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14 Gabriela F. Giordano,? Leandro Y. Shiroma,*® Angelo L. Gobbi,? Lauro T. Kubota,* and Renato S. Lima*?
15
16 This article addresses important results for consolidation of microemulsification-based method (MEC), an approach recently proposed
17 by these authors that represents a powerful output for deployment of point-of-use technologies. In MEC, the detection is conducted in
18 solution with naked eyes. It relies on effect of analyte on formation of microemulsions (MEs). Minimum volume fraction of amphiphile
needed to get ME (®we) is the analytical response whose measurement is based on a binary chemical information: the cloudy-to-
19 transparent transition that occurs with microemulsification. Accordingly, this signal can be precisely detected with naked eye enabling
20 precise determinations. Following experiments were accomplished: robustness investigation and direct determination of ethanol in
21 fermentation broths of sugar cane. Dispersions were composed of water, oleic acid, and ethanol as hydrophilic (W), hydrophobic (O),
22 and amphiphilic (AP) phases, respectively. Standards of analyte were added in W phase before the addition of AP in W-O mixture to
23 attain the analytical curves. For application, the samples were directly used as W phase. Our approach was somewhat robust as regards
24 to deviations in volumetric preparation of dispersions and changes in temperature and conductivity. Lastly, the reliability of MEC was
25 evaluated in determination of ethanol in fermentation broths of sugar cane. The results were astoundingly accurate after direct analyses
26 with naked-eye detection. Usually, the step of dilution and separation tools such as chromatography and electrophoresis are required
27 for these samples. Limit of linearity, analytical sensitivity, and limit of detection were 70.00% v/v ethanol to water, -0.39, and 1.34% v/v,
28 respectively. MEC stands out in relation to the other methods reported in literature for determination of ethanol in alcoholic beverage
29 and fermentation broth when taking up parameters of wide linearity and low-cost. Indeed, our method is the unique that ensure precise
30 determinations without instrumental detection, requiring only naked eye for detection. It represents a remarkable aspect for point-of-
31 use measurements. Conversely, MEC is not applicable for trace chemical analyses because its poor limit of detection.
32
. id testing output that was recently proposethése authors
33 Introduction B Their orelin: Sl
Their preliminary data were promising with respé¢atthe
34 deployment of point-of-use platforms by using seolwtbased-
35 Point-of-use platforms have emerged like an imparéaea of  detection with naked-eyes. Conversely, our apprismalbt based
36 the quantitative analytical sciences in the recgedrs. Such on colorimetric chemical reactiofsbut in thermodynamics cf
37 methods enable cheap, rapid, portable, and useweiy assays colloids. Called the MEC (microemulsification-basedthod), it
38 bypassing the need for qualified operatoRapid testing methods relies on effect of the analyte over the entropyeoiulsions or
39 contribute for accomplishment of in-situ experingerthis type of ~ Winsor systems (discussed below). It affects then&ion of
40 assay enhances the capacity to take fast decigiesenting high  thermodynamically stable dispersions, the microsionk (MES).
41 social and economic implications at industry, emwinent, and  The analytical signal in MEC was the minimum volufraction
42 medicine?® Commonly employed point-of-use platforms rely on of amphiphile (AP) necessary to generate Miug) for a fixed
43 colorimetric reactions on paper. Herein, the détads conducted  ratio of water and oil. Herein, the productionnainodroplets in
by scanner, mobile phone, or smartphone whereaasbays are = ME (transparent) ensures the visual detection daie by
44 conducted through three assemblies, namely: dipstiteral flow, monitoring the change of turbidity from heterogamedispersionc
45 or microfluidics®®Meanwhile, such methods generate a somewhatcloudy), emulsions or Winsor systems, as showfign 1.
46 poor precision regarding the sensitivity and speitjt° It is Unlike the colorimetry wherein the response depends
47 because different paper substrates are employednsiruct the  increase/decrease in colouration or changes inlitpnaf a
48 device, affecting the flow rates and interactiorih\analytes. coloured medium, the measurement®ek are based on a binary
49 One powerful alternative to overcome the precisilated chemical information: the cloudy-to-transparentnsidion that
50 downsides is to make the experiments in solutioraddition, the  occurs with microemulsification. This conversiontsadike a
solution-based detection relies on disposable systnd it allows  turning point in titration processes. Thus, thealgn MEC can be
o1 the detection of diverse analytes according toemgviecently  precisely detected with naked eye. This featureirssnot only
52 published by Paterson and de la Rit8uch a wide application is screening analyses (positive/negative results) ke most of
53 stemming from the employment of modified nanomatsriThese  colorimetry rapid testing platforni§,but also precise quantitative
54 structures facilitate the monitoring of colourseafémall changes experiments! In colorimetry, there is a subjective uncertaibgy
55 on analyte content with the naked eyes as wellypasses the use personal and surrounding conditions in recordirggablours with
56 of electronic readers improving the potentialitynogthod for in-  naked eye#? _
57 situ analytical measurements. MEC meets the requirements for the development ofepiol
58 In this paper, we specifically focus on furtheréstigations into  point-of-use tools. This method is simple, fastay, and portable.
59
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Fig. 1 MEC experimental routine when the solvent is polar. Preparation
of solution of analyte (W + An) in polar solvent (a), addition of oil (O)
under a specific volume ratio (b), and addition of amphiphile (AP)
generating initially heterogeneous dispersions (photo on the right) and,
then, microemulsions (photo on the left) by vigorously shaken the W-O
mixtures (c). Minimum volume fractions of AP needed to get
microemulsion (®@ye) were used to plot the analytical curve since such a
parameter depends on analyte contents. For application to samples, the
routine is similar. Herein, meanwhile, the sample is applied directly as W
phase, "W + An”in (a). The symbols ‘n” and ‘p’ are the non-polar and
polar groups of amphiphile, respectively.

Besides, it allows precise determinations with argjranalytical
performance taking up figures of merit such asipieg, linearity,
robustness, and accuracy. MEC still can operatesmithl sample
volumes; values on the order of 20 UL for dispersice enough to
assure the visual detection®fe. !

The preliminary data obtained by MEC for analysisvater in
ethanol fuels and monoethylene glycol in liquefieatural gas
were precise, accurate, and robust regarding thétdms in
dispersion preparing and temperattiré&urther studies into the
robustness of MEC are described herein. This pasmets also
investigated as a function of changes in ionicgtie for analysis
of ethanol in water. In addition, this paper addessa new
application to study the reliability of method: ttietermination of
ethanol in complex samples of sugar cane fermemtdtroths.
Finally, we performed a comparative study betweenroethod
and some techniques for such an application franiitérature.

Ethanol is the most produced biofuel in world watproduction
of around 93 billion litters in 2014 from fermeritat of renewable
sources like sugarcane, beet, and édicoholic fermentation is
a key step in production of ethanol biofuel becadseerse
parameters may interfere on action of yeasts. Tih@semeters are:
change of temperature and pH, poor building up wifients,
presence of toxic species, and ethanol in ex¢eshereby, the
monitoring of ethanol in broths during the prodantiof ethanol
fuels is relevant to detect unconformities and f@eva high
efficiency of productiort®

Chemicals

Ethanol, NaCl, and N8Qs, and CaGl were supplied from Merck
(Whitehouse Station, NJ) whereas oleic acid wasiobtl from
Labsynth (S&o Paulo, Brazil). Particles of Sihd FeG were
purchased from Sigma-Aldrich Chemical Co. (St. LolKD).
Deionized water (Milli-Q, Millipore Corp., Bedford, M) was
attained with resistivity no less than 1&\m.

Microemulsification

Experimental protocol of MEC depends on the natfreample.
According to its polarity, the analyte can be adaedater (W),
AP, or oil (O) phase for microemulsification proses MEC is
applicable to polar, nonpolar, and amphiphile sasprhe media
tested herein are polar. In this case, W phaseicatuare initially
prepared changing the content of analyte standaadded in polar
solvent. Such solutions are utilized to prepare \Wigtures under
a specific volume ratio. Succeeding, the generatbrME is
conducted by transferring pure AP until cloudy+arsparent
transition. Detection ofbme was performed with naked eye -
Dispersions were attained in glass bottles or Egpefitubes with
the aid of micropipettes by vigorously shaken W-Qtores after
adding the AP. All of the measurements with MECevaade with
n = 4 for each content of analyte. Valuedaie were obtained by
gradually adding the amphiphile in a unique batthataining the
W-O mixture. The first attempt in findin@me took approximately
4 min and it was intended only to get an approxémadlue of
analytical signal. The other attempts, in turntdddess than 1 min.
Continuing, the analytical curve is then construdtgdelating the
responses with the diverse analyte concentratisrsapplication,
the microemulsification relies on employment of thample
directly as W phase. Finally, the analyte contesnolitained by
direct interpolation using the linear regressiore lequation fitted
by least squares methdeig. 1 exhibits the MEC routine when the
solvent of sample is polar, case reported in thzep.

Microemulsifications were performed at room tenapere (23
°C) whereas the dispersions were composed of wéler @leic
acid (O), and ethanol hydrotrope (AP phase). Thalyts was
ethanol, added in W phase to get the analyticalesuas described
above. W-O mixtures had a total volume of 600 pthv0.00%
v/v oil to water Po). Such a faction does not take up the volumic
of AP. Lastly, the concentration of analyte was resped as
volume fractions of ethanol to watebg).

Robustness test

The level of robustness was expressed by abscohates €alculated
for ®e (AD, % v/v) in determination of ethanol in water. Taes
errors were owing to deviations in volumetric pregp@an of
dispersions and changes in temperature and ioréngth of W
phase

To calculateA®, analytical curves were initially achieved

The fermentation broth and wine samples are complexying up (i) relative standard deviations (RSD)5000% and

presenting diverse species such as ions, sugaraJ@hols. These

samples usually require indirect methods for adeura

determination of ethanol due to chemical complexiierein,

outputs applied for ensuring selective analysekide HPLC®

electrophoresi$] and gas diffusion separati§rwith, in general,
electrochemical or optical detection. Astoundingig present in
this paper the direct determination of ethanoemmfentation broth
of sugar cane by employing just MEC with visualedtion. It

bypassed even the dilution of samples.

Experimental methods

This journal is © The Royal Society of Chemistry 2015

10.00% v/v in®o and several (ii) temperatures and (iii) ionic
strengths. The\® values were related to 7.00%, 15.00%, ar d
25.00% v/v@Ee at 23 °C without deviations i®o and added salt
(reference values). In all of the cases, the aigalytsignals
associated to the reference values were usedeéarliregression
equation of each curve to calculabe for the MEs prepared by
considering deviations in preparing of W-O mixtueesl changes
in temperature and ionic strength of W phase.
Temperature-function robustness was assessed lsjructing
analytical curves in the following temperatures; 2@, 23, 26, 29,
31, 33, and 38C. This range was selected by considering the usua

Analytical Methods, 2015, 00, 1-6 |2
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temperatures for in-situ tests, even in tropicalntdes like Brazil.
For the robustness in terms of ionic strengjththis parameter was
mathematically expressed by conductivity.( andk are related
to each other from equatidf:

2
2 = 2Nl 1)

£, kT

whereine, Na, &, &, ks, andT are elementary charge, Avogadro
constant, vacuum dielectric constant, medium digteconstant,
Boltzmann constant, and temperature, respectivalyatfain the
analytical curves in this case, the W phases weepgoed by
adding standards of ethanol in different aqueoudianaamely:
10.0 and 500.0 mmol'LNaCl and 10.0 mmol -t N&eSCQu, FeCh,
CaCkb, and NiSQ

Application

Values of®e in fermentation broths of sugar cane were detexchin
by means of the analytical curve method. Samples weovided
by Brazilian Bioethanol Science and Technology Latmoya
(CTBE). Such samples were characterized as regamiesence
of acetic, succinic, and lactic acids, glucosegstfrae, sucrose, and
glycerol. Their contents are shown in Supportirfgrimation.

The conductivity of samples was measured by AJ dfiat
AJX-522 (Sao Paulo, Brazil). Accuracy was testectmparing
the analyte concentrations determined by MEC andRKBruker
Alpha, Billerica, MA). Student’s t tests at 95% coleihce level
made statistical comparisons among the data reddrg¢he two
methods.

Results and discussion

Analytical curve

Fig. 2 exhibits the analytical curve for standards ofathl in W
phase at 23 °C with 50.00% vo. We found the limit of
detection (S/N = 3) was 1.34% v/v. The curve preesb@ wide
linear range with limit of linearity of 70.00% v/APe and two
regions with different analytical sensitivities.30 and -0.88 for
@k greater than 40.00% v/v.
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Fig. 2 Analytical curve for standards of ethanol in W phase at 23 °C

(50.00% v/v ®o) with water-ethanol-oleic acid MEs. Inset: photo of one
broth sample. R?were 0.9961 and 0.9907 (®¢ higher than 40% v/v).

This journal is © The Royal Society of Chemistry 2015
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Negative deviations idme are due to progressive addition of
ethanol in W phase. It necessitates decreasindbmefractions
of ethanol for microemulsification. The reducaline by building
up ethanol in W phase relates likely to the inceess surface
activity phenomenon. It favours the thermodynantabiization
of dispersions through the reduction in interfatéaision?®2!

Robustness

Assuming the theory of dispersions with non-ionidactants, the
surface activity in MEs depends majorly on temparatather than
ionic strength. Herein, the temperature acts byifyiody nw and
70.29 Once the temperature increases,thevalues are decreased
due to reduction in solvation of polar groups of, Alfminishing
the surface activity. Conversely, we observe an mcdraent into
with temperature because the increase in the amations of
nonpolar groups. It raises the surface activityttiermore, this
phenomenon changes with temperature and ionicgilrdrecause
deviations in monomeric solubility of AP. It altetie surface
activity by modifying the fraction of amphiphile satbed at W-O
interfaces.

Considering the discussion abo#ye do not show a simpl-
and generic relationship with the parameters ofpemature and
ionic strength. In relation to deviation in W-Oiagtit affects the
®me because the changesminandno as well.

For the procedure of preparation of W-O mixturds A®
values were -1.23% (7.50% v/v), -1.54% (15.00%\dény -1.91%
viv (25.00% v/v®e) considering 5.00% v/v RSD. Such errors 1.
10.00% v/v RSD, in turn, were -2.38% (7.50% v/N2,33%
(15.00% v/v), and -2.28% v/v (25.00% vAPe). Analytical
sensitivities, in turn, were -0.40 and -0.39 fdd®% and 10.00%
v/v RSD, respectively. Analytical curves obtainedhis case are
shown in Supplementary Information.

Resulting curves relative to temperature-functidousiness as
well as the obtained values @f® are depicted inFig. 3.
Confidence intervalsn(= 4) ranged from 0.11 to 0.39% Wiwve.

52 ) Y L)
504 &
> 48
> o
= 46
g 44,
s 13
42j§
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38.0 75 150" 250 ' ' i
5 10 15 20 25 30
@ (% viv)

Fig. 3 Analytical curves for standards of ethanol in W phase at different
temperatures to investigate the robustness using water-ethanol-oleic
acid MEs. Inset: values of A® as a function of @ in three regions of
analytical curves (7.50%, 15.00%, and 25.00% v/v ®¢) for the changes of
231018 °C, 23t0 20 °C, 23t0 26 °C, 23 t0 29 °C, 23t0 31 °C, 23t0 33 °C,
and 23 to 35 °C. All of the R?values were equal to or larger than 0.99. S
values, in turn, were: -0.39 (18), -0.38 (20), -0.39 (23), -0.41 (26), -0.40
(29), -0.40 (31), -0.39 (33), and -0.38 (35 °C). A® is in module; the values
for temperatures greater than 23 °C were negative.

Analytical Methods, 2015, 00, 1-6 |3
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A® had values between 0.91 and 4.54% v/v. Errorsulzabd for either temperature or ionic strength to providecessful analyses.
temperatures greater than Z3 were negative whereas the values Once the analytical sensitivities remained pratijicanstant for
for 18 and 20C were positive. The analytical sensitivity remained deviations in theses parameters, the correctisesefiting data of

almost constant with the heating of MEs. Their galare shown
in legend ofFig. 3.

The analytical curves achieved by adding salts iph&ses as
well as the values &® are shown irFig. 4. Confidence intervals
(n = 4) changed of 0.09 to 0.17% wiwe. Herein, the absolute
errors ranged from 0.01 to 2.90% v/v. Even though higgest

concentration could be easily performed by takinty ¢he linear
coefficients of analytical curves.

Application

We used spectroscopy and chromatography to cleaizethe
samples (photo exhibited Fig. 2) as regards to the presence cf

values ofA® were recorded for the more conductive solutions ggars (glucose, fructose, and sucrose), acididaseccinic, and

(containing 500 mmol £ NaCl), the conductivity of the W phases
did not present a systematic effect over robustné&s did not
observe, for example, the lowest absolute errargdta obtained
with 10 mmol L:* NaCl, less conductive media. Conductivities of
W phase solutions are portrayed in Supplementdigrriration.
Their values ranged from 0.5 to 38.9 mS'cimhe lowest errors
were attained for 10 mmol-LNaSQ, with values among 0.01
and 0.35% v/v. The W phases based on 10 mmoF&Ck had
values ofk higher than those for solutions with 10 mmot L
NaSQs and CaCGl. These phases exhibited similar conductivities.
Herein, the MEs prepared in Fedid not show the biggeat®
that ranged from 0.71 to 0.86% v/v. Only the ermesorded for
10 mmol L NaCl and CaGlsalts were negative. Lastly, analytical
sensitivities remained almost invariable again ascdbed in

lactic) and glycerol. Resulting data are stresse8uipplementary
Information. Most abundant species were acid aeetitglycerol
with concentrations on the order of 22 and 9'grespectively.

Direct determinations by using the analytical eufFig. 2)
were performed to the samples. The results arepied inTable
1. It shows also the conductivity of the samplesd®\inear range
of MEC bypassed the step of dilution of the samptagributing
for accuracy. Indeed, the fractions®E were in agreement with
the data of FTIR. As described earlier, the sampilesein
investigated usually require indirect techniqued arstrumental
detection for accurate determination of ethanolusThthe date
portrayed inTable 1are promising towards deployment of MEC-
based analytical rapid tests.

legend ofFig. 4. Indeed, the data of robustness of MEC did not Comparative study

present a systematic dependence on conductivitispérsions.
Robustness is crucial for deployment of point-cé-asalytical
platforms. Such a parameter was somewhat acceftabile-situ
assays depending on conditions of temperature amdLictivity as
well as the needed levels of accuracy. High-acgueaperiments
may require the employment of analytical curvesHam specific

54' @ Without Salt | ]
524 | o NaCltomm |-
5. @ NaCi500mM | 1
= ] Na,SO, 10 mM
> 484 | @ cacl,10mM |
= 6] | o Fecl 10mM
5] 13
=
©

4. W S
4247 e —
EEEE T T ] — ———
381, A

5 10 15 20 25 30
o (% VIV)

Fig. 4 Analytical curves for standards of ethanol in W phase at different
ionic strengths to investigate the robustness using water-ethanol-oleic
acid MEs. Inset: values of A® as a function of @ in three regions of
analytical curves (7.50%, 15.00%, and 25.00% v/v ®¢) changing the k of
W phase by adding ethanol in aqueous media, namely: 10.0 (gray) and
500.0 mmol L (blue) NaCl and 10.0 mmol L Na.SO, (yellow), CaCl.
(green), and FeCl; (pink). Other samples were visually similar to that
shown herein. All of the values of R?were larger than 0.99. The values of
analytical sensitivity, in turn, were: -0.39 (without salt, see Fig. 2), -0.37
(20.0 mmol L* NaCl), -0.36 (500.0 mmol L* NaCl), -0.40 (20.0 mmol L*
Na.S0,), -0.39 (10.0 mmol L* CaCl,) and -0.39 (20.0 mmol L FeCl;). A®
is in module; some values were negative as highlighted in main text.

This journal is © The Royal Society of Chemistry 2015

Important features of different methods reporteliténature for
determination of ethanol in alcoholic beverage &rdhentation
broth are shown iffable 2. MEC stands out in relation to the othe.
when taking up parameters of wide linearity and tmst. Further,
this method is the unique that ensures preciserempets without
instrumental detection, requiring only naked eyedfetection. It is
a remarkable aspect for point-of-use tests. Apanhfthis feature,
the cost of MEC-based kits for chemical measuresamould be
significantly low because only the consumables waifect such
a cost. Herein, we should to highlight volumeseakiced as 20 pL
for final dispersions are enough for accomplishmehMEC !
Concerning analytical frequency, a powerful waympiove such
a figure of merit concerns the employment of mikridics (with
optical detection to dete@we). Further advantages are resultiiry
from conversion of bulk to microscale analyseduding decrease
in chemical consumption (femto to nanoliter) angriovement in
reproducibility?3

Conclusions

In summary, the findings reported herein represergmarkable
breakthrough in understanding and making the ME&aerful
platform for the development of point-of-use tediogées. The
method was somewhat robust as regards to chant@srerature
and ionic strength and deviations in preparatiow/e® mixtures

Table 1 Concentrations of ethanol (®g, % v/v) in fermentation broths of
sugar cane (B.-B,; a photo of one sample is exhibited in inset of Figure
3) determined by FTIR (n = 3) and MEC (n = 4)

Samples  FTIR (% viv) MEC (% V/v) k (MS cm?)
B: 15.5+0.1 15.9+0.3 5.3
Bz 15.5+0.2 15.8+0.5 5.2
B3 15.6+0.2 16.1+0.4 5.3
Ba 15.7+0.1 15.9+0.3 5.3

Analytical Methods, 2015, 00, 1-6 |4
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Table 2 Comparison of some analytical figures of methods for ethanol determination in samples of alcoholic beverages and fermentation broths

LOD LOL

Analytical Sample

Method Sample @ vlv) (%viv) frequency  dilution Cost Portability Reference

FIA-GD-Amperometry on Alcoholic beverages 0.4 10.0 126 h  1-fold Medium No 22

Copper oxide electrode

Microchip Electrophoresis Beer/Wine 3.49x1® 0.029 18 h 50, 100-fold Medium Yes 17

Gas Chromatography Alcoholic beverages N.1. 63.3 5h None High No 24

Amperometric Biosensor Alcoholic 7.5x10° 8.7x10° N1 ~80-fold High Yes 25
Beverages

FIA-GD-Spectrophotometry Wine/Molasses 0.18 25.0 2¢h  5,9-fold Medium No 26

SIS-GD-ADH- Wine 005 250  21h  35dod  High No 27

Spectrophotometry

GD-Voltammetry Fermentation Broth 0.18 20.0 16h  1.5-fold Medium Yes 18

MEC Fermentation Broth 1.34 70.0 12h None Low Yes This paper

N.L.: Not informed

FIA: flow injection analysis;

GD: gas-diffusion separation;
SIS: sequential injection system;
ADH: alcohol dehydrogenase.

for determination of ethanol in water. Reliabilifytbe method was
satisfactory taking into account direct analysesetifanol in
complex samples of fermentation broths of sugaecaéccurate
measurements were possible without even steputfatil For this
application, dilution and separation methods likeomatography
and electrophoresis are usually needful.

Taking up the conclusions, our data create newppetives for
point-of-use analysis by using the MEC, an apprdaased on
colloid thermodynamics and solution detection. Rgpt method
ensures precise determinations bypassing subjamtigertainties
by personal and surrounding conditions concerrtirgdetection
of analytical sighal with naked eye. MEC has alsmide linear
range and high robustness, essential parameteirs-$itu assays.
Furthermore, our method does not present drawbestlted to
instability of chemicals like enzymes because ME&seon use
of solvents only beyond analytes. Conversely, wasthwhile to
highlight that such a platform is not applicable imce chemical
analyses because its poor limit of detection. htertebls based on
spectroscopy or electrochemical, for instance racemmended.
In addition, developing methods to improve MEC siléy is a
key aspect that should be addressed in next igag&tns. Diverse
species may change the media interfacial tensiothier complex
sample-base applications, thus generating interéeren method.
Thus, coupling of MEC with techniques like solid paaxtraction
should enlarge the employment range of MEC.
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Nomenclature

®me minimum volume fraction of amphiphile needed to JE;
®o volume fraction of oil to water;
®c volume fraction of ethanol to water;

This journal is © The Royal Society of Chemistry 2015

A® absolute error determined f;
K conductivity;

| ionic strength;

vi interfacial tension.
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\ 4

W + An

34 Nanodroplets in thermodynamically stable dispersions allows naked eye determinations. An:
analyte; W, O, and AP; water, oil, and amphiphile, respectively.



