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Abstract Dispersion of carbon nanotubes has been
heavily studied due to its importance for their
technical applications, toxic effects, and environmen-
tal impacts. Common electrolytes, such as sodium
chloride and potassium chloride, promote agglomer-
ation of nanoparticles in aqueous solutions. On the
contrary, we discovered that acetic electrolytes
enhanced the dispersion of multi-walled carbon nan-
otubes (MWCNTs) with carboxyl functional group
through the strong hydrogen bond, which was con-
firmed by UV-Vis spectrometry, dispersion observa-
tions and aerosolization-quantification method. When
concentrations of acetate electrolytes such as ammo-
nium acetate (CH3;CO,NH,) and sodium acetate
(CH3CO,Na) were lower than 0.03 mol per liter,
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MWCNT suspensions showed better dispersion and
had higher mobility in porous media. The effects by
the acetic environment are also applicable to other
nanoparticles with the carboxyl functional group,
which was demonstrated with polystyrene latex par-
ticles as an example.
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Introduction

carbon nanotubes (CNTs), which possess extremely
high aspect ratios, have been used in various applica-
tions because of their unique chemical, physical, and
mechanical properties (Volder et al. 2013). Therefore,
good understanding of CNT dispersion is significant,
because of the needs for controlled CNT assembling or
deposition with desired parameters such as the loca-
tion, orientation, geometry, and density depending on
the applications (Premkumar et al. 2012; Wu et al.
2013). Dispersion of CNTs is important not only for
technical applications but also for the toxicity studies.
Wick et al. (2007) showed that CNT-agglomerates are
more cytotoxic than well-dispersed CNTs. For these
reasons, the dispersion stability of CNTs in suspen-
sions has been widely studied. Hydrophilic oxygen-
containing functionalization by strong oxidizing
agents is a popular surface modification to facilitate
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uniform dispersion of CNTs suspensions. For exam-
ple, HNO3, HNO3/H2$O4, 03, KMHO4, or H202 is
commonly used in order to functionalize CNTs
(Balasubramanian and Burghard 2005; Smith et al.
2009; Zhang et al. 2003). Another method to enhance
the dispersion of CNTs involves the use of surfactants
(Kennedy et al. 2008). Several studies investigated
enhanced stabilization with natural organic matter as a
surfactant for dispersion of not only CNTs but also
colloids in the aqueous phase (Hyung et al. 2007,
Parks 1990; Schwarzenbach et al. 1993). Smith et al.
(2009) investigated the relationship between the
colloidal stability and pH of electrolyte solutions and
showed that the stability of acid-treated MWCNTs
increases with increasing pH. For metal-based elec-
trolytes, they also determined the critical coagulation
concentration (CCC) of the electrolyte for acid-treated
MWCNTs, and the results were consistent with the
Derjaguin Landau Verwey Overbeek (DLVO) theory
prediction (Askari and Abouie 2011).

In the DLVO theory, the stability of the suspension
depends on the dispersion attractive force (van der
Waals force) and electrostatic repulsion due to the
presence of electric double layer of the charged objects
(Bhattacharjee et al. 1998). The total free energy
between two interacting objects (e.g., between two
nanoparticles or a nanoparticle and plane surface) is
the sum of potential energy due to the electrostatic
repulsive force and van der Waals force (Masliyah and
Bhattacharjee 2006). It should be noted that most of
colloidal interactions take place in aqueous environ-
ment and unique characteristics of water bring non-
DLVO interactions, such as hydrogen bonds,
hydrophobic interactions, chemical (e.g., steric repul-
sion, bridging attraction, depletion force), and phys-
ical interactions (e.g., hydrodynamic attraction). The
dispersion stability can be strongly affected by the
non-DLVO interactions under specific conditions
(Bunkin et al. 1997; Grasso et al. 2002; Israelachvili
and Wennerstrom 1996; Jeffrey 1997; Ninham et al.
1997; Pauling 1960). When common electrolytes,
such as sodium chloride (NaCl) and potassium chlo-
ride (KCl), are added into the solutions, the elec-
trolytic cations and anions form hydrated ions due to
the strong interaction among water molecules, cations,
and anions (Bentz and Nir 1981; Bohidar et al. 2000;
Fukasawa and Adachi 2010; Takayasu and Galembeck
1993). Based on the Lewis acid-base interaction
theory, this leads to decreasing hydrophilicity of the
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MWCNTs caused by the favorability of interaction
between water molecules and electrolyte ions.
Besides, the electrolytes also compress the electrical
double layer, which favor the attraction of CNTs. It is
already known that increasing electrolyte concentra-
tion in the suspension leads to decreasing solubility of
oxidized CNTs (Smith et al. 2009; Peng et al. 2009).

On the contrary, we discovered that acetic solu-
tions, for instance, CH3;CO,NH, and CH5CO,Na, in a
certain concentration range had opposite effects to the
common electrolytes such as NaCl and KCl: they
increased the dispersion stability of aqueous suspen-
sion of COOH- functionalized MWCNTs (COOH-
MWCNTs). The reason lies in that the electrolytic
acetic CH3COO™ forms a stronger hydrogen bond
with carboxyl than the bond between carboxyl and
water molecule (Steiner 2002). We investigated the
influence of acetate on COOH-MWCNTs in the
aqueous phase using CH3CO,NH,; and CH5;CO,Na
solutions, and observed enhanced dispersion stability.
The enhanced dispersion stability also corresponded to
higher mobility in porous media, which was demon-
strated by the penetration of COOH-MWCNTs
through a model membrane filter. The mobility and
dispersion statuses are closely interlinked, since the
penetration of singly dispersed CNTs is easier than
that of aggregated CNTs when sieving, interception,
impaction, and gravity settling are the major capturing
mechanisms. A series of experiments were performed
to confirm the proposed effects of the electrolytic
acetate. The stability of MWCNTs in KCI solutions
was tested and compared with those of acetic samples.
We additionally examined polystyrene latex (PSL)
particles and carboxyl-functionalized PSL (COOH-
PSL) particles in order to compare the acetate effects
on the particles, with and without COOH functional
group. The results are expected to be applicable not
only for dispersion of COOH-MWCNTs but also for
other nanoparticles with such functional group. Car-
boxyl functionalized graphene can be an example,
which shares similar physical and chemical properties
with CNTs as shown in a number of existing studies
(Sun et al. 2008; Zhang et al. 2013).

Materials and methods

In order to investigate the dispersion stability of
MWCNT suspensions, UV-Vis spectrophotometry,
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dispersity observations documented by a digital cam-
era, and measurements of the particle penetration
through the porous media were employed in this study.
Pristine MWCNTSs (Baytubes, BMS, Germany) pos-
sessing 15-20 nm diameters and carboxyl functional-
ized MWCNTs (which are referred to as C-MWCNTSs
in the following part) by the nitric acid refluxing
method (Hu et al. 2003) were used to study the
electrolyte effect. Suspensions of C-MWCNTs were
prepared with deionized (DI) water, CH3;CO,NHy,
CH3;CO;Na, or KCI solutions. Different concentra-
tions of ammonium acetate in the solutions were
prepared for dispersity observation, and pristine
MWCNT samples in DI water and 0.02 mol of
CH;CO,NHy, per liter of solution were also prepared
for comparison. The samples were kept for 14 days to
observe aggregation of MWCNTs in the solution and
measured by a UV—-Vis spectrophotometer (Cary 50,
Varian, USA) every day.

C-MWCNTs dispersed in aqueous CH;CO,NH,4
and KCI solutions at different concentrations were
used for the penetration measurements. The Nuclepore
filters used in this study were 47 mm Whatman®-
Track-Etched Polycarbonate Membrane Filters with
3 um pore diameters, which were treated as a model
membrane filter due to their uniform pore sizes and a
flat front surface. The porosity and thickness of the
filter were 0.14 (2 x 10° pores/cm?) and 0.9 pm,
respectively.

Figure 1 shows the system set-up for the penetra-
tion measurement including UV-Vis spectrometry as
well as the aerosolization-quantification method. The
suspensions of C-MWCNTs were driven through the
Nuclepore filter by a peristaltic pump, which provided
a stable flow rate of 44 ml/min. The average face
velocity was calculated with the effective surface area
of the Nuclepore filter (8.0 x 107* mz), and the value
was 9.1 x 107* m/s. C-MWCNT concentrations
upstream and downstream were measured by either
the UV-Vis spectrophotometry or aerosolization-
quantification method (Ling et al. 2010). Ling et al.
(2010) investigated the method to evaluate the
collection efficiency of liquid-borne nanoparticles by
the filter. They found satisfactory correlations between
the concentrations of liquid-borne and airborne parti-
cles when the liquid-borne particles were aerosolized
and measured by the scanning mobility particle sizer
(SMPS, TSI, USA). The SMPS delivers particle
number versus size distributions, where the size is

the equivalent mobility size representing the particle
mobility in an electrical field.

The UV-Vis spectrophotometer was calibrated
with different concentrations of C-MWCNTSs in DI
water. The curves of the scanning results for the wave
length ranging from 350 to 900 nm are clearly
distinguished for different samples as shown in
Figure S1 in Supplementary information. The signal
at 700 nm wavelength was chosen as the index for the
C-MWCNT concentration in the suspension and
Figure S2 in Supplementary information demonstrates
the proportional relationship between the concentra-
tion and UV absorbance.

We also measured the amount of dispersed
C-MWCNTs by the aerosolization-quantification
method, in which the C-MWCNT suspensions were
aerosolized by a Collison-type atomizer and measured
by the SMPS. Several typical size distributions of
airborne C-MWCNTs are shown in Fig. 2. The size of
the C-MWCNT in such a measurement represents the
diameter of an equivalent sphere which has the same
electrical mobility as the C-MWCNT. The ratio of the
upstream and downstream concentrations gave the
penetration through the porous media, which was
computed for different mobility sizes based on the
SMPS results. On the other hand, the penetration of
each sample was also calculated with the upstream and
downstream concentrations of C-MWCNT suspen-
sions determined by the UV-Vis spectrophotometry,
which was an integral measurement and does not give
size specific information. More detailed explanation to
obtain penetration of C-MWCNTs through the porous
media is given in Supplementary information.

The aerosolization-quantification method may not
work for certain electrolytes and particle suspensions,
because the electrolytes, surfactants, or impurities in
the aerosolized droplets could condense and form
particles in similar size range as the target particles,
thus obscuring the intended particle size distribution.
For instance, distributions of C-MWCNTs dispersed
in KCI samples could not be distinguished from the
background distributions obtained with the KCI solu-
tions without any C-MWCNTs as shown in Figure S3
of Supplementary information. Therefore, for KClI-
based C-MWCNT suspensions, we obtained the total
penetration of C-MWCNTs only by the UV-Vis
spectrophotometer.

PSL particles of different sizes, such as 100, 200,
and 300 nm (Magshpere Inc., USA), as well as
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Fig. 2 Number concentration versus mobility size distributions of C-MWCNTs in the CH;CO,NH, solution measured by the SMPS

after aerosolization

COOH-PSL particles, such as 109, 217, and 300 nm
(Agilent Technologies, USA), were used to test the
acetate effect on dispersions of nanoparticles with and
without carboxylic functional groups. Proprietary
surfactants from the manufacturer existed in the
purchased PSL and COOH-PSL suspensions which
facilitated stable dispersion in aqueous environment.
Both UV-Vis spectrophotometry and aerosolization-
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quantification method were used to investigate the
effect. Whatman®-Track-Etched 47 mm Polycarbon-
ate Membrane Filters with 1 pm pore diameters were
used for the penetration experiments.

The DLVO model was employed to understand
adhesion between particles and particles on filter
surface. The interaction between C-MWCNTs and the
polycarbonate surface was simulated based on the
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model developed by Wu et al. (2013), and detailed
explanation for the model and results are given in
Supplementary information.

Results
Dispersion stability of MWCNT suspensions

Dispersion stability observations by a digital camera
are shown in Fig. 3 in which the pictures were taken
immediately, 24 h, and one week after the solutions
had been sonicated. 0.005 wt% of pristine MWCNTs
and C-MWCNTs were dispersed in DI water, CH;.
CO,NH,, and CH;CO,Na solutions with different
electrolyte concentrations, such as 0.01, 0.02, 0.03,
0.05, and 0.1 M. The lower transparency of the
suspension and homogeneous black solution can be
considered as a qualitative indication of better disper-
sion (Shieh et al. 2007). As shown in Fig. 3, all pristine
MWCNT samples aggregated considerably after the
sonication process and quickly settled down to the
bottom. On the other hand, C-MWCNT samples in
CH;CO,NH; and CH3;CO,Na solutions showed
stable dispersion when they were just prepared. 24 h
after preparation, the C-MWCNT samples in both
0.1 M CH;CO,NH, and CH5;CO,Na solutions showed
settlements on the bottom, leaving a transparent
supernatant above. Other samples with concentrations
from 0.01 to 0.05 M of CH3C02NH4 and CH3C02Na,
and with DI water exhibited stable dispersion. One
week after the sample preparation, the C-MWCNT
samples with 0.05 M CH3CO,NH, and CH;CO,Na
showed aggregation and the others with lower acetic
electrolyte concentrations or DI water displayed no
visually discernible differences of dispersion stability.
The observation results show that C-MWCNTSs were
stable for at least a week in the suspensions with
CH;CO,NH,; or CH;CO,Na concentrations lower
than 0.05 M, however, when the electrolyte concen-
trations were higher than 0.05 M the stability
decreased dramatically. The non-monotonic relation
between the electrolyte concentration and the suspen-
sion stability was hypothetically caused by the com-
petition between the effects of the hydrogen bond and
the compression of the electrical double layer. Sample
pictures for CH;CO,Na can be found in Figure S4 of
Supplementary information.

C-MWCNTs suspensions with DI water and 0.01,
0.02, 0.03, and 0.05 M of CH3CO,NH, or CH3;CO,Na
were stored for two weeks and measured several times
using UV-Vis spectrophotometry to investigate the
sample stability. Figures 4 and 5 show the measure-
ment results of CH;CO,NH, and CH3;CO,Na, respec-
tively. All the freshly prepared C-MWCNT samples in
CH;CO,NH,; and CH3;CO,Na solutions showed
higher absorbance, which indicated better dispersity,
than the sample in DI water. The UV absorbance of the
C-MWCNTs in the 0.05 M samples started to drop
significantly one day after sample preparation, accom-
panied by visual observation of aggregation of
C-MWCNTs and separation of the sediment and
supernatant. The absorbance for all other samples
decreased slightly with time but stayed relatively
stable for 2 weeks. The two samples 0.01 and 0.02 M
for each electrolyte showed higher absorbance than
the DI water sample for the entire period. Both 0.03 M
samples with CH3CO,NH,4 and CH3CO,Na showed
steeper decreasing trend of absorbance than 0.01,
0.02 M samples and DI water sample. Figure 6 shows
the absorbance of C-MWCNTSs in the suspensions
with increasing electrolyte concentrations. The results
are for samples 1 week after preparation and the two
different acetic suspensions showed similar trends.
The suspension stability first increased with the
increasing electrolyte concentration until it reached
the peak, which was about 0.01 M for CH3;CO,NH,4
samples and 0.02 M for CH3;CO,Na samples, and then
decreased when the concentrations increased further.
The discrepancy between the two electrolytes was
caused by different cations which affected the electri-
cal double layer thickness. Since NH4' possesses
bigger ionic radius (1.43 A) than Na*t (0.95 A), it leads
to a weaker ionic hydration (Marcus 1991; Tansel
et al. 2006). Thus, the electrical double layer is
compressed more due to weaker repulsion among
NH," counterions and the particle surfaces (Is-
raelachvili and Pashley 1983; Goel 2006; Jorgensen
and Weatherley 2003). Therefore, NH,* is more
efficient to promote agglomeration of colloidal parti-
cles than Na™, and on the other hand, the acetic effect
for dispersion of the samples with identical concen-
trations of the two electrolytes is the same. Thus, the
concentration for the most stable condition with the
CH;CO,NH, samples was lower than that of CHj.
CO,Na samples.
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Fig. 3 Dispersion statuses
of pristine MWCNTSs and
C-MWCNTs in different
solutions

Pristine CNTs St ONTS o vrwons CMWENTS
DI water Def2. DI water D02 I
CH,CO,NH, CH,CO,NH,

C-MWCNTs
0.1M
CH,CO,NH,

In order to check the consistency of the aerosol
method with the UV—Vis spectrophotometry, samples
prepared for penetration experiments were measured
by both UV-Vis spectrophotometer and the SMPS.
Figure 7 shows comparison between the two methods,
which demonstrated similar trends depending on the
ionic concentration. The ionic concentration of CHs.
CO,NH, was varied as 0, 0.007, 0.01, 0.014, 0.021,
and 0.3 M, and the measured absorbance and particle
number concentration at the mode of mobility size
distribution were normalized by the values for DI
water samples. The measured values increased when
the ionic concentration increased until it reached
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C-MWCNTs C-MWCNTs
C'DI'II W” ;I;TS 0.01 M 0.05M
CH,CO,NH, CH,CO,NH,

0.014 M and decreased with further increase of the
ionic concentration. The inset figure in Fig. 7 presents
SMPS results for the samples. The change of the peak
size, which is closely related to the dispersion status
(Bahk et al. 2013), was apparent with variation of the
ionic concentration.

Penetration tests using C-MWCNT suspensions

The penetration experiments were performed using
C-MWCNT samples in DI water and solutions with
different concentrations of CH3;CO,NH, and KCI. The
samples with CH3CO,NH, concentrations below
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0.02 M showed higher penetrations than DI water and
KCI samples (Fig. 8 and Table S1). This result was in
agreement with our observation of better dispersity of
C-MWCNTs in CH;CO,NH, solutions shown in
Fig. 7 because singly dispersed C-MWCNTs have
higher mobility and are more likely to penetrate the
porous media due to smaller geometrical sizes and
possible alignment effect with the liquid flow. In
contrast, C-MWCNTs in KCl solutions penetrated less
than in DI water as shown in Table S1 which is
consistent with the results in the literature (Jaisi and

Elimelech 2009) and can be explained by the classical
DLVO theory. The electrical double layers of both the
C-MWCNTs and porous media are compressed when
the ionic strength increases, and hence, the electro-
static repulsive force and energy are reduced as shown
in Figure S5. Furthermore according to the Lewis
acid-base interaction theory, decreased hydrophilicity
of C-MWCNTs caused by increasing interaction
between electrolyte ions and water molecules, can
also support the lower penetration of C-MWCNTs in
KClI solutions than in DI water. The inset of Fig. 8a

@ Springer
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shows pictures of downstream samples after penetra-
tion experiments and the samples with lower trans-
parency generally corresponded to higher penetration.

Furthermore, the aerosolization-quantification
method was used to obtain the upstream and down-
stream concentrations for the penetration experiments
using C-MWCNTs as shown in Fig. 8b. Adding
CH;CO,NH, up to 0.014 M into the suspension led
to increasing penetrations of C-MWCNTs and good
agreement with the better dispersity shown above. The
penetration decreased when the CH;CO,NH,4 concen-
tration further increased to 0.021 M and the resultant
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curve crossed that for the DI water sample. The two
penetration curves were in a similar range, which
agrees with the fact that the overall efficiencies for the
two samples were similar as shown in Fig. 8a.

Dispersion stability of PSL suspensions

The dispersion stability of PSL particles in DI water
and CH3CO,NHy, solutions were also measured by the
UV-Vis spectrophotometer, and the results are pre-
sented in Fig. 9. COOH-PSL particle suspensions
with 0.01 and 0.02 M CH5CO,NH, as well as PSL
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Fig. 8 Penetration of 0.7
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samples with and without carboxyl functional groups
in DI water showed stable conditions for more than
two weeks. The absorbance of the COOH-PSL sam-
ple with 0.05 M CH;CO,NH, continuously decreased
for the entire period; the UV absorbance for the PSL
samples without the carboxyl functional group with
0.01 and 0.02 M CH;CO,NH, decreased at similar
rates. The PSL samples with 0.1 M CH;CO,NH,4
settled down quickly after preparation. The above
results showed that the COOH-PSL samples in the
acetic solutions with low ionic concentrations (0.01
and 0.02 M) were stable; however, the dispersion of
PSL samples in DI water was already stable, and no

Mobility diameter (nm)

enhancement by the carboxyl-acetate hydrogen bond
was observed. In the PSL samples with high ionic
concentrations (0.05 and 0.1 M), the normal elec-
trolyte effect became apparent and particle agglomer-
ation was promoted.

Penetration tests using PSL suspensions

The aerosolization-quantification method was used for
the penetration experiments using PSL and COOH-
PSL particles in different solutions, and the results are
shown in Fig. 10. The penetrations for PSL particles in
DI water were close to 100 %, which were attributed

@ Springer
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to the good dispersion and low attachment efficiency hydrogen bond compared to the PSL sample in DI
of PSL particles on the filter surfaces. The calculated water; however, the results confirmed that the acetic
energy barrier of the system by DLVO theory, which electrolyte acted differently than normal electrolytes.
can be found in Figure S6 of Supplementary informa- The beneficial effects of the carboxyl-acetate hydro-
tion, was so high that PSL particles could hardly gen bond on dispersity and mobility seemed to balance
overcome it to achieve permanent attachment to the out the normal electrolyte effects for COOH-PSL

contact surfaces. The penetrations of COOH-PSL particles.
particles in CH5CO,NH, solutions with different
concentrations were essentially as high as the PSL

sample in DI water. In contrast, CH;CO,NH, acted as Discussion
a normal electrolyte and adding CH;CO,NH, resulted
in decreasing penetrations for PSL particles without The enhancement of dispersion stability achieved in
the functional group. Our penetration tests did not the study can be explained by a strong hydrogen bond
show improved mobility due to the carboxyl-acetate between the electrolytic CH;COO™ and carboxyl. To
Fig. 10 Penetrations of 1.0
PSL and COOH-PSL
particles in the suspensions
with different electrolyte 0.8
concentrations through the
Nuclepore filter
£ 06 1
N
3]
&
o <~ PSL, DI water
£ 04 1|5 COOH-PSL, 0.01M CH,CO,NH,
-+ COOH-PSL, 0.02M CH,CO,NH,
< COOH-PSL. 0.03M CH,CO,NH,
02 {| = PSL.0.01M CH,CO,NH,
# PSL, 0.02M CH,CO,NH,
< PSL.0.03M CH,CO,NH,
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Fig. 11 The mean distances of O atoms in different hydrogen bonds, such as carboxyl and CH;COO™, carboxyl and water molecule

and, CH3;COO™ and water molecule

enhance dispersion of nanoparticles with the carboxyl
functional group in aqueous solutions, the hydrogen
bond between CH3;COO™ and carboxyl should be
stronger and more competitive than other influencing
bonds, such as hydrogen bonds between carboxyl and
water molecules, acetate and water molecules, and
suppression of the double layer by electrolyte ions in
the solutions additionally. Figure 11 describes the
strength of intermolecular O-H...O hydrogen bonds
between different molecules, and it can be reflected by
the mean distance of O...O. The values are 0.2544,
0.294 nm (or 0.2591 nm due to different hydrogen
donor and acceptor), and 0.2807 nm for bonds
between carboxyl and CH3;COO™, carboxyl and water
molecule, CH;COO™ and water molecule, respec-
tively (Steiner 2002). So the hydrogen bond between
carboxyl and CH3;COO™ is strongest in the suspension
system. Quantitative comparison between the effect of
the carboxyl-CH;COO™ hydrogen bond and the effect
of electrolyte ions on the electrical double layer is not
yet theoretically available; however, according to our
results, the hydrogen bond was more influential on the
dispersity than the effect of electrolyte ions on the
shrinkage of electrical double layer when concentra-
tions of acetic ions were below certain concentrations
(approximately 0.03 M for both CH3;CO,NH, and
CH;CO;Na in this study) and vice versa when the
acetic concentration was higher than the threshold.

Previous studies (Shieh et al. 2012; Heister et al.
2010) show that the ionization of the carboxyl groups
on CNT surface is varied by concentration of
electrolyte, due to the correlated change in the pH
value. The carboxyl group tends to be dissociated and
negatively charged in a high pH solution so that CNT
dispersity is improved with increase of the pH value.
However, this effect cannot explain the results in the
present study, since both of the acetic electrolytes
employed in our experiments are commonly used to
prepare buffer solutions. The pH values of ammonium
acetate solutions stayed in a narrow range (6.98-7.11)
for the entire concentration range (0.01-0.2 M);
meanwhile for sodium acetate, that value increased
mildly from 6.99 to 7.95 with the concentration
increasing. In the measured pH range, the zeta
potential of the CNTs, which corresponds to the
electrostatic repulsion between particles, only has a
minor change (Heister et al. 2010) and cannot account
for the observed change of the CNT dispersity in our
experiments.

Conclusions
We observed that acetic electrolytes had opposite

effects compared with other electrolytes, such as NaCl
and KCl, to enhance the dispersion stability and
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mobility in porous media of suspensions of carboxyl
functionalized MWCNTs. The conclusion was based
on results of the UV—Vis spectrometry, observation by
the digital camera, and penetration tests through
porous media. Sodium and ammonium acetates both
demonstrated the above effects when the ionic
concentrations were below certain thresholds. These
observations can be explained by the strong hydrogen
bond between the electrolytic CH;COO™ and car-
boxyl. The hydrogen bond was more influential and
competitive than other interactive effects within the
concentration threshold of acetic ions. Enhanced
dispersion was not observed for PSL particles due to
already effective dispersion of PSL in DI water;
however, the effect of the carboxyl-acetate hydrogen
bond was also observed for the COOH-PSL suspen-
sions. The results provide new possibilities for control
of dispersion stability and mobility of nanoparticles
with the carboxyl functional group.
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