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ARTICLE INFO ABSTRACT

Keywords: Hypothesis: Recent findings indicate that there are interactions between amphoteric surfactants and chelating
Chelating Agents agents in solution, which influence the capacity of the system to solubilize non-water-soluble nonionic
Surfactants ethoxylated surfactants. We hypothesize that these interactions are primarily driven by the chemical affinity
gyﬂiuladon between the head groups of the amphoteric surfactant and the chelating agent. By modulating the strength of this
Wetting interaction, it may be possible to control the surface properties of the mixed system containing non-water-soluble

nonionic ethoxylated surfactants.

Experiments: To investigate the relationship between chemical structure and the previously reported interactions,
we employed a set of amine-containing surfactants and polycarboxylic acid-type chelating agents. The in-
teractions were monitored using NMR spectroscopy, specifically through '3C chemical shift and line shape
analysis. The impact of these interactions on surface properties was assessed by measuring surface tension and
contact angle on hydrophobic surfaces.

Findings: The occurrence of interactions between surfactants and chelating agents depends heavily on their
structure and is found stronger when both surfactants and chelating agents bear both positive and negative
charges. Since the interactions take place in solution, it increases system solubilization power, yet the surface
properties of the complexes are not affected by the interactions. However, when a poorly soluble nonionic
surfactant is introduced, improved wetting properties are observed.
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1. Introduction

Aqueous surfactant systems are widely used in industrial applica-
tions, often relying on untreated water sources that contain metal ions.
The present metal ions reduce solubility of the surfactant and can form
insoluble precipitates, which disrupt the performance of the cleaning
system. To mitigate these effects, chelating agents are commonly used to
complex metal ions stoichiometrically, improving the solubility and
transport of metal ions in solution [1-3]. This property helps preventing
crystal growth and inhibits catalytic reactions that could be detrimental
to the product. Chelating agents are also valuable in environmental
applications and medical treatments for removing toxic metals, as well
as in agriculture, where they enhance the availability and transport of
nutrient metals.

Despite their importance and wide applicability, little information is
available on the effect of chelating agents on self-assembly behavior and
surface properties of surfactants. Existing literature falls mainly into two
categories: (i) studies focused on traditional chelating agents like eth-
ylenediamine tetraacetic acid (EDTA) [4-6], which has limited biode-
gradability and is now being replaced by more eco-friendly alternatives
like methylglycinediacetic acid (MGDA) and r-glutamic acid N,N-diac-
etic acid (GLDA) [7,8]; and (ii) research with an emphasis on applica-
tions, often lacking in-depth exploration of the chemical mechanisms
driving these processes [9-11].

Chelating agents of the aminopolycarboxylate type, such as EDTA,
have been studied by Zhao et al., who examined the effects of EDTA on
gemini cationic surfactants. Their findings showed that EDTA induces
the formation of oligomeric surfactant analogues that self-assemble at
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concentrations below the CMC of the pure surfactant, a phenomenon
attributed to electrostatic binding between the carboxylate groups of
EDTA and the ammonium moiety in the surfactant [4]. Another study by
Soontravanich et al. explored the synergistic behavior in the solubility of
soap scum at high pH when combining amine oxide-based surfactants
with EDTA, achieving solubility levels approximately three times higher
than in chelate-free systems. They attributed this to mixed micelle for-
mation between stearate anions and the surfactant, facilitated by EDTA
and the chelated Ca* ions [5].

Yunusov et al.[6] explored the molecular behavior of surfactant-
EDTA systems using molecular simulations. Their findings indicated
that, according to density profiles, EDTA accumulates near the water-
octane interface, contributing to a thicker interfacial layer. This effect
was also observed in systems containing surfactants and chelating
agents. The addition of EDTA disrupts hydrogen bonding, both between
water molecules and between water and surfactant molecules, suggest-
ing that EDTA acts as a salting-out agent. Moreover, a decrease in the
hydration of surfactants was observed, accompanied by an enhanced
monolayer packing due to electrostatic repulsion, as indicated by the
radial distribution function calculations. Additionally, the interaction
between the chelating agent and sodium dodecyl sulfate was found to
promote surfactant adsorption at the water-hydrocarbon interface,
which contributed to a reduction in interfacial tension.

Literature on MGDA and GLDA predominantly focuses on practical
applications, such as enhanced oil recovery in oil fields [9,10] and cloud
point extraction for water treatment processes [11]. These studies
generally investigate performance metrics such as recovery and surface
tension variations as experimental variables are adjusted. To the best of
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Fig. 1. Chemical structures of the chelating agents and surfactants evaluated in this study. Surfactants are sodium cocopropylenediamine tripropionate (LC12Amph),
cocodimethylamine oxide (LC12A0), dodecyltrimethylammonium chloride (LC12Quat), and sodium 2-ethylhexylimino dipropionate (BC8Amph). Chelating agents
are trisodium methylglycinatediacetate (MGDA), tetrasodium glutamatediacetate (GLDA), and sodium citrate (NaCitrate). The abbreviated names used throughout

the article are also indicated for clarity.
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our knowledge, no existing literature provides molecular-level analyses
of systems combining these chelating agents with surfactants.

To address this research gap, we have previously reported on the
effect of GLDA on aggregation behavior of an amphoteric surfactant
using '3C NMR chemical shift and line shape analysis, and 'H dif-
fusometry [12]. Our findings revealed an interaction between the sur-
factant headgroup and the chelating agent, characterized by several key
observations: (i) there is as an equilibrium between interacting and non-
interacting species; (ii) GLDA interacts with both unimeric surfactants
and with micellized surfactants; (iii) the interaction preferentially oc-
curs at the carbonyl groups closest to the nitrogen atom of GLDA; and
(iv) the micellar size decreases in the presence of GLDA.

As a result of this interaction, a complex-like surfactant is formed,
characterized by an enlarged head group. In systems containing a water-
insoluble nonionic surfactant, the reduced micellar size leads to lower
viscosity and increased cloud point; furthermore it allows for the solu-
bilization of larger quantities of the nonionic surfactant. Our preceding
work focused on a single surfactant-chelating agent pair; here, we aim to
expand the study to a broader range of surfactant-chelating agent
systems.

Building on our previous findings, this study extends the investiga-
tion to examine structure-property relationships within a broader ma-
trix of amine-containing surfactants and polycarboxylic acid-type
chelating agents. The chemical structures and our corresponding ab-
breviations for these compounds are provided in Fig. 1. Following our
experimental methodology [12], we focused on the low-field region of
the 13C NMR spectra, where signals from the carbonyl carbons reveal the
most significant insights into the interacting species.

The selection of specific chelating agents and surfactants was guided
by both their commercial relevance and subtle structural variations to
better understand the role of particular atoms in these interactions. For
example, sodium citrate serves as a structural analog to MGDA but lacks
a nitrogen atom in its core, providing a useful basis for comparison. This
work investigates how small modifications in the structure of chelating
agents influence their interaction with amphoteric surfactants, as well as
how structural changes in surfactants affect their interaction with
chelating agents. Additionally, we assess the impact of these interactions
on bulk properties, such as cloud point, and on surface properties,
including surface tension and contact angle.

2. Experimental methods
2.1. Materials

The chemicals used in this study included ethoxylated decyl alcohol
with four ethoxylated groups (C10E4, pH = 6.5), sodium 2-ethylhexyli-
mino dipropionate (BC8Amph, pH = 9, pKa = 10.2), sodium cocopro-
pylenediamine tripropionate (LC12Amph, pH = 6.5, pKa = 8.4, 9.9),
cocodimethylamine oxide (LC12A0, pH = 7), tetrasodium gluta-
matediacetate (GLDA, pH = 11.4, pKa = 9.5), and trisodium methyl-
glycinatediacetate (MGDA, pH = 11, pKa = 9.5), all supplied by
Nouryon. The reported pH values correspond to 1 % w/w solutions
measured using a Mettler Toledo FiveGo F2 IP67 pH meter, while pKa
values were estimated using ChemDraw. Sodium citrate (NaCitrate,
>99 % purity) and dodecyltrimethylammonium chloride (LC12Quat,
>98 % purity) were purchased from Sigma Aldrich. All chemicals were
used as received.

The surfactants are named according to the following convention:
the first letter indicates the structure of the lipophilic chain, with “L” for
linear and “B” for branched, followed by a number that denotes the
length of the hydrocarbon chain. The remainder of the abbreviation
describes the nature of the head group of the surfactant.

Milli-Q water, with a resistivity of > 18.2 MQ-cm at 25 °C and total
organic carbon content below 400 ppb, was used throughout the study.
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2.2. NMR spectroscopy

The NMR samples were prepared with a constant concentration of
chelating agent (0.24 M) while varying the surfactant concentration. To
achieve this, a stock solution containing both surfactant and chelating
agent was incrementally diluted with a separate stock solution con-
taining only the chelating agent. The pH of the prepared samples was not
adjusted but measured, with values ranging between 9 and 10.

All NMR measurements were conducted on a 400 MHz Varian
VNMRS spectrometer, maintained at 25 + 0.1 °C. Each 5 mm NMR tube
contained a sealed glass capillary with deuterated methanol (99.6 %
purity, Fisher Scientific), used as both the 2H locking solvent and '3C
chemical shift reference, with the MeOD signal calibrated to 49 ppm.
The standard Varian s2pul pulse sequence was used. The acquisition and
delay times were respectively 0.8 and 0.5 s. Due to the poor abundance
of 13C nuclei, in order to obtain a good signal-to-noise ratio, 4000 scans
were used. The spectra were analyzed for variations in chemical shift
and line shapes using the software MNova.

2.3. Cloud point

The formulations for cloud point measurements were prepared by
adding 6 % w/w C10E4 to water, together with a hydrophilic surfactant
acting as a solubilizer. The solubilizer, selected from the options in
Fig. 1, was added at concentrations aimed at maintaining most cloud
point values between room temperature and 80 °C. The concentrations
used were 6 % w/w for BCBAmph and LC12A0, 2 % w/w for
LC12Amph, and 1.3 % w/w for LC12Quat. Systems were prepared with
chelating agent concentrations ranging from 0 to 0.4 M. The pH was
monitored and adjusted only if it deviated by more than one unit from
the typical pH of MGDA or GLDA systems, which was approximately 9.5.

For the cloud point measurement, the formulation was added to a
glass test tube containing a thermometer and heated in a water bath
until complete turbidity was observed. The sample was then slowly
cooled until a clear solution appeared. The temperature at which the
system clarified was recorded as the cloud point. The process was
repeated three times. To minimize practical difficulties and reduce error
margins associated with measurements near the boiling point of water,
cloud point measurements were capped at a maximum of 80 °C.

2.4. Surface tension

Surface tension measurements in binary systems were conducted
using a surfactant concentration above its CMC, with varying concen-
trations of chelating agents (MGDA and GLDA) added to achieve
surfactant-to-chelating-agent molar ratios of 2:1, 1:1, and 1:2.

The surface tension of the samples was measured using a du Noiiy
ring force tensiometer (Kriiss K100). For each measurement, 50 mL of
the sample was placed in a 70 mm diameter beaker. The ring circum-
ference (R), provided by the manufacturer, was 9.545 mm. Surface
tension was calculated by the tensiometer’s pre-programmed software
based on the input parameters: ring dimensions, sample density, and a
temperature of 25 °C.

2.5. Contact angle

Contact angle measurements for binary systems were conducted
using the same formulations as those for surface tension measurements.
For ternary systems, formulations from the cloud point measurements
were used, selecting those with similar cloud point values and pH.

Contact angle measurements were conducted using an Attension
Theta goniometer (Biolin Scientific AB). A 5 pL drop of the sample was
placed on a parafilm surface, and an image of the drop was captured.
The static contact angle at the three-phase boundary—where liquid, gas,
and solid intersect—was determined by geometrically fitting the droplet
contour.
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Fig. 2. Region of the '3C NMR spectra evaluated for systems containing 0.24 M of chelating agents with increasing concentrations of LC12Amph. The chelating
agents used were MGDA, GLDA and NaCitrate. The signal of a methylene group (around 70 ppm) was added as reference. Surfactant concentration increases
progressively from bottom to top. Surfactant signals are marked with a star, while chelating agent signals are labeled with a number for consistent reference

throughout the article.
3. Results and discussion

3.1. Structure of the chelating agent and its effect on the surfactant-
chelating agent interaction

In this section, we investigate the effect of the structure of different
chelating agents on their interactions with an amphoteric surfactant. By
examining chemical shift changes and signal broadening in the >C NMR
spectra, the nature and relative strength of these interactions was
assessed. These insights contribute to a deeper understanding of how
chelating agent structure affects their compatibility and efficacy in
surfactant systems.

In systems containing MGDA and GLDA, Fig. 2 shows considerable
chemical shift changes and signal broadening as the concentration of
LC12Amph surfactant increases, affecting both the chelating agent and
surfactant signals within this spectral region. This behavior indicates a
progressive strengthening of the interactions with higher surfactant
concentrations. Conversely, the system with NaCitrate as the chelating
agent shows neither chemical shift changes nor signal broadening,
suggesting the absence of interaction. These observations highlight the
critical role of nitrogen in the chelating agent structure, as its presence
appears essential for interaction with the surfactant under these
conditions.

A more detailed examination of chemical shift and signal broadening
in these systems is shown in Fig. 3, where both the chemical shift and
signal width at half maximum amplitude are plotted as functions of the
surfactant-to-chelating agent concentration ratio. It is important to note
that in Fig. 2, the signals for C5 and C6 completely disappear by
broadening at intermediate surfactant concentrations and reappear at
higher surfactant concentrations. This prevents a detailed inspection of
this region, leading to the observed gap in Fig. 3.

The comparison of the chemical shifts of MGDA and GLDA reveals a
distinct variation for one carbon (C4 in GLDA) compared to the other
carbons within the carboxylic groups of both chelating agents. Specif-
ically, the chemical shift variation for C4 is 1.6 ppm, which is higher
than that of non-interacting methylene groups, such as C3 and C7 (~0.7

ppm, see Fig. 2). However, this shift variation remains significantly
smaller than that observed for the other carboxyl-bearing carbons (C1,
C2, C5, and C6), which exhibit changes up to 10 times larger than those
of the methylene groups. This suggests that while C4 is more affected
than non-interacting methylene groups, it is far less affected than the
other carboxylated carbons, indicating that the interaction at this posi-
tion is less likely. The probable explanation is that the presence of
additional carbon atoms between the nitrogen and the carboxylic group
on C4 reduces its ability to engage in interactions with the surfactant—a
trend also observed in the BC8Amph + GLDA system [12].

The following observations are more intricate and rely on the simi-
larity of the carbon atoms of the carbonyl groups. Since these atoms are
chemically alike, one would expect similar shifts if they would interact
with the same molecule. Therefore, differences in chemical shift varia-
tions among these similar atoms provide useful insights into the prob-
ability of the interactions occurring.

For GLDA, one would expect similar changes in microenvironment
for C5 and C6 due to interactions, and magnitude of observed chemical
shift changes would be comparable. Focusing on the observed chemical
shift of C5, it should be comparable whether the interaction occurs
through C4 or C6, as the surrounding environment for C5 would remain
similar regardless of which adjacent carboxylic group is involved in the
interaction. The same rationale applies to the chemical shift of C6.
However, our results show that the signal for C5 undergoes a smaller
variation than that for C6, with a notable difference of around 1.2 ppm.
This difference is significant, as it accounts for about 20 % of the total
change of chemical shift experienced by these signals. A similar but
smaller difference is evident between the signals for C1 and C2 in
MGDA. The alpha carbons adjacent to both C1 and C5 have a branching,
which likely introduces steric hindrance, reducing the probability of
interaction with the surfactant. Notably, the branching on C1 is a methyl
group, whereas C5 features a propionic acid group. The latter, being
significantly larger, has a more pronounced effect on the chemical shift
variation. Additionally, the methyl group contributes to binding affinity
through its electron-donor nature, which likely competes with the steric
effect, resulting in a smaller difference in chemical shift variation.
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Fig. 3. Chemical shift (top) and signal width at half-maximum intensity (bottom) as a function of the surfactant-to-chelating agent concentration ratio for systems
containing LC12Amph with MGDA (left panel) and GLDA (right panel). The tracked signals correspond to carbons within the carboxylic groups of each chelating
agent, with numbering provided in the accompanying chemical structures. Error bars represent an estimated uncertainty of 10% of the measured signal width. Since
the broadest signals were manually measured using image analysis tools, this estimate reflects a decreasing accuracy as the signal width increases. Note that the
reported error bars are larger than the actual measurement error. The missing error bars are small and within the size of the markers used. Increasing surfactant
concentration leads to notable shifts and signal broadening that provides insight into the distinct interaction behaviors of each chelating agent.

As can be seen in Fig. 3, MGDA signals generally exhibit larger
chemical shifts variations as compared to GLDA. To explain these ob-
servations, we can turn to a theoretical framework based on the pseu-
dophase transition model [13]. According to this model, the observed
chemical shift of a resonance peak is a population-weighted average of
interacting and non-interacting chelating agent molecules and can be
expressed as:

Cint Cnot int
[2 = Oint| —— Onotint | —~— 1
obs t ( CT ) =+ Onot int ( CT ) ( )

where & jnt and 8pot int represent the chemical shifts corresponding to the
interacting and non-interacting forms of the chelating agent, respec-
tively. The variables Ciy; and Cpoy int denote the concentration of inter-
acting and non-interacting chelating agent, respectively, and Cr = Cipt +
Chot int Tepresents the total concentration of chelating agent.

Note that for each carbonyl signal in the chelating agent molecule,
the chemical shift for the interacting species, & i, reflects contributions
from the various possible functional groups through which the molecule
might interact with the surfactant. This can be written as

o u Cint,Cg
Sine = Y Oin, (At @
i—1 Cint

where n represents the number of chemically different available car-
bonyls that the chelating agent possesses for the interacting sites. For
GLDA, n = 3, and for MGDA, n = 2.

Eq. (2) suggests that each carbonyl in the chelating agent can exhibit
different chemical shifts based on its interaction state. If the chelating
agent is not interacting with a surfactant, 8 obs = Spot int. When a carbonyl
is fully engaged in an interaction, its corresponding NMR signal will
display a maximum change in chemical shift. If the interaction only
involves another carboxylic group within the chelating agent, the
observed chemical shift will fall between the non-interacting and the
fully interacting values. As the probability of interaction for a particular
carbonyl increases, the contribution of the interacting state becomes
more dominant in the overall observed chemical shift for that specific
carbon.

This occupancy distribution explains the smaller chemical shift
variation of GLDA signals vs MGDA signals. With GLDA, there are four
potential interaction sites, which suggests that each site has, on average,
a lower probability of interacting with the surfactant compared to the
MGDA which has only three available sites. This higher probability
experienced by the individual carbon atoms of MGDA contributes to a
more pronounced chemical shift variation.

To assess the strength, and not only the degree of occupancy, of in-
teractions between the chelating agents and the surfactant, it is
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containing MGDA with four different surfactants: LC12Amph, LC12Quat, LC12A0, and BC8Amph. The tracked signals in MGDA correspond to a carbon within a
carboxylic group (C2 in the left panel) and an alpha methylene carbon (C3 in the right panel), as indicated in the accompanying chemical structure. Note that the y-
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estimated uncertainty of 10% of the measured signal width. Since the broadest signals were manually measured using image analysis tools, this estimate reflects a
decreasing accuracy as the signal width increases. Note that the reported error bars are larger than the actual measurement error. The missing error bars are small and

within the size of the markers used.

necessary to examine changes in the broadening of the '3C signal rather
than the chemical shift. Signal broadening in NMR can have two origins:
(i) decrease of T, spin relaxation and (ii) intermediate exchange rates
between the extremes of fast or slow exchange. Since the adjacent car-
bons to the carbonyl groups (e.g. C3 and C7 in Fig. 2) do not exhibit
broadening in the signal, the T5 effect is minimal since translational spin
relaxation is dominated by rotational correlation time. Thus, the
observed changes in broadening upon higher surfactant concentration
results from lower exchange rates, corresponding to longer residence
times and stronger interactions.

For MGDA, the signal intensity due to broadening as a function of
surfactant concentration reaches a minimum, after which the signals
begin to sharpen. The initial broadening corresponds to an increase in
interaction strength between MGDA and LC12Amph as the surfactant
concentration increases, while the subsequent sharpening suggests a
weakening of this interaction. We hypothesize that this effect is due to
changes in micelle packing structure, where surfactant-surfactant in-
teractions among the head groups compete against surfactant-chelating
agent interactions displacing MGDA molecules.

GLDA signals also show a nonmonotonic broadening trend, with
complete signal broadening down to spectral baseline in the interme-
diate concentration region. This behavior indicates a reduced molecular
mobility and stronger surfactant-chelating agent interactions, compared
to MGDA.

When comparing signal broadening for the same chelating agent,
such as C5 vs. C6 and C1 vs. C2, the broadening is similar, suggesting

comparable interaction strengths for these non-equivalent carbons.
These findings indicate that steric hindrance from adjacent group-
s—such as those next to C1 and C5—does not significantly influence the
interaction strength itself. However, as previously noted, such groups do
affect the probability of interaction, likely by altering spatial accessi-
bility. Finally, the minimal broadening of C4 across the concentration
range suggests it interacts weakly with LC12Amph.

3.2. Structure of the surfactant and its effect on the surfactant-chelating
agent interaction

In this section, the effect of the chemical structure of the surfactant
on the interaction with the chelating agent was investigated. MGDA was
selected for this evaluation due to its significant chemical shift response,
which also remains clearly detectable across the full concentration range
of surfactant tested (as seen in Fig. 2 and Fig. 3). By keeping the
chelating agent constant and varying the surfactant structure, this
analysis aims to reveal how different surfactant properties affect the
strength and nature of interactions, offering further insight into the role
of surfactant composition in modulating chelating agent behavior
within these systems.

The comparison of amphoteric surfactants with amine oxide and
quaternary ammonium-based surfactants reveals substantial differences
in the chemical environment experienced by the chelating agent, as the
surfactant concentration increases (Fig. 4). For the systems containing
amphoteric surfactants, MGDA experiences significant changes in its
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Fig. 5. Proposed interaction mechanism between an amphoteric surfactant and a chelating agent at pH values near their pKa values. The electrostatic interaction
between the positively charged amine group and the negatively charged carboxylate groups is thought to drive the association.

chemical environment with increased concentration of surfactant,
resulting in pronounced chemical shift changes for the signals. In
contrast, LC12A0 and LC12Quat cause only minor shifts, and these are
apparent only when the surfactant-to-chelating agent ratio exceeds one,
in the case of LC12Quat the change is even more subtle. The trends
described here are consistent across all monitored carbons of MGDA,
with considerably larger chemical shift variations observed with the
carbons of the carboxylate groups (C2) compared to the methylene
carbons (C3), as expected.

The changes in signal width are aligned with the observation for the
chemical shift, with a significant broadening seen in systems containing
amphoteric surfactants, and no changes in the presence of LC12A0 and
LC12Quat. These findings suggest that for effective interaction, not only
is a positively charged surfactant required, but the surfactant must
feature a head group with both positive and negative moieties. More-
over, the number of carbon atoms between these moieties appears to be

crucial: it should neither be too short, as in the case of amine oxide, nor
too long, as seen with the longest chain in GLDA. However, this is not the
only difference between the head groups of LC12A0 and LC12Amph,
differences in electronic density may be influencing the surfactant-
chelating agent interactions, with the harder, less delocalized density
of amine oxides contrasting with the softer, more delocalized density of
carboxylic groups.

Comparing amphoteric surfactants introduces additional complexity
due to differences in their molecular structures, including variations in
lipophilic chain length, branching, and the number of nitrogen-
carboxylic pairs in the head group. Among these factors, the length
and shape of the lipophilic chain likely play the most significant role in
explaining the differences in signal broadening behavior. LC12Amph,
with its long, linear chain, exhibits stronger self-association tendencies,
leading to a non-monotonic change in signal broadening due to better
micellar packing and competing head-to-head and head-to-chelating
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Fig. 6. Evolution of the cloud point as a function of chelating agent concentration. The formulations contained 6 % w/w C10E4 along with one solubilizer: 6 % w/w
BC8Amph, 6 % w/w LC12A0, 2 % w/w LC12Amph, or 1.3 % w/w LC12Quat. Top: Cloud point changes for systems with various surfactants in the presence of
MGDA. Bottom: Cloud point changes for systems with amphoteric surfactants and different chelating agents. Data above the 85 °C line is indicative only, as
measurements were capped at 80 °C. The uncertainties of the measurements are small and within the size of the markers used. Dotted lines serve as visual aids.
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agent interactions. In comparison, BC8Amph has limited self-assembly
capacity, leading to poor packing and weaker head-to-head in-
teractions, which in that context, makes it behave as a hydrotrope. As a
result, the surfactant head groups are not close enough to interact
effectively, leaving no significant competition against the surfactant-
chelating agent interactions. This explains the monotonic increase in
signal broadening as the concentration of BCBAmph increases in pres-
ence of chelating agent. Additional details on the competing interactions
evaluated from the signal broadening of carboxylate groups on the
amphoteric surfactants are provided in Fig. S1, Supporting Information.
As the surfactant concentration increases, the signal broadening for the
carboxylate groups in LC12Amph becomes more pronounced. In
contrast, no significant change in signal broadening is observed for the
carboxylate groups in BC8Amph.

The proposed interactions between amphoteric surfactants and
chelating agents of the aminopolycarboxylic type in aqueous solutions
are presented in Fig. 5. Given the pKa values of GLDA (9.5) and
BC8Amph (10.2), and the fact that the experiments were conducted at
pH values close to these pKa values, a significant fraction of both mol-
ecules have protonated nitrogen groups. At this pH, all carboxylic
groups remain deprotonated. As a result, a fraction of molecules from
both the surfactant and the chelating agent possesses both positively and
negatively charged groups, separated by a distance of 2-3 carbon atoms.

The interaction between these molecules is thought to be driven by
electrostatic forces between the positively charged amine group and the
negatively charged carboxylate groups.

3.3. Effect of the interaction on the bulk properties

After demonstrating the existence of strong interactions between
surfactants and chelating agents at the molecular level, it was essential
to explore how these interactions may influence the bulk properties of
potential cleaning formulations. One relevant property in water-based
systems is the cloud point, which is a characteristic feature of
polyoxyethylene-based surfactants. Therefore, the study includes an
ethoxylated decyl alcohol with four ethoxyl groups (C10E4), a nonionic
surfactant that is not water-soluble at room temperature. Its limited
solubility allows for the measurement of the cloud point and offers in-
sights into the practical implications of surfactant-chelating agent
interactions.

Fig. 6 confirms our previous findings. When non-interacting species
are used to solubilize the nonionic surfactant, increasing the concen-
tration of the chelating agent results in a salting-out effect, lowering the
cloud point of the system. This behavior was observed in systems con-
taining either a water-soluble nonionic surfactant (decyl alcohol with
eight ethoxylated groups) or sodium dodecyl sulfate as a solubilizer,
using GLDA as the chelating agent [12]. A similar trend was observed
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here with LC12Quat and LC12A0 using MGDA as the chelating agent, as
well as in systems containing the LC12Amph-NaCitrate combination.

When the nonionic surfactant is solubilized by an amphoteric sur-
factant, such as BC8Amph or LC12Amph, the cloud point increases with
the chelating agent concentration until it reaches a maximum. This
behavior can be understood through the Critical Packing Parameter
(CPP) model, which predicts the structure and properties of surfactant
mixtures by accounting for surfactant geometry and environmental
factors [14-16]. Specifically, the increased cloud point reflects a
decrease in micellar size, likely due to an increase in the area occupied
by the hydrophilic head group, attributed to complex formation between
the chelating agent and the surfactant head group [12]. This shift re-
duces the CPP, which favors the formation of smaller, more spherical
micelles.

The CPP itself incorporates variables such as the volume and length
of the lipophilic chain and the area of the polar region, which depends
on both the structure of the hydrophilic head group and its surrounding
environment. The volume, V, and the length, [, of the lipophilic chain,
based on the number of carbon atoms and branching, can be calculated
using the formula
V. 27(nc + nye)

1 15+1.27nc ®

where n¢ and nyg represent the number of carbon atoms and methyl
groups in the lipophilic chain, respectively.

The data in Fig. 6 supports the correlation between the interactions
and changes in micellar size. For example, the cloud point shift for
BC8Amph is significant, with a difference of at least 40 °C between the
cloud points of systems at low chelating agent concentration and those
at the maximum cloud point measured. In contrast, LC12Amph has a
more moderate change of around 30 °C. In both cases the range of the
cloud point values is independent of the chelating agent used.

The comparison of the volume-to-length ratios of the lipophilic
chains for LC12Amph (21 A2) and BC8Amph (30 A2) further explains the
observed differences in micellar size shifts. A similar change in the area
of the hydrophilic head group leads to a larger shift in CPP for
BC8Amph, resulting in a more substantial change in micellar size and,
consequently, cloud point values compared to LC12Amph.

To facilitate a direct comparison between the 3C NMR data pre-
sented in Fig. 4 and the cloud point data presented in Fig. 6, an addi-
tional plot has been included in the Supporting Information (Fig. S2). In
this plot, the cloud point data is reported as a function of the surfactant-
to-chelating agent concentration ratio.
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Fig. 7. Changes in contact angle (A0) relative to water for ternary systems containing LC12Amph, a nonionic surfactant (C10EO4), and either a chelating agent
(MGDA on the left, GLDA on the right) or a salt (NaCl) with NaOH to match ionic strength, pH, and cloud point. The contact angle values are calculated by sub-
tracting the contact angle of water from the measured contact angle of each formulation, therefore an increase in A6 indicates enhanced wetting of the soiled surface.
The uncertainties of the measurements are small and within the size of the markers used.
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3.4. Effect of the interaction on the surface properties

While the interactions in surfactant-chelating agent and their con-
sequences are demonstrated in bulk, it was equally important to un-
derstand how these interactions influence the surface properties of the
formulations. This section examines changes in surface tension and
contact angle in both binary systems of amphoteric surfactants with
chelating agents and ternary systems incorporating nonionic surfac-
tants. The ternary systems were selected to have comparable cloud
points, ionic strength, and pH levels.

In the binary systems, no significant changes in surface tension or
contact angle were observed, as shown Fig. S3 and Fig. S4, Supporting
Information. The observed differences are primarily attributed to the
intrinsic properties of the surfactants themselves. Systems containing
more lipophilic surfactants, such as LC12A0, exhibit lower surface
tension and contact angle values. In contrast, more hydrophilic surfac-
tants, such as BC8BAmph, display higher surface tension and contact
angle values. These findings underscore that the addition of chelating
agents does not significantly alter the surface-active properties of
amphoteric surfactants in binary systems.

This is in agreement with expectations, as the interaction occurs
primarily in the bulk, increasing the hydrophilicity of the surfactant.
According to the rule of mixtures for surfactants, the less hydrophilic
surfactant tends to populate the surface, meaning that the surfactant
molecules interacting with the chelating agent has a reduced driving
force to migrate to the surface.

In contrast to the behavior observed in binary systems, ternary sys-
tems exhibit distinct differences in contact angle measurements on
surfaces soiled with hydrophobic materials, similar to those used to
assess cleaning performance in industrial applications. The composition
of the soil used is provided in the supporting information (SI 5). To
account for variations in surface hydrophobicity, Fig. 7 reports the
contact angle relative to that of water, calculated by subtracting the
contact angle of water from the measured contact angle for each
formulation. Consequently, an increased A6 indicates enhanced wetting
of the soiled surface. In systems containing LC12Amph with chelating
agents, contact angle increased over time, showing a larger change than
in systems adjusted to the same ionic strength, pH, and cloud point with
NaCl and NaOH rather than chelating agents. This suggests that in
ternary systems, the surfactant-chelating agent interaction may either
promote the displacement of the less hydrophilic surfactant to the sur-
face, or enable the mixed surfactant system at the soil/solution interface
to draw more water molecules, thereby enhancing soil wetting.

4. Conclusion

To investigate the relationship between chemical structure and
amphoteric surfactant-chelating agent interactions, we examined a se-
ries of amine-containing surfactants and polycarboxylic acid-type
chelating agents. NMR spectroscopy served as a primary tool to
monitor these interactions, while cloud point, surface tension, and
contact angle measurements provided insights into the practical impli-
cations of the interactions.

Several key findings were reported regarding the interaction be-
tween chelating agents and amphoteric surfactants and their impact on
formulation properties. It was found that oppositely charged moieties in
both surfactants and chelating agents are essential to promote inter-
molecular interaction. The structure of these moieties plays a critical
role: optimal spacing of one or two methylene groups between positive
and negative charges enhances interaction probability and strength.
Additionally, electron-donating groups and steric effects influence
interaction probability, promoting or hindering interaction, respec-
tively. While these effects were mainly observed for chelating agents, we
hypothesize that they may also influence the surfactant head groups.

This interaction modifies micellar morphology by expanding the
hydrophilic head group’s area, a change most pronounced in surfactants
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with high volume-to-length ratios in their lipophilic chains. These
structural features enhance both the strength of the interaction and its
impact on formulation properties.

Finally, while binary systems showed minor effect on surface tension
and contact angle, the introduction of a nonionic surfactant in ternary
systems allowed these interactions to improve wetting behavior on hy-
drophobic surfaces. These findings suggest that the presence of a
nonionic surfactant amplifies interfacial effects, a valuable insight for
applications in which surface wetting and stabilization are critical.

Studies involving MGDA and GLDA are limited and tend to focus
more on application-based research [9-11], often overlooking the mo-
lecular mechanisms that underpin these interactions. Our previous re-
sults [12] addressed this gap by experimentally evaluating the
interactions between chelating agents like GLDA and an amphoteric
surfactant. Building on the knowledge gained, here the structur-
e-property relationships of surfactant-chelating agent systems were
explored in greater depth advancing the understanding of the molecular
interactions involved.

These findings highlight the importance of understanding surfactant-
chelating agent interactions and their effects on surface properties, such
as contact angle changes in ternary systems. Further investigation into
the mechanisms underlying these effects would be valuable, particularly
focusing on how molecular interactions between amphoteric surfac-
tants, chelating agents, and nonionic surfactants influence the interfa-
cial and surface properties of formulations. Clarifying their
contributions to enhanced wetting and stability could provide strategies
to fine-tune formulation properties, paving the way for improved
surface-active systems across diverse applications.
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