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ABSTRACT:The hydrophobicity of nanoparticles (NPs) is one of the most important 2=400 nm
physicochemical properties that determines their agglomeration state under various environm
conditions. When studying nabi interactions, it is found that the hydrophobicity of NPs plays a /& -5
predominant role in mediating the biological response and toxicity of the NPs. Although many methods:
have been developed to qualitatively or quantitatively determine hydrophobicity, there is not yet a
scientic consensus on the standard of characterizing the hydrophobicity of NPs. We have devel
novel optical method, called the maximum particle dispersion (MPD), for quantitatively characteri
the hydrophobicity of NPs. The principle of measurement of the MPD method lies in the conteol of the,
aggregation state of the NPs via manipulating the van der Waals interactions between NPsagross a
dispersion liquid. We have scrutinized the mechanism of the MPD method using a combinatipi
dynamic light scattering and atomic force microscopy and furttest trexriMPD method using a | Q
completely independent dye adsorption method. The MPD method demonstrated great promisin;::f::ﬁms“ "
developed into an easy-to-use and cestiee method for quantitatively characterizing the e
hydrophobicity of NPs.
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ydrophobicity describes the ability of a surface to repédydrophobicity of NPs. These methods can be broadly

water molecules. The hydrophobicity of an ideal surfaceparated into two categories: qualitative methods, which
is determined by its surface free energy (SFE), which is tigenerally rank the relative hydrophobicity of NPs, and
excess energy carried by a unit surface BneaSFE is a  quantitative methods, which determine the SFE of NPs.
characteristic physicochemical property of a material th&tgure 1gives an overview of a few commonly used methods
re ects unbalanced intermolecular forces at the Su#ace. for determining the hydrophobicity of NPs.
material with a low SFE typically consists of nonpolar Qualitative methods mostly include multiliquid phase
molecules with the van der Waals forces being theartitioning*'* and the dye partitioning methd® These
predominant intermolecular forces, resulting in primariljneéthods estimate the hydrophobicity of the NPs by
hydrophobic properties, such asofieand most organic ~determining the relative aity between the tested NPs and
solvents. A material with a high SFE is usually made of pofftecic chemicals with known hydrophobicity. For the
molecules with metallic or hydrogen bonding being th&wltiliquid phase partitioning metho#ligure A), the
predominant intermolecular forces, thus showing primarif@rtitioning coecient of NPs between two immiscible phases,
hydrophilic properties, such as metals and water. Hence, tiygically water and octanol, is measured to estimate the relative
SFE can be used to quantitatively characterize the hydfddrophobicity of the NPs. For the dye partitioning method
phobicity of a material. (Figure B), a spect hydrophobic prob_e molecule, Rqse

Hydrophobicity is one of the most important physicochemPengal (RB), is typically used. The relative hydrophobicity of

ical properties of nanoparticles (NPs). It plays acighiole the NPs is determmr—;d by plotting the partitioning quotient
in determining the behavior of nahip interactions and the (PQ) of the dye against the total surface area of the NPs.

fate of NPs in biological and environmental sytéthen These qualitative methods are useful for comparing the relative
fydrophobicity of a series of NPs measured under the same

hydrophobicity of NPs plays a predominant role in mediatin Xperimental conditions. Since the results are relative rather
the biological response and toxicity of NPs, including th&an absolute, direct comparison of hydrophobicity data across

formation of protein and lipid corofidsimmune respongé, lteratures is not feasible.

cellular uptakébioaccumulation, and bioavailabifity.
Compared to bulk materials, characterization and inteReceived: September 25, 2021

pretation of the hydrophobicity of NPs are signily more ~ Accepted: January 3, 2022

challenging due to their heterogeneity at the nanoscale aR#blished:January 14, 2022

dynamic changes in the environment, e.g., the wetting

transition due to surface photosensitivity of ‘NPsTo

date, multiple methods have been developed to determine the
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Figure 1.Experimental methods available for determining the hydrophobicity of NPs. (A) Thewattanpartitioning method. The
partitioning coecient Koy) of NPs between octanol and water is used to determine the relative hydrophobicity of the NPs. (B) The Rose benga
(RB) partitioning method. The relative hydrophobicity of NPs is indicated by the slope of the partitioning quotient (PQ) of the hydrophobic dye
RB, against the total surface area of the NPs. (C) The contact angle method. When used as a qualitative method, the apparent contact ang
water sessile drop on the NP-coated surface is indicative of the particle hydrophobicity. When used as a quantitative method, the surface free
(SFE) of NPs (s\) can be determined from Yolsgquation, where two complications are involved. One is ¢hiydin determining the

Youngs contact angle ), and another is the uncertainty in calculating the Bglidl interfacial tensiong) as controversial theories exist. (D)

The capillary penetration method. The SFE of NPs is determined fromeal Mdihbuis equation with a series of liquids of various surface
tensions being imbibed into a column packed with the NPs. (E) Inverse gas chromatography. Bispergivta( (°) components of the

SFE are determined by measuring the adsorption of probing gasesndfodilarities passing the NPs. The total SFE of the NPs is calculated as
the sum of individual SFE components. (F) The maximum particle dispersion method. NPs are dispersed in a series of probing liquids of val
surface tensions. The surface tension of the liquid in which the NPs are maximally dispersed, determined by an optical density (OD) p
corresponds to the SFE of the NPs.

Being the most commonly used method for determiningension (g) used in Yourlg equation, since controversial
hydrophobicity, the contact angle method can be operateédeories (Neumarsequation of statevs the surface tension
either qualitatively or quantitativéfy/. *° When being used component theof§) exist. In addition to contact angle
as a qualitative method, one determines the apparent contamasurement, a few other methods have been developed for
angle of a water sessile drop on a solid surface coated qurantitatively determining the SFE of particles, such as
packed with particles. The higher the contact angle, the matapillary penetratiorFigure D),”® inverse gas chromatog-
hydrophobic the particles are. However, the value of thaphy Figure E)?* ?’ sedimentation volum@and solid-
apparent contact angle is generadigtad by environmental surface binding aity>° However, none of these methods has
and measurement conditions, especially by the volume of theen generally accepted as a standard method to study NPs.
water droplet, a phenomena called contact angle hySteresi§hus, there is an urgent need to develop an accurate, easy-to-
Hence, results of apparent contact angles reportedrenti ~ use, and cost-ective method for quantitatively characterizing
literatures are not directly comparable. When being used atha hydrophobicity of NPs.
quantitative method for determining the Sk&ue C), the Recently, we have demonstrated the potential of a proof-of-
contact angle method becomes exponentially more comptencept method, called the maximum particle dispersion
cated, mainly for two reasons. First, it is not an easy task @PD) (Figure ), for determining the SFE of micro- and
determine the Youisgcontact angle ), which is a unique nanoparticles. The MPD method relies on a novel measure-
angle and only exists for a smooth and homogeneous ideaknt principle based on controlling the Derjadiaindau
surfacé’ Methods have been developed to circumvent thi§ervey Overbeek (DLVO) stability of colloidal systems. It
di culty, which allow contact angle measurements afan be easily performed with routine optical equipment such as
individual particles but introduce new uncertainties and microplate reader. In the present study, we have scrutinized
complications in sample preparatioBecond, it is theoret- the mechanism of the MPD method using a combination of
ically challenging in determining the sdiidiid interfacial ~ dynamic light scattering (DLS) and atomic force microscopy
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Table 1. Summary of the Nanoparticles (NPs) Studied

hydrodynamic size -potential measured SFE
NPS source particle morphology and size (nm)® (mv)® (mJ/
TCS-ZnO  JRC, European nanorods, 59 nm in diameter 281+ 6 23.7+ 0.7 21.2+ 04
Commission and 144 nm in length
MWCNT  Strem Chemicals bers, 141 nm in diameter andm in length 162% 570 35.4+ 45 24.5 0.6
TiO, Sigma-Aldrich NPs, 23 nm in diameter ¥©33 43.7+ 2.9 30.4 1.5
GNP Strem Chemicals sheets, g6n diameter and @ nm thick 3143 955 40.5+ 6.8 30.% 0.8
CeG Sigma-Aldrich NPs, 27 nm in diameter ¥B32 38.9+ 2.8 35.5 0.9
PST Thermo Scient monodisperse nanospheres, 707 nm in diameter + 1803 76.7+ 6.0 36.4 1.4

3TCS-ZnO NPs, triethoxycaprylysilane-coated zinc oxide nanoparticles; MWCNT, multiwalled carbon napdtBsesitain@m dioxide
nanoparticles; GNP, graphene nanoplatelets; NlRE) cerium oxide nanoparticles; PST NPs, polystyrene nanoparticles; JRC, joint research
center repository of representative industrial nanomaterials; SFE, surface ffé@ehgdpdynamic size angotential of these NPs were
measured in PBS solution (pH 7.4).

Figure 2. Scanning electron microscopy (SEM) micrographs ghalRén morphology of the studied nanoparticles (NPs): (A)
triethoxycaprylysilane-coated zinc oxide (TCS-ZnO) NPs, (B) multiwalled carbon nanotubes (MWCNT), (C) titanium dipiidks,(TiO
(D) graphene nanoplatelets (GNP), (E) cerium oxide {CHBs, and (F) polystyrene (PST) NPs.

(AFM) and further vered the MPD method with a measurements were 1.330, 1.360, 1.350, and 1.346 for water,
completely independent method based on dye adsorptiogthanol, and water/ethanol mixtures with surface tensions of
The MPD method shows great promise to be developed into30.4 and 34.8 mJfrespectiveR}. Aggregation states of the
standard method for characterizing the hydrophobicity of NPSPs were imaged with an Innova atomic force microscope
(Bruker, Santa Barbara, CA). Samples were scanned using
EXPERIMENTAL SECTION tapping mode in air by a silicon cantilever with a resonance

Materials. Nanoparticles and solvents were purchased frorf[qequency 0f 300 kHz and a spring constant of 42 N/m. Images

commercial sources summariz8dbie landTable S1Rose were ta"e’.‘ at multiple 'OCa“O.”E.‘.* 3) to ensure
bengal and Nile blue A (NB) were purchased from Sigm(,j{_epresentatlveness and reproducibility. Lateral structures of

Aldrich (St. Louis, MO). The water used was Milli-Q ultrapurd"€ samples were analyzed, and three-dimensional (3D)
water (Millipore, Burlington, MA) with a resistivity greater'€nderings were produced using Nanoscope Analysis software.
than 18 M -cm at room temperature. Maximum Particle D_|sperS|on Method. A trace amount
Characterization of the NPs.Morphologies of the NPs  Of the NP stock solution was added to a series of probing
were characterized by scanning electron microscopy (SE#AUids of 0.5 mL each. There were two sets of probing liquids:
Hitachi S-4800, Tokyo, Japan). Primary sizes of the NPs wetePolar liquid set consisting of water/ethanol mixtures,
analyzed with ImageJ. Hydrodynamic size, size distributigivering the surface tension range from 22.3%nfime
polydispersity index (PDI), anebotentials of the NPs were ethanol) to 71.4 mJ/ipure water), and a nonpolar liquid set
determined by a Zetasizer Nano ZS (Malvern Panalyticalpnsisting of six alkanes ranging fromo €, covering the
Malvern, U.K.). Hydrodynamic sizes of all NPs wereurface tension range of 28 mJ/nf. The density, viscosity,
determined by assuming a spherical shape. The viscosityaofl surface tension of these two sets of liquids were measured,
water/ethanol mixtures was measured with an Ostwalahd the results are shownFigures S5 and SAfter being
viscometer (Lambda ScieatiSystem, Miami, FL) at room vortexed, the mixtures were centrifuged at7D0g for at
temperature. The refractive indexes (RI) used for théeast5 min. Subsequently, 160f the supernatant from each
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Figure 3. Aggregation state of TifIPs in three representative probing liquids, i.e., pure ethanol (22)3pudémvater (71.4 mJAn and the
ethanol/water mixture in which the Ji@Ps are maximally dispersed (30.4 R)J(#&) Hydrodynamic size of the Ti®Ps determined with
dynamic light scattering (DLS) and the particle size determined with atomic force microscopy (AFM).p@gtieds of the TIONPs in
three suspending liquids. (€) AFM topographic images of the JXIPs in three suspending liquids.

suspension was transferred to a 96-well microplate withcadlsorption ratio, calculated by the ratio of RB adsorption to

disturbing the sediment. The optical density (OD) at 400 nnNB adsorption, to eliminate uncertainties introduced when

was measured using a microplate reader (Epoch, BioTestimating the surface area of NPs.

Winooski, VT). The OD value was plotted against the surface

tension of the probing liquid, and the SFE of the NPs was RESULTS AND DISCUSSION

determined at the maximum OD value obtained by optimal cparacterization of the NPs.Figure Zshows the electron

peak tting using OriginPro. Each measurement was repeatgcrographs of six representative NPs that cover a range of

at least three times, and results are shown as rsgailard  chemistries and morphologies. These are (A) triethoxycapry-

deviation. , , . lysilane-coated zinc oxide (TCS-ZnO) NPs, (B) multiwalled
Dye Adsorption Method. The relative hydrophobicity of = carhon nanotubes (MWCNT), (C) titanium dioxide (O

the NPs was determined using the dye adsorption methodps, (D) graphene nanoplatelets (GNP), (E) cerium oxide

Both the hydrophobic dye, RB, and the hydrophilic dye, N§ceo,) NPs, and (F) polystyrene (PST) NPs. The source,

were used. A 2 mg/mL dye solution was diluted tq/20L morphology, primary and hydrodynamic sigestential, and

using phosphate-tered saline (PBS) solution at pH 7.4. A measured SFE values of these NPs are summaFizele in

series of NP stock solutions at a range of concentrations weréechanisms of the MPD Method. The MPD method

added to the dye solution to create an array of suspensions. ddtermines the SFE of NPs based on a novel measurement

suspensions were incubated at room temperature for 3 h ageinciple of controlling the colloidal stability of NP

subsequently centrifuged at 1§03001 h. The total surface suspensions. According to classical DLVO theory, the work

area of the NPs dispersed in the suspension was calculag¢dhdhesion between particles dispersed in a liquid medium

from the hydrodynamic size of these NPs determined withepends on a balance between the repulsive electrostatic forces

DLS, by assuming a spherical shape. The supernatants wgfeé the attractive van der Waals féréée Lifshitz theory

collected, and the remainimgncentration of the dye predicts that the van der Waals attraction between alike

molecules in the supernatant was determined with @dJV particles, i.e., the Hamaker constant, is minimized when the

spectrometer (Epoch, BioTek) at 549 nm for RB and 620 nr8FE of the liquid medium (i.e., its surface tension) is equal to

for NB, respectively. The PQ was calculated by the ratio of thieat of the particlé§.Consequently, when dispersing particles

dye bound onto the NP surface to the free dye in the liquiéh a series of liquid media with a range of surface tensions, e.g.,

phase. PQ versus surface area of the NPs was plotted, andatlseries of water/ethanol mixtures, the particles are expected to

slope of the linear regression was obtained with OriginPrbe maximally dispersed, or least agglomerated, in the liquid

The relative hydrophobicity is represented by the dyshose surface tension is the closest to that of the SFE of the

2081 https://doi.org/10.1021/acs.analchem.1c04172

Anal. Chem2022, 94, 20782086


https://pubs.acs.org/doi/10.1021/acs.analchem.1c04172?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.1c04172?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.1c04172?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.1c04172?fig=fig3&ref=pdf
pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.1c04172?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Analytical Chemistry pubs.acs.org/ac

Figure 4 Aggregation state of PST NPs in three representative probing liquids, i.e., pure ethanof(2a.8ewdater (71.4 mJAn and the
ethanol/water mixture in which the PST NPs are maximally dispersed (34.8(A\JHydrodynamic size of the PST NPs determined with
DLS and the particle size determined with AFM.-(®)}entials of the PST NPs in three suspending liquids) KM topographic images of
the PST NPs in three suspending liquids.

particles. The state of particle dispersion in a series of liquidstermined with DLS. It can be seen tha} NRs suspended
can be readily compared by measuring light absorbance using @ure ethanol (22.3 mJAndemonstrate a broader size
microplate reader. The surface tension of the liquid in whidtistribution than those suspended in the mixture (30.4mJ/m
particles are maximally dispersed, i.e., with the highest optioain pure water (71.4 mJAnThe PDI of the TiIQ NPs in
density, is expected to be equal to the SFE of the suspendathanol was determined to be 0.208.004, which is much
particles. larger than that in pure water (0.1670.020) or in the

We rst scrutinized the underlying mechanisms of the MP[2thanol/water mixture (0.1450.020). The larger PDI and
method using two representative NPs, i.e, @ahi®PST NPs.  broader size distribution indicate siamit particle aggrega-
These two NPs were selected due to their opposite chargém/agglomeration in pure ethanol. Using cumulant analysis of
when dispersed in liquid media consisting of water/ethanthe DLS resultsrigure & shows that the average hydro-
mixtures. It should be noted that thpotential of NPs is  dynamic size of TENPs in the water/ethanol mixture is 202
determined by their isoelectric point and the pH value of the 1 nm, in contrast to 3415 nm in pure ethanol and 240
dispersion liquid. The isoelectric points ob & PST NPs 1 nm in pure water. Given the primary size of theNR3 at
are approximately 6 and 3.8, respeciivélyThe literature 23 nm (Table ), the particles indeed aggregate less in the
values for the isoelectric points of all NPs used in this study areéxture than in water or in ethanol.
summarized ifable S2When dispersed in the standard PBS To further verify the aggregation state of, TNPs
solution at pH 7.4, both TiCand PST NPs are negatively dispersed in the probing liquids, we have directly examined
chargedTable ). However, when dispersed in water/ethanoltheir morphology using AFM. As showRigure € E and
mixtures, although the PST NPs remain negatively chargBdjure S2TiO, NPs suspended in pure ethanol demonstrate
(Figure B), the TiQ NPs appear to have a positive more agglomeration than those in the mixture, in spite of the

potential Figure B). This charge transition for LiQIPs larger -potential in ethanoF{gure B). In general, it is found
dispersed in water/ethanol mixtures has been previoudlyat the particle sizes determined with AFM are smaller than
reported™>*° those determined with DLSigure 2). Nevertheless, both

Figure 3illustrates the aggregation state of, N®s in DLS and AFM measurements suggest that theNA® are
three characteristic probing liquids, i.e., pure water and puess aggregated in the ethanol/water mixture than in pure water
ethanol with surface tensions of 71.4 and 22.32mJ/mor in ethanol. Collectively, results from DLS and AFM support
respectively, and the water/ethanol mixture with a surfadke principle and mechanism of the MPD method.
tension of 30.4 mJ/in which the TiQ NPs are expected to Figure 4shows the aggregation state of PST NPs in pure
be maximally dispersé&iyure Skhows the size distribution water, ethanol, and the mixture in which the PST NPs are
of the TiQ, NPs dispersed in these three probing liquidsexpected to be maximally dispersed. We found that the PST
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Figure 5.Quantitative determination of the SFE of NPs using the maximum particle dispersion (MPD) method: (A) TCS-ZnO NPs, (B)
MWCNT, (C) TiO, NPs, (D) GNP, (E) Ce®NPs, and (F) PST NPs. Among these NPs, the TCS-ZnO NPs were studied with both polar (solid
symbols) and nonpolar (open symbols) liquid sets, while the others were only studied with the polar probing liquids. Three runs of ea
measurement are presented to show reproducibility. The determined SFE values are suhailarized in

Figure 6.Qualitative determination of the hydrophobicity of NPs using the relative dye adsorption method. (A) Relative hydrophobicity of th
NPs determined with Rose bengal (RB) partitioning. (B) Relative hydrophilicity of the NPs determined with Nile blue (NB) partitioning. (C) The
RB/NB dye adsorption ratio as an indication of the relative hydrophobicity of these NPs.

NPs have an average size of:799 nm in the mixture (34.8 and the probing liquid. When being dispersed in a poor
mJ/n¥), in contrast to 1054 11 nm in pure ethanol and 841 solvent, the polymer chains of polystyrene are forced to solvate
*+ 12 nm in pure watei~{gure A andFigure SB Given the by the external force and are pulled out of the collapsed state
primary and hydrodynamic sizes of these PST NPs at 707 antb the solvent, resulting in a coexistence of the collapsed and
803 nm, respectivelydble ), the PST NPs in the mixture extended statd&*® With increasing ethanol content in the
exist as well-dispersed individual particles withoutaigni mixture, the interfacial free energy decreases and the
aggregation. The PDI of the PST NPs in the ethanol/watecollapsedextended coexistence conformation transforms
mixture was measured as 0452049, which is lower than toward a fully extended conformation, thus increasing the
that in ethanol (0.20% 0.007) or in pure water (0.186 hydrodynamic size of the PST K8 The lack of signcant
0.032). aggregation in pure water makes the PST NPs settle at a
The aggregation state of PST NPs was further studied wigimilar speed as that in the mixture, thus resulting in an OD
direct AFM observationFigure € E and Figure S} curve in an inverted L-shapég(ire ¥) rather than the bell
Di erent from TiQ NPs, the PST NPs do not sigmintly shape observed for BiGPs (Figure &). Nevertheless, the
agglomerate in all three studied liquids. Variations of th®@D measurements show a local peak that indicates the SFE of
hydrodynamic size of the PST NPs in water, ethanol, and théfire dispersed particles.
mixtures may be explained by conformational transitions of theQuantitative Hydrophobicity Measurements with the
polymers. The conformation of PST NPs dispersed in liquidsMPD Method. Figure 5shows the SFE measurements of the
determined by the interfacial free energy between the PST N&ig NPs with the MPD method, each with three repetitions.
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When measured with the water/ethanol mixtures, the ODnixture more than doubles that of pure water or pure ethanol.
value of TCS-ZnO NPs monotonically increased with th&uch a positive viscosity deviation in binary mixtures of water
reduction of surface tension from 71.4 to 22.3%ad/shown  and an organic solvent, including ethanol, has been reported
in Figure A. This indicated that the SFE of TCS-ZnO NPs previously and is explained by the formation of ethanol

falls into a range lower than the surface tension of ethanol, thygelles in water due to hydrophobic attractioBshanol
necessitating the use of a nonpolar liquid set that consists of $j¥|ecules possess a hydrophilic hydroxyl group and a
pure alkanes, i.e., pentane, hexane, heptane, octane, deggppgshobic alkyl group. Formation of micelles in pure

and hexadecane, covering the surface tension range from 1gita. | ; :
' . ; N thanol is unfavorable due to steric repulsions between the
27 mJ/nt. When measured with this nonpolar liquid set, an b

OD peak appears at 21.2 n#J/mdicating maximum particle alkyl groups. However, when mixed with water, the hydrophilic

dispersion. The OD curves obtained with both the polar anlaydroxyl group of.ethar.lol forms.hydrogen bonds with watgr
nonpolar liquid sets collectively show that only a single pedklecules, thus disrupting the highly ordered structure while
can be determined at 21:20.4 mJ/ in a large surface Promoting micelle formation through hydrophobic  hydra-
tension range from 16 to 71.4 n®/which is in good  toN. It is known that water in the hydration layer
agreement with our previous measurerifefke other ve surrounding micelles is much more viscous than the bulk
NPs, i.e., MWCNT, Ti GNP, CeQ@ and PST, were water, thus leading to the viscosity peak in the water/ethanol
measured with only the polar liquid set, which provided #ixture Eigure SE°>** This positive viscosity deviation in

su ciently large surface tension range to cover the SFE thfe water/ethanol mixture could introduce artifacts into the
these NPsKigure B F). The SFE values of these NPs areMPD measurement if natural sedimentation within a limited
summarized iMable 1 On the basis of this quantitative time period was relied on to separate the aggregated NPs from
characterization of SFE, the hydrophobicity of these six NPsfig¢ supernatant. At present, we partially circumvented this

ranked as TCS-ZnO > MWCNT > TiO GNP > CeQ technical diculty by using centrifugal sedimentation (100
PST. . . . 70Qy for at least 5 min) instead of natural sedimentation.
Veri cation of the MPD Method. We further vered the Another potential problem associated with the water/

MPD method by qualitatively determining the hydrophobiCity,i2 401 mixtures being the probing liquids lies in thoeldy

gf :Eeﬂl:lpshugingr? rbe_lat(ijve dyﬁ(;Badsdortpr)]tior;] rgethcr)]c_il_the(ljt utiliz&f controlling the electrostatic interactions across these polar
NOB 14 Fieurg éogrfs f\arﬁ'B sf?(r)]ws tr?e Per(())? F;Ig:an)zjell\lB"qUid media. The measurement principle of the MPD method
- 11 b ' %ﬁjées on the quantitative characterization of colloidal stability

against the surface area of the NPs, where the slopes It of tion b h der Waal .
proportional to the relative hydrophobicity and the relativé® & result of competition between the van der Waals attraction

hydrophilicity of the NPs, respectively. To eliminate th&nd electrqsta_tic repu!sion. It would be_ ideal to Qecouple these
uncertainty in determining the surface area of the-ljRsz ~ {WO Opposing interactions, e.g., selectively varying the van der
6C shows the dye adsorption ratio between RB and NB, whiM{aals attraction, by changing liquid media of various surface
indicates the relative hydrophobicity of the studied NPgensions but keeping the electrostatic repulsion constant or
ranking them as TCS-ZnO > MWCNT > FiO GNP > under control. However, as showfigure 3this has been
CeQ, PST. This rank is in excellent agreement with the SFgroven to be technically diult since the polar probing liquids
results of the NPs determined with the MPD metiadl¢ made of water/ethanol mixtures complicate the electrostatic
1). It should be noted that the SFE determined with the MPOnteractions by varying the pH of the media and/or the
method represents an absolute physicochemical property gaftential of the NPs. We are now investigating a new set of
the NPs, which enables standardization and comparison act@§fpolar probing liquids using single or binary organic
literature. In contrast, the hydrophobicity ranking determineggjyents, similar to the nonpolar liquid set shovfgine

with the dye partitioning method is a relative measure of theg angTaple Sibut with an extended surface tension range.
NPs hydrophobicity, which cannot be directly compared

across literature.
Further Development of the MPD Method. Due to its CONCLUSIONS

simplicity in both experimental implementation and theoreticidf/e have developed a novel optical method, called the
interpretation, the MPD method holds great promise tamaximum particle dispersion (MPD), for quantitatively
become a standard method for quantitatively determining thtaracterizing the hydrophobicity of NPs. The measurement
hydrophobicity of NPs. Nevertheless, the current MPDyrinciple of the MPD method lies in controlling the
method still has limitations that require further developmenkgqgregation state of the NPs, demonstrated with DLS and
A major limitation of the MPD method lies in the probing Apm, “via manipulation of the van der Waals interactions

liquids used for dispersing NPs, I.e., water/ethanol mixiurgs.,een NPs across the dispersion liquid. It is shown that the
According to Stokedaw, the sedimentation velocity of MPD method is capable of determining the SFE of six

particles in a liquid is not only dependent on the particley presentative NPs of various chemistries and morphologies.

size (i.e., proportional to the radius square of the particles) b e hydrophobicity of these six NPs ranks as TCS-ZnO (21.2

also on the physical properties of the liquid, i.e., proportion .
to the density derence between particles and the liquid, andnd/M?) > MWCNT (24.5 mJ/m) > TiO, (30.4 mJ/nf)

inversely proportional to the viscosity of the liquid. As showf#NP (30.9 ”!J/'%) > Ce0;, (35.5 mJ/n%)_ PST (36.4 mJ/

density of the mixture nearly linearly decreases, with a totfe relative dye adsorption method. The MPD method holds
reduction of less than 20% that of water. However, thgreat promise to be developed into an easy-to-use, standard
viscosity of the water/ethanol mixture shows a peak at theethod for quantitatively characterizing the hydrophobicity of
ethanol mole fraction of 0.27, at which the viscosity of thBIPs.
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