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ABSTRACT

Nutritional and healthy values are well known propertésirgin olive oil (VOO). The product

quality, in terms of belonging to a specific quality grade (extra virgin, virgin, lampante), is defined
by a set of chemicgdhysical ad sensory measuremen#sccording to the official regulatioof the
European Union(EU Reg. 1348/2() the free acidity is the first parameter that has to be
determined by analyst# gives information about the quality of the olives used to produce the
VOO as well as the hydrolytic state of VOO just produced and stored. The official procedure is
basedon an aciebase titration that needslie carried ouin a chemicalaboratory.

In this paper a portable batteoperated electronic system to measure olive oil free acidity is
SUHVHQWHG WKH VA\VWHP FDQ EH XVHG IR UrondnE@livelo)) VLW >
mills or packaging centers) by people without particular training. The working principles of the
system is based on the creation of an emulsion between oil and a hydroalcoholic solution: the free
acidity is estimated on the value oétBmulsion electrical conductance.

This new system has beealibrated andn-house validatedhowing good results in terms lohit

of detection and quantificatipprecisionandaccuracybeyond a good correlation withee acidity

data obtaineapplyingthe official methodR?q;= 0.97)

Keywords: portable systemfree acidity virgin olive oil; impedance spectroscgpyn-house

validation electrical conductance.

Abbreviations
EIS: electrical impedancespectroscopy EVOO: extra virgin olive oi] FA: free acidity LOD:
limit of detection,LOO: lampante olive 0jILOQ: limit of quantification,RSD: relative standard

deviation, TAGs: triglycerides,VOO: virgin olive oll.
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1. Introduction

Virgin Olive Qil (VOO) is obtained from olives (the fruits @lea europaea [).applying only a
mechanicabhysical extraction procesand represents a produtiighly appreciated for its
beneficial effects on human health, mainly due to a high content of oleic acidneud
components such as phytosterols, carotenoids, tocopherols and hydrophilic phenols (Bendini et al.,
2007) The EuropeatCommission Implementingegulation 1348/2013 (EU Relo 1348/2013)
defines a decision tree for verifying whether a VOO is consisteht twé category declarednd

the quality criteria that have to be checked by analysts are: free acidity (FA), pevakiee
specific extinctions in UV, sensogharacteristicand ethyl esters of fatty acids. The first quality
parameter in the above ditelecision tree jgherefore the determination of thiree acidityof the

oil sample this is defined as the amount of free fatty acids, no longer linked to their parent
triglyceride moleculegTAGs), and measured as percame of oleic acid. Specificayl, the top-

quality product, Extra Virgin Olive Oil (EVOO), features a maximéw of 0.8 g oleic acid/100 g

oil, then the VOO features a maximuff value of 20 g oleic acid/100 g oil and, finally, the
Lampante Olive Oil (LOO), that is nstitable for theeommercialization as it j$s characterized by

aFA higher than 2 g oleic acid/100 g oil.

This parameteis especiallyaffected bythe quality of the olives used to produce thesaice free

fatty acids arise from the separation of fatty acids from $ABcause of the action of enzymes,
further stimulated by light, water, and heat. Thus, FA is an indicator of how fresh and how well
handled the olives were before being milledH QD Q J$S D U 5KXILR D UfcbbDzaléz &
Aparicio, 2015). To confirm this, different studies reported thggographic and environmental
factors (Bustan et al.,, 2014) anthe application of specific technological proesésuch as
filtration or a cooling treatment of olive pastdVeneziani et al., 2018-k) do not affect
significantly this parameter.

The official procedure to measure the biée acidityis defined by the European regulasdgEC

Reg. 2568/199and followingamendmenjsand consigof an acidbase titration that, albeit simple

and quick, musbe carried out in a laboratory by trained personnel essentially due to the need of
specific solvents and lab equipment.

However, in addition to official methodsr the quality control of virgin olive oilghere is a strong

need for simple, rapid and envnmental friendly techniques, also suitable forsde quality
FRQWURO HYHQ IRU QHZ-FORHYWVRQ@BA DQBOC\QRIGROs VNLOC
Garcia, GOmeaAlonso, Fregapane, & Salvador, 2013alli et al., 2016) This represents an
important issue in particular for the small oil mills and packaging centers that cannot afford the cost
of external laboratory analysis.
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The possibility ofsimple,quick and irsitu analysidor the food quality controloften implemented

in the form ofportable electronic systems) has been widely researched in the lagiG@garst al.,

2014; Grossi, Di Lecce, Arru, Gallina Toschi, & Ricco, 2015; Sture, Ruud Oye, Skavhaug, &
Mathiassen,2016 Arsalane et al.,, 2018)Concerning the olive oil free actgli determination
different innovative techniques have been presented in liter@fate et al., 2016) One approach

is based on Nednfrared (NIR) spectroscopy, allowing to estimate acidity by optical spectroscopy
analysis of the transmission spectrathe wavenumber range 4541 to 11726 cfArmenta,
Garrigues, & de la Guardi2007). This solution has the advantage that the measurement can be
carried out on the oil sample without any reagént it needs expensive instrumentation (optical
spectrophotometer) and requires frequentai@ration (different calibrations must be carried out
depending on olives varieties or geographical origin etc.). Argttic procedure to measure oil
acidity ha been also proposed XUY\DQ %HUH]LQ .XV bOaGy.Eh@ oil saribld @K D U
extracted with a chemical solverf0.20 M triethanolamine in a 1:1 solution of water and
isopropanol) and the pH measured. This technique is reported to be accurdkes pkit probe
needs to be used with care and frequent cleaning acalibeation are needed. Moreover, the used
chemicals add costs for disposal after use.

The aim of thiswork is to present portable electronic system to measureftee acidityin olive

oil samplestheinstruments battery RSHUDWHG DQG FDQ BH WXH®HR WV XTUH.F-H
the oil productionor bottling site. The working principle is based on t&imation of the oiFA

from the electrical conductaneeeasured by Electricdinpedance Spectroscopy (EIS) the oil
emulsionwith a hydroalcoholic solutionEIS is used in a wide range of applications (Grp&si
Ricco 2017), such as to estimate the ripening degree of fruits (Ha&eédaindonald,1994), to
characterize plantissues (Lin Chen, & Chen2012 Ben Hamegd Zorrig, & Hichem Hamzaoui,
2016), to characterize and to detect the freezing end point of ice cream mixes, (Gnossni,
Lazzarini, & Riccg 2012), to estimate the water content in extiegin olive oil (Ragni et al.,
2013), to investigate the corrosion of metal surfaces exposed to acid electrolytes, @Qusasihi,

& Singh, 2015 Hussin Rahim, Nasir, lbrahim, & Brosse?016), to analyse human body
composition (Khalil Mohktar, & Ibrahim,2014 Bera,2014), to detect the ermbint in a titration
assay (Grossi& Ricco,2017).

The systendescribed in this paper represeatgonsiderable improvement over previous studies
(Grossi, Di Lecce, Gallina Toschi, & Ricco, 2014esince it hadeencompletelyre-designed with
focus on lowcost electronics and small dimensioms. make the systencompletely portable and
reliable for onsite measurementsa temperature sensor has been included to compensate for

conductance variationgnked to changes in environemtal temperatureMoreover, he presented

4



110 instrumenthas beemn-house validated evaluating its performances in terms of correlation between
111 the concentration of the analyte and the instrument response, limit of detection (LOD) and
112 quantification (LOQ),precision andaccuracy.The validation stepin fact,is one of the measures
113 universally recognized as a necessary part of a comprehensive system of quality assurance in
114 analytical chemistry and is an essential component of the measures that a labdratbady s
115 implement to allow it to produce reliable analytical data (ThompBbison, & Wood 2002).

116

117 2. Material and methods

118 2.1 Reagents and chemicals

119 'LHWK\O HWKHU $&6 UHDJIJHQW SXULW\ o HWKDQRO
120 phenolphtaleinsolution (indicator, 1% in ethanol) were supplied fr&gmaAldrich, Inc. (St.

121  Louis, MO, USA).Sodium hydroxide 0.1 mol/L (N/10) was purchased from Carlo Erba Reagents
122 Sr.l. (Milan, ltaly).

123 Distilled waterwas produced b¥lix Essential system (Millip@, Molsheim, France). I6ic acid

124 (CAS Number 11:B0-1, assay 90%) used as standard for building the calibration eumge

125 supplied fromSigmaAldrich, Inc. (St. Louis, MO, USA).

126 2.2 Samples

127 In order to calibrate the system, 5 samples of refined sunflowé@withl free acidity and peroxide

128 value under the limits for vegetables oils according to CODEX STAN12BQ®) added with oleic

129 acid were prepared.o cover the range of free acidity the different quality grade&€{ OO, VOO,

130 LOO) different concentrations @leic acid(from 0% to 3.75%}jvere added (Table 1).

131 Thein-housevalidation studywas carried out oa set 0f30 olive oil (numerically coded from 1 to

132 30) with a different quality grad€0 EVOGs, 7 VOGOs and3 LOOs. An aliquot of 50 mL for each

133 sample was stored in PET dark bottles al2TC before the analysis.

134 2.3 Determination of free acidity

135 2.3.1Official method

136 Thedetermination oFA by titration was applied according tioe EU Reg. 2016/1227An aliquot

137 of the oil sample (the weight depends on the presumneedacidity was dissolved i100 mL ofa

138 mixture of diethyl ether and ethan@!:1 v/v, previously neutralizednd the free fatty acids present
139 were neutralized using sodium hydroxide solu{@ri M). Phenolphthaleirwas usedas indicator.

140 2.3.2Portable system

141 The working principle of the portable systdfigure 1)is based on theneasure of the electrical

142 conductancef an emulsion between a hydroalcoholic solution and the oil sainppgesence of

143 the hydroalcoholic solution, the free fatty acid molesuRCOOH, where R is the hydrocarbon

5
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chain, dissociate in the ionic compoundsOHand RCQ' that contribute to the increase of the
emulsion electrical conductance&Consequently,the higher the free fattyacid molecules
concentrationthe higher ions concentration and the higher the electrical conductance.

A 50 mL round bottom polypropylene tube (Falcon) modified to feature a couple shappd
stainlesssteel electrodes (6 mm in diameter, spaced byndRone from the other) required for the
electrical characterizatias used as sensor to realize the measurement

The first stepto realize the measurement 8 SUHDJHQW WHVW"™ WR FKHFN WK
(electricalconductance) of the hydiacoholic solution in order to avoid an overestimation of the

oil free acidity linked to the conductance of the solution. For this purpose, the tube (sensor) is filled
with 9 mL of ethanol and 6 mL of distilled water and its catdaceis measured. If the reagent
passethe test and is suitable for the measure (conductaoickigher thar®.6 puS), 1 mL of the oil
sample to be tested is added and the obtained mixture is manually shaken vigoroalsbut 20
seconds to create amalsion, whose conductance is measured to estimate the oil adidiigeo
showing the procedure to realize the analysis is availathe online version of the paper

The instrument is also equipped with a temperature sensor to measure the room environmental
temperature during the analysiBhe emulsion electrical conductance and the temperature are
measured and these values are used to calculate the emulsion cordattdhe calibration
temperature (23.5 °C). Then theee acidity of the sample is estimated using the calibration
function stored inside the microcontroller reolatile memory.

2.4 In-house method validation

The following parameters were evaluated in ordeensure the method qualitymit of detection

(LOD) and quantification (LOQ)ntra-day and inteday precision andccuracy

Before the application of the portable systeron olive oil samplesand in order to verify the
correlation between theoncentration of the analyte and thesponse of the instrumena
calibraton using samples afefined sunfloweil added with oleic acighreviously described (see
paragraph2.2) was carried outAll the samples were analyzed in triplicate by both tHecial

method to determine the reference valueFdéf, and by theportable systento measure the
conductance value. Then, the values were plotted in order to study the correlation between the
electrical conductancandthe free acidity of the samgle

The limit of detection (LOD) and quantification (LOQ) were evaluated considering the linear
relation between the conductance measured by the portable system and the square rothef FA
following formulas were applied:

/12" 1P (1)

/124 1P (2)



178 where 1lis the standard deviation of th&A square root measured for thefined sunflower oil

179  without addition of oleic acigsample A)andmis the slope of the curve.

180 To evaluate thenter-day precisionof the method, twavirgin olive oil samples for each type of

181 quality grade gampleseVOO_2 and EVOO_19for EVOOs, samplesVOO_1 and VOO _7 for

182 VOOs andsamplesLOO_1andLOO_3for LOOs) were analyzed in triplicate for three different
183 daysand values werstatistically evaluated bhe 6 W X G H Q<D 057 HV W

184  Accuracy andntra-day precision were studied analyzing the set of 30 olive with a different

185 quality gradePrecision were expressed in terms of R$létive StandardDeviation) measured

186 for thefree acidity valuesbtained with the portable systeRor the accuracy, all the samples were
187 alsoanalyzedfollowing the official method (acibase titration) and the comparison between the
188 values obtained by the two methods was perfor(tvedtailed paired-test withp <0.05).

189

190 3. Results and discussion

191 3.1 Design of the portable system

192 A portable battemspperated eld@oonic system foin-situ measurements of olive drke acidity has

193 been built to allow olive oil quality assurance directly in the oil mills or packaging centers.

194 The dimension®f the instrumenare 11 x 15 x 5 cm and some pictures are presentedunelzig.

195 The instrument can be powered by USB port or using batteries (3 AAA alkaline batteries 1.5 V).
196 The system is composed an electronic board designad-hoc that performs all the operations to
197 measure thdree acidity a 2 rows 16 columns LCD screen totpmt the measure results, four

198 buttons for user interaction and the senpoeviously described(see paragraph 2.3.2Yhe

199 electronic board is based on the microcontroller STM32L152RCT6A and its schematic is presented
200 in Figure2b.

201 To determine thé-A of an oil sampldahe electrical conductance of the emulsion is measured by
202 Electrical Impedance Spectroscopy (EIS). In the proposed approach the sample under investigation
203 is stimulated with a 1 V 200 Hz shveave voltage signaVi,(t) generated by the Btrin 12-bits

204 DAC inside the microcontroller and applied to the sensor electrodes.

205 The current drawn by the sensor is converted to avgawe voltageVou(t) by means of a current

206 to-voltage converter. Given

207  Vip(t) = Vmin X sen( @1 3)
208 itis
209 Vout(t) = VM,OUtX Sen( CE"' 3 (4)
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where Vuin and Vi oyt are the amplitude of the corresponding signaksis the phase difference
between the current through the sample ¥n(t), while f is the frequency of the test signal (200
Hz).
Both Vin(t) and Vo,(t) are acquired by the buiib 12-bits ADC inside the microcontroller using a
sampling frequency of 50 kHz and the simave parameters are calculated using the algorithm
previouslypresentedby Grossiet al. (Grossil.anzoni,Lazzarini, & Ricco, 2012
The emulsion in direct contact with the electrodes can be modelled as the parallel of an electrical
conductance (accounting for the conductance of the emulsion) and a capacitance (accounting for the
emulsion dielectric propeds): while the emulsion conductance (that dominates at low frequency)
is affected by the sample acidity due to the variation of the ions concentration, the dielectric
properties are almost independent.
The electrical conductan¢6y,) is thus calculated as:

9

* _ 0 RX .
P 5 Ho: LQM FRWV, (5)

whereR- LV WKH IHHGEDFN UHVLVW BE&welthge conderterRl1 WKH FXUUHQW
However, he relation betweeG,, and the free acidity is nelimear and it can be modelled with the
function:

P H %(# (6)

where ., are empirical parameters that must be determined by a suitable calibration procedure and
are also function of the calibration temperature.

Then, the sample free acidity che estimated from the measured electrical conductance of the
emulsion with the following formula:

FA=((Gn £. 2 7)

6LQFH WKH V\VWHP PXVW EH RSHUDWHG 3LQ WKH ILHOG " D
parameter under controhd environmental temperatuf® is measured by means of a MCP9700A
analog temperature sensor integrated on the electronic board: the output voltage (that has a
sensitivity of 20mV/°C) is acquired by a channel of the microcontroller ADC and converted to the
temperature value.

The systemworks as follows:the emulsion electrical conductancegisteredat a certain
temperatureG@m 1) and the temperatur@) are measured and these values are used to calculate the
emulsion conductance at the calibration temperatGrercai). Then thefree acidity of the oil

sample is estimated from the calculated valu&gtcai,using the calibration function stored inside

the microcontroller notvolatile memory.
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A more detailed descriptionf the system by an electronicahd mathematicgboint of viewis
presented irAppendixA, while a discussion on the influence of the environmental temperature on
the measured conductance and the method used for compensation is presented in Appendix B
3.2 In-house method validation

Beforebeingused with eal olive oil samples, the portable instrument has been calibFaiedhs
purposeall the samplesf refined sunflower oil added with oleic aggamplesA-E) were analyzed
by both the official method to determine the reference value of free acidity and pyrthble
systemto measure the conductance vallieedataobtainedare shown iriTable 1. Tha thevalues
were plotted (Figure 3): in all cases the electrical conduetareasured for the samplagreases
with its freeacidity with a nonlinear relation,confirming whatpreviously presented3fossi, Di
Lecce, Gallina Toschi, & Ricco, 201jbStarting from these datand applying anonlinear

regressionthe equation ahe calibration curve was defined follow:

0.0678 2
FA gm,235¢ . (8)
© 27877 :

where G, 235°ciS the emulsion electrical conductance at the calibration temperature of 23.5 °C.

It allows to obtain, directly on the display of thertablesystem, the freacidity value of the tested
sample estimated starting from its electrical properties.

Subsequently, some parameters for thdadose validation of the instrument were evaluated in
order to check itperformances andpplicability on real olive oil samples

LOD and LOQwere measured considering the FA of the refined sunflower oil and the slope of the
linear correlation between the free acidity square root and the conductéecealuesobtained

were 0.02% and 0.06% of oleic adat LOD and LOQrespectively.

Next aset of 30 olive oilsampleswith a different quality grade (20 Extra Virgin Olive Oils
EVOO; 7 Virgin Olive Oils £VOO; 3 Lampante Olive OilstLOQO) wereanalyzedin triplicate
applying this new analytical approach order to study its accuracy andtra-day precision
(expressed in terms of R$D

The portableinstrument showed goqatecisionresultssince # the obtained valugwere under the
15%. All the samples were alsmalyzedollowing the official method (acidbase titration) and the
comparison between the values obtained by the two methods was perftarnneelasure the
accuracy of the systenThe differences between the two series of redqaiticial methodvs
portablesystem were evaluated by using the ttailed paired-test £<0.05). Thetwo approaches

did not give statistically differences for the mean values (t<t (critical value)). Moreover, the
regression between the two series of values provided a coeffic?g@toROQ? (Figure 4)in

agreement with datpreviously presented byGrossi et al.(Grossi, Di Lecce, Gallina Toschi, &
9



275 Ricco, 2014. Considering the commercial categories of the samples anabltzeflthem with the

276  only exception of the sample VOO Were classified in the same way by both approadfiesally,

277  considering thenter-day precisiorof the instrument no significative GLITHUHQFHYV 6WXGH:
278 p<0.05 were found among the results obtained for each analyzed sample in the three different
279 days.

280

281 4. Conclusions

282 The design and #house validation of portable batterpperated electronic system suitable for in

283 situ measurements of olive oil free acidity hasrb@resentedThe system is built with low cost

284  electronics anembeds a temperature sensor to compensate variations of the measured electrical
285 parameters with the environmental temperature, thus making it suitable -Bitedinee acidity

286 measurements aitle a laboratorylts working principle is based on the estimation of the olive oll

287 FA from the measure of the conductance of an emulsion between adigdnolic solution and the

288 sample to be tested. When the free fatty acids present in the sampleicoroesact with the

289 hydro-alcoholic solution, a dissociation occurs, leading to the formation of ions that produce an
290 increase of the measured electricahductance

291 The system has been calibrated anéhonse validated. The data obtained showed good
292 performances of the instrument in terms of LOD and LOQ, -uiéna and inteday precision.

293  Moreover, it showed a good correlatidR?{y = 0.97 with the FA evaluated applying the official

294 method demonstrating a satisfactory accuracy.

295 The procedure to réae the analysis is very quick and easy. This make the system suitable also for
296 people without specific training.he application of this analytical device is addressed, in particular,
297 to the estimation of free acidity of just produced virgin olive ail®il mills. A next study will be

298 focused on the evaluation of the performance of this portable system when applied to bottles stored
299 for several months in dark/light conditions simulating possible different commercial
300 conservation/exposure on shelves obagries. This study will give indications regarding the

301 maximum oxidation statef olive oil sampletolerable to use th portable system amccurate and

302 reliable.
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Figure captions

Figure 1. Scheme of the working principle of the proposed electronic system for the determination
of free acidity in virgin olive oil (Grossi, & Ricco, 204)/

Figure 2. Pictures of the outside and inside of the electronic system and the sensor for olive oil free
aadity analysis (a); schematic of the system hardware and of its electronical functioning (b).

Figure 3. Measured electrical conductan@@,) at 23.5°Cvs free acidity for the sunflower oil
calibration set.

Figure 4. Scatter plot of the estimated free acidity vs the free acidity measured by titration for a set

of 30 olive oil samples.

19



453 Table 1

454  Codes and description of the samples used for the calibration of the system, data of free acidity
455 determined by the officiahethod and conductance measured with the portable system. The values
456 are mean of three replicates.

Sample Sample description Free z_acidi'gy Conductance
code (% oleic acid) (US)
A Refined sunflower oilwithout addition of oleicacid 0.10+0.01  0.79 £0.03
B Refined sunflower oil + 0.25% oleic acid 0.36 £ 0.03 1.58 £ 0.06
C Refined sunflower oil + 1.25% oleic acid 1.42+0.04 3.36+0.04
D Refined sunflower oil + 2.50% oleic acid 2.61 + 0.05 435+ 0.10
E Refined sunflower oil + 3.75% oleic acid 3.83+£0.04 5.40x0.05

457
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458 Table 2 Values of free acidity for all sampleseasured by the portable system and the official
459 method Results are expressed as % of oleic acid.

Sample code Free acidity Free acidity
(portable system)  (official method)
EVOO_1 0.18 0.25
EVOO_2 0.31 0.34
EVOO_3 0.25 0.28
EVOO _4 0.43 0.27
EVOO_5 0.30 0.25
EVOO_6 0.22 0.25
EVOO_7 0.18 0.25
EVOO_8 0.29 0.37
EVOO_9 0.29 0.34
EVOO_10 0.47 0.27
EVOO_11 0.32 0.33
EVOO_12 0.41 0.42
EVOO_13 0.24 0.28
EVOO_14 0.27 0.28
EVOO_15 0.32 0.44
EVOO_16 0.35 0.35
EVOO_17 0.18 0.28
EVOO_18 0.15 0.22
EVOO_19 0.27 0.39
EVOO_20 0.24 0.31
VOO_1 1.30 1.36
VOO 2 1.29 1.38
VOO_3 0.88 1.05
VOO 4 1.11 1.33
VOO_5 1.22 0.99
VOO 6 1.76 1.87
VOO _7 1.90 2.81
LOO 1 2.39 2.56
LOO_2 4.42 6.64
LOO 3 4.49 5.67
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Appendix A

According to he working principle of the portable systeen50 mL polypropylene tube (Falcon)
vial modified to feature a couple sfainlesssteelelectrodes to measure the emulsion conductance
(hereafter the sensor) is filled with 15 mL of hydidgoholic solution (40% distilled wat@0%
ethano), then 1 mL of the olive oil sample is added and all is stirred to create an emulsion.

In presence oftie hydroalcoholic solution, the free fatty acid molecule RCOOH, where R is the
hydrocarbon chain, dissociates in the ionic compoung3’ Hnd RCQ' that contribute to the
increase of the emulsion electrical conductance. In the end, the higher the free fatty acid molecules
concentrationthe higher ions concentration and the higher the electrical conductance.

The emulsion electrical conductance is swead by Electrical Impedance Spectroscopy (EIS).

In the proposed approach the sample under investigation is stimulated withveagemeoltage

signalVin(t):

9 oW 9 Lb VLQEW (A1)
and the curreni,(t) through the sample is measured:

LoW o L&V LQEW T; (A2)

whereVuin andly i, are the amplitudes of the corresponding sigrfaks the frequency of the test
signal and3is the phase difference betwdgi(t) andVi(t).

The sample electrical admittance is then expressed as:

JLME 010 E pR z < fo. .
SE RV MVLUD 5H< MIP< (A3)

The emulsion in direct contact with the electrodes cambeelledas the parallel of an electrical
conductance (accounting for the conductance of the emulsion) and a capacitance (acfmthgn
emulsion dielectric properties): while the emulsion conductance (that dominates at low frequency)
is affected by the sample acidity due to the variation of the ions concentration, the dielectric
properties are almost independent. Thus, the eonulsiectrical conductance,{&an be estimated
ZLWK WKH UHDO FRPSRQHQW RI WKH HPXOVLRQ DGPLWWDQF!
modulus.

In Figure A1 (@ the admittance modulus (measured with the commercial LCR meter Agilent
E4980A) is plotted vs. the frequency of the applied test signal for different samples featuring
different acidity in the frequency range 20 H2 MHz. As can be seen, |Y| increasethwample

acidity for test signals with a frequency lower than 20 kHz while it is almost independent on sample
acidity for higher frequencies. This is the reason why the designed electronic system n@gasures
with a single frequency measurement at 200 Hz.

The relation betwee@,,and thefree acidityis nortlinear andt can bemodelledwith the function:
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494 *o . 193 1¥)$ (A4)

495 where ., and are empirical parameters that must be determined by a suitable calibration
496 procedure and are also function of the calibration temperature.

497 In Figure Al (b) the qualitative plot oGy, vs FA is shown:as can be seen, the nlomear function

498 results in better accuracy for the estimdteg acidityfor lower acidity levels. This has been taken

499 in account by using a suitable amount of sample to create the emulsion to obtain good accuracy in

500 the acidity ange of interest.

501

502

503 Figure Al (a) admittance modulus plotted frequency for olive oil samples featuring different free
504 acidity; () qualitative plot of the electrical conductance as function of sample acidity.

505

506 However, eqA4 needs a computation intensive iterative algorithm to extract the estimated acidity
507 from the measured value @, as well as manual input of starting point to avoid failing in
508 algorithm convergence. Thus, a simpler model has been chosen (obtained byingetie molar

509 conductivity dependence on thes® ions concentration) that is much more suitable to be
510 implemented in a loveost microcontroller and can be described by the following function:

511 *p . 13%$ (A5)

512 The two models of edA4 andA5 have been tested with the data set of Grossi ¢Gabssi et al.

513 2014) and the results have shown how the accuracy in estim@méagacidityis only marginal

514  higher for modeA4 than modeA5.

515 The samplefree aciditycan thus be estimated from the measured electrical conductance of the

516 emulsion with the following formula:

517 )$ @A (A6)
518
519 Appendix B
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The oil sample free acidity can be estimated by measuring the emulsion electrical conductance at
the temperature of calibration and then calculating the free acidity using egaéti¢towever,
VLQFH WKH VA\VWHP PXVW EH RSHUDWhié@al xengperdtiedisinod ® G- LC
parameter under control, there is the need to investigate how the emulsion conductance varies with
the temperature so that the oil free acidity can be estimated by the measure of the emulsion
conductance and the temperature.

Four different olive oil samples featuring different free acidity values (0.06% sample A, 0.37%
sample B, 0.81% sample C and 3.7% sample D) were tested inside a Binder APT KB 53 thermal
incubatorfor different temperatures between 15°C and 35°C.

In Figure B1 (a) the measured emulsion conductance is plotted vs the incubation temperature for
each sample. In all cases ti&, is a linear function of the temperature with determination
coefficients B > 0.99. The calculated linear regression lines allow to deterthia conductance
variation with temperature (i.€.*,, ~ Yfor all samples: 0.0196 for sample A, 0.0495 for sample B,
0.0579 for sample C and 0.1417 for sample™@y ~ s thus found to increase with the sample

free acidity. Since the sample free acidity is also a function of the emulsion electrical conductance,

the relation betweefi *,, ~ &ndGn 235.chas been plotted in Rige B1 (b).

Figure B1 (a) measured emulsion conductance vs the incubation temperature for olive oil samples

featuring different free acidity; (b} *,, ~ ‘plotted vs the electrical conductance at 23.5 °C.

As can be seen, a linear relation gives a good approximatfon (F9672) of the function between

- * - bndGm,23_5°cthUS:

~ %

e e ta (BY)
where “*, " 7and Gpn235,c DUH H[SUHVVHG DV 6 f& DQG 6 UHVSHFWLY

conductance at the environmental temperafuzan thus be expressed as:

P71 P fa ~*7PTk7' 0 (B2
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and

*p7 *p f& k T*p f& ol k% (0] (83)

The emulsion electrical conductanceTafi, = 23.5°C can thus be estimated from the electrical
conductance at temperatuf@nd the measured valueDtising the following formula:

* *p7 HKF (0]
P f& HKt o

(B4)

Thus, by measurinG,, randT, the value oG, 23 5.ccan be calculated using equati®# and, from

this value, the sample acidity can be estimated using equggion
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Video
Click here to download Video: acidity_measure_system_english.wmv



