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A B S T R A C T

The objective of this study is to examine the potential of using polyelectrolyte complex (PEC) nanoparticles to
enhance the adsorption of anionic surfactants on negatively charged surface of quartz sand grains. The hy-
pothesis is that a cationic PEC layer formed on the negatively charged quartz surface can enhance the adsorption
of anionic surfactants on quartz sand grains. Both static adsorption tests and a quartz crystal microbalance with
dissipation monitoring (QCM-D) were used to test the hypothesis. We measured the rate and extent of adsorption
of an anionic sulfate surfactant onto bare quartz sand grains versus sand grains pre-treated with PECs. Total
organic carbon (TOC) and total nitrogen (TN) analyses were used to quantitatively measure the adsorption of
surfactant and PECs. Real-time adsorption monitoring was performed on silica model surfaces by QCM-D.
Consistent with our hypothesis, the results showed that the level of adsorption of the anionic sulfate surfactant
on PEC treated quartz sand grains (21.5 mg/g of sand) was indeed significantly higher than that on bare un-
treated sand grains (negligible adsorption). Our results also confirmed a proposed four-stage adsorption me-
chanism for the enhanced adsorption of anionic surfactants on negatively charged quartz sand grains treated
with PEC nanoparticles.
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1. Introduction

Surfactants are extensively used in today’s world and have appli-
cations in nearly every industry, e.g. oil recovery, detergency, corrosion
inhibition, mineral flotation, dispersion of solids, etc. [1]. Surfactants
have been used in the oil industry for many years to enhance oil re-
covery by removing residual oil trapped in reservoir rock through in-
terfacial tension (IFT) reduction and wettability alteration [2]. By
lowering the IFT between oil and water, the capillary force is lessened
to such an extent that entrapped oil can be mobilized and produced
[3,4]. With regards to wettability, adsorption of surfactants on rock
surface can alter the affinity of the rock surface to formation fluids.
Under the right circumstances, this can improve oil recovery through
enhanced spontaneous imbibition of the injected water that displaces
oil from the reservoir rock [5].

The adsorption of surfactants at the solid/solution interface has
numerous applications and has been studied extensively [6–9]. It is
known that this interaction depends on three factors [10]: the char-
acteristics of the solid, the properties of the surfactant, and the condi-
tions of the environment. In the oil and gas industry, numerous studies
have been conducted on the surface charges of reservoir rocks to un-
derstand the mechanisms of adsorption and their impacts on hydro-
carbon recovery [1,11,12]. As expected, electrostatic interactions are
the primary driving force. In other words, in order to promote surfac-
tant adsorption on a rock surface that carries a surface charge, the
surfactant must carry the opposite charge. However, in oil recovery
applications, anionic surfactants are often preferred over cationic sur-
factants because the lower cost [13,14]. Therefore, there is an incentive
to find a way to enhance the adsorption of anionic surfactant on ne-
gatively charged sandstone reservoir rock.

PEC nanoparticles are an arrangement of poly-ionic species formed
through electrostatic interactions. The properties of these complexes
have been reviewed by Berger et al. [15]. PECs have numerous po-
tential applications across many industries including drug delivery
[16], waste water treatment, mining, paper production, cosmetics, and
detergents [17]. They have also demonstrated utility in the oil industry
for fracture fluid cleanup [18,19], delayed gelation of diverting agents
[20], and long-term controlled release of cross linkers [21,22].

Similar to surfactants, the adsorption of PECs onto solid surfaces has
been well documented in literature. Reihs et al. [23,24] studied the
adsorption behavior of PEC particles onto silica, taking into con-
sideration surface pretreatment, polyanion selection, pH, and cen-
trifugation. They noted that PEC refinement through centrifugation
resulted in stronger adsorption to the mineral’s surface. They concluded
that, without refinement, unentrapped polymers compete with PECs for
active sites on the negatively charged silica. Using a quartz crystal
microbalance with dissipation (QCM-D) and atomic-force microscopy
(AFM), Ondaral et al. compared the adsorption processes of PECs
comprised of both high and low molecular weight polymers. One of
their interesting findings was that certain PECs first adsorb and then
deform with time on the surface. The cause of the observed deformation
was thought to result from migrating electrolytes through the adsorbed
PEC layers [25].

Yanez et al. [26] studied the adsorption of surfactants in the pre-
sence of dendrimers. They noted a significant difference between the
adsorption of a premixed dendrimer/surfactant solution to that of a
system consisting of pre-adsorbed dendrimers followed by the surfac-
tant. This result, they explained, suggests that dendrimers can be used
to control the delivery rate of species to the surface interface. Gao et al.
[27,28] studied the adsorption of surfactant entrapping PECs onto gold
and silica sensors using QCM-D and discussed the effects of salinity on
adsorption. Furthermore, a sodium dodecyl sulfate-entrapping PEC was
developed and its interfacial properties were studied by measuring
surface tension and interfacial microrheology. The disassembly of PECs
into their components, triggered by interactions at the phase interface,
was observed. This suggests that PECs may be used for the delivery and

delayed release of surfactants at the fluid/fluid interface.
In this study, we examine the potential of using polyelectrolyte

complex (PEC) nanoparticles to enhance the adsorption of anionic
surfactants on negatively charged surface of quartz sand grains. We
hypothesize that a cationic PEC layer formed on the negatively charged
quartz surface can enhance the adsorption of anionic surfactants on
quartz sand grains. Both static adsorption tests and a quartz crystal
microbalance with dissipation monitoring (QCM-D) will be used to test
the hypothesis. Results from these tests will also be used to confirm a
proposed four-stage mechanism for the enhanced anionic surfactant
adsorption on quartz sand grains coated with PEC nanoparticles.

2. Experimental section

2.1. Materials

The Alcohol Propoxy Sulfate (APS) surfactant (C12-13, 7 propylene
oxide and a sulfate group) used in this study was a commercial sur-
factant for enhanced oil recovery (EOR) applications provided by Shell
Oil Company. The molecular structure of an APS courtesy is shown in
Fig. 1. It is a negatively charged alcohol alkoxy sulfate surfactant
commonly used in EOR with the advantages of excellent divalent ion
tolerance and relatively low cost comparing to other type of EOR sur-
factants. The sulfate surfactant is used without further treatment.
Deionized (DI) water system was obtained from the EMD Millipore
Corp. (Burlington, MA). The Berea sandstone purchased from Kocurek
Industries, Inc. (Caldwell, TX) contains 93% of silica, referred as quartz
sand in this paper, was crushed and sieved through 100 and 50 mesh
screens to obtain sand grains with diameter between 150 and 300 μm.
To obtain the surface charge of the quartz sand grain, 15 g DI-water was
agitated with 1.5 g sand grains at room temperature for five minutes.
After agitation, the supernatant was taken out and filtered through
0.45 um syringe filter to remove as much suspended solids as possible.
8 drops of filtered supernatant and 1.25ml of 1mM KCl solution were
added into the cuvette. NanoBrook Omni was then used to measure the
zeta potential, i.e. surface charge, of the mixture in the cuvette. The
surface charge of quartz sand grains in DI water was measured as
−70mV. All other chemicals used in these experiments were purchased
from Sigma-Aldrich, including branched polyethylenimine (PEI)
(average MW: 25,000 g/mol), sodium borate (Na2B4O7), methylene
blue (MB) (C16H18N3SCl), hyamine (C27H42ClNO2), and chloroform
(CHCl3).

2.2. Equipment

The NanoBrook Omni nanoanalyzer (Brookhaven Instruments
Corp., Holtsville, NY) was used to measure the particle sizes and zeta
potentials of the PECs. A total organic carbon/total nitrogen (TOC/TN)
analyzer (Shimadzu Corp., Kyoto, Japan) including TOC-L, TNM-L, and
autosampler ASI units, was used to measure the PEI and surfactant
concentrations. The quartz crystal microbalance with dissipation (QCM-
D) (Biolin Scientific, Linthicum Heights, MD) was utilized to monitor
the real-time adsorption of chemical species.

Fig. 1. Molecular structure of an Alcohol Propoxy Sulfate (APS) courtesy of Ref.
[3].
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2.3. Optimization of PEC recipe

The PEC nanoparticles used this study are formed by complexing
cationic PEI with anionic sulfate surfactant, which is the same surfac-
tant used in the adsorption tests. PEC recipes were optimized by al-
tering surfactant and PEI stock solution concentrations, surfactant to
PEI weight ratios, and pH of PEI solution. (PEI pH is adjusted by 12N
and 4N HCl to the desired pH.) Based on the optimization results, a
stable PEC system was produced from a 1wt% sulfate surfactant solu-
tion and 1wt% PEI solution (pH=7) mixed in a 1:1 ratio. This recipe
was selected for further adsorption studies.

2.4. Preparation of PEC

Stock solution of PEI were prepared with DI water (18.2MΩ cm at
25 °C). To make PEC nanoparticles, the PEI stock solution was first
weighed in a glass beaker, and a magnetic stir bar was added. The pre-
weighed surfactant solution was then rapidly delivered to the vortex of
the PEI solution, rotating at 1200 rpm, using a syringe with needle. A
schematic of the PEC preparation is shown in Fig. 2. The nanoparticles
were then characterized for size and zeta potential as described below.
Adsorption experiments were carried out with no further PEC pur-
ification.

2.5. Surfactant entrapment efficiency (EE) measurement

Surfactant EE of PEC formulation is defined as the ratio of surfactant
concentration entrapped in the PEC to the total surfactant concentra-
tion in the PEC suspension. EE can be calculated using the following
formula:

=

−

×EE
C C

C
(%)

( )
100%initial supernatant

initial (1)

where Cinitial represents the initial surfactant concentration before the
formation of PEC, and Csupernatant refers to the concentration of the free
surfactant in solution after PEC formation.

To obtain the concentration of free surfactant, the sample was first
centrifuged at 14,800 rpm for 90min to separate PEC nanoparticles
from the free PEI and surfactant molecules. Then, a titration was per-
formed using a methylene blue (MB) indicator to measure the con-
centration of free surfactant. The titration method was modified from
one developed by S. R. Epton [29]. The modified method is as follows:
2 mL of PEC supernatant is pipetted into a 20mL vial. 2 mL of DI water
and 50 μL of stabilized MB solution (0.1 g of MB dissolved in 100mL of
10mM borate buffer, pH 7–7.5) are added followed by 5mL of
chloroform. 4mM cationic hyamine is used as the titrant and is added
drop wise to the mixture. After each small addition of titrant, the
mixture is shaken then kept still for one minute. Before the titration, the
blue color concentrates in the lower organic layer because of the for-
mation of surfactant-MB pair. (See Fig. 3 for the principle of the MB
titration method.) As the titration proceeds, the surfactant and MB
molecules separate due to the formation of a surfactant-hyamine com-
plex. The separated MB molecules then transfer to the upper aqueous
layer, carrying with them the distinctive blue color. The end point is

achieved when both layers show the equivalent shade of blue. Finally,
the sulfate surfactant concentration is calculated using the following
equation:

=

× × ×

×

×
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C
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2 mL 1000
100%surfactant

hyamine surfactant
3 g

mol
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where Csurfactant represents the volumetric surfactant concentration,
Vhyamine is the volume of hyamine spent during the titration process,
MWsurfactant refers to the molecular weight of sulfate surfactant, which is
700 g/mol, ×

− M4 10 3 refers to the molar concentration of hyamine,
and 2mL in the denominator of Equation (2) represents the initial vo-
lume of sulfate surfactant solution. Equation (2) assumes a hyamine
solution density of 1 g/mL and includes a factor of 1000 for unit con-
version.

Surfactant EE of the PEC formulation used in this study was de-
termine to be 77 ± 2% using the MB titration method, which means
that ∼ 23% of the surfactant used to make PEC nanoparticles was not
entrapped and remained free in the PEC suspension.

2.6. Characterization of PEC

Particle size and zeta potential of the PEC nanoparticles were
measured using the Nanobrook Omni nanoanalyzer. Samples were
prepared for particle size measurement by diluting 4 drops of PEC
suspension to 3mL with DI water. The measurements were performed
in triplicate at a scattering angle of 90°. For zeta potential measure-
ments, 1.25mL of 1mM KCl solution was mixed with 8 drops of sample
suspension. The Smoluchowski approximation was then used to calcu-
late the zeta potential of the PEC. The average size of the optimized
PEI/surfactant PEC was 138 ± 2 nm while the average zeta potential
was +80 ± 7mV.

2.7. Static adsorption test

Static adsorption tests, using the sulfate surfactant solution and PEC
suspension, were performed to evaluate the behavior and mechanism of
analyte adsorption. This is accomplished by adding 15 g DI water di-
luted sample suspension to 1.5 g crushed and sieved (100 and 50 mesh
screen) quartz sand grains. The mixture is then shaken at 220 rpm on a
benchtop shaker until the adsorption is complete. At the end of the test,
the supernatant is aspirated and filtered through a 0.45 μm nylon syr-
inge filter. Concentrations of the surfactant and PEI in the supernatant
are measured using the TOC/TN analyses. The percent adsorption of
each material is then calculated using Equation (3).

=

−

×

C C
C

Adsorption (%) 100%tot after

tot (3)

where Ctot represents total concentration of the material added to the
PEC suspension, and Cafter is the concentration of the material re-
maining in solution after the adsorption test.

Fig. 2. Schematic procedure of PEC nanoparticle preparation.

X. Zhou et al. Colloids and Surfaces A 553 (2018) 397–405

399



2.8. PEI and surfactant concentration measurements by TOC/TN

After collecting the samples from the static adsorption tests, the
concentrations of the PEI and surfactant in the supernatants were de-
termined using a TOC/TN analyzer. The PEI concentration was mea-
sured first by running a total nitrogen (TN) analysis on an aliquot of
sample and comparing the result to standard solutions. This procedure
is selective for PEI as it is the only molecule in the system that contains
atoms of nitrogen. The sample is then subjected to the total organic
carbon (TOC) test to determine the TOC of the system (containing both
PEI and surfactant). The organic carbon content pertaining to PEI can
be calculated from the PEI concentration determined above using TN
analysis. Finally, the organic carbon content contributed by the sur-
factant can be calculated by subtracting the organic carbon attributable
to PEI from the TOC of the whole sample.

2.9. Real-time adsorption by QCM-D

Real-time adsorption of sulfate surfactant and PEC were measured
by QCM-D. A negatively charged silicon dioxide sensor was used as the
analog to quartz sand grains. The procedure is performed as follows: 1)
the sensor is flushed with DI water at a 150 μL/min rate to establish a
baseline; 2) 0.5 wt% sulfate surfactant solution or a 50 fold dilution of
PEC suspension is then pumped over the sensor until the frequency and
dissipation of the system reach an equilibrium; 3) the flow is stopped
and the system is allowed to incubate under static conditions for a given
amount of time to observe adsorption; 4) the sensor is again rinsed with
DI water to flush out suspended molecules in the bulk solution and
loosely bound materials. After the injection sequence is complete, the
frequency shifts (Δf) and dissipation shifts (ΔD) are compared and
analyzed qualitatively.

3. Results and discussion

3.1. Hypothesis & proposed adsorption mechanism

We hypothesize that a cationic PEC layer formed on the negatively
charged quartz surface can enhance the adsorption of anionic surfac-
tants on quartz sand grains. Based on our hypothesis, we propose a four-
stage adsorption mechanism for the enhanced adsorption of anionic
surfactants on negatively charged quartz sand grains coated with PEC
nanoparticles (Fig. 4). First, the positively charged PEC nanoparticle
suspension comes into contact with negatively charged quartz sand
grains (Stage I). Then, a large number of PEC nanoparticles [+] and a
small amount of free PEI [+] in the nanoparticle suspension will be
adsorbed onto the negatively charged quartz sand grains (Stage II). At
this point, the sand grains will be coated with a layer of positively
charged PEC nanoparticles and a small amount of free PEI. Then, as

proposed by Ondaral et al. [25], the adsorbed PEC may undergo a
distortion on the surface resulting in increased surface area and charge
density. This base layer can then attract and adsorb more free anionic
surfactants by charge attraction (Stage III) and through hydrophobic
interactions forming a surfactant bilayer (Stage IV) before reaching a
new equilibrium. In the following sections, results from static adsorp-
tion and QCM-D studies will be used to test the hypothesis and confirm
the proposed mechanism for the enhanced anionic surfactant adsorp-
tion on quartz sand grains coated with PEC nanoparticles.

3.2. Adsorption of sulfate surfactant on quartz sand grains

3.2.1. Static adsorption test
Static adsorption tests were performed to determine the level of

adsorption of anionic surfactants onto negatively charged quartz sand
grains. Using the procedure described in Section 2.7, surfactant con-
centrations in the supernatant were measured at intervals of 6, 12, 24,
and 48 h. Results summarized in Fig. 5 show no significant surfactant
adsorption even after 48 h of mixing.

3.2.2. Real-time adsorption monitoring using QCM-D
QCM-D was used to monitor the real-time adsorption of the anionic

sulfate surfactant onto a negatively charged silicon dioxide sensor. This
sensor was chosen as an analog to quartz sand grains. The surface was
prepared by first flushing it with DI water to establish a baseline, fol-
lowed shortly by injection of the surfactant solution. The system was
then incubated under static conditions for a period of time before fi-
nally being rinsed with DI water to remove the extra materials not
adsorbed on the sensor surface.

The QCM-D raw data with the frequency shift (Δf) and dissipation
shift (ΔD) are shown in Fig. 6(a) and (b), respectively. In Fig. 6, small
changes in frequency and dissipation observed between the initial
water injection and surfactant injection were mainly attributed to dif-
ferences in viscosity and viscoelasticity between the bulk solutions.
They may also be explained by effects of the formation of an electrical
double layer between the surface and the bulk solution. The frequency
shift (Δf), shown in Fig. 6(a), from approximately 1.5 Hz back to the
water baseline after the final flush indicates that little to no surfactant
adsorption occurred. These observations are consistent with results
from the static adsorption test (Fig. 5) where negligible sulfate surfac-
tant adsorption onto quartz sand grains in DI water was observed.

3.3. Adsorption of PEC [+] on quartz sand grains

3.3.1. Static adsorption tests
A static adsorption test of the as prepared positively charged PEC

suspension (with 77% surfactant EE) and the quartz sand grains diluted
with DI water was performed at room temperature. An experimental

Fig. 3. Schematic illustration of the MB titration method. Surf represents surfactant and MB represents methylene blue.
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procedure is shown in Fig. 7. Fig. 8(a) plots the sulfate surfactant
concentration measured in the supernatant versus the contact time and
the corresponding percent surfactant adsorption relative to the amount
of total surfactant concentration (both entrapped in PEC & free) ori-
ginally contained in the diluted PEC/sand sample. As shown in
Fig. 8(a), after 48 h of agitation with sand grains, the surfactant con-
centration in the supernatant decreased from 0.51 wt% to 0.01 wt%,
indicating a close to 100% adsorption of all the surfactant originally
contained in the PEC suspension. Fig. 8(b) contains images of the su-
pernatant during the static adsorption test. As shown in Fig. 8(b), when
the contact time increased from 6 h to 48 h, the PEC suspension
changed from opaque to almost transparent, indicating that almost all
the PEC nanoparticles were adsorbed onto the quartz sand grains after
48 h of contact time. An aliquot of the supernatant after 48 h of contact
time was then taken for particle size measurement using the NanoBrook
Omni nanoanalyzer. Results from the measurements showed a very low
count rate of 13 kcps, which indicates that nanoparticle concentration
in the supernatant was extremely low.

Since the surfactant entrapment efficiency of the PEC is around
77%, it means that close to 23% of the surfactant remains free in the
PEC suspension. According to results shown in Section 3.2.1, the level

Fig. 4. Schematic representation of surfactant entrapping PEC [+] adsorption on quartz sand grain [−] mechanism.

Fig. 5. Concentrations of sulfate surfactant in the supernatant prepared in DI
water during the static adsorption test. The initial surfactant concentrations in
DI water was 0.45 wt%.

Fig. 6. (a) Frequency shift (Δf) raw data and (b) dissipation shift (ΔD) raw data of sulfate surfactant real-time adsorption on silicon sensor in DI water. Δf and ΔD are
measured simultaneously at three different overtones (n=3, 5, and 7) at 25 °C.
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of sulfate surfactant adsorption on quartz sand grains was extremely
low (Fig. 5). That means the unentrapped free anionic sulfate surfactant
in the PEC suspension are not supposed to be adsorbed onto the

negatively charged quartz sand grains. However, we observed a close to
100% adsorption of the sulfate surfactant (both entrapped and un-
entrapped) present in the PEC suspension. These results support our

Fig. 7. Schematic illustration of experimental procedure used in static adsorption tests.

Fig. 8. (a) Concentrations (wt%) (hallow circle) and adsorption percentage (triangle) of the surfactant in the supernatant after PEC suspension diluted in DI water
and agitated with quartz sand grains for different hours. (b) Images of collected supernatants after diluted PEC suspension agitated with quartz sand grains for
different time periods.
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proposed enhanced surfactant adsorption mechanism (Fig. 4) that, after
the adsorption of a large amount of positively charged PECs onto the
negatively charged quartz sand grains, the surface charge of the coated
sand grains becomes positive, thereby allowing the unentrapped an-
ionic sulfate surfactant to be adsorbed onto the coated quartz sand
grains.

3.3.2. Real-time adsorption monitoring using QCM-D
The PEC adsorption onto the silicon oxide sensor in DI water was

measured using the QCM-D. The experimental procedure of PEC real-
time adsorption tests using QCM-D is illustrated in Fig. 9. The test be-
gins by flushing DI water through the system to establish a baseline.
Next, the sensor was flushed with the PEC suspension and left under
static conditions to establish the new baseline after the sensor was
coated with PEC/PEI. The raw data are shown in Fig. 10. During the
PEC flushing period, a decrease in Δf (∼ 4.5 Hz) and a comparatively
small increase in ΔD (0.25×10-6) were observed, which also accom-
panied by overlapping overtones. These observations are consistent
with formation of a rigid film on the silicon dioxide surface. At this
point, we believe that a large amount of the PEC [+] and a small
amount of free PEI [+] were adsorbed onto the oppositely charged
silica sensor [−] by electrostatic attraction.

DI water was then injected to remove the loosely attached materials
on the sensor surface until Δf and ΔD reached an equilibrium. Relatively
small changes in Δf (∼0.5 Hz) and ΔD observed during this period are
consistent with Stage II of our proposed mechanism (Fig. 4) where
strong adsorption of the positively charged PEC/PEI occurred on the
negatively charged sensor surface with negligible amount of adsorbed
PEC/PEI being flushed away during the DI water injection.

At this point, 0.5 wt% sulfate surfactant was pumped onto the PEC/

PEI-coated sensor. In this case, the drop in Δf (∼12 Hz) was sig-
nificantly larger than any changes seen from the sulfate surfactant real-
time adsorption test on bare silica sensor previously discussed
(Fig. 6(a)). This provides convincing evidence of the PEC’s ability to
promote surfactant adsorption. The significant increase in ΔD (4×10-
6) after surfactant injection, coupled with broadening of the overtones,
further indicates that a soft and viscoelastic surfactant layer had
formed. These observations are consistent with a combination of Stages
III and IV (Fig. 4) of the proposed PEC enhanced adsorption me-
chanism.

3.4. Adsorption of sulfate surfactant on PEC [+] treated vs untreated sand
grains

Next, we performed another set of static adsorption tests comparing
the adsorption of sulfate surfactant on PEC treated vs. untreated sand
grains to quantify the enhanced adsorption capacity and confirm the
proposed enhanced adsorption mechanism.

To prepare the PEC treated sand grains, 1.5 g of quartz sand grains
were firstly agitated with the surfactant entrapping PEC [+] suspension
for two days. Then, the supernatant was aspirated completely from the
test vial to remove the non-adsorbed PECs, PEI, and surfactants.

15 g of known concentration of sulfate surfactant solutions
(∼0.5 wt%) was added to the test vial containing either 1.5 g bare sand
grains or the same amount of PEC treated sand grains. The mixtures
were then agitated for another 24 h. After the supernatants being cen-
trifuged and filtered, the surfactant concentrations in the supernatants
were then measured by TOC/TN and shown in Fig. 11.

For the adsorption test performed with bare quartz sand grains, the
surfactant concentration changed from 0.46 wt% to 0.45 wt%,

Fig. 9. Schematic illustration of experimental procedure used in real-time PEC adsorption tests using QCM-D.

Fig. 10. (a) Frequency shift (Δf) raw data and (b) dissipation shift (ΔD) raw data of PEC real-time adsorption on silicon sensor in DI water. Δf and ΔD are measured
simultaneously at three different overtones (n= 3, 5, and 7) at 25 °C.
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indicating no apparent sulfate surfactant adsorption (Fig. 11 left). In
contrast, for the test using the PEC treated quartz sand grains, surfac-
tant concentration in the supernatant decreased from 0.48wt% to
0.38 wt% (Fig. 11 right) suggesting that 21% of the surfactant originally
in the supernatant was adsorbed onto the sand grains. These results
show that treating the negatively charged quartz sand grains with PEC
nanoparticles can indeed enhance the adsorption of the anionic sulfate
surfactant (Fig. 4, Stage III & IV).

As reported earlier, the surfactant entrapment efficiency of the PEC
is around 77%. However, results from Section 3.3.1 indicated that 23%
of the free surfactant in the PEC suspension was also completely ad-
sorbed on the PEC treated sand grains during the process. This means
that, to determine the overall enhanced adsorption capacity of the PEC
treated sand grains, we must also take into account the adsorption of
the free unentrapped surfactant in the PEC suspension during the
treatment process.

Since the total surfactant concentration in the PEC suspension used
to treat the sand grains is 0.5 wt%, with the EE of 77%, the amount of
the free unentrapped surfactant in the 15 g of suspension is equal to
0.115 wt% (0.5 wt%×0.23), which was completely adsorbed. The
additional amount of surfactant adsorbed when another 15 g of 0.48 wt
% of surfactant solution was added to interact with the treated sand
grains is 0.1% (0.48%− 0.38%). So, the total weight of free sulfate
surfactant adsorbed onto the treated sand grains is 32.25mg
(15 g× (0.115+0.1) wt%). Since 1.5 g of sand treated with PEC was
used in the adsorption tests, the total adsorption capacity of the free
surfactant is 21.5 mg per gram of sand. This is in contrast to the case for
untreated bare sand grains where no apparent adsorption of the anionic
sulfate surfactant was observed. These results demonstrate the potential
of using PEC nanoparticles to enhance the adsorption of anionic sur-
factants on negatively charged surface of quartz sand grains and con-
firmed the proposed mechanism for enhanced surfactant adsorption.

4. Conclusions

i Results from the static adsorption tests showed that the level of
adsorption of the anionic sulfate surfactant on PEC treated quartz
sand grains (21.5mg/g of sand) was significantly higher than that
on bare untreated sand grains (negligible adsorption).

ii Real-time monitoring using QCM-D (Fig. 10) observed a decrease in
Δf (∼ 4.5 Hz) and a comparatively small increase in ΔD
(0.25×10−6) when the silica sensor (a sandstone analog) was
flushed with PEC, which are consistent with formation of a rigid film
on the silica oxide sensor surface, indicating the adsorption of the
PEC [+] and a small amount of free PEI [+] onto the oppositely
charged silica sensor [−] by electrostatic attraction.

iii In contrast, the QCM-D data showed very small changes in

frequency and dissipation observed between the initial flushing the
quartz sensor with water and the subsequent flushing with surfac-
tant injection. The frequency shift (Δf), shown in Fig. 6(a), from
approximately 1.5 Hz back to the water baseline after the final flush
indicates that little to no surfactant adsorption occurred.

iv Both static adsorption tests and real-time adsorption monitoring
using QCM-D confirmed our hypothesis that a cationic PEC layer
formed on the negatively charged quartz surface can enhance the
adsorption of anionic surfactants on quartz sand grains.

v Our results also confirmed a proposed four-stage adsorption me-
chanism for the enhanced adsorption of anionic surfactants on ne-
gatively charged quartz sand grains treated with PEC nanoparticles.
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