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Abstract

:

Grafting of acrylic monomers onto the renewable feedstock starch via free radical polymerizations has been investigated for many years. Many potential applications have been studied, such as superabsorbents, flocculants, thickening agents and so forth. It is expected that size and spacing of the grafts have a large influence on the performance of such polymers. Yet, information upon the structure-property relationships is only scarcely found in literature. Moreover, there is no clear overview of how reaction variables can be used to influence the grafted structure. In this review, an assessment has been made of the relation between the architecture of the grafts and potential applications. Then, from a selection of relevant literature data it is demonstrated that reaction variables such as the relative concentrations of initiator and monomer, have a large impact on the average size and spacing of the grafts. The emergence of controlled radical polymerizations, like Atom Transfer Radical Polymerization (ATRP) and Reversible Addition-Fragmentation chain Transfer (RAFT), is discussed, both the current status and future prospects. These methods are promising in the future of starch grafting, especially for systems where homopolymer formation may be a problem. Nevertheless, higher costs and other related issues make these advanced methods more suitable in high added-value products.
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1. Introduction


A major challenge that the chemical industry has to face in the near future, is to find alternative feedstocks for the production of performance polymers. Starch, one of the most abundant carbohydrates, is a prime candidate. This is due to starch’s potential biodegradability and renewable character. Modification can be obtained through graft polymerization, which can impart new properties to starch resulting in alternatives to the current performance polymers based on petrochemicals.



Graft copolymers based on starch or other polysaccharides have been the subject of intense investigations for over half a century now [1,2,3]. Still, the number of publications reporting about the structural properties of the grafted products, molecular weights, and spacing of the grafts is limited. Many of the more recent research papers show the effect of reaction variables upon the behavior of the product, but not specify about compositional determinations of the grafted product, e.g., [4,5,6]. Still, in many applications, the performance of a polymer is highly dependent on its molecular structure [7,8] and knowledge of that architecture will be a key to further development. The copolymers are grafted onto starch, by for instance free radical methods. Besides the usage of different monomers (discussed later), structural parameters such as the amount of newly formed grafted polymer (grafting percentage, GP) and the selectivity of the grafting process with respect to the total amount of new polymer formed (grafting efficiency, GE), as defined in Table 1, are of great importance [2,3].



As Table 1 already indicates, GP and GE are not the only relevant parameters used in macromolecular characterization. Two grafted starches can have a similar GP, however, the average size of spacing between the grafts can be very different. This can be illustrated in an example from our own work [9] regarding the grafting of acrylic acid (AA), shown in Table 2. These data have not being properly calibrated, yet they are useful in a comparative overview. It is clear that grafted products with very different structural properties at approximately the same GP were found. These findings have resulted in further work on this topic in our laboratory, which will be published at a later date.



In the present paper, after an introduction about the general reaction scheme and analytical methods (Chapter 2), an inventory of potential applications is made (Chapter 3). More specifically, the demands associated with various applications of grafted starch are assessed, in the area of water-soluble performance polymers. Such demands are translated towards the type of grafted structure that is wanted, in terms of spacing and molecular size of the grafts. Such an overview is not yet found in literature, which is perhaps logical as most research papers focus on a single application.



The second part of this paper is dedicated to the synthesis and polymerization processes. This is to survey what options can be found in literature that allow for tailoring the reaction variables towards demands on the size and spacing of the grafts. Firstly, the literature regarding the possibilities of influencing a product’s composition will be evaluated. The focus lies mostly with the conventional free radical graft polymerizations, as it is by far the most used method for starch modification. Reaction variables largely effecting the size and spacing of grafts are identified and the possibilities with the conventional methods of free radical graft polymerization of vinyl monomers from starch are discussed. A specific section (Chapter 5) is dedicated to assess the potential of relatively new controlled radical polymerizations: Atom Transfer Radical Polymerization (ATRP) and Reversible Addition-Fragmentation chain Transfer (RAFT) polymerization.




2. Starch Grafting: Reactions and Analyses


2.1. Reactions


Although most starch backbones can be used for free radical grafting, the reactions follow a common principle. In the first step, radicals are created on the starch backbone, with an initiator that directly reacts with starch such as Cerium Ammonium Nitrate (CAN) or via a radical generating initiator that transfers radicals to starch via hydrogen abstraction from one of the hydroxyl groups [1,2]. Vinyl monomers react with the activated starch to form side chains attached via strong covalent bonds. This method is also characterized as ‘grafting from’ (a backbone) [2]. The polymerization proceeds by the conventional chain-growth mechanism. The reaction ends due to terminations typical of free-radical polymerization, or when full monomer conversion is achieved. Numerous methods have been reported to perform the first step, also known as the initiation, and many monomers have been grafted onto, or from, numerous starches. A recent summary is presented by Meimoun et al. [2] and a wealth of information on initiation methods can be found in older reviews of Fanta et al. [1,10]. Almost all native starches are produced from various botanical sources, yet are comprised of two main types of molecules. Amylose, a mostly linear combination of anhydroglucose units, and amylopectin containing a high degree of branching of usually longer molecules. The ratio between these constituents varies by starch source [1,2]. Schemes such as the graphical abstract and Figure 1 can only be a gross simplification of the starch structure by representing it as a single chain. Still, that simplified representation may be of use when the effect of reaction variables is discussed in for instance §4, as most researchers use consistently a single type of starch.



Figure 1 depicts one specific method, the generation of radicals with Fenton’s reagent and reactions with acrylic acid monomer [11]. This is a water-soluble monomer, targeting alternatives for water-soluble performance polymers. The picture shows one major drawback associated with graft polymerization of hydrophilic monomers in homogeneous systems involving a water solvent. That is the inevitable formation of (some) ungrafted homopolymer. The presence of homopolymer constitutes both a challenge in the analysis of the product, and may also be an economic setback. Therefore, high graft selectivity as well as a high grafting percentage is generally wanted. In several applications however, the mixture of grafted copolymer and homopolymer can be considered as a product e.g., as a thickening agent [12], sizing agent [13] or perhaps as flocculants [4].




2.2. Analytical Procedures and Aspects


In Table 1, the usual parameters characterizing the products of the grafting reactions are summarized. For a proper characterization of the grafted starch, homopolymer have to be removed e.g., by Soxhlet extraction [1,2]. An alternative, elaborate but satisfactory, method has been developed in our laboratory [14]. After centrifugation-precipitation of the grafted starch from acetone solvent that keeps the homopolymer in solution, the grafting percentage (GP) and the graft efficiency (GE) were determined with 1H-NMR. The amount of grafted polyacrylic acid onto starch was measured by integrating the relevant peaks in the NMR-spectrum [1,14]. From that result and the confirmed establishment of full monomer conversion [14] the amount of formed homopolymer and thus the grafting efficiency could be calculated. Some authors use gravimetry to determine the grafting results, as discussed in more detail by Meimoun et al. [2] and by Fanta et al. [1,10].



For the determination of the molecular weight of the grafts, they have to be detached from the starch backbone. The usual method is to hydrolyze all of the starch, both amylose end amylopectin, either by the use of strong acid in molar excess [1,10] or by enzymatic degradation [15]. It is not a problem if one or a few sugar groups remain in the synthesized chains as their contribution to the total weight of the molecules will not be more than 0.2–0.3%, which is within experimental error margins. When the grafts are isolated, Gel Permeation Chromatography (GPC) can be applied to determine both the average molecular weight and the weight distribution. Before the advent of GPC, but also in more recent publications of Nair and Jyothi [15], a calibrated viscosity measurement was used to determine molecular weights [16].



When the weight-average molecular weight (MWw) of the grafts has been determined and GP of the grafted starch is known, the average distance between the grafts can be calculated by division of the mass of attached polymer (from GP) by MWw and correcting the molweight of one AGU-group (162 Dalton). The result is expressed as NAGU. The expression graft frequency is also applied for this property, which is the reciprocal, 1/NAGU. This corresponds to the parameter DS (degree of substitution) used to characterize starch modifications in general. As the molecular weights of the grafts will always show a certain distribution, any graft spacing parameters can only be approximation. In addition, the starch backbone itself is not a linear or well-defined molecule, but a mixture of linear (amylose) and branched chains (amylopectin). Nevertheless, the values of MWw and NAGU can be used as an indication of the structure of the grafted product in terms of graft size and spacing.





3. Potential Applications and the Related Demands toward the Grafted Structure


3.1. Superabsorbents


Starch grafted with hydrophilic monomers may have the potential to replace many of the current applications of water-soluble polymers [2,10,17,18]. One example of such applications is superabsorbents based on grafted starch, originally disclosed by the research of the US Dept. of Agriculture [10,19], which have been in industrial production for some time within several companies. Their commercial success was however limited. Production difficulties on a large scale may have been one reason for this [19,20,21]. Crosslinking, mainly with polyacrylic acid or other synthetic polymer part of the material, is needed to create a gel-network that can absorb and retain the large amounts of fluid. The critical balance between important product properties—the absorption capacity versus the mechanical strength to retain the absorbed fluid—is mainly determined by the crosslink density. There must be sufficient space between the crosslinks or, when based on starch, the graft attachments, to allow for easy entrance of the water or solute (blood, urine) to be absorbed [20]. By calculations based on data from literature [10,20,21] one can estimate that average chain lengths between two knotting points in the total network must then be in the order of (much) more than 150–200 molecular units. This means that NAGU must be also at least 200, and grafted chains must have a size of well over 15,000 Dalton. Many applications of starch based superabsorbent materials including drug delivery agents are discussed in a review from Athawale and Lele [22].




3.2. Discussion of the Demands to Other Applications


Beside superabsorbents, many more applications of grafted starches may be possible. The reviews of Jyothi [17] and Meimoun et al. [2] give a clear overview. Still, in these or other papers, there are no indications of factual current applications in industry, in spite of a more recently issued patent and published work in a continuous reactor to produce grafted starch products [23,24].



In Table 3, the most prominent potential applications are listed. There, an assessment about the demands for the size and spacing of the grafts associated to specific applications is presented, based on some literature data but mainly on reasonable assumptions. The terms ‘short’ and ‘long’ are used here, which deserves at least some kind of specification. For example, in Qudsieh et al. [25] a MWw range of the grafts between 300,000 and 740,000 is reported. The products with the longest grafts gave the best flocculation performance. On the other hand, for applications such as detergent co-builders, a desirable molecular weight of below 100,000 is mentioned in the patent of Klin et al. [23]. But, that is a molecule consisting of both synthetic and at least 50% natural polymer. Even if this molecule would have a single graft, it must be shorter than 50,000 Dalton. In Berndl [26], a grafted chain size of over 72,000 is reported, also for application as a detergent co-builder. To conclude, it can be estimated from this relatively scarce information that for ‘short’ grafts an size range around 50,000 can be regarded, while grafts can be mentioned ‘long’ if they are in the order of ten times larger, >500,000 Dalton.



For application of the grafted product as a thickening agent, as in textile printing pastes [12], the presence of homopolymer may be tolerable but it probably do not contribute much to the desired properties. For thickening agents, the establishment of high viscosity must come from long chains as well as from a branched structure. Both the (branched) starch chains and the grafts contribute to this, so the grafts that are formed should be long and widely distributed. This is, very schematically, depicted in the graphical abstract: the product right below. From literature data, desired graft sizes can not be estimated with any accuracy. Still, in the patent of Hamunen et al. [27] it is reported that starch with grafted side chains causes a higher Brookfield viscosity than carboxymethylcellulose, a product with only monomolecular substitutions. Witono et al. [28] found that thixotropic behavior of starch in an application as thickening agent can be reduced when starch is grafted with polyacrylic acid side chains [28]. These are clear indications that the side chains have an important role in the rheological behavior of such products, but to quantify this more research will be needed.



On the contrary, when grafted starch would be used for metal absorption like in heavy metal ions removal from wastewater, the viscosity should not be too high. In this case, the functionality is probably in the grafts only [5,29], so there need to be enough of them to give a good binding capacity. Since the metals ions must be able to penetrate the structure, a relatively open structure seems a reasonable requirement. Witono et al. [29] emphasize the importance of accessibility.



Application of grafted starches as flocculants for wastewater treatment, to remove particulate pollutants, has been the subject of many publications, e.g., [4,6,8,25,30]. As stated by most researchers, e.g., Qudsieh et al. [25], this application asks for long dangling chains with sufficient space in between, to allow particles to easily interact with the grafted polymer chains. Beside the physical architecture of a flocculants, other properties such as electrostatic charge are also of importance [4,8]. In addition, in this application, some homopolymer may be tolerated although it is not clear whether it contributes to the flocculation performance [30].



For use in co-builders to bind calcium ions in detergent formulations, relatively small molecules are wanted to not cause a high viscosity [23,26]. For that purpose, starch may be degraded before the grafting process [26]. Hence, a high graft frequency must be strived for, to make sure that also smaller starch chains bear grafts. Such grafts should also be short for the same reason.



Several authors [13,30] report on the application of the mixture of grafted starch and homopolymer as sizing agent for textile fibers, e.g., cotton. All the grafted starches that were synthesized and tested, had much better sizing properties than native starches. If no homopolymer removal is needed, this would be a major economic advantage. From the referred literature, one cannot derive clear constraints or demands concerning molecular weight and spacing of the grafts in sizing agents. In the work of Djordjevic et al. [30] it is stated that the smaller molecules of hydrolyzed grafted potato starch show good sizing performance, but that is only compared to non-grafted starch.




3.3. Conclusions on Demands


The most important conclusion or observation is that the demands toward the grafted structure will be very different for, and dependent on, specific application targets. This is a further plea for a good characterization of the product after graft copolymerization reactions. When different starches are compared, the effect of the ratio of amylose versus amylopectin or the degree of branching in the substrate must be part of the comparison. Then, the challenge is how to produce materials that can be tailored to such demands and applications, using that knowledge of the molecular architecture. The available options will be discussed in Chapters 4 and 5.





4. How Variations in the Process Conditions Affect the Graft Structure


Traditional free radical reactions exhibit a level of scarce control and reproducibility, that may be eradicated by controlled radical polymerizations (CRP) methods, as described in Chapter 5. However, in starch grafting literature, there are several interesting articles showing that with traditional free radical grafting, it is possible to steer the reaction towards a certain structure in terms of graft size and spacing. In Table 4 we have collected data from three selected cases, representing a wide spectrum of grafting reaction systems. In each of these, the reaction conditions appear to have a major impact on the molecular architecture of the product.



In the first case, Brockway [16] successfully grafted methyl methacrylate onto granular starch in aqueous slurry, in spite of the limited solubility of this monomer in water. Monomer solubility is certainly of influence on the grafting performance as a whole (GP and GE), but that is a topic beyond the scope of this paper. From these results, it is seen that a tenfold increase in the dosage of hydrogen peroxide causes a much tighter packing of the grafts. Logically, these grafts are shorter on average since the available monomer has to be shared by many more growing polymer chains. It also makes perfect sense that with more monomer in the system, grafts grow longer. Only the lowest dosage is difficult to explain as exception of this general trend.



The second case, data from Willet et al. [31], is particularly interesting since it is a report on graft copolymerization in a continuous reactor, which is a major and perhaps necessary step toward future processes for making grafted starches on any industrial scale. An extruder reactor is capable of processing high viscosity fluids, pure polymers or gelatinized starch in water [32,33], and allows for scaling up. In the work of Willet et al. [31] with water soluble acrylamide, the major effect initiator dosage has on the spacing of the grafts is demonstrated, Case 2 in Table 4. In addition, the molecular weight of the grafts increases with monomer dosage, most certainly if compared at the same level of initiator.



Nair and Jyothi [15], Case 3 in Table 4, present a recent elaborate study on the effect of reaction variables when pre-gelatinized starch is also grafted with acrylamide with Cerium Ammonium Nitrate (CAN), a much used but relative slow reacting initiator [1,2]. From the data represented in Table 4, it can be seen that again, initiator dosage has a large effect on the graft spacing, but the effect is a little mixed up with the influence of monomer concentration—a situation that is inevitably associated to the use of an experimental design method. Not shown in the table is the effect of reaction time. With this relatively slow initiator, low grafting frequencies (high NAGU) are seen for all experiment where the reaction time is 60 min. In general, tighter graft spacing is seen after 120 min or more. Some of the synthesized products were subjected to flocculation tests, where the product made with 0.88 g/L CAN performed best. The relation of flocculation performance to graft spacing is not straight-forward here since all of the products tested had relatively high NAGU values [15].



Besides the concentrations of initiator and monomer, several other process variables affect the size and spacing of the grafts. Most grafting reactions with hydrophilic monomers are carried out with water solvents [1,2,3]. When a solvent is used that has radical chain transfer properties, the transferred radical activity can initiate new grafts hence a higher graft frequency (lower NAGU) is found [1,10]. A dedicated chain transfer agent can be added to the reaction with a similar effect [33].



Fanta et al. [1] report a decreased graft frequency and longer grafts when gelatinized wheat starch was reacted with several monomers and initiators, as compared to grafting onto granular starch. This result may be explained from an increase in the accessibility of the AGU groups, which in fact leads to a higher ‘available’ or ‘effective’ concentration of AGU-sites. Then, the initiator-to starch ratio is effectively lower with gelatinized starch. Such higher accessibility is however beneficial for the diffusion of reactants towards the grafting sites. The effect reported by Fanta is supported by recent findings of Dongling et al. [4]. They report about a mixing-reactor system that allows for graft copolymerization at higher starch load. Longer grafts at lower frequency were seen when starch had a higher amylose content, the linear component of starch that is more easily accessible than the branched amylopectin structure.



Temperature and initiator concentration show similar trends when GP and GE are considered: more initiator and higher temperature lead to more grafting, however, there is an optimum [1,2,13,22]. Beyond that, the excess of radicals stimulates early or premature terminations. We have not found a sufficient set of data on the effect of temperature on the grafted structure. It may be speculated however that temperature may show a trend similar to the influence of the initiator concentration.




5. About the Current Status of Controlled Radical Polymerizations


5.1. New Methods to Control Radical Polymerization


Currently, free radical polymerizations by traditional methods are dominant in processes for the production of industrial water soluble polymers [18]. However, traditional free radical polymerization presents limitations due to unwanted side reactions and uncontrolled propagation, which may lead to less predictable product compositions [2,34]. In the last few decades, an ever increasing number of publications has appeared on new methods to perform free radical reactions with better control and less randomness: Atom Transfer Radical Polymerization (ATRP) and Reverse Addition Fragmentation Chain Transfer Polymerization (RAFT). The new methods can be included in the general category of Controlled Radical Polymerizations (CRP). This is not the place to discuss the chemistry of these methods, which can be found in relatively recent reviews [35,36], also focusing on their more industrial aspects, e.g., Destarac et al. [34]. In the recent review of Meimoun et al. [2], CRP-methods are indicated as a promising trend also for the future of graft co-polymerizations. Because these methods promise more control, and this article is about how to control the size and spacing of the grafts in the case of starch grafting, it was considered appropriate to add general prospects on controlled radical polymerizations (CRP) to this article, and what CRP can mean in the field of starch grafting. A scheme of starch grafting reactions using controlled radical polymerization is presented in Figure 2.



However, it should be kept in mind that such polymerization methods suffer drawbacks and limitations. First of all, they are compatible with a limited number of monomers only. For instance, acrylic acid cannot be polymerized by ATRP due to catalyst poisoning [2,34]. In particular, ATRP makes use of transition metal catalysts, which might prove difficult to remove from the final products, causing economic and safety issues. In addition, grafting with ATRP requires the introduction of a proper functional group for initiation (an activated halogenide), which results in an additional synthetic step, since most polymers (and starch in particular) do not possess such a group in their structure. The main limitations of RAFT, on the other hand, are related to the RAFT agents: they are expensive, not easily available, usually they possess strong unpleasant smell (being sulphureted compounds) and they are intensely colored. These are undesirable characteristics for many applications.




5.2. CRP, Adding to or Competing with Traditional Free Radical Polymerization Processes


In the literature review of Destarac et al. [34], it is illustrated that the use of ATRP and RAFT is beneficial when a highly precise product is required. The ATRP and RAFT methods will not replace conventional radical polymerizations, yet add to the possibilities of achievable accuracy and architecture. They can expand the current market, and seem to be applicable on an industrial scale in specialty polymers [34]. ATRP has for instance been applied for polymers in coatings [37], adhesives, sealant and biomedical applications [34]. There is also growing interest in its drug targeting potential. Polymers synthesized by RAFT may be applied as rheology modifiers, emulsions stabilized, surface modifiers and preparation of nano-colloids [38].



There are limitations to both ATRP and RAFT, which have restricted the application of these methods in industrial applications so far, due to extra costs compared to that of conventional radical polymerization. For instance, with ATRP a relatively large amount of catalyst is required to control the polymerization reactions. This results in economic and also in environmental issues, due to high levels of potentially hazardous catalyst waste [34]. Much research has been done on attempting to reduce the catalytic levels, while increasing recovery and recycling [35]. Catalysts need to be removed from the polymers through various adsorption and extraction techniques [34]. They need to be removed since catalyst-ligand residue is not wanted in the final product, as it induces aging, colors and may add toxic aspects [39], especially when heavy metals, typically Cu(I), would remain in the product. These removals have been demonstrated on a laboratory scale, yet would be technically difficult on an industrial level resulting in expensive products. This makes the method more suitable for niche markets, where there are high sales prices [34]. It is also to be considered that ATRP is not compatible with monomers containing certain functional groups, such as carboxylic acids, amines, ketones and certain ionic groups [39], that could deactivate the catalyst. This problem can sometimes be avoided using protection chemistry, but constitutes of course another severe limitation of the method.



RAFT can be used with a larger range of functional groups than ATRP. However, the introduction of RAFT polymerization in industrial settings is limited by the lack of large quantities of RAFT agents, the RAFT end group removal and also by polymer purification that needs to be done [34]. In addition, there are many intellectual property rights connected to the RAFT agents, where only a few are manufactured on an industrial scale [34]. The end groups created during RAFT polymerization are easily hydrolyzed, which results in degradation and in some cases the release of toxic compounds, often characterized by unpleasant smell (thiols). In order to avoid this, the terminal groups need to be chemically stabilized or novel functionalities added, both of which incur extra costs [34]. Another problem caused by the RAFT end groups is that they give coloration to the final product, which is usually unwanted (for example in the coating industry).



RAFT is applicable to most of the solvents used in conventional radical polymerization, with the exception of strong nucleophilic solvents [40]. RAFT has been used in pilot scale projects involving encapsulated pigments [41] and for latex with controlled functionalities [42]. It was also noted that these controlled polymers should rather be used as boosters along with conventional surfactants, as emulsion stabilizers by providing steric hindrance [43], yet not incurring too high costs. This combination improves the emulsion stability, yet keeps costs low.




5.3. Future Prospects of CRP-Methods in Industrial Settings


RAFT polymerization can simply modify the conventional radical polymerization method, through the substitution of the chain transfer agent with the RAFT one [40]. The reactor setup does not need changes, and the operation is scalable [40]. There are currently a large number of patent applications from many known companies. The patents cover applications such as microelectronics, plastic solar cells, lubricants, surface modifiers, emulsion stabilizers, adhesives, cosmetics, polymer therapeutics and biosensors [40]. As already mentioned, the production of RAFT agents is a limiting factor. There are currently small quantities available from for instance Sigma-Aldrich and larger quantities from Boron Molecular [40]. Once the agents become more commonly produced, it is probable that the market for RAFT products will increase in the same manner. According to Perrier [40], the past years of research have now allowed RAFT to become a tool in which new complex and functional materials can be made. A relevant example, although at laboratory scale, is the synthesis of polyacrylamide with a well-defined branched structure for applications in chemical enhanced oil recovery, as developed within our Groningen University Product Technology group by Wever [44] and more recently by v. Mastrigt [45]. Other recent examples illustrate the possibility of using photo-initiated RAFT polymerization in emulsion, further expanding its scope [46,47].



ATRP needs to manage a few prerequisites before becoming commercially applicable, these being cost, selectivity and purity [48]. The range of monomers that are now becoming polymerizable by ATRP is expanding and there are new possibilities arising by using monomers from renewable sources [47]. Polymers can be precisely controlled, yet due to high costs, structural imperfections have been tolerated. ATRP products have been commercially produced since 2002, and are used in applications such as sealants, lubricants and thickeners, shear stabilizers and temperature independent viscosifiers in oils [48]. They are also used in a variety of complex architectures as wetting agents, compatibilizers, pigment dispersants and surfactants. ATRP enables the producer to fine-tune properties such as hydrophilicity/phobicity, compatibility, adhesion, adsorption, corrosion resistance and friction [47]. Many other applications have become available due to the polymerization with ATRP that were not possible with conventional radical polymerization methods. As already mentioned, one of the main factors holding back industrial developments of ATRP is the necessity to use transition metal catalysts (mostly Cu(I) salts), with obvious issues related to costs and toxicity. Recent promising studies on metal-free ATRP [49,50] could give a boost to the use of ATRP in the future industry, also for starch modification. In addition variations on ATRP, such as ARGET-ATRP (activators regenerated by electron transfer [51] and ICAR-ATRP (initiators for continuous activator regeneration ATRP) [52], which make use of significantly lower amount of copper, seem promising from an industrial point of view. Very recently, an ultrasound-induced ATRP, also making use of very small amount of copper catalyst, has been reported by Matyjaszewski’s group [53].



Still, the general conclusion seems justified that conventional radical polymerization will stay in the market for many bulk polymer products such as LDPE, PVC, polystyrene, PMMA [48]. The new controlled polymerizations can aid in opening up new markets, for specific specialty products. The limitations of today, the poor industrial availability of control agents, catalysts and the need for end group removal leading to expensive products, need to be overcome. Additionally, there are intellectual property issues and toxicological constraints [34]. Therefore, the conclusion must be that as by now, Controlled Radical Polymerization in general is more suitable for high value industries.




5.4. CRP and Starch Grafting


There are some interesting research developments in the application of CRP also in the graft copolymerization onto starch, as discussed and summarized by Meimoun et al. [2]. In case of ATRP, it appears to be possible to eliminate the formation of homopolymer which would be of specific interest for the grafting systems where (much) homopolymer is a by-product. Still, the need for copper removal as one of the toxic by-products is a limiting factor. Additionally, there are further reaction steps needed for macroinitiator creation and catalyst removal or end group inactivation. [2]. A few examples were found in literature about the application of RAFT for graft copolymerization, all by the same research group in which the authors have grafted vinyl acetate [54,55,56]. A wide range of molecular weights could be produced, (MWw 22,000–125,000) but at the cost of a much more complex reaction system and, potentially toxic reactants. More research on the topic of RAFT will be needed to fully exploit its potential for starch grafting.



In CRP both in general and concerning starch, it is a matter of more research perhaps directed onto those cases where it may be really beneficial to use controlled methods. ATRP and RAFT could be promising for situations where a narrow molecular weight distribution is essential, or for the synthesis of more complicated architectures for niche markets. It may also be applied to grafting systems that have a low grafting efficiency. The grafting of acrylic acid with non-selective initiators [1,11] is one example that would suit this case, although in recent years some progress has been made in improving the graft performance [9].





6. Conclusions and Prospects


There are sufficient data in literature that demonstrate how the variation in the reaction/process variables can be used to affect the structure of the grafted product. For instance, a high graft frequency is wanted for detergent co-builder products, which can be brought about by using a high initiator concentration or by the application of chain transfer agents. However, each grafting system, each combination of starch, initiator and monomer, has its own characteristics. The trends indicated from the data like those collected in Table 4 can only be derived in full detail by dedicated experiments for a specific system. Yet they may provide leads for further development. Another suggestion for the development of well-defined products would be to start with a starch type that consist mainly, or perhaps only, of amylopectin.



Controlled Radical Polymerization methods add to the possibilities of tailoring towards certain products, but at the cost of more expensive chemicals and possible environmental issues. These methods would therefore be more suitable to make products with a high added value. For bulk products where demands are not extremely high, the conventional free radical graft polymerization onto starch appears to offer enough flexibility to meet such demands. Which company or institution would kick off with a pilot-scale production plant is still a matter of the future.
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Figure 1. Schematic representation of the reactions involved in the grafting of acrylic acid with gelatinized starch as a backbone and Fenton’s initiator. The upper section is the desired grafting reaction, the lower section represents the less wanted homopolymer formation. 
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Figure 2. Schematic representation of: (1) Synthesis of a starch-based macroinitiator for ATRP; (2) mechanism of ATRP on the starch macroinitiator with a generic vinyl monomer. Kp, Kdeact, Kact are kinetic constants of, respectively, propagation, deactivation and activation. 
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Table 1. Common definitions of grafting parameters used in this article.






Table 1. Common definitions of grafting parameters used in this article.





	Grafting percentage
	GP%
	Weight of grafted polymer with respect to the original weight of starch × 100%



	Graft efficiency
	GE%
	Weight of the grafted polymer divided by the total weight of polymer formed × 100%



	Graft size
	MWw
	Average molecular weight of the grafts, Dalton



	Graft spacing *
	NAGU
	Average number of anhydroglucose unit (AGU) between two graft attachments







* In other literature, the term graft frequency is also applied for this property, with is simply 1/NAGU, which corresponds to the parameter DS (degree of substitution) that is generally used to characterize starch modifications.
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Table 2. Grafted cassava starch with acrylic acid: GP, chain size and spacing. Preliminary results published at the 10th European Conference on Chemical Engineering [9].
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	Fe/AGU
	GP%
	<Grafted Chain Size> (MWw)
	1/Graft Frequency (NAGU)





	Moles of Fe2+ per number of AGU-groups
	wt% of grafted polymer
	Average MW of acrylic acid grafts
	Average number of AGU-groups between two grafts



	1:97
	11%
	132,000
	7400



	1:218
	13%
	590,000
	28,000
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Table 3. Potential application of grafted starch and estimated demands for graft size and spacing.
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Application Target/Property

	
General Features

	
Graft Size

	
Spacing






	
Viscosifier (thickener)

	
To generate high viscosity with minimal dosage, starch is a major contributor to properties

	
Long

	
Open




	
Metal ion absorbent

	
High binding capacity, functionality is in the grafts -> Good GP is more important but easy access is wanted

	
Long (high GP)

	
Open enough to allow easy entrance of metal ions.




	
Flocculants

	
Molecules with good access to e.g., clay or coal particles, ionic charge may also be important, Homopolymer maybe tolerable.

	
Long

	
Open




	
Detergent co-builder

	
‘Small’ molecules for low viscosity

	
Short

	
Tight




	
Superabsorbent *

	
High capacity and good access

	
Not too short *

	
Open *




	
Sizing agent

	
A mixture of grafted starch and homopolymer can be applied

	
Smaller complete molecules (starch + grafts) perform better








* Superabsorbent as a special case since the crosslinker is the main factor that determines the network density, which in turn has large impact on the absorption capacity. Still, the pores in the bulk material must be large enough to allow water/solutes to flow in. The number of >15,000 mentioned above must be considered as the minimum.
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Table 4. Selected literature data on the effect of reaction variables on the size and spacing of the grafts. In this table there are data from three very different but characteristic grafting systems.
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Case 1: Grafting of methyl methacrylate with Fenton’s initiator combined with ascorbic acid. Oxidized, but un-gelatinized starch, was grafted in a stirred lab-scale batch reactor at 20–40 °C [16].




	
Initiator: 3 components HPOX/Fe2+/Ascorbic acid, relative dosage

	
Monomer, relative dosage

	
NAGU

	
MWw




	
10/1/0

	
100

	
2700

	
410,000 Dalton




	
100/1/10

	
100

	
330

	
45,000




	
10/1/0

	
50

	
3500

	
280,000




	
100/1/10

	
50

	
350

	
24,000




	
100/1/10

	
20

	
530

	
18,000




	
100/1/10

	
10

	
3500

	
58,000




	
Case 2: Grafting of acrylamide onto cationic corn starch in a continuous extruder reactor, with ammonium peroxide as the initiator and water solvent. Starch was not pre-gelatinized but conditions in the reactor will cause in-situ gelatinization, since temperature in the reactor was 90 °C. Reactions are very fast since residence time is 3 min, with a feed rate of starch of 50–68 g/min. Enzymatic degradation of starch and GPC were used to analyze the grafts [31].




	
Initiator dosage (AP)

	
Monomer/Starch

	
NAGU

	
MWw




	
3.9 × 10−3 mol/kg feed

	
0.8 mol/mol

	
3500

	
374,000 Dalton




	
7.8

	
0.8

	
2700

	
284,000




	
15.5

	
0.8

	
2600

	
269,000




	
3.9

	
1.8

	
2000

	
520,000




	
7.8

	
1.8

	
2100

	
465,000




	
15.5

	
1.8

	
1200

	
253,000




	
Case 3: Grafting of acrylamide onto gelatinized cassava starch in batch, with Cerium Ammonium Nitrate initiator. Conditions for these runs: 55 °C, 120 min reaction time, 10 gm starch [15].




	
Initiator dosage

	
Monomer added

	
NAGU

	
MWw




	
0.44 g/L

	
20 gm

	
30,000

	
200,000 Dalton




	
0.88

	
20

	
12,600

	
240,000




	
0.66

	
15

	
22,300

	
310,000
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