is
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simulated by OLI Scale Chem. Also, standard
bottle tests are performed to find experimentally
the scale formation potential during the mixing
of incompatible waters e.g. 50 ml injection water
and 50 ml formation water. As shown in Table
4, solid precipitation is shifted towards higher
values when the sulfate concentration and the
Ca/Mg ratio are increased. Because Ca** and SO,*
ions have a high tendency to form carbonate
and sulfate scales, whereas, Mg?* ions have an
inhibition effect on the formation of CaCO, and
CaSO, scales. Experimental data matches with
the predicted scaling potentials done by the
simulator, but the simulation results are more
than the total amount of scales formed, because
the environmental condition and intermolecular

interaction cannot be completely simulated.

Inhibition Efficiency for Different Sls

During the Mixing of Brines

The staticinhibition efficiency (IE) (%) is a measure
of how effective a Sl is at preventing scale
formation under a specific set of experimental
conditions after mixing incompatible brines.
For static bottle tests, IE is mathematically a

percentage (%) given by the following expression:

IE (%) = (1 - (%)) X 100 (1)

which Ms is the total mass of scales precipitated
after mixing of brine containing Sl and formation
water and M, is the total mass of scales
precipitated after the mixing of blank brines
without SlI. As shown in Table 5, polymeric Sl has

the lowest inhibition efficiency.

Table 4: Experimental and predicted amount of scales in the brines mixing process in equal proportion (mg/L).

Mixed brines Predicted value Experimental value
SW + FW 654 390
SW4S + FW 5627 4013
SW0.01Ca/Mg + FW 652 378
SW3Ca/Mg + FW 660 430

Table 5: Mass of precipitates (mg/lit) and inhibition efficiency of different Sis in the brines mixing process.

Mixed brines

Total mass of scales

Inhibition efficiency (%)

*SW + FW 390

(SW + SI # 701) + FW 327

(SW + SI # 747) + FW 190

(SW + SI #717) + FW 110

*SW4S + FW 4013

(SW4S + SI # 701) + FW 3820

(SW4S + S| # 747) + FW 3010

(SW4S + SI # 717) + FW 2650
*SWO0.01Ca/Mg + FW 378
(SW0.01Ca/Mg +SI # 701) + FW 331
(SW0.01Ca/Mg +SI # 747) + FW 254
(SW0.01Ca/Mg +SI # 717) + FW 133
*SW3Ca/Mg + FW 430
SW3Ca/Mg +SI # 701) + FW) 336
SW3Ca/Mg +SI # 747) + FW) 170
SW3Ca/Mg +SI # 717) + FW) 80




In all cases, Sl # 717 (poly-phosphonate) operates
effectively and its IE is higher than SI # 701

(polymeric) and S| #747 (phosphonate) because
the use of synergistic Sls can activate multiple
inhibition mechanism. Results from Table 5
reveal that increasing the Ca/Mg ratio in the
water composition results in higher IE for all Sls.
Because the Ca-SI complexes are active species
which effectively take part in the inhibition
process of growing scale crystals whereas Mg*
essentially prevents the bound Sl from inhibition
scales. All applied Sls are not able to stop scaling
in the SW4S + FW solution. So, the inhibition
efficiency of Sls is reduced because the SW4S
brine containing high sulfate ion concentration
Mixing with FW containing high divalent cations
(Ca*?, Ba*?) concentration results in formation of
sulfate scales which have extremely low solubility.
CONTACT ANGLE MEASUREMENT

According to Figure 1, more water wetness
of COBR system would be obtained due to the
adsorption of Sl on the rock surface. Positive

wettability alteration using modified smart

70
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waters containing Sls may result in oil recovery.
For the fact that Ca*? exists as common ion in both
the solid and aqueous phase, CaCO, dissolution
could be also a problem. Results also show that
increasing the sulfate ion’s concentration up to 4
times higher than the base SW in the SW4S does
not change the rock wettability and might cause
precipitation problems. The adverse influence of
precipitation can be the reduction of active ion’s
concentration in the aqueous phase and/or rock
permeability reduction. Significant wettability
alteration for solution containing SI # 717
represents the multiple retention mechanisms
for poly-phosphonate type Sls. Change in the Ca/
Mg ratio may affect the adsorption of Sls on the
rock surface. Results show that chemical scale
inhibitors with specific chemical structure show
different sensitivity to the Ca/Mg ratio. SI # 747
has the highest sensitivity due to high affinity of
the phosphonate type Sls for metal ions whereas,
the effect of the Ca/Mg ratio on the adsorbing
characteristics of polymeric Sls is rather less than

on phosphonate and poly-phosphonate Sls.
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Figure 1:

Change in contact angle for different brines during time the interval of 3-48 hours.
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CONCLUSIONS

This study investigates the incompatibility of
brines both in the absence and presence of
various Sls which results in scale formation
when mixing several high salinity brines as smart
waters and formation water. The main purpose
of this study is to find the best choice for water
flooding projects in carbonate reservoirs which
can be mixed with formation water to fight the
scaling problems and also have a positive impact
on oil recovery by positive wettability alteration.
The conclusions are summarized below:

- Simulation and experimental results showed
that in the absence of Sls, during the brines
mixing process, solid precipitation is shifted
towards higher values than when the sulfate
concentration and the Ca/Mg ratio are
increased.- Poly-phosphonate S| # 717 operates
effectively, and the inhibition efficiency and level
of adsorption on carbonate rocks for this type
of Sl are higher than polymeric SI # 701 and
phosphonate SI # 747 because this synthetic Sl
simultaneously has the associated benefits of
both polymeric and phosphonate Sls.

- Increasing the Ca/Mg ratio in the water
composition resulted in higher IE for all applied
Sls and such increase improved the performance
of SI # 747 more than other Sls.

- Despite the presence of Sl in the solution,
mixing the SWA4S brine containing high sulfate
ionconcentration and FW containing high divalent
cations concentration resulted in the formation
of a significant amount of mineral scales.

- Brine solution containing 30 ppm of Sl changed
the wettability of oil-wet carbonate substrates
towards a more water-wet state by the retention
of the scale inhibitor on the rock surface.

- The effect of the Ca/Mg ratio on the adsorbing

characteristics of phosphonate Sls is rather high-

er than on polymeric Sls. Intermediate behaviour

is also observed for poly-phosphonate Sls.
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