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a b s t r a c t

Cr(III)ehydrolyzed polyacrylamide (HPAM) gels have been extensively studied as a promising strategy
controlling waste water production for mature oilfields. However, the gelation time of the current
technologies is not long enough for in-depth placement. In this study, we report a novel synthesis
method to obtain chromium chloride/poly(methyl methacrylate) (PMMA) nanocapsules which can
significantly delay the gelation of HPAM through encapsulating the chromium chloride crosslinker. The
chromium chloride-loaded nanocapsules (CreNC) are prepared via a facile inverse miniemulsion evap-
oration method during which the hydrophobic PMMA polymers, pre-dispersed in an organic solvent,
were carefully controlled to precipitate onto stable aqueous miniemulsion droplets. The stable aqueous
nanodroplets (W) containing Cr(III) are dispersed in a mixture of organic solvent (O1) with PMMA and
nonsolvent medium (O2) to prepare an inverse miniemulsion. With the evaporation of the O1, PMMA
forms CreNCs around the aqueous droplets. The CreNCs are readily transferred into water from the
organic nonsolvent phase. The CreNCs exhibit the tunable size (358e983 nm), Cr loading (7.1%e19.1%),
and Cr entrapment efficiency (11.7%e80.2%), with tunable zeta potentials in different PVA solutions. The
CreNCs can delay release of Cr(III) and prolong the gelation time of HPAM up to 27 days.
© 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Excessivewater production in secondary oil recovery operations
is a major problem encountered in most mature oil fields (Reddy
et al., 2002; Seright and Brattekas, 2021; Sydansk and Southwell,
2000). Placing a blocking agent deep into the reservoir to block
highly permeable channels or fractures and divert water flow into
unswept productive zones would be desirable to improve sweep
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efficiency. Cr(III)-polyacrylamide gel is commonly applied as an
effective blocking agent because of its advantages of controllable
gelation time, adjustable strength, and good injectivity (Sun et al.,
2018). During placement, a polymer solution mixed with Cr(III)
crosslinkers is injected into formations to allow gelation to occur
(Willhite and Pancake, 2004). Currently, chromium acetate is
widely used to delay gelation by decelerating the interaction be-
tween Cr(III) and carboxyl groups of Cr(III)ehydrolyzed poly-
acrylamide (HPAM) gel system (Moradi-Araghi et al., 1988).
However, the typical gelation time for Cr(III)eligand complexes is
still in the order of a few hours to several days (Willhite and
Pancake, 2004). In addition, for in-depth placement, the unpre-
dictable loss of ligands from Cr(III)eligand complexes due to shear
degradation and contact with reservoir minerals and fluids create
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uncertainty in the gelation profile (Khamees and Flori, 2018).
For in-depth fracture blocking projects, a controlled release

delivery system of entrapped Cr(III) that may delay the gelation of
HPAM for periods in the order of a month is greatly needed. Large
particles, such as microspheres, may settle out of solutions or
impede penetration into reservoir rocks due to size-exclusion ef-
fects (Cordova et al., 2008). Therefore, millimeter-sized particles
have already shown potential delayed Cr(III) release properties in
field applications in our previous studies (Pu et al., 2019a, 2019b).
Several polymeric materials in the forms of nanoparticles, poly-
electrolyte complexes, microcapsules, and nanocapsules (NCs) are
of interest for delaying release of crosslinkers (Musyanovych and
Landfester, 2014; Ogolo et al., 2012). For example, Guan et al.
studied a nanogel that can hold the metallic ion crosslinker Cr(III)
and presents colloidal stability to impede agglomeration. The
nanogel helps protect Cr(III) during transport in the formation and
exhibits delayed Cr(III) release due to polymer degradation (Guan
et al., 2017). Cordova et al. found that nanoparticle polyelectrolyte
complexes are effective for entrapping and delivering small mole-
cules like Cr(III) (Cordova et al., 2008). However, polyelectrolyte
complexes may degrade upon exposure to monovalent or multi-
valent ions, such as KCl, thus resulting in the premature release of
crosslinkers (Gao et al., 2015; Veisi et al., 2018).

Nanocapsules (NCs) or nanometer-sized hollow spheres with
thin shells have beenwidely used as effective drug delivery devices
for controlled release purposes (Paiphansiri et al., 2006b). The term
“controlled release” includes a range of different release profiles
and mechanisms, such as targeted, triggered, or sustained (or
extended) release. The available payload volumes of NCs are higher
than those of nanoparticle matrixes and polyelectrolyte complexes.
NCs may be templated through commonly utilized microemulsion
or miniemulsion techniques, such as emulsification solvent evap-
oration (Fickert et al., 2016; Yin et al., 2007), double emulsion
solvent evaporation (W/O/W-E) (Iqbal et al., 2015), and emulsifi-
cation solvent diffusion (Alvarez-Rom�an et al., 2001; Pi~n�on-
Segundo et al., 2018). The microemulsion or miniemulsion tech-
nique is known to be a versatile tool for preparing polymer NCs
with either an oily or an aqueous core (Crespy et al., 2007). The sizes
of the droplets of the dispersed phase in microemulsions are less
than 200 nm and are usually 10e140 nm (Eastoe et al., 2013).
Miniemulsions are kinetically stable systems in which dispersed
droplets with a size range of 50e500 nm are formed by a high shear
force applied on a system containing a mixture of two immiscible
liquids with a certain amount of surfactant (Koppel, 1972).
Currently, W/O/W-E approach have been developed for controlling
release of various payloads in fields of food andmedicine. However,
the entrapment efficiency of the payloads is usually low due to the
leakage occurred between the two water phases.

The objective of this study is to prepare nanocapsules (CreNCs)
that contain high levels of Cr(III) through a water/oil miniemulsion
solvent evaporation (W/O-E) process (Paiphansiri et al., 2006b). The
aqueous nanodroplets containing CrCl3 were stabilized by Span80
emulsifier in an oily mixture of dichloromethane (DCM, O1) and
cyclohexane (cycC6, O2) (Landfester, 2009). A polymethyl methyl-
acrylate (PMMA) polymeric shell was formed upon the evaporation
of the PMMA solvent DCM, whereas cyclohexane (cycC6), the
nonsolvent, was retained in the oily mixture (N�estor et al., 2011).
The stability of W/O miniemulsion was optimized via tunning the
ratio of Span80 and W phase. It was found that, the W/O-E
approach demonstrated significantly high Cr(III) loading and
Cr(III) entrapment efficiency, compared with conventional W/O/W
double emulsion approach by replacing the outer water phase with
non-solvent oil phase. In addition, a sample centrifugation-based
transfer method was developed for preparing the CreNC disper-
sion. The sizes of CreNCs were dependent on Span80/W ratio and
397
PMMA feed amount. The transferred CreNCs showed stable dis-
persibility in PVA solution with accordingly pH. The CreNCs
showed controllable Cr(III)-release capability, resulting in delay-
ing gelation of HPAM polymer up to 27 days. The CreNC/HPAM gel
system demonstrated potential application in in-depth gel treat-
ment field of secondary oil recovery.

2. Experimental

2.1. Materials

Chromium chloride (CrCl3·6H2O, Mw ¼ 266.45 Da), PMMA
(Mw ¼ 120 kDa and 15 kDa), poly(vinyl alcohol) (PVA,
Mw ¼ 13e23 kDa), HPAM (Mw ¼ 520 kDa, hydrolysis degree: ~20%),
sorbitan mono-oleate (Span80, Mw ¼ 428.6, HLB: 4.2), Tween40,
DCM, and cycC6 (anhydrous, 99.5%) were purchased from Sigma
and used without further purification. HCl (1 mol/L), HNO3 (2 mol/
L), and NaOH (0.5 mol/L) were obtained from Fisher Scientific.

AEC brine formula: 18.3 mmol/L CaCl2 þ 0.5 mol/L NaCl þ
0.15 mol/L NaHCO3.

2.2. Preparation of CreNCs through the W/O-E approach

The procedure for the formation of CreNCs was modified from a
previously reported process (Paiphansiri et al., 2006b). A typical
process for CreNC preparation was as follows: CrCl3 (water phase
(W)) solution was first prepared by dissolving CrCl3$6H2O in
deionized water (DIW) (300e460 mg/mL). The pH was adjusted
with 40wt% NaOH to 2.4. The organic continuous phase comprising
DCM (10 mL, oil phase (O1)), PMMA (200 mg), and Span80
(0.1e0.5 g) was prepared in a 40 mL glass vial. The W phase was
added into O1 with the addition of a certain volume of cycC6
(15 mL, oil phase (O2)) to prepare a WeOmixture. The mixture was
emulsified for 120 s using an Ultra-Turax (12400 rpm) homoge-
nizer. The emulsion was subsequently placed in an oil bath for in-
cubation at 50 �C with a chosen stir rate (250 rpm) for 8 h to
completely evaporated of DCM from the mixture. The final product
volume was controlled at 10 mL.

2.3. Transfer of NCs into aqueous solutions and purification

The CreNCs (5 mL of native NC solution) were separated from
cycC6 and Span80 via ultracentrifugation (Beckman) at 12,000 rpm
for 30 min. The pellet was dried at room temperature for 30 min
before being redispersed in 1% PVA solution (10mL) with stirring at
room temperature. The dispersion was centrifuged (12,000 rpm,
30 min) several times until its supernatant became clear. The su-
pernatant was replaced with 1% PVA solution, and the pellet was
redispersed each time.

2.4. Characterization

2.4.1. Size analysis of W/O-E miniemulsion
The droplet size of miniemulsions were measured at 25 �C

through dynamic light scattering (DLS) using a Malvern Nano ZS
(Malvern Instrument Ltd., US) (Koppel,1972). In detail, 0.5mL of the
miniemulsionwas mixed with 2 mL of cycC6 in a quartz cuvette for
DLS measurements. The mean volume diameters of the droplets
were determined. Scattered light was collected at 90� with an
avalanche photodiode detector. All measurements were made over
a period of 1 min and in quadruplicate, where the mean size (vol-
ume distribution) of the four runs was recorded. The FT-IR mea-
surement was employed for detecting the PMMA shell and the
results was shown in Fig. S1 in Supporting Information.
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2.4.2. Size, zeta potential, and morphology analysis of CreNC
CreNC nanocapsules dispersed in PVA solution were separately

analyzed by DLS to determine their size distribution and zeta po-
tential at 25 �C. The samples were diluted by a factor of 100 in DIW,
AEC brine, or different concentrations of PVA solutions. Size dis-
tribution data was directly imported from the Malvern Zetasizer
software.

The dispersions were dried in vacuo at room temperature to
investigate the morphology of the NCs using an environmental
scanning electron microscope (ESEM, Quanta 650). In ESEM, elec-
trons are accelerated to the energy of 20 keV and are converged by
electromagnetic lenses to the surface of the sample. The dried
CreNCs were mounted on carbon-coated grids before coating with
Au to avoid degradation.

2.4.3. Cr(III) loading and entrapment efficiency determination
The solid content of the capsules in the final dispersion was

determined gravimetrically. A known volume of the dispersionwas
dried at 120 �C overnight, and the final weight of the dry solid was
determined. For the determination of the final Cr(III) fraction in the
NCs, 1 mL of the dispersion was mixed with 2 mL of 2 mol/L HNO3
solution and 2 mL of 2 mol/L HCl solution in a Schlenk tube. The
Schlenk tube was fitted with a condenser and placed in an oil bath
that was preheated at 100 �C overnight with continuous reflux. The
digested sample was then cooled down to room temperature and
diluted for inductively coupled plasmaeoptical emission spec-
troscopy (ICPeOES). ICPeOES measurements were made in tripli-
cate using a Varian 710 instrument, argon gas, 2 wt% HNO3 solution,
and 1.2 kW plasma. Digested samples were made by serially
diluting 1 mol/L Cr(III) solution with 2 wt% HNO3 solution. Cr(III)
loading, which was the mass ratio between Cr(III) and the NCs, was
calculated as follows:

Cr loading¼ CCrðIIIÞ;final
Ccapsules;final

� 100%

where CCrðIIIÞ;final is the final entrapped concentration of Cr(III) in
the dispersion; and Ccapsules;f inal is the final concentration of cap-
sules in the dispersion. The entrapment efficiency (EE) of the NCs
was evaluated as follows:

EE ¼
mCrðIIIÞ;final
mCrðIIIÞ;feed

� 100%

where mCrðIIIÞ;f inal is the final entrapped mass of Cr(III) in the
dispersion; and mCrðIIIÞ;feed is the feed mass of Cr(III). The detailed
calculation of the nanocapsule basis was provided in Section. S2 in
Supporting Information.

2.4.4. Cr(III) release analysis
Amembrane dialysis techniquewas used tomeasure the release

rate of Cr(III) from the CreNCs in accordance with a previous study
(Cordova et al., 2008). A dialysis bag was prepared by sealing two
ends of membrane tubing (Standard RC Tubing, Mw of cut off: 6e8
kD). One end of the bag was sealed by using a weighted closure to
stabilize the bag during stirring. A known concentration of CreNC
(PMMA-257-Cr) dispersion (CCrðIIIÞ ¼ 1 mg/mL) was added to the
1±0.05 mL dialysis bag. The dialysis bag was permeable to water
and Cr(III) but not PMMA. The bag was placed in 200 mL of AEC
brine solution, which was used as the dialysate. The dialysis bag
was stirred at 200 rpm inwater at 50 �C for 200 days. 2 mL of buffer
was taken from the dialysate at different periods for ICPeOES. A
total of 1 mL of CrCl3 standard solution (CCrðIIIÞ ¼ 1 mg/mL) was
used as the control. The shear resistance property of CreNC has
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been tested using a blender and the results has been demonstrated
in Fig. S2 in Supporting Information.

2.4.5. Delayed crosslinking HPAM test
HPAM stock solution (20,000 ppm) was prepared by dissolving

solid HPAM in AEC brine and stirring vigorously for 10 h. The HPAM
stock solutionwas mixedwith AEC brine and thenwith the purified
NC dispersion. The amount of each component was adjusted such
that the final gelant contained 20,000 ppm HPAM, and a known
amount of Cr(III) (300e600 ppm) was present in the AEC brine
solution. Some gelant samples were added with 0.5 mol/L HCl or
0.5 mol/L NaOH to produce the desired pH. The gelant was vortexed
for 1 min before incubation in a 50 �C oven. Gelation was deter-
mined on the basis of viscosity changes by using a Brookfield digital
viscometer (Model DE-I) with a CPA-44YZ cup and CPA 40Z spindle
at 25 �C. The gel time was defined as the time when the viscosity of
the gelant increased abruptly to >1028 cP (limit of the viscometer)
at the shear rate of 2.25 s�1. An entire sample preparation pro-
cedure was provided in Section S4 in Supporting Information.

3. Results and discussion

3.1. Stability of W/O miniemuslion

3.1.1. Effect of Span80 on miniemulsion droplet stability in cycC6
and the DCMecycC6 mixture

The emulsion stability of W/O (watereSpan80ecycC6) was
studied bymonitoring droplet size as the function of emulsification
time with varying Span80 concentrations (Span80/W, with the
water weight held constant) in the mixture. An appropriate sur-
factant can prevent coalescence by stabilizing droplets either
electrostatically or sterically. The results showed that the initial
droplet size decreased from 796 to 219 nm when the Span80 ratio
was increased from 10% to 100% (Fig. 1a). The final droplet sizes of
the emulsions after 16 h of emulsification ranged from 256 to
207 nm. These sizes were all at the droplet level of the mini-
emulsion series. Moreover, they revealed that the minimum
Span80 concentration needed to form the complete emulsion with
stable 200 nm droplets was 20% Span80/W. The rapid coalescence
of the emulsion with the 10% Span80/W sample emulsion resulted
in a large initial size (796 nm). Except that, the samples with 20%,
40%, and 100% Span80/W had ~200 nm aqueous droplets with
relatively constant sizes for 16 h.

The minimum concentration of Span80 required to form a ho-
mogenous emulsion was studied by measuring the droplet size at
different evaporation periods to investigate the emulsion stability
of the aqueouseDCMecycC6 system, which was the actual system
used for the preparation of NCs. Fig. 1b shows the change in droplet
size as a function of evaporation time. Although the sizes of both
samples with different Span80/W concentrations increased with
time, the 100% Span80/W sample showed a considerably smaller
size (720.9 nm) after 16 h than the 20% Span80/W sample
(2000 nm). This result matched the CreNC size of the 100% Span80/
W sample (983 nm) shown in Table 1. The ability of the Span80 to
stabilize reverse miniemulsions with small droplet sizes was
essential for templating the NCs. Given that Span80 is nonionic, it is
less likely to be influenced by Cr(III) than by nonionic surfactants.

3.1.2. Formation schematic of CreNC
Nanocapsules were synthesized according to the procedure

shown in Fig. 2. In principle, the NCs were formed by controlling
precipitation of polymers from the continuous phase onto the
interface of small and stablewater droplets upon the evaporation of
the solvent DCM in presence of the nonsolvent cycC6. Theoretically,
no DCM residue should remain in the cycC6 phase after the



Fig. 1. Hydrodynamic diameter of 0.5 mL of aqueous droplets in 15 mL of cycC6 emulsified by Span80 as a function of time at 50 �C in the absence (a) or presence (b) of 10 mL of
DCM (containing 200 mg PMMA).

Table 1
Sizes of CreNCs measured by DLS (120 kDa PMMA, Cr(III) feed of 78 mg/mL, and 1%
PVA).

Sample name PMMA, mg Span80/W, % CreNCs
dispersed in
DIW

CreNCs
dispersed in
AEC brine

Sizea, nm PIb Sizea, nm PIb

NC-1 200 20 358 0.21 351 0.19
NC-2 200 50 768 0.19 690 0.20
NC-3 200 100 983 0.22 935 0.21
NC-4 200 150 502 0.22 498 0.22
NC-5 200 200 487 0.27 483 0.29
NC-6 100 50 560 0.17 572 0.25
NC-7 300 50 633 0.19 689 0.21

Notes: a Hydrodynamic radii of CreNCs dispersed in DIW and AEC brine were
determined at 90�; b Polydispersity index.
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evaporation of the miniemulsions at 50 �C for more than 8 h. The
precipitation and deposition of part of PMMA on the surfaces of the
nanodroplets are illustrated in Fig. 2a. In addition, some of the
PMMA precipitated in the oil phase and formed a coagulated ball
that settled to the bottom of the vessel during evaporation. The
maximum initial volume ratio of cycC6 to DCM that was needed to
dissolve the required amount of PMMA completely was 1.5:1
(Fig. S3). An aqueous solution of CrCl3 was emulsified to obtain
small and stable droplets with an initial size of approximately
200 nm. In addition, the dissolved Cr(III) acted as the lipophobe
that suppressed Ostwald ripening by increasing the osmotic pres-
sure inside the nanodroplets (Paiphansiri et al., 2006a). Therefore,
individual nanodroplets can be stabilized during evaporation.

3.1.3. Formation, transfer, and purification of CreNCs
Emulsion stability against settling or coalesces of droplets is one

of the key factors for evaluating the interfacial properties of W/O
emulsions. Fig. 2b shows the changes in turbidity and volume as a
function of time after evaporation began. Upon stirring for over 7 h,
the emulsions appeared turbid without the obvious coalescence of
aqueous nanodroplets, indicating that stabilization with Span80
can stabilize emulsions within 7 h. In the original study that uti-
lized this method, a block copolymer was used as the surfactant to
stabilize water droplets and to direct PMMA to the interface
(Mu~noz-Espí and Landfester, 2020). Furthermore, the copolymer
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adsorbed on the PMMA surface and provided steric stabilization in
cycC6. Given the complexity of synthesizing the commercially un-
available block copolymer, we decided to synthesize CreNCs with
the commonly used low-molecular-weight surfactant Span80,
which is soluble in cycC6 with the low HLB of 4.2. Span80 is
insoluble in water but contains a nonionic hydrophilic sorbitan
headgroup. The hydrophobic tails of the alkane chain enable the
steric stabilization of water miniemulsion droplets. Although
Span80 did not provide as much steric stabilization as a block
copolymer with considerably longer steric chains, it did stabilize a
minor fraction of the resulting PMMANCs in cycC6 (Capdevila et al.,
2010; Davies et al., 1987). The Span80-to-water (Span80/W) ratio
was varied tomanipulate the NC properties. A PMMA coagulatewas
found at the end of the evaporation as shown in Fig. 2b. A minor
part of PMMA formed NCs upon accumulating on the surfaces of
the water droplets. This NC fraction could be redispersed by
shaking to break up the NC aggregates. The equilibrium volume of
the emulsion was determined by evaporation time and was
controlled to 10 mL.

The transfer and purification procedures of the prepared
CreNCs were depicted in Fig. 3a. In detail, cycC6 was removed
through centrifugation at 12,000 rpm for 30 min. Then, the ob-
tained pellet was redispersed in 1% PVA solution. After a secondary
centrifugation cycle, a colored pellet was obtained at the bottom of
the tube. This pellet was Cr(III)-entrapping CreNCs. These CreNCs
were washed at least twice with 1% PVA to remove free Cr(III) to
prevent premature gelation in subsequent tests. Washing was
repeated if the supernatant remained colored after centrifugation.
The final uniform homogeneous dispersion of CreNCs was ob-
tained by adding 10 mL of 1% PVA under probe sonication (15%
amplitude, 2 min). The products at different stages are shown in
Fig. 3b.
3.2. Characterization of fabricated CreNC nanocapsules

3.2.1. Effect of Span80/W
The effects of various Span80 to water phase ratio (Span80/W)

on the formation of CreNCs were investigated to determine the
optimal preparation formula. The results were summarized in
Table 1. The structures of the prepared CreNCs, which were
spherical with continuous intact shells, were detected. None of the



Fig. 2. (a) Schematic of the mechanism of CreNC formation via the controlled nanoprecipitation of PMMA onto miniemulsion droplets containing Cr(III); (b) Pictures taken in
different evaporation periods.
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CreNCs ruptured during preparation. In addition, it was found that
Span80/W ratio controlled the integrity, size, and zeta potential of
CreNCs. For example, Fig. 4a-1 to a-5 shows the morphologies of
the CreNCs using various ratio of Span80/W. In detail, small
nanocapsules (358 nm, Fig. 4a-1) with high integrity were fabri-
cated with 20% Span80/W, while the size increased to 768 nm
(Fig. 4a-2) as the ratio of Span80/W was raised to 50%. Large
nanocapsules with a wide distribution of nanocapsule sizes were
obtained when the Span80/W ratio was increased to 100% (Fig. 4a-
400
3). Higher Span80/W ratio might increase the viscosity of the
miniemulsion resulting in reducing the emulsion efficiency. The
morphology of CreNCs were strongly affected by the viscosity in-
crease of the miniemulsion when the Span80/W ratio was
increased to 150%, resulting in the aggregation of the fabricated
nanocapsules (Fig. 4a-4). As the Span80/W ratio increased to 200%,
ellipsoid-like nanocapusles were synthesized which showed low
quality of sphericity (Fig. 4a-5). The size distribution and zeta po-
tential of the CreNCs dispersed in 1% PVAwere exhibited in Fig. 4b.



Fig. 3. (a) Transfer and purification of CreNCs (NC-2) from cycC6 to the aqueous PVA solution and (b) product in the first centrifugation stage, refill aqueous phase stage, and
redispersed stage.
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Both the largest size (983 nm) and lowest zeta potential
(�34.9±3.4 mV) were found at the Span80/W ratio of 100%. The
sizes of the CreNCs increased first from 358 to 983 nm as the
Span80/W ratio was increased from 20% to 100%. At the Span80/W
ratio higher than 100%, the sizes decreased down to 487 nm with
increasing the concentration.

The solid contents of the 1% PVA dispersed samples are sum-
marized in Table 2. The initial Cr(III) concentrations for all the
samples were held constant at 39 mg for the comparison purpose.
After the transfer, the final nanocapsule, [NC], in 1% PVA solution
was between 10.1 and 18.5 mg/mL, which was less than the theo-
retical one (24.8 mg/mL, Section S2 in Supporting Information). It
was found that Cr(III) loading increased up to 19.1% as the Span80/
W ratio was increased from 20% to 100% and then decreased down
to approximately 8%. The maximum Cr(III) loading (19.1%) was less
than the theoretical value which was 19.3% as shown in Section S2
in Supporting Information. In addition, the highest Cr(III) entrap-
ment efficiency of 80.2%was obtained at the Span80/W ratio of 50%.
For the sample with only the Span80/W ratio of 20% and whose
products were mixed PMMA aggregates and nanocapsules as
mentioned previously, for which the Cr(III) loading was as low as
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7.1%. The samples with 150% and 200% Span80/W ratios may in-
crease the viscosity of the aqueous phase likely by forming Span80
vesicles (Hayashi et al., 2013). Consequently, the loadings of Cr(III)
decreased under these conditions. High Span80/W ratios led to the
formation of Span80 vesicles that reduced emulsion stability and
caused PMMA to precipitate in the form of nanoparticles instead of
forming CreNCs (Kato et al., 2008). As an alternative to the 120 kDa
PMMA, 200 mg 15 kDa PMMA could also be applied to prepare
nanocapsules (named as NC-L) with desirable sizes ranging from
247 to 626 nm with 100% and 200% Span80/W ratio, as shown in
Table S2. Since the release profile of Cr(III) is controlled by the
diffusion of the shell polymers, which is, in some extent, depended
by the molecular weight of the polymers. Only 120 kDa PMMAwas
used in the further studies. The result of the mechanical shear
resistance of the CreNCs also support using the 120 kDa PMMA.

3.2.2. Effect of PMMA
Comparing the samples prepared by the same Span80/W ratio, it

was found that various PMMA content, i.e., 100, 200, and 300 mg,
affected the nanocapsule size, zeta potential, and solid contents, as
shown in Tables 1 and 2, and Fig. 4c. In particular, the size (from 560



Fig. 4. SEM micrographs of the dried CreNCs with Span80/W ratios of 20%e200%: (a-1) 20%, (a-2) 50%, (a-3) 100%, (a-4) 150%, and (a-5) 200%. Effect of (b) Span80/W ratio, (c)
PMMA concentration, (d) PVA stabilizer concentration, and (e) dispersion pH on sizes and zeta potentials of the fabricated CreNCs.
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to 768 nm) and Cr(III) entrapment efficiency (from 38.2 to 80.2)
were significantly increased as the increase of PMMA content from
100 to 200 mg, indicating that 100 mg was not sufficient for
encapsulate all the water droplet. Comparing the samples prepared
with 150 and 200 mg PMMA, it was found that the threshold of
PMMA entrapment efficiency was obtained at the sample with
150 mg PMMA. The Cr(III) entrapment efficiency of the nano-
capsules were significantly increased (from 38.2% to 80.2%) as the
increase of PMMA amount (from 100 to 200 mg) as shown in
Table 2. The results of zeta potential measurements demonstrated
that the zeta potential of the samples reduced significantly
from �14.6±1.88 mV to �26.3±2.85 mV as the increase of PMMA
amount (from 100 to 200 mg).
3.2.3. Effect of PVA concentration and pH of dispersions
Fig. 4d shows the zeta potential versus the PVA concentration

for samples with pH¼7 and for different PVA concentrations. The
402
samples failed to be homogeneously dispersed in pure DIW after
separated from the oil phase (cyclohexane). The zeta potential of
nanocapsules increased from �27.1±2.31 mV to �22.1±3.21 mV as
the PVA concentration increased from 0.5% to 2%. The adsorption of
PVA, a nonionic surfactant polymer, onto nanocapsules neutralized
the initially negative zeta potential. The neutralization ability of the
nonionic surfactant to PMMA was not as strong as other anionic
surfactant, i.e., SDS (Khademi et al., 2017).

To demonstrate the influence of the dispersion pH value, the zeta
potential of the nanocapsule dispersion with pH ranging from 3 to 8
was measured and presented in Fig. 4e. The results showed that pH
had more significant impact on the zeta potential of the dispersions
when compared with PVA concentration. The equilibrium zeta po-
tential of nanocapsule dispersion reduced from �13.2±1.13 mV
to �32.7±2.99 mV as the pH value increased from 3 to 8. The zeta
potential remained below zero at low pH referring to the existence of
1% PVA, which neutralized the change of PMMA pH value.



Fig. 5. (a) Schematic of Cr(III) release from the CreNC shells; (b, c) Dialysis result of NC-1 at 50 �C; (d) Schematic of HPAM gelation by Cr(III) released from NCs; (e) Gelation of 2%
HPAM mixed with CreNCs of varying sizes (same final entrapped Cr(III) concentration in the mixture of 0.35 mg/mL) after the lag phase as determined on the basis of viscosity at
pH¼3; (f) Effect of pH value. Unless otherwise noted, the experiments used AEC-SW including 2% HPAM, and incubation at 50 �C.
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Table 2
Characterization of CreNC nanocapsules prepared with different Span80/W ratios and PMMA amount (120 kDa PMMA and Cr(III) feed of 78 mg/mL).

Sample name PMMA, mg Span80/W, % [NC]a, mg/mL [Cr(III)]b, mg/mL Cr(III) loading, % Entrapment efficiency,
%

Cr(III) PMMA

NC-1 200 20 17.6 1.25 7.1 32.0 81.8
NC-2 200 50 18.5 3.13 16.9 80.2 76.9
NC-3 200 100 13 2.48 19.1 63.6 52.6
NC-4 200 150 14.1 0.46 7.4 11.7 68.2
NC-5 200 200 13.3 1.04 8.1 26.7 61.3
NC-6 100 50 10.1 1.49 14.8 38.2 86.1
NC-7 150 50 16.3 2.57 15.8 65.9 91.2

Notes: a [NC] ¼ [PMMA for shell]þ[encapsulated Cr(III)], final volume of dispersion is 10 mL; b Final Cr(III) means the ratio of encapsulated Cr(III) mass to the final dispersion
volume.

Fig. 6. Gelation time comparison at different temperatures (Cordova et al., 2008; Jia
et al., 2010, 2012; Reddy et al., 2002; Berkland et al., 2010; Lin et al., 2019).
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3.3. Cr(III) release and delayed gelation characterization

3.3.1. Delayed release of Cr(III) from CreNCs
Previous works investigated three temperature-triggered

methods (Esser-Kahn et al., 2011) for breaking CreNC shells:
melting the shell wall in accordance with the polymer's melting
temperature (Tm), inducing changes in porosity via polymer
shrinkage (polymer diffusion), and thermo-mechanically degrad-
ing the shell wall. The shells of the CreNCs shell would not be
expected to be broken at 50 �C because the glass transition tem-
perature (Tg) of PMMA was approximately 100 �C as a result of its
configuration and molecular weight. Therefore, Cr(III) was released
in the second way by diffusing through the entangled PMMA shell
as shown in Fig. 5a. Membrane bag dialysis was performed to
examine Cr(III) release from CreNCs in AEC brine buffer. Cellulose
membrane bags show high stability and electric neutrality and have
been widely used in dialysis experiments on metallic ions. The
membrane bag allows Cr(III) exchange between the inner and outer
aqueous phases. The release capability of Cr(III) from CreNC was
tested through the dialysis experiment.

The Cr(III) diffusion of the CreNCs with different sizes were
conducted to prove the controlled release capacity of the Cr(III)-
entrapping CreNC in AEC brine. The dialysis rate was investigated
by drawing a curve of cumulative release ratio (W/W0) vs. dialysis
time, where W is the total dialyzed amount of Cr(III) and W0 is the
total initial amount of Cr(III). A chromium standard dialysis sample
was separately prepared to showing the release rate differences
between samples with or without encapsulation. It was found that
the release behavior of Cr(III) was much slower than that of the
unencapsulated CrCl3 control sample at the same condition. The
released W/W0 ratio of the CrCl3 standard sample reached
approximately 100% in the first hour.

However, for all the CreNC samples, as shown in Fig. 5b, the W/
W0 ratio increased in first 30e35 h before reaching equilibrium.
CreNC with 983 nm size released Cr(III) faster (20% in 5 h), than
CreNCs with 768 nm size (13.5 h) or 358 nm size (16.2 h). the
release rate, which is presented in Fig. 5b and c as the slope of the
dialysis curve, is determined by two factors, surface area dominated
polymer diffusion and the shell thickness. The shell thickness has
not been discussed in this study but will be examined in further
research. Instead, the PMMA entrapment efficiency was employed
to reflect the thickness of the CreNCs. The samples with 983 nm
size had the lowest PMMA entrapment efficiency (52.6%, as shown
in Table 2) and the biggest size, resulting in thinner shell. Therefore,
the sample with 983 nm size had the fastest Cr(III) release rate,
compared with other two samples. On the contrary, the samples
with 358 nm size had highest entrapment efficiency (81.8%) and
smallest size, resulting in slowest release rate, as shown in Fig. 5b.
The pH effect on the release kinetics of the CreNCs were investi-
gated to study the release rate and final W/W0 ratio as shown in
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Fig. 5c. The results showed that the release rate of Cr(III) increased
as the pH of the environmental aqueous phase decreased from 7 to
3, indicating that low pH accelerated the diffusion of PMMA poly-
mer and the exchange rate of Cr(III). In addition, the final W/W0
ratio of the dialyzed Cr(III) increased from 58% to 77% as the pH
decreased from 7 to 3. The results showed that more entrapped
Cr(III) remained in the nanocapsules with smaller size.
3.3.2. Effect of CreNC size on gelation time
The schematic of Cr(III) release and form bond with carboxyl

group of HPAM polymers are demonstrated in Fig. 5d. The Cr(III)
can form a coordination complex with the carboxyl group on the
side chain of HPAM. The effects of nanocapsule size and environ-
mental pH on the gelation time were investigated by separately
mixing CreNCswith 2% HPAM. As shown in Fig. 5e, a CrCl3 standard
sample mixed with 2% HPAM as the control sample to prove the
gelation capability of the CrCl3. By contrast, the CrCl3/HPAM control
system without NCs gelled in 3 h at 50 �C. For all CreNCs with
various sizes, the durations of the lag phases (CreNC/HPAM)
without an increase in viscosity were approximately the same (6
days), indicating that the PMMA shells of all the CreNCs were
intact. The gelation time of CreNC/HPAM samples increased from 6
to 13 days as the sizes of NCs decreased from 983 to 358 nm. The
smaller CreNCs had higher PMMA entrapment efficiency than
larger ones were suggestive of high actual thicker PMMA shell,
which significant delayed the release rate of Cr(III).
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3.3.3. Effect of gelant pH on gelation time
The pH of the aqueous phase outside of the CreNCs influences

the release of the Cr(III) by degrading of the PMMA polymer via
hydrolysis. The lag phase was investigated at three different envi-
ronmental pH values (3, 4.7, and 7) to further understand the
release behavior of Cr(III). The solutions included 2% HPAM and
0.19% CreNC, which translated into 0.35 mg/mL (3.5%) entrapped
Cr(III) (Fig. 5f). At pH¼ 7, the viscosity of the HPAM solution did not
change over 27 days, indicating the presence of stable polymers
with intact shells and negligible Cr(III) permeability. As the pH
decreased, the gelation time increased significantly. At pH¼ 4.7, the
viscosity steadily increased after a 12.5-day lag. At pH ¼ 3, the
crosslinking time decreased to 6 days, and then the fastest rate of
viscosity increase was observed. These results were consistent with
the acid-catalyzed hydrolysis of PMMA that led to shells with
increased permeability. Compared with other previous HPAM gel
studies whose gelation time are longer than 3 days, CreNC/HPAM
gels showed a significant prolonged gelation time as shown in
Fig. 6.

4. Conclusion

CreNCs with aqueous cores containing Cr(III) crosslinkers were
fabricated by controlling the nanoprecipitation of PMMA onto in-
verse miniemulsion droplets in a W/O miniemulsion. Finely
dispersed CreNCs were obtained after transferred to 1% PVA so-
lution. The sizes of the nanocapsules were controlled between 358
and 983 nm depending on the Span80/W ratio and PMMA. The
formed Cr(III)-entrapping NCs showed high Cr(III) loading of up to
19.1% and entrapment efficiency of up to 80.2%. By tunning the basis
of the nanocapsules, the gelation time of HPAM could be controlled
from 6 to 27 days in accordance with CreNC size and environ-
mental pH. Large sizes and low pH led to the earlier release of
Cr(III), resulting in fast gelation of HPAM.
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