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Three hydroxyl-containing cationic surfactants are synthesized and characterized by FTIR and 1HNMR, and

their thermal stability is tested and analyzed. The surface activity, adsorption and aggregation behavior of

the synthesized target product were investigated by testing its contact angle, static surface tension and

dynamic surface tension. As the number of hydroxyl groups increases, the maximum adsorption amount

(Gmax) of molecules at the interface gradually decreases, and the minimum area occupied by each

molecule (Amin) increases, suggesting that the introduction of hydroxyl groups weakens the interfacial

accumulation ability between molecules and increases the hydrophilicity. In addition, cationic surfactants

with different hydroxyl groups show clear differences in the performance test. The DMAE exhibits

excellent foaming ability and salt tolerance, while TMA offers the best alkali resistance. In comparison,

MDAE provides greater advantages in terms of dynamic surface tension and wetting time, while also

demonstrating strong anti-static properties. In short, the TMA is suitable for scenarios with high

requirements for alkali resistance and static adsorption performance. The comprehensive performance

of the DMAE is the best, suitable for scenarios with high requirements of salt resistance, foam

performance and anti-static performance. The MDAE possesses outstanding dynamic performance,

making it suitable for applications requiring rapid wetting and dynamic surface adaptation.
1. Introduction

Surfactants are a widely used class of chemical substances that
can be used to alter the properties of surfaces or interfaces. Their
main functions include reducing surface tension, promoting
wetting, emulsifying, solubilizing and dispersing.1 Surfactants
consist of both hydrophilic and hydrophobic groups and have
many unique properties such as: emulsication, solubilization
and wetting properties.2–5 Due to these properties, surfactants are
widely used in many areas and play an important role, particu-
larly in everyday life and industrial production.6,7

The hydrophilic head and hydrophobic tail of a surfactant
play a crucial role in determining its physicochemical proper-
ties. Modifying existing surfactants by introducing certain
functional groups is one of the approaches to synthesizing
desired surfactants. Hydroxyl-containing surfactants not only
lower the critical micelle concentration (CMC) and equilibrium
surface tension but also enhance solubility and impart other
desirable properties.7–9 In the utilization of iron ore, intro-
ducing hydroxyl groups into cationic surfactants can enhance
the collector's surface activity and selective adsorption on the
Industry, Taiyuan, 030001, Shanxi, China

ctants, Taiyuan, 030001, Shanxi, China.
desired mineral surface. Liu designed a hydroxyl-containing
polyamine cationic surfactant to improve the separation effi-
ciency of the reverse otation system for hematite ore.10 Zhang's
research revealed that substituting methyl groups with
hydroxyethyl groups in the surfactant head leads to an increase
in micellization volume changes, along with a reduction in
critical micelle concentration (CMC), counterion binding
degree, and DG° values. However, the introduction of hydrox-
yethyl had little effect on the aggregation number of these
surfactants in aqueous solutions. It was also found that the
amic value increases with the incorporation of hydroxyethyl
groups.11 C22-tail surfactants have attracted signicant atten-
tion due to their ability to self-assemble into worm-like micelles
and exhibit viscoelastic behavior similar to polymer solutions.
However, they typically contain easily degradable double
bonds.12 Zhang was the rst to report the worm-like micelles
and solution properties of the saturated C22-tail carboxybetaine
surfactant DDCB. It possesses an intermediate Kra tempera-
ture (TK), which favors solubility under in situ application
conditions. The long hydrophobic tail of DDCB contributes to
a low critical micelle concentration (CMC) and a small molec-
ular area per molecule, facilitating the formation of long
cylindrical worm-like micelles and signicantly enhancing the
viscoelasticity of the solution.13 It is obvious that the type and
number of compound groups on surfactants have a signicant
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) The reaction process for synthesizing hydroxyl-containing cationic surfactants (R1, R2, and R3 are CH3, CH3CH2, CH3CH2CH2, or
CH2CH2OH; X represents Cl−, Br−, HCOO−, CH3COO−, or CH3CH2COO−). (b)–(d)The structural formulas of the synthesized products (TMA,
DMAE, MDAE).
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impact on their performance. However, current research
focuses mainly on the inuence of the position of linking
groups on their characteristics, while studies on the inuence of
their number remain scarce.

In this research, a variety of cationic surfactants featuring
different quantities of hydroxyl groups were prepared using
a straightforward two-step synthesismethod. The structures of the
synthesized surfactants were characterized using FTIR, 1HNMR,
and elemental analysis, with Fig. 1a illustrating the synthetic route
of the cationic surfactants. The effects of different hydroxyl group
numbers on surfactant performance were compared by testing
surface tension, contact angle, foam properties, antistatic ability,
alkali resistance, salt, resistance and thermal stability.

2. Experimental section
2.1 Materials

Trimethylamine hydrochloride (white granules, 98%) was
purchased from Shanghai Kelin Biochemical Technology Co,
Ltd., and N,N-dimethylethanolamine and N-methyldiethanol-
aMine were purchased from Tianjin Damao Chemical Reagent
Factory. n-Dodecyl glycidyl ether is purchased from Shandong
Foster Oil Technology Co., Ltd., ethanol and ethyl acetate are
purchased from Tianjin Comeo Chemical Reagent Co., Ltd.,
and hydrochloric acid (aqueous solution, 37.5%) is purchased
from Sinopharm Group Chemical Reagent Co., Ltd.

2.2 Synthesis

First, methyl diethanolamine (MDEA) and dimethyl ethanol-
amine (DMEA) are separately neutralized with an acid. Aer the
© 2025 The Author(s). Published by the Royal Society of Chemistry
neutralization reaction, they are reacted with dodecyl glycidyl
ether to synthesize the target products. Trimethylamine
hydrochloride (TMA) is directly reacted with dodecyl glycidyl
ether to obtain the target products: N,N-bis(2-hydroxyethyl)-N-
(2-methyl)-N-(3-dodecyloxy-2-hydroxy)ammonium chloride
(MDAE), N-(2-hydroxyethyl)-N,N-bis(2-methyl)-N-(3-dodecyloxy-
2-hydroxy)ammonium chloride (DMAE), and N,N,N-(2-methyl)-
N-(3-dodecyloxy-2-hydroxy)ammonium chloride (TMA). The
active ingredient content exceeds 97%. The reaction process
and the structural formulas of the reaction products are shown
in Fig. 1a and b.
2.3 Characterization

The product structure was characterized by FTIR, 1HNMR, and
elemental analysis. Fourier transform infrared spectroscopy
(FTIR, VERTEX 70) detects functional group information in
samples by analyzing the absorption properties of molecules to
infrared light. Proton nuclear magnetic resonance (1HNMR,
DRX 300, Bruker) determines the structure of organic
compounds by detecting the magnetic resonance signals of
hydrogen nuclei in the sample.
2.4 Static surface tension

At a temperature of 25.0± 0.1 °C, the equilibrium surface tension
wasmeasured ve times using the platinum ringmethod and the
single-point method with a Sigma 700 tensiometer (Swedish
Biolin Scientic). The average surface tension value was recorded.
Prior to each test, the sample was prepared and allowed to stand
for 24 hours to ensure experimental accuracy. Before each
RSC Adv., 2025, 15, 7318–7331 | 7319
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View Article Online
measurement, the platinum ring was washed with distilled water
and heated with an alcohol lamp until it glowed red, aer which
measurements were taken. The surface tension of calibrated
deionized water was 72.0 ± 0.2 mN m−1.14

Gmax ¼ �
�
� 1

2:303nRT

��
dg

dlogc

�
(1)

Amin ¼ 1

GmaxNA

(2)

T represents the absolute temperature (298.15 K), R denotes
the gas constant (8.314 J mol−1 K−1), and dg/dlog c refers to the
slope of the g-log c curve below the critical micelle concentra-
tion (CMC). n is one constant determined by the number of
species constituting the surfactant adsorbed at the interface.
For linear cationic surfactants, n is equal to 2. NA represents
Avogadro's constant (6.022 × 1023).15

PC20 = −logC20 (3)

DGm ¼ RT ln

�
CMC

55:5

�
(4)

DGads ¼ RT ln

�
CP

55:5

�
(5)

Here, CP represents the concentration of the surfactant in
the aqueous phase under surface pressure.
2.5 Dynamic surface tension (DST)

The dynamic surface tension was tracked for 200 seconds using
a BP100 bubble pressure tensiometer (KRÜSS, Germany) based
on the bubble pressure method g0.

g0 � gt

gt � geq

¼
� t

t*

�n

(6)

Here geq is the equilibrium surface tension, g0 is the surface
tension of the solvent and gt is the surface tension of the
solution at time t. t* and n are constants and eqn (7) can be used
to calculate t* and n:16

log
g0 � gt

gt � geq

¼ nlogt� nlogt* (7)

Here t* represents the time parameter when the surface tension
drops to a certain level, pt = g0 − gt is the surface pressure at
time t and peq = g0 − geq is the equilibrium surface pressure.
log K = pt/peq, a linear relationship was established by treating
log t as an independent variable and log K as a dependent
variable.

logti ¼ logt*� 1

n
(8)

logtm ¼ logt*þ 1

n
(9)

In the formulas, ti is dened as the time marking the end of the
induction region, and tm is dened as the time marking the
7320 | RSC Adv., 2025, 15, 7318–7331
beginning of the mid-equilibrium region. R1/2 is dened as the
rate of surface tension reduction during the rapid decline stage
at time t*:17

R1=2 ¼
g0 � geq

2t*
(10)

Gt ¼ 2C0

ffiffiffiffiffiffi
Dt

p

r
�

ffiffiffiffi
D

p

r ðt
0

csðsÞ
t� s

dt (11)

where C0 and cs are the mass and surface concentrations, s is
the integration variable, D is the diffusion coefficient and Gt is
the surface adsorption at time t.

gtðt/0Þ ¼ g0 � 2nRTC0

ffiffiffiffiffiffi
Dt

p

r
(12)

where g0 is the surface tension of water, gt is the surface tension
at time t, and for ionic surfactants, n is equal to 2.

gtðt/NÞ � geq ¼
nRTG2

m

C0

ffiffiffiffiffiffiffiffi
p

4Dt

r
(13)

Here, Geq represents the equilibrium surface excess
concentration, while geq denotes the equilibrium surface
tension as t approaches innity.
2.6 Contact angle test

The wettability of droplets on paraffin lms was evaluated using
a DSA25S drop shape analyzer (KRÜSS, Germany) through
contact angle measurements. The nal result was calculated as
the average of ve tests.

ggs = gls + ggl cosq (14)

ggs is the free energy of the solid surface, which can be
regarded as a constant under the same matrix. gls and ggl are
liquid–solid interface tension and gas–liquid surface tension
respectively, and q is the equilibrium contact angle of the
droplet on the matrix.
2.7 Foamability and foam stability

Use FoamScan (FoamScan IT Concept, Teclis Co., France) to
monitor foam performance through conductivity measurement
and image analysis. To measure, inject 60 mL of surfactant
solution into the glass sample cuvettes. Foaming involves
introducing dry nitrogen into the liquid at a constant foaming
rate of 150 mL min−1 until the foam formation time reaches 60
seconds and aeration stops. In this process, the CCD camera
works with the cell size analysis (CSA) soware to record and
capture the image of the bubbles throughout the process.

FC ¼ Vffoam

Vfgas
(15)

IB ¼ Vffoam

Dfgas
(16)

Here V represents the volume, C is the conductivity, the index i
denotes the initial state (before the gas bubbles through the test
© 2025 The Author(s). Published by the Royal Society of Chemistry
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solution) and f denotes the nal state (at the end of the bubbling
process).

2.8 Salt and alkali tolerance

For the salt and alkali resistance tests, a 10 g per L surfactant
solution, a 200 g per L sodium chloride solution and a 200 g
per L sodium hydroxide solution were prepared. Different
amounts of sodium chloride and sodium hydroxide solutions
were added to 10 mL of the surfactant solution to produce
solutions with different salt and alkali concentrations. Each
solution was subsequently heated to varying temperatures, and
its transmittance was analyzed with a UV-vis spectrophotometer
(Cary 60, USA). The surfactant's resistance to salts and alkalis
was assessed once the solution's permeability achieved a level of
80%.

2.9 Wettability

The wetting performance of the surfactant was evaluated by
measuring the wetting time of textiles at 25.0 ± 0.1 °C. The
timing began at the moment the standard piece of canvas came
into contact with the solution and continued until it was fully
submerged and began to sink. The recorded time was used to
assess the wetting performance of the product. The nal result
was calculated as the average of ve measurements.

2.10 Emulsifying power

Using a cylinder with stopper, 40 mL of the oil phase (liquid
paraffin or soybean oil) and 1 g L−1 of the aqueous phase
(surfactant mixture) were added. The mixture was shaken
vigorously ve times per minute to ensure thorough mixing of
the oil and water. The time required for 10 mL of water to
separate from the emulsion was recorded. Each sample was
tested ve time and the average value was calculated.

2.11 Anti-static power

Polyester fabrics were cut into 100 mm × 100 mm squares and
washed with a 1 g per L soap solution at 45 °C and then air
dried. The fabric pieces were then immersed in 200 mL of a 10 g
per L surfactant solution for 10 minutes, stirring occasionally
with a glass rod. Aer treatment, the fabric samples were air
dried and placed in a 45 °C oven to dry for 4 hours, ensuring
that the samples did not touch each other. The surface resis-
tance of fabric samples, measured both before and aer treat-
ment with the respective solutions, was assessed using a PC68
digital ultra-high resistance meter. The antistatic properties of
ve cationic surfactants with differing numbers of hydroxyl
groups were assessed by calculating the logarithmic decrease in
surface resistance. To ensure accuracy, each measurement was
conducted ve times, and the results were averaged.

rs ¼ Rs þ 2p

ln
D

d

(17)

The inner diameters of the annular guard ring and the
measuring electrode are denoted as D and d, respectively.
© 2025 The Author(s). Published by the Royal Society of Chemistry
3. Results and discussion
3.1 Structural characterization

3.1.1 FT-IR spectra. Fourier transform infrared spectros-
copy (FTIR, VERTEX 70) detects functional group information
in samples by analyzing the absorption properties of molecules
to infrared light. As illustrated in Fig. 2a, the peaks observed at
3200–3600 cm−1 conrm the presence of hydroxyl groups (OH)
in the synthesized compounds. Similarly, the peaks in the 2800–
3000 cm−1 range are characteristic of methyl groups (CH3),
while those near 1100 cm−1 correspond to ether bonds (C–O–C)
within the synthesized compounds.18–21 As shown in Fig. 2a, the
molecular structures of the three substances are similar. DGE is
the raw material, dodecyl glycidyl ether, and the changes in
sample properties are attributed to the introduction of amines
with different numbers of hydroxyl groups.

3.1.2 1HNMR spectra. The detailed results are shown in
Table 1.

3.2 Thermal performance analysis

In this work, the thermal decomposition process of three
synthesized surfactants was analyzed. As shown in Fig. 2b, stage
1 involves the decomposition of trace contaminants at room
temperature. In stage 2, the synthesized samples decompose
rapidly, resulting in a large drop in mass, with the temperature
ranging between about 200 °C and 350 °C. The gure illustrates
different initial decomposition temperatures for the surfac-
tants: TMA > DMAE >MDAE. In the third stage, a slow decline is
observed, with the mass ranking as TMA < DMAE < MDAE. This
is likely attributable to the increased hydroxyl group count,
which improves thermal stability. In the fourth stage, between
600 °C and 800 °C, minimal mass changes occur, indicating
that the surfactants are almost completely decomposed.

3.3 Static surface tension

The surface tension measurements of TMA, DMAE, and MDAE
are shown in Fig. 3. As the surfactant concentration increases,
the surface tension gradually decreases, which is mainly related
to the structure of the surfactant molecules and their adsorp-
tion behavior at the interface. When the surfactant molecules at
the interface reach their maximum adsorption capacity, the
molecular density at the interface tends to saturate and further
increases in concentration can no longer signicantly reduce
the surface tension. At this point, the surface tension reaches its
minimum value, referred to as gCMC. The detailed results are
shown in Table 2, the uncertainty value of the data in the table is
2.8%. The interfacial properties of surfactants (TMA, DMAE,
MDAE) at the gas–liquid boundary were further evaluated
through the Gibbs adsorption equation (eqn (18) and (19)).
Comprehensive results are provided in Table 2.22

Gmax ¼ �
�
� 1

2:303nRT

��
dg

dlogc

�
(18)

Amin ¼ 1

GmaxNA

(19)
RSC Adv., 2025, 15, 7318–7331 | 7321
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Fig. 2 (a) FT-IR spectra, (b) and (c) 1HNMR spectrum, (d) TGA results.
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T represents the absolute temperature (298.15 K), R denotes
the gas constant (8.314 J mol−1 K−1), and dg/dlog c refers to the
slope of the g-log c curve below the critical micelle concentra-
tion (CMC). n is one constant determined by the number of
7322 | RSC Adv., 2025, 15, 7318–7331
species constituting the surfactant adsorbed at the interface.
For linear cationic surfactants, n is equal to 2. NA represents
Avogadro's constant (6.022 × 1023).15
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 1HNMR spectrum: TMA (2c), MDAE (2d)a

Sample d (ppm) Multiplicity J (Hz) Protons Assignment

Fig. 2c 5.00 s — 1H –OH
4.40 td J = 8.6, 4.5 1H –CH–
3.62–3.54 m — 1H –CH2CH2O–
3.51 dd J = 9.6, 4.1 2H –CHCH2O–
3.41 s — 9H –N + (CH3)3
3.35 t J = 6.7 2H –N + CH2

3.32–3.25 M — 1H –CH2CH2O–
1.45 P J = 6.7 2H –CH2CH2CH2–
1.19 S — 18H –CH2(CH2)9CH3
0.81 T J = 6.7 3H –(CH2)9CH3

Fig. 2d 4.56–4.22 m — 2H –OH
4.16–3.99 m — 1H –CH–
3.75 s — 3H –N + CH3

3.71–3.53 m — 3H –N + CH3

3.45 d J = 13.3 2H –N + CH2

3.36 d J = 14.2 8H –CH2N + CH2–CHCH2OCH2–OCH2CH2–
1.59–1.41 m — 2H –OCH2CH2–
1.19 d J = 3.9 18H –CH2(CH2)9CH3

0.81 t J = 6.7 3H –(CH2)9CH3

a Footnotes: s = singlet; d = doublet; t = triplet; m = multiplet; p = quartet; dd = doublet of doublets; td = triplet of doublets.

Fig. 3 Surface tension of aqueous solutions of TMA, DMAE, and
MDAE.
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A key parameter for assessing surfactants is their efficiency
in lowering surface tension, denoted as PC20. This value is
determined using the formula provided below.23

The free energy values for micelle formation (DGm) and
adsorption (DGads) were determined through the application of
eqn (4) and (5).24 The calculation results are shown in Table 2.
Table 2 Parameters of static surface tension

Sample CMC (nmol L−1) gcmc (mN m−1) Gmax (mmol m−2)

TMA 2.376 � 0.07 29.214 � 0.15 1.54 � 0.03
DMAE 0.857 � 0.02 27.823 � 0.1 1.37 � 0.02
MDAE 0.539 � 0.02 27.745 � 0.1 0.90 � 0.01

© 2025 The Author(s). Published by the Royal Society of Chemistry
According to Table 2, the maximum adsorption capacity of
the surfactant (Gmax) shows a decreasing trend with increasing
number of hydroxyl groups, the minimum area per molecule
(Amin)increases. This phenomenon can be explained by the
enhanced formation of hydrogen bonds among surfactant
molecules as the hydroxyl group count rises, strengthening
intermolecular interactions. Consequently, this reduces
molecular mobility and adsorption capacity at the interface.
Furthermore, the addition of hydroxyl groups increases the
complexity of the surfactant's molecular structure, restricting
the orderly arrangement of molecules at the interface. This
steric hindrance effect can make it more difficult for the
molecules to pack tightly, thereby reducing the maximum
adsorption capacity (Gmax). At the same time, hydroxyl groups
are hydrophilic groups, and as the number increases, the
hydrophilicity of the surfactant molecules also increases. This
causes the molecules to prefer to remain in the aqueous phase
rather than adsorb at the interface, thereby reducing the
adsorption capacity at the interface.
3.4 Dynamic surface tension

The migration of surfactant molecules from the liquid phase to
the gas–liquid interface, followed by their re-adsorption at the
interface, represents a dynamic equilibrium process in
essence.25 Surfactant molecules gradually migrate to the air–
liquid interface, replacing water molecules and weakening the
A (nm2) PC20 DGmic (KJ mol−1) DGads (KJ mol−1)

1.08 � 0.02 4.3 � 0.2 −25.36 � 0.1 −25.64 � 0.1
1.21 � 0.02 5 � 0.3 −27.08 � 0.1 −27.41 � 0.1
1.84 � 0.03 5 � 0.3 −27.08 � 0.1 −27.58 � 0.1

RSC Adv., 2025, 15, 7318–7331 | 7323
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cohesive forces at the interface, resulting in a reduction in
surface tension.26 The adsorption equilibrium of surfactants on
the solution surface usually occurs within a short time. The
adsorption behavior of TMA, DMAE, and MDAE was studied
using the maximum bubble pressure method through dynamic
surface tension measurements.

3.4.1 Rosen empirical formula. Rosen et al. identied four
distinct phases in the dynamic surface tension curve. These
include the induction phase, during which surface tension
exhibits minimal change, followed by the rapid decay phase,
characterized by swi surfactant adsorption that signicantly
lowers surface tension. Subsequently, the intermediate equi-
librium phase emerges, where the rate of adsorption decreases
and surface tension approaches stability. Finally, the equilib-
rium phase is reached, marked by saturated adsorption and
a constant surface tension.26–28 As depicted in Fig. 4, at lower
concentrations, the induction phase and rapid decay stage
prevail, with surfactant molecules exhibiting slower diffusion
and adsorption. With increasing concentration, the induction
phase shortens, allowingmolecules to adsorbmore rapidly onto
the interface. The time to reach equilibrium also decreases
signicantly, reecting the impact of concentration on the
dynamic adsorption behavior. The Rosen et al. proposed
empirical formula(6). Describes the temporal variation of the
dynamic surface tension.29–31
Fig. 4 Dynamic surface tension at different concentrations: (a) TMA, (b)

Fig. 5 Calculation of dynamic surface tension parameters: (a) TMA, (b) D

7324 | RSC Adv., 2025, 15, 7318–7331
The tted curve, illustrating surface tension, is presented in
Fig. 5. The slope of the curve is denoted by n, while t* represents
the intercept. Corresponding calculation outcomes are
summarized in Table 3. Utilizing eqn (8) and (9), ti and tm are
derived.16

Table 3 shows the calculation results of the above parame-
ters. Here, n reects the diffusion process of surfactant mole-
cules from the bulk phase to the subsurface layer in the early
stage, while t* reects the adsorption process of surfactant
molecules from the subsurface layer to the surface in the later
stage. With increasing concentration, the n values of TMA,
DMAE, and MDAE initially increase and then decrease. At
elevated surfactant concentrations, the diffusion barrier
diminishes, facilitating swi molecular movement during the
early adsorption stage. The reduced ti value provides additional
conrmation of this phenomenon. With increasing concentra-
tion, t* declines, indicating a reinforcement of the barrier
during the later stages of adsorption. This effect is primarily
attributed to electrostatic repulsion and the decreased avail-
ability of adsorption sites. By comparing TMA, DMAE, and
MDAE, it can be observed that at low concentrations, the
differences in n are not signicant. However, the t* values of
TMA, DMAE, and MDAE clearly follow the order TMA > DMAE >
MDAE. This may be due to the more pronounced hydrogen
bonding interactions between surfactant molecules with more
DMAE, and (c) MDAE.

MAE, and (c) MDAE.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Dynamic surface tension parameters

Sample Concentration (mol L−1) n t* (s) log t* ti (s) tm (s) R1/2 (mN m−1 s−1)

TMA 5 × 10−5 0.21 821.64 2.91 0.01 5.71 × 107 0.01
2 × 10−4 0.56 29.58 1.47 0.5 1.76 × 103 0.58
1 × 10−3 0.59 0.37 −0.43 0.01 17.98 57.82
5 × 10−3 0.56 0.09 −1.06 0.001 5.34 241.79
5 × 10−2 0.49 0.01 −1.96 0.0001 1.22 1873.38
1 × 10−1 0.5 0.01 −2.11 7.43 × 10−5 0.81 2693.46

DMAE 5 × 10−5 0.05 87.01 −2.04 5.16 × 10−7 163.31 203.19
2 × 10−4 0.15 58.97 1.78 7.68 × 10−6 4.53 × 108 0.07
1 × 10−3 0.38 23.15 1.36 0.057 9.36 × 103 0.69
5 × 10−3 0.57 1.32 0.12 0.024 73.04 16.03
5 × 10−2 0.47 0.01 −2.17 5.24 × 10−5 0.87 3033.28
1 × 10−1 0.49 0.002 −2.6 2.35 × 10−5 0.27 8121.38

MDAE 5 × 10−5 0.62 35.92 0.77 0.15 240.75 2.69
2 × 10−4 0.49 22.43 1.35 0.21 2421.61 0.8
1 × 10−3 0.67 1.13 0.05 0.037 34.31 18.85
5 × 10−3 0.56 0.08 −1.08 0.001 5.22 257.63
5 × 10−2 0.53 0.02 −1.64 0.0003 1.79 935.47
1 × 10−1 0.49 0.01 −2.13 6.50 × 10−5 0.85 2953.06
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hydroxyl groups and solvent molecules (such as water). These
strong intermolecular interactions increase the viscosity of the
system and thereby slow the diffusion rate of the molecules.
Furthermore, the strong polarity of the hydroxyl groups means
that increasing their number increases the overall polarity of
the surfactant molecules. This increases the interactions
between the molecules and the polar solvent, making it more
difficult for the molecules to migrate from the bulk solution to
the gas–liquid interface, further slowing the rate of diffusion.

3.4.2 Diffusion-controlled adsorption model. The adsorp-
tion kinetics model at the gas–liquid interface posits the exis-
tence of a thin layer beneath the interface, comprising only
a few molecular layers. Before adsorption occurs, surfactant
molecules typically must traverse this thin layer and reach the
interface via a self-diffusion mechanism. When the adsorption
process between the interface and the thin lm reaches a local
equilibrium state, the Ward–Tordai equation can be used to
describe and analyze this process:32

Solving the Ward–Tordai equation is oen challenging,
particularly due to the complexity associated with measuring
the dynamic adsorption capacity during the process. In the
initial stage of adsorption (i.e., when t/ 0), reverse adsorption
has not yet occurred. During this stage, the Ward–Tordai
equation can be approximated using the Fickian diffusion
equation, providing a more precise representation of the
adsorption behavior in this phase.33

As t / N, the subsurface concentration approaches equi-
librium with the surface concentration. For long-term adsorp-
tion, the Joos equation is employed as an approximation of the
Ward–Tordai equation.34

As shown in Fig. 6, gt changes varies with t±1/2 and exhibits
noticeable has clear inection points, indicating suggesting
that the adsorption process is not completely diffusion-
controlled. Diffusion controlled is. The diffusion coefficient D
at t / 0 and t / N was determined by tting the curve, with
© 2025 The Author(s). Published by the Royal Society of Chemistry
the curve. The results are shown in Table 4. From Table 4 and it
can be observed that for the three surfactants at the same
concentration, D / 0 is greater than D / N.

In the early stages of the wetting process, intermolecular
forces and adsorption barriers are minimal, allowing surfactant
molecules to spread rapidly. Over time, surfactant molecules
accumulate at the interface, potentially undergo back diffusion,
and enter an expansion phase that slows the rate of diffusion of
the remaining unabsorbed molecules.35

By comparing the diffusion coefficients, it is concluded that
DTMA < DDMAE < DMDAE. This trend may be attributed to the
increased number of hydroxyl groups, which could lead to the
formation of more hydrogen bonds between surfactant mole-
cules. These hydrogen bonds alter the polarity of the molecules,
increasing their solubility in water. This enhanced solubility
facilitates faster diffusion of the molecules from the bulk
solution to the gas–liquid interface, thereby increasing the
diffusion coefficient. At this point, D / 0/D / N< 1 indicates
that the adsorption process involves a mixed diffusion-kinetic
adsorption mechanism in which the initial diffusion occurs
relatively quickly, while the subsequent adsorption rate is
limited by kinetic factors.
3.5 Dynamic contact angle

To evaluate the wetting performance of surfactant solutions, the
contact angle between the liquid and the solid surface is typi-
cally used as a key parameter. This angle is inuenced by the
interfacial tension between liquid and gas ggl and between
liquid and solid gls,36 it can be calculated by eqn (14).

Interfacial tension, inuenced by the surfactant type and
concentration, directly impacts the contact angle (q), making it
a critical macroscopic marker of adsorption behavior at the
interface. When the contact angle q is less than 90°, the solution
can normally wet the substrate, which is a commonly used
criterion for evaluating wetting performance.37 The q curves of
RSC Adv., 2025, 15, 7318–7331 | 7325
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Table 4 Diffusion coefficient of TMA, DMAE and MDAE

Sample Dt/0 (m
2 s−1) Dt/N (m2 s−1) Dt/N/Dt/0

TMA 3.93191 × 10−12 5.74645 × 10−14 0.014614916
DMAE 5.09992 × 10−12 9.33722 × 10−14 0.018308556
MDAE 7.50514 × 10−12 1.94261 × 10−13 0.002588368

Fig. 6 Diffusion coefficients calculated at different concentrations: (a)–(c) are TMA, DMAE, MDAE (t/ 0), (d)–(f) are TMA, DMAE, MDAE (t/N)
respectively.
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surfactant solutions shown in Fig. 7a and c show a rapid
decrease with increasing surface age within a short time, fol-
lowed by a stabilization until an equilibrium state where q is
less than 90°. Fig. 7 illustrates the time-dependent dynamic
contact angle behavior of the three surfactants at a concentra-
tion of 0.001 mol L−1, highlighting the evolving nature of their
wetting process. The q curve of the surfactant solution shown in
Fig. 7a and c shows that the data is obtained through multiple
tests (such as the ve tests you mentioned) and the statistical
error is evaluated by calculating the standard deviation or
condence interval. In a short period of time, it declines rapidly
with the increase of surface age, and then stabilizes until the
equilibrium state of q is less than 90°. Fig. 7 illustrates the time-
related dynamic contact angle behavior of three surfactants at
a concentration of 0.001 mol L−1, highlighting the evolutionary
properties of their wetting process. Fig. 8 shows photos of the
contact angle at 0 seconds, illustrating the differences in initial
wettability. Once the surfactant concentration exceeds the crit-
ical micelle concentration (CMC), all contact angles drop below
90°, indicating a substantial improvement in wettability. From
7326 | RSC Adv., 2025, 15, 7318–7331
the gure it can be seen that under the condition of the same
concentration of three surfactants, the order of the contact
angle is: MDAE > DMAE > TMA. This may be due to the fact that
MDAE's surfactant is more evenly distributed on the liquid
surface, but its strong hydrophilicity makes the molecules more
prone to integrate into the aqueous phase, resulting in
a reduction in the aggregation of molecules at the solid–liquid
interface, which increases the contact angle.
3.6 Application performance

3.6.1 Foaming. Foaming ability consists of two main
components: foamability and foam stability.38,39 Foam stability
(IB) and foaming capacity (FC) are determined using the cor-
responding formulas (15) and (16).40,41

The Bikerman index characterizes the stability of the foam
volume (mL) produced by a given gas ow rate (mL min−1) and
is represented as IB. Its calculation formula is:

Fig. 9a and b show the foaming performance of the three
surfactants. From the curves in Fig. 9a, it can be seen that the
foam volume increases with time during the aeration period.
Once aeration stops and drainage occurs, the foam in the
solution begins to break down. From Fig. 9b, it can be seen that
the foamability (FC) of the three surfactants follows the order:
DMAE > MDAE > TMA. This may be because the molecular
structure of DMAE with two hydroxyl groups is likely to achieve
an optimal balance between hydrophobic tail and hydrophilic
head, resulting in higher adsorption efficiency at the gas–liquid
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Dynamic contact angles: (a) contact angles of TMA at different concentrations, (b) contact angles of DMAE at different concentrations, (c)
contact angles of MDAE at different concentrations, (d) comparison of contact angle properties of three surfactants at the same concentration.

Fig. 8 Photo of the contact angle of surfactant with a concentration of 0.001 mol L−1 on the paraffin film.
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interface. Molecules with a single hydroxyl group may exhibit
slightly greater hydrophobicity, resulting in a less compact
alignment at the interface. On the other hand, molecules with
three hydroxyl groups are excessively hydrophilic, resulting in
insufficient adsorption capacity at the gas–liquid interface.
From the images captured by the CCD camera in Fig. 9c, it can
be seen that the foam of the three surfactants continuously
accumulates over time. In addition, the foam of all three
surfactants remains stable within a certain period of time.

3.6.2 Salt and alkali tolerance. From Fig. 10a, the concen-
tration of salt and alkali is usually calculated by precision
balance and solubility. The error is estimated by the standard
error of concentration. It can be concluded that DMAE has
relatively better salt tolerance at a certain temperature and salt
concentration. In contrast, the salt tolerance of TMA and MDAE
gradually deteriorates with increasing temperature and salt
concentration, while the salt tolerance of DMAE is the worst.
© 2025 The Author(s). Published by the Royal Society of Chemistry
When the number of hydroxyl groups is moderate (for example,
two hydroxyl groups), the molecule exhibits better hydration
and dispersion stability in a high salt environment. However,
when the number of hydroxyl groups is too low (for example,
one hydroxyl group) or too high (for example, three hydroxyl
groups), the molecular stability in the physiological saline
solution is reduced.

From Fig. 10b, it can be concluded that TMA has excellent
alkali resistance at a certain temperature and alkali concen-
tration. In contrast, MDAE's alkali resistance drops sharply at
80 °C, and DMAE's alkali resistance is also affected by temper-
ature and its alkali resistance is worse than that of the other
two. This may be because molecules with a single hydroxyl
group (TMA) have a lower probability of forming alkoxides
under alkaline conditions, resulting in higher overall stability of
the molecule. In contrast, molecules with two hydroxyl groups
(DMAE) can simultaneously transform into alkoxides in an
RSC Adv., 2025, 15, 7318–7331 | 7327
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Fig. 9 (a) Time-dependent changes in the foam volume of the three surfactants at the same concentration. (b) Comparison of the foaming ability
and foam stability of the three surfactants, (c) CCD images showing the time-dependent changes in foam structure of TMA, DMAE, and MDAE at
25 °C.
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alkaline environment, signicantly increasing molecular nega-
tivity. This shi disrupts the hydrophilic/hydrophobic balance
of the surfactant, resulting in a decrease in performance.
Although MDAE has more hydroxyl groups, the molecules can
form stable structures through intermolecular or intra-
molecular hydrogen bonds, which mitigates the destructive
effects of the alkaline environment, thereby exhibiting better
alkali resistance compared to surfactants with two hydroxyl
groups.

3.6.3 Wettability. Wettability is assessed by replacing the
gas–solid interface with a liquid–solid interface and deter-
mining the wetting time on a standard canvas. Shorter wetting
times indicate enhanced wettability, as the liquid spreads more
rapidly and makes contact with the surface more effectively. As
shown in Fig. 10c, quantify the random error through statistical
methods (standard deviation and RSD), and estimate the overall
error in combination with the system error (deviation), the error
of each measurement is determined, showing the wettability
test results of TMA, DMAE and MDAE with a concentration of
10 g L−1. It can be seen from the gure that the wetting time of
the canvas net in the surfactant solution is relatively short. This
is because surfactants have lower surface tension and allow for
quick wetting of the canvas. Furthermore, the wetting time
follows the order TMA > DMAE > MDAE, which may be due to
7328 | RSC Adv., 2025, 15, 7318–7331
the increasing number of hydroxyl groups in the molecule. This
increases the overall hydrophilicity of the surfactant molecules,
making themmore easily dissolved or dispersed in the aqueous
phase, thereby speeding up the wetting process. The polarity
effect of hydroxyl groups decreases the interfacial tension
between the liquid and the solid surface. This reduction facili-
tates quicker liquid spreading across the solid surface and
minimizes the time required for wetting.

3.6.4 Emulsifying power. The emulsication performance
of TMA, DMAE and MDAE at the same concentration was tested
using liquid paraffin and soybean oil as oil phases. The results
are shown in Fig. 10d, quantify the random error through
statistical methods (standard deviation and RSD), and estimate
the overall error in combination with the system error (devia-
tion), it can be seen that the emulsication ability of the three
different surfactants in soybean oil and liquid paraffin is
essentially the same, indicating that the variation in the
number of hydroxyl groups has a negligible effect on the
emulsication performance.

3.6.5 Anti-static power. Antistatic performance is deter-
mined by the material's ability to dissipate surface charges,
which can be evaluated by measuring surface resistance (Rs) to
assess the electrostatic degradation rate. Based on this
measurement, the performance of TMA, DMAE and MDAE is
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Shows the salt and alkali resistance performance of the three surfactants under differenttemperatures and concentrations: (a) salt
resistance performance, (b) alkali resistance performance, (c) wetting performance of TMA, DMAE, and MDAE at the same concentration, (d)
emulsification performance of TMA, DMAE, and MDAE at the same concentration.

Table 5 The surface resistance of polyester fabrics subjected to treatment with TMA, DMAE, and MDAE was analyzed

Sample Rs (U) rs (U) logRs (U) DlogRs (U)

TMA (1.76 � 0.03) × 1010 (1.36 � 0.03) × 1011 10.25 � 0.02 3.29 � 0.02
DMAE (4.26 � 0.04) × 108 (3.28 � 0.04) × 109 8.63 � 0.01 4.91 � 0.01
MDAE (3.46 � 0.01) × 109 (2.66 � 0.01) × 1010 9.54 � 0.03 4.00 � 0.03
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compared and evaluated. Rs can be measured with a high-
resistance meter, with the concentration of the test sample
being 10 g L−1. The surface resistance (rs) can be calculated
using the following formula(17).

To evaluate the antistatic properties of surfactants, the log-
arithmic reduction in surface resistance (Dlog Rs) of treated
polyester fabric is used as a key metric. A greater Dlog Rs indi-
cates superior antistatic efficacy. The calculation results are
shown in Table 5. The error of rs mainly comes from the
uncertainty of Rs, and the logarithmic transformation error
conforms to the error propagation theory. According to the test
results, DMAE achieves the highest Dlog Rs value of 4.91 U,
demonstrating the most effective antistatic performance. This
is possibly because the two hydroxyl groups provide optimal
balance and allow the molecules to form a stable adsorption
layer on the surface, effectively reducing static charge accu-
mulation. In contrast, surfactants with a single hydroxyl group
© 2025 The Author(s). Published by the Royal Society of Chemistry
may lack sufficient hydrogen bonding interactions, while
surfactants with three hydroxyl groups may experience exces-
sively strong intermolecular attraction due to excessive
hydrogen bonds, which could destroy the surface structure and
compromise antistatic performance.

4. Conclusion

In this study, three cationic surfactants containing varying
numbers of hydroxyl groups were synthesized and assessed,
with the impact of hydroxyl group quantity on their properties
thoroughly examined. The research results show that FTIR, 1H
NMR and thermal performance analysis prove that the target
product is generated and the increase in the number of hydroxyl
groups leads to the improvement of thermal stability, and the
increase in the number of hydroxyl groups will signicantly
change the molecular conguration of the surfactant and its
RSC Adv., 2025, 15, 7318–7331 | 7329
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interface properties. The diffusion coefficient increases with
increasing number of hydroxyl groups, suggesting that poly-
hydroxyl surfactants (such as MDAE) have a faster molecular
migration rate and interfacial coverage under dynamic interfa-
cial conditions. This performance increase is particularly
important when applying short-term rapid surface tension
reduction. With regard to the specic application performance,
cationic surfactants with different hydroxyl groups show clear
differences. Monohydroxy surfactants are suitable for scenarios
with high requirements for alkali resistance and static adsorp-
tion; dihydroxy surfactants are suitable for high salinity envi-
ronments and foaming applications with excellent overall
performance; polyhydroxy surfactants. It is suitable for appli-
cations with dynamic interface conditions and signicant
wetting requirements. In summary, the study demonstrated
that the quantity of hydroxyl groups governs the functionality of
cationic surfactants.
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