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Starch-graft-(synthetic copolymer) latexes initiated with Ce 4+ and stabilized by amylopectin
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A method is presented for synthesizing surfactant-free latexes comprising starch-graft-(vinyl polymer) starting with a suspension of amylopectin, either native or modified, then using cerium(IV) with either potassium persulfate or glucose to create grafting sites on the starch. Latex particles comprising polystyrene, poly(styrene-co-n-butyl acrylate) and poly(vinyl acetate) grafted onto high molecular weight amylopectin were developed, with up to 80 % of the starch effectively grafted to the particles. These latexes were colloidally stable against electrolyte (several months in 4 M NaCl). Reaction rates of Ce 4+ with simple sugars and polysaccharides

INTRODUCTION

There are significant potential uses of starch-graft-poly(vinyl) copolymer latexes, with applications such as improvements over the current technology of blending starch suspensions with synthetic polymer latexes, commonly used in papermaking. [START_REF] Maurer | Starch and Starch Products in Surface Sizing and Paper Coating[END_REF][START_REF] Maurer | [END_REF] Two limitations of current technologies are as follows. The first is that starch is usually only incorporated in relatively small quantities, primarily as a stabilizer. The latexes so obtained do not benefit as much as one would like from the economies and environmental benefits of greater starch incorporation. The second is that the starch is usually thinned to the point that it loses much of the mechanical strength desirable in many coating applications. This thinning appears to be necessary to avoid gelation of the latex under experimental conditions used in the past. The present paper extends previous work, based on ozone grafting/initiation, 3 to a Ce 4+ -based method for producing stable synthetic polymer latexes with a high proportion of high molecular weight starch grafted to the latex particles.

In our recent paper 3 a method was presented that overcame the gelation problem (the "stabilized precursor" mechanism). Briefly, gelation was ascribed to coalescence of synthetic polymer particles grafted to adjacent amylopectin molecules. It was shown that gelation was prevented if the precursor particles were sufficiently stabilized by the charged end groups of entering oligomers that had been initiated with potassium persulfate. The result was a "scaffold" structure, as sketched in Figure 1, with regions of synthetic polymer "decorating" a starch scaffold, the starch and synthetic polymer being attached by grafting. In this work it will be seen that the same result is achieved when the precursor particles are sterically stabilized by glucose end groups, where glucose was used as an intermediary in the initiation process. Modifications of this synthetic method are explored in this work, as is the mechanism of gelation and the dependence on starch concentration. Ce 4+ has replaced the ozone used previously to create free-radical grafting sites on the starch backbone in combination with potassium persulfate or glucose to enhance the performance of the Ce 4+ and simultaneously stabilize the precursor particles. Ce 4+ oxidation is a commonly utilized industrial technique for grafting synthetic polymer onto polysaccharides such as starch and cellulose. 4,[START_REF] Hebeish | The chemistry and technology of cellulosic copolymers[END_REF] Ce 4+ is known to oxidize many organic substrates such as alcohols and amides to produce the corresponding oxygen-or nitrogen-centered radicals. [START_REF] Moad | The Chemistry of Free Radical Polymerization 2nd Edn[END_REF] It is found to complex and react rapidly with 1,2-diols causing cleavage and, it is thought, production of a radical at the cleavage site. [START_REF] Moad | The Chemistry of Free Radical Polymerization 2nd Edn[END_REF][START_REF] Mcdowell | [END_REF] The 1,2-diols in starch are trans to one another and somewhat sterically hindered. As such, they may not be as easily complexed to Ce 4+ as straightchain 1,2-diols and therefore perhaps not as readily cleaved. However, it is well known that Ce 4+ creates free radical graft sites on starch and cellulose, primarily at C2 and C3 carbons. [START_REF] Moad | The Chemistry of Free Radical Polymerization 2nd Edn[END_REF]8,9 Molecular modeling studies suggest that, following β-scission, alkyl radicals may be formed on C1, C2, C3 and C4 carbons on the main chain. 10 Another interesting reaction of Ce 4+ with starch takes place at the hemiacetal "reducing end" of the starch molecule, where the reaction with Ce 4+ is much faster than at the 1,2-diols in the body of the starch chains. 8,10 Contrary to our previous work using oligosaccharides, 11 the starches used in this paper are amylopectins with molecular weights of the order of 10 7 to 10 8 . As there is only one "reducing end" per starch molecule and 10 5 to 10 6 anhydroglucose units in amylopectin, it follows that most radical sites formed by direct Ce 4+ oxidation of amylopectin will be in the body of the starch chains. Reaction rates of Ce 4+ with simple sugars and polysaccharides are investigated here, as described below.

Creation of free-radical grafting sites on the starch backbone is facilitated by an interesting reaction pathway whereby glucose (which reacts extremely rapidly with Ce 4+ ) can be used as an intermediary to transfer radical activity to the starch. 12 Glucose radicals so formed can also initiate homopolymerization, thereby generating aqueous-phase glucose-terminated styrene oligomers. These oligomers, which would be expected to follow classical Maxwell-Morrison entry kinetics (describing the rate and mechanism of entry of radicals into latex particles in emulsion polymerizations), 13 might enter precursor particles in sufficient numbers to stabilize the precursor particles against coalescence. This point is discussed further below.

Finally, Ce 3+ is oxidized to Ce 4+ by potassium persulfate-indeed this is the method commonly used to produce cerium(IV) salts. The cerium(IV)/persulfate binary system has been used to graft acrylamide onto starch. 14 The oxidation of Ce 3+ by persulfate is enhanced by catalytic amounts of silver(I). 15 Skarzewski 16 used the cerium/persulfate/silver ternary system to oxidize various substrates, and although they found that it worked very well for oxidizing naphthalenes to quinines, oxygen-containing substrates produced low yields. They attributed this to complexing of Ce 4+ to alcohols and their consequent removal from the oxidation system. However, in the case of starch, the 1,2-diols reduce the Ce 4+ and return Ce 3+ to the catalytic cycle. This may be a useful pathway to explore in future as a means of reducing the amount of the relatively expensive cerium salts required for industrial scale grafting.

EXPERIMENTAL

Materials

The monomers used (styrene, Huntsman; n-butyl acrylate (BA) and vinyl acetate (VAc), Aldrich) had their inhibitors removed on alumina columns and were stored at 4 °C for not more than a few days before use. Monomers were purged with nitrogen for 15 min immediately prior to use. Iron(II) sulfate (Univar, 99.0 %), cerium(IV) ammonium nitrate (CAN, Univar, 99.99 %) and potassium persulfate (KPS, Merck), were all used as supplied.

Waxy corn starches (Mazaca, a native amylopectin kindly provided by Penfords) or StacKOTE™ 7, a modified amylopectin (kindly provided by National Starch) were gelatinized in a Siltex 175D autoclave (30 min at 120 °C) in sodium acetate buffer (pH 3.5, 0.1 M) for all experiments. The molarity of starch suspensions is given as concentration of anhydroglucose (AHG) units throughout. D-(+)-Maltose monohydrate (> 99 %) was purchased from Sigma. Sodium acetate buffer (pH 3.5, 0.1 to 0.2 M) was prepared from sodium acetate (Merck, pro analysi) and glacial acetic acid (Ajax Finechem, analytic reagent grade) used as supplied. Milli-Q water (18.2 MΩ⋅cm -1 ) was used throughout. All latex syntheses were conducted under a nitrogen atmosphere.

Syntheses

Reactions were undertaken in a 1 L Pyrex water-jacketed reactor equipped with an overhead stirrer, and ports (with septa) for the addition of reagents.

Reactions of Ce 4+ /Ce 3+ with sugars and starch 0.5 mL of maltose or Mazaca solution or suspension was added to 3.0 mL of 0.01 M CAN in 0.1 M H 2 SO 4 at 60°C in a UV/Vis cuvette to give a slight excess of saccharide. The absorbance at 420 nm was monitored and reaction half-lives determined.

Effect of (poly)saccharides and Ce 3+ on persulfate decomposition

Glucose or starch (0.1 M) was added to a solution of KPS (0.01 M) with and without Ce 3+ and maintained at 50 °C or 70 °C. Excess iron(II) was added to oxidize any unreacted KPS and the resulting iron(III) back-titrated with Ce 4+ according to the procedure of Vogel. 17

Enzymatic digestion

Approximately 5 mL of latex was diluted to 20 mL, adjusted to pH 6.5 with sodium hydroxide, 2 drops of α-amylase were added and kept at 75 °C overnight.

Gelation studies

Latexes 1 to 6: A series of starch-g-poly(BA-co-styrene) latexes were prepared on a 500 mL scale using Ce 4+ as initiator with 1, 2, 3, 4, 5 and 6 wt% Mazaca, a constant starch-to-synthetic monomer ratio of 1:1.8, and a monomer mixture with 50/50 w/w of styrene/BA. Samples were taken during the reaction for each synthesis. Typically, a Mazaca suspension of the required concentration was prepared in acetate buffer (0.01 M, pH 3.5) and autoclaved at 121 °C for 30 min. The Mazaca suspension so obtained was heated to 80 ˚C, after which was added 1 mL of 2 mM CAN solution and 0.2 mL of 235 mM KPS solution for each gram of Mazaca. This was followed immediately with addition of monomer (1.8 g for each gram of Mazaca) and KPS (1 mL of 235 mM KPS solution for each gram of Mazaca) fed over 50 min. The reaction was maintained at 80 ˚C for a further 4 h. Final pH values ranged from 1.4 to 2.1.

Stable latexes

Latex 7: cerium(IV)/persulfate/modified amylopectin/poly(vinyl acetate). Gelatinized StacKOTE™ 7 (600 g, 1 M) was heated to 80 °C and purged with nitrogen for 15 min. KPS (5 mL, 0.123 M) and CAN (1.0 mL, 0.018 M) solutions (made fresh immediately before use) were added as single shots. 10 mL of the same KPS solution was co-added (at 20 mL•h -1 , 30 min) with VAc (20 mL at 20 mL•h -1 , 60 min). The KPS/VAc addition was repeated. The reaction was cooled to 60 °C, VAc was added (100 mL, 25mL•h -1 , 4 h) and kept at 60 °C overnight.

Latex 8: cerium(IV)/glucose/native amylopectin/styrene. A 10 wt% Mazaca suspension was prepared in the usual manner (autoclave, 121 °C, 30 min). To 165 g of the 10 % Mazaca suspension (0.09 mol AHG units) was added 1.6 mmol CAN solution (10.36 mL, 0.155 M at 0.065 mL⋅min -1 for 159 min), 1.6 mmol glucose (6.67 mL, 0.242 M, at 0.042 mL⋅min -1 for 159 min) and 95 mmol styrene (8.83 mL at 0.055 mL⋅min -1 for 161 min). The mixture was stirred under nitrogen in a round-bottom flask at 60 °C overnight. Residual monomer was postpolymerized with 0.09 g KPS in 10 mL of water at 60 °C.

Latex 9: cerium(IV)/glucose/modified amylopectin/styrene/BA. This was similar to Latex 8 but using StacKOTE™ 7 instead of Mazaca and adding some 50/50 w/w styrene/BA respectively in a second stage monomer feed to give a final wt% composition: starch 14.8 %; styrene 10 % and BA 7 %.

Step 1: A 17 wt% StacKOTE™ 7 suspension was prepared in the usual manner (autoclave, 121°C, 30 min). To 750 g of the 17 wt% StacKOTE™ 7 solution at 60 °C was added CAN solution (0.29 M at 0.173 mL⋅min -1 for 160 min), glucose solution (0.74 M at 0.0857 mL•min -1 for 160 min) and styrene (30 mL at 0.273 mL•min -1 for 110 min). The mixture was stirred under nitrogen in a round-bottom flask at 50 °C overnight (sample 9A).

Step 2: The temperature was raised to 60 °C and CAN solution (0.29 M at 0.133 mL•min -1 for 45 min), glucose solution (0.74 M at 0.067 mL•min -1 for 45 min) and styrene/BA 50/50 (w/w) (1.0 mL⋅min -1 for 45 min) sample 9B. Step 2 was repeated twice to give samples 9C and 9D.

Finally, potassium persulfate (0.27 g) was added and the temperature held at 70°C for two hours to give samples 9E.

CHARACTERIZATION

Solid content

The determination of the solid content of the latexes 1 to 5 was carried out by gravimetry after 1 night at 60 ºC.

Viscosity measurements

Viscosity measurements were conducted on latexes 1 to 5 using a Brookfield DVII viscometer and an appropriate spindle, at 100 rpm.

Transmission electron microscopy

Samples were dried a carbon-coated copper grid and analyzed using a Biofilter Philips CM120 Transmission Electron Microscope with a CCD camera and an accelerating voltage of 120 kV.

Grafting efficiency

For the present purposes, starch grafting efficiency is defined as the percentage of initial starch grafted to final latex particles. This was measured by ultracentrifugation of latex (90,000 rpm for 30 min), with determination of the starch content of the supernatant by gravimetry. Blanks were performed on starch suspensions; it was found that a very small amount of a brownish impurity precipitated but this was insignificant in terms of mass balances.

Size Exclusion Chromatography (SEC)

Samples taken at different times during the synthesis of latex 9 were ultracentrifuged (1 h at 90,000 rpm) and the supernatant was analyzed by SEC. The conditions for the SEC analysis were the following: Shimadzu LC-10ATVP pump, Shimadzu DGU-14AVP degasser, Shimadzu SIL-10ADVP autoinjector, Shimadzu CT10ACVP column oven, Wyatt Optilab DSP interferometric refractometer; Waters columns: Ultrahydrogel guard column + Ultrahydrogel 500; eluent: 0.05 M ammonium acetate set at pH 5.2 with glacial acetic acid + 0.05 % sodium azide; flow 0.5 mL⋅min -1 .

RESULTS AND DISCUSSION

Reactions of Ce 4+ /Ce 3+ with saccharides Ce 4+ was reduced by Mazaca (equimolar in AHG units), the reaction having a half-life of 250 s at 60 °C and 125 s at 80 °C. As expected, this was much slower than the reaction of Ce 4+ with maltose (t ½ ~ 10 s at 60 °C). However it is fast enough that is clearly necessary to feed the Ce 4+ continuously (latex 7) or regenerate it with an oxidizing agent such as KPS (latexes 8 and 9) when reactions are carried out over several hours.

Effect of saccharides and Ce 3+ on persulfate decomposition

Decomposition of KPS at 50 °C induced by saccharides was found to be extremely rapid in the presence of glucose and only slightly less so in the presence of StacKOTE TM 7 (Table 1).

Decomposition of persulfate at 70 °C in the presence of Mazaca was also much faster than normal thermal decomposition in absence of Mazaca (Table 1). Surprisingly, the presence of Ce 3+ reduced the apparent decomposition rate of persulfate in both glucose and Mazaca solutions/suspensions but this may be due to some unanticipated side reaction in the titration used to determine the unreacted KPS. Blank experiments conducted without KPS indicated that (1) the presence of starch has no effect on the titration and (2) Ce 3+ is oxidized by KPS under these conditions. Most likely the Ce 3+ is oxidized to cerium(IV) by sulfate radicals and persists in that form long enough to affect the titration. The Ce 3+ itself does not appear to reduce persulfate, at least not at a significant rate. Rather, persulfate decomposes thermally or via a one-electron oxidation of another species (e.g. silver(I) 15 or in this case starch) to produce a sulfate ion and a sulfate radical. It is this sulfate radical that oxidizes Ce 3+ to Ce 4+ . 

Gelation studies

Latexes 1 to 6: Latexes 1 to 5, based on 1 to 5 wt% Mazaca, all reached a high conversion soon after the end of the monomer feed stage (50 min) with solids content increasing slightly thereafter (Figure 2). Similarly, viscosities approached their maxima shortly after the monomer feed ended (Figure 2). Final viscosities (10 to 200 cP for 1 to 5 wt% starch suspensions respectively) were much higher than that of starch suspensions of the same concentrations, indicating a trend toward gelation. "Latex" 6, with 6 wt% starch, resulted in a gel and was not further characterized.

Latexes 1 to 5 were ultrasonicated (Sonics Vibracell, 30 %, 5 min), after which their viscosities reduced to approximately that of the equivalent raw starch suspensions (5 to 30 cP for 1 to 5 wt% starch suspensions respectively). This is strong evidence of the "scaffold" structure of the latex and the associated gelation mechanism described briefly above and in detail in our previous paper. This series of latexes showed that, if no precaution is taken to avoid coalescence of the grafted precursor particles, gelation of amylopectin-based latexes occurs when the concentration of amylopectin exceeds 5 wt %, which is approximately the overlap concentration c* for amylopectin. [START_REF] Perry | [END_REF] It should be noted in this regard that the entry efficiency (entry of oligomeric radicals into particles 13 ) in this system is probably low, due mainly to the very low water solubility of monomers, and hence stabilization of precursors by sulfate end groups is minimal. The intended role of KPS in this system is to regenerate Ce 4+ from Ce 3+ continuously during the reaction, not to provide electrostatic stabilization to the precursor particles. The limitation of low entry efficiency is overcome, for example in latex 7, by using VAc/KPS, which is expected to exhibit almost 100% entry efficiency 13 and thereby confers electrostatic stabilization to the precursor particles.

Stable latexes

Latexes 7 to 9 are stable latexes with a high proportion of starch (10 to 15 % by total weight depending on the solubility of the starch) and a high proportion of that starch grafted to latex particles; these have been produced using the following procedures. The three presented below are typical. The procedure is versatile and robust and is by no means limited to the examples below.

Latex 7 was synthesized from starch and vinyl acetate using CAN and KPS for initiation. It exhibited a final solids content was 21.7 %, and comprised 9.7 % polyVAc and 12.0 % starch (of which 48.7 % was grafted). The final latex was stable against dialysis and sedimented after treatment with α-amylase (starch digesting enzyme). This behavior demonstrated that the final latex was stabilized primarily by grafted starch. It formed a translucent film which did not redisperse in water.

Latex 8 was synthesized from starch and styrene, using CAN and glucose for initiation. Although the latex appeared quite thick during the first three hours, it did not gel. After postpolymerization of the residual monomer with KPS, it looked like an ordinary latex. It is proposed that gelation was avoided by the "stabilized precursor" mechanism described above, with glucose as the stabilizing moiety. A grafting efficiency of 60 % was achieved. The particle sizes in the resulting latex were small and polydisperse, as exemplified by the TEM micrograph in Figure 3. It is interesting to note that KPS added in the final step grafted more starch onto the latex particles (78.4 % compared to 68.3 % before addition of KPS). This could be due to regeneration of Ce 4+ or direct grafting by KPS.

CONCLUSIONS

A method has been developed whereby highly branched starch molecules in solution (amylopectin or modified amylopectin) can be induced to act as a scaffold to form latexes with a synthetic polymer using free-radical polymerization. The procedure is versatile and robust and has been demonstrated to work with diverse monomer systems (vinyl acetate, styrene/butyl acrylate) and initiation systems (cerium/glucose, cerium/persulfate). The Ce 4+ /Ce 3+ couple creates radical sites on the amylopectin chains which then act as macro-initiators for free-radical polymerization in emulsion. Surfactant-free, starch-graft-copolymer latexes can be made based on amylopectin from native waxy starches, with minimal degradation if the precursor particles are stabilized against coalescence at early times in the reaction.

A potential benefit of this approach is that most of the starch is grafted to synthetic latex particles and as such is unable to migrate away from the hydrophobic film formed on the substrate surface in wet applications such as paper coatings.
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 1 Figure 1. Sketch of the scaffold structure wherein regions of synthetic polymer (round shapes) are grafted to a starch molecule.
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Figure 2 . 5 (

 25 Figure 2. Evolution of (a) solid content and (b) viscosity with time for latexes 1 to 5 (squares: latex 1, circles: latex 2, triangles: latex 3, diamonds: latex 4, stars: latex 5).

Figure 3 :

 3 Figure 3: TEM micrograph of final Latex 8.

Figure 4 :

 4 Figure 4: Evolution of the chromatogram of the non-grafted starch with reaction time for latex 9. Traces A to D correspond to different reaction times (see experimental section), trace E to after the post-polymerization with KPS, and unreacted StacKOTE™ 7 is shown for comparison.

Table 1 : Induced decomposition of persulfate by saccharides (KPS 0.01 M;

 1 

	saccharide 0.1 M)		
	saccharide		decomposition
	nil	3 h at 50 °C	6 %
	Glucose	3 h at 50°C	36 %
	StacKOTE™ 7	3 h at 50 °C	30 %
	nil	1 h at 70 °C	11 %
	Mazaca	1 h at 70 °C	65 %
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GRAPHICAL ABSTRACT

A method is presented for synthesizing surfactant-free latexes comprising starch-graft-(vinyl polymer) using Ce 4+ to create grafting sites on the starch. Colloidally stable polystyrene, poly(styrene-co-n-butyl acrylate) and poly(vinyl acetate) latexes grafted onto high molecular weight amylopectin were developed. Furthermore, reaction rates of Ce 4+ with simple and polysaccharides were investigated, as well as gelation mechanism of the latex.
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