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Abstract Surfactant adsorption onto solid surfaces is a

major issue during surfactant flooding in enhanced oil re-

covery applications; it decreases the effectiveness of the

chemical injection making the process uneconomical.

Therefore, it was hypothesized that the adsorption of sur-

factant onto solid surfaces could be inhibited using a sur-

factant delivery system based on the complexation between

the hydrophobic tail of anionic surfactants and b-cy-
clodextrin (b-CD). Proton nuclear magnetic resonance

spectroscopy was used to confirm the complexation of

sodium dodecyl sulfate (SDS)/b-CD. Surface tension ana-

lysis was used to establish the stoichiometry of the com-

plexation and the binding constant (Ka). Static adsorption

testing was applied to determine the adsorption of surfac-

tant onto different solids (sandstone, shale, and kaolinite).

The release of the surfactant from the b-CD cavity was

qualitatively evaluated through bottle testing. The forma-

tion of the inclusion complex SDS/b-CD with a 1:1 stoi-

chiometry was confirmed. The Ka of the complexations

increases as salinity and hardness concentration increases.

The encapsulation of the surfactant into the b-CD cavity

decreases the adsorption of surfactant onto solid surfaces

up to 79 %. Qualitative observations indicate that in the

presence of solid adsorbents partially saturated with crude

oil, the b-CD cavity releases surfactant molecules, which

migrate towards the oil–water interface.

Keywords Surfactant delivery system � Surfactant
carrier � Surfactant/b-cyclodextrin complexation �
Surfactant/b-cyclodextrin inclusion complex � Surfactant
adsorption inhibition � Surfactant flooding

Abbreviations

CD Cyclodextrin

CMC Critical micelle concentration

CMC* Apparent critical micelle concentration

DW Distilled water

EOR Enhanced oil recovery
1H NMR Proton nuclear magnetic resonance

SDS Sodium dodecyl sulfate

ST Surface tension

STDEVA Standard deviation

TDS Total dissolved solids

TOC Total organic carbon

a-CD Alpha-cyclodextrin

b-CD Beta-cyclodextrin

c-CD Gamma-cyclodextrin

d Chemical shift

Introduction

Surfactant flooding is an efficient method to recover resi-

dual oil after secondary recovery processes (i.e. water-

flooding). On a pore scale, surfactants reduce the interfacial

tension between oil and water to ultralow values, which

decreases capillary forces and releases oil from the rock

into the driving fluid. Therefore, under the condition of a

high capillary number, oil droplets can be efficiently mo-

bilized [1–3].

Surfactants are easily adsorbed onto reservoir rock sur-

faces, hence the higher the adsorption, the lower the
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flooding process efficiency. Several variables affect the

adsorption of surfactants at the solid–liquid interface in-

cluding the nature of the solid surface (hydrophobic or

hydrophilic), surface charge, type of surfactant, concen-

tration of surfactant, temperature, electrolyte concentration

in the aqueous media, and others [4–13]. In general, the

adsorption of anionic and nonionic surfactants increases

sharply as the concentration increases and levels off to a

nearly constant value at the critical micelle concentration

(CMC). Adsorption increases as the molecular weight of

the surfactant increases [6, 13]. The adsorption of anionic

surfactants onto a negatively charged solid surface (i.e.

sandstone) increases as the electrolyte concentration in-

creases [6].

Adsorption mechanisms of anionic surfactant onto solid

substrates include ion exchange between a monovalent

anionic surfactant and chloride ions or hydroxyl ions,

electrostatic adsorption or ion pairing, covalent bonding,

hydrophobic bonding or non-polar interaction between the

adsorbed species, lateral associative interactions, solvation

and desolvation, adsorption by polarization of p electrons,

and adsorption by dispersion forces [5, 6, 8].

The adsorption of anionic surfactants onto oppositely

charged surfaces follows the ‘‘Somasundaran-Fuerstenau’’

isotherm, which is characterized by four regions. At low

surfactant concentrations or Region I, the main adsorption

mechanism is electrostatic interactions between surfactant

monomers and the oppositely charged solid surface. At the

onset of Region II, two adsorption mechanisms are active:

electrostatic attractions and lateral associations among

hydrocarbon chains already adsorbed. Hence, surfactant

species begin to form aggregates and a sharp increase in

adsorption takes place until the charge of the solid surface

is neutralized. At this point, which corresponds to the onset

of Region III, the adsorption rate slightly decreases and the

main adsorption mechanism is lateral attraction among

hydrophobic tails until the CMC of the surfactant is

reached. At this stage, adsorption levels off (Region IV)

and any further increase in surfactant concentration con-

tributes only to micellization [5].

Several actions have been applied in the field to prevent

surfactant adsorption such as the addition of alkali, sacri-

ficial agents, chelating agents, and adsorption inhibitors to

the driving fluid (e.g. brine) [13–18]. Furthermore, the use

of a negative salinity gradient during surfactant flooding

has been recommended because a decrease in salinity

concentration reverses surfactant adsorption [19].

This exploratory research evaluates the encapsulation of

an anionic surfactant into the b-cyclodextrin cavity as an

approach to inhibit the adsorption of the anionic surfactant

onto solid surfaces.

b-Cyclodextrin (b-CD) consists of glucose monomers

arranged in a donut shaped ring with a hydrophobic inner

cavity and a hydrophilic exterior. b-CD allows the inclu-

sion of hydrophobic molecules in its cavity through non-

bonding associations; which could be solid, liquid, or

gaseous compounds such as aromatics, surfactants, alco-

hols, halides, fatty acids, and esters, among others. The

driving force for complex formation is the released of en-

thalpy-rich water molecules from the cavity [20].

The most common stoichiometric ratio for the guest:host

inclusion complexes is 1:1, however other ratios have been

reported [21–24]. The ability of b-CD to form inclusion

complexes makes it suitable for numerous applications; for

instance in biomedical drug delivery, b-CD inclusion

complexes are used as stabilizers and solubilizers [20, 25,

26].

Several analytical techniques are available to confirm the

formation of inclusion complexes including surface tension

[22], conductivity [23, 27], NMR spectroscopy [28], and

UV–visible spectroscopy, and others. The analytical

method to be used depends on the properties of the guest

molecule; for instance, if the guest molecule is a surfactant,

then the surface tension analytical procedure is suitable.

This proof of concept research evaluates the use of sur-

factant/b-CD complexation as an approach to curtail the

adsorption of surfactant onto solid surfaces. It is expected

that the bulky structure of the inclusion complex hinders

electrostatic attractions of the surfactant towards potential

adsorption sites and prevents lateral interactions among the

hydrophobic tails of the adsorbed surfactant, hence restrict-

ing surfactant adsorption. The first part of this paper deals

with the confirmation of the inclusion complex formation

through association equilibrium and 1H-NMR spectroscopy.

The second part of the paper focuses on static adsorption

testing and the final section presents the qualitative analysis

through bottle testing to establish the release of the surfactant

from the b-CD cavity in the presence of oil.

Materials and Experimental Procedures

Materials

Sodium dodecyl sulfate, SDS, (C12H25NaSO4, assay

C99 %, molecular weight: 288.38 g/mol) was purchased

from Sigma-Aldrich. b-Cyclodextrin (assay C98.4 %,

molecular weight: 1135 g/mol) was purchased from Cy-

clodextrin Technologies Development Inc. (Gainesville,

FL, USA). All chemicals were used as received without

further purification. Distilled water with a conductivity of

20 lS cm-1 was used to prepare all the aqueous solutions.

Sand was obtained from Shaw Resources Company, (Nova

Scotia, Canada). Kaolin was acquired from Matheson

Coleman & Bell Company, (California, USA) and the oil

shale was provided by the New Brunswick Department of
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Natural Resources. The samples of sand, kaolin, and shale

were used without further purification. Synthetic soft brine

(NaCl = 3 wt%) and different synthetic hard brine com-

positions (Table 1) were used in this work. Crude oil sam-

ples (�API = 36) from the Stoney Creek oil field (New

Brunswick, Canada) were provided by Contact Exploration

Inc.

Experimental Procedures

Adsorbent Surface Area

The surface areas of the solid adsorbents (sand, kaolinite,

and shale) were determined using the conventional Bru-

nauer-Emmett-Teller (BET) technique using the BET

Surface Area Analyzer Autosorb-1 manufactured by

Quantachrome Instruments (FL, USA).

Critical Micelle Concentration (CMC)

The CMC was determined by applying the Du Noüy ring

surface tension method using a tensiometer model Ten-

sioCaD, manufactured by CAD Instruments (Les Essarts Le

Roi, France) equipped with a temperature controller. The

temperature was set at 25 ± 1 �C for all the experiments.

Solutions of SDS/b-CD were prepared by mixing pre-

determined amounts of surfactant with distilled water,

followed by the addition of b-CD from a stock concen-

trated solution according to the desired concentration of the

final solution.

Complexation Equilibrium

The association constant and the stoichiometric molar ratio

of the complexation were determined using the approach

presented by Lu et al. [22] and Okubo et al. [29]; who

demonstrated that due to the fact that b-CD is not surface

active, once the surfactant is caged into the b-CD cavity,

the resultant inclusion complex does not affect the surface

tension of the system. Therefore, any change to the surface

tension comes from the concentration of free monomeric

surfactant in the bulk of the solution in the pre-micellar

region (below the CMC) according to the following asso-

ciation equilibrium.

Sþ CD $ SCD ð1Þ

Ka ¼
½SCD�
S½ �½CD� ð2Þ

where Ka is the association or binding constant, [SCD]

is the inclusion complex concentration, and [S] and

[CD] are the free surfactant monomer and free b-CD
concentration, respectively. In these equations, brackets

signify molar concentrations and the association con-

stant has the unit of M-1. From Eq. 2, it is expected

that for a complexation having a stoichiometric molar

ratio of 1:1, [S][CD] must vary linearly with [SCD]

with a slope of 1
Ka
. Therefore, the association constant

for the inclusion complex of SDS/b-CD can be deter-

mined from the initial concentrations of surfactant and

b-CD and from the concentration of free surfactant

monomers in the solution, which can be indirectly de-

termined from the calibration curve of surface tension

versus surfactant concentration.

These experiments were conducted using brines con-

taining different salinity and hardness concentrations at a

fixed concentration of b-CD of 14 mM; while increasing

concentrations of surfactant were added. The detailed ex-

perimental procedure can be found in Lu et al. [22], Okubo

et al. [29], and Kittisrisawaia [30].

1H-Nuclear Magnetic Resonance (1H-NMR) Spectroscopy

The complexation SDS/b-CD was confirmed using 1H-

NMR spectroscopic analysis. An Agilent 400 MR NMR

spectrometer operating at a frequency of 399.938 MHz,

equipped with an Automation Triple Broadband probe, was

used with the following parameters: number of transients:

16; pulse width: 45�; acquisition time 3.7 s, spectral width

6410.3 Hz; temperature: 25 �C. The samples were pre-

pared in deuterated water (D2O) with the following con-

centrations: [SDS] solution: 0.07 molar (40 mg/2 ml D2O),

[b-CD] solution: 0.018 molar (40 mg/2 ml D2O), and a

[SDS/b-CD] inclusion complex solution of 0.07 molar at

1:1 molar ratio (40 mg:160 mg in 2 ml D2O of SDS and b-
CD respectively).

Static Adsorption Tests

The adsorption of b-CD, surfactant in free-state, and sur-

factant in complex-state onto solid surfaces was deter-

mined by applying the batch equilibrium adsorption

procedure presented by Muherei and Junin [31] at 25 �C.
The adsorption of any given compound was determined

using Eq. 3 as follows.

C ¼ ðCi � CeÞ � V

W
ð3Þ

Table 1 Synthetic hard brine compositions (TDS wt%)

Composition (TDS wt%) 0.525 1.05 2.1 4.2

NaCl 0.43 0.86 1.72 3.44

MgCl2:6H2O 0.0225 0.045 0.09 0.18

CaCl2 0.08 0.16 0.32 0.64

Na2SO4 0.00225 0.0045 0.009 0.018
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where Ci and Ce are the initial and equilibrium liquid phase

concentrations of the adsorbate solutions (g/l), respective-

ly; V is the volume of the adsorbate solution (l); and W is

the mass of dry adsorbent (g).

The adsorbents evaluated in this work were sand, kaolin,

and shale. Batch adsorption tests were conducted in trip-

licate for each adsorbent. Therefore, three tests were con-

ducted for each adsorbent using the surfactant in free-state

(without b-CD) and three tests using the surfactant in

complex-state (with b-CD), which gives six (6) adsorption

tests per adsorbent. Furthermore, b-CD was also subjected

to batch equilibrium adsorption (triplicate) using sand as

the adsorbent. Thus, a total of twenty-one (21) batch

equilibrium adsorption tests were conducted.

In the case of sand, 82 g of sandstone (surface area of

sand = 0.2398 m2/g) was added to a 494 ml surfactant

solutions contained in glass volumetric flasks. In the case

of kaolin and shale, 0.2 g of crushed samples was added to

12 ml of the surfactant solutions contained in glass tubes.

The amount of sand used was intentionally higher than the

amount of the other materials (kaolin and shale) with the

purpose of reproducing in the sand test a total surface area

for adsorption similar to the total surface area provided by

the kaolin and shale powder.

Preliminary testing (data not presented here) indicated

that the adsorption equilibrium time was 24 h. Therefore,

all the surfactant-porous media systems were left for 48 h

to ensure enough time for the systems to reach equilibrium.

After the equilibration time was reached, aliquots were

taken for chemical analysis.

In the case of b-CD, total organic carbon (TOC) analysis

was applied to determine the concentration of b-CD before

and after adsorption; while in the case of sodium dodecyl

sulfate (SDS), surface tension was used to indirectly deter-

mine the concentration of SDS after adsorption using a

calibration curve of surface tension versus surfactant con-

centration. Furthermore, the batch static adsorption tests were

conducted in soft brine of NaCl at a concentration of 3 wt% to

eliminate any possible interactions between the surfactant

and divalent ions (Ca2?, Mg2?, etc.), such as surfactant

precipitation in hard brine; which could make ambiguous the

interpretation of the surfactant adsorption results.

The adsorption data corresponding to each adsorbent

was statistically analyzed through the application of the

t statistic for related samples.

Bottle Testing: Surfactant Release from the b-CD Cavity

The driving force for the formation of inclusion complexes

using b-CD is the replacement of water molecules that are

thermodynamically unfavored by the partial or total in-

clusion of hydrophobic molecules into its cavity, which

lowers the energy of the system [21]. Furthermore, b-CD is

able to dissolve oils in its hydrophobic core [32].

Bottle testing was conducted to qualitatively evaluate

the release of surfactant from the core of the b-CD in the

presence of crude oil. It was reasoned that a competitive

process could be initiated in this environment; in which

surfactant could be released from the b-CD core to migrate

towards the water–oil interface; while simultaneously oil

could be dissolved into the b-CD cavity. The release and

migration of surfactant towards the oil–water interface

would promote the dispersion and/or emulsification of the

oil within the aqueous phase.

In these tests, the respective solid adsorbents (sand,

kaolin, and shale) were mixed with crude oil to produce a

solid/crude oil blend with an oil saturation and/or con-

centration of 70 wt%. Three sets of experiments were

conducted as follows.

1. Blank Tests/Set # 1: Complexation SDS/b-CD Two (2)

grams of solid adsorbents (sand, kaolin, and shale)

were placed in three different glass tubes; followed by

the addition of 12 ml of brine (NaCl 3 wt%) contain-

ing a concentration of 14 mM SDS ? 14 mM b-CD.
Experiments were conducted in triplicate at 25 �C and

the mixtures were left to equilibrate for a period of

24 h.

2. Blank Tests/Set # 2: b-CD in Free-State Two (2) grams

of the corresponding solid adsorbents (sand, kaolin,

and shale) containing 70 wt% of crude oil were placed

in three different glass tubes; followed by the addition

of 12 ml of brine (NaCl 3 wt%) containing only b-CD
at a concentration of 14 mM. Experiments were

conducted in triplicate at 25 �C and the mixtures were

left to equilibrate for a period of 24 h.

3. SDS Release Test/Set # 3: Complexation SDS/b-CD
Two (2) grams of the corresponding solid adsorbents

(sand, kaolin, and shale) containing 70 wt% of crude

oil were placed in three different glass tubes; followed

by the addition of 12 ml of brine (NaCl 3 wt%)

containing a concentration of 14 mM SDS ? 14 mM

b-CD. Experiments were conducted in triplicate at

25 �C and the mixtures were left to equilibrate for

24 h.

After equilibration, the glass tubes from each set of

experiments were subjected to visual observations

(qualitative interpretations) to detect changes in the aque-

ous and oil phases.

Statistical Analysis

The experimental results were processed using Microsoft

Excel 2010 software and expressed as mean ± standard

deviation of the mean of n separate experiments. The
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statistical analysis of the surfactant adsorption data was

performed using the t statistic for related samples. All

graphs were plotted using Microsoft Excel 2010 software.

Results and Discussion

Surface Area Measurements

Table 2 summarizes the corresponding surface areas of

sand, kaolin, and shale. Kaolin had the highest surface area,

followed by oil shale, and sandstone.

Critical Micelle Concentration (CMC)

Table 3 presents the critical micelle concentrations of the

surfactant solutions in free- and in complex-state in various

hard brine concentrations. The CMC values for both sys-

tems decrease as salinity concentration increases. This

trend suggests that the increased concentration of elec-

trolyte ions minimizes the electro-repulsive forces among

surfactant head groups and micellization takes place at

lower surfactant concentrations.

SDS solution in complex-state shows higher values of

CMC when compared with the critical micelle concentra-

tion of the system in free-state. During the complexation

process, free surfactant monomers in the bulk of the solu-

tion are rapidly included into the hydrophobic core of the

b-CD until the molar stoichiometry of the complexation is

achieved; after which additional surfactant is required for

micellization to take place [33].

Complexation Equilibrium

Figure 1 show the experimental data (open symbols) and

the linear regression fittings (dashed lines) of the ex-

perimental data of [S][CD] as a function of [SCD] obtained

in the premicellar region during the formation of inclusion

complexes for some of the salinity concentrations (1.05,

2.1, and 4.2 wt%) used. The experimental data shows that

the relationships between [S][CD] and [SCD] do not follow

perfect linear fits, however the coefficients of determina-

tion (R2) for each case demonstrates that greater than 90 %

of the differences between the concentration of the reac-

tants [S][CD] are accounted for by differences in the

concentration of the product [SCD] as the inclusion com-

plex is formed. The high values of R2 ([0.9) indicate that

linear regression fits well the correlation between these two

variables, which according to complexation equilibrium

principles, supports a stoichiometric molar ratio of 1:1 for

Table 2 Surface area of the solid adsorbents

Solid material Surface area (m2/g)

Sand 0.2398

Kaolin 19.75

Shale 6.73

Table 3 CMC of surfactant

solutions in free-state and in

complex-state

Brine (wt %TDS) Critical micelle concentration, CMC (mM)

Surfactant solution in free-state Surfactant solution in complex-state

CMC (mM) STDEVA (±) CMC (mM) STDEVAa (±)

0a 5.71 0.526 17.39 0.548

0.525 0.39 0.150 14 0.344

1.05 0.31 0.142 11.61 1.579

2.1 0.31 0.154 10.4 0.745

4.2 0.3 0.003 12.12 0.104

STDEVA standard deviation
a Distilled water with a conductivity of 20 lS cm-1

Fig. 1 Complexation equilibrium
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all the inclusion complexes of SDS/b-CD formed within

the range of salinity and hardness concentrations used in

this work.

Table 4 shows the association constants (Ka) obtained

for the SDS/b-CD inclusion complexes in different brine

concentrations at 25 �C. These results indicate that Ka in-

creases with salinity until it reaches a concentration of

2.1 wt%. This observation is in agreement with previous

research [34], in which the binding constant of the com-

plexation increases with the polarity of the medium.

At higher salinities, such is the case of 4.2 wt%, the

association constant decreases. This effect might be ex-

plained by the fact that at high salinity and/or hardness

concentrations, precipitation of the surfactant (SDS) takes

place due to interactions with the divalent cations in the

brine, and as a result less SDS is available for association

with b-CD, which is demonstrated by the lower value of

the calculated Ka (325.26 M-1).

1H-Nuclear Magnetic Resonance (1H-NMR)

Spectroscopy

1H NMR is commonly used to confirm the complexation

between cyclodextrins and guests molecules [21, 34].

Figure 2 illustrates the 1H-NMR spectra for b-CD in free-

state, SDS, and inclusion complex SDS/b-CD (no to scale);

while Table 5 presents the actual 1H-NMR chemical shifts

of b-CD in free- and in complex-state.

Protons H3 and H5 located inside the b-CD cavity in the

spectrum of the complexation show up-field chemical

shifts (Dd\ 0) when compared with the spectrum of the b-
CD in free-state. These chemical shifts indicate the for-

mation of the inclusion complex, in which the hydrophobic

tail of the SDS is inserted into the b-CD cavity [35–37].

Protons H1, H2, H4, and H6 also show chemical shifts

suggesting that the polar end of the surfactant molecule,

which sticks out of the core of the cavity folds over the

exterior of the cavity causing the observed chemical shifts.

Furthermore, the complexation induced a chemical shift

of the SDS methylene group from approximately 4.05 ppm

to around 3.92 ppm; this up-field chemical shift

(Dd = -0.13 ppm) also suggests the inclusion of the SDS

into the hydrophobic core of the b-CD.

Table 4 Ka for SDS/b-CD as a function of salinity concentration

Brine (wt% TDS) Association constant,

Ka, (M
-1)

Standard

deviation

0 48.68 0.12

0.525 157.09 0.12

1.05 653.00 0.07

2.1 752.44 0.17

4.2 325.26 0.13

Fig. 2 1H-NMR spectra:

a b-CD in free-state, b SDS

(Surfactant), and c b-CD in

complex-state
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Static Adsorption Tests

b-CD Adsorption

Figure 3 presents the Total Organic Carbon (TOC) in mg/L

as a function of b-CD solution concentration in g/L before

(square-solid symbol) and after (diamond-solid symbol)

contacting the solid adsorbent. This experimental data

indicates that there is no difference in the concentration of

b-CD in the solutions before and after the static adsorption

test, which suggest that b-CD does not adsorb onto the

solid surface.

Surfactant Adsorption in Free- and in Complex-State

Table 6 summarizes the adsorption data obtained from a

total of 18 batch adsorption tests. The adsorption of SDS is

decreased by 19 % onto sand, 78 % onto kaolin, and 79 %

onto shale, when compared with the adsorption of SDS in

free-state. Overall, these results suggest that the com-

plexation SDS/b-CD significantly reduces surfactant

adsorption.

Figure 4 plots surfactant adsorption behavior as a

function of solid adsorbent and surfactant system (in free-

or in complex-state). The results of this exploratory re-

search indicate that the complexation of SDS and b-CD is

highly effective in reducing and/or inhibiting the adsorp-

tion of surfactant onto solid surfaces.

Bottle Testing: Surfactant release from the b-CD cavity

1. Blank Tests/Set # 1: Complexation SDS/b-CD After

equilibration (24 h), the glass tubes from each set of

experiments were directly observed to detect changes

in the aqueous and oil phases. Figure 5 shows a picture

of the Blank Tests/Set # 1: Complexation SDS/b-CD in

the absence of oil. All the systems (kaolin, sand, and

shale) show transparent and yellowish aqueous phases,

which suggest the leaching of mineral and/or organic

matter from the solid materials.

2. Blank Tests/Set # 2: b-CD in Free-State Figure 6

displays the bottle testing corresponding to the BlankFig. 3 Static adsorption testing for b-CD onto sand

Table 5 1H-NMR chemical

shifts of b-CD in free-state and

complex-state

Proton dfree
(ppm)

dcomplexed

(ppm)

Dd ¼ ðdcomplexed � dfreeÞ
(ppm)

H1 4.924 4.945 0.021

H2 3.515 3.478 -0.037

H3 3.844 3.743 -0.101

H4 3.475 3.545 0.070

H5 3.706 3.542 -0.164

H6 3.734 3.768 0.034

Table 6 Adsorption of SDS in free- and complex-state

Adsorbent System Surfactant adsorption Adsorption

reduction (%)
mg

gsolid

h i
mg

m2solid

h i
ppm

gsolid

h i
ppm

m2solid

h i
Standard deviation

Sand SDS 988.00 4120.10 2.00 8.33 0.29 19

SDS/b-CD 800.28 3337.28 1.62 6.76 0.28

Kaolin SDS 10,017.72 507.23 834.81 42.27 0.33 78

SDS/b-CD 2172.60 110.00 181.05 9.17 0.39

Shale SDS 7225.56 1073.63 602.13 89.47 0.17 79

SDS/b-CD 1519.32 225.75 126.61 18.81 0.32
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Tests/Set # 2:b-CD in free-state containing solid-oil

blends, in which the concentration of crude oil is

70 wt%. In these tests, the aqueous phase is slightly

darker if compared with the bottle testing presented in

Fig. 5. The darker color of the aqueous phase suggests

the segregation of small volume of crude oil from the

solid material. However, the bulk of the crude oil

concentration remains in the solid phases at the bottom

of the tubes.

3. SDS Release Test/Set # 3: Complexation SDS/b-CD
Figure 7 shows crude oil dispersed into the bulk of the

aqueous phase. Particularly, for the case of kaolin and

sand, where drops of dispersed crude are clearly visible

in the corresponding solutions. It is speculated, that the

hydrophobic core of the b-CD releases the surfactant,

which migrates towards the oil–water interface stabi-

lizing the dispersed oil beads. At the bottom of the

glass tubes, kaolin and sand, display lighter colorations

when compared with their equivalent test tubes in

Fig. 6. This also indicates drifting of the crude oil from

the solid phase, which might be driven by a lower

interfacial tension in the system due to the release of

the surfactant from the b-CD cavity.

Figure 7 also indicates that in the case of oil shale, a

redistribution of the saturation of the dense organic matter

(kerogen) takes place in the presence of surfactant, which

renders a more homogeneous distribution of the heavy
Fig. 4 Surfactant adsorption versus solid adsorbents and surfactant

system

Fig. 5 Blank tests/set # 1:

complexation SDS:b-CD

Fig. 6 Blank tests/set # 2:

b-CD in free-state
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organic material within the solid phase. In this case, a fine

dispersion of oil is also visibly in the upper aqueous

phase.

Furthermore, liquid samples were carefully removed

from the tubes to measure the corresponding surface ten-

sions. Table 7 presents the surface tension data for each set

of experiments. Surface tension measurements were re-

peated 9 times per sample, thus the arithmetic mean and the

standard deviation of the surface tension (ST) measure-

ments are also presented.

The surface tension of the baseline solution (brine) is

64 mN/m (First row in Table 7). The addition of the

complexation SDS/b-CD at a concentration of 14 mM

b-CD and 14 mM SDS (Blank Tests/Set # 1) decreases the

surface tension of the original brine to approximately

29 mN/mm due to the presence of surfactant monomers in

free-state.

The surface tension analysis of the Blank Tests/Set # 2,

in which only b-CD was added to the brine, shows mar-

ginal variations of surface tension. b-CD does not have

surface active properties; consequently the surface tension

of the brine should not be affected by the addition of b-CD.
According to Dharmawardana and coworkers [38], the

surface tension of b-CD aqueous solution tends to equal the

surface tension of pure water. This lack of surface activity

is qualitative confirmed in Fig. 6, where separation and

dispersion of oil from the porous media into the aqueous

phase was not observed.

Surface tension measurements for experiments in Set # 3

(column 6 in Table 7) show a decrease in the surface

tension values. In the presence of crude oil, the equilibrium

of the SDS/b-CD complexation given by the reversible

reaction S ? CD $ SCD is broken; therefore the released

surfactant monomers migrate towards the oil–water inter-

face rendering the separation and dispersion of oil into the

aqueous phase as observed in Fig. 7.

Conclusions

This proof of concept research confirmed the complexation

of SDS/b-CD with 1:1 molar stoichiometry through com-

plexation equilibrium principles and 1H NMR. The

strength of the inclusion complex formation (association

constant, Ka) increases as the electrolyte concentration in

the aqueous media increases.

Fig. 7 SDS release test/set # 3:

complexation SDS/b-CD

Table 7 Bottle testing: surface tension of the aqueous solutions

Experimental sets Blank tests/set # 1 Blank tests/set # 2 SDS release test/set # 3

ST

(mN/m)

Standard

deviation

ST

(mN/m)

Standard

deviation

ST

(mN/m)

Standard

deviation

Baseline/Brine solution (NaCl = 3 wt%) 64.00 0.19 64.00 0.19 64.00 0.19

Oil shale 29.77 0.29 71.39 0.62 29.96 0.48

Kaolin 29.54 0.19 69.16 1.73 30.00 0.33

Sand 29.58 0.19 61.43 4.59 28.28 0.58

ST surface tension
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The surfactant delivery system inhibits the adsorption of

SDS onto sand, kaolin, and shale by 19, 78, and 79 %

respectively which supports the hypothesis of this research.

Therefore, this approach shows itself to be efficient at

preventing surfactant adsorption onto rock surfaces.

The released of surfactant from the hydrophobic core of

the b-CD in the presence of solid-crude oil blends was

qualitatively observed, however significantly more re-

search is necessary to fully establish the potential of this

approach for enhanced oil recovery applications.
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