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a b s t r a c t 

Polyamide membranes made with surfactant-assisted interfacial polymerization (IP) have demonstrated the po- 
tential for excellent membrane performance. The presence of surfactants accelerates amine diffusion into the or- 
ganic phase causing a more complete IP reaction. Even though surfactant-assisted IP has been used in polyamide 
membranes, the structure-property relationship of the surfactants on amine transport into the organic phase has 
not been explored in a systematic manner. In this work, MPD diffusion from a membrane support into n -dodecane 
in the presence of seven different surfactants, which were anionic, cationic, and non-ionic, was evaluated. When 
the surfactants were used at different concentrations, the MPD concentration was increased in the presence of an- 
ionic (48–80%), cationic (32–75%) and non-ionic (26%) surfactants. The MPD concentration was increased in the 
presence of anionic (by 48–72%), cationic (by 32–75%), and non-ionic surfactants (by 26%) at 15–60 s contact 
time. For further understanding, the interfacial tension in n -dodecane for the surfactants was measured, however, 
it did not correlate with our data. This study provides a better understanding of MPD diffusion in the presence 
of different types of surfactants during RO membrane synthesis, which will help us to engineer membranes with 
better permeability and selectivity. 

1. Introduction 

For the past four decades, science has advanced polyamide reverse 
osmosis (RO) membranes to remove small ions and contaminants in wa- 
ter very effectively. During the synthesis of RO membranes, the interfa- 
cial polymerization (IP) reaction between the amine and acyl chloride 
monomers produces a polyamide separation layer on an ultrafiltration 
support membrane ( Habib and Weinman, 2021 ). Because the monomers 
used for IP are highly reactive, the reaction is challenging to control but 
can be affected by monomers’ diffusion behavior ( Wittbecker and Mor- 
gan, 1959 ). During IP, m-phenylenediamine (MPD) initially diffuses into 
the organic layer and reacts instantaneously with TMC to form an in- 
cipient layer of polyamide which densifies and reduces MPD diffusion 
towards the aqueous/organic interface and limits polyamide growth 
( Grzebyk et al., 2022 ), resulting in polyamide separation layers with 
multiscale heterogeneity and non-uniform pore or free volume hole size 
distributions ( Zhang et al., 2020 ). Thus, the IP reaction determines mem- 
brane selectivity primarily by diffusion and reaction. Therefore, it is im- 
portant but challenging to develop an effective method for controlling 
the diffusion of MPD monomers in polyamide RO membranes to improve 
their selectivity. 

An innovative method of membrane preparation involves mixing 
additives with aqueous or organic solutions to regulate the formation 
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and stacking of PA molecules ( Liu et al., 2020 , 2019 ; Zhang et al., 
2019 ). The chemical and physical structure of the polyamide layer 
can be designed by using additives, developing new monomers, opti- 
mizing the IP process, and/or post-modification methods ( Habib and 
Weinman, 2021 ; Habib and Weinman, 2022 ; Lu and Elimelech, 2021 ; 
Hu et al., 2023 ; Farahbakhsh et al., 2021 ). In previous studies, sur- 
factants incorporated into the aqueous phase of the IP reaction led to 
high-flux and higher rejection RO and nanofiltration (NF) membranes 
( Liu et al., 2020 ; Liang et al., 2020 ; Xiang et al., 2013 , 2014 ; Sarkar et al., 
2021 ; Li et al., 2022 ; Bai et al., 2022 ; Jiang et al., 2019 ; Fang et al., 2013 ; 
Ang et al., 2020 ; Zhang et al., 2021 ; Park et al., 2022 ; Han et al., 2022 ; 
Kong et al., 2011 ; Duan et al., 2010 ; Gan et al., 2023 ). Liang et al. used 
anionic, cationic, and zwitterionic surfactants during the synthesis of 
semi-aromatic polyamide NF membranes and illustrated with molecular 
dynamics simulations that inclusion of surfactants led to the formation 
of dynamic interfacial networks ( Liang et al., 2020 ). Through this dy- 
namic network, amine monomers accumulate at the interface while also 
diffusing rapidly into the organic phase and being evenly distributed 
since Gibbs free energy is reduced. The addition of a surfactant dur- 
ing IP produced a polyamide separation layer with more uniform pores 
compared to conventional IP, resulting in membranes with better ion 
rejection ( Liang et al., 2020 ). Zhang et al. examined the structure of 
the polyamide separation layers using sulfate surfactants with differ- 
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ent alkyl chain lengths in the IP reaction ( Zhang et al., 2021 ). The NF 
membranes exhibited a more uniform pore size distribution and higher 
ion separation selectivity when the surfactants with longer alkyl chains 
were used ( Zhang et al., 2021 ). Only a few studies have investigated 
the effect of surfactants on the synthesis of RO membranes ( Park et al., 
2022 ; Han et al., 2022 ; Kong et al., 2011 ; Duan et al., 2010 ; Gan et al., 
2023 ; Jung et al., 2021 ). None of the RO membrane studies systemati- 
cally varied the surfactant structure to examine the effect on the resul- 
tant membrane and its performance. For example, Park and coworkers 
used SDS and benzalkonium chloride to facilitate the diffusion of amines 
towards the organic phase by reducing the interfacial tension (IFT) be- 
tween the organic and aqueous phases ( Park et al., 2022 ), resulting in 
a denser polyamide layer having three time higher flux with 4% higher 
NaCl rejection compared to the control ( Park et al., 2022 ). Kong et al. 
measured the MPD diffusion rate while using acetone as a co-solvent 
to control the reaction and adjust the membrane structure ( Kong et al., 
2011 ). In one study, the MPD diffusion rate in hexane with different 
concentrations of hexamethyl phosphoramide (HMPA) in solution was 
explored ( Duan et al., 2010 ), whereas in another study, the effect of 
the surfactants on MPD diffusion and nanobubble formation was inves- 
tigated ( Gan et al., 2023 ). When using HMPA, the flux was improved by 
73% and the NaCl rejection loss was < 0.2% compared to the control 
( Duan et al., 2010 ), while, using MPD and Tween-80 surfactant, the flux 
was increased by almost 20% ( Gan et al., 2023 ). However, in all three 
of these instances, the MPD diffusion into the organic phase was mea- 
sured at a free interface. These studies did not measure the MPD diffu- 
sion from support membranes to understand the direct diffusion kinetics 
which would be a more accurate depiction of the actual polyamide syn- 
thesis process ( Duan et al., 2010 ; Gan et al., 2023 ). To understand MPD 
diffusion kinetics during IP, more direct experimental techniques must 
be used. 

In this work, we investigated the structure-property relationship of 
seven surfactants on MPD diffusion towards the organic phase. We tested 
the hypothesis that negatively charged surfactants will lead to a higher 
MPD concentration in the organic phase due to favorable electrostatic 
interactions between MPD and the surfactant charged head group. We 
evaluated the critical micelle concentration (CMC) value of seven dif- 
ferent surfactants and evaluated the MPD diffusion behavior across the 
aqueous/organic interface in the presence of these surfactants. Surfac- 
tants were anionic, cationic, and non-ionic in nature, with some hav- 
ing similar tail groups and different head groups, some having different 
lengths of alkyl chains, and some having different counterions. We be- 
lieve this work will lead researchers to produce RO membranes with a 
more crosslinked polyamide layer with a higher rejection for the neutral 
charged molecules. 

2. Materials and methods 

2.1. Materials and chemicals 

m-Phenylenediamine (MPD, 99%), sodium dodecyl sulfate (SDS, 
98.5%), and sodium dodecylbenzenesulfonate (SDBS) were purchased 
from MilliporeSigma. Sodium laurate (SL, 98%) was purchased from 

Acros Organics. Hexadecyltrimethylammonium bromide (CTAB, > 98%) 
and dodecyltrimethylammonium bromide (DTAB, > 98%) were pur- 
chased from TCI America. Dodecyltrimethylammonium chloride (DTAC, 
99%) was purchased from Beantown Chemical Corporation. Triton®X- 
100 (Electrophoresis reagent) was purchased from Alfa Aesar. The 
chemical structure of the surfactants used in this study is in Table S1 in 
the Supporting Information. Aqueous solutions were made with deion- 
ized water from a Millipore Synergy UV water purification system. Poly- 
sulfone PS20 membranes were used as received from Solecta, Inc. All 
membrane samples came from the center portion of the roll to avoid 
any possible edge defects. 

Table 1 
The chemical formulas of each surfactant and the interfacial tensions of 
each surfactant in n -Dodecane at 75% their critical micelle concentration. 
The error represents one standard deviation among at least three tests. 

Surfactant Chemical Formula Interfacial Tension (mN/m) 

SDS NaSO 4 C 12 H 25 6.49 ± 0.21 
SDBS NaSO 3 C 18 H 29 6.13 ± 0.72 
SL NaO 2 C 12 H 23 9.77 ± 1.08 
CTAB BrNC 19 H 42 7.18 ± 0.68 
DTAB BrNC 15 H 34 8.48 ± 1.08 
DTAC ClNC 15 H 34 13.69 ± 0.74 
Triton®X-100 C 14 H 22 O(C 2 H 4 O) n ( n = 9–10) 9.76 ± 0.13 

2.2. Interfacial tension measurements 

A DataPhysics Instruments OCA20 pendant drop tensiometer was 
used to measure the IFT for each sample at least three times. An in- 
jection needle (0.72 mm inner diameter) forms pendant droplets using 
a dispenser unit controlled by a PC. 2 𝜇L droplets of aqueous surfactant 
solutions were used to measure the IFT in the fluid cell with n -dodecane. 
For each sample, disposable syringes and needles were used to avoid 
cross-contamination. 

2.3. MPD diffusion tests 

A PS20 membrane was soaked in DI water overnight. The wet mem- 
brane was placed on a Kimwipe with the non-woven fabric contacting 
the Kimwipe to dry the back of the membrane and then was placed 
on a glass plate with double-sided tape. The excess water present on the 
membrane surface was removed by shaking. The glass plate, membrane, 
and frame were held together using binder clips and is referred to as a 
frame setup. Next, 20 mL of aqueous MPD solution (2 w/v%) with or 
without surfactants was poured onto the membrane surface in the frame 
setup and left for 3.5 min. Then solution was poured off, the frame setup 
was disassembled, and a silicone seam roller from Home Depot was used 
to remove the aqueous MPD solution on the membrane surface in 1–2 
passes. The surface of the membrane must be kept dry to avoid micro or 
macro-voids forming due to the presence of water droplets on the sub- 
strate surface. The frame setup was quickly reassembled and 20 mL of 
n -dodecane was poured on top of the MPD-soaked substrate and allowed 
to remain for a set time (15–60 s). Then, the n -dodecane solution was 
poured into a beaker and transferred to the collection vial for MPD con- 
centration quantification. The amount of MPD concentration was mea- 
sured using a HACH DR6000 UV–VIS Laboratory Spectrophotometer at 
295 nm wavelength using plastic cuvettes (VWR). A calibration curve 
was constructed to calculate the MPD concentration (see Fig. S2 in the 
supporting information). 

3. Results and discussion 

3.1. Interfacial tension 

Even though surfactants form adsorption layers at the water/organic 
solvent interface to reduce the system IFT, their adsorption abilities and 
behaviors differ with structure ( Zhang et al., 2021 ). The arrangement 
and adsorption of surfactant molecules at water/oil interfaces pertain 
to their IFT ( Zhang et al., 2021 ). We measured the IFT of the studied 
surfactants in n -dodecane to understand the effect of surfactants on in- 
terface adsorption. Table 1 provides the IFT of 75% CMC. The CMC of 
each surfactant was determined as described in section S2 of the support- 
ing information. The change in the IFT of the system was mainly caused 
by the directional adsorption of surfactants at the aqueous solution/ n - 
dodecane interface ( Zhang et al., 2021 ). Among the anionic surfactants 
SDS and SDBS showed lower IFT compared to SL, which suggests the 
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Fig. 1. MPD diffusion of different surfactants with 25, 75, 100 and 150% the CMC after 60 s of n -dodecane soaking. The error bars represent one standard deviation 
among at least three tests. The dashed lines between data points are included to aid in the visual comparison of the different surfactants and the varying concentrations. 

head groups affects the arrangement and adsorption of the surfactant 
molecules at the interface. In case of cationic surfactants, CTAB showed 
lower IFT compared to DTAB and DTAC, which occurred due to the 
longer alkyl chain length of CTAB. These results were in agreement with 
a previous study, where the effect of different alkyl length on IFT was 
investigated ( Zhang et al., 2021 ). 

3.2. MPD diffusion 

The MPD diffusion tests followed the same protocol as the IP process 
for fabricating polyamide RO membrane. During IP, the MPD and TMC 
react very quickly and make an initial incipient layer. Due to its weak 
partitioning from water to n -dodecane, MPD diffusing into n -dodecane 
is the rate-limiting step as compared with its reaction with TMC in 
n -dodecane. This incipient polyamide layer limits the MPD diffusion 
across the interface. In our MPD diffusion test, instead of TMC being 
present in the n -dodecane solution, only n -dodecane was used to deter- 
mine the effect of surfactants on MPD diffusion into the organic phase 
without any reaction. As a result, the maximum MPD diffusion towards 
the interface happens. 

3.2.1. MPD diffusion at a fixed time 
The MPD diffusion was measured by using surfactants at different 

concentrations at a fixed time (60 s). All the surfactants were used at 
25, 75, 100, and 150% the surfactant CMC and Fig. 1 shows that the 
surfactants exhibited significantly higher concentration compared to the 
control with no surfactant (0% CMC). Most of the surfactants showed the 
highest MPD concentration at 75% CMC except for SL which exhibited a 
maximum MPD concentration at 100% CMC. For all the surfactants, the 
MPD concentration at 100% CMC was similar to 150% CMC. This is due 
to the surfactants forming micelles at and above the CMC concentration. 
These micelles were not involved in facilitating the MPD diffusion but 
obstructed the water passage of the membrane and restricted MPD from 

diffusing towards the water/ n -dodecane interface ( Aryanti et al., 2020 ; 
Madaeni and Samieirad, 2010 ). The micelle size may impact the small 
differences between 100 and 150% CMC as a previous study compared 
the micelle size of five different surfactants, including SDS, CTAB, and 
DTAB, and found that DTAB had the smallest micelle radius of the five 
surfactants ( Santos et al., 2016 ). It is possible that the DTAB micelles 
were small enough to not obstruct the support membrane pores as sig- 
nificantly as the other surfactants. While the dashed lines may go up for 
some surfactants and may go down for others, the error bars for the sur- 
factants overlap at 100% and 150% CMC, so it is challenging to justify 
that the average values are significantly different from one another. In- 

terestingly, DTAC at 25 and 75% the CMC (and DTAB at 25% the CMC) 
have higher amounts of MPD diffusion than the other surfactants. This 
will be discussed further below with Fig. 2 . 

3.2.2. MPD diffusion at a fixed surfactant concentration 
MPD diffusion was tested using 0% and 75% CMC for each surfac- 

tant for different n -dodecane soaking times ( Fig. 2 ). For all cases, there 
was an increase in MPD concentration in n -dodecane with the increase 
in soaking time. Among all the surfactants, Triton®X-100 showed the 
lowest MPD concentration in the diffusion test. As Triton®X-100 was 
not ionic in nature, it did not contribute much interaction with MPD 
because there were no charged moieties present to interact with the 
slightly positively charged MPD. Compared to the control, the addition 
of anionic surfactants SDS, SDBS, and SL increased the MPD diffusion at 
25, 40 and 60 s. A negatively charged sulfonic group on SDS and SDBS 
and a negatively charged carboxylic group on SL attracts the slightly 
positively charged MPD molecule at the water/ n -dodecane interface, 
which increases the accumulation of MPD monomers and enhances the 
MPD diffusion in a qualitatively similar manner at lower soaking times. 
Since the benzene rings restrict the interfacial packing density, SDBS 
increases the MPD diffusion less effectively than SDS at longer soaking 
times due to steric hindrance. 

In the case of cationic surfactants, we expected to see a lower MPD 
concentration than the anionic surfactants due to the electrostatic repul- 
sion between the positively charged head group of surfactants and pos- 
itively charged MPD ( Zhang et al., 2023 ; Jia et al., 2014 ). Surprisingly, 
the MPD diffusion of DTAB and DTAC was comparable to that of anionic 
surfactants. We believe, MPD may have interacted with the cationic 
quaternary ammonium head groups of DTAB and DTAC via cation-pi 
interaction, which could have accelerated MPD diffusion. The cation- 
pi interaction between positively charged metal ions and MPD pi-cloud 
was observed previously ( Pandian et al., 2015 ). The MPD concentration 
using DTAC was higher than using DTAB. The higher electronegativity 
and smaller size of Cl − ions compared to Br − ions attracted more MPD 
molecules and accelerated the MPD diffusion via electrostatic interac- 
tions ( Fouda et al., 2012 ). 

Among the cationic surfactants, CTAB showed comparatively lower 
MPD diffusion compared to DTAC and DTAB. Because of the higher hy- 
drophobic interactions between CTAB’s long alkyl chains and lower IFT 
in n -dodecane compared to DTAB and DTAC, the surfactant molecules 
at the interface were assumed to have a higher degree of order and ori- 
entation. This is in agreement with a previous study where the IFT of an- 
ionic surfactants with different alkyl tail lengths was measured and they 
showed the decrease in the IFT was caused by the directional adsorp- 
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Fig. 2. MPD diffusion of different surfactants with 75% CMC after 15, 25, 40 and 60 s of n -dodecane soaking. The error bars represent one standard deviation among 
at least three tests. The dashed lines between data points are included to aid in the visual comparison of the different surfactants and the varying concentrations. 

tion of surfactants at the water/ n -hexane interface ( Zhang et al., 2021 ). 
The formation of a tightly packed monolayer of CTAB molecules caused 
steric hindrance and slowed down the diffusion of MPD molecules to- 
ward the interface. 

4. Conclusion 

Surfactants play an important role in the interfacial diffusion of di- 
amine monomers into the organic phase, affecting the overall IP process 
to form polyamide RO membranes. A more complete polyamide active 
layer can be formed when the diamine monomers are properly fluxed 
across the interface between water and n -dodecane in a dynamic net- 
work. Unexpectedly, our testable hypothesis was not fully supported 
by the results. Most surfactants behaved as expected, with anionic ones 
providing the highest amount of MPD diffusion into the organic phase. 
However, DTAC (and to some extent DTAB), did not obey this trend. Fu- 
ture studies will investigate (1) more detailed surfactant properties, (2) 
a more comprehensive list of surfactants, especially to probe the effect 
of the counterion, (3) dominant interactions responsible for MPD diffu- 
sion by using other molecules with different chemical structures than 
MPD in the same system, and (4) whether the surfactants are present in 
the polyamide layer after synthesis (unlikely unless the surfactant con- 
centration used in the synthesis was above the CMC value ( Liang et al., 
2020 )). 

This surfactant-assisted IP can easily be implemented for the scalable 
fabrication of ultra-selective RO membranes for small, neutral molecule 
separation since it requires little modification of established TFC-PA RO 

membrane fabrication techniques. Future studies will focus on correlat- 
ing these MPD diffusion results with polyamide layer structure proper- 
ties and RO membrane performance properties. 

Statement of novelty 

This contribution reports on systematically varying the surfactant 
structure to determine the amount of m-phenylenediamine (MPD) that 
transports across the aqueous/organic interface. We studied seven sur- 
factants at varying concentrations and contact times to determine the 
effects of surfactant properties on MPD crossover directly from a mem- 
brane support. Previous literature focuses mostly on nanofiltration 
membranes using piperazine but few studies have investigated the sur- 
factant effect on MPD-based reverse osmosis (RO) membranes. The im- 
mediacy for publication is to showcase that surfactant structure does 
play a role in MPD transport and requires further investigation into how 

the surfactants influence RO membrane formation. 
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S1. Surfactant Chemical Structures 10 

 The chemical structure of each surfactant used in this study is presented in Table S1. 11 

 12 

Table S1. The chemical structure of the surfactants used in this study. 13 
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S2. Determining the CMC of different surfactants 14 

S2.1. Conductivity Measurements Methods 15 

For each surfactant, solutions were made at varying surfactant concentrations in DI water. The 16 

conductivity of the solution was measured using a VWR Traceable Bench/Portable Conductivity 17 

Meter. The CMC value of the surfactants was determined from the concentration-conductivity 18 

plot. Where there is a change in slope, that is the CMC. This test could not be done with Triton®X-19 

100 because it is a non-ionic surfactant and does not exhibit any conductivity in solution. This data 20 

is presented in Figures S1A-F. 21 

 22 

S2.2. Surface Tension Measurements 23 

An OCA20 pendant drop tensiometer (DataPhysics Instruments, Charlotte, NC, USA) was 24 

used to measure surface tension for Triton®X-100 samples at least three times to get an average 25 

value with standard deviation. An injection needle (0.72 mm in inside diameter) forms pendant 26 

droplets using a dispenser unit controlled by a PC. Droplets of dilute surfactant solutions were 2 27 

µL in volume in the experiments. The surface tension was measured in the air. For each sample, 28 

disposable syringes and needles were used to avoid cross-contamination. This data is presented in 29 

Figure S1G. 30 

 31 

S2.3. CMC Evaluation 32 

The CMC value of each surfactant was determined using conductivity and surface tension 33 

measurements. The CMC value of the surfactant was similar to the values reported in the literature 34 

(see Table S2) [1-7]. Except for the Triton®X-100 and CTAB, all of the surfactants have the same 35 

alkyl chain length. SDBS has a similar alkyl chain length but with a benzyl group between the 36 

sulfonate head group and the alkyl chain. The CMC value of the anionic and cationic surfactants 37 

with the same alkyl tails was dependent on the chemical structure of the head group. At the CMC, 38 

molecules of surfactants aggregate to form micellar macroions [8]. Since micellar macroions have 39 

a lower mobility, they contribute less to the overall conductivity of the solution [8]. Conductivity 40 

vs. surfactant concentration shows a detectable slope change at a particular point, which can be 41 

identified as the CMC. 42 

 43 

 44 
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Table S2. CMC of surfactants 45 

Surfactant CMC Value (mM) Literature Value (mM) 

SDS 8.00 8.00 - 8.20 [1, 2, 7] 

SDBS 2.30 2.30 - 2.73 [3, 6] 

SL 30.00 24.00 - 30.00 [2, 4] 

CTAB 0.92 0.80 - 0.92 [1, 2] 

DTAB 15.00 14.90 - 60.00 [2, 5] 

DTAC 20.00 15.00 - 20.30 [2, 5] 

Triton®X-100 0.34 0.24 – 0.27 [2, 7] 

 46 

In our experiments, we found a considerable difference between the CMC of SDBS and SDS. 47 

Surfactants with a more hydrophobic character (such as the benzyl ring of SDBS) tend to have a 48 

lower CMC in aqueous medium. [9]. A higher CMC was observed for SL than for SDS. In a 49 

previous study, the log binding constants (log KB) between polycyclic aromatic hydrocarbons and 50 

surfactants were investigated [10]. The log KB is an indication of the hydrophobic interactions 51 

between a surfactant and an organic compound, where a larger number indicates more interactions 52 

[10]. The log KB of the polycyclic aromatic hydrocarbons with SDS in that study was found to be 53 

higher than the SL. As a result, SDS had a lower CMC value than SL due to its higher 54 

hydrophobicity. 55 

The CMC of cationic surfactants also was determined. The CMC of DTAB was higher than 56 

SDS. This might be due to SDS's higher hydrophobicity compared to DTAB, in agreement with 57 

an earlier study showing SDS had a higher affinity for AgNPs than DTAB because of its higher 58 

hydrophobicity [11]. When comparing the CMC values of DTAB and CTAB, where CTAB had a 59 

longer alkyl tail but the same head groups as DTAB, and the CMC decreased greatly as the alkyl 60 

tail length was increased from DTAB to CTAB [12]. When the CMC values of DTAC and DTAB 61 

were compared, the counter ion effect becomes apparent, which is in agreement with literature 62 

[13]. A reduction in CMC is observed when the counter ion is changed from Cl- to Br-. Because 63 

the counter ion's size increases from 0.181 nm (Cl-) to 0.196 nm (Br-), it becomes less hydrated 64 

[14]. Micellar surfaces are more readily able to absorb weakly hydrated ions (Br-) because the 65 

charge repulsion between the polar groups is decreased [14]. On the other hand, polar water 66 

molecules partially screen the charge on heavily hydrated ions (Cl-). Because of this, Cl-
67 

counterions have less effect on charge repulsion between the head groups [14]. Since Triton®X-68 



4 

 

100 is a non-ionic surfactant, the CMC value could not be determined using conductivity 69 

measurements. The CMC of the Triton®X-100 was evaluated via surface tension measurement. 70 

The CMC of the Triton®X-100 was found to be significantly lower than both anionic and cationic 71 

surfactants. The presence of the benzene ring and multiple methyl groups increased the 72 

hydrophobicity of the molecules, which in turn reduced the CMC value significantly. 73 

 74 

Figure S1. Conductivity test for determining the CMC of (A) SDS, (B) SDBS, (C) SL, (D) CTAB, 75 

(E) DTAB, (F) DTAC and surface tension measurement for determining the CMC of (G) 76 

Triton®X-100. 77 
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S2. Calibration curve for MPD in n-dodecane 78 

 79 

Figure S2. Calibration curve for MPD in n-dodecane. 80 
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