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ABSTRACT: The emulsification properties of carboxymethyl
chitosan (CMChi) and hydrophobically modified carbox-
ymethyl chitosan (h-CMChi) were studied as a function of pH
and dodecane/water ratio. The pH was varied between 610,
and the oil/water ratio between 0.12.0. In CMChi solution,
the emulsion stability increased as the pH was lowered from 10
to 7, and the phase inversion was shifted from oil/water ratio
1.0 to 1.8, respectively. The system behaved differently in pH 6
due to the aggregation of CMChi and the formation of
nanoparticles (∼200300 nm). No phase inversion was
observed and the maximum amount of emulsified oil was
reached at oil/water ratio 1.2. The h-CMChi showed similar behavior as a function of pH but, due to hydrophobic modification,
the phase inversion was shifted to higher values in pH 710. In pH 6, the behavior was similar, but the maximum amount of
emulsified oil was higher compared to CMChi. The amount of adsorbed particles correlated with the emulsified amount of oil.
Reversible emulsification of dodecane was demonstrated by pH adjustment using CMChi and h-CMChi solutions. The formed
emulsions were gel-like, suggesting particle−particle interaction.

■ INTRODUCTION

Chitosan is an abundant polycationic biopolymer that is derived
mainly from chitin in crustacean shells by deacetylation of the
amino groups. Typically, the deacetylation degree is over 50%.
The deacetylated amino groups allow chitosan to dissolve in
dilute acids at pH < 6.5 due to the protonation of amino groups
(pKa ≈ 6.5). Chitosan is also nontoxic, biodegradable, and
renewable, and the reactive amino and hydroxyl groups can be
exploited to modify chitosan and its properties. These desirable
features make chitosan a versatile material for a variety of
applications, such as adsorption, food materials, biomedicine,
and drug delivery. Recently, production and stabilization of
emulsions by chitosan have received increasing attention.1−6

However, most of the applications are limited to acidic pH due
to the insolubility of chitosan in alkaline pH.
The solubility of chitosan can be modified by introducing

additional functional groups into the polymer. Solubility in
alkaline media can be achieved, for example, by introducing
carboxyl groups into the chitosan polymer.7 Carboxyl groups
have a pKa value of ca. 4.5, indicating that all the carboxylic
groups are expected to be deprotonated in pH ≥ 7, granting the
carboxymethyl chitosan (CMChi) water solubility in neutral
and alkaline pH. The simultaneous presence of amino and
carboxyl groups along the polymer chain results in insolubility

at pH near the isoelectric point (pI) which is ca. 5.5. Chitosan
as a polysaccharide is fairly hydrophilic with only weak surface
activity,8,9 but it can be enhanced by introducing hydrophobic
characteristics to chitosan, for example by reacting the amino
groups with hydrophobic aldehydes, and reducing the formed
imine.10 These carboxyl and hydrophobic groups containing
hydrophobically modified carboxymethyl chitosans (h-CMChi)
are amphiphilic and water-soluble.11

Native1−3,12 and modified chitosans11,13−17 have been
applied to produce and stabilize conventional and Pickering
emulsions. In conventional emulsions, the dissolved native
chitosan provides a mainly steric barrier against the coalescence
of the oil droplets due to its weak surface activity.8 But in
Pickering emulsions, small particles can adsorb “irreversibly” on
the liquid−liquid interface and stabilize emulsions.18 Chitosan
particles can be formed with or without cross-linking agents.
Without cross-linking agents, the particles are formed near pH
6.5 due to the aggregation of the chitosan as the amino groups
are neutralized.12 The particles can also be formed in lower pH
by addition of cross-linking agents, such as sodium
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tripolyphosphate or glutaraldehyde. Ionic cross-linking agents
are typically multivalent salts (i.e., sodium tripolyphosphate)
that are fairly environmentally friendly and nonharmful, but due
to the reversible ionic bonding, the leeching of the cross-linking
agent may degrade the particles. Covalent cross-linking agents
(i.e., glutaraldehyde) may provide better stability, but the
compounds are often harmful which restricts the possible
applications. The drawbacks of cross-linking agents can be
solved by introducing oppositely charged functional groups into
the polymer, such as carboxylic and amino groups in CMChi.
The self-aggregation of CMChi and h-CMChi has been studied
in the literature but the studies are often conducted only in
neutral pH19,20 or with the assistance of sonication.21,22 Also,
phosphate buffers sometimes used for the pH adjustment may
affect the aggregation since it is well-known that multivalent
phosphate ions are good cross-linking agents for chitosan.
Our previous study showed that CMChi forms nanoparticles

without cross-linking agents at pH (5.5−7) near the pI.23 To
our knowledge, self-assembled CMChi and h-CMChi particles
have not been studied for the emulsification of oil. In this paper,
we studied the emulsion formation properties of CMChi and h-
CMChi nanoparticles formed by pH adjustment (610)
without the addition of cross-linking agents or the assistance of
sonication. The reversibility of the emulsification by pH
adjustment was also studied. Similar kind of systems presented
here could have use in oil−water separation, food, or
environmental applications.

■ EXPERIMENTAL SECTION
Syntheses and Characterizations. The synthesis of CMChi in

sodium salt form was conducted according to a previously reported
method,16,23 and the following synthesis of h-CMChi was based on
methods reported in literature10,11 but modified to be suitable for the
purpose of this study. The reaction scheme is presented in Figure 1.
Figure 1 shows the syntheses of CMChi and h-CMChi. The details

of the syntheses are presented in the Supporting Information. The
CMChi and h-CMChi were characterized by FTIR (Figure S1) and
NMR measurements (Figures S2 and S3). The carboxylic groups in
CMChi and h-CMChi were detected with FTIR-spectroscope type
Nicolet Nexus 8700. For NMR measurement, samples of CMChi and

h-CMChi were dissolved in D2O containing 0.7% DCl and placed in 5
mm NMR tubes. The 1H NMR spectra were recorded using a Bruker
Ascend 400 MHz spectrometer and standard proton parameters with a
delay time (d1) of 6 s at 70 °C. The FTIR and NMR spectra are
presented in the Supporting Information. The particle sizes and zeta
potentials were measured using ZetaSizer Nano ZS apparatus
(Malvern Instruments Ltd.). For zeta potential measurements, a 0.5
mg mL−1 (50 mL) solution of CMChi was prepared and the pH of the
solution was adjusted with HCl (0.01 M). Small samples (∼0.5 mL)
were taken from the solution/slurry and the zeta potential was
measured with Zetasizer. The nanoprecipitates were also imaged via
transmission electron microscopy (TEM; Hitachi 7700), and the sizes
and size distributions were determined based on the obtained images.
One drop of CMChi (or h-CMChi) solution was placed on the sample
holder grid and allowed to dry at room temperature before imaging.

Emulsion Formation and Stability. The emulsification proper-
ties of CMChi and h-CMChi were studied by mixing 3 mL (0.5 mg
mL−1) of CMChi or h-CMChi solution with varying amounts of
dodecane (0.3−6.0 mL), resulting in a series of samples where the oil/
water ratio varied between 0.1 and 2.0. These series of samples were
prepared in varying pH between 6 and 10. The mixing was conducted
in a glass vial (diameter 25 mm, height 95 mm) with a vortex mixer
(VWR) at 2500 rpm for 10 s. The mixture was poured gently into a
centrifuge tube (15 mL) and centrifuged at 1000 rpm (RCF 201) for 2
min. The amount of separated dodecane was measured to determine
the stability of the emulsion. The amount of separated dodecane
correlates with the emulsion stability.

Adsorption of CMChi and h-CMChi Nanoparticles on
Dodecane−Water Interface. The opalescence of the CMChi and
h-CMChi solutions at pH < 7 was exploited to determine the amount
of nanoparticles in the solution after the emulsification of varying
amount of dodecane. Due to the opalescence of the solutions, a UV−
vis spectrophotometer could be used to construct a standard curve by
diluting 0.5 mg mL−1 solution of CMChi (pH 6.0) or h-CMChi (pH
6.2) and measuring the absorbance of the solutions at 250 nm.

Reversible Emulsification of Dodecane by Adjusting pH. A
volume of 6 mL of CMC-solution (0.5 mg/mL) at pH 6 and 1.2 mL of
dodecane (oil/water ratio 0.2) were added to a vial, and the emulsion
was formed by vortex mixing at 2500 rpm for 10 s. De-emulsification
was conducted by adding NaOH (20 μL of 0.1 M and 10 μL of 1 M)
followed by shaking by hand. The reformation of the particles was
conducted by adding HCl (10 μL of 1 M and 17.5 μL of 0.1 M) and
stirring the water phase with a magnetic stirrer at 150 rpm. The re-
emulsification was conducted by vortex-mixing at 2500 rpm for 10 s.

Figure 1. Synthesis of CMChi from native chitosan using chloroacetic acid, and the following synthesis of h-CMChi using dodecanal.

Figure 2. Aggregation and precipitation of CMChi and h-CMChi detected by DLS measurements. Upper graph represents the hydrodynamic
diameter of the aggregates and the lower graph presents the PDI. Average values until precipitation with standard deviations are presented based on
two measurements.

Langmuir Article

DOI: 10.1021/acs.langmuir.7b03959
Langmuir 2018, 34, 2800−2806

2801

http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.7b03959/suppl_file/la7b03959_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.7b03959/suppl_file/la7b03959_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.7b03959/suppl_file/la7b03959_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.7b03959/suppl_file/la7b03959_si_001.pdf
http://dx.doi.org/10.1021/acs.langmuir.7b03959


For h-CMC, the process was similar, except the de-emulsification and
particle reformation happened simultaneously, and the original pH was
6.2.

■ RESULTS AND DISCUSSION
Precipitation of CMChi and h-CMChi as a Function of

pH. The CMChi and h-CMChi are soluble at pH 7−10 but
start to aggregate at pH < 7 and precipitate out of the solution
if the pH is low enough. The CMChi and h-CMChi particles
were formed by carefully adjusting the pH of the solutions. The
aggregation into colloidal particles was due to the interaction
between carboxyl and amino groups. Figure 2 shows the
aggregation of CMChi and h-CMChi as a function of pH
detected by DLS measurements.
Figure 2 shows that the CMChi and h-CMChi aggregate

fairly similarly as the pH is decreased from 6.8 to about 5.8. The
minimum diameter is detected at around pH 6.2 for both
CMChi and h-CMChi. The minimum diameters are 170 nm,
and 180 nm for CMChi and h-CMChi, respectively. The
diameter increases rapidly in CMChi solution with a decrease
of pH when pH < 6, indicating the precipitation of the polymer.
The h-CMChi precipitates at slightly higher pH (6.1). This is
probably due to the interaction between hydrophobic alkyl
chains and lower solubility. In CMChi solution, the PDI value
decreases almost linearly until pH 6 and then increases rapidly
due to the precipitation. The minimum PDI value detected at
pH 6 is around 0.06, indicating that the particle size distribution
is narrow. In h-CMChi solution, the PDI value is almost
constant (0.2) until pH 6.2, and increases slightly at pH < 6.2.
The h-CMChi did not form stable colloidal particles below pH
6.2. These findings suggest that the hydrophobic modification
of h-CMChi disturbs the aggregation and formation of particles.
This could be explained by the competing interactions between
oppositely charged amino and carboxyl groups, and the
hydrophobic groups. The positively charged amino groups
are attracted to the negatively charged carboxyl groups, and the
hydrophobic alkyl chains are attracted to one another. Due to
the random distribution of all these groups along the polymer
chain, the conformations of the polymer chains are expected to
be less uniform compared to the polymer chains without the
hydrophobic groups. Figure 3. shows the determination of pI
for CMChi and h-CMChi.
Figure 3 shows that the zeta potentials of CMChi and h-

CMChi aggregates behave similarly as a function of pH. At pH
6.8, the zeta potentials are highly negative (−30 mV) due to the
excess amount of negatively charged deprotonated carboxyl
groups. The zeta potential increases as the pH is decreased due
to the increasing amount of protonated amino groups. The pI

values are 5.6 and 5.5 for CMChi and h-CMChi, respectively.
At these pH values, the net charge of the precipitates is zero
due to the protonation of the amino groups. The difference
between the values is small and may be due to the
conformation of the polymer and the size of precipitates as
the polymers are precipitated near pI. The precipitates were
studied with TEM and the images are shown in Figure 4. For

both CMChi and h-CMChi, the aggregation starts at around
pH 6.8, and therefore, this pH was chosen for TEM analysis.
The other pH values (CMChi pH 6.0 and h-CMChi pH 6.2)
were selected based on the lowest pH where the colloids were
stable.
Figure 4 shows that CMChi and h-CMChi form spherical

particles on aggregation at pH 6.0−6.8. The particle diameters
were calculated based on the TEM images. The average
diameters of CMChi particles were 200 and 301 nm, and the
standard deviations were 40 and 85 nm in pH 6.8 and 6.0,
respectively. The average diameter of h-CMChi particles were
233 and 267 nm, and the standard deviations were 47 and 63
nm, in pH 6.8 and 6.2, respectively. The detected diameters
were in the same range as detected by DLS measurements.
However, the results are not completely comparable, mainly
because in DLS measurements the detected diameter is the
hydrodynamic diameter of the particle, and in TEM images the
particles were in a dried state. The drying of polymeric
precipitates is expected to alter the size and shape of the
particles. Also, the number of particles that can be practically
measured from TEM images is limited (∼300 in this study).

Emulsification of Dodecane by CMChi and h-CMChi
as a Function of pH. The stability of dodecane in water
emulsions stabilized by CMChi as a function of pH is presented
in Figure 5.
Figure 5a shows that the oil-in-water emulsion stability

increases as pH is decreased from 10 to 7 indicated by the
lower amount of separated dodecane in a wider oil/water ratio
region. As the oil/water ratio is increased, a sudden increase in
the separated amount of dodecane is observed which is
attributed to phase inversion. When the oil/water ratio is large
enough, a water-in-oil emulsion becomes more favorable rather
than oil-in-water emulsion, but due to the instability of the

Figure 3. Determination of pI for CMChi and h-CMChi by measuring
the zeta potential of the CMChi and h-CMChi precipitates as a
function of pH. Average values with standard deviations are presented
based on three measurements.

Figure 4. TEM images of CMChi and h-CMChi precipitates in a dried
state prepared by drying the sample at the presented pH (6.0−6.8). A
magnification of the particles is shown at the corner of each image.
The scale bar equals 2000 nm.
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water-in-oil emulsion, it breaks immediately after formation.
This was evidenced by violent bursting of droplets right after
the mixing of the two phases. The instability of the water-in-oil
emulsion is due to the lack of surface activity in CMChi which
is a water-soluble polymer and provides a mainly steric barrier
between oil droplets to prevent coalescence. Since CMChi
provides a mainly steric barrier against coalescence, the charge
and conformation of the polymer affects the emulsion stability.
The conformation of the CMChi is dictated by the pH of the
aqueous solution, since CMChi has oppositely charged carboxyl
and amino groups in the polymer chain. In the studied pH
region (6−10), all the carboxyl groups are deprotonated (and
negatively charged), while the amount of protonated amino
groups (positively charged) varies. At pH ≥ 9, all the amino
groups are deprotonated and neutral, so there is no intrachain
or interchain interaction between the carboxyl and amino
groups, all the carboxyl groups are negatively charged, there is
repulsion between polymer chains, and the CMChi adopts an
extended open-chain conformation. As the pH of the solution is
decreased from 9 to 7, the amino groups start to protonate, and
the conformation of the CMChi collapses to a coil-like
conformation due to the increased intrachain interaction
between the oppositely charged carboxyl and amino groups.
The collapsed conformation and interchain interactions of the
CMChi provides a more effective steric barrier against the
coalescence of the oil droplets, and the phase inversion is
shifted to higher oil/water ratio values as the pH is decreased
from 9 to 7. At low oil/water ratios (0.1−0.4) in pH 7−10, the
emulsions appear less stable than at slightly higher oil/water
ratios. This could be explained by the low amount of oil
compared to water. When the amount of oil is low, the number
of oil droplets is low and most of the oil is on the surface of the
water in contact with the air. Therefore, large portion of the
droplets surface is not in contact with the polymer solution
which could prevent the coalescence of droplets. It therefore
appears that the emulsion stability increases as the oil/water
ratio increases because a larger portion of the droplets are
surrounded by the CMChi solution and more stable against
coalescence. In pH 6, the system behaves differently due to
excessive interchain cross-linking by the interaction between
carboxyl and amino groups resulting in the precipitation of the
CMChi and formation of colloidal particles. The oil-in-water
emulsions are more stable at low oil/water ratios and the
amount of separated dodecane increases gradually at higher oil/
water ratios, in contrast to the sharp increase induced by phase

inversion as observed in pH 710. The results suggest that the
soluble CMChi (pH 7−10) stabilizes the emulsions by different
mechanism compared to the CMChi particles (pH 6). The
soluble CMChi provides a steric barrier to prevent droplet
coalescence, whereas CMChi particles adsorb at the liquid−
liquid interface. Long alkyl chains were introduced into the
CMChi to produce h-CMChi, in order to study its effect on
emulsion stabilization.
Figure 5b shows the stability of emulsions stabilized by h-

CMChi as a function of pH. It shows that the oil-in-water
emulsion stability decreases slightly as the pH is increased but
not as significantly as in the emulsions stabilized by CMChi.
This is attributed to the increased surface activity of the h-
CMChi. The long alkyl chains grafted into the polymer-chain
allow the h-CMChi to attach to the liquid−liquid interface. At
pH 7, the emulsions are more stable compared to emulsions
stabilized at pH 8−10. Similarly to CMChi, this observation can
be attributed to the conformation and charge of the polymer.
The charge of the h-CMChi is higher at pH 9−10, resulting in
repulsion between the polymer chains. The intrachain repulsion
favors an extended open-chain conformation and the interchain
repulsion inhibits the close-packing of the h-CMChi at the
liquid−liquid interface. As the pH is decreased, there is more
attractive interchain interaction in h-CMChi, and the
conformation of h-CMChi is more collapsed due to intrachain
interactions favoring a denser packing of the h-CMChi at the
liquid−liquid interface, resulting in more effective stabilization
against coalescence. Also, at low oil/water ratios, the emulsions
appear more stable compared to CMChi due to the increased
surface activity of h-CMChi. An illustration is presented in
Figure 6. that summarizes the differences between CMChi and
h-CMChi.
In Figure 6, the effect of pH on CMChi and h-CMChi is

shown. In pH 9−10, the polymer chains adopt an open-chain
conformation due to the repulsion between deprotonated
carboxyl groups. CMChi remains free in the solution while h-
CMChi is able to adsorb at the liquid−liquid interface. In pH
7−8, the polymer chain adopts a collapsed conformation due to
the intrachain attraction between deprotonated carboxyl groups
and protonated amino groups. Also, interchain attraction is
possible between the oppositely charged functional groups. The
stability against coalescence is increased due to the more
collapsed conformation and weaker interchain repulsion in
CMChi. The long alkyl chains in h-CMChi allow it to adsorb at
the liquid−liquid interface, providing additional stabilization. In

Figure 5. Emulsion stability using (a) CMChi solution and (b) h-CMChi solutions. Emulsion stability measured as a fraction of separated dodecane
after centrifuging. Lower dodecane fraction indicates a more stable emulsion. The emulsion stability is presented in varying pH as a function of
dodecane to CMChi or h-CMChi solution volume ratio. Average values with standard deviations are presented based on two measurements for
CMChi and h-CMChi particles at pH 6.0 and 6.2, respectively.
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pH 6, both CMChi and h-CMChi are precipitated into colloidal
particles that adsorb at the liquid−liquid interface and onto
already adsorbed particles binding the droplets together.
Adsorption of CMChi and h-CMChi Nanoparticles on

Dodecane−Water Interface. The amounts of emulsified
dodecane and the adsorbed CMC and h-CMC are presented in
Figure 7.
Figure 7 shows that the amount of adsorbed particles

saturates at around oil/water ratio 1.2 and 1.6 for CMChi and
h-CMChi, respectively, indicating that almost all of the particles
have been adsorbed at the liquid−liquid interface. The amount
of emulsified dodecane correlates with the adsorbed particles.
The maximum amount of emulsified oil is reached at an oil/
water ratio of 0.4 for CMChi and 0.8 for h-CMChi. The
maximum amount of dodecane emulsified using CMChi
particles in these experimental conditions is approximately
300 mg (200 mg dodecane/mg CMChi), while the maximum
amount of dodecane emulsified using h-CMChi particles is
approximately 1300 mg (867 mg dodecane/mg h-CMChi).
Thus, a very low degree of hydrophobic modification on the
CMChi improves the emulsification ability of the material in
the particle form as well.
Reversible Emulsification of Dodecane by pH Adjust-

ment. Figure 8 shows the scheme for pH-switchable and
reversible emulsification of dodecane using CMChi and h-
CMChi.

In Figure 8a, the emulsification process started with the two
separate phases (oil/water ratio 0.2) (A) and the emulsion was
formed by vortex mixing. The emulsion was gel-like and floated
on the water phase (B). De-emulsification could be achieved by
adding a few drops of NaOH (20 μL of 0.1 M and 10 μL of 1
M) followed by shaking by hand (C). After a while, most of the
emulsion had coalesced into large unstable droplets and the
water was no longer opalescent due to the dissolution of
CMChi. A small magnetic stirring bar was added and the water
phase was stirred gently at 150 rpm without disturbing the oil
phase. The slow movement of the water phase is enough to
break the remaining oil droplets (A2). The reformation of
particles was achieved by adding a few drops of HCl (10 μL of
1 M and 17.5 μL of 0.1 M). The water phase turned opalescent
and the oil phase could be re-emulsified by vortex-mixing (B2).
The gel-like emulsion suggests significant particle−particle
interaction and bridging of particles between droplets. Particle−
particle interactions are likely due to the simultaneous presence
of positively charged amino groups and negatively charged
carboxylic groups allowing both intra- and interparticle
electrostatic interaction. In solution, the particles are dispersed,
but at the oil−water interface the electrical double-layer around
the particle is distorted allowing increased attractive interaction.
This kind of behavior was not reported for native chitosan
particle.2,12 This could be due to lack of oppositely charged
functional groups in native chitosan. Particles based on native
chitosan are held together by weaker forces such as
hydrophobic interactions.
In Figure 8b, the emulsification process using h-CMChi

started similarly to CMChi (A, B), but the addition of NaOH
(aq) did not cause de-emulsification despite shaking and
stirring (C). The emulsion transformed from a gel-like to free-
flowing emulsion. This is attributed to the hydrophobic
functionality and demonstrated the stability of the emulsion
in varying pH. The addition of HCl (aq) aggregated the h-
CMChi back into colloidal particles which caused the emulsion
to degrade mostly, but some dodecane was trapped inside the
aggregated h-CMChi (D) despite shaking and stirring. The
mixture could be re-emulsified as previously (B2). The h-
CMChi shows stronger interaction with the oil−water interface
due to the hydrophobic modification as evidenced by the
persistence of the emulsion, even when the h-CMChi was
dissolved. In literature, h-CMChi has been employed for
reversible gelation of vesicles and nanoparticles.11 In that study,

Figure 6. Effect of pH (6−10) on CMChi and h-CMChi in preventing
the coalescence of oil droplets and stabilizing emulsions.

Figure 7. Amount of adsorbed CMChi and h-CMChi particles, and the amount of emulsified dodecane after centrifuging as a function of oil/water
ratio. Average values with standard deviations are presented based on two measurements. Photographs show the decrease in opalescence of the water
phase as a function of oil/water ratio in the prepared emulsions before centrifuging.
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the reversibility was achieved by the addition of α-cyclodextrin
that sequesters the hydrophobic alkyl chains resulting in the
degelation.

■ SUMMARY AND CONCLUSIONS

The emulsification properties of water-soluble CMChi and h-
CMChi, and their nanoparticles were studied using dodecane as
a model oil phase. The emulsification properties could be
adjusted by adjusting the pH of the water phase. As the pH was
decreased, the CMChi adopted a more collapsed conformation
increasing the emulsification ability. The emulsion stability
increased as the pH was decreased from 10 to 7, evidenced by
the shifting of phase inversion from oil/water ratio 1 to 1.8,
respectively. At pH < 7, the CMChi aggregated and formed
colloidal particles (∼200 nm) and the emulsification mecha-
nism changed. At pH 6, the emulsions were stabilized by the
adsorption of the particle into the liquid−liquid interface, the
emulsions were gel-like, and no phase inversion was observed.
This result was supported by the amount of particles left in the
water phase after emulsification which correlates with the
amount of emulsified oil. The h-CMChi behaved similarly to
CMChi, but the effect of pH on the emulsification was
hindered by hydrophobic modification. The stability of the
emulsions increased as the pH was decreased from 10 to 7 and
the phase inversion was shifted to higher oil/water ratio values
(1.6−1.8) compared to CMChi. The h-CMChi also formed
small particles at pH < 7 that can stabilize gel-like emulsions

similarly to CMChi. Overall, the hydrophobic modification of
h-CMChi increased the emulsification ability compared to
CMChi. The gel-like emulsion suggests that particle−particle
interactions contribute significantly to the emulsification. The
particle−particle interactions are attributed to oppositely
charged functional groups in both CMChi and h-CMChi.
The pH-dependent emulsification of CMChi and h-CMChi
could be applied to the pH-switchable emulsification of oil. The
emulsion could be formed at low pH (6) and then de-
emulsified by adjusting the pH with NaOH (and HCl for h-
CMC) resulting in destabilization of the emulsion due to
charge and conformation changes in the polymers. The oil
could then be re-emulsified after adjusting the pH back to the
original value.
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Figure 8. (a) pH-switchable emulsification of dodecane by using CMChi (0.5 mg/mL pH 6.0) solution and varying the pH using aqueous NaOH
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