Moreira Luís 
  
João Grosso Gonçalves 
email: luis.goncalves@fc.up.pt
  
Paulo Jorge Pacheco 
  
José António Magalhães 
  
Aquiles Araújo Rodrigues 
  
Barros 
  
Gonçalves 
  
João Grosso Pacheco 
  
Paulo Jorge Magalhães 
  
José António 
  
Aquiles Araújo Barros 
  
Determination of Free and Total Sulfites in Wine using an Automatic Flow Injection Analysis System with Voltammetric Detection

Keywords: Wine, Sulphur dioxide, Sulfites, Gas-diffusion, Square-wave voltammetry, 18 Flow injection analysis (FIA), Food analysis, Food additives, Analytical chemistry 19 20

des établissements d'enseignement et de recherche français ou étrangers, des laboratoires publics ou privés.

SO 2 and its source compounds, such as sulfite salts, are widely used as preservatives in 22 the food industry. They are added to foods and beverages, in order to prevent undesirable 23 microbial growth, discoloration and oxidation processes, consequently improving the 24 quality and final appearance of the products. In wine, sulphur dioxide is usually found 25 either free (as HSO 3 -, SO 3 2-and SO 2 , depending on the sample's pH), or bound to carbonyl 26 and unsaturated compounds and/or phenol derivatives [START_REF] Barbe | Role of carbonyl compounds in SO 2 199 binding phenomena in musts and wines from botrytized grapes[END_REF].

27

The relevance of SO 2 determination in food analysis is widely established; in the 28 particular case of wine, its control is essential not only because at high levels it produces an 29 unpleasant aroma and taste but also because of health hazards especially for hypersensitive 30 people (Decnop-Weever et al. 1997). SO 2 levels should be checked before bottling in order 31 to be adjusted for a suitable aging and at the end-product to comply with existing legal 32 limits (Segundo et al. 2001). In the EU the maximum level of total SO 2 permitted is 160 The voltammetric flow cell was manufactured in our laboratory and has been described 81 previously [START_REF] Barros | Processo para a determinação 201 voltamétrica, célula voltamétrica e dispositivo para determinação em fluxo[END_REF], 2002, Rodrigues et al. 2001, Rodrigues et al. 2002).

82

A home-made Perspex gas-diffusion module was used with PTFE membranes, 5.0 µm 83 pore size and 47 mm diameter, from Pall Corporation (Ann Arbor, U.S.A.).

84

The FIA system is depicted in Figure 2: it includes several three way solenoid valves, a 85 peristaltic pump and PTFE tubing. The sample flow reacts on-line with an acid solution, in 86 the "Y" connection in order to turn all sulfites into SO 2 ; then it goes through a thermostated 87 coil that has the function of pre-heating the donor flow before entering the gas-diffusion 88 module; the SO 2 passes through the hydrophobic membrane and is received by the acceptor 89 flow (acetate buffer) that takes it to be instrumentally detected. 90

The FIA system was incorporated in a prototype (Figure 3). This equipment works 91 automatically with its own purposely designed control software. A GPES 4.9 Software The wine sample must be acidified prior to gas diffusion in order to turn all sulfites into 113 SO 2 , and the pH must be very low (pk a1 = 1.77 and pk a2 = 7.22). On-line acidification with 114 sulfuric acid was achieved using a "Y" shaped connection that helped mixing together the 115 sample flow with the acid flow.

116

The acid concentration was optimized, knowing that it should be as low as possible to electron reduction of HSO 3 -has been suggested (1) [START_REF] Reynolds | Polarographic reduction of aqueous sulfur dioxide[END_REF]) along with the 126 possibility that HSO 3 -becomes SO 2 at the drop's surface, and it is this species reduced in 127 the electrode (2) [START_REF] Tolmachev | Electrochemical reduction of bisulfite in mildly acidic buffers: kinetics 258 of sulfur dioxide and bisulfite interconversion[END_REF].

128

HSO 3 -+ H + + e -→ SO 2 -+ H 2 O (1) 129 SO 2 + e -→ SO 2 - ( 2 
)
130 Due to matrix effect, standard additions were used to quantify the level of SO 2 in the 131 different wine samples (Figure 5). Since the linearity was quite good for routine analysis 132 one single addition was enough.

133

Two separate determinations must be done for each wine, one for the free sulphur content 134 and another for the total, the difference lays on previous sample treatment with sodium 135 hydroxide for the second case.

136

Study of interferences 137

The level of ethanol in wine varies to a large degree and consequently the influence of The determination of sulfite concentrations in the different wine samples by the 148 developed flow procedure was compared with the reference "Ripper" method and its 149 simplified version generally used in the wine industry (Figure 6). 3). LOD and LOQ [START_REF] Eurachem | The fitness for purpose of analytical methods -A laboratory guide to method validation 220 and related topics[END_REF] [START_REF] Barros | Processo para a determinação 201 voltamétrica, célula voltamétrica e dispositivo para determinação em fluxo[END_REF][START_REF] Barros | Process and cell for voltammetric 203 measurement[END_REF]. 

  117save chemical resources and to prevent the equipment's corrosion but still strong enough to 118 accomplish its objective. After several experiments (Figure4) concentration chosen was 1 electrochemical reduction of SO 2 in aqueous solution with dropping 122 mercury electrode has reported two waves in acidic medium and no waves in neutral or 123 slightly alkaline media. There has been much disagreement in the interpretation of 124 polarographic reduction of aqueous sulphur dioxide at pH 4[START_REF] Streeter | Cathodic reduction of bisulfite and sulfur dioxide in 255 aqueous solutions on copper electrodes: an electrochemical ESR study[END_REF]. A one-125

  150The "Ripper" method was performed according to the Portuguese regulation(IPQ 1987) 151 based in a procedure from the Organisation Internationale de la Vigne et du Vin (normally uses a simple iodometric methodology for routine analysis: 154 instead of the four titrations in the "Ripper" method (one for the free SO 2 , two for the total 155 SO 2 and one for the interferences) only two are carried out (one for the free and another one 156 for the total SO 2 ). The methodology consists on iodometric titrations of an acidified wine 157 sample. For the free SO 2 determination, 5 mL of 1:4 H 2 SO 4 are added immediately before 158 the titration. To determine the total SO 2 content, 25 mL of 1 mol•L -1 NaOH are added 15 159 minutes prior to analysis, in order to perform alkaline hydrolysis, and then 10 mL of 1established by plotting a calibration curve with eight different 163 standards, from 10 to 250 mg•L -1 , with six repeated measurements of each point (n = 6) 164 (Table
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 274228034529067 Figure 2. Flow system scheme. A -acceptor circuit; B -donor circuit; solid lines -permanent

  

  

  

  

  

  

  

  mg•L -1 for red wines and 210 mg•L -1 for white and rosé wines (EC 1999).

	73	
	74	Instrumentation
	75	Voltammetric measurements (parameters are described in Table 1) were performed with
	76	a Metrohm 663 VA Voltammetric Stand (Herisau, Switzerland) equipped with a hanging
	77	mercury drop electrode with glassy carbon auxiliary electrode and reference AgCl/Ag (3M
	78 79 80	F o r KCl) electrode. The system was connected to an Autolab PGSTAT 10 Voltammetric System F (Eco Chemie, Utrecht, The Netherlands). All measurements were made at room o r temperature.
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[START_REF] Barros | Voltammetry of compounds confined at 205 the hanging mercury drop electrode surface[END_REF]

.

71

Materials and methods

92 project was developed for automatic voltammetric data acquisition, data saving, and signal 93 processing. It was possible to interconnect both software using a signal trigger transmission. 94 Chemicals and wine samples

  For the determination of free SO 2 no sample preparation was required. For the 106 determination of total SO 2 an alkaline pre-treatment was essential to destroy the adducts
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	95 96 97 98	All reagents used were of p.a. grade and were used without further purification. Ultra-pure water from a Millipore Simplicity 185 water purification system (Millipore, Billerica, O n l U.S.A.) was used. The supporting electrolyte (acceptor solution) consisted of acetate buffer y
		pH 4.0 (0.1 mol•L -1 ), sodium acetate was purchased from Merck (Darmstadt, Germany).
	105	

99

The buffer's pH was adjusted with hydrochloric acid, 6 mol•L -1 , from Prolabo (Fontenay-100 sous-Bois, France). Na 2 SO 3 (Sigma, St. Louis, U.S.A.) was used as a source of SO 2 . Ethanol 101 was also purchased from Merck. 102 Some of the wine samples were bought in regular supermarkets in Porto while others 103 were kindly supplied by the Instituto dos Vinhos do Douro e Porto (IVDP).

104 Sample preparation 107 (SO 2 bounded to several aldehydes and ketones) formed in wine (Sarudi et al. 1998). For 108 that purpose 10 g of sodium hydroxide were added per liter of sample. The sample was 109 homogenized and left to rest for about 20 min. 110 Results and discussion 111 On-line acidification 112

  ethanol concentration was studied. With that purpose, two SO 2 calibrations curves (10 to 139 100 mg•L -1 ) were compared: one in water and the other one in ethanol 10% (v/v), 140 replicating ethanol concentration in wine. As can be perceived in Table2, ethanol showed

	141	
	142	no influence in the analysis.
	143	Carbon dioxide is normally found in wine in the concentration range of 1 to 2 g•L -1 due to
	144	the fermentation process (Santos et al. 2006). Previous studies showed that this compound
	145	does not interfere in the analytical procedures that make use of gas-diffusion (Santos et al.
	146	2006, Segundo et al. 2001).
	147	r o F Method comparison
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Table 1 .

 1 were adequate to wine analysis, though they can In this paper a new automatic FIA system for the determination of SO 2 in wine is SWV parameters.

	165	
	166	be easily decreased with a slight time-consuming change in the procedure. The buffer
	167	solution can be stopped and isolated at the upper chamber by this way allowing an
	168	incremented quantity of SO 2 passage to the upper chamber and consequently an increase in
	169	the analytical signal, i.e. the LOD can be lowered by increasing the time needed for each
		analysis (Figure 7). This makes it possible to analyze matrices with low sulfite content such
	173	

170 as beer, juices and other food products. In the present configuration the prototype is able to 171 analyze 15 samples per hour. 172 Conclusions 182 industry needs. The authors also wish to thank the European Regional Development Fund 186 (ERDF), the Portuguese Programa Operacional Ciência Tecnologia Inovação (POCTI) and 187 the Portuguese Programa Operacional da Economia (POE) for all the financial support 188 given to project "BEERVOLT" (POCI 2010 -IDEIA, project no. 13-02-03-FDR-01252). 189 L.M.G. (SFRH/BD/36791/2007), P.J.M. (SFRH/BD/27834/2006) and J.G.P. 190 (SFRH/BD/30279/2006) wish to acknowledge Portuguese Fundação para a Ciência e a

Table 2 .

 2 Evaluation of the possible interference of ethanol.

	268				
		water		ethanol 10% (v/v)
		y = mx + b	r 2	y = mx + b	r 2
	Day 1	y = 4.7x -7	0.995	y = 4.6x -16	0.995
	Day 2	y = 4.6x + 8	0.998	y = 4.5x -5	0.999

Table 3 .

 3 Method performance characteristics, I = f ([SO 2 ]).
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	Linear dynamic range RSD (n = 6)	r 2	LOD	LOQ
	10 to 250 mg•L -1	6%	0.9999	2.7 mg•L -1	9.2 mg•L -1
	272				
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