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Multi-angle near infrared spectroscopy associated with common components and specific weights 5 analysis for in line monitoring

Maud Rey-Bayle, Ryad Bendoula, N.

Process control is a topic of increasing research in recent years [START_REF] Kessler | Perspectives in process analysis[END_REF] in the chemical industry and, is now even 39 regulated for the pharmaceutical industry [START_REF]Food and Drug Administration, Guidance for Industry. Process Validation: General Principles and Practices[END_REF] . As mentioned by Kessler et al [START_REF]Multi-Modal-Spectroscopy and Multivariate Data Analysis as a Tool 540 for Non-Invasive Process Analysis[END_REF] "cost, pressure, globalization and 40 quality assurance will undoubtedly stimulate significant demand for process analytical technology (PAT)". 41 PAT, aims to give a better scientific understanding of manufacturing process, which leads to knowledge-42 based production. This implies the monitoring of operating parameters, such as pressure, temperature or flow 43 rates, but also physicochemical parameters as compositions, concentrations or particle sizes. nm to form so-called elementary particles. These particles have coalesced into aggregates that are resistant to 145 grinding or dispersion in a matrix. Aggregate dimensions can range between 50 and 500 nm. At one specific 146 moment in the reaction, the gel point, the entire volume has aggregated to form a continuous gel. Finally, 147 because of a shear stress created continuously in the reaction medium, new aggregates of size between 0.2 148 and 40 μm were formed [START_REF] Boudimbou | Mécanismes élémentaires de dispersion de charges de silice dans une matrice élastomère[END_REF][START_REF] Deka | Filtration de silices précipitées: mise en évidence des relations entre propriétés 637 macroscopiques et échelles locales caractéristiques dans les dépôts[END_REF] .

149

The synthesis (or batch) was carried out on a laboratory pilot in a perfectly stirred 25 L reactor. An aqueous 150 solution of sodium sulfate was prepared and introduced in the reactor. Then, sulfuric acid and sodium silicate 151 (provided by Solvay) were added alternatively according to the protocol established by the manufacturer (it is 152 not possible to itemize). Their rate flows were regulated and automatized.

153

The probe was installed on a fast loop to monitor the precipitation reaction. The probe head was oriented so 154 that the flow circulates in the gap. The experimental setup is represented in Figure 2. The operating protocol applied to prepare the samples came from the work of Fukumito et al. [START_REF] Fukumoto | Investigation on Physical Properties and Morphologies 639 of Microemulsions formed with Sodium Dodecyl Benzenesulfonate, Isobutanol, Brine, and Decane, Using Several 640 Experimental Techniques[END_REF] . In this 182 publication, the different phases of the samples have been characterized, which makes it possible to know the 183 state of the system when reproducing the exact same protocol: aqueous phase W, or organic O, micro [START_REF] Donertas | Core Flooding Sytem[END_REF][START_REF] Shaddel | Core flood studies to evaluate efficiency of oil recovery 643 by low salinity water flooding as a secondary recovery process[END_REF] . Spectra were acquired off-contact through a quartz tube. The tube, with its internal diameter of 1 202 mm and its external diameter of 3 mm, was put in the probe air-gap. Its upper end was crimped with a 203 Swagelok fitting to seal. A non-beveled syringe needle was positioned at its lower end. The Swagelok fitting 204 was connected to a 1/16 th inch PTFE tubing. The other end of the tubing was connected to a 50 ml glass 205 syringe. The syringe was installed on a syringe pump to make the sample flow. The setup is shown in Figure 206 3. The syringe pump flow rate was set to 1 ml/min and maintained constant until 28 ml of product was pumped. 212 Spectra were acquired continuously with an integration time of 1.65 ms every second.

213

The I 0 reference was measured on the empty quartz tube for each angle. Both times, the Savitzky-Golay function was performed to smooth spectra (2 nd order, 13 points, no 227 derivative).

228

A CCSWA was applied on each data base. In both cases, the data bases were k blocks of n samples and p 229 wavelengths, here p=201 and k= 5 which corresponded to the angle number.

230

The objective of CCSWA is to describe simultaneously the k matrix X i observed for every n samples. The matrix W i reflects the dispersion of the samples in the data space, for the block i. Since the number of 234 samples was the same for all blocks, all W i matrices had the same size (nxn). The common dimensions of all 235 matrix was calculated iteratively according to 35, 46 : 236

𝐖 𝑖 = 𝑑 ∑ 𝑑𝑖𝑚 = 1 λ (𝑖)
𝑑𝑖𝑚 .𝐪 𝑑𝑖𝑚 .𝐪′ 𝑑𝑖𝑚 + 𝐑 𝑖 237 238 Equation 5239

Where d is the number of dimensions which has to be fixed, is the specific weight (='salience') of the 𝜆 (𝑖) 𝑑𝑖𝑚 240 matrix X i in the construction of the common component q dim in the dimension dim, and R i the residual matrix 241 of X i . So, each common component q dim is weighted by a scalar reflecting the contribution of the matrix 𝜆 (𝑖) 𝑑𝑖𝑚 242 X i in the construction of q dim [START_REF] Rutledge | Extensions of Common Component and Specific Weight Analysis for applications in[END_REF]36 .

243

The method consists in determining a common space for all k blocks, with each matrix having a specific CCSWA also provided overall scores, they are plotted against time for the three dimensions in Figure 5. This profile is linked to the fact that at the beginning of the reaction the medium is almost limpid and 304 contains few particles (this had been observed in a previous laboratory study [START_REF] Rey-Bayle | Potential of vis-NIR spectroscopy to monitor the silica precipitation reaction[END_REF] ). Particles, if present had a 305 diameter smaller than tens of nanometers. For the studied wavelengths, the scattering that can be generated 306 by these particles is very small, and is not detected. the band is related to the increase of the optical path and thus to the scattering of the photons [START_REF] Dahm | Separating the Effects of Scatter and Absorption Using the Representative Layer[END_REF] . A higher 330 absorption makes the spectrum lower in this region. Consequently, the higher the diffusion, the longer the 331 optical path and the lower the spectrum. When multiplied by the positive peak of the loading, it produces a 332 lower score. Then, a slope is observed on loadings from 950 to 1350 nm. This part of the loading calculates 333 the general slope of the spectrum between 950 and 1350 nm. It appears as a rotation of the average spectrum.

334

This slope is connected to the scattering too [START_REF] Steponavičius | Extraction of chemical information of suspensions using radiative transfer 663 theory to remove multiple scattering effects: application to a model multicomponent system[END_REF][START_REF] Herremans | Microstructure-texture relationships of aerated 667 sugar gels: Novel measurement techniques for analysis and control[END_REF] . The higher the diffusion, the steeper the slope. Solutions which were obtained are represented in the Figure 7. The different phases present in these 3 samples can be grouped into five classes, as described in Table 2. The visual inspection of the phases (Figure 7) shows that Class 2 phases are transparent and colorless. The spectrum. This may be due to the presence of salt in the Class 4 phases which could create a slight band 428 shift 14,[START_REF] Büning-Pfaue | Analysis of water in food by near infrared spectroscopy[END_REF] . In addition, the baseline of the mean spectrum of Class 4 is higher than that of the mean spectrum 429 of Class 3. The presence of a baseline is one of the consequences of photon scattering [START_REF] Rey-Bayle | Potential of vis-NIR spectroscopy to monitor the silica precipitation reaction[END_REF] . This is in line with 430 the visual observation of the samples in Figure 7, where a whitish appearance of Class The explained variance shows that three dimensions are sufficient to explain almost the entire variance of the The common scores of the third dimension bring together two groups of classes that had never been grouped 483 before. A first group consists of Classes 2, 3 and 5, and a second group consists of Classes 1 and 4.

484

In the first group, the commonality between classes is the presence of decane. For Classes 3 and 5, decane is 485 dispersed in water. In Class 2, only decane is present.

486

In the second group, the commonality between classes is the presence of water. In Class 1, water is dispersed 487 in decane and in Class 4, only water is present.

488

The third dimension is mainly constructed by the angles at 5 ° and 10 ° according to the Table 3. This study also shows the gain of monitoring in line processes, even when complex medium are involved. 

Figure 1 :

 1 Figure 1: Multiangle probe diagram (Sam-Flex, Indatech)
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 135 𝑆𝑖𝑂 2 ) 𝑥 (𝑁𝑎 2 𝑂) 𝑦 ,𝑛𝐻 2 𝑂 + 𝑦𝐻 2 𝑆𝑂 4 → 136 (hydrolysis) 𝑥𝑆𝑖(𝑂𝐻) 4 + 𝑦𝑁𝑎 2 𝑆𝑂 4 +(𝑦 + 𝑛 -2𝑥)𝐻 2 𝑂 reaction Si-O-Si siloxane bonds have formed basic units of inorganic polymer. Spherical 143 structures of approximately ten monomers, named nuclei, were formed and then grew to between 5 and 40

  Figure 2 : Experimental setup

  184 emulsion water in oil W/O, or oil in water O/W, or oil and water M. 185 First, solutions of SDBS (Sigma Aldrich) at 140 g/L and NaCl (VWR chemicals) at 200 g/L were prepared 186 separately in flasks. 187 Then three different samples were made in 30 ml glass bottles by successively adding: 188 -2 mL of the SDBS solution NaCl solutions. The volume of water and solution were calculated so that, in all samples, 190 there was an aqueous phase volume of 13.58 ml covering a set of salinity of 4, 32 and 64 g of NaCl / 191 L of water. 192 -Also, 0.84 mL of isobutanol (Alfa Aesar) was added and carefully mixed. 193 -Finally, 13.58 mL of decane (Alfa Aesar) was added and carefully mixed. 194 Samples were mixed gently by turning the bottles upside down and left to be equilibrated for 1 month at 195 room temperature. 196 For all 3 samples, the aqueous phases are in the lower part of the bottle and the organic phases in the upper was developed to analyze the phase in line, in order to simulate the outflow of coreflood ǂ 201 pilots

  207 ǂ A laboratory test in which a fluid or combination of fluids is injected into a sample of rock. Objectives include measurement of permeability, relative permeability, saturation change, formation damage caused by the fluid injection, or interactions between the fluid and the rock. A coreflood is typically used to determine the optimum development option for an oil reservoir and often helps evaluate the effect of injecting fluids specially designed to improve or enhance oil recovery.

  Figure 3 : Photograph of the experimental setup

214

  In order to compensate for the light spectrum and the internal response of the sensors, the transmission was 215 calculated at each angle according to is the intensity measured on the sample through the tube at the angle a, and I oa is the intensity 222 measured on the empty tube at the angle a, with a = 5°, 10°, 170°, 175° and 180°. data were processed with MATLAB 2015b (The Mathworks, Natick, MA, USA).

  226

  i, the matrix X i has been centered by columns and the inertia matrix has been calculated as 232 . 𝐖 𝒊 = 𝐗 𝐢 • 𝐗 ′ 𝐢 233

Figure 4 Figure 4 :

 44 Figure4shows spectra S m acquired during the silica precipitation reaction. For all angles the same

Figure 5 :

 5 Figure 5 : Common scores for three common dimensions according to time. The dotted lines correspond to

  figure by dashed lines. Thanks to the readings of the automaton from the pilot, it was possible to link these

  303

Figure 6 :

 6 Figure 6: Average spectrum of the batch and loadings obtained for the angle 170° in the second dimension

Figure 7 :

 7 Figure 7 : Photograph of the 3 samples for the micro emulsion application

  383

398Class 1 Figure 8 :

 18 Figure 8 : Mean absorption spectra of classes

Figure 9 :Figure 8 Figure 10 : 4 .Class 4 ,

 981044 Figure 9 : Common scores for three common dimensions according to the class

24 489Figure 11 :

 2411 Figure 11: Individual loadings of angles at 5° and 10° of the third dimension

  Photograph of the experimental set up 173x101mm (150 x 150 DPI)

  

  

  

  

  

  

Table 1 :

 1 Table 1 presents the contributions of angles in the construction of Contribution of angles in the construction of common dimensions

	265	common dimensions (= common components)	
	266			
	267			
		Dimension 1 Dimension 2 Dimension 3 Residuals
		30°83.2 %	10.8 %	6.0 %	0.1 %
		90°97.6 %	0.5 %	1.9 %	0.1 %
		150°99.3 %	0.6 %	0.1 %	0.05 %

271

4 dimensions were carried out but was not considered as relevant. 272 273

The first two dimensions carry the major part of variance. All angles but 170° participate in the construction 274 of the first dimension. Symmetrically, the second dimension mainly relies on the 170° angle. Dimension 3 is 275 built mainly by the angle at 30° and to a lesser extent at 90°.

  Thus high 335 diffusion leads to low scores. Consequently, the loadings are sensitive to the diffusion of light. High scores

	375	
	376	Study 2: Micro emulsion monitoring
	377	Samples
	378	
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	346	150°. This first dimension seems to represent the general scattering of the reaction medium, that is to say the
	347	global propagation of photons without distinction between ballistic and scattered photons. Therefore we
	348	assume that the multiple scattering in the reaction medium is represented in the first dimension
	349	
	350	The scores of the third dimension show a minimum and a maximum. The decrease to reach the minimum
		18

336

correspond to low diffusion, such as after the gel point, when the gel acts as a light guide.

337

Finally, thanks to the scores of the second dimension represented in Figure

5

, it is possible to detect the gel 338 point very precisely and accurately. This aspect is very important as this gel point is critical for determining 339 the products future qualities. It shows that the second dimension is very informative and necessary to ensure 340 the monitoring of the reaction. The CCSWA therefore demonstrated the specific interest of the 170° angle to 341 monitor this manufacturing process. 342 343

The score profile of the first dimension increases throughout the reaction. With regard to Table

1

, all angles 344 except the one at 170° participate in its construction. These angles do not detect the same type of photons. 345 Ballistic photons are detected at 180 °, backscattered photons at 30° and 90° and forward scattered photons at 351 takes place in the same period as the growth to reach the maximum of the second dimension, just after the gel

Table 2 :

 2 Phase classification

		Salinity of the aqueous phase 64 32 4
		Organic phases (upper)	1 2	2
		Aqueous phases	
			4 4	3
		(lower)	
		Middle phases	NC 5 NC
	386		
	387	Class 1 contains the organic phase where there is a micro emulsion of water in oil (W/O), as in sample 64,
	388	which can be described as a Winsor II in the literature 43 .

389

Class 2 are the organic phases consisting only of decane (O), as in samples 32 and 4.

Table 3

 3 The observation of mean spectra shows that it is possible to identify almost all classes by NIR spectroscopy.434For each class, differences are observable at water and decane absorption bands. The goal for the next part of 435 this study is to determine if there is a gain to associate multi-angle analysis with CCSWA. presents the contribution of angles in the construction of common dimensions.

	4 was observed,

440

Table 3 :

 3 Contribution of angles in the construction of common dimensions

		Dimension 1 Dimension 2 Dimension 3 Residuals
	5°68.2 %	26.4 %	5.4 %	0 %
	10°69.0 %	25.5 %	5.5 %	0 %
	170°91.3 %	8.2 %	0.5 %	0 %
	175°85.7 %	10.9 %	3.4 %	0 %
	180°86.5 %	12.4 %	1.1 %	0 %
	Variance	87.1 %	12.4 %	0.5 %
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