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IMPROVED OIL PRODUCTION BY MEMBRANES

1. INTRODUCTION

Designer Water is produced by adjusting the ionic composition of injected seawater
(SW) thereby modifying wetting properties of reservoirs. By altering the wetting properties
of crude oil, brine and rock systems, CBR, the capillary pressure and relative permeability
of oil and water is affected resulting in higher oil recovery (Fig. 1). Low to moderate salin-
ity, 6000-28000 ppm, are most suitable, with several advantages compared to alternative
IOR methods. Advantages include achieving higher oil recovery with minimal added
investment, assuming that a water-flooding infrastructure is already in place. Injection of
Designer Water can be performed during the early life cycle of a reservoir. This process is
relatively cheap, environmentally friendly and without chemicals [10].

The physical principle of enhanced oil recovery by Designer Water is by altering
the wetting properties of a CBR-system, which has positive effects on capillary pressures
and relative permeability of oil and water. The physical and chemical mechanisms of the
wettability modification process at the rock surface determine the efficiency of oil recovery.
For both carbonates and sandstone reservoirs the oil recovered by injecting original forma-
tion water in equilibrium with the CBR-system, is less than for injection of water with other
compositions [3]. In addition to wettability alterations, compaction or compression of
the rock by injected seawater is also an important mechanism for oil recovery.

Oil recovery is increased considerably from both carbonate and sandstone reservoirs
by injecting Designer Water which is specific low salinity seawater (Fig. 1). The concentra-
tion of NaCl in normal seawater is much larger than the concentration of Ca**, Mg2+,
and SO42_. An increase of Na* and CI” in seawater decreases oil recovery.
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Seawater with low NaCl and spiked with sulphate at temperatures below 100°C seems
to be the best composition for Designer Water regarding oil recovery [7]. The oil recovery
increased dramatically from 37 to 62% of oil originally in place, OOIP, by spiking the NaCl
depleted seawater with 4 times sulphate concentration of normal SW.

INTRODUCTION OF
OIL- WET STATE DESIGNER WATER WATER-WET STATE

Fig. 1. Effect of designer water into an oil reservoir [15]

2. SUGGESTED MECHANISMS FOR CHANGING WETTABILITY

A number of experiments has been performed with seawater flooding in carbonate res-
ervoirs. Wettability alterations were proposed as a key for increasing oil recovery. Sche-
matic for chemical mechanisms for wettability is suggested in Figure 2.

— Injection of brines with high sulphate content coupled with high temperature results in
high recovery by spontaneous imbibition [4].

— Sulphate ions adsorb onto the positively charged surface and lower the positive charge.

— Ca®" close to the rock surface is increased due to reduced electrostatic repulsion and
Ca*" binds to the negatively charged carboxylic groups, releasing oil.

- SO42_ and Ca®" at the carbonate surface increase with increasing reservoir tem-
perature.

- Mg2+ displaces Ca”" from the carbonate rock, indicating that Mg2+ displaces Ca®" -
carboxylate complex [3].
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Fig. 2. Model for wettability alteration induced by designer water
in carbonate reservoirs [3]

3. SEPARATION MECHANISMS OF NF MEMBRANES

The mechanisms of transport and rejection of ions by negatively surface charged NF
membranes are due to sorption-surface capillary flow (Donnan exclusion), sieving and
solution-diffusion (Fig. 3). With Donnan exclusion the co-ions with the same charge as
the membrane are rejected at the membrane surface. Electro-neutrality causes presences of
counter ions. Multivalent SO42_ ions have a higher NF rejection compared with monovalent
anions as charge interactions are larger and co-ions thereby efficiently retained [5].
The Donnan effect is dependent on solute concentrations, valence of co- and counter-ions
and surface charge of the membrane [12].
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Fig. 3. Molecular sieving and solution diffusion in a membrane [6]

Due to sieving (Stearic hindrance) the membrane rejects solutes with larger molecular
weights than the molecular weight cut-off (MWCO) of the membrane. Solutes with lower
molecular weights flow as permeate through the membrane [1].

Sieving mechanism causes retention of ions, where hydrated ion radius is compared.
Stokes radius (Stoke—Einstein) and hydration energy influence the retention of ions in solution.

223



Stokes radius is the radius of a hard sphere that diffuses at the same rate as an equivalent
solute and is influenced by solvent water molecules [13]. Rejection of solutes increases with
increasing Stokes radius [11] and ions with higher hydration energy are likewise retained.

Hydration energy is the force required to extract the solute from the solvent and trans-
port it into membrane pores. More energy is required to extract ions with higher hydration
energy for transport through the pores than ions with lower hydration energy. Thus hydra-
tion energy can influence retention [13]. Table 1 provides comparative information accord-
ing to Stokes radius and hydration energy of the ions in sea water.

Table 1
Stokes radius and hydration energy of ions [9]

Ion Stoke radius [nm] Hydration energy [KJ/mol™]
Na* 0.184 407
Cr 0.121 376
F 0.117 515
NO;3~ 0.128 329
SO.* 0.231 1138
Ca** 0.310 1584
Mg** 0.341 2018

Divalent anions influence the retention of monovalent anions according to Donnan
exclusion for solutions of NaCl and Na,SO,. By adding Na,SO, to a solution of NaCl,
the retention of Cl™ ions decreases as the concentration of Na,SO, increases. The Na* ions
are accompanied by negatively charged ions in order to maintain electro neutrality.
The negatively charged membrane repels negatively charged ions. However, Cl™ ions with
the lower potential are forced to permeate preferentially compared with the SO42_ ions [11].

4. MEMBRANE PERFORMANCE

The main membrane parameters are flux, rejection and recovery. Flux is volume per
unit membrane area per unit time [L/(m2‘h)]. Rejection characteristics are defined as per-
centage rejection of solutes. The rejection of ions depends on the salt diffusion coefficient
and the solute size. The ion diffusivity follows in order of CI” > Na* > SO42_ > Mg2+ > Ca”,
while the solute size follows the sequence Ca>* > Mg?* > SO,* > Na* > CI” [2]. Membrane
re-covery is defined as permeate recovered from feed.

5. EXPERIMENTAL PROCEDURES

Two types of membranes were used with normal seawater as feed, Figure 4. Prelimi-
nary testing was with NANO-BW-4040 at low pressures. During experiments the feed was

224



spiked twice and three times with sulphate. Testing of RO membrane SW 30-2540 was done
for dilution purposes. The ions were analysed using ion chromatography.

Filtered seawater was passed through the membrane by varying flow rates of permeate.

Retentate was constant at 120 L/h throughout the experiments. Permeate flow rates varied
from 45 L/h to 145 L/h. Pressure was in the range of 3 to 12 bar.

‘ Membrane process ‘

Nanofiltration Reverse Osmosis
Process Process
Feed
Normal SW
eniE Normal SW Permeate
2%50,4 Nano BW 4040 Permeate - —— SW3D2540 »
3*50,%
Retentate
Retentate
Fig. 4. Experimental membrane set-up
6. EXPERIMENTAL RESULTS
Membrane flux, rejections and recoveries at different flow rates were measured and
compared.
1. Changes in conductivity, salinity, TDS and flow rates are shown in Table 2.
2. Flux dependence on pressure is calculated as shown in Figure 5.
3. Ton concentrations (rejections) analyzed by chromatography are listed in Table 3.
4. Figure 6 shows ion concentrations for different pressures and recovery rates.
5. Spiking with sulphate influences separation of ions shown in Tables 4 and 5.
6. The effect of sulphate spiking on flux at 8 bar is shown in Figure 7, where flux de-
creases as the concentration of SO42_ in the feed increases.
7. Decrease of flux indicates resistance; i.e., membrane pore size reduction, and change
in physical property of solution (density and viscosity).
8. Difference in rejection of sulphate and chloride ions is plotted in Figure 8.
9. TDS of retentate with normal seawater as feed, twice and thrice spiked with sulphate,

is plotted in Figure 9.
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7. DISCUSSION

Flux increases linearly with increasing operating pressure according to Figure 5.
The resistance to flow through the NF membrane is low compared to a tighter RO membrane.

Salt rejection increases gradually with increasing pressure, explained by an increase
in water flux with increasing pressure through the membrane. The higher pressure helps to
overcome the hydration energy listed in Table 1. Pressure makes the ions break the bonding
with the solvent and move towards the pores of the NF membrane. Hence, the retention of
ions increases as solvent permeates; higher flux and higher recovery. Dependence of rejec-
tion rate with pressure is proportional for all ions except SO42_ (Tab. 3).
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Fig. 5. Flux and pressure with normal seawater as feed to NANO-BW-4040

Table 3
Pressure and rejection by NANO-BW-4040 Separation

Pressure Rejection [%]

[bar] Chloride Sulphate Sodium Magnesium Calcium
3.9 2.7 97.7 6.9 445 19.7
4.7 3.0 96.6 5.4 49.7 14.3
5.6 3.5 98.9 7.1 51.0 19.0
6.6 7.1 98.9 7.1 56.6 23.6
7.5 6.0 98.9 7.5 54.2 19.5
8.4 6.9 98.2 9.3 59.4 32.9
9.1 6.9 97.8 9.0 61.1 30.7
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8. ION CONCENTRATIONS AND MEMBRANE PROPERTIES

The results depicted in Figure 6 shows that separation properties of the NF membranes
are selective and determined by the co-effect of sieving through the nano-sized pores and
Donnan exclusion caused by the surface charge of NF membranes [8].
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Fig. 6. Pressure, recovery and rejection with NANO-BW-4040
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Rejecting rates with increasing pressure is proportional for all ions except SO42_.
Larger ion size and the repulsive force from the negatively charged NF membrane result
in high retention of SO42_. Smaller ions and low hydration energy of Na* and CI~ compared
to SO42_ help monovalent ions to permeate more easily even at low pressure; i.e., diffusion
controlled [11]. The retention of CI” is low in order to satisfy the charge equilibrium
requirements, balancing high permeation of counter ion Na* and high retention of co-ion
SO42_. The cations Mg2+ and Ca®* are retained based on comparatively larger sizes and
the charge balance in combination with retained SO42_. However, the positive charge of
the divalent cations creates a strong attractive force towards the negatively charged mem-
brane and hence the retention is not as high as SO42_ for Mg2+ and Ca”".

Permeate flow and rejection for 2 times SO427 spiking in seawater

Table 4

Rejection [%]
Permeate flow
[L/h] Chloride Sulphate Sodium Magnesium Calcium
80 2.0 99.6 9.9 59.7 40.0
100 22 99.8 11.7 65.8 445
115 4.5 99.8 10.4 68.0 41.2
130 3.9 99.8 11.1 66.4 39.1
145 43 99.7 9.8 70.1 373
Table 5
Permeate and rejection for 3 times SO42’ spiking in normal seawater
Permeate flow Rejection [%]
[L/h]
Chloride Sulphate Sodium Magnesium Calcium
80 4.0 99.7 19.7 57.1 28.3
100 22 99.6 15.7 59.4 20.6
115 5.9 99.6 18.4 60.9 25.2
130 4.6 99.7 19.2 64.9 28.4
145 22 99.5 19.8 53.2 249

Rejection of Ca”* ions is lower than for Mg2+ ions, which is due to a lower Stokes
radius of Ca®* as well as lower hydration energy (Tab. 1). Ca?* also has higher affinity
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towards the membrane. The lower rejection of Ca* is also explained with the Donnan
exclusion theory [2]. The negatively charged membrane will repel divalent anions such as
SO42_ and results in less retention of counter ions such as Ca>* [5]-
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Fig. 8. Sulphate and chloride rejections

Rejection of divalent sulphate ions is high compared with monovalent chloride ions
as seen in Figure 8. This is due to a number of factors, explained in Table 6 [11, 14].
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Fig. 9. Permeate and TDS of different SO42_ concentrations
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Table 6

Parameters affecting sulphate and chloride retention

Parameters Sulphate Chloride Retention
Favors
Stoke radius High Low Sulphate
Hydration energy High Low Sulphate
Negatively ch?rged Favourable Favourable Chloride
membrane affinity
Valency High Low Sulphate

9. EFFECT OF SPIKING

The experiments show that there is high rejection of ions at lower feed concentrations
and lower rejections at higher feed concentrations. This confirms that NF membrane sepa-
rations are dependent on feed concentrations [12]. Figure 7 shows that the flux decreases as
the concentration of SO42_ in the feed increases at constant pressure, which is important
from an economical point of view. The decrease in flux indicates an increase in resistance,
which could be due to the effective membrane pore size reduction, concentration polariza-
tion or change in physical properties of the solution; i.e., density and viscosity.

Figure 9 shows that the TDS in retentate with normal seawater as feed, twice and thrice
spiked with sulphate, was high for all cases. TDS in retentate increases with addition
of Na,SO, and is mainly due to the increase in feed TDS, high flux with loss of water
to permeate.

10. CONCLUSIONS

Testing of NF membranes for production of Designer Water showed satisfying results
in modifying ion composition of seawater. It is proven that Designer Water is produced
from seawater by NF membranes. Retention of divalent ions in the retentate of NF makes
retentate interesting for producing Designer Water. The rejections of salts increased
with feed pressure and decreased with increasing feed concentrations. NF membrane is an
exceptional contributor to production of designer water for IOR.
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