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Abstract 

The adsorption of a switchable cationic surfactant, Duomeen TTM, at the silica/aqueous solution 

interface is characterized using quartz crystal microbalance with dissipation (QCM-D). The 

adsorption isotherms reveal that changes in the solution pH or salinity affect surfactant 

adsorption in competing ways.  In particular, the combination of the degree of protonation of the 

surfactant and electrostatic interactions are responsible for surfactant adsorption.   The kinetics of 

adsorption are carefully measured using the real-time measurement of QCM-D, allowing us to fit 

the experimental data with analytical models. At pH of 3 and 5, where the DTTM is protonated, 

DTTM exhibits two-step adsorption. This is representative of a fast step in which the surfactant 

molecules are adsorbed with head-groups orientated towards the surface, followed by a slower 

second step corresponding to formation of interfacial surfactant aggregates on the silica surface. 
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Introduction 

Switchable surfactants are an exciting class of molecules whose amphiphilicity can be 

tuned in response to external stimuli such as temperature1, pH2,3, and light4,5.  These stimuli-

responsive surfactants have been utilized in a variety of processes, with applications ranging 

from foams for oil recovery6,7 and phase inversion emulsions for food production, drug delivery, 

and detergency8,9. More recently, switchable surfactants have shown enhanced chemical and 

thermal stability for applications requiring high temperatures or salinities10–12. Adsorption of 

these switchable surfactants to solid substrates can be used to alter the surface properties of 

substrates, such as wettability, hydrophobicity, or surface charge13. Despite the numerous 

important applications of stimuli-responsive surfactants, few studies have reported the adsorption 

mechanisms of the switchable surfactants with solid substrates.  

The driving forces governing surfactant adsorption are mainly entropic, van der Waals, 

electrostatic, and hydrophobic. Bera et al. studied the adsorption on SiO2 surfaces of an anionic 

surfactant, sodium dodecyl sulfate (SDS), and a nonionic surfactant, Tergitol 15-S-7 as a 

function of pH14. Both surfactants showed high adsorption at low pH, but with very different 

governing interactions. At low pH, the acidic environment leads to a more positively charged 

silicon dioxide surface, by which anionic SDS adsorbs via electrostatic interactions versus in the 

case of the nonionic surfactant, the acidic environment facilitates hydrogen bonding between the 

Tergitol 15-S-7 oxide head group and the SiO2, leading to large adsorption of the surfactants. In 

the corresponding case of a cationic surfactant, CTAB, large adsorption was observed at high pH 

due to the increasingly negatively charged SiO2 surface. The effect of salinity on the adsorption 

of SDS and a nonionic surfactant, Pluronic L35, on SiO2 was also studied by Gong et al.15 They 

showed increased surfactant adsorption for both SDS and Pluronic L25 with increasing ionic 



strength due to enhanced screening of electrostatic interactions, repulsion, which weakens 

repulsion and allows for tighter packing of the surfactant molecules.  The cationic surfactant, 

CTAB, also exhibited slightly higher adsorption on SiO2 in the presence of potassium bromide.16 

These studies demonstrate the ability to alter the electrostatic and van der Waals interactions 

governing surfactant adsorption by adjusting the salinity and pH of the surfactant solution.  

The studies described above are limited to surfactants whose head group charge is fixed. 

Here we examine the surfactant adsorption of a switchable surfactant to SiO2 using a quartz 

crystal microbalance (QCM).  The surfactant, N,N,N' trimethyl-N'-tallow-1,3- diaminopropane 

(DTTM) is an example of such a switchable surfactant, whereby it is uncharged at high pH 

values, but switches to a cationic surfactant at low pH values due to protonation of the tertiary 

amine group of the DTTM11.  Potentiometric titration profiles provide a measurement of the 

surfactant protonation as a function of the pH6. Protonation increases the charge density of the 

surfactant.  Furthermore, studies have shown that protonated amine groups are strongly hydrated 

compared to unprotonated amine groups17,18. 

Previously, surfactant adsorption has been studied using a variety of methods, including 

high-performance liquid chromatography (HPLC) 19,20, reflectometry 21, UV spectrophotometer 

22, FTIR 23,24, and ellipsometry 25, and while they have captured the equilibrium adsorption of a 

wide variety of surfactants and substrates, they have difficulty capturing adsorption dynamics. 

Methods such as in situ ATR-FTIR, which is able to measure the kinetics of surfactant 

adsorption, are limited by the need for approximations of numerous fitting parameters during 

data analysis.26 As such, the calculated kinetics constants are self-consistent, but cannot be 

directly and quantitatively compared with other literature. Quartz crystal microbalance (QCM) 

has recently become widely used to study the equilibrium and kinetics of adsorption of 



surfactants due to its high sensitivity and accuracy, real-time data acquisition, and simplicity of 

measurement and analysis27. For example, Gutig et al. studied the adsorption of CTAB and a 

nonionic surfactant, hexaethylene glycol monododecyl ether (C12EO6), on both silica and gold 

surfaces28. Using QCM, they were able to capture the kinetic adsorption curves and provide 

insight into the possible adsorption mechanism on the two different surfaces. Another advantage 

of QCM is that the initial adsorption can be measured accurately, which allows for better 

quantification of the kinetics of adsorption between the surfactant and substrate. We 

systematically study the adsorption dynamics of DTTM on SiO2 substrates using QCM.  The data 

indicate that the adsorption of DTTM to SiO2 is a result of complex interplay between the degree 

of protonation of the surfactant as well as the electrostatic interactions between the surfactant and 

SiO2 substrate, which can be tuned by adjusting either the pH or salinity of the solution. By 

comparing our kinetic adsorption results with different adsorption models, new insights to 

control DTTM adsorption can be determined. 

Materials and methods 

Materials 

N,N,N' trimethyl-N'-tallow-1,3- diaminopropane (DTTM, Duomeen TTM, 95% active material, 

Akzo Nobel) was used as received.  Table 1 provides the critical micelle concentrations (CMC) 

values of DTTM as a function of pH (other data provided in supporting information, Table S1 & 

Figs. S4 – S6).  Experiments were conducted with surfactant solutions above the CMC. Sodium 

chloride is from J.T. Baker (NaCl, A.C.S Reagent). Hydrogen chloride and sodium hydroxide are 

from Fisher Scientific with the concentration of 1N, which are used to adjust the solution pH. 

SDS is from Sigma Aldrich (>99%). Deionized water (18.2 MΩ·cm) was used to prepare all 



brine and surfactant solutions. The silica particles used for zeta potential measurements are from 

Sigma Aldrich (>99.8%, Lot# MKCC9121).  

  

 

Table 1. CMC of DTTM measured under 0.1 M NaCl at varying pH values 

DTTM titration and protonation degree calculation  

In order to calculate the protonation degree of DTTM, titration experiments are conducted6,10. 

Solutions of DTTM at different ionic strengths were prepared and titrated using HCl at room 

temperature. The protonation degree is determined based on system charge balance showed 

below: 

θ =
𝐶$%& × 𝑉)*)+,-) + (𝐶01& − 𝐶13) × 𝑉)*)+,-5

2 × 𝐶7889 × 𝑉7889
								 (1) 

where θ is protonation degree of DTTM, CCl- is the concentration of Cl- , COH- is the 

concentration of OH-, CH+ is the concentration of H+, Vtitrand is the volume of titrant used,  CDTTM 

is the initial concentration of DTTM, and VDTTM is the initial volume of DTTM solution. The 

surfactant can be protonated with two hydrogen ions, thus the positive charge contributed by is 

two times the concentration of the protonated surfactant. Other details can be found in a previous 

publication29.  

Zeta potential measurements 

Zeta potential measurements were measured by DelsaMax PRO Zeta Potential Dynamic Light 

Scattering Analyzer (Beckman Coulter, USA). The measurements were conducted by 

pH 7 5 3 

Critical Micelle Concentration (wt%) 0.0102 0.0076 0.00208 



equilibrating SiO2 particles with various NaCl solutions that vary with either ionic strength or pH. 

The stock SiO2 particle solution is made up of 0.0225 g SiO2 added to 3 ml of NaCl solution and 

sonicated (Branson 1210 Ultrasonic Cleaner) for 20 minutes to prevent the flocculation during 

the equilibration process. Then, the bulk solution is diluted to the final concentration of 0.05% 

(g/ml), followed by an additional 2 minutes sonication before measurements are made to ensure 

a uniform dispersion of SiO2 particles in solution. The zeta potential of the SiO2 surface was 

calculated using the Smoluchowski equation30. Each sample was measured at least in triplicate to 

minimize experimental artifacts.  

Quartz Crystal Microbalance  

Surfactant adsorption was measured by quartz crystal microbalance with dissipation 

(QCM-D, Q-Sense E4 System, Biolin Scientific). Front side gold coated AT-cut quartz crystals 

were used to measure changes in adsorbed mass and viscoelastic properties.  The quartz crystal is 

driven at its resonance frequency of 5 MHz with measurements at the third, fifth, and seventh 

harmonics of the fundamental resonance frequency corresponding to 15, 25 and 35 MHz, 

respectively. The third harmonic of 15MHz was used in the data analysis.  A frequency shift of 1 

Hz corresponds to a mass of 17.7 ng/cm2 deposited onto the crystal and the mass sensitivity of 

the quartz sensor is 2 ng/cm2 31. The mass deposited on the crystal surface is calculated by 

monitoring the frequency changes of the oscillation frequency of the quartz crystal. For rigid and 

thin films, the adsorption can be calculated by the Sauerbrey relation: 28,32 

∆m = - ?∆@
A

          (2)  

In Eq. (2), ∆𝑚 is the average mass deposited on the surface, C is the sensitivity constant specific 

to the system and equal to 17.7 ng/Hz•cm2, n is overtone number (n=1,3,5,7…), and ∆𝑓 is the 



difference in oscillation frequency after adsorption. The results showed in this study were 

calculated using the 3rd overtone, if not otherwise stated. The relation shows that the average 

mass adsorbed on the quartz surface is related to the change in the oscillation frequency.  

The system allows for simultaneous measurements of frequency change and energy dissipation 

by periodically switching off the power to the quartz crystal and recording the decay of the 

damped oscillation. Dissipation is the energy loss in the system due to the shear stress, caused by 

the high viscosity of the solution or the soft and elastic adsorbed film on the quartz surface: 

∆D = E
F
= GHIJJIKLMINO

PQGJMNRST
        (3) 

In Eq. (3), ∆𝐷 is the change in dissipation factor, Q is the quality factor, EDissipation is the energy 

dissipated during one oscillation period, and Estored is the total energy stored in the system. Eq. (2) 

is valid when ∆𝐷  is 2 × 10−6 or less.32  Throughout our experiments, the dissipation changes are 

small enough to neglect (< 0.6 × 10Z[), indicating that the adsorbed surfactant layer is rigid. 

Furthermore, Gutig et al. showed that the actual surface area, which considers the roughness of a 

crystal surface, is about 1.25 times larger compared with the nominal surface area.28,32 The 

results reported in this research are roughness-corrected adsorption. A schematic of the 

experimental setup is shown in Figure 1.  

Before every measurement, the quartz sensors are cleaned thoroughly. To clean and reuse 

crystals, the SiO2- coated crystals were first exposed in UV-ozone cleaner for 10 mins, followed 

by immersing in 2 wt% SDS solution for 30 minutes. After that, the crystals were rinsed with 

18.2 MΩ·cm water and dried with N2. Then, they were exposed in the UV-ozone cleaner again to 

remove any SDS before inserted into the chamber of the QCM-D. The operating flow rate was 

controlled to be 100 ul/min at 25 oC for the experiments.   



 

Figure 1. Illustration of the setup of QCM-D experiments. The Q-Sense E4 images were adapted 

from the Biolin Scientific Q-Sense. 

 

Results and Discussion 

The effect of pH and salinity on silica surface and surfactant protonation degree 

The DTTM and SiO2 properties were measured as a function of solution pH at three different 

ionic strengths. Figure 2 shows the zeta potential of SiO2 is close to zero at low pH values and 

then becomes increasingly negative with increasing pH. It is thought that the deprotonation of 

the hydrogen on the silanol group at the silica surface results in the exposure of negatively 

charged oxygen atoms with increasing pH. At the lowest tested ionic strength of 0.001M NaCl, 

the SiO2 zeta potential was as low as -50mV, while the zeta potential is about -40mV at an ionic 

strength of 0.1M NaCl. In general, as the surfactant solution ionic strength decreases, the SiO2 

surface becomes more negatively charged.  All DTTM adsorption experiments were conducted 

at solution pH values greater than 3, which is above the isoelectric point of the SiO2 surface. 

Therefore, the SiO2 surface will be negatively charged for all tested conditions.   
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Also shown in Figure 2 is the degree of protonation of DTTM as a function of pH for the three 

different ionic strengths.  The degree of protonation reaches nearly 100% for all three salinities at 

pH=3, indicating complete protonation of the surfactants. The graph also shows that the degree 

of protonation of DTTM increases when the ionic strength of the solution increases. At pH=7, 

the degree of protonation at 0.1 M NaCl can be three times higher than that under 0.001 M NaCl.  

At higher ionic strengths, the electrostatic repulsion between the protons in solution and 

protonated amines on the DTTM is screened, which results in higher protonation.10 Furthermore, 

with increased protonation, there is increased hydration of the surfactant and thus the 

hydrophilicity of DTTM increases as the pH decreases or the ionic strength increases33.   

Due to the opposing effects of pH and ionic strength on protonation degree of DTTM and 

zeta potential of the SiO2 surface, the role of electrostatic interactions on the adsorption of 

DTTM surfactant on SiO2 is challenging to discern when varying solution pH and salinity.     

 

  



 

 

 

 
Figure 2. Zeta potential of SiO2 surface and relative degree of protonation degree of DTTM as a 

function pH at three different ionic strengths. 

  



The effect of solution pH and ionic strength on DTTM Adsorption 

The equilibrium adsorption values of DTTM as a function of pH and ionic strength as 

measured via QCM-D is shown in Figure 3. DTTM adsorption is dependent on ionic strength at 

lower solution pH values, whereby DTTM adsorption increases as the ionic strength increases. 

At pH 3, the electrostatic repulsion between the silica surface, which has a zeta potential close to 

0, and the fully protonated DTTM surfactant is minimal. However, at this pH, the fully 

protonated DTTM molecules are strongly electrostatically repulsive with the SiO2 surface, thus 

low surfactant adsorption is observed. Increasing the solution ionic strength screens the repulsion 

between the protonated surfactants, which leads to more compact packing and thus, increasing 

the adsorption of DTTM to the SiO2 surface.  Additionally, increased hydration of the DTTM 

can mediate hydrogen bonding with the SiO2 surface.  When the solution pH is raised to pH 5, a 

similar trend is observed, but the absolute values of DTTM adsorption are larger.  At this pH, the 

silica surface carries a significant negative charge while the protonation degree of DTTM 

remains relatively high, which results in electrostatic attraction between the protonated DTTM 

and SiO2 surface. At pH 7, DTTM adsorption is no longer a function of ionic strength.  At this 

pH, the degree of protonation of DTTM is significantly reduced, but the zeta potential of the 

silica surface remains strongly negative. Although the electrostatic attraction between DTTM 

and the silica substrate at 0.1M is significantly larger than at 0.01M since the fraction of 

protonated DTTM at 0.1M is 0.6 versus 0.1 at 0.01M, DTTM adsorption is not strongly 

dependent on ionic strength. At this pH, the DTTM becomes more hydrophobic, therefore, 

results in weaker electrostatic repulsion between surfactants. Additionally, the number of 

disassociated silanol groups increases at high pH values, which may result in more favorable 

binding with the DTTM. In this case, the increasing ionic strength no longer has a significant 



impact on the surfactant packing; however, increase the charge screening effect on the substrate 

surface.  Moreover, the high DTTM adsorption is observed across all three ionic strengths while 

slightly difference is observed among the three salinities.  

 

Figure 3. Adsorption of DTTM on silica surfaces for varying pH and ionic strength solutions. 

Interestingly, DTTM adsorption appears to be a non-monotonic function of either ionic 

strength or pH because the governing interactions are influenced in competing ways. Higher 

ionic strength increases DTTM protonation; however, it will also provide an electrostatic 

screening effect between surfactants or surfactant and the substrate surface. Increased pH 

decreases the number of protonated DTTM surfactants, nevertheless, increases the negative 

charge of the silica surface. The adsorption results show that both factors affect DTTM 

adsorption and that they need to be considered simultaneously. The complex adsorption behavior 

of DTTM surfactant on the silica surface is a result of the balance between the intermolecular 

interactions between DTTM molecules and the silica-DTTM governing interactions. 



 

Kinetics of surfactant adsorption  

The kinetics of surfactant adsorption is studied under 0.01wt% DTTM in 0.01 M NaCl at various 

solution pH values. In order to understand the kinetics of DTTM adsorption, various kinetics 

models were used to fit to the experimental data using a non-linear least-square-fitting 

method28,34–37 (various fits shown in Supporting Information Fig. S1 to Fig. S3).  The model that 

best fit the experimental data, shown in Figure 4, was determined to be a two-step adsorption 

model: 

Γ = Γ],^ − 𝐴E𝑒Zab) − 𝐴P𝑒Zac)         (4) 

Γ is the surfactant adsorption at specific time t, Γmax is the maximum adsorption (equilibrium 

adsorption), A1 and A2 are pre-exponential terms, and k1 and k2 are the rate constants for the two 

sequential processes. The surfactant adsorption kinetics exhibit a similar trend among the three 

different pH values: initially there is a fast adsorption followed by a slow adsorption rate. Thus, 

the two-step adsorption model is best able to describe the two sequential adsorption 

characteristics. In order to confirm the validity of the “two-step” model, the logarithmic plot of 

the DTTM adsorption is generated by plotting –ln(Γeq-Γ) versus time28,37.  

 

Table 2. Rate constants for DTTM adsorption to silica obtained from fitting experimental data to 
a two-step adsorption model for three different ionic strengths. 

 

Methods Rate Constants pH 3 pH 5 pH 7 

Nonlinear-Least-Square k1 2.34 ± 0.19 1.28 ± 0.07 0.78 ± 0.05 
k2 0.25 ± 0.05 0.16 ± 0.02 0.074 ±0.01 

Two-Slope k1 2.53 ± 0.17 1.51 ± 0.08 0.86 ± 0.05 
k2 0.30 ± 0.05 0.27 ± 0.04 0.09 ± 0.01 



 

 

Figure 4. Experimental data of 0.01wt% DTTM in 0.01 M NaCl adsorption to silica and fitting 
of the data to a two-step adsorption model at (a) pH 3 (b) pH 5 (c) pH 7 

 

As shown in Figure 5, two straight lines can be fit to the adsorption results.  The slopes of 

the two straight lines and the intercepts were based on the fits of the regression trends from the 

experimental data.  From a Taylor expansion of the two-step adsorption equation, shown in Eq. 

(3), the relationship between the slope, intercepts and the kinetics constants could be determined. 

The kinetic constants, which are related to specific surfactant-surface interactions, are calculated 

from a nonlinear-least-square fitting of the experimental data and the two-slope logarithmic plot, 

as reported in Table 2. The value of k1 and k2 calculated from both methods are close, validating 

the two-step adsorption model for DTTM adsorption. The rate constant, k1, represents the faster 

adsorption step while k2 represents the slower adsorption step.  

Tabor et al. provided a fully developed and detailed equation to describe the theoretical 

adsorption model for two-step surfactant adsorption38. Different mechanisms were proposed to 

explain the two subsequent rates, such as the ratio of inhomogeneous surface sites, the formation 

of aggregation of the adsorbed molecules or the rearrangement of surfactant results in additional 

(a) (b) (c)



binding sites. A similar two-step sequential adsorption results were also observed when 

examining the adsorption of cationic surfactant CTAB28,37 . These reports concluded that the two 

sequential adsorption steps are due to the rearrangement of CTAB on the silica surface to a more 

favorable orientation which allowed for additional surfactants to adsorb onto the silica.  In 

particular, the first adsorption step is the formation of surfactant monolayer with the head-groups 

orientated towards the silica surface. In the second step, small surface micelles are adsorbed onto 

the monolayer with tail-tail interactions to form bilayered admicelles39,40. 

 

  
Figure 5. Logarithmic plot of the kinetics of adsorption of 0.01wt% DTTM in 0.01 M NaCl to 

silica exhibits a two-step adsorption mechanism.  

 

The adsorption of 0.01wt% DTTM at the higher ionic strength of 0.1M NaCl on silica 

surface at various pH values is shown in Figure 6(a). At these conditions, the DTTM is close to 

the CMC at pH=7, while above the CMC at pH=5 and pH=3 (refer to Table 1).  From Figure 6(a), 



two inflection points are observed in the adsorption profiles for pH 3 and 5.  At these pH values, 

the DTTM is highly protonated.  Additionally, previous studies with DTTM indicate that DTTM 

assembles into worm-like micelles at room temperature 6. Thus, one of the possible mechanisms 

for two-step adsorption of DTTM under acidic conditions is the difference between adsorption of 

the DTTM micelle and surfactant monomer. The first step is the fast adsorption of DTTM 

surfactant molecules adsorbed with head-groups orientated towards the surface, followed by a 

slower second step corresponding to formation of interfacial surfactant aggregates on the silica 

surface, such as bilayered admicelles, as a result of hydrophobic association between the 

surfactant tails. Further experiments are needed to measure the surface aggregation number for 

the monomers and micelles. 

At pH=7, the second inflection point is not observed. In this case, the experimental data is 

fit to a Langmuir adsorption model, where Γ = Γ],^(1 − 𝑒Zab)), as well as the two-step kinetic 

model, as shown in Figure 6(b). The two fits are nearly indistinguishable, and the calculated 

error for both models are similar.  The consistency of the results from both kinetics models 

indicates that the slower adsorption process in two-step adsorption model is insignificant at pH 7. 

As previously mentioned, the tested concentration is at CMC at pH 7, where only a few micelles 

are formed in the solution. In this case, the DTTM consists mainly of individual surfactant 

molecules that adsorb to silica with a Langmuir-like adsorption behavior. Furthermore, previous 

literature illustrates that monolayer adsorption usually occurs below the CMC while bilayers 

usually occurs above the CMC39–41.  

  



 

(a) 

 

(b) 

 

Figure 6. (a) Adsorption of 0.01wt% DTTM at 0.1M NaCl for various pH values (b) 
Comparison between the two-step adsorption model with the Langmuir adsorption model at pH 7.  

 

 



 

Conclusions 

The equilibrium and kinetics of adsorption of a switchable surfactant on a silica surface 

were studied using QCM-D under different ionic strengths and solution pH values. Maximum 

DTTM adsorption was found to occur at the highest ionic strength studied, 0.1M NaCl and pH 5, 

while the lowest adsorption occurred at the lowest ionic strength 0.001M NaCl and pH 3.   The 

equilibrium adsorption amount is governed by the balance between electrostatic, van der Waals, 

and hydrophobic interactions between the DTTM-silica substrate and intermolecular DTTM 

interactions. It was observed that under acidic solution conditions, the adsorption increased with 

increasing ionic strength due to the decrease in the electrostatic repulsion between the surfactant 

and the silica surface. When studying the effect of pH, increasing DTTM adsorption was 

observed at 0.01 M NaCl, and 0.001M NaCl indicated that the degree of protonation plays an 

essential role in governing surfactant adsorption. The kinetics of adsorption was also studied by 

fitting the experimental data with various analytical models for adsorption. A two-step 

adsorption model effectively characterized the adsorption of DTTM when above the CMC for 

pH 3 and pH 5 while a Langmuir adsorption model effectively captured the adsorption dynamics 

below or close to the CMC. A two-step adsorption that was observed with DTTM when it is 

protonated. The first step is fast adsorption of DTTM surfactant molecules adsorbed with head-

groups orientated towards the surface.  This is followed by a slower second step which 

corresponds to formation of interfacial surfactant aggregates on the silica surface, such as 

bilayered admicelles. At pH 7, where few micelles are present, the slower adsorption process in 

two-step adsorption model is negligible.  The ability to tune surfactant adsorption dynamics has 

the potential to generate surfaces with tunable wettability. 
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