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Abstract

The wastewater generated at a facility specialising in potato processing was found to contain high levels of insoluble potato starch. Several separation methods were employed to obtain maximum potato starch recovery from the industrial wastewater. Centrifugation was proved to be the most effective means of separation. Following potato starch recovery, a variety of chemical and physico-chemical properties were investigated. Potato starch quality and consistency were assessed and monitored across a one year period, between 2007 and 2008. Based on the various starch characteristics that were obtained, it was established that the recovered potato starch was of a high quality and is therefore suitable for subsequent processing, without the need of performing any pre-treatment. Properties including total starch, damaged starch, protein, lipid and amylose content, as well as gelatinisation and retrogradation, were evaluated and a high level of consistency throughout the course of one year was recorded.  
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1.Introduction
In recent years, renewable resources have gained increased attention as novel replacements in energy systems, fuels and industrial raw materials. Viewing starch as an essential commodity for the food industry has long ceased. Instead, it has become an ideal example of a renewable raw material with a vast array of industrial applications in both the food and non-food sectors. 
Due to its reusable nature, the separation of starch from industrial wastewater is a common practice in most starch-based industries. Potato processing involves several mechanical stages including washing, peeling, cutting or slicing, during which water is continuously required. Thus the wastewater generated as a result contains high concentrations of starch, present in the form of free suspended solids. Since the implementation of more restrictive environmental regulations and with an increase in landfill and waste treatment costs, the food industry has seen an increasing need to obtain a higher value and maximum yields from its production stage [1]. With a growing interest in the recycling and reuse of co-products [2,3,4] from industrially produced waste, there is potential in viewing this starch rich wastewater, indeed not as a waste, but as a valuable co-product suitable for subsequent processing.
In keeping with a renewable outlook, methods of wastewater separation must be cost effective as well as efficient. There are many methods available for the separation of materials from wastewater; however the drawback for many industries is choosing equipment that is both cost effective whilst efficient at the same time. Common practices for starch-water separation include the use of hydrocyclones and centrifuges and in some cases membrane based technologies for example Reverse Osmosis (RO) and, becoming increasing popular are, Membrane Bioreactors (MBR) [5]. 
Several crops are known which produce different types of starch. The more common of these include maize, wheat, rice and potato, each of which yields a starch with uniquely different functionalities. The type and quality of the starch makes it suitable for certain purposes, including particular methods of processing or particular end-uses. 

Starch is the major component of potato tubers, accounting for approximately 65% to 80% of the dry weight [6]. Consequently, starch is considered to be a major factor for the functionality of the potato in both food and non-food applications. In relation to industrial applications, the processed starch from the potato is considered very pure in comparison to most other starch types. Compared to these other commodity starches, potato starch also has some unique properties that are directly attributable to its granular and molecular structures including very large and smooth granules, long amylopectin chains and high molecular weight amylose [7]. According to Wischmann et al., both morphology and molecular composition of starch granules vary between plant genotypes and growth environments [8]. While cereal starches contain lipids, potato starch granules contain no lipids. Also potato starches contain hardly any protein compared to cereal starches. These differences hold a great impact on the physical attributes of the different starches and also influence the process by which the starch granules are isolated.

Starch is a D-glucan polymer comprised of two polysaccharide components, amylose and amylopectin. Both components are built exclusively from glucose, with the amylose portion found in a predominantly linear form of α-(1,4)-glycosidic linkages and the amylopectin portion found predominantly in a branched form consisting of α-(1,6)-glycosidic linkages. The content of amylose is between 15% and 25% for most potato starches [7]. The ratio of amylose:amylopectin varies from one starch to another. The physicochemical properties of potato starch, and other starches, are believed to be influenced by their amylose and amylopectin contents.

Starch processing generally involves an initial step that disrupts the granular structure. This disruption causes modifications associated with the physical arrangement of the granule. Starch is insoluble in cold water, thus in an effort to aid solubilisation, heat is applied and transformations such as granule swelling and hydration occur. These events, commonly referred to as gelatinisation, are exploited in food applications, for example where starch is used as a thickening agent [9]. However, there are a variety of other properties connected with the fate of processed starch. These include moisture content, ash content, free glucose content, protein and lipid content, damaged starch content, total starch content and amylose content. 

Here we assess several methods for the efficient separation of starch from starch-rich wastewater, using bench-scale experiments. In addition, various characteristics of the recovered potato starch were investigated and are presented throughout this report.

2. Materials and Methods
2.1 Chemicals

All chemicals and reagents were reagent grade and used as obtained from the supplier. HPLC grade EtOH and DMSO were obtained from Riedel-de Haën and Fischer Scientific, respectively.

2.2 Wastewater

The starch-rich industrial wastewater was obtained from the final output of a potato processing facility (Nugent’s Prepared Vegetables, Ballyboughal, Co. Dublin, Ireland). Samples were collected at the onset of each season across a one year period.

2.3 Wastewater separation and starch isolation

There were three methods employed for separation of the residual starch from the industrial wastewater:

(i) 100 mL of the industrial wastewater was allowed to settle overnight at 4°C, in a graduated cylinder. Once the suspended solid starch had settled, the water was decanted from the cylinder and the starch was dried in an oven overnight.

(ii) 100 mL of the industrial wastewater was filtered using Buchner filtration, through Whatman No.1 filter papers. The sample was left overnight under vacuum. The filtrate was then filtered through a 0.45 µm membrane filter, under vacuum for three to five hours. Using a sintered glass funnel, with 2 – 3 cm of Celite filtering agent and a depth of approximately 1 cm of decolourising agent charcoal, the remaining filtrate (between 30 – 50 mL), was filtered again under vacuum.

 (iii) 50 mL of the starch rich wastewater was centrifuged (Hettich Zentrifugen Rotina 38) at 10,000 rpm for 15 minutes. 1.5 mL of the supernatant was concentrated (Buchi Rotavapor R-200) in a pre-weighed 5 mL round bottomed flask. This method was repeated in triplicate, with triplicate samples taken per tube centrifuged. The remaining pellet was dried in an oven, at 45°C, for approximately 24 hours, until no further change in weight was recorded. The moisture content was determined at this point as described in section 2.4 below. The recovered potato starch was stored at room temperature and used throughout the remaining experimental procedures.
2.4 Chemical characterization of the recovered potato starch

Elemental analysis for carbon, hydrogen and nitrogen content was performed for each of the recovered potato starch samples. The content of free glucose was determined according to the D-Glucose assay procedure (GOPOD Format, K-GLUC 03/2010) provided by Megazyme International Ltd, Bray Co. Wicklow, Ireland. The moisture content was determined by accurately weighing samples of the recovered starch into silica crucibles, placing the samples in an oven at approximately 45°C overnight, until not change in weight was observed. Determination of ash content involved subjecting 5 g of the dry recovered starch to a temperature range of between 180 and 200°C for 2 hours. The temperature was increased to 300°C for a further 1 hour and finally 600°C until no further change in weight (approximately 1 hour) was recorded. Protein content was determined using the method of Vansteelandt & Delcour, 1999 [10]. Starch samples (~100 mg) were weighed into a beaker containing exactly 10 mL NaOH (0.5 M) and the starch was dispersed with magnetic stirring. A 1.0 mL aliquot of the solution was diluted with 4.0 mL of deionised water and mixed on a vortex. 1.0 mL was then analysed for protein content according to the Bradford assay. 400 µL of the sample was diluted to 800 µL using deionised water and to this 200 µL of the Bradford Coomassie Brilliant Blue dye was added. The samples were left for exactly 10 minutes at room temperature to allow for the colour to develop. The absorbances at 595 nm were recorded and the protein concentration (µg/mL) was determined.  Lipid content was determined according to Vansteelandt and Delcour, 1999 [10]. 10.0 g of each starch sample was hydrolysed in HCl (300 mL, 3.0 M) at 100°C for 30 minutes. The samples were filtered through a sintered glass funnel and washed with deionised water until the filtrate was of a neutral pH. The samples were dried at 65°C in an oven overnight. The fat was extracted using a 50:50 cyclohexane:hexane Soxhlet extraction. 
The total starch content was analysed according to the enzymatic amyloglucosidase/α-amylose assay procedure of Megazyme International Ireland Ltd., Bray, Co. Wicklow, Ireland. 

Starch damage was accessed according to a modified version of the AACC method 76 – 30A. An α-amylase solution (125,000 sigma units of enzyme in 450 mL NaOAc buffer (pH 4.6 – 4.8)) was incubated at 30°C for several minutes. 1.0 g of recovered starch was dispersed in 45 mL of the α-amylase solution and incubated at 30°C for exactly 15 minutes. 3.0 mL H2SO4  (3.68 M) and 2.0 mL of sodium tungstate solution (0.41 M) were added, the suspension was mixed thoroughly and allowed to stand for 2 minutes. The starch suspension was filtered through Whatman filter paper No. 4. The amount of reducing sugars was determined using the 3,5-dinitrosalicylic acid colorimetric assay.

Amylose content was determined according to the modified method of Hoover & Ratnayake [11] derived from the original method reported by McGrance, Cornell & Rix [12]. A standard curve was prepared from a mixture of amylose and amylopectin over a range of 0% - 100%. 20 mg (dry weight basis) of each recovered starch sample was dispersed in 8 mL DMSO (90% v/v). 1.0 mL aliquots of the DMSO were added over exactly 2.0 minutes, whilst under vigorous vortexing. Once the starch was dispersed, the tubes were placed in a boiling water bath for a minimum of 15 minutes and a maximum 30 minutes, until all the samples were transparent and no gel lumps appeared. The samples underwent intermittent vortexing during incubation. Samples were allowed to cool to room temperature for approximately 30 – 40 minutes. The samples were diluted to 25 mL in a volumetric flask, using deionised water (Solution 1). 1.0 mL aliquots of Solution 1 were further diluted with 40 mL of deionised water and 5 mL Iodine solution (0.0025 M I2/0.0065 M KI). The final volume was adjusted to 50 mL using deionised water. The colour was allowed to develop over 15 minutes. The absorbances at 600 nm were recorded, using quartz cuvettes. The amylose content was determined from the linear regression of the standard curve.
2.5 Gelatinisation and retrogradation properties of the recovered potato starch
Starch gelatinisation was determined using a TA Instrument Q2000 modulated DSC using high volume pans (P.N: 900825.902). The recovered starch samples were prepared at a concentration of 2 mg of starch in 8 µL of 10 mM NaCl solution. Recovered starch samples were analysed in duplicate against a commercial potato starch (Fluka) over a heating range of between 5°C and 140°C at a heating rate of 1°C/min.

The gelatinised samples were placed on a metal tray and placed in an oven at 140°C for 15 minutes to eradicate any crystal formation. They were then stored in a fridge, at 5°C, for 14 days. The retrograded samples were analysed for gelatinisation properties as described above.
3 Results and Discussion

3.1 Wastewater separation and starch isolation

Several batches of the industrial wastewater were acquired, at the onset of every season, across the period of one year. The initial sample was received in the Autumn/Winter of 2007. The sample appeared very dense, discoloured and complex with high levels of solid residue visible throughout. Effective and rapid separation of the residual material was necessary as this was not a sterile environment and so had the potential to act as an immediate food source encouraging microbial growth. It is essential that the chosen method for separation is, in most cases, cost effective in terms of operational cost as well as supporting a high throughput per day. Also, it is necessary to maximise the amount of solid material separated from the water, for two main reasons; if this is to be seen as a value added product, one would wish to achieve maximum starch recovery and secondly, to reduce water treatment costs, the reclaimed water needs to be free of as much impurities as possible prior to undergoing subsequent treatment.   


Using the first of the three separation methods, 100 mL of the wastewater was placed in three consecutive glass cylinders and left overnight at 4°C, to minimise microbial growth. The water was decanted and the solid fraction was subjected to overnight drying in an oven. It was visibly evident that the level of suspended solids present was over 50%, thus the wastewater was considerably saturated with heavy solids. This level was inconsistent, ± 10%, across triplicate samples. Decanting of the water caused problems in terms of maximum yield. It proved difficult to decant the water without disrupting the sediment. Therefore, it was necessary to leave a considerable level of surface water, which in turn drastically increased the wet weight of the starch, thus increasing the time required to dry the recovered starch. The drying period required up to 48 hours, thus was inefficiently time-consuming but the major concern lay in the possibility of potential microbial growth. To assess this would require additional experimentation, already proving this process unsuccessful as a separation method.  

Filtration was also found to be an unsuccessful method for efficient separation. Due to the saturation level of the wastewater, only small volumes (50 to 100 mL) could be filtered at a time. The major concern that arose from filtering the wastewater was that the filter paper was completely blocked before the majority of the wastewater could filter through. The filtration process was left to continue for a further 24 hours under vacuum, after which little to no change was observed. The amount of filtrate obtained, which in most cases was below 30%, varied each time, dependable on the amount of starch saturation. For large volumes of liquid, this method became increasingly time consuming. Adding to this was the length of time required to dry the product. Subjecting the sample to 24 hours under vacuum for drying purposes is not only inefficient in terms of energy, but also it is not economically beneficial when considering an option that may be applied at an industrial level. A further concern was the lack of reproducible results obtained for the dry weight of the starch, as recovery from the filter paper proved an added complication. 

As mentioned above, a high level of water quality is necessary to reduce treatment costs, prior to disposal. In this case, the water filtrate was highly discoloured and small solid particulates were still visible. Use of a filtering agent, celite, and also decolourising agent, charcoal, did not have any effect on the filtrate produced. Similarly, membrane filters were employed which did not improve the discolouration of the filtrate, but did however appear to remove the small level of visible particulates that remained following the Buchner filtration stage. This did not prove successful, as two stages of filtering were required and the cost of membrane filters is an added disadvantage.

Employing bench centrifugation, for separation of the solid-saturated wastewater, proved the most effective option. This, combined with concentration under vacuum, allowed for the determination of any soluble fraction remaining in the water following residual separation. Through means of bench centrifugation and supernatant concentration, an efficient method for the separation process was established, avoiding the problems arising from the filtration methods. Small volumes, 50 mL, of the wastewater were centrifuged and the remaining pellet was dried in an oven for several hours, at approximately 45°C, after which the dry weight of the starch was determined. Upon concentrating an aliquot of the supernatant, a satisfactory weight of soluble starch per volume centrifuged was obtained and found reproducible upon performing the experiment in triplicate. It was found that increasing the centrifugal rpm to 12,000 instead of 10,000 provided a more precise and accurate result for both insoluble and soluble starch levels.  Above this speed, the microfuge eppendorf tubes began to swell and burst. An average value of 523.0 g/L and 19.0 g/L for both insoluble and soluble starch, respectively, was determined.
Upon employment of an industrial scale centrifuge at the potato processing facility, the concentration of solids present within the wastewater was greatly reduced to between 15.0 g/L and 28.0 g/L for soluble starch and approximately 10.0 g/L of insoluble starch. The result obtained for the level of soluble starch coincided agreeably, approximately 19.0 g/L, with the result obtained following bench centrifugation and vacuum concentration. The solid residue rendered from centrifugation, a separated starch rich product was dried in an oven at ~45°C for 24 hours to ensure stability over time. It was then stored at room temperature and used throughout the remaining experimental procedures.
3.2 Chemical characteristics of the recovered potato starches
The first batch of starch-rich wastewater was acquired in Autumn/Winter 2007, prior to the implementation of the industrial centrifuge. Aside from elemental analysis, the recovered starch rendered from this particular batch was not investigated throughout the subsequent characterization analysis.

Table 1 

Elemental analysis of recovered potato starch obtained throughout one year. Values are expressed on a dry weight basis.

	Element (%)
	Autumn/Winter

2007
	Spring 

2008
	Summer 2008
	Autumn/Winter 2008

	
	Filtration
	Centrifugation
	Centrifugation
	Centrifugation
	Centrifugation

	C
	44.8
	42.7
	41.1
	40.1
	
40.1

	H
	6.6
	6.4
	6.5
	6.5
	5.7

	N
	9.2
	1.9
	0.3
	0.1
	0.8


Considering the Autumn/Winter 2007 batch of recovered starch, elemental analysis further supported the inefficiency of filtration as a method for maximum starch recovery. A noticeable difference, between the dried starches obtained following filtration and centrifugation, was the nitrogen content. While filtration leads to a nitrogen content of 9.17%, centrifugation reduces this value to 1.86%. Given that the expected nitrogen content in pure starch should be zero, centrifugation appears to be a significantly better method for separation. One of the most attractive attributes associated with centrifugation is its ability to separate heavy and light solid particles, thereby potentially alleviating the higher content of nitrogen, considered to be a consequence of high soil content within the wastewater. Across the subsequent samples obtained and examined following centrifugation, the content of nitrogen was minimal, although some variation was observed. This was not further investigated. 

Table 2

Chemical composition of the recovered potato starches on a dry weight basis. Average values from triplicate samples are reported. 
	Criterion

(%)
	Spring

2008
	Summer

2008
	Autumn/Winter

2008

	Moisture


	33.4
	36.8
	44.4

	Ash


	0.6
	0.6
	0.6

	Free Glucose


	0.01 
	0.02
	0.01 

	Protein


	0.05 
	0.05 
	0.04 

	Lipid


	0
	0
	0

	Total Starch


	78.4 ± 3.5
	75.4 ± 2.1
	82.9 ± 3.1

	Damaged Starch


	0.008
	0.008
	0.008

	Amylose


	40.9 ± 2.9

	37.8 ± 1.4

	44.8 ± 3.0



The moisture content of the Spring, Summer and Autumn/Winter 2008 batches of recovered starch were 33.4; 36.8 and 44.4%, respectively. The values determined for moisture content are significantly higher than those that were previously reported for potato starch. It has been reported that the moisture content of dry starch varies from 6% to 16% among tuber starches [13, 14]. The increase in percent moisture owes to the source of starch itself. The levels of ash content obtained across each of the three samples are consistent throughout the year. A value of 0.6% was determined, for each of the samples. In comparison to previously reported percentages for ash content, there is a slight increase in the values obtained for the recovered potato starch [15, 16]. However, the recovered starch is non-purified and so it is likely to have a higher level of impurities compared to its counterparts. Glucose content in commodity starches is considered undesirable as it directly affects starch quality. No significant level of glucose was detected across the recovered starch samples. The percent values obtained for protein content were between 0.04% and 0.05%. These results concur and are within the range of those reported previously [15]. Concerning lipid content, no results were detected for the recovered potato starch. Wischmann et al., reported that while cereal starches, maize and wheat, contain lipids, potato granules contain no lipids [8]. However, Wischmann and co-workers reported values for lipid content from potato starch between 0.38% and 0.47% [8]. The former statement was also suggested by Svegmark et al., who state that potato starch is essentially free of both lipids and proteins [17]. The absence of lipids in conjunction with the low protein levels that were determined add to the quality of the recovered potato starch.
3.2.1 Total Starch content 
When performing initial experiments using the method provided by Megazyme, the results, for total starch content in the recovered starch samples, a reference starch and a commercially available potato starch, were inconsistent and non-reproducible. Errors of approximately 50% were calculated between triplicate experiments. However, this was rectified upon optimisation of the experimental procedure.

The assay includes two pre-treatments specific for samples containing resistant starch, and samples containing glucose and maltosaccharides. The second pre-treatment was considered un-necessary based on the low levels of glucose that were pre-determined. In general, the level of resistant starch in a foodstuff is attributable to the level of amylose content. Resistant starch was not a property that was characterised throughout this research. Furthermore, amylose content had not been determined at this point and so the recovered starch samples underwent the recommended pre-treatment for samples containing resistant starch.

The pre-treatment incorporates an EtOH wash followed by dissolution in DMSO. Upon addition of either solvent, EtOH or DMSO, to the starch samples, followed by heating, gelatinisation automatically occurred. The formation of gelatinous lumps was not observed for the reference and commercial starches, nevertheless, accurate and reproducible results could not be obtained. In an effort to achieve more reproducible results, the experiment was repeated, each time with a slight modification. The modifications included the dropwise addition of EtOH and DMSO whilst under vigorous vortexing, also the incubation temperatures were increased and the incubation time extended. These modifications were also carried out during the standard protocol, when the samples were initially dispersed in EtOH. However, no reproducibility was observed throughout duplicate and triplicate sampling. In some of the previous experiments, the recovered starches had exhibited similar characteristics to a commercially available potato starch. Owing to this, it was decided to perform the experiment in question without any pre-treatment stage. Upon the elimination of the pre-treatment, not only were the results more accurate and reliable but importantly no gelatinisation occurred. During the standard protocol, the starch requires dispersion in EtOH (200 µL, 80% v/v), by adding the solvent in a dropwise manner, whilst under vortex and incubating at 85°C for 10 minutes, it was found that no gelatinisation in the sample occurred. 

Maize starch was used as a reference in these trials and was enclosed in the kit provided by Megazyme. The starch content was quoted to be 96% on a dry weight basis. Throughout the analysis, at no point was a value similar to that provided for maize starch achieved. Instead a value of 73.8 ± 3.1% was obtained. It is possible that the performed modifications may have rendered the experiment less specific towards cereal starches and hence a lower value was observed.


The values presented for total starch content are comparable with those recorded throughout literature. Starch comprises up to 85-87% of the dry matter of a potato [15]. A more general conviction states that starch comprises 65-80%, typically about 75%, of the dry weight of the potato [18].  It is worthy to note that in our case the difference in starch content across the annual period was only ~7.5%. This is not a significant difference and in fact may owe to the potential differences in genotype variation or cultivation, examples of which have been previously reported [8,17, 19, 20, 21, 22, 23] 

3.2.2 Damaged Starch
Starch damage is a characteristic more commonly associated with cereal starches. The level of damage directly affects water absorption and therefore mixing properties associated with that starch. Based on the raw nature of the starch it was decided to determine the level of starch damage. Values obtained for the percent of starch damage in the recovered potato starch samples, according to the AACC method, were negligible. In each case, a percentage of 0.008 was determined (Table 2). 

Yusuph et al., reported results for damaged starch present in the potato starch granules, within the range of 0.11 to 0.58%, with a mean value quoted as 0.33% ± 0.16 [20]. Yusuph and co-workers acknowledge these results as acceptable, considering the care taken throughout the starch extraction process employed. Furthermore, they state that the physical properties of the potato starches were not significantly influenced by the detected levels of damaged starch. In comparison, our results are negligible due to minimal manipulation and are not considered to affect the starch granule quality.  

3.2.3 Amylose content
The content of amylose present in starch is an important quality for starch processing. It can influence the physicochemical properties, crystallinity, gelatinisation and starch solubility and hence its technological and nutritional properties [24]. Amylose content can vary considerably depending on the source of starch. Kaur et al., demonstrated variations in amylose content of potato starch from various cultivars of different locations [22]. The values obtained ranged between 15.0% and 23.1%. Similarly, values for amylose content between 24.4% and 30.9% were also reported, depending on various cultivar conditions [19]. 

The amylose content of the recovered starch was estimated using the iodine colorimetry method [11, 12]. This method is based on the iodine binding capacity of the starch and the spectral properties of the amylopectin- and the amylose – iodine complexes, respectively. The formation of a complex between amylose and iodine gave rise to the typical deep blue colour of starch dispersions stained with iodine and formed the basis for quantitative determination of amylose content. This method is reproducible. It can be applied to low and very high amylose containing starches, and also takes into account the contribution of amylopectin to λmax [11]. 

Starches from different sources contain different amounts of amylose and amylopectin [11]. Throughout the analysis, a reference maize starch was included. This was obtained from Megazyme, with a reported amylose content of 64.0%. However, the value obtained according to the method use was significantly higher, 89.8%, than that provided. In previously reported work, this method was applied for the determination of amylose content in a variety of different starch sources [12]. While the authors obtained minimal errors based on cereal starches, approximately 10% errors were recorded following analysis of potato starch. This indicates that the iodine colorimetry method may over-estimate the amylose content within the starch samples. Despite this, the method allowed for determination of reproducible results. According to Mahmood et al., the method of iodine colorimetry remains to be the most widely used method for determination of amylose content [24]. 

The values reported in Table 2 are higher than those described in literature, likely owing to a minor over-estimation. Values previously reported for mean amylose content in starch obtained from three varieties of potato were 29.7% ± 1.0, 3.3% ± 0.6 and 32.5% ± 0.5 respectively [25]. Cottrell et al., also reported a range of values for percent amylose content, 25.4 ± 0.1 to 30.9 ± 0.7, for four varieties of potato grown under a variety of conditions in the U.K. [19]. 

3.3. Physico-chemical analysis: gelatinisation and retrogradation
When starch is heated in excess water, it undergoes an order-disorder phase transition termed gelatinisation. The amorphous and crystalline structures are disrupted due to breakage of the hydrogen bonds. The water molecules diffuse into the granule, and upon uptake, become linked by hydrogen bonding to the exposed hydroxyl groups of the amylose and amylopectin portions of the amorphous region [26]. The amorphous region of the granule becomes hydrated and begins to swell. The crystalline region disintegrates and the granule ruptures resulting in irreversible amylose leaching [27] and hence an increase in viscosity [28]. Because amylopectin plays a major role in starch granule crystallinity, the presence of amylose lowers the melting point of the crystalline regions and hence the energy needed to initiate gelatinisation. More energy is needed to initiate melting in the absence of amylose-rich amorphous regions [29]. Hence, it appears the two more prominent contributors, for thermal gelatinisation, are amylose:amylopectin ratio and granule crystallinity.

Table 3

The thermal transition temperatures and transition enthalpies of the gelatinised recovered potato starches compared to a commercial potato starch. The values are reported as means of duplicate determinations.
	Starch Sample
	Gelatinisation Temperature (°C)
	Enthalpy J/g

	
	To
	Tp
	Tc
	

	Commercial Potato Starch


	38.6 ± 0.5
	46.8 ± 0.6
	73.8 ± 0.0
	8.3 ± 0.1

	Spring 2008


	54.9 ± 0.1
	60.1 ± 0.1
	77.4 ± 0.6
	14.8 ± 0.1

	Summer 2008


	55.4 ± 0.1
	60.1 ± 0.0
	72.7 ± 0.8
	13.5 ± 0.6

	Autumn/Winter

2008
	56.0 ± 0.0
	60.7 ± 0.1
	77.7 ± 1.0
	14.3 ± 0.1


No significant variation across the gelatinisation transition temperatures was observed. Similarly, the temperature ranges from the onset transition (To) through to completion (Tc), across each of the recovered starch samples are comparable, as are the values determined for enthalpy within each system. In comparison to the recovered starch, the thermal transition range observed for commercial potato starch is considerably higher, approximately 36°C from the onset of gelatinisation. The onset temperature reflects gelatinisation initiation, occurring as the amorphous region becomes less-ordered, thus the early onset temperature of the commercial potato starch is owing to the considerably lower level of amylose content, determined as ~6%. Due to the high content of amylopectin, the compact structure limits water accessibility, hence a broader range across the transition temperatures is observed, owing to slow gelatinisation of the more crystalline regions. In addition, moisture content is known to affect the gelatinisation temperature [30, 31]. The moisture content of the commercial starch was determined to be within the range of 18-21%, according to the method described in 2.4. The commercial sample was not analysed on a dry weight basis, in contrast to the recovered starch. This, as well as the amylose content, forms the basis for the difference in gelatinisation observed between the commercial and recovered starches. 

By comparing the results obtained for the transition temperatures of the recovered potato starches to those previously reported, it seems likely and as was already mentioned that the method used to determine the amylose content may have led to an over-estimation. Yusuph et al., reported on the physico-chemical properties of twelve varieties of potato. The authors reported amylose content across each variety within the range of 26.0 and 31.2% [20]. The thermal transitions for each were recorded between 58.1 to 61.0°C (To), 61.7 to 66.0°C (Tp) and 67.8 to 72.7°C (Tc), with the ΔH ranging between 17.0 and 19.3 J/g. Similarly, Liu et al., reported values of 29.7, 33.3 and 32.5 % for amylose content, 66.6, 66.8 and 65.7°C for Tp with corresponding ΔH of 17.9, 18.4 and 17.4 J/g, for three different varieties, respectively [25]. 

The content of amylose in the recovered starches was within the range of approximately 37 – 44%. Yet, the peak thermal transition temperatures (Tp) obtained are lower, ~60°C, than those obtained for amylose contents between 26% and 33% [20, 25]. In addition, the energy required throughout the gelatinisation process for the recovered starches was lower, 13-14 J/g, than in the reports discussed where higher enthalpies, 17-19 J/g, were obtained for significantly lower amylose contents. 

Retrogradation

Starch granules when heated in excess water undergo irreversible swelling thus resulting in amylose leaching into the solution, during gelatinisation. The molecular interactions (mainly hydrogen bonding between the starch chains) that occur after cooling of the gelatinised starch paste are termed retrogradation [27]. Principally, starch retrogradation could be defined as a process where molecules comprising gelatinized starch re-associate into an ordered structure to retrieve a crystalline form [32]. This occurs quite rapidly for the amylose moiety as the linear structure facilitates cross linkages by means of hydrogen bonding. In contrast, the branched nature of amylopectin means it essentially inhibits its recrystallisation and it takes place over several days [33]. Amylopectin can only recrystallise by the association of the outermost short branches [29]. The endothermic peak of retrograded starches, after gelatinisation and storage at low temperatures (4/5°C), appears at lower transition temperatures. Moreover, the crystalline form of the retrograded starch is different and may also be weaker in nature than the native starch. This is because recrystallisation of the amylopectin occurs in a less ordered manner during retrogradation than during granule formation in the native raw starch [29].
Table 4

Thermal transition temperatures and transition enthalpies of the retrograded recovered potato starches compared to a commercial potato starch.

	Starch Sample
	Gelatinisation Temperature (°C)
	Enthalpy J/g

	
	To
	Tp
	Tc
	

	Commercial Potato Starch


	0
	0
	0
	0

	Spring 2008


	33.9 ± 1.2
	54.7 ± 0.9
	70.0 ± 0.3
	7.9 ± 0.0

	Summer 2008


	35.1 ± 1.5
	53.4 ± 1.1
	70.0 ± 0.5
	8.2 ± 0.1

	Autumn/Winter

2008
	37.8 ± 0.9
	54.6 ± 0.5
	70.3 ± 0.1
	8.3 ± 0.0


Again the recovered starches demonstrated remarkably similar thermal characteristics. Any variation that did occur was minimal and occurred at the onset of gelatinisation (To). No transitions were obtained for the commercial potato starch, confirming the low content of amylose. According to Singh et al., the amylose content has been reported to be one of the influential factors in starch retrogradation [29]. Furthermore, a greater amount of amylose has traditionally been linked to a greater retrogradation tendency in starches.

As expected, the transition temperatures and enthalpies of the retrograded recovered starches were lower than those achieved from gelatinisation. One noticeable result is that the retrogradation values obtained for each of the recovered potato starches were very similar to those obtained following gelatinisation of the commercial potato starch. It is a possibility that the commercial potato starch has already undergone gelatinisation, thus explaining the lower endotherm transitions during gelatinisation and the lack of results obtained following retrogradation. Literature comparisons for the retrograded starch transitions include Liu et al., whom reported peak transitions (Tp) between 61.3 and 62.0°C corresponding to transition enthalpy of 8.7 and 10.1 J/g [25].  Karlsson & Eliasson reported Tp for retrograded potato starch at 57.3°C [32]. Again, the amylose content recorded for the recovered starches may be over-estimated, as lower retrogradation temperatures were obtained to those previously reported [25].
4 Conclusion

In comparison to sedimentation and filtration techniques, centrifugation was the most effective method for successful separation of the recovered potato starch from industrial potato processing wastewater. 
There was much reproducibility and consistency observed across each of the composition parameters that were determined for the recovered potato starch. The recovered starch samples were taken at random from an industrial process and may be considered as potato starch mixtures. Therefore, potato variety and cultivation conditions are unknown and cannot be considered. It is a general consensus within the starch industry that these two properties affect the composition of starches. However, issues associated with origin and cultivation do not appear to affect the overall composition of the starches presented in this report.

From the research presented, the recovered potato starches exhibit properties very similar to their counterparts in terms of starch quality. Parameters affecting starch quality are content of free glucose, damaged starch and total starch content. Each of these properties was determined. It was concluded that glucose and damaged starch content were too low to affect the granule quality. Also, the starch content was as expected, further indicating a lack of starch breakdown into simple sugars or loss of granule starch due to the extraction process. As the recovered starches did not undergo any pre-treatment or purification, they are considered to be of a high-grade quality and suitable for subsequent processing. Based on the research presented it is possible to determine a potential industrial application for this renewable material.
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