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A B S T R A C T

This study investigates the influence of hydrophobicity on particle adsorption by examining the behavior of 
hydrophobized silica particles at air-water interfaces. Langmuir-Blodgett (LB) trough studies of butanol (‘SiO- 
butane’) and hexanol (‘SiO-hexane’) esterified particles provided contrasting behavior. The SiO-butane particles 
formed weaker particle layers that underwent partial collapse with compression, leading to formations signifi
cantly below hexagonal close-packed estimates. In contrast, the SiO-hexane particles exhibited improved 
monolayer behavior and longer-range stability. Droplet surface tensions demonstrated that the hydrophobic 
particles significantly altered the dynamic tension during adsorption, when methyl isobutyl carbinol (MIBC) was 
added as a co-surfactant. Short-term modeling elucidated the role of diffusion and energy barriers on adsorption 
dynamics, with SiO-hexane having reduced diffusion coefficients with respect to SiO-butane and unmodified 
particles. Despite this reduced diffusion, long-term modeling allowed calculation of adsorption coefficients (ka), 
which for SiO-hexane particles were ~200 × greater than for unmodified particles at low 0.1 wt% particle 
concentrations and over 1000 × greater at 2 wt%. Overall, the results provide quantitative insights into the 
profound influence of hydrophobicity on particle adsorption, particularly in crowded surface environments. 
Importantly, a diffusion-only mechanism is inadequate to explain adsorption dynamics for these larger colloids 
and the gravity-driven contribution must be considered in early-stage kinetics.

1. Introduction

Colloidal particle adsorption at liquid interfaces holds significant 
importance in diverse industries, including printing [1,2], cosmetics [3,
4] and drug delivery [5]. Surface tension is an important property of the 
gas-liquid interface and it arises from the energetic disparities between 
molecules residing at fluid interfaces and those within the bulk, oper
ating intricately at the molecular scale [6]. The excess energy present at 
the surface, known as surface free energy, can be quantitatively 
expressed as energy per unit area [7]. Colloidal particles, measuring 
typically from several nanometers to hundreds of nanometers in diam
eter, possess the capability to adsorb at liquid interfaces, thus modifying 
the ‘apparent’ surface tension [8,9]. When colloidal particles adsorb at 
fluid-fluid interfaces, they exhibit distinct physical and chemical be
haviors that can impact the mechanical properties of the interface 
[10–12].

The nanoparticle adsorption process is normally deemed 

irreversible, and so unlike surfactants, is shaped by various factors 
including particle radius and wettability [13–15]. Thermodynamically, 
the adsorption of moderately hydrophobic nanoparticles at liquid in
terfaces is greatly favored, unless they are highly charge stabilized. 
However, kinetic constraints can limit this process, posing a significant 
energy barrier to adsorption [16]. As adsorption at the interface reaches 
saturation, the networking of adsorbed particles becomes critical [17,
18]. Both initial adsorption and the surface saturation stage are influ
enced by the electrostatic interaction [19–21]. To investigate the 
collapse behavior of nanoparticle layers with varying wettability, 
Langmuir-Blodgett troughs [22,23] are a valuable tool, enabling the 
study of adsorbed monolayers and multilayers of surface-active species. 
For example, previous studies on fumed silica particle layers have 
explored the influence of hydrophobicity on surface pressure measured 
with a Langmuir trough [11,24]. This technique allows for a qualitative 
analysis of the particle layers throughout the compression-expansion 
process.
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The shape of nanoparticles is known to considerably influence their 
diffusion and arrangement at gas-liquid interfaces, as demonstrated by 
the experimental surface tension results of Kumar et al. [25]. However, 
to simplify investigations, a focus on spherical particles allows for a 
more quantitative analysis of surface monolayers, with reference to 
theoretical hexagonal close-packed structures. To assess the adsorption 
rate and kinetics of colloidal particles, dynamic surface tension mea
surements can be used [11,25–27]. Surface or interfacial tension has 
proven to be an effective measurable indicator to track adsorption dy
namics of nanoparticles at gas-liquid or liquid-liquid interfaces, as long 
as the apparent surface tension varies measurably with time [28]. 
Critical to the interpretation of these measurements is a suitable model 
that bridges the gap between dynamic surface tension and transient 
nanoparticle interfacial coverage [26]. Among the various methods for 
measuring surface tension, the pendant drop tensiometer stands out for 
its suitability in long-duration measurements [17]. This method, 
regarded as one of the most robust and versatile for tracking surface 
tension dynamically, involves suspending a fluid droplet from a needle 
[6]. By leveraging appropriate scaling, the axisymmetric Young-Laplace 
equation and drop character parameters, a relationship between drop 
shape and interfacial tension can be established [29]. For particle-laden 
droplets, variations in droplet volume can significantly influence the 
formation of particle layers during compression or extension. The par
ticle layer structures may also change, affecting the accuracy of the 
adsorption measurement [27].

Importantly, Bizmark et al. [26] employed dynamic surface tension 
measurements to monitor the adsorption of ethyl cellulose nanoparticles 
at the gas-liquid interface. They combined a modified short-time 
adsorption model and early-time dynamic surface tension data with a 
separate long-time model to interpret data at equilibrium, enabling the 
calculation of the adsorption energy barrier and rate of nanoparticle 
adsorption. Notably, the surface tension exhibits a non-linear relation
ship with time, varying as t0.5 and t− 0.5, reflecting distinct adsorption 
behaviors in the early and late stages. Similarly, Dugyala et al. [30] 
conducted research on the adsorption kinetics of nano-silica particles, 
utilizing dynamic surface tension measurements and a modified 
short-time model to estimate the energy barrier. The stability of the 
adsorption interface has also been investigated by Parajuli et al. [31], 
where they suggested the increased interfacial viscosity and elastic 
modulus typically contribute to greater interfacial stability. In most 
previous studies, the nanoparticles investigated are typically small 
enough for diffusion to dominate. Larger particles (> 500 nm) that may 
have competing buoyancy effects have rarely been investigated.

Analyzing the intricate adsorption behavior of nanoscale particles 
remains a challenging task. Although simulations offer a promising path 
to exploring this phenomenon [32,33], empirically based theories still 
take precedence, where the collective influence of particle-interface 
dynamics can be related to changes in apparent surface tension. Cen
tral to this exploration is the three-contact line problem, which is crucial 
to understanding colloidal adsorption [34,35]. Therefore, in this study, 
the effect of particle wettability on the surface monolayer structure and 
rate of colloidal adsorption at an air-water interface was investigated. 
Relatively large silica nanoparticles (800 nm) were esterified to varying 
degrees to render different contact angles. Their compressional film 
formation was studied with a Langmuir-Blodgett trough, along with the 
competing influence of methyl isobutyl carbinol (MIBC) surfactant. The 
pendant drop tensiometry method was then used to measure adsorption, 
applying the short-time and long-time approximation models of Bizmark 
et al. [26]. Critically, this allows quantitative evaluation of the influence 
of wettability and particle concentration on the effective diffusion co
efficient (Deff) and adsorption rate (ka).

2. Experimental section and methods

2.1. Materials

For convenience and ready availability, Angstrom Sphere® silica 
powder was used, with a nominal mean size of 800 nm (Fibre Optic 
Centre Inc., USA) consistent with previous research by the current au
thors [36,37]. To modulate the wettability of the silica particle surface, 
an esterification reaction was employed [38], which is known to pro
duce an organic monolayer without secondary or polymerization re
actions [39,40], thereby negating any significant changes in particle 
size. Two different long-chain alcohols, namely 1-butanol and 1-hexa
nol, were employed to hydrophobize silica particles to varying de
grees. For ease of reference, the particles resulting from esterification 
with butanol and hexanol are designated as ‘SiO-butane’ and ‘SiO-hex
ane’, respectively. Direct measurement of the static contact angle of 
silica nanoparticles is impractical. Therefore, silica wafers were utilized 
to detect changes in contact angle resulting from esterification. Similar 
treatments were applied to polished silica wafers made of the same 
material as the silica particles. The contact angles of treated silica wafers 
were measured with a tensiometer (Theta tensiometer, Biolin Scientific, 
Finland). The measured contact angles for the unmodified SiO2, 
SiO-butane, and SiO-hexane were 25.3◦, 46.6◦ and 68.5◦ respectively. 
The values for SiO-butane and SiO-hexane wafer are similar to those 
previously reported for butanol and octanol esterified silica wafers [38]. 
Additionally, it is assumed they correlate closely to the contact angles of 
silica nanoparticles treated using the same method, due to the consistent 
density of formed monolayers from esterification.

2.2. Adsorption layer measurements and dynamic surface tension

A 150 mL KSV NIMA Langmuir trough (Biolin Scientific, Germany) 
was utilized to monitor alterations in surface pressure resulting from the 
reorganization of adsorbed nanoparticles. Prior to each measurement 
session, the trough underwent rigorous testing using deionized water 
sourced from a Milli-Q® system (Millipore Ltd., 18.2MΩ cm) as a 
standard, ensuring oscillations did not exceed 2 mN/m. Subsequently, 
the trough was filled with various concentrations of water and 4-methyl- 
2-pentanol (MIBC) subphases, a common surfactant in industrial appli
cations, from 0.01 M to 0.05 M. A schematic representation of the 
Langmuir trough and the process of particle spreading are illustrated in 
the Electronic Supplementary Materials (ESM), Fig. S1.

After calibration, the Langmuir trough was filled with an aqueous 
phase volume of 70 mL, with a height of 5 mm. To deposit particle 
monolayers, a dispersion was first prepared by mixing dried particle 
powder in acetone at a concentration of 10 wt%. This mixture was 
initially processed using an ultrasonic probe (Sonic Dismembrator, 
Fisher Scientific) at 80 % amplitude for 3 min without heating. This was 
followed by a secondary treatment in an ultrasonic bath (XUBA3, Grant) 
for 5 min. The ultrasonic treatment followed a similar approach to that 
in the authors’ previous work and proved sufficient for the breakup of 
aggregates, achieving a stable dispersion of spherical particles, without 
mechanically damaging the particles themselves [36]. The nanoparticle 
dispersion was then carefully deposited onto the water surface between 
the barriers of the trough using a microsyringe (Hamilton, 100 μL). 
Droplets were formed gently at the end of the needle and touched onto 
the surface to facilitate deposition (see ESM Fig. S1(b)).

To explore the disparity between theoretical hexagonal close-packed 
(HCP) structures and experimental results, a TM3030 Plus SEM (Hitachi 
High-Tech, USA) was employed to examine monolayers obtained from 
the Langmuir trough under varying surface pressures. Particle mono
layers were extracted from the Langmuir trough interface at different 
surface pressures using the same suspension sample for comparison. The 
monolayer was obtained by using thin glass wafers pulled up through 
the surface. Subsequently, the samples were subjected to a 10 min 
drying period in an oven before being transferred to the SEM for 
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analysis.
The surface tension was measured using a Tensiometer CAM 200 

(KSV Instruments Ltd., Finland). Surface tension versus time data were 
obtained by analyzing the curve of the droplet profile along with the 
recorded time. To reduce the influence of solvent evaporation, a closed 
cuvette was filled with 10 mL of solvent at the bottom and 3 mL of 
solvent in a large syringe, similar to the work of Saad et al. [41]. A 
droplet was prepared and suspended on the needle of the large syringe, 
before a 20 min waiting period was used to ensure saturation of the 
environment and stability of the droplet on the needle. Subsequently, 
the pendant droplet was injected with a minimum volume, typically 
around 8.5–9 μL. However, for suspensions with relatively low surface 
tension (high MIBC concentrations), the volume of the droplet could be 
smaller due to limitations in needle capacity.

Particles with varying hydrophobicity (Unmodified SiO2, SiO- 
butane, and SiO-hexane) were used along with 0.03 M MIBC to ensure 
good surface tension response required to monitor adsorption dynamics. 
The surface tension of the 0.03M MIBC solution by itself was measured 
as 48.5 mN/m, showing good agreement with the work of other re
searchers [42].

Fig. 1 depicts the surface tension of a pure water droplet against the 
air in a close cuvette (not completely sealed) with a total volume of 10 
mL, wherein 1 mL of water is injected using a larger syringe to facilitate 
an evaporation environment. At the commencement of the experiment, 
a test droplet of water or MIBC solution (marked as Drop 2) was pre
pared and suspended on the large needle. A few minutes were allowed 
for the establishment of a saturated atmosphere. The experiment was 
initiated once the test droplet reached a stable state with no noticeable 
change in volume. Subsequently, the measuring nanoparticle suspension 
drop (marked as Drop 1) was injected, marking the start of formal 
measurements.

2.3. Dynamic modeling of adsorption from surface tension data

The adsorption rate of colloidal particles can be analyzed by moni
toring the surface tension change of the droplet. Since the actual posi
tion of nanoparticles with respect to the interface is difficult to measure, 
the contact angle of the silica nanoparticles used in the study was 
assumed to be that of the contact angle of silica wafers chemically 
esterified using the same method [38] (see ESM, Fig. S2 with detailed 
data in Table S1). The relationship between surface tension and the 
adsorption of particles at the interface is assumed to follow asymptotic 
behavior [43]. Thus, the asymptotic results are employed to interpret 
dynamic surface tension data from the early (short-time, t→0) and late 
(long-time, t→ꝏ) stages of nanoparticle adsorption as follows: 

t → 0 : γ = γ0 − 2RTC0

̅̅̅̅̅
Dt
π

√

, (1) 

t → ∞ : γ = γ∞ +
RTΓ2

∞

C0

̅̅̅̅̅̅̅̅
π

4Dt

√

, (2) 

where R is the gas constant (J/(mol⋅K)), T is the temperature (K), C0 is 
the molar bulk concentration (M), Γ ꝏ is the molar surface concentration 
at steady state (mol/m2), and D is the nanoparticle diffusion coefficient 
(m2/s).

Bizmark et al. [26] studied the kinetics of adsorption of small ethyl 
cellulose nanoparticles at the water-air interface. In particular, for t→ 0, 
usually called the ‘early stage’ of adsorption, the initial decay of surface 
tension is given by a modified short-time approximation as Eq. (3) [44], 

γ = γ0 − 2NAC0ΔE
̅̅̅̅̅
Dt
π

√

. (3) 

In this equation, γ is the interfacial tension (N/m) at any given time t 
(s), γ0 is the pure solution interfacial tension (N/m), NA is Avogadro’s 
number, C0 is the initial bulk concentration of particles (M) and ΔE is the 
detachment energy (J) of the particle [45]. The above equation assumes 
that the adsorption of particles at the interface is instantaneous. Bizmark 
et al. [26] also used Eq. (3) to fit the initial γ versus √t data with ΔE as 
the fitting parameter for several initial concentrations of particles, C0. In 
this study, the authors used the model of Bizmark et al., [26] to analyze 
the first stage of adsorption, which is mainly assumed to be dominated 
by particle diffusion.

Initially, adsorption is limited by the diffusion process as the inter
face is free of particles. Once nanoparticles adsorb to the interface it is 
very unlikely that they detach from the interface due to high detachment 
energy. Therefore, a modified diffusion-controlled theory is used to 
model the early time adsorption process. To include the energy barrier 
effects on the adsorption process, the particle diffusivity, D, is replaced 
with the effective diffusion coefficient, Deff, in Eq. (3). Therefore, the 
effective diffusivity of the particles can be calculated by modelling the 
early time dynamic surface tension data using the adsorption kinetics 
model in Eq. (4) [44], 

γ = γ0 − 2NAC0ΔE
̅̅̅̅̅̅̅̅̅
Deff t

π

√

. (4) 

Here, Deff is the effective diffusion constant, and the equation can be 
expressed as a linear, according to Eq. (5): 

γ =P1 − P2
̅̅
t

√
, (5) 

where P1 is the pure solution interfacial tension (γ0) and P2 is 

Fig. 1. Schematic of the pendant drop surface tension measurement setup with cuvette (left), image of real device and a drop profile (right).
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2NAC0ΔE√(Deff)/√π.
By using linear fitting of the surface tension data versus time, the 

effective diffusivity of the particles (Deff) is calculated and compared 
with the Stokes-Einstein equation for free diffusion (D0 = kBT/6πμr), 
which for 800 nm silica particles is 5.40259 × 10− 13 m2s− 1.

The effective diffusion Deff due to the presence of an energy barrier U 
is related to the bare diffusion coefficient D0 (without any adsorption 
barrier) by Eq. (6): 

Deff =D0 exp
(

−
U

kBT

)

. (6) 

The bare diffusivity of the particle D0 is calculated by using the 
Stokes-Einstein equation, where kB is the Boltzmann constant 
(1.380649 × 10− 23 J/K). This energy barrier is used to compare with the 
thermal energy. By using this equation, the energy barrier U is calcu
lated from the effective diffusivity. Since the particles used are elec
trostatically stabilized, the energy barrier is likely to be of electrostatic 
origin and therefore we calculate the DLVO interactions near the 
interface [43].

With the modified short-time approximation model, provided that 
the bulk concentration is not significantly changed by the attachment of 
nanoparticles at the interface, we can fit the short-time data (less than 
50 s) and obtain the effective diffusion coefficient and the energy 
barrier.

The original long-time adsorption model is described by Eq. (7) [46]: 

t → ∞ : γ = γ∞ +
RTΓ2

∞

C0

̅̅̅̅̅̅̅̅
π

4Dt

√

. (7) 

The symbols and units in Eq. (7) are consistent with the above 
equations, where the term γꝏ is the intercept and t− 0.5 is the x 
coordinate.

There is a modified long-time approximation model [26], where Θ is 
the surface coverage (the fraction of the area of the interface occupied by 
nanoparticles) and Θmax is the maximum coverage of the interface 
(assumed to equal 0.91 in this study, being the maximum hexagonal 
close-packing for a two-dimensional interface). With a material balance 
assumption for adsorbed nanoparticles at the interface, the dimension
less parameters can be rewritten to obtain the adsorption rate from the 
surface tension, as given in Eqs. (8) and (9), 

ka ≡ ka
L
D0

, (8) 

L ≡
1

NAC0S
. (9) 

Here, S = πr2, and the relation between the modified adsorption rate ka 
(obtained from surface tension experimental data) and the adsorption 
constant ka (function of diffusion coefficient and specific interaction 
energy) is established. Using this approximation, we can derive Eq. (10), 

Θ=Θmax −
K1
̅̅̅
τ

√ , (10) 

where τ is the dimensionless time, and the intermediate parameter, K1, is 
defined by Eq. (11), 

K1 =Θmax(Θmax/4.64ka)
0.5
. (11) 

The detachment energy is modified to take account of the maximum 
packing fraction, according to Ref. [26]: 

|ΔE| =
γ0 − γ∞

Θmax
πr2. (12) 

For the long-time approximation, the relation between surface ten
sion (γ) and time (t) can be given as Eq. (13): 

γ = γ∞ +
K1|ΔE|

(πr2)
2NAC0

̅̅̅̅̅̅̅̅̅
1

Deff t

√

. (13) 

We can see γ ∝ (1/√t) and the proportional gradient ‘Grad’ is given 
by Eq. (14): 

Grad=
K1|ΔE|

(πr2)
2NAC0

̅̅̅̅̅̅̅̅
Deff

√ . (14) 

Thus, K1 can be calculated with the linear fitting results of late-stage 
surface tension data, which is an intermediate parameter given knowl
edge of the adsorption energy, particle radius, and bulk concentration. 
The ka can be obtained from the relationship between K1 and ka as Eqs. 
(10) and (11). Finally, with the conversion rule, the adsorption rate 
constant, ka, can be obtained.

Therefore, the particle adsorption constant can be calculated to 
analyze the overall rate of particle adsorption. The maximum value of 
the interaction energy, ɸ, attributed to specific particle-interface in
teractions, ɸb, may be approximately inferred from ka as Eq. (15): 

ka ≅
D
r

̅̅̅̅̅̅̅̅̅̅̅
ϕb

πkBT

√

exp
(

−
ϕb

kBT

)

. (15) 

In this study, to estimate ka from the rate data, the long-time 
approximation surface tension data is fitted versus t− 0.5, from 50 s to 
the equilibrium state (with different samples) using unmodified com
mercial silica (SiO2) nanoparticles, along with chemically esterified 
‘SiO-butane’, and ‘SiO-hexane’ nanoparticles.

3. Results and discussion

3.1. Equilibrium layer compression and collapse

An illustrative example of a typical П-A isotherm, obtained from the 
compression of the SiO-butane monolayer, is presented in Fig. 2. Ex
amples of repeated compression and expansion cycles of SiO-butane 
along with the SiO-hexane particles are shown within the ESM (see 
Fig. S3). The SiO-butane particle system serves as an example case for 
elucidating pressure-area isotherms, as it unambiguously demonstrates 
the formation and collapse points of the layer, along with their intricate 
relationship to the emergence of a particle network, as shown in Fig. 2. 

Fig. 2. Pressure-area (П-A) isotherm of the SiO-butane silica particle mono
layer with water. Highlighted in circles are the points of layer formation and 
collapse. The dotted line denotes the theoretical hexagonal close packing area, 
assuming a complete monolayer (954 cm2).
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Furthermore, the unmodified 800 nm SiO2 particles failed to form a 
consistent monolayer on the subphase, despite utilizing a volume five 
times greater than that of SiO-butane. Consequently, these findings are 
omitted from the reported results. It is conceivable that the contact angle 
of the unmodified particles is comparatively small, resulting in most 
particles becoming submerged beneath the liquid interface during the 
monolayer formation process. This immersion precludes the particles 
from maintaining a stable configuration with a narrow contact line.

The SiO-butane particle layer exhibits a predictable trend in its 
behavior. As the trough area is gradually narrowed to a critical 
threshold, the particle rafts coalesce into a single, interconnected layer. 
This transition generates a lateral force [47], resulting in a sharp in
crease in surface pressure [48]. If the compression continues and the 
area is further diminished, a second critical point emerges. At this point, 
the layer collapses, and the particles are either expelled into the bulk 
medium or forced into a folded structure [49–51].

The relative abruptness of monolayer formation and collapse serves 
as a valuable indicator for understanding the homogeneity or aggre
gated nature of particle networks [49]. There is a ‘monolayer region’ 
between the highlighted points of layer formation and collapse. How
ever, it is not truly a monolayer for those particles. Silica is nominally 
hydrophilic and the interparticle interactions will be dominated by 
symmetric bulk fluid electrostatics (such as DLVO [52]). The sudden, 
steep surge in surface pressure per unit area reduction suggests that the 
initial particle rafts rapidly reconfigure into a unified network with 
minimal lateral resistance, seeking to minimize the free energy state. 
Importantly, the area recorded at the collapse point is approximately 
half the theoretical close-packed area for a monolayer of the deposited 
mass of SiO-butane particles.

Thus, the theoretical hexagonal close-packed area position was 
analyzed for all systems, as given in Fig. 3, where the actual occupied 
area on layer collapse is recorded as a percentage of a pure HCP 
monolayer for SiO-butane and SiO-hexane layers. Different concentra
tions of MIBC were also added to the subphase to lower the surface 
tension, thereby facilitating the measurement of particle adsorption. To 
facilitate a comparative analysis, relative packing areas are utilized, 
which represent the ratio between the experimental packing area and 
the theoretical hexagonal close-packing area.

As in the case of pure SiO-butane, the experimental close-packing 
position for all systems deviates from the theoretical HCP position. 
This discrepancy is likely attributable to particle aggregation leading to 

overlap, or dispersion into the subphase. This observation suggests that 
some particles may not align perfectly within a monolayer and may 
instead be stacked or aggregated during the compression process. The 
SiO-hexane layers were much closer to the HCP monolayer than the SiO- 
butane, inferring greater layer stability for the more hydrophobic 
particles.

Furthermore, MIBC is observed to reduce the relative packing per
centage in both systems as its concentration is increased, suggesting 
some interaction between MIBC and the particle layers. MIBC is a 
common frother agent added to aid bubble stability in froth flotation 
systems, and primarily is considered to interact at the air-water inter
face, rather than solid-liquid interface. As a short chain alcohol, it is not 
thought to adsorb to a significant extent onto the hydrophobic particles 
themselves. The fact that collapse areas reduce slightly with both par
ticle systems may suggest either some level of adsorption and aggrega
tion with the particles in the bulk or, perhaps more likely, its presence at 
the interface during compression disrupts longer order particle struc
tures in the layer. Indeed, Bournival et al. [53] measured similar types of 
collapse reductions with MIBC and hydrophobized glass, determining 
that it acts as an interfacial dispersant. Also, as MIBC is soluble in these 
concentrations, its dynamic surface concentration will reduce as the 
barriers compress, and so its presence should not directly influence the 
collapse areas. Nonetheless, for the SiO-hexane layers at least, the small 
reduction in collapse areas for moderate concentrations of MIBC infers a 
relatively weak interaction.

To further explore systems directly correlated with the surface ten
sion investigations, a comparison of SiO-butane and SiO-hexane 
monolayers with 0.05 M MIBC concentrations is shown in Figs. 4 and 
5, where extracted layers using a wafer subphase were imaged with 
scanning electron microscopy (SEM). Other results of SiO-butane and 
SiO-hexane under low and high surface pressures with different mag
nifications are presented within the ESM (Figs. S4–S7).

For SiO-butane particles, it is evident that a degree of aggregation is 
present at low surface pressures, with this aggregation intensifying at 
higher pressures. This observation explains the significant deviation of 
experimental data from the theoretical HCP result. In contrast, SiO- 
hexane particles exhibit less extensive aggregation during compres
sion, resulting in a packing that aligns closely with the theoretical HCP 
area.

The maximum surface pressure attained during compression de
creases with increasing MIBC concentration, as shown in Fig. 6. This 
decrease is accompanied by a corresponding shift in the packing posi
tion. Notably, the compression curves of SiO-butane and SiO-hexane 
exhibit distinct characteristics. The SiO-hexane curve displays a more 
linear profile, lacking a pronounced inflection point indicative of layer 
formation and collapse, as observed in SiO-butane. Additionally, the 
surface pressure increases more rapidly and reaches higher values for 
SiO-hexane compared to SiO-butane, suggesting the presence of longer- 
range aggregates and a less distinct multilayer structure.

The occurrence of aggregation and overlap during the compression 
process is evident, and becomes more prominent with higher concen
trations of MIBC. Even before and after compression, a slight aggrega
tion of particles is observable, which becomes more significant with 
increasing MIBC concentrations (shown in Fig. 6). Among the three 
particle types, SiO-hexane particles exhibit the largest contact angle, 
rendering them the most hydrophobic. Both before and after compres
sion, these particles consistently display favorable monolayer behavior, 
with most particles adopting a hexagonal arrangement. However, some 
larger aggregation clusters are still observed, with SiO-hexane particles 
exhibiting a moderate deviation in collapse area with increasing MIBC. 
As noted, it suggests some surface interactions between the MIBC and 
hydrophobic chain coating on the particles may reduce the stability of 
the particle layer [54].

Fig. 3. Relative hexagonal close-packed (HPC) area percentage of SiO-butane 
and SiO-hexane formed on a Langmuir trough, and comparison with different 
concentrations of MIBC.
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3.2. Modeling adsorption dynamics via surface tension

To investigate the dynamic adsorption process at the air-water 
interface from the bulk fluid, pendant droplet experiments were con
ducted. Pendant drop surface tension versus time data of unmodified 
and esterified particles under 0.03M MIBC concentrations are shown in 
Fig. 7. The MIBC was added to facilitate more accurate measurements of 
nanoparticle adsorption from the apparent change in dynamic surface 
tension. Without MIBC, the surface did not deform with nanoparticle 
adsorption due to the high surface tension. At higher concentrations of 
MIBC, the droplets became unstable.

The initial surface tension of 0.03 M MIBC, measured without par
ticles, is approximately 50 mN/m, depicted as a pink straight line in 
Fig. 7. Upon the introduction of particles, minor variations in the initial 

surface tension (at t = 0) were observed, albeit insignificant, potentially 
attributable to slight concentration fluctuations due to evaporation. 
However, the underlying trends are very clear. The dynamic surface 
tension of all three particle species decreases over time. Within the first 
50 s, it undergoes a rapid decline, followed by a gradual reduction until a 
plateau equilibrium value is reached.

Furthermore, both the type and concentration of particles exert a 
significant influence on the final apparent surface tension. Specifically, 
at the lower concentration of 0.1 wt%, SiO-hexane particles exhibit the 
most prominent change compared to the other species. This observation 
suggests a more complete monolayer adsorption of the more hydro
phobic particles, aligning with Langmuir trough studies on monolayer 
coverage. Additionally, at higher mass concentrations, the surface ten
sion changes became more pronounced for all particle species. This 

Fig. 4. Example SEMs of SiO-butane on 0.05M MIBC subphase under different surface pressure (a) low surface pressure of 0.3 mN/m and (b) high surface pressure of 
15 mN/m.

Fig. 5. Example SEMs of SiO-hexane on 0.05M MIBC subphase under different surface pressure (a) low surface pressure of 0.3 mN/m and (b) high surface pressure of 
5 mN/m.

Fig. 6. Surface pressure versus trough area comparison of (a) SiO-butane and (b) SiO-hexane with different concentrations of MIBC.

H. Chen et al.                                                                                                                                                                                                                                    JCIS Open 20 (2025) 100154 

6 



difference may indicate greater overall particle coverage in all instances, 
leading to increased interfacial distortion, or potentially the emergence 
of multilayers.

However, given the stability of all particle species in the dispersion, 
there is limited incentive for multilayer adsorption from particles in the 
bulk. Instead, any observed changes are likely attributable to interfacial 
reorganization as the interfacial pressure increases, potentially mani
festing as the formation of particle rafts, as evidenced by Langmuir 
trough data.

Since the particles used are electrostatically stabilized, the energy 
barrier is likely to be of electrostatic origin and therefore we calculate 
the DLVO interactions near the interface. Using the modified short-time 
approximation model and assuming that the bulk concentration was not 
significantly depleted by adsorption to the interface, we fitted the short- 
time data (<50 s) to obtain the effective diffusion coefficient and the 
energy barrier. Example results of the linear fitting of short-time and 
long-time approximation of SiO-hexane are shown in Fig. 8. The effec
tive diffusion coefficients and energy barriers for all systems are sum
marized in Table 1, while detailed results of all short-time linear fits are 
provided in the ESM (Fig. S8).

The intercepts are the initial pure solution concentrations, and they 
are all close to 50 mN/m, which is the 0.03M MIBC initial surface ten
sion. The energy barrier (U/kBT) is calculated from the effective diffu
sion (Deff), both of which are given in Table 1. To further illustrate these 
differences between particle systems, both Deff and U/kBT are plotted in 
Fig. 9 against concentration, showing that the adsorption energy barrier 
increases slightly with particle hydrophobicity and with particle con
centration (with correlated reduction in Deff).

For particles at higher concentrations and with higher hydropho
bicity, their thermal energy is insufficient to overcome the energy bar
rier [30]. This underscores the inadequacy of diffusion alone in driving 
particle adsorption. Diffusion is significantly influenced by ΔE, the 
change in interfacial contact energy upon adsorption. This energy 

change, ΔE, is more pronounced for hydrophobic particles. Typically, 
this energy is associated with detachment, but it may also pose a barrier 
to initial adsorption.

Once particles establish a three-phase contact line with the droplet, 
their energy is elevated if the contact angle deviates significantly from 
the minimum energy state. This results in an escalated energy barrier, U. 
However, the magnitude of U is significantly smaller than ΔE (by several 
orders of magnitude) rendering the increase in the energy barrier rela
tively minor. Despite the larger adsorption energy barrier, the quantity 
of adsorbed particles can still be augmented [55], as evident in the 
equilibrium dynamic surface tension. As the adsorption of particles in
creases, the equilibrium dynamic surface tension exhibits lower values.

The investigation of the energy barrier relies on Eq. (4), presuppos
ing that diffusion primarily governs particle behaviors. Analyzing this 
equation with identical data sets reveals intriguing insights. As wetta
bility shifts towards greater hydrophobicity, ΔE rises for hydrophobic 
particles, theoretically leading to a decrease in Deff if the curve maintains 
its gradient. For nanoparticles solely influenced by diffusion, one would 
expect a quadratic increase in gradient to yield a larger observed Deff 
with altered wettability. However, our observations contradict this, 
indicating that particle behavior is not solely dictated by diffusion but 
rather by a more intricate mechanism. This complexity likely includes 
factors like the mixed diffusion-kinetic process [46], particularly evident 
during the initial stages of adsorption for larger colloidal particles, such 
as the 800 nm silica particles used in this study.

The diffusion coefficient of the 800 nm silica particles is minimal in 
comparison to values reported in studies involving particles below 100 
nm [26,44]. For such nanoscopic sizes, diffusion is indeed the governing 
factor, but its influence wanes for larger particles, as exemplified by our 
800 nm specimens. Notably, these larger particles are also subject to 
gravity and buoyancy, which contribute to surface deformation. Po
tential dynamic effects arising from droplet injection also play a role. For 
such colloids on the upper size limits, the inertia imparted by droplet 

Fig. 7. The surface tension results of particles under different particle concentrations with 0.03 M MIBC. (a) Unmodified SiO2, (b) SiO-butane, and (c) SiO-hexane. 
The black lines represent 0.1 wt% concentration, red lines represent 1 wt% and blue lines are 2 wt%. The pink line is the surface tension of pure 0.03 M MIBC.

Fig. 8. (a) Modified short-time approximation linear fitting of surface tension versus t0.5 and (b) modified long-time approximation linear fitting of surface tension 
versus t− 0.5 of SiO-hexane in 2 wt%.
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formation [56] may even aid adsorption, given the particles’ unbalanced 
state. Our findings reveal a formidable energy barrier that cannot be 
surmounted by diffusion alone. Furthermore, the short-term effective 
diffusion coefficient underscores that a diffusion-only mechanism is 
inadequate to explain colloidal adsorption, especially for larger parti
cles. This conclusion is reinforced by the fact that the model used to 
calculate Deff is itself based solely on a diffusion mechanism, high
lighting its limitation.

To investigate rate variations further, we analyzed long-term data 
using the alternative model (pertaining to data collected after 50 s, 
representative of the later stages). The comprehensive results from this 
long-term approximation of surface tension data are summarized in 
Table 2. The detailed results of all cases for the long-time linear fitting 
are shown in the ESM (Fig. S9).

The intercept represents the calculated equilibrium surface tension, 
γeq, which arises when particles occupy the liquid-gas interface at 

equilibrium. Notably, γeq diminishes with increasing particle concen
trations and hydrophobicity. Intriguingly, the R2 value also rises with 
particle concentrations and hydrophobicity, suggesting a closer align
ment of the data with the long-term approximation model. Potentially, a 
concentration of 0.1 wt% may be insufficient to form a complete hy
drophobic colloidal particle layer, leaving the drop interface incom
pletely occupied, thereby preventing the data from reaching an 
equilibrium state In general, the gradient of the fit increases with con
centration, although a few anomalies are observed in the case of SiO- 
butane. The tabulated data unequivocally demonstrate that the 
adsorption rate constant, ka, generally significantly increases with par
ticle concentration and hydrophobicity. For a more intuitive under
standing, ka rate constants are plotted against concentration for all 
systems in Fig. 10.

As hydrophobicity increases, adsorption rates are enhanced by 
several orders of magnitude, far exceeding those of untreated silica 
particles. This phenomenon is attributable primarily to the increase in 

Table 1 
Modified short time approximation linear fitting results of surface tension versus t0.5.

Cases Intercept (mN/m) Deviation (mN/m) Gradient (mN/m.s0.5) Deviation (mN/m.s0.5) R2 Deff × 10− 30 (m2/s) U/kBT

0.1 wt% Unmod. SiO2 49.853 0.0146 − 0.039 0.0029 0.785 230.62 35.39
0.1 wt% SiO-butane 48.617 0.0183 − 0.063 0.0036 0.857 5.11 39.20
0.1 wt% SiO-hexane 48.767 0.0234 − 0.107 0.0047 0.913 0.89 40.95
1 wt% Unmod. SiO2 50.876 0.0286 − 0.226 0.0057 0.969 75.03 36.51
1 wt% SiO-butane 50.435 0.0181 − 0.192 0.0036 0.982 0.48 41.57
1 wt% SiO-hexane 48.505 0.0257 − 0.237 0.0051 0.977 0.043 43.97
2 wt% Unmod. SiO2 49.037 0.0160 − 0.123 0.0032 0.967 5.58 39.11
2 wt% SiO-butane 47.491 0.0144 − 0.061 0.0029 0.901 0.012 45.25
2 wt% SiO-hexane 47.305 0.0128 − 0.180 0.0026 0.990 0.0062 45.91

Fig. 9. Calculated effective diffusion coefficients (Deff) and interfacial energy 
barriers (U/kBT) from the modified short-time approximation model. Square 
symbols are unmodified SiO2, circles SiO-butane, and triangles SiO-hexane. 
Black solids are the effective diffusion coefficients (left hand axis) and red 
hollow symbols are the energy barriers (right hand axis).

Table 2 
Modified long-time approximation linear fitting results of surface tension versus t− 0.5.

Cases Intercept (mN/m) Deviation (mN/m) Gradient (mN/m.s0.5) Deviation (mN/m.s0.5) R2 K1 × 10− 5 ka × 106 (m/s)

0.1 wt% Unmod SiO2 49.1127 0.02224 3.3168 0.21282 0.709 34.51 3.715
0.1 wt% SiO-butane 47.8404 0.05196 2.6265 0.44409 0.404 3.734 317.3
0.1 wt% SiO-hexane 47.0301 0.01947 7.3120 0.20309 0.896 2.568 671.0
1 wt% Unmod. SiO2 47.5625 0.02548 13.3653 0.33129 0.823 207.6 1.027
1 wt% SiO-butane 46.9715 0.01125 16.4352 0.14623 0.973 19.63 114.8
1 wt% SiO-hexane 44.7052 0.01326 16.4118 0.17240 0.962 5.081 1714
2 wt% Unmod. SiO2 45.6998 0.01499 19.9253 0.20995 0.952 156.2 3.627
2 wt% SiO-butane 46.1648 0.00742 6.5348 0.08790 0.956 6.112 2370
2 wt% SiO-hexane 44.4184 0.01014 12.3301 0.12609 0.969 4.074 5331

Fig. 10. Adsorption rates of nanoparticles using the long-time approxima
tion model.
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detachment energy with higher contact angles, facilitating statistically 
more adsorption versus desorption events at the interface. The impact of 
concentration on ka is more complex. There are significant increases in 
adsorption rates between 0.1 and 2 wt% for SiO-butane and SiO-hexane, 
although the rate enhancement is lower than would be expected given 
20-fold increase in particle number. Indeed, for both unmodified and 
SiO-butane particles, a minimum in adsorption is observed at 1 wt%, 
indicating a complex interaction with concentration. Notably, the 
adsorption rate for unmodified particles does not return to the level 
observed at 0.1 wt% even after reaching 2 wt%, suggesting greater 
competition for these weaker adsorbing species. The overall trend with 
concentration aligns with the findings of Bizmark et al. [26] where a 10 
× concentration increase led to only a 3-fold enhancement in adsorption 
rates.

The long-time approximation model provides quantitative insights 
into the profound influence of hydrophobicity on particle adsorption, 
particularly in crowded surface environments. For 0.1 wt% droplets, 
SiO-hexane exhibits a ka value 181 × higher than that of unmodified 
SiO2, and this ratio soars to 1470 at 2 wt%. These remarkable differences 
highlight the dramatic impact of hydrophobicity on adsorption rates, 
which appears to markedly outweigh the influence of concentration. 
These observations may be attributed to the competition among parti
cles for adsorption sites, as described by the mixed diffusion-kinetic 
theory [46], particularly when concentrations are significantly 
elevated. This competition is most likely offset by the concurrent in
crease in particle numbers from 1 to 2 wt%. Furthermore, the possibility 
of multilayers cannot be discounted, as previous work has shown with 
Langmuir trough results. Multilayers can distort the interface, thereby 
influencing the apparent surface tension, which can be analyzed through 
droplet morphology.

It is important to compare the apparent contrasting results on the 
influence of hydrophobicity from the shot-term and long-term adsorp
tion modelling. Data from the short-term fitting indicated a reduced 
effective diffusivity for the most hydrophobic particles, inferring a 
retardation of their mobility to the interface. Such differences may 
suggest some slight aggregation of the hydrophobic particles in the 
droplet. Nevertheless, these effects are dominated by the influence of 
hydrophobicity on the robustness of the interface on long-time data, and 
statistical reduction in detachment efficiency. Highly hydrophobic SiO- 
hexane particles, for instance, form a robust and persistent monolayer 
that resists desorption and exhibits almost monolayer structure. This 
well-ordered interfacial layer leads to a high apparent efficiency in 
surface tension reduction, making the adsorption notably pronounced. 
In contrast, although unmodified SiO2 and SiO-butane particles may 
exhibit higher effective diffusivity, this is offset by their inferior inter
facial stability and tendency toward multilayer adsorption. This results 
in a larger fraction of particles either being detached within the bulk 
phase or with multilayers reducing the total extent of the particle 
network, thereby reducing the observable adsorption rates. Over 
extended timescales, early-stage diffusivity becomes less consequential, 
and adsorption outcomes are dominated instead by interfacial 
stability—a property dictated primarily by hydrophobicity.

Additionally for the relatively large colloids (800 nm) investigated in 
this study, gravitational effects serve as a secondary driving force during 
the early adsorption stage, efficiently transporting particles to the liquid- 
gas interface and diminishing the relative importance of diffusive 
transport [57]. Consequently, the key factor determining the overall 
adsorption rate shifts to the intermediate and final stages, which are 
governed by the structure and stability of the adsorbed particle layer. To 
evidence this, we consider the Péclet number, defined here as Pe =
(
ρP − ρf

)
gπd4 /(6kBT), which describes the relative importance of 

gravitational settling to diffusion (subscripts ‘p’ and ‘f’ donate particle 
and fluid, while ‘d’ is the particle diameter). The Pe ≈ 0.62 in this study, 
where a Pe number of ~1 indicates that the gravitational settling rate is 
comparable to the diffusive transport rate. Therefore, sedimentation 

contributes importantly to particle delivery to the vicinity of the 
interface.

Thus, a proposed mixed adsorption mechanism for large silica par
ticles can be summarized. In the early stage, adsorption is governed by a 
combination of diffusion, gravitational settling, and electrostatic in
teractions. The electrostatic effects influence both particle-interface in
teractions and the formation of closely packed interfacial structures. The 
relative contributions of diffusion and settling can be quantified using 
the Péclet number, wherein the hindering effect of hydrophobicity on 
diffusion becomes less dominant as the Péclet number increases. Over 
longer timescales, adsorption is dominated by hydrophobicity, which 
directly determines the structure of the adsorbed layer. Both the effi
ciency of particle adsorption and the apparent reduction in surface 
tension are enhanced with increasing particle hydrophobicity.

4. Conclusions

This study investigated the adsorption dynamics of 800 nm colloidal 
particles at fluid interfaces through drop adsorption experiments and 
Langmuir-Blodgett trough measurements, complemented by short and 
long-term modeling to calculate energy barriers and adsorption rates. 
The research aimed to elucidate how particle hydrophobicity and con
centration govern the formation of particle monolayers and the nature of 
these layers.

From LB trough results, hydrophilic particles were observed to be 
more prone to detach from the interface and return to the bulk fluid, 
which may hinder the adsorption of other particles. Although these 
particles may still be adsorbed when immersed in the bulk phase, the 
interface deformation may be too subtle for experimental equipment to 
detect significant surface distortions. Studies of butanol (‘SiO-butane’) 
and hexanol (‘SiO-hexane’) esterified particles showed clear surface 
compression and contrasting behavior. The SiO-butane particles formed 
weaker particle layers that underwent partial collapse into multilayers 
with compression, leading to formations much below hexagonal close- 
packed (HPC) monolayer estimates. Alternatively, the SiO-hexane par
ticles exhibited much improved monolayer behavior and longer-range 
stability. Further measurements with methyl isobutyl carbinol (MIBC) 
used as co-surfactant in surface tension measurements suggested some 
weak interaction between the MIBC and particles. Estimated HCP areas 
slightly reduced as MIBC increased, perhaps indicative of some particle 
aggregation at the interface or that the MIBC acted as an interfacial 
dispersant.

Droplet surface tension measurements were used to reveal adsorp
tion dynamics, where hydrophobic particles induced significant changes 
in surface tension during adsorption, consistent with Langmuir trough 
observations of monolayer coverage. Short-term approximation 
modeling and energy barrier calculations provided insights into diffu
sion and other mechanisms affecting adsorption dynamics. Hydrophobic 
particles exhibited higher desorption energy and larger contact areas, 
facilitating stable monolayer formation, while hydrophilic particles 
showed greater detachment propensity, limiting adsorption stability. 
Despite greater calculated energy barrier and reduced diffusion, long- 
term rate modeling indicated the adsorption rates of the most hydro
phobic SiO-hexane particles were significantly greater than either the 
SiO-butane particles or unmodified particles. Indeed, adsorption co
efficients (ka) for SiO-hexane particles were ~200 × greater than for 
unmodified particles at low 0.1 wt% particle concentrations and over 
1000 × greater at 2 wt%. The role of particle concentration was more 
complex, with effects dominated by hydrophobicity. Although the 
adsorption rate generally increased with concentration, the data suggest 
a critical transition point at intermediate hydrophobicity, where particle 
detachment is significantly reduced. Importantly also, results demon
strated that a diffusion-only mechanism is inadequate to explain the 
adsorption dynamics of these larger colloids. The early-stage behavior is 
attributed to both diffusion and a gravity-driven effect, the relative 
importance of which can be quantified by the Péclet number. Overall, 
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this study provided quantitative insights into the profound influence of 
hydrophobicity on particle adsorption, particularly in crowded surface 
environments. Extending these insights to biomedical and materials 
science applications, such as nanomaterials and drug carriers, holds 
significant promise for advancing related technologies.
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