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Biodiesel can be produced from vegetable oils, animal fats, and waste cooking oils by transesterification with ethanol (also called ethanolysis) in order to substitute fossil fuels. In this work, the batch ethanolysis of high oleic sunflower oil was transferred into a continuous microstructured device, which induces a better control of heat and mass transfers. Various parameters were studied, notably the initial ethanol to oil molar ratio.

An innovative method using NIR spectroscopy was also developed to on-line monitor the transesterification reaction of high oleic sunflower oil with ethanol in microreactors (circular PFA tube 1/16" OD, 0.02" ID). The reactions were monitored directly in the microreactors through sequential scans of the reaction medium by the means of an adequate probe. The asset of the method is that no sample collection or preparation is necessary. Partial least squares regression was used to develop calibration and prediction models between NIR spectral data and analytical data obtained by a reference method (gas chromatography with flame ionization detection, GC-FID). This method is fast, safe, reliable, non destructive and inexpensive contrary to conventional procedures, such as gas chromatography and high performance liquid chromatography generally used to determine the composition of crude transesterification medium.

Introduction

Biodiesel can be produced from vegetable oils, animal fats, and waste cooking oils by transesterification [START_REF] Demirbas | Biodiesel production facilities from vegetable oils and animal fats[END_REF][START_REF] Encinar | Ethanolysis of used frying oil. Biodiesel preparation and characterization[END_REF] with an alcohol (alcoholysis) in order to substitute fossil fuels. Many works have used methanol [START_REF] Darnoko | Kinetics of palm oil transesterification in a batch reactor[END_REF][START_REF] Fukuda | Biodiesel Fuel Production by Transesterification of Oils[END_REF][START_REF] Srivastava | Methyl ester of karanja oil as an alternative renewable source energy[END_REF][START_REF] Sharma | Development of biodiesel from karanja, a tree found in rural India[END_REF] as alcohol reactant which is mainly produced by oxidation processes of methane, a natural gas component, hence a nonrenewable energy. Ethanol and particularly bioethanol from sugar cane, sugar beet or corn is preferable to methanol due to its superior dissolving power for vegetable oils, low toxicity and its renewable origin. However, using ethanol leads to additive problems which have to be overcome to obtain a profitable process. First of all, its reactivity is slightly less important as it is less acidic than methanol because of a longer carbon chain. Besides, fatty acid ethyl esters (FAEE) production using ethanol is more costly than fatty acid methyl esters (FAME) production with methanol, due to a process composed of more steps using, particularly, a refill with ethanol and catalyst, when the reaction equilibrium is reached, in order to shift it.

Various other factors such as free fatty acid (FFA) content, water content, type/amount of catalyst, vegetable oil to alcohol molar ratio, or temperature [START_REF] Darnoko | Kinetics of palm oil transesterification in a batch reactor[END_REF][START_REF] Freedman | Variables Affecting the Yields of Fatty Esters from Transesterified Vegetable-Oils[END_REF][START_REF] Meher | Technical aspects of biodiesel production by transesterification -a review[END_REF][START_REF] Sharma | Advancements in development and characterization of biodiesel: A review[END_REF] can affect the process. This transesterification leads to high conversion of triglycerides (TG) into ethyl esters [START_REF] Marjanovic | Kinetics of the base-catalyzed sunflower oil ethanolysis[END_REF] with diglycerides (DG) and monoglycerides (MG) as reaction intermediates and glycerol as by-product (reaction in three consecutive steps).

Ethanolysis is generally conducted in batch reactors. Depending on the reactional scheme and the thermokinetic properties of the system, continuous processes may withdraw existing obstacles of batch processes such as numerous steps, secondary reactions, stable equilibria and difficulties to separate the reaction products. Several works on biodiesel production using microreactors have recently been published [START_REF] Qiu | Process intensification technologies in continuous biodiesel production[END_REF][START_REF] Sun | Fast Synthesis of Biodiesel at High Throughput in Microstructured Reactors[END_REF][START_REF] Wen | Intensification of biodiesel synthesis using zigzag micro-channel reactors[END_REF][START_REF] Sun | Synthesis of Biodiesel in Capillary Microreactors[END_REF]. The methanolysis system is complex due to changing phase equilibria [START_REF] Guan | Twophase flow behavior in microtube reactors during biodiesel production from waste cooking oil[END_REF]: two immiscible phases are present at the beginning (vegetable oil and methanol), then a single phase appears after a few minutes of reaction. Finally, two phases are obtained at the end of the reaction, majorly composed of methyl esters and glycerol. Moreover, this reaction involves simultaneous phenomena (mixing, heat and mass transfers) which have to be precisely controlled. Hence, to properly design a continuous process, numerous data are required. In this study, we transferred the batch ethanolysis of high oleic sunflower oil into a continuous microstructured device. Indeed, microreactors generally induce a better control of heat and mass transfers. Furthermore, process intensification using microreactors is less costly due to reduced equipment size and lower reactant consumption [START_REF] Stankiewicz | Process intensification: transforming chemical engineering[END_REF]. To extrapolate microstructured continuous processes, a numbering-up approach is chosen as it is faster and easier than a scale-up approach, generally used in batch processes. Many analytical procedures have been developed to determine the composition of crude transesterification products. In previous studies, different analytical methods such as gas chromatography [START_REF] Mittelbach | Diesel Fuel Derived from Vegetable-Oils, V [1] -Gas-Chromatographic Determination of Free Glycerol in Transesterified Vegetable-Oils[END_REF][START_REF] Knothe | Analytical methods used in the production and fuel quality assessment of biodiesel[END_REF], high performance liquid chromatography [START_REF] Holcapek | Analytical monitoring of the production of biodiesel by high-performance liquid chromatography with various detection methods[END_REF], Fourier transform infrared spectroscopy [START_REF] Zagonel | Multivariate monitoring of soybean oil ethanolysis by FTIR[END_REF][START_REF] Mahamuni | Fourier Transform Infrared Spectroscopy (FTIR) Method To Monitor Soy Biodiesel and Soybean Oil in Transesterification Reactions, Petrodiesel -Biodiesel Blends, and Blend Adulteration with Soy Oil[END_REF] have been developed to off-line monitor the composition of reaction mixtures (FFA, ethyl esters, MG, DG, TG, glycerol) obtained during or after transesterification of vegetable oils with ethanol. Nevertheless, these techniques are long to handle and expensive. They generally require special training, samples collection and involve solvent for sampling preparation. Up to now, only a few works with different analytical techniques such as mid-infrared (MIR) spectroscopy [START_REF] Trevisan | Evolving factor analysis-based method for correcting monitoring delay in different batch runs for use with PLS: On-line monitoring of a transesterification reaction by ATR-FTIR[END_REF][START_REF] Sivakesava | Simultaneous determination of multiple components in lactic acid fermentation using FT-MIR, NIR, and FT-Raman spectroscopic techniques[END_REF], near infrared (NIR) spectroscopy [START_REF] Killner | A PLS regression model using NIR spectroscopy for on-line monitoring of the biodiesel production reaction[END_REF][START_REF] Pinzi | Near infrared reflectance spectroscopy and multivariate analysis to monitor reaction products during biodiesel production[END_REF][START_REF] De Oliveira | Application of near infrared spectroscopy and multivariate control charts for monitoring biodiesel blends[END_REF][START_REF] Knothe | Monitoring a progressing transesterification reaction by fiber-optic near infrared spectroscopy with correlation to 1 H nuclear magnetic resonance spectroscopy[END_REF], Raman spectroscopy [START_REF] Monni | Online monitoring of synthesis and curing of phenol-formaldehyde resol resins by Raman spectroscopy[END_REF], ultrasonication-assisted spray ionization mass spectroscopy [START_REF] Chen | Ultrasonication-assisted spray ionization mass spectrometry for on-line monitoring of organic reactions[END_REF], fluorescence [START_REF] Chi | Hightemperature vapor detection of polycyclic aromatic hydrocarbon fluorescence[END_REF] or UV spectroscopy [START_REF] Lewis | New Techniques for Following the Oxidation of Sodium Sulfite in Mass-Transfer Studies[END_REF] are able to on-line monitor organic reactions (mostly different from transesterification reaction). With these methods, process state can be obtained from whole sample finger-printing.

Faced to all these analytical techniques, we decided to on-line monitor the transesterification reaction of high oleic sunflower oil with ethanol in microreactors (circular polyfluoro alkoxy (PFA) tube 1/16"OD, 0.02"ID) using NIR spectroscopy, which is an innovative method for this type of reaction in such a process. NIR spectroscopy with multivariate analysis is a well-established, fast, reliable, inexpensive and non-destructive analytical technique, and does not require complex pre-treatment [START_REF] Knothe | Rapid monitoring of transesterification and assessing biodiesel fuel quality by nearinfrared spectroscopy using a fiber-optic probe[END_REF][START_REF] Balabin | Gasoline classification using near infrared (NIR) spectroscopy data: Comparison of multivariate techniques[END_REF][START_REF] Richard | On-line monitoring of the transesterification reaction between triglycerides and ethanol using near infrared spectroscopy combined with gas chromatography[END_REF]. Among the various parameters which can be investigated, the initial ethanol to oil molar ratio was studied in this work. The reactions in the microreactors were monitored through sequential scans of the reaction medium with an adequate probe.

Partial Least Squares (PLS) regression was used to develop calibration models between NIR spectral data and analytical data obtained by a reference method: gas chromatography with flame ionization detection (GC-FID). The developed models were validated by comparison with GC data.

Material and methods

Material and reagents

High oleic sunflower oil (97.9% TG, 1.6% DG and 0.5% FFA) was obtained from ITERG (Pessac, France). Its fatty acid composition (% by weight) is as follows: 3.5% palmitic acid, 3.0% stearic acid, 87.6% oleic acid, 4.9% linoleic acid and 1.2% other acids. Hydrochloric acid (analytical quality, 37% solution in water) and sodium ethoxide EtONa (analytically pure, 21wt% in ethanol) were purchased from Acros Organics; absolute ethanol (99.95%) and cyclohexane (HPLC grade) were supplied by Scharlau.

N-methyl-N-trimethylsilyl-heptafluorobutyramide (MSHFBA) and methylimidazole (MI) were purchased respectively from Macherey Nagel and Sigma-Aldrich.

Transesterification reaction

The transesterification reaction was performed in circular PFA tubes. These tubes were submerged in a temperature-controlled water bath to maintain the targeted microreactor temperature. As in batch processes, temperature was maintained at 65 °C, close to the boiling point of ethanol (78 °C) but lower than 70 °C in order to avoid the formation of ethanol boiling bubbles. Transesterification of high oleic sunflower oil was carried out by using the following procedure: liquids (oil and EtOH/EtONa mixture) were injected by syringe-pumps with perfect flow rate control. Several ethanol to oil molar ratios were tested (45.4, 22.7, 16.2, 9.0 and 6.0) with the same amount of catalyst (1 wt% compared to oil mass) and the same water content in ethanol (0.08 wt%, determined by Karl-Fisher titration). After mixing in a T-junction, the reaction medium flows into the tube. With constant flow rates, each tube length corresponds to a reaction time. A 2m-length tube was used, which is equivalent to a reaction time of 16 min (F tot = 1.5 mL/h and U tot = 2.12 mm/s). Maintaining the same flow rates, the tube was cut in order to obtain lower reaction times. Samples were collected during 15 min. The reaction was quenched by neutralizing the alkali catalyst with a concomitant addition of HCl (3.7% solution in water) at a constant flow rate. For each collected sample, the medium composition at different reaction times was determined by using GC-FID analysis. In the meanwhile, NIR spectroscopy was performed at the same reaction times as the sample collection in order to on-line monitor the transesterification reaction (see Fig. 1).

Gas chromatography analysis

The collected samples were analyzed by gas chromatography using a Perkin Elmer Instrument (Perkin Elmer, USA) coupled to a flame ionization detector (FID).

Separation was carried out with a silica capillary column (CP-Sil 8 CB lowbleed/MS, 5% phenyl + 95% dimethylpolysiloxane, 15 m, 0.32 mm, 0.25 µm) from Varian (USA).

The chromatograph was equipped with an automatic injector and the injections (1 µL) were performed with an "on-column" system.

The carrier gas was helium (Air Liquide, France) and the column head pressure was adjusted to 15 psi. Injector temperature was 55 °C during 0.5 min and ramped to 340 °C at 200 °C/min (held 43 min). Temperature in the oven was held 0.5 min at 55 °C, then ramped to 80 °C at 45 °C/min and finally increased to 360 °C at 10 °C/min (held 16 min). The total running time was 45 min. The temperature of the detector (FID) was 360 °C.

All the samples (180 µL) were previously silylated with 20 µL of a mixture of MSHFBA (1 mL) and MI (50 µL). This hydroxyl group silylation is intended to increase volatility and stability of the hydroxy compounds injected, and therefore to improve their detection. Cyclohexane was used as solvent to prepare standard solutions and heptadecane was used as an internal standard (1 mg/mL).

With this analytical procedure, molar concentrations of ethyl oleate, oleic acid, monoglycerides, diglycerides and triglycerides in the different phases resulting from the reaction were determined. The gas chromatography data was used to calculate the total ethyl ester (more precisely ethyl oleate) content in oleic chains mixture: 
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NIR spectroscopy analysis

The NIR spectra of the transesterification reaction mixture samples were recorded by averaging 32 scans (approximately 1s/scan) in the wavenumber range of 10,000-4000 cm -1 using a NIR spectrometer (Antaris MX FT-NIR Process Analyzer from Thermo Fisher Scientific, USA). This apparatus can be equipped with two different fiber-optic probes (presented in Fig. 2). One works by reflection (QR200-7-VIS/NIR-BX from Ocean Optics, USA) whereas the other works by transflectance (Series 625 Single Fiber Translectance Probe, L = 18", d = 0.5" from Thermo Scientific, USA).

With the latter, the beam passes through the PFA tube and the solution, then reflects on a mirror, before passing again through the solution and the PFA tube. The optical beam path was 3 mm (twice the tube diameter) and the spectral resolution was 2 cm -1 . The spectrometer was operated by Omnic software (Thermo Fisher Scientific, USA). Before statistical analysis, the NIR spectrum of the empty PFA tube before reaction (without reactants) was subtracted from the NIR spectra of the transesterification reaction mixtures.

Statistical analysis

TQ Analyst software (Thermo Fisher Scientific, USA) was used to import and analyze the data. Each NIR spectrum corresponds to a reaction aliquot which was collected and analyzed by GC-FID. The NIR analyses were not performed on the total wavenumber range of NIR spectra (10,000-4000 cm -1 ) because several regions were not useful for data treatment. Thus, three different spectral regions were suggested by TQ Analyst software to improve the results of the statistical treatment: from 8649 to 8085 cm -1 , 7097 to 5508 cm -1 and 5050 to 4476 cm -1 . Significant spectral variations were observed in these regions when different ethanol to oil molar ratios were used.

A series of ethanol to oil molar ratios (from 6.0 to 45.4) were tested in the transesterification reaction at 65 °C. Samples were collected at different reaction times (from 47 s to 16 min). Moreover, the experiment at a molar ratio of 45.4 was repeated 5 times. Thus a total of 130 samples were available for data treatment.

Partial Least Squares (PLS) regression was used to develop calibration models between spectral and analytical GC data. This method is quantitative. The values of ethyl oleate contents were used to establish a multivariate model with the NIR spectra.

In order to remove small inter-microreactor differences due to uncontrolled variation sources, data pre-processing methods were applied to the spectra, such as baseline correction, Savitzky-Golay smoothing, first or second derivative, mean centering, variable scaling and also variables selection. Root Mean Square Error on Calibration (RMSEC) and Root Mean Square Error on Prediction (RMSEP) were used to evaluate the performance of the method. The closer the RMSE value is to zero, the smaller are the differences between the calculated concentrations values and the actual values.

From PLS regression, two calibration models were developed. The first model is able to predict variations of the ethyl oleate content in the reaction mixtures with the ethanol to oil molar ratio varying from 6.0 to 45.4. We used 69 samples for this model: The reaction was previously performed in a 1 L-batch reactor for several ethanol to oil molar ratios at 70 °C [START_REF] Richard | On-line monitoring of the transesterification reaction between triglycerides and ethanol using near infrared spectroscopy combined with gas chromatography[END_REF]. The mechanical stirring speed was 750 rpm in order to have a satisfactory mixing in the batch reactor. The minimum water content in ethanol (0.08%) was used in this work because the presence of water causes hydrolysis of EtONa into NaOH and EtOH but also ester saponification resulting in the formation of FFA (after neutralization of each sample by HCl addition). For example, no FFA was obtained with 0.08% water content whereas FFA content increases to nearly 3% with 5.54% water content. Moreover, the ester formation nearly decreased by half between water contents of 0.08% and 5.54%. This ester content decrease is not only due to the secondary reactions but also to a decrease of intersolubility of transesterification reactants. This means that the solubility of ethanol in TG, DG or MG decreases when the water content in ethanol increases, which involves a lower reactivity of these glycerides with ethanol.

Ethyl oleate contents at different reaction times have been obtained by GC-FID.

The results for three different ethanol to oil molar ratios (3.0, 6.0 and 9.0) are presented in Table 1.

According to previous works [START_REF] Noureddini | Kinetics of transesterification of soybean oil[END_REF], the use of high ethanol to oil molar ratio results in greater ester formation in a shorter time. As shown in Fig. 3, the ethyl oleate content reached 99.5% when the molar ratio was set at a value of 6:1. Even though the stoichiometric ratio for transesterification requires three moles of alcohol for one mole of triglycerides to yield three moles of fatty acid alkyl esters and one mole of glycerol, higher molar ratios of alcohol to vegetable oil are usually used to enhance the solubility of glycerides in alcohol and to increase the contact surface between these compounds. It can be inferred that at molar ratios inferior to 6:1, the reaction is incomplete due to solubility diagrams [START_REF] Lanza | Liquid-Liquid Equilibrium Data for Reactional Systems of Ethanolysis at 298.3 K[END_REF]. At higher molar ratios than 6:1, the ethyl oleate content decreases slightly for a given reaction time. This can be explained by the dilution effect but also by the increase of glycerol content in the ester-rich phase. Indeed, the separation of glycerol from the ester-rich phase becomes more difficult as the ethanol amount increases [START_REF] Meher | Technical aspects of biodiesel production by transesterification -a review[END_REF], driving the equilibrium back to the reactants, resulting in a lower ethyl oleate content.

It can be noticed that all the reactions reach equilibrium after about 20 min. Only few information on kinetics are available for the low reaction times. In order to get more data as soon as the reaction starts, this reaction was carried out in a continuous system constituted by microreactors.

Continuous transesterification processes in microreactors

For the implementation of the reaction in continuous at microscale, some operating conditions have to be carefully chosen. Higher ethanol to oil molar ratios will be prefered in microreactors to avoid soap formation in case of water and FFA presence. This soap generates an increase of medium viscosity and formation of gels [START_REF] Wright | A report on ester interchange[END_REF][START_REF] Ma | Biodiesel production: a review[END_REF] if the amount of ethanol is too low (case of ethanol:oil = 3:1). The viscosity increase can stop the reagents flows and has to be avoided. Furthermore, temperature was set at 65 °C because 70 °C was too close the boiling point of ethanol (some bubbles appear at 70 °C). A coflowing jet with oil as the internal fluid and ethanol as the external fluid was chosen.

The advantages expected at microscale are linked to (i) the very high surface/volume (S/V) ratio which increases heat and mass transfer; (ii) the control of the initial mixing time which does not depend on the feeding procedure; (iii) the possibility to make measurements at the very beginning of the kinetics. This last point is of course of particular interest when coupled with on-line measurement.

In the case of the reaction mixtures with varying ethanol to oil molar ratio from 6.0 to 45.4 in microreactors, the reflection probe was used to collect the NIR data. The total ethyl oleate contents obtained by GC-FID according to the reaction time are illustrated in Fig. 4 (corresponding data are available in Table 1).

According to Fig. 4, the highest molar ratios (16.2 to 45.4) accelerate the reaction rate at the beginning of the reactions. This can be explained by confinement in microreactors: higher ethanol to oil molar ratios involve S/V ratio increase (S/V = 2/r oil with r oil the oil phase radius in the tube). Besides, a radial concentration gradient of oil in the ethanol reactive phase results from higher molar ratios: with more ethanol, oil concentration in ethanol phase decreases, which induces an increase of oil transfer. Hence these both phenomena involve better mass and heat fluxes and therefore better reactivity. Otherwise, the evolutions of reaction intermediates (MG and DG) are different for each molar ratio. For example, the DG content reaches 7.2% after 2 min and then decreases to less than 0.1% after 15 min for the 45.4 ratio, whereas it reaches 14.4% after 2 min and then decreases to 2.0% for the 6.0 ratio. A maximum MG content is reached for the different ratio but the final content is 1.8% and 6.2% for respectively the 45.4 and 6.0 ratios. Hence, the conversion of reaction intermediates (MG and DG) was faster with higher ethanol to oil molar ratios, in agreement with the faster formation of ethyl oleate.

Concerning the experiment with constant ethanol to oil molar ratio of 45.4, the NIR data were collected with the transflectance probe in order to show the reproducibility of the experiment. Five experiments were carried out and showed satisfactory reproducibility (see following data treatment).

Partial Least Squares regressions (PLS)

Concerning the PLS regressions, only ethyl oleate content has been predicted because it is the only compound of the medium of which the content covers all the range between 0% and 100% with many points. Besides, PLS regressions on contents of other compounds such as oleic acid, MG, DG and TG were not performed because their concentration ranges were too limited to establish a valuable predicting model. Indeed, Fig. 5 shows that the content range of oleic acid, MG and DG varies from 0% to 11%. Several pre-processing methods have been performed on the NIR spectra before applying the PLS regression: a baseline correction, a Savitzky-Golay smoothing, first derivative, mean-centering and variable scaling. Results are shown in Table 2.

Data pre-processing methods lead to better RMSEC and RMSEP values. Five latent variables for ethyl oleate have been used to build the PLS model for predicting ethyl oleate contents of the reaction mixture obtained with different ethanol to oil molar ratios. The predicted contents of ethyl oleate obtained during transesterification show no significant differences with the chromatographic results as shown in Fig. 6. Indeed the correlation coefficient (R²) was 0.985, whereas the RMSEC and RMSEP were respectively 4.08% and 4.10%.

Another calibration model was developed by using only experiments with an ethanol to oil molar ratio of 45.4. The calibration plot for ethyl oleate content (Fig. 7)

shows a good correlation of R² = 0.983 using nine latent variables. More latent variables are needed here for several reasons: (i) the calibration and validation sample sets are too small, in particular for the lower ester contents, (ii) with the transflectance probe, the tube may not be in exactly the same position for all data acquisition, which may change the optical beam path, (iii) the tube absorbs a part of the optical beam and even if the spectrum of an empty tube is subtracted to each reaction spectrum, we considered that the tube properties were constant all along the tube.

Therefore, to correct these points, we tried to apply a correction with a numerical method ("Multiplicative Signal Correction" or "Standard Normal Variate") but the results were not improved. That's why an important number of latent variables are needed in this case to correct these effects. A perspective of our work would be to use glass microreactors that do not absorb and scatter light (planar microchannels) or other optical accessories for NIR analysis such as optical transmission microcells.

Nevertheless, the RMSEC and RMSEP were quite low, respectively 2.34% and 3.52%.

Comparatively to the batch reaction mixtures analyses performed in previous work [START_REF] Richard | On-line monitoring of the transesterification reaction between triglycerides and ethanol using near infrared spectroscopy combined with gas chromatography[END_REF], both standard errors RMSEC and RMSEP increased because the NIR spectra obtained by the reflection or the transflectance probe and measured through PFA tube show more noise than the NIR spectra acquired with the transflectance optical probe directly in the reactor. Indeed, the optical beam is altered when passing through the PFA tube due to dispersion. Noise fluctuations are obtained with different positions of the tube. It was more difficult to keep the same position between measurements with the reflection probe although a custom-made device has been used to reduce this problem.

But, these results are still satisfactory because the errors on calibration and prediction are lower than 5%. RMSEC and RMSEP are lower and therefore better in Fig. 7 because the samples used were prepared from the same ethanol to oil molar ratio (45.4); that means the range of ethyl oleate contents obtained from one molar ratio is more limited than the range of ethyl oleate contents obtained for different molar ratios. Hence, the transflectance probe is more useful than the reflection probe both in batch systems or in microreactors.

Conclusion

The high oleic sunflower oil transesterification reaction with ethanol catalyzed by EtONa has successively been transposed from a batch reactor to a continuous microreactor device. This study showed that, in the case of ethanolysis of high oleic sunflower oil, flow chemistry processes are an excellent way for obtaining more information in less time. Moreover, two calibration models of NIR spectroscopy were developed to on-line evaluate the content of the main component (ethyl oleate) during the transesterification reaction in microreactors. Results demonstrate that NIR spectroscopy is a fast, reliable, non-pollutant and user-friendly technique to on-line determine the composition of a reaction mixture during transesterification. Analysis is facilitated as no collection or preparation is necessary. This innovative technique is appropriate to get optimal reaction parameters and collect data, more particularly at very low characteristic times. us to lead this research work in the Laboratoire de Chimie Agro-industrielle (LCA) and the Laboratoire de Génie Chimique (LGC).

Figure captions:

Table 1: Ethyl ester contents obtained by GC-FID for transesterification reactions carried out in batch or microreactors (1 wt% of EtONa and 0.08 wt% of water content in ethanol were used in all experiments).

Table 2:

External validation results for the prediction of ethyl ester content using different pre-processing methods. a Obtained using as reference the region between the wavenumbers of 10,000-9000 cm -1 . b Savitzky-Golay smoothing obtained by a 3 rd order polynomial using 45 and 41 points window for respectively the spectra obtained by the reflection and transflectance probe. c First derivative for same points window. d Mean centering calculates the average spectrum and subtracts it from each calibration spectrum. With variance scaling, the standard deviation of the intensity values of each X-axis location in the calibration spectra is obtained dividing each data point in each calibration spectrum by its estimated standard deviation.

  44 for calibration and 25 for validation. Besides, an other calibration model was developed from the spectra of the set of 61 samples (40 for the calibration and 21 for the external validation), all measured at 65 °C for an ethanol to oil molar ratio of 45.4, to predict the content of the main chemical component: ethyl oleate.
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Fig. 1 :

 1 Fig. 1: Experimental set-up of the transesterification reaction carried out in a microreactor.

Fig. 2 :

 2 Fig. 2: Pictures and schemes of the a) reflection probe and b) transflectance probe used in the experimental set-up of Fig. 1.

Fig. 3 :

 3 Fig. 3: Ethyl oleate content in the reaction mixtures at 70 °C according to the reaction time for three ethanol to oil molar ratios in a 1 L-batch reactor.

Fig. 4 :

 4 Fig. 4: Ethyl oleate content in the reaction mixtures at 65 °C according to the reaction time for various ethanol to oil molar ratios in microreactors.

Fig. 5 :

 5 Fig. 5: Composition of reaction mixture during transesterification reaction in microreactors for an ethanol to oil molar ratio of 9.0 at 65 °C.

Fig. 6 :

 6 Fig. 6: Correlation between ethyl oleate contents obtained by GC-FID and through the FT-NIR model for different ethanol to oil molar ratio at 65 °C (data acquired with the reflection probe: 44 samples for calibration and 25 for prediction).

Fig. 7 :

 7 Fig. 7: Correlation between ethyl oleate contents obtained by GC-FID and through the FT-NIR model for the same ethanol to oil molar ratio at 65 °C (data acquired with the transflectance probe: 40 samples for calibration and 21 for prediction).

  

  

  

  

  

  

  

  , [C 18:1 ] t , [MG] t , [DG] t and [TG] t represent respectively the molar concentrations (µmol/mL) of ethyl oleate, oleic acid and oleic monoglycerides, diglycerides and triglycerides at a given time t.
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Table 1 EE

 1 

	CONTENT (%) IN		EE CONTENT (%) IN		
	BATCH (70°C)			MICROREACTOR (65°C)	
	Reaction	Ethanol to oil	Reaction		Ethanol to oil	
	time		molar ratio		time			molar ratio		
	(min)	3.0	6.0	9.0	(min)	6.0	9.0	16.2	22.7	45.4
	3 6	54.1 61.7	92.3 94.9	88.1 92.6	0.79 1.57 2.36 3.14	18.6 42.2 60.0 66.5	14.0 39.8 55.5 66.9	8.1 60.6 83.7 85.7	5.7 42.3 77.1 87.0	6.5 25.9 75.0 N/A
	10 15 20 30 40 50 60	64.8 N/A 69.3 N/A N/A N/A 75.3	96.2 97.0 98.0 98.5 99.2 99.4 99.5	94.2 N/A 95.1 N/A N/A N/A 94.4	3.93 4.71 5.50 6.68 7.85 9.82 11.78 13.74	72.7 76.0 76.6 79.7 81.4 83.1 82.6 85.1	78.8 85.6 87.7 89.7 90.5 91.6 91.8 92.0	89.7 91.4 87.3 92.7 92.8 93.0 92.2 92.8	92.3 92.8 93.8 92.1 93.5 93.5 94.4 93.5	96.3 N/A 96.7 96.8 96.4 N/A 96.2 N/A
					15.71	N/A	92.3	90.2	93.0	96.0

N/A : Not Available

Table 2 DATA

 2 

						c + Mean-
			Baseline	a + SG	b +	centering
	TREATMENT	Parameter	correction a	smoothing b	Derivative c	+ variance
						scaling d
	Reflection probe	Latent variables	5	6	5	5
	(44 samples for calibration and 25 for prediction)	R 2 RMSEC RMSEP	0.94335 7.81 19.20	0.90729 9.93 8.58	0.92148 9.18 8.23	0.98471 4.08 4.10
	Transflectance probe (40 samples for	Latent variables R 2	7 0.95992	9 0.928	9 0.94082	9 0.98289
	calibration and 21 for prediction)	RMSEC RMSEP	3.56 7.04	4.74 5.52	4.3 5.27	2.34 3.52
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